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I. INTRODUCTION 

Microwave dielectric heating is known to be useful because of 

its merits, such as local, its instant, and efficient heating com-

pared with traditional heating methods [1–5]. The traditional 

method heats a material gradually from its surface, which delays 

the temperature rise. In contrast, microwaves can pass through 

the vessel and heat a target directly, causing an immediate tem-

perature rise [5–9]. Heating a target in a small container less 

than 1–2 cm is challenging because the microwave source be-

comes expensive and bulky for the container resonant frequency, 

which becomes greater than 10 GHz. The goal of this study is 

to reduce the cavity resonant frequency to less than 10 GHz so 

that the microwave source is available at a reasonable expense 

and size without increasing the container size. We propose to 

insert a high-permittivity background material into the cavity to 

reduce the container resonant frequency and to apply an appro-

priate mode to concentrate the electric field on the target mate-

rial. In this paper, we present a new analytical formula for a cy-

lindrical cavity loaded with multiple dielectric materials and 

compare the result with a simulation and an experiment using a 

vector network analyzer (VNA). 
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Abstract 
 
This paper presents a microwave heating method using a cavity whose size is much smaller than the free-space wavelength. The resonant 

frequency was reduced by inserting multi-layer dielectrics into the cavity, and an appropriate mode was generated in the cavity to heat a 

specific area inside it. High-permittivity dielectrics were used to make the cavity resonate in the frequency range of a few gigahertz. A 

formula for the resonant frequency of the multi-layer dielectric material-loaded cylindrical cavity was analytically derived. The frequency 

reduction by using a dielectric-loaded cylindrical cavity geometry was predicted from the derived formula, from 12.2 GHz to 4.6 GHz, 

whereas the experiment results showed a reduction from 10.8 GHz to 4.5 GHz. The analytical and the experiment results were compared 

and analyzed with simulations, which showed good agreement. The heating efficiency at the target in the multi-layered dielectric geome-

try was analyzed. The electric field inside the target material was measured to prove the temperature response of the microwave heating 

and was compared with the simulation result. This paper confirms a technical possibility of microwave heating of a smaller-sized cavity 

with an insertion of low-loss dielectric material in the vicinity of a heating target. 

Key Words: Dielectric Heating, Frequency Shifting, Microwave Heating, Multi-Layer Cavity, Resonant Cavity. 
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 II. ANALYTICAL FORMULA FOR RESONANT  

FREQUENCY 

The resonant frequency is determined by the geometry of the 

cavity, permittivity, and permeability of the dielectric material 

inside the cavity. It can be expressed as Eq. (1): 
 𝑓 𝑐2𝜋√𝜀 𝑝𝑎 𝑘

       𝑐2𝜋√𝜀 𝑝𝑎 𝑙𝜋𝑑 , (1)
 

where a is radius, d is height, c denotes the speed of light, k sig-

nifies the wave number, l is the integer number, and pnm is the 

mth root of Jn(x), the Bessel function of the first kind with order 

n. We assume that the relative permeability of dielectrics is 1. 

When more than two dielectric materials are loaded in the cavi-

ty, the formula should be modified according to the shape and 

the location of the dielectric materials. In Fig. 1(a), a double-

layer dielectric material is inserted in the form of a cylinder, with 

radii a and b, corresponding to the target and the background 

material radii. 
When l is equal to zero, wave equations can be expressed as 

follows [10]: 
 𝜕𝜕𝜌 1𝜌 𝜕𝜕𝜌 1𝜌 𝜕𝜕𝜙 𝑘 𝑒 0, 𝑓𝑜𝑟   0 𝜌 𝑎 

(2) 

𝜕𝜕𝜌 1𝜌 𝜕𝜕𝜌 1𝜌 𝜕𝜕𝜙 𝑘 𝑒 0, 𝑓𝑜𝑟   𝑎 𝜌 𝑏, 
(3) 

 

where 𝜀  and 𝜀  denote the permittivity of the target and the 

background materials, and 𝑘 , 𝑘 , and 𝑘  represent the wave 

numbers for the free space, the background material, and the 

target material, respectively. The solutions of Eqs. (2) and (3) are 
 𝑒 𝐴sin 𝑛𝜙 𝐵cos 𝑛𝜙 𝐽 𝑘 𝜌 ,    𝑓𝑜𝑟   0 𝜌 𝑎 𝑒 𝐶sin 𝑛𝜙 𝐷cos 𝑛𝜙 𝐽 𝑘 𝜌 ,    𝑓𝑜𝑟   𝑎 𝜌 𝑏 ℎ 𝑗𝜔𝜀𝑘 𝐴sin 𝑛𝜙 𝐵cos 𝑛𝜙 𝐽 𝑘 𝜌 ,   𝑓𝑜𝑟   0 𝜌 𝑎 ℎ 𝑗𝜔𝜀𝑘 𝐶sin 𝑛𝜙 𝐷cos 𝑛𝜙 𝐽 𝑘 𝜌 ,    𝑓𝑜𝑟   𝑎 𝜌 𝑏. 

(4) 
 

For the TM010 mode, 𝑒  and ℎ  should be continuous at 𝜌 𝑎, and 𝑒  should be zero at 𝜌  b. With these boundary 

conditions and from Eq. (4), k0 can be calculated by satisfying 

Eq. (5): 
 𝜀 𝑘 𝐽 𝜀 𝑘 𝑎𝐽 𝜀 𝑘 𝑎 𝑝𝑏 𝐽 𝜀 𝑘 𝑎𝐽 𝜀 𝑘 𝑎 𝑓 𝑘 0. (5)

 𝐽 𝑥  is the Bessel function of the first kind with order m, 

and p01 is the first solution of 𝐽 𝑥 . The formula for the reso-

nant frequency of the dielectric material-loaded cavity is Eq. (6), 

with k0 satisfying Eq. (5): 
 

       𝑓 . (6)
 

III. DESIGN OF THE CAVITY AND EXPERIMENTAL SETUP 

The cavity under study is shown in Fig. 1(b). The cavity is 

filled with a target material and a background material, and the 

cover has a hole for inserting the target material. To study the 

resonant frequency change with the insertion of dielectric mate-

rials, two cases are considered. When the target and the back-

ground materials are of the same kind, this is the case of a one-

layer sample. A double-layer sample is considered in case the 

target and the background materials are of different kinds. Both 

the cavity diameter and the height are fixed at 19 mm. Fig. 1(c) 

and 1(d) show photos of the fabricated cavity and an alumina 

sample, respectively. The dielectric permittivity of the alumina 

sample is 9.7, and the loss tangent is 0.0001. A VNA (N5247A; 

Keysight Technologies, Santa Rosa, CA, USA) is used in the 

experiment. 

IV. SIMULATION AND EXPERIMENT RESULTS 

Fig. 2(a) shows the reflection coefficients of the simulation 

and the experiment with the unloaded cavity to check its reso-

 
 

 
Fig. 1. (a) Diagram of target and background materials in a cylin-

drical cavity. (b) Simulation model of the cavity. (c) Fabri-

cated cavity and backside of a cover. (d) All-background 

alumina sample. 
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nant frequency. The simulation was performed by using CST 

Microwave Studio 2020 [11]. The resonant frequency was 

around 11 GHz in the simulation with the TM010 mode, and 

it was 10.86 GHz in the experiment. The resonant frequencies 

were shifted to lower values when both the one-layer and the 

double-layer alumina samples were loaded in the cavity, as 

shown in Fig. 2(b) and 2(c). The target material in Fig. 2(c) was 

set as air so that it had the lowest permittivity to analyze a basic 

case of the frequency shift. Table 1 shows the detailed results 

regarding the frequency shift.  
The field pattern of the cavity is shown in Fig. 3. In Fig. 3(a) 

and 3(b), the cavity is one layer filled by alumina, and the reso-

nant frequency is 3.66 GHz, the same as the peak in Fig. 2(b). 

Despite the field distortion because of the cover of the cavity 

and the probe, TM010 is obviously the main mode. Fig. 3(c) 

and 3(d) show the case of the double layer with a frequency of 

4.26 GHz. 

According to the derived formula, the resonant frequencies of 

the one-layer and the double-layer cavities were lowered by 

more than a factor of 2 compared with the unloaded cavity with 

the resonant frequency of 12.2 GHz. The analytical resonant 

frequency results were slightly higher than the simulation results 

because the simulation setup considered a probe and an insula-

tor existing in the wall of the cavity, whereas these elements 

were not taken into account in the analytical formula. In fact, 

when the all-background loaded cavity was simulated in the 

eigenmode simulation without any parts, such as a probe and an 

insulator, its resonant frequency was around 3.92 GHz, which 

would explain the frequency mismatch between the analytical 

and the simulation results [12, 13].  
The discrepancy between the simulation and the experiment 

results is caused by the air gap between the cover and the fabri-

cated alumina sample; a 0.17-mm air gap exists between the 

cover and the fabricated sample, whereas the simulation model 

has no air gap. Fig. 4(a) shows the possible air gaps between the 

 
Fig. 2. S11 measurement results by VNA: (a) the cavity is not load-

ed with any dielectric material, (b) the cavity is loaded with 

alumina as both target and background materials (one-

layer), and (c) the cavity is loaded with alumina as the back-

ground material and air as the target material (double layer).

 

 

 
Fig. 4. (a) The air gap between the cover and the fabricated alumina 

sample. (b, c) The simulation results of the frequency shifting as 

reflecting the air gap in the one-layer and the double-layer cases.

Table 1. Resonant frequencies of unloaded, one-layer, and double-

layer cases 

 
Unloaded 

(GHz) 

Shifted from unloaded (GHz)

One-layer Double-layer

Analytical formula 12.2 3.92 

(68% shifted) 

4.6 

(62% shifted)

Experiment 10.86 4.10 

(62% shifted) 

4.50 

(58% shifted)

Simulation 11.0 3.66 

(67% shifted) 

4.26 

(61% Shifted)

 
Fig. 3. (a, b) E-field and H-field patterns of TM010 in the one-

layer case. (c, d) E-field and H-field patterns of TM010 in 

the double-layer case. 
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cavity and the fabricated sample. Fig. 4(b) and 4(c) show the 

simulation results according to the air gaps. The imperfection of 

the geometry and the relative permittivity of the alumina con-

tribute to the difference. 

V. MICROWAVE HEATING ANALYSIS 

Fig. 5(a) compares the heating power in the target under two 

conditions: the presence and the absence of the background 

material. We assume that the incident power is 1 W and per-

fectly matched between the cavity and the cable so that the re-

flection on the cable is not taken into account. The relative 

permittivity (K) and the loss tangent (tan𝛿 ) of the target are 

fixed at 9.7 and 0.02, respectively. We observe a similar level of 

power absorption of the target, with a significant reduction of 

the alumina background is inserted. The resonant frequency is 

decreased by 67%, while the heating efficiency maintains a simi-

lar level. The target heating efficiency is 94% with the alumina 

background and 93% with no background. Fig. 5(b) shows the 

difference of the heating power in the target and the back-

ground when the relative permittivity and the loss tangent of the 

target are varied. As expected, the power in the target is much 

higher than in the background, whose heating power is negligi-

bly small (around 3–18 mW). As shown in Fig. 5(c), we consid-

er the impedance of the cavity and the cable so that the target 

heating efficiency varies from 50% to 96% (at K = 9.7), with an 

increasing loss tangent of the target up to 0.01. A steady-state 

heating analysis by simulation is performed, as shown in Fig. 

5(d), where the temperature in the target is extracted at the 

maximum value and plotted with input power, with fixed per-

mittivity and loss tangent of the target (SiO2) at 3.8 and 0.003, 

respectively, and the injected power is varied from 0.5 W to 125 

W at 3.89 GHz. The heating efficiency is 47.3% in the target 

versus 11.6% in the background, when the input power is set at 

125 W. The target absorbs most of the power, as shown in Fig. 

5(e), because the electric field is concentrated on the target. The 

target also has a high loss tangent compared with that of the 

background so that the cavity shows a similar performance in 

microwave heating and traditional heating although the size of 

the cavity is considerably reduced [14–17]. 

To prove that the temperature rise is due to the electric field 

concentrated on the center of the target, we experimentally 

measure the electric field inside the target material by using a 

coaxial probe and a VNA [18]. Fig. 6 shows the coaxial voltage 

detecting probe, which measures electric fields inside the cavity, 

and Fig. 7 illustrates the schematic setup for the electric field 

measurement. The probe is inserted into the cavity and measures 

the relative electric field intensity at the tip of the probe with -5 

dBm input power from the VNA. We measure the transmission 

coefficient and convert it to the electric field. However, as the 

probe is inserted, the field inside the cavity is distorted. There-

fore, to predict the distortion, we perform a simulation with a 

coaxial probe inserted into the cavity under the same conditions 

as those used in the experiment. We compare the electric field 

intensity and the temperature of the target material, as shown in 

Fig. 8. The red and the blue lines are the simulation and the 

 
Fig. 5. (a) Power comparison with and without a background. (b) Difference of heating power between the target (symbol) and the back-

ground (dash) according to the relative permittivity, K, of the target. (c) Heating power of the target as a function of the loss tan-

gent of the target when alumina background is loaded in the cavity with considering impedance of the cavity and the cable. (d) A 

steady state heating analysis result in simulation with target as SiO2, background as alumina. (e) Temperature distribution pattern of 

the target and background at input power 25 W.
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experiment results, respectively, for the electric fields inside the 

cavity as a function of the depth (Fig. 8). The top and the bot-

tom of the cavity measure 0 mm and 20 mm, respectively. The 

black line shows the temperature profile at the center of the 

target material, according to the depth when an injected input 

power is set at 25 W. The electric field intensity is measured at 

the end of the output port of a coaxial detector as the decibel 

scale. In the simulation, the temperature profile follows the elec-

tric field intensity profile with the maximum value at 5-mm 

depth from the top of the cavity. The experiment result shows a 

good agreement with the simulation, except for some shift of 

the maximum field depth location. We guess that it is because 

the probe comes out of the cavity in the 0–5-mm range, which 

causes the interference with the external environment. Moreo-

ver, the target material is in powder form, which causes the dis-

tortion of the target when the probe is inserted. Therefore, the 

density of the target is decreased, and the distorted part cannot 

resonate with the operating frequency. 

VI. CONCLUSION 

To devise a small, practical, and portable microwave heating 

system, the frequency needs to be considered. For an affordable 

microwave source, a few GHz is preferred to heat the target. To 

heat a small target, the container resonant frequency should be 

reduced to lower than that of the unloaded cavity. The insertion 

of a low-loss background dielectric material has been considered 

and analyzed in this paper. The analytical formula has been in-

troduced with a multi-layered dielectric material in the cavity 

and compared with the numerical simulation. We have made 

the cavity mainly heat the target area rather than the back-

ground by applying a specific mode inside the cavity so that we 

can increase the heating efficiency. Some discrepancies between 

the simulation and the experiment have been found and ana-

lyzed, considering the imperfect geometry, such as air gaps in 

the dielectric materials. The derived formula is useful for calcu-

lating the resonant frequency in a coaxially loaded cylindrical 

cavity. The microwave heating efficiency has been analyzed with 

varied target dielectric properties. It demonstrates that micro-

wave heating can be effectively performed with a low-loss die-

lectric background material that reduces the resonant frequency 

of the container. In the experiment, we measured the electric 

field inside the target material. By measuring the electric field 

intensity and the pattern, the temperature profile can be indi-

rectly inferred since the power absorbed by a dielectric material 

is directly related to the electric field intensity. The measured 

electric field shows a good agreement with that of the simula-

tion, confirming that the microwave heating is concentrated on 

the center of the target, as expected in the simulation. By com-

paring simulation and experimental results, this study provides 

mathematical modeling of a multi-layered dielectric resonant 

structure to reduce the resonant frequency in microwave 

heating.  

 
Fig. 6. Coaxial voltage detecting probe. 

 

 
Fig. 7. Experiment setup for an electric field measurement inside 

the cavity. 

 

 
Fig. 8. Comparison of the electric fields between the experiment 

and the simulation and the predicted temperature of the 

target material. 
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I. INTRODUCTION 

Recently, the millimeter-wave (mm-wave) frequency band 

has been actively utilized for various applications including 5G 

communication. To overcome the high channel loss and tight 

link budget at the mm-wave frequencies, phased arrays have 

been widely adopted. A phase shifter is an essential circuit block 

that controls the phase of each channel of the phased-array 

system. 

Several phase shifters with various topologies have been 

reported for the mm-wave 5G application [1–4]. Nonetheless, 

there have been few vector-sum phase shifters (VSPS) yet, par-

ticularly in the n260 band (37–40 GHz) [1]. The VSPS offers a 

merit of 360° continuous phase shift with relatively low inser-

tion loss compared to passive-type phase shifters. However, the 

VSPS would suffer from poor linearity and limited bandwidth. 

Furthermore, a quadrature generator, e.g., a RC-CR network is 

required for VSPS and its performance is vulnerable to process 

and temperature variations of on-chip resistors and capacitors 

[1]. 

In this paper, we present a wideband VSPS covering the 5G 

n260 band. By stacking a current source in the vector modulator 

with high bias, the linearity and input matching are improved at 

the expense of DC consumption. The quadrature generator is 

implemented using a coupled-line coupler, which is relatively 

robust to process and temperature variations. 
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II. VSPS DESIGN 

Fig. 1 shows a schematic of the proposed mm-wave VSPS. It 

consists of a differential quadrature generator and a vector mod-

ulator. The differential quadrature generator is implemented 

using a Marchand balun and two 90° coupled-line couplers. 

Compared to the RC-CR network, this structure is robust to 

process and temperature variations. Four quadrature vector sig-

nals (VI
+, VI

-, VQ
+, VQ

-) are generated by feeding each balun 

output to an individual coupled-line coupler. The balun is im-

plemented with two second top metals (OL) which are edge-

coupled to each other. In addition, the 90° coupler is imple-

mented using the top two metals (LB and OL) which are 

broadside-coupled to each other. 

The vector modulator employs two copies of Gilbert cell 

(M3–M8 and M9–M14). Each Gilbert cell modulates the in-

phase vectors (VI
+ and VI

-) or the quadrature vectors (VQ
+ and 

VQ
-). By controlling the gate bias of cascode transistors (Vc,I

+, 

Vc,I
-, Vc,Q

+, Vc,Q
-), the amplitudes of the in-phase and quadrature 

signal vectors are changed individually. The differential outputs 

of the two Gilbert cells are combined in a current domain, thus 

resulting in a desired phase shift. 
The input and output of the VSPS are matched to 50 Ω with 

transmission lines (TL1–TL4 and TL5–TL8) and capacitors 

(C3–C4 and C13–C14). One of the differential outputs is termi-

nated by an on-chip 50-Ω resistor for the convenience of meas-

urement. A current source (M1 and M2) is connected to each 

Gilbert cell, which sets a constant bias current. This allows for 

uniform input matching performance regardless of the phase-

shift states. Furthermore, the resulting high bias enhances the 

linearity at the expense of additional DC consumption. 

III. MEASUREMENT RESULTS 

The mm-wave phase shifter is fabricated in 65-nm CMOS 

technology. The chip micrograph is shown in the inset of Fig. 1. 

The chip area is 1.61 × 1.37 mm2 including all probing pads. 

The measured and simulated phase shift with 4-bit resolution 

is shown in Fig. 2(a). It can be seen that 16 phase states achieve 

a full 360° shift with 22.5° separation from 30 to 42 GHz. Fig. 

2(b) presents the simulated and measured insertion loss of the 

 
Fig. 1. Schematic and chip photograph of the mm-wave VSPS.

 
(a) 

 
(b) 

 
(c) 

Fig. 2. Measured (a) phase shift with 4-bit resolution, (b) insertion 

loss of 16 phase states, and (c) output power and insertion 

loss versus input power at 38 GHz. 
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16 phase states. The average loss is 16.3 dB at 37 GHz. The 3-

dB bandwidth is 10.8 GHz (30.9–41.7 GHz). It should be not-

ed that the measurement is carried out under a single-ended 

output condition. Therefore, the insertion loss would be im-

proved by 3 dB in principle if measured differentially. Fig. 2(c) 

shows the measured output power and insertion loss versus in-

put power at 38 GHz. The average value of input-referred 1-dB 

compression power is 5.7 dBm at 38 GHz. 

Fig. 3(a) shows the root-mean-square (RMS) amplitude and 

phase errors of the VSPS. With 4-bit resolution, the RMS am-

plitude and phase errors are 1.3 dB and 1°, respectively, at 38 

GHz. The RMS errors maintain less than 1.5 dB and 4.9° from 

30.9 to 41.7 GHz. The input and output port matching per-

formance are shown in Fig. 3(b). The input and output ports 

are well matched over the operating frequency.  

Fig. 3(c) shows a polar plot of the measured S21 for 484 phase 

states. Each of the control voltages (Vc,I
+, Vc,I

-, Vc,Q
+, Vc,Q

-) is 

individually swept from 2.25 to 3.25 V by 0.1-V step at 38 GHz. 

It is noted that both the phase and amplitude can be precisely 

adjusted by fine tuning of the control voltages. This is a signifi-

cant merit of VSPS over other phase-shifter topologies that can 

adjust only the phase. The DC power consumption is 45 mW 

at a supply voltage of 3.75 V. 

In Table 1, the proposed VSPS is compared with other pub-

lished phase shifters in the 5G frequency bands. The VSPS in 

this work achieves a wide bandwidth with comparable insertion 

loss and RMS amplitude and phase error. Compared to [2–4], 

the proposed VSPS provides continuous phase shift and can 

adjust both amplitude and phase. Compared to previous VSPS 

[1], this work achieves a wider bandwidth and higher linearity at 

the cost of DC power consumption. 

IV. CONCLUSION 

An mm-wave VSPS for 5G application is implemented in 

65-nm CMOS technology. The VSPS exhibits a continuous 

360° phase shift with an average insertion loss of 16.3 dB at 37 

GHz with a 3-dB bandwidth of 10.8 GHz. Compared to other 

VSPS in the 5G n260 band, this work achieves a wide band-

width and high linearity. It is also demonstrated from 484 

phase-state measurement that both the phase and amplitude 

can be adjusted in a fine resolution which is determined by the 

resolution of control voltage. The proposed VSPS can be adopted 

in various mm-wave applications including the 5G communica-

tion systems. 
 

This work has been supported by the Future Combat 

System Network Technology Research Center program of 

Defense Acquisition Program Administration and Agency 

for Defense Development (No. UD190033ED). 

      
(a) 

 
(b) 

 
(c) 

Fig. 3. Measured (a) RMS amplitude and phase errors, (b) input 

and output matching of 16 phase states, and (c) polar plot 

of S21 for 484 phase states at 38 GHz. 

Table 1. Performance comparison with previously reported phase shifters for the mm-wave 5G application 

Ref. Tech. Freq. (GHz) Resolution Avg. loss (dB) RMS amp., phase error Input P1dB (dBm) Pdc (mW)

Chen et al. [2] 90-nm CMOS 36–40 4 bit 20.2–21 < 2.6 dB, < 2.6° - 0

Li et al. [3] 65-nm CMOS 32–40 7 bit 16.9–18.1 < 0.38 dB, < 1.6° - 0

Tsai et al. [4] 65-nm CMOS 27–42 5 bit 12.4 ± 1.2a < 2.1 dB, < 3.8° 7.5b @ 39 GHz 0

Xiong et al. [1] 90-nm CMOS 35–41 Cont. 5.9–7 < 0.35 dB, < 5.1° -2.8b @ 35.5 GHz 17.6

This work 65-nm CMOS 30.9–41.7 Cont. 16.3–19.3 < 1.5 dB, < 4.9° 5.7 45

P1dB = power at the 1-dB compression point. 
a Measured insertion loss at 39 GHz.  
b Read from a plot of the article. 
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I. INTRODUCTION 

In the past, beamforming technology was mainly used in the 

satellite communication and radar fields. However, as the im-

portance of commercial 5G technology and high-capacity data-

link technology increases, the need for high-speed and long-

distance communication is becoming essential [1–12]. 

Generally, beamforming technology can be classified into a 

passive and an active phased array antenna. The passive phased 

array antenna controls the phase using passive elements, such as 

a Butler or a Blass matrix. It has the advantage of fast and sim-

ple beam steering. However, a passive phased array antenna has 

the disadvantage of changing the beam’s direction according to 

the situation and recovering when antenna failure occurs [13–

16]. The active phased array antenna forms a beam through a 

transmitter (Tx) or receiver (Rx) module capable of controlling 

the amplitude and phase for each radiating element or in units 

of sub-arrays. The active phased array antenna has the disad-

vantages of complexity and high-power consumption. However, 

it has the advantage of steering the beam direction with preci-

sion and forming multiple beams. 

Active phased array antennas are classified into analog, digital, 

and hybrid beamforming methods according to their phase and 

amplitude controlling configuration. A comparison of Rx active 

phased array antenna beamforming system block diagrams is 

shown in Fig. 1. 

 In general, the analog beamforming method forms a beam 

through the phase and amplitude changes in the radio frequen-

cy (RF) path, as shown in Fig. 1(a). The analog beamforming 

has the advantage of a simple configuration and a small size. 

However, phase shifter (PS) precision and noise figure (NF) 

degradation due to the phased shifters and the variable gain 

amplifier are performance challenges for this technique [7, 17]. 

Digital beamforming controls phase and amplitude after dig-

itizing the signal delivered to the analog to digital converter 

(ADC) through RF and analog paths, as shown in Fig. 1(b). 
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Digital beamforming has the advantages of precise phase shift-

ing and building multiple beams. However, digital beamforming 

requires many ADCs and has the disadvantage of increasing 

power consumption and production costs due to its signal pro-

cessing. However, due to the recent development of digital tech-

nology, these shortcomings are being overcome. 

Hybrid beamforming combines the advantages of both ana-

log and digital beamforming. However, hybrid beamforming has 

the disadvantage of the complexity of implementing the beam-

forming unit which controlling both analog and digital. In addi-

tion, the performance of hybrid beamforming is sub-optimal 

compared to digital beamforming [18–22]. 

This study used a digital beamforming antenna because it has 

high steering accuracy, is compact and lightweight, and can be 

mounted on an aircraft for aerial relay communication. The 

proposed multi-beam antenna system has the advantage on 

compact integration from array antennas to digital beamforming 

and tracking units with high performance of beam pointing 

accuracy and gain-to-noise temperature (G/T). In addition, full 

azimuth beam steering is expected to be possible by utilizing a 

continuous array of presented antennas. Due to its tile structure, 

the desired antenna can be easily reconstructed on various 

platforms. 
Section II describes the system considerations for Rx multi-

beam phased array antennas and the design of each component. 

Section III describes the system implementation and the per-

formance test results of the proposed Rx multi-beam phased 

array antenna. 

II. DESIGN OF RX MULTI-BEAM PHASED ARRAY  

ANTENNA SYSTEM 

1. Design Specif ication of Rx Multi-Beam Antenna System 
The presented Rx multi-beam antenna system considers dis-

tance coverage of about 50 km with full high definition (FHD) 

transmission. The Rx multi-beam antenna requires a G/T of 

-12 dB/K per beam to satisfy the link budget when the coun-

terpart mission aircraft transmits with an equivalent isotropic 

radiated power (EIRP) of 19 dBW. Table 1 shows the design 

goals of the Rx multi-beam antenna. The designed multi-beam 

antenna occupies 40 MHz of the Ku band (about 15 GHz) as a 

receiving band. The multi-beam is a 4-channel signal (ch1, ch2, 

ch3, ch4) and consists of frequency division with a bandwidth of 

10 MHz per channel. For the G/T, array antenna gains of 21 

dBi and an NF of less than 5 dB are required. The beam steer-

ing angle coverage of the Rx antenna is from -18° to 18°, and a 

pointing accuracy of less than 1° is needed. 

 

2. Design of Rx Array Antenna Unit 

The design of the Rx array antenna is shown in Fig. 2. It is 

designed with a patch antenna structure to secure a wide fre-

quency range in the Ku band through slot coupling feeding. It is 

designed to have dual feed structures to support circular polari-

zation. The substrate with the micro-strip patch antenna is 

made of a low dielectric constant Teflon material (εr = 2.2, tanδ 

= 0.0009@10 GHz). A unit patch antenna has a gain of above 

Table 1. Design specification of Rx multi-beam antenna system

Item Design target

Operating frequency (GHz) Ku band (about 15)

G/T (dB/K) ≥ -12

No. of multi-beam 4 ea

Antenna gain (dBi) ≥24

Rx noise figure (dB) ≤5

Beam steering angle, azimuth (°) -18 to 18

Beam pointing error (°) ≤1

 
(a) 

 
(b) 

 
(c) 

Fig. 1. Comparison of Rx active phased array antennas: (a) block 

diagram of RF analog beamforming, (b) block diagram of 

digital beamforming, and (c) block diagram of hybrid 

beamforming. 
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7 dBi, an axial ratio of 1.7 dB, and a beamwidth of about 78° 

horizontally and vertically in simulation.  

The technical concept of aerial relay communications is con-

sidered in the designing of an array antenna. The antenna system 

is designed to be wide beamwidth in the elevation angle to 

minimize the change in the beam steering angle due to the mis-

sion aircraft’s altitude difference. In addition, it needs to be de-

signed with narrow beamwidth in the azimuth direction to dis-

tinguish between mission aircraft in similar positions. A unit 

patch antenna is arranged 4 × 8 to meet the operation require-

ments of the array antenna. The simulated gain of the designed 

Rx array antenna is above 22 dBi, and the beamwidth is 9.5° in 

the horizontal direction and 18° in the vertical direction. Active 

S11 is designed so that the Rx antenna performance has a con-

stant matching characteristic according to the beam steering 

angle. The simulated active S11 is shown as -4 dB and -10 dB 

in steering angles of 0° and 54°, respectively. 
The proposed Rx multi-beam antenna is operated by inter-

locking one main and two adjacent tiles. The configuration of 

the adjoining tile antenna system is shown in Fig. 3(a). The 

adjacent tiles are arranged to be inclined 32° from the main tile. 

This is to design an Rx antenna capable of full azimuth beam 

steering through the additional arrangement of adjacent tiles. 

The antenna expanding from a 4 × 8 to a 4 × 32 antenna array 

can be obtained with about 1 dB loss due to its inclined tile con-

figuration. This arrangement can improve antenna gain and 

beam pointing error. The array antenna’s gain confirmed by 

simulation is above 25 dBi, and the beamwidth is 3.5° in the 

horizontal direction and 18° in the vertical direction, as shown 

in Fig. 3(b) and 3(c). 

Fig. 4 shows the operation of three adjacent tiles in the Rx 

multi-beam antenna system. Because the adjacent tiles are in-

clined by 36°, the beam is steered ±36° from the adjacent tiles 

for boresight beam direction. The adjacent tiles direct the beam 

54° and -18° in the adjacent (L) and adjacent (R) tile to form 

an 18° beam. The adjacent tile’s steering angle is determined 

through (1) and (2) according to the beam direction of the main 

tile for fast calculation. 
 𝜃 𝜃 36° (1)𝜃 𝜃 36° (2)

 
Fig. 2. Design of Rx 4 × 8 array antenna unit. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. (a) Design of three-tile array antenna. (b, c) Simulated 

three-tile array antenna pattern in H-cut and V-cut. 
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(a) 

 
(b) 

 
(c) 

Fig. 4. Interlocking beam steering operation in three-tile array an-

tenna. Beam steering angle at (a) boresight, (b) 18°, and (c) 

-18°. 

 

3. Design of Tx-Rx Isolation Unit 

In general, aerial common datalink communication operates 

with frequency division duplexing (FDD) in Tx and Rx antenna 

systems. It is necessary to integrate a duplexer to support FDD 

with a single antenna. However, it is hard to implement a du-

plexer in a compact chip in the Ku band due to its manufactur-

ing limits. Therefore, the proposed multi-beam antenna system 

is designed for the Tx and Rx antennas using space separation, 

as shown in Fig. 5(a). Wide space separation can improve Tx-

Rx isolation performance, but it should be compact when con-

sidering mounting on an aircraft. The high output power of the 

Tx antenna is coupled to the Rx antenna and can saturate the 

Rx antenna. Therefore, it is essential to design a Tx-Rx isola-

tion unit with sufficient isolation in a compact size [23]. 

The unit power amplifier (PA) output power in the Tx an-

tenna system is 20 dBm, and the maximum available input level 

of the low noise amplifier (LNA) is -35 dBm in the Rx anten-

na. Therefore, a Tx-Rx isolation unit with isolation perfor-

mance of at least -55 dB is required. 

Fig. 5 shows a designed Tx-Rx isolation unit for the Rx an-

tenna system. It minimizes the nearfield signal transmitted from 

the Tx antenna to the Rx antenna by increasing its electrical 

length and forming a soft surface in the isolation unit. The 

isolation performance by EM simulation shows -60 dB for 

boresight and -56 dB for the 54° steering angle. 

 

4. Design of RF Integration Unit 

The Rx radio frequency integration (RFI) unit is composed 

of an RFI module and a frequency conversion (FC) module, as 

shown in Fig. 6. Because there are 32 patch antennas in one tile, 

32 receiver RF paths are required. In this work, the RFI module 

consists of eight radio frequency integrated circuits (RFICs) to 

cover all Rx paths. Each RFIC consists of four LNAs, four PSs, 

a 4:1 signal combiner, and a frequency down-conversion mixer. 

Through RFIC, 32 Ku-band received signals are output as eight 

L-band signals. In LNA, the NF is designed to be less than 7 

dB, including board and feeding loss. 

The frequency down-conversion module receives eight L-

band signals from RFICs and converts them into eight 100 

MHz bands to deliver an ADC. In addition, to equalize the 

intensity of the received signal at the ADC, the module is de-

signed to perform automatic gain control (AGC) using a varia-

ble gain amplifier (VGA) and a variable attenuator. The FC 

module is designed to be adjusted in 0.5 dB steps with a maxi-

mum 50 dB gain and a minimum 15 dB gain. 

 
(a) 

 
(b) 

Fig. 5. (a) Design of Tx-Rx isolation unit. (b) Simulated Tx-Rx 

isolation at boresight. (c) Simulated Tx-Rx isolation in 

steering 54°. 
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When considering the operating concept of a multi-beam an-

tenna for the aerial relay, there may be a mission plane in which 

a communication distance difference occurs in the same beam 

steering angle. The difference in the multi-beam received signal 

is mostly generated due to the distance from the mission planes. 

All received signals are valid ones, which include communica-

tion data. Therefore, in this receiving antenna system, the 

ADC’s receiving dynamic range is designed to be 40 dB so that 

100 times the difference in receiving signal power can be re-

stored. The antenna system’s minimum received input power is 

-84 dBm, and the maximum received power level excluding 

the Tx coupling signal, -35 dBm, is -44 dBm. Fig. 7 shows 

the Rx path power budget of the RFI unit considering the multi-

beam reception dynamic range of 40 dB. 
In designing an active phased array antenna, the calibration 

process is essential to minimize the beam steering error and 

optimize the beam pattern. The Rx internal calibration signal 

can apply to the LNA input path for the calibration process 

using a signal coupler. The phase and amplitude error of the 

receiving path can be found. Two calibration signals are used for 

each RFIC after 16 branches by switching the signal for calibra-

tion. The Rx calibration signal is converted into L-band and 

converted to 100 MHz through the RFI unit. The signal is then 

transmitted to the digital beamforming unit through an inde-

pendent ADC for calibration. The digital beamforming unit 

checks the phase and amplitude of the signal for each Rx path, 

calculates the error, adjusts phase of the PS in the RFIC, and 

gains of each path to make uniform in all Rx. 

 

5. Design of Beamforming Unit 

Fig. 8 shows the block diagram of the Rx multiple beam-

forming unit. Because each of the eight input signals contains 

all four channel signals, it is necessary to separate each channel 

after digital conversion. The digitally converted signal is branched 

into four signals, and a separated signal with minimized adjacent 

channel interference is obtained with a digital filter designed 

with a 10-MHz bandwidth. The phase weighting vector of the 

desired steering angle is multiplied for the separated signals for 

each channel. The Rx array antenna’s beam steering angle is 

obtained with high speed and precision using the phase com-

parison mono-pulse algorithm [24, 25]. Eight signals for each 

channel are synthesized into four multi-beams which the phase 

weighting vector for each channel is applied. The signal of the 

adjacent tile obtains a multi-beam signal in the same way. The 

multi-beam signals are then synthesized in the multi-beam in-

terlocking unit. 

III. MANUFACTURE AND TEST RESULTS OF  

RX MULTI-BEAM ANTENNA 

1. Manufacture of Multi-Beam Antenna 

Fig. 9 shows the manufactured tile type multi-beam Rx 

phased array antenna. The proposed receiving antenna is de-

signed in a tile with module housing instead of a tile with board-

stacked in consideration of the military operating environment’s 

influence (altitude, temperature, and humidity). Because the Rx 

 
Fig. 6. Block diagram of RFI unit. 

 

 
Fig. 7. Rx signal power budget considering multi-beam dynamic range.

 
Fig. 8. Block diagram of Rx multi-beamforming unit.
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antenna consumes less power than the Tx antenna, performance 

degradation due to heat is not significant. However, to maintain 

a constant temperature in consideration of high- and low-

temperature environmental conditions, a water-cooling heat 

dissipation structure is applied. The multi-beam antenna, in-

cluding all Rx, Tx, and isolation structures, is presented in com-

pact size with a height and radius of about 27 cm and 30 cm, 

respectively. Because the multi-beam antenna is inclined by 36° 

between tiles, it is possible to cover 360° in full azimuth by 

adding seven antenna tiles. 

2. Test Configuration of Rx Multi-Beam Antenna 
A Ku-band antenna scanner, a network analyzer, and a con-

trol unit are required for the performance test of the presented 

Rx multi-beam phased array antenna. The proposed multi-

beam antenna receives a Ku band signal and outputs a digital 

I/Q. Thus, a module that converts digital I/Q input to Ku band 

is configured to test with a network analyzer. A positioner and 

scanner capable of measuring a nearfield of more than four 

times the scanning area of an Rx antenna are used to test the 

antenna pattern accurately. Keysight E8363B and E8257D are 

used as the signal analyzer and generator. The measurement 

configuration is shown in Fig. 10. 

The beam steering test confirmed the beam formation with 

four beam angles of -18°, -9°, 9°, and 18°. This means that 

four independent beams can be formed from -18° to 18° and 

meet the Rx antenna requirement. The maximum pointing 

error is less than 0.4°. The test results are summarized in Table 2. 

 

3. Performance Test Results of Rx Multi-Beam Antenna 
The beam pointing accuracy and G/T are tested as the main 

performance indicators of the Rx multi-beam antenna system. 

All tests are performed after calibration of the multi-beam an-

tenna. If more precise calibration is completed, the test results’ 

sidelobe level and beam pointing accuracy can be further im-

proved. First, the beam pointing accuracy test is performed by 

 

(a) 

 

(b) 

Fig. 9. Manufactured Rx multi-beam antenna system: (a) front 

view and (b) side view. 

 

 
Fig. 10. Beam steering test configuration for Rx multi-beam antenna 

system. 

 

Table 2. Summarized test results of Rx multi-beam steering (unit: °) 

Ch1 Ch2 Ch3 Ch4

Case I Steering angle -18 -9 18 9

Measured angle -17.77 -9.00 18.21 9.40

|Err| 0.23 0 0.21 0.40

Case II Steering angle 9 -18 -9 18

Measured angle 9.00 -17.76 -8.99 18.20

|Err| 0 0.24 0.01 0.20
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applying independent beam angles to confirm the simultaneous 

formation of four independent multi-beams and the precision of 

beam steering. The test results are shown in Fig. 11. 

Regarding the boresight, the beam pointing error is below 

0.1°. The beam width and 1st sidelobe level shows below 4.5° 

and -15 dB for left and -13 dB for right sidelobe, respectively. 

The beam steering test confirms that beam formation with four 

beam angles of ±18° and ±9° is possible. This means that four 

independent beams can be formed from -18° to 18° and that 

they meet the Rx antenna requirement. The maximum pointing 

error is less than 0.4°. The test results are summarized in Table 2. 

Because it is difficult to measure G/T directly, it is calculated 

using (3) for each beam of the multi-beam antenna system. The 

main and adjacent tiles of the multi-beam antenna are inter-

locked, and the antenna gain is evaluated using a nearfield 

measurement method. For an accurate antenna gain test, the 

total tile antenna path gain is measured including the RFIC of 

the RFI unit. The gain of the RFI unit is then measured with-

out the antenna unit and is excluded from the total to consider 

any mismatch and feeding loss between the antenna and the 

RFI unit. For the Rx NF test, four sub-array antennas are com-

bined to measure NF precisely in a single tile. Fig. 12 shows the 

block diagram of each test setup for G/T. 
 𝐺/𝑇 / 𝐴𝑁𝑇 , 𝑁𝐹            (3) 
 

Table 3 summarizes the test results of G/T performance for 

Rx multi-beam antenna system. It shows above that there are 

-6 dB/K of G/T in each multi-beam, which satisfies the design 

specification of -12 dB/K. This means that the proposed Rx 

multi-beam antenna can cover about 50 km with FHD trans-

mission. 

IV. CONCLUSION 

In this paper, we proposed an Rx multi-beam antenna system 

which available four independent beams for long distance com-

 
(a) 

 
(b) 

 
(c) 

Fig. 11. Test results of Rx antenna with beam steering in (a) boresight 

and (b, c) independent angle of case I and case II. 

 
(a) 

 
(b) 

Fig. 12. Block diagram of measurement setup for G/T: (a) Rx antenna 

gain and (b) Rx noise figure. 

 

Table 3. G/T test results of multi-beam antenna system 

 
Beam1 

(Ch1) 

Beam2 

(Ch2) 

Beam3

(Ch3)

Beam4

(Ch4)

Antenna gain (dB) 24.76  25.15  25.08 25.29 

Noise figure (dB) 5.98  5.98  5.95 5.91 

Noise temp. (dBK) 30.64 30.63 30.61 30.59

G/T (dB/K) -5.88 -5.48 -5.53 -5.3
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munication in aerial. The multi-beams can be formed from -18° 

to 18° with a beam steering error of less than 0.4°. In addition, 

each multi-beam antenna has above -6 dB/K of G/T, which 

satisfies long distance aerial communication requirements. The 

proposed Rx multi-beam antenna has a compact size and can be 

mounted on an aircraft. To the best of our knowledge, the pro-

posed multi-beam antenna is first implemented with high per-

formance of its G/T and steering accuracy in compact size. 

 

This work was supported by the Agency for Defense 

Development (No. 912649501). 
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I. INTRODUCTION 

A passive coherent location (PCL) is a type of radar system 

exploiting third-party transmitters that were initially construct-

ed for broadcasting and communication systems [1–3]. Like 

other radar receivers, the PCL determines the target presence or 

absence via the well-known detection technique called the cell-

averaging constant false alarm rate (CA-CFAR) [4], which is 

particularly useful in a homogeneous noise background. PCLs 

can also employ variations of CFAR, such as greatest of (GO) 

CFAR, smallest of CFAR, order statistic CFAR, and trimmed-

mean CFAR [4], which are useful in various heterogeneous 

environments. 

As the neural network (NN) has been the main focus of 

interest for researchers in recent years, there have been several 

trials to construct an NN architecture-based target detector and 

to obtain a better receiver operating characteristic (ROC) than 

that of traditional CFAR techniques [5–11]. Among them, [5–8] 

proposed using multi-layer perceptron (MLP)-based architec-

tures either to construct a target detector or to identify the noise 

background. In [5], the authors considered the problem of the 

target detection method using artificial NNs in a K-distributed  
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The constant false alarm rate (CFAR) has been widely used in radar systems to detect target echo signals because of its simplicity. With 

the recent development of different types of neural networks (NNs), NN architecture-based target detection methods are also being con-

sidered. Several studies related to NN-based target detectors have introduced multi-layer perceptron-based and convolutional neural net-

work (CNN)-based structures. In this paper, we propose a CNN-based target detection method in frequency modulation (FM)-band 

passive coherent location (PCL). We improved the detection performance using a maxpooling layer and a Hadamard division layer, which 

are parallelly placed with a CNN layer. Moreover, in our method there is no need to determine the specific cell configuration (e.g., cell 

under test, reference cells, and guard cells) because the proposed method obtains the trained kernels by end-to-end learning. We show 
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environment. The authors in [6] designed a network to deter-

mine whether the background environment is homogeneous or 

heterogeneous, and this network was used only for environmen-

tal identification. Akhtar and Olsen [7, 8] trained the MLP-

based detectors using the results of CA-CFAR and GO-CFAR. 

Convolutional neural network (CNN)-based architectures were 

also suggested in [9–11]. Lin et al. [9] trained a network to es-

timate the noise variance more accurately, even when the target 

existed in the range-Doppler domain. The authors in [10] 

trained the CNN model for target detection in the range-

Doppler domain, but their NN determined the target presence 

or absence under a single range-Doppler map. Gusland et al. [11] 

presented a CNN-based detector that trained the entire image 

of the range-Doppler maps in a similar way as in [10]. 

This paper proposes a new target detection method using 

CNN architecture in a homogeneous environment for frequen-

cy modulation (FM) radio-based PCL. A significant difference 

in our way compared to previous approaches is the introduction 

of an input-wise normalization layer. This input-wise normali-

zation layer gives the NN improved detection performance. By 

comparison, most of the previous works on CNN-based target 

detectors focused on the conventional CNN structures, which 

were initially used for the computer vision area. The MLP-

based systems are still used for target detection tasks. Compared 

to the MLP structures, the CNN has advantages in computa-

tional complexity because of its sparse connectivity, and this fea-

ture allows the kernels to be efficiently trained. 

We also show that the CNN model including a fully convo-

lutional layer [12] can be used to efficiently perform cell-wise 

classification for target detection tasks in the cross-ambiguity 

function (CAF), similar to several other image processing tech-

niques. The exploitation of a fully convolutional layer helps in 

training NNs for per-cell classification tasks. This structural 

feature allows the kernels to be designed in such a way that they 

are not limited to the traditional cell configuration of CFAR, 

such as cell under test (CUT), reference cell, and guard cell. 

Therefore, the cell configuration need not be explicitly consid-

ered at all stages. 

To the best of our knowledge, our method is the first to use 

the input-wise normalization layer to improve the CA-CFAR 

technique. Related works [10, 11] using the CNN model only 

derive the detection result from a single range-Doppler map. To 

develop the CFAR-like detector, we propose adding a maxpool-

ing layer and a Hadamard division layer, which are in parallel 

with the first CNN layer. In this paper, the two layers parallelly 

placed with the first CNN layer are defined as "an input-wise 

normalization layer." 

Finally, we show that each trained kernel in the proposed 

method can carry out respective roles to extract the CUT and 

the sum of reference cells. The performance of the proposed 

method is also derived in terms of its detection probability, 

number of false clusters, and false alarm rate. From the above 

discussion, we can observe that the ROC of the proposed meth-

od outperforms that of CA-CFAR under homogeneous condi-

tions in the FM-based PCL system. 

The remainder of this paper is organized as follows. The layer 

architecture of the proposed method is presented in Section II. 

The training details are described in Section III. The simulation 

results are given in Section IV, and we conclude the paper in 

Section V. 

II. LAYER ARCHITECTURE 

Fig. 1 illustrates the layer architecture of the proposed detec-

tor. The layer architecture has a CNN layer and two fully con-

volutional layers. The hidden unit of the first convolution layer 

is a rectified linear unit (ReLu), and the activation function of 

the output layer is a softmax function, which is applied for all 

cells of the output. The depth of the proposed layer architecture 

is shallow; however, it is sufficient to derive satisfactory detec-

tion performance, even when using a simple model. 

As shown in Fig. 1, the squared magnitude of CAF, 𝐗 ∈ℝ × , is fed to the input layer of the CNN. We used a two-

dimensional rectangular kernel with a size of 𝐾 (odd number) 

in the CNN layer, and the size of the feature map is reduced by 𝐾 1 in both x (range) and y (Doppler frequency) dimensions 

because the zero padding is not applied in this step. For exam-

ple, if the input size of CAF is 𝑀 × 𝑁, then the size of the fea-

ture map is 𝑀 × 𝑁 , where 𝑀 = 𝑀 𝐾 1  and 𝑁 =𝑁 𝐾 1. To maintain the size of the feature map in the first 

CNN layer, zero padding can be applied. However, the padded 

zero values on the edges of the input data may increase the false 

alarm rate because the addition of zeros makes it appear to have 

a much lower noise power compared to no zero padding. 

Therefore, we concluded that it is better not to perform zero 

padding. At the output of the first CNN layer, the batch nor-

malization [13] can be considered to train deep models, but this 

is not significant for our architecture because our proposed NN 

model has a shallow depth compared to recently developed im-

 
Fig. 1. Layer architecture of the proposed neural network-based 

target detection method. 
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age processing techniques. 

The fully convolutional layer produces output with the same 

size as the feature map of the first CNN layer. As we aim to 

classify all the cells in two categories (i.e., target present and 

target absent), the kernel dimension of the output is equal to 𝑅 × 2, where 𝑅 denotes the number of kernels in the first 

CNN layer. Finally, the softmax output layer transforms the 

feature maps to the probabilistic measures, and this result pro-

duces the classification labels. 

The remarkable difference between our proposed architecture 

and the NNs for conventional image processing is that our NN 

architecture performs an input-wise normalization process via 

the Hadamard division layer and the maxpooling layer. The 

input-wise normalization constructed by the two layers helps 

the NN detect cells with relatively higher values than other 

noise components. As we do not focus on the detection tech-

nique with absolute numerical values, the input-wise normaliza-

tion is sufficient for the target detector in this regard. The max-

pooling layer is placed in parallel with the CNN layer. The 

Hadamard-wise division layer takes the feature maps of the 

CNN and the maxpooling layer as two inputs. Suppose we have 

matrices of the output feature map 𝐘 ∈ ℝ ×  derived from 

rth kernel; then the output matrix 𝐙 ∈ ℝ ×  corresponding 

to the rth kernel can be represented by 
 

        𝐙 = 𝐘 ∘ 𝐐, 𝑟 = 0, 1, … , 𝑅 1, (1)
 

where ∘ denotes an operator for Hadamard division (i.e., ele-

ment-wise division), and 𝐐 ∈ ℝ ×  denotes the output of 

maxpooling to the 𝐾 × 𝐾 grid with stride 1.  

A simple example of input-wise normalization, given an in-

put data 𝐗, a kernel 𝐖, and an output 𝐘 (without padding), is 

as follows: 
 𝐗 = 0 1 01 0 0.10 0.1 0 , 𝐖 = 0 11 0 , 𝐘 = 2 00 0.2 .

(2)
 𝐗 and 𝐙 are then calculated by 

        𝐐 = 1 11 0.1 , 𝐙 = Y ∘ 𝐐 = 2 00 2 . (3)

 

This example shows how the input-wise normalization ena-

bles detecting the specific features. In (2), 𝐖 can be viewed as 

an extractor for anti-diagonal lines, and thus, the diagonal ele-

ments of 𝐘 become 2 and 0.2. However, the diagonal compo-

nent of 0.2 in 𝐘 is also highlighted up to 2 in 𝐙 using the 

input-wise normalization process. 

The input-wise normalization using maxpooling and Hada-

mard division has the advantage that it can be easily constructed 

in most NN frameworks, such as TensorFlow, PyTorch, and 

MATLAB. These frameworks support the maxpooling layer for 

various applications, and it is also easy to introduce the input-

wise normalization. Without the input-wise normalization, the 

models might learn only the probability density of the noise 

process itself. 

III. NETWORK TRAINING 

1. Data-Generation Process 
To train a model using the CNN approach, we consider the 

input data-generation and desired output generation. As de-

scribed in the previous section, the input dataset comprises the 

pieces of magnitude-squared CAF 𝐗, including at least one 

target signal. Fig. 2 shows the FM radio signal-based CAFs. As 

the instantaneous bandwidth of the FM radio message signal 

varies, we can see that the range resolution also changes de-

pending on the message signals. 

The corresponding desired output represents each cell as ei-

ther target present or target absent, and therefore the output 

tensors have a size of 𝑀 × 𝑁 × 2 using one-hot encoding in 

the output nodes. Examples of the input data and the desired 

outputs are presented in Fig. 3. Note that the examples of the 

desired outputs in Fig. 3 (second row) represent binary hy-

pothesis as 1 and 0. 

Fig. 2. Examples of the FM radio signal-based cross-ambiguity functions.
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In the input data-generation stage, we considered the target 

signal to have a fractional sample delay and a fractional Doppler 

frequency shift. The fractional values are applied in the CAF to 

reflect the actual receiving environment. The element of the 

CAF, 𝑋 ,  for 𝜏 = 𝑀 2⁄ , … , 𝑀 2⁄ 1 and 𝜈 = 𝑁 2⁄ , … , 𝑁 2⁄ 1 (𝑀 and 𝑁 are even numbers) can be written as 
      𝑋 , = 𝑥 𝑘 𝑠∗ 𝑘 𝜏 Δ𝑘 𝑒 / , 

(4)
 

where 𝐾 is the number of observation samples, 𝑥 𝑘 =𝑠 𝑘 𝑤 𝑘 , 𝑠 𝑘  denotes the complex envelope of an FM  

signal, 𝑤 𝑘 ∼ 𝒩 0, 𝜎  denotes an independent and identi-

cally distributed (i.i.d.) complex Gaussian random process, Δ𝑘 ∼ 𝒰 0.5, 0.5  (𝒰 stands for uniform distribution) is a 

fractional sample delay, Δ𝜈 ∼ 𝒰 0.5, 0.5  Hz denotes the 

fractional Doppler frequency shift, and 𝑓  represents the sam-

pling frequency. 
In addition to the fractional values, we also varied the signal-

to-noise ratio (SNR) of the target echo signal. To train the NN 

as a robust detector for all SNRs of interest, we randomly de-

termine the SNR of the target echo signal. For our training da-

ta-generation, we sampled an SNR value in the uniform distri-

bution of 𝒰 50, 10  dB. 

The result of CA-CFAR can produce the desired output vec-

tor 𝐲 ,  for each τ and ν. For example, if the CFAR declares  

that the target is present, then 𝐲 , = 𝐲 = 1,0 . If the 

CFAR declares that the target is absent, then 𝐲 , = 𝐲 = 0,1 . This is also applied in the proposed CNN detector. 

We expect the CNN detector to have a considerably low false 

alarm rate compared to CA-CFAR; therefore, most false alarms 

are removed in the desired outputs. Considering the fractional 

Doppler frequency shift, the initial detection results 𝐲 ,  located 

in |𝜈| 1 Hz are only allowed to have y = 1,0 . Other-

wise, 𝐲 , = 𝐲 = 0,1 . Fig. 2 (first row) shows the desired  

output sequences corresponding to the input data. As the in-

stantaneous bandwidth of the FM baseband signal is not a con-

stant, we can see that the number of cells for target present in 

the bistatic range domain varies with the corresponding message 

signal. 

 

2. Loss Function 
We used a cross-entropy (CE) loss function for CNN train-

ing. When we denote 𝐲 = 𝑦 , 𝑦  for convenience, we omit 

the subscripts of 𝜏 and 𝜈 in 𝐲 , , and the CE loss function of 𝐿 𝐰  with respect to kernels of the NN, 𝐰, can be written as 
 𝐿 𝐰 = ∑ 𝛽𝑦 log 𝑦 1 𝑦 log 1 𝑦 ,   (5) 

 

 

where 𝛽 denotes the coefficient for weighted CE, 𝑦  denotes 

the binary indicator, and 𝑦  represents the predicted probabil-

ity at the nth output node 𝑛 = 1, 2 . As described earlier, the 

binary indicators for 𝐻  (target present) and 𝐻  (target absent) 

are defined by 𝐲 = 𝑦 , 𝑦 = 1,0  and 𝐲 = 𝑦 , 𝑦 = 0,1 , respectively. A rationale for using 𝛽 (generally 𝛽 = 1) 

is to solve the class imbalance between 𝐻  and 𝐻  in the 

desired output labels. If the occurrence of 𝐻  is much less than 𝐻 , then 𝛽 needs to be increased. 

IV. SIMULATION RESULTS 

1. Training Input and Label Data-Generation 
For the CNN-based detector training, different CAFs are 

produced using message signals. The training dataset comprised 

26,573 range-Doppler images. These images include several 

types of broadcast content, such as human voices and a wide 

range of music broadcasted via FM radio transmission in South 

Korea. 

The training data can be generated using the complex enve-

lope of an FM signal and (4). When we denote the sampled 

message signal as 𝑚 𝑘 , the complex envelope of an FM signal 𝑠 𝑘  can be generated by 
 𝑠 𝑘 = exp 𝑗2𝜋∆𝑓 𝑚 𝑘 ∆𝑡 , 

(6)
 

where 1/∆𝑡 denotes the sampling frequency of 200 kHz, ∆𝑓 

denotes the frequency deviation of 75 kHz, and 𝐿 is the num-

ber of observation samples of 200,000. Note that the coherent 

processing interval is 1 second.  

The desired labels are generated from these constructed 

images. We used the modified result of two-dimensional CA-

CFAR, where the number of guard cells is (7, 2), and the refer-

ence cell size is (0, 5) on either side. Because the instantaneous 

bandwidth of the FM radio signal fluctuates according to the 

message signal, we do not include cells having the same Doppler 

frequency as the test cell in the noise variance calculation. 

We also designed the CAFs to have a size of 64 × 64. The 

output labels have a size of 50 × 50 because the size of a 

 
Fig. 3. Examples of training input images and corresponding desired 

output images. 
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rectangular kernel is 𝐾 = 15. 

 

2. Training Phase 
In the layer architecture, the number of kernels is set to 𝑅 =50 at the first CNN layer, and then the kernels have 152

 × 50 

coefficients. Note that the biases in the first CNN layer are not 

updated and are initialized to 0. The output of the first CNN 

layer is a tensor with a size of 50 × 50 × 50. The first fully 

convolutional layer takes the feature map of the first CNN layer 

as the input data, and therefore it has 50 × 250 weights and 

250 biases. The second fully convolutional layer has 250 × 2 

weights and 2 biases. The output of the softmax layer has a size 

of 50 × 50 × 2, and this provides the final predictions using a 

parameter 𝛾, which is viewed as a false alarm rate. If 𝑦 > 𝛾, 

then the detector decides 𝐻 . Otherwise, it decides 𝐻 . 

In the training phase, a stochastic gradient descent optimizer 

with the learning rate of 0.01 and the momentum term of 0.9 

was used to train our CNN model. To prevent the overfitting 

issue, we used L2 parameter regularization with a regularization  

factor of 10 . The number of epochs was 100, and the mini-

batch size was 128. 

Fig. 4 shows the gray-scaled 50 kernels of the first CNN layer. 

As shown, the trained kernels either perform signal extraction 

or noise variance calculation. For example, the kernels with a 

significantly higher value (white color) at the center than in the 

background can be viewed as CUT. In contrast, the kernels 

with a much lower value (black color) at the center than in the 

background can be viewed as the sum of reference cells. This 

result shows that the kernels act like the CFAR technique. 

 

3. Test Phase 
To derive the detection performance of the proposed method, 

we conducted 10,000 Monte Carlo simulations. The detection 

results were then averaged using a message signal, which is not 

included in the training sets. 

We measured the false alarm rate when the target is absent. 

Although the false alarm rate is determined in advance, the ex-

tended target cells (i.e., the correlated cells in the CAF) may 

change the actual false alarm rate. 

We obtain the target present or target absent in two ways. 

First, we clustered the detected cells as a group and then deter-

mined whether the group is the target or not (see Figs. 5 and 6). 

If the clustered cells are in a specific region, then the detection 

result is determined as present. Second, we only considered a 

target cell placed at the (0, 0) position in the range-Doppler 

map (see Fig. 7). A detailed performance analysis is presented in 

the next subsection. 

 
4. Performance Comparison 

To compare the performance of the CNN detector and CA-

CFAR, we calculated the number of false clusters when the 

target signal was absent. In this paper, the cluster is defined as a 

group of detected cells that are closely spaced with a cell dis-

 
Fig. 5. Detection probability of CA-CFAR and CNN detector 

versus the average number of false clusters. 

 

 
Fig. 6. Detection probability of CA-CFAR and CNN detector 

versus the false alarm rate with clustering.

Fig. 4. Trained 50 kernels of first CNN layer with grayscale (white 

and black colors represent 1 and 0, respectively). 
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tance of 1. The targets are generally detected as the extended 

cells in the FM radio signal-based CAF. Therefore, we also 

used the number of false clusters as a performance metric. We 

obtained 50,000 CAFs with a size of 500 × 400, and the CAFs 

were obtained from the reference signal (SNR = 60 dB) and 

Gaussian noise. Subsequently, we applied the CNN detector 

and CA-CFAR, and the detected cells were clustered. Finally, 

we counted the number of clusters and averaged the results. Fig. 5 

shows the number of false clusters on the x-axis with respect  

to 𝛾 = 0.1, 0.05, 0.01, 5 × 10 , 10 , and 10  and a false 

alarm rate 𝑝 = 5 × 10 , 10 , 5 × 10 , 10 , 5 × 10 , and 10 . The detection probability versus target SNR is also shown 

in Fig. 5, where we can see that the CNN detector has a higher 

detection probability at the same number of false clusters. Fig. 6 

shows the detection probability versus the false alarm rate. In 

terms of the false alarm rate, the CNN detector has a slightly 

better detection performance than that of CA-CFAR. 

Fig. 7 shows the proposed method’s detection performance, 

CA-CFAR algorithms with various cell configurations, and the 

method in [10]. In this case, we considered only the detection 

result of the target cell. Because the method in [10] uses differ-

ent size of data from ours, we slightly modified [10]; in this pa-

per, the kernel size of the first CNN layer is 7 and the kernel 

size of the second CNN layer is 5. As shown in Fig. 7, the pro-

posed method outperforms other detection methods, such as 

CA-CFAR detectors and the method in [10]. 

V. CONCLUSION 

We designed a CNN architecture-based target detector for 

FM radio-based PCL. The proposed architecture includes the 

maxpooling layer and the Hadamard division layer, which help 

the detector perform the input-wise normalization. Using the 

input-wise normalization, we showed that the trained kernels at 

the first CNN layer perform the extraction for either CUT or 

the sum of reference cells, as in the CFAR schemes. We also 

showed that the proposed target detector has a better ROC 

than CA-CFAR in a homogeneous noise background. 

The proposed CNN-based target detector performs the de-

tection process similar to CA-CFAR; therefore, our method 

also has the limitations of CA-CFAR, and the detection per-

formance of the proposed method is degraded by particular 

environments, such as the multi-target environment and heter-

ogeneous noise background. Fortunately, the CNN-based layer 

architecture can be improved by using appropriate training data 

reflecting the actual receiving environment. Therefore, in our 

future work, we will expand the CNN-based target detector to a 

form that can handle the multi-target environment and hetero-

geneous noise background in various PCL systems. 
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I. INTRODUCTION 

Dielectric properties (e.g., permittivity) of chemical and bio-

molecules is useful for a variety of applications. In agriculture, 

the quality of its products is improved by measuring the permit-

tivity of soil and leaves [1, 2]. For example, crop quality control 

is usually carried out by regularly monitoring the water content 

of crops [1]. The dielectric characterization is also employed in 

biomedical sensors, such as the monitoring of blood glucose and 

semen activity [3–6]. 

In [7], a complementary metal oxide semiconductor (CMOS) 

based transceiver IC is presented as a dielectric spectroscopy 

device, but an off-chip sensing capacitor is utilized to measure 

the off-chip liquid material under test (MUT). This off-chip 

sensing capacitor is implemented on the printed circuit board 

(PCB) with a bulky footprint and accompanying parasitics de-

grading the measurement accuracy. In [8], a PCB-integrated 

microwave sensor for the dielectric measurement of liquids is 

presented. The resonant frequency and the Q factor of the off-

chip microwave sensor are used to estimate the complex permit-

tivity of the material to be tested. However, the work in [8] also 

suffers from a large area, and additional packaging processes 

increase the cost of the permittivity sensor. Thus, integrated sen-

sors on silicon to detect the permittivity of chemical and bio-

chemical are promising with a reduction in its size and cost 

while offering lower power consumption [9]. 

Capacitance can be determined if the geometry of the con-

ductor and the dielectric properties of the insulator between the 

conductors are given [10]. Then, dielectric spectroscopy is ac-

complished by measuring the admittance (or impedance) of the 

sensing capacitor whose dielectric constant is dictated by the 

MUT and extract its dielectric constant from the material de-
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pendent capacitance. 

A sensing capacitor, as a critical interface between the MUT 

and the spectroscopy measurement system can be implemented 

in either on-chip or off-chip [7–9, 11]. As mentioned earlier, an 

off-chip sensing capacitor suffers from large parasitics and its 

bulky size. The interconnection between an off-chip capacitor 

and a spectroscopy device requires a careful attention as well.  

In this work, we propose a design and am implementation of 

an on-chip capacitor for dielectric constant extraction featuring 

a small sensor size and lower parasitic, and built a low-cost. 

Utilizing the top metal in the CMOS back-end, inter-digitized 

conductors are fabricated using 28-nm CMOS technology. The 

dielectric properties between inter-digitized conductors are gov-

erned by the off-chip liquid MUTs by opening the passivation 

layer. The permittivity of the MUT is extracted within the 100 

MHz–5 GHz frequency range by measuring the forward volt-

age-gain (S21). Permittivity as a function of |S21| at each fre-

quency can be extracted by polynomial curve fitting. Additional-

ly, we propose the weighted |S21| equation to improve a sensor 

accuracy. Through a proposed curve-fitting calibration method, 

less than 6.4% root-mean-square (rms) error is successfully 

achieved when propanol (C3H8O) is used as a material. 

This article is organized as follows. Section II discusses a 

simple but intuitive circuit model for the sensing capacitor. Sec-

tion III presents measurement results and polynomial curve 

fitting method for calibration. The conclusion of this article is in 

Section IV. 

II. CIRCUIT MODEL OF SENSING CAPACITOR 

Fig. 1 shows the illustration of an on-chip sensing capacitor 

whose dielectric property is governed by the MUT. The sensing 

capacitor is in an inter-digitized fashion implemented with the 

top metal of the CMOS back-end process (LB in the 28-nm 

Samsung CMOS process). The passivation layer has to be 

removed in order to contact the top metal directly to MUT. 

A side section view of the on-chip sensing capacitor with a 

simple equivalent circuit model is depicted in Fig. 2. Capaci-

tance and conductance denoted as Csensing and Gsensing are due to 

the E-fields passing through the MUT by two inter-digitized 

top metal nodes, while the E-fields passing through the inter-

metal-dielectric (IMD) create undesired parasitic capacitance 

and conductance modeled as Cpar and Gpar, which are not relat-

ed to the characteristics of the MUT. Additionally, capacitance 

due to the substrate, Csub, is part of the network, which degrades 

the accuracy of the permittivity detection.  

In the case of Csensing and Gsensing, their values are determined 

according to the permittivity of the MUT (εMUT = εMUT' − j

εMUT''). In contrast, Cpar and Gpar are fixed values governed by 

permittivity of the IMD (εIMD = εIMD' − j εIMD'').  

Excluding the effect of Csub, the real-part of admittance be-

tween two inter-digitized electrodes (𝑌 ) comes from Gsensing and 

Gpar, while the imaginary part of 𝑌  is composed of Csensing and 

Cpar. Gsensing and Gpar are circuit components due to the imagi-

nary permittivity of MUT εMUT'' and IMD εIMD'', respectively, 

which corresponds to an energy loss. Csensing and Cpar come from 

the real permittivity of MUT εMUT' and IMD εIMD', respec-

tively, representing energy storage [12]. Combined admittance 

between two electrodes can be expressed as follows. 
 𝑌 = 𝑗𝜔 𝐶 (𝜀MUT' − j 𝜀MUT'') + 𝑗𝜔 𝐶 (𝜀IMD' − j 𝜀IMD'') = 𝑗𝜔 (𝐶 𝜀MUT' + 𝐶 𝜀IMD') + 𝜔 (𝐶 𝜀MUT'' + 𝐶 𝜀IMD'') = 𝑗𝜔 𝑓(𝜀MUT' ) +  𝜔 𝑔(𝜀MUT'' )          (1) 

 

where C0 (C1) are coefficients of effective capacitance due to 

MUT and IMD and 𝑓(∙) and 𝑔(∙) denote nonlinear map-

ping functions from the permittivity of MUT to admittance as a 

result.   

To improve the sensitivity in measuring the permittivity of 

MUT, parasitic capacitances, Cpar and Csub in parallel with the 

 
Fig. 1. Illustration of an inter-digitized top-metal as an on-chip 

sensing capacitor covered by a material under test (MUT).

 
Fig. 2. Side section view of a sensing capacitor with a simple equivalent 

circuit model.
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desired capacitance, Csensing, have to be minimized. Csub can be 

made small by narrowing the spacing of the two nodes of the 

sensing capacitor. At the same time, narrow spacing between 

two electrodes reduces the self-resonant frequency (SRF) as a 

result of an increase in Csensing and mutual inductances. The 

inductances caused by the geometry of the on-chip sensing 

capacitor have a direct trade-offs with the size of the sensing 

capacitor such as a spacing and the width of the top metal. Thus, 

in this work, the target frequency band and area of the chip are 

budgeted in advance, and the optimal sensing capacitor dimen-

sion is determined in consideration of the above mentioned 

trade-offs. 

The top metal is composed of aluminum, and an oxide layer 

is created when the top metal is exposed to the MUT without 

any passivation (protection). The thick oxide film attenuates the 

electric field and reduces the sensitivity of the sensing capacitor. 

In the fabricated chip, the oxide film thickness ranges from 1 to 

5 nm [13]. The electromagnetic simulation was performed and 

the sensitivity was not degraded even with 10 nm oxide film 

thickness. This thin oxide film, on the other hand, is beneficial 

by protecting the sensing capacitor from the damage and 

chemical reaction due to its high corrosion resistance and wear 

resistance. 
Fig. 3 shows the schematic model of the sensing area with a 

two-port vector network analyzer (VNA). The forward voltage 

gain (S21) of this network can be calculated by finding the ratio 

between the injected voltage source (𝑉 ) and the load voltage 

(𝑉 ) while, the network is terminated with the port load im-

pedance (𝑅 ). 
 𝑆 (𝑗𝜔) =   =  ∙     = ∙ ( MUT'' ) ∙ ( MUT' )∙ ( MUT'' ) ∙( ( MUT' ) )  

(2)
 

 

In both the numerator and the denominator, the resistance 

(𝜔 ∙ 𝑔(εMUT'' )) due to the imaginary part of permittivity is sig-

nificantly smaller than those of the other components. For in-

stance, long transmission lines, connected in series with a sens-

ing capacitor, makes 𝑌  more capacitive. Thus, we can simplify 

Eq. (2) into the following formula: 
 𝑆 (𝑗𝜔) ≅ ∙ ∙ ( MUT' )∙ ∙( ( MUT' ) ).           (3) 
 

The dominant pole is calculated to be 𝜔 = ∙( (εMUT' ) ). 
Electromagnetic simulation with Advanced Design System 

(ADS) shows that 𝜔  is higher than 6 GHz. Accordingly, in 

the expected measurement range between 0.1 and 5 GHz, the 

magnitude of S21 can be written as |𝑆21(𝑗𝜔)| ≅ 𝜔 ∙ 𝑅 ∙𝑓(εMUT' ). This equation shows that magnitude of S21 indicates 

the real part of the permittivity of MUT(εMUT'), while the non-

linear mapping function, 𝑓(∙), needs to be decoded in a certain 

manner, as discussed in Section III. 

III. MEASUREMENT RESULTS AND CURVE FITTING  

CALIBRATION 

For the measurement of scattering parameters of the fabricated 

sensor, PCB consisting of the mounted chip, interconnect trans-

mission lines, and input/output ports are assembled as shown in 

Fig. 4. During the chip packaging process, the insulating epoxy 

was covered except for the fabricated capacitor area. With a plastic 

tube on top of the chip, the MUTs were injected through the 

micropipette (Eppendorf Research plus 3120000038). Fig. 5 

shows the real part of the permittivity (ɛ′) for methanol, ethanol, 

propanol, butanol and air over the frequency range of 0.1–5 

 
Fig. 3. Schematic model of sensing capacitor and two-port network 

vector network analyzer (VNA).

 
Fig. 4. Photograph of measurement set up. 

 

 
Fig. 5. Real-part of permittivity ɛ′ of MUTs over the frequency 

range of 0.1–5 GHz [14]. 
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GHz [14]. The measured forward voltage gain (S21) at room 

temperature is given in Fig. 6, which shows that the magnitude 

of S21 is proportional to ɛ′ over the measured frequency range.  

To extract ɛ′ of the MUT from the measured S21 data, the 

curve-fitting calibration is performed first. Methanol, ethanol, 

butanol, and air are selected as reference materials, where the 

information on their real permittivity is provided in [14]. The 

real permittivity is then curve-fitted at each measured frequency 

by third order polynomial function with the measured |S21|.  
The detailed polynomial curve fitting procedure from the 

measured |S21| is elaborated below: 

1. For each frequency, f1, to be curve fitted, reference materials 

are injected into the sensing capacitor and its |S21| is meas-

ured through a VNA.  

2. The ɛ′ of the reference materials are least-square fitted to 

third order polynomial function with respect to the meas-

ured |S21|. 
 ε  = 𝑎 |𝑆 | + 𝑎 |𝑆 | + 𝑎 |𝑆 | + 𝑎       (4) 
 

3. The fitting parameters 𝑎 , 𝑎 , 𝑎 , and 𝑎  can be found 

and saved by using the least-square fitting method to fit 

the polynomial regression function. This procedure is re-

peated over the entire measurement frequency. 

Once the curve-fitting procedure is finished, the unknown 

permittivity of MUT can be calculated by utilizing its measured 

|S21| along with the calculated fitting parameters. 

Given the above procedure, the permittivity of any unknown 

MUT can be extracted. To further enhance the measurement 

accuracy, we propose reshaping (weighting) the parameter, given 

the measured S21. Instead of utilizing raw |S21|, we give the 

weights β on the imaginary part of S21 and (1–β) on the real part 

of S21. The weighting function can emphasize/deemphasize the 

relevant terms to minimize the extraction error. The revised 

magnitude of S21 is given by 
 |𝑆 |∗ = (1 − 𝛽) ∙ 𝑅𝑒𝑎𝑙(𝑆 ) + 𝛽 ∙ 𝐼𝑚𝑎𝑔(𝑆 ) , 0 ≤ 𝛽 ≤ 1                                          (5) 

 

 

Fig. 7 shows the curve-fitted polynomial function and the real 

permittivity of the reference materials at 100 MHz and 5 GHz 

frequency with the frequency-dependent parameter β. From the 

extracted curve-fitted polynomial function, the permittivity of 

propanol is found to have a good correlation with reference 

value as shown in Fig. 8. By replacing |S21| with the proposed 

equation, the rms permittivity error of measurement is lowered 

from 9.1% to 6.4% over the frequency range of 0.1–5 GHz.  

The proposed spectroscopy sensor is compared to the reported 

research works as depicted in Table 1. Our work is realized in a 

compact footprint (0.03 mm2) on chip, while the operating fre-

quency range is the second largest. 

More reference materials for calibration can be added to min-

imize the permittivity error (higher polynomial function). The 

off-chip and on-chip transmission line in series with the sensing 

capacitor complicate the mapping function and degrade the 

accuracy accordingly. Their length then needs to be minimized 

to further enhance the measurement accuracy. 

 
Fig. 6. Measured |S21| of sensing capacitor over the frequency 

range of 0.1–5 GHz. 

 
(a) 

 
(b) 

Fig. 7. ɛ′ – |S21|* curve-fitted with known ɛ′ of four reference ma-

terials at (a) 100 MHz and (b) 5 GHz. 

 

 
Fig. 8. Measured ɛ′ of propanol with the proposed fitting method 

and reference value.
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Table 1. Comparison of the proposed spectroscopy sensor with 

previous works 

Study 
Frequency 

(GHz) 
Architecture 

Size 

(mm2)

Bakhshiani et al. [7] 0.009–2.4 Off-chip center tapped 

microstrip line 

N/A 

Chuma et al. [8] 2.4 Off-chip split ring resonator N/A

Helmy et al. [9] 7–9 On-chip inter-digitized 

capacitor 

0.06 

Chien et al. [11] 1–50 On-chip transmission line 0.03

This work 0.1–5 On-chip inter-digitized 

capacitor 

0.03 

 

IV. CONCLUSION 

An on-chip capacitive sensor for dielectric spectroscopy is 

implemented in this work. Based on the circuit model of the 

on-chip sensing capacitor, the permittivity extraction method is 

proposed and the measurement result verifies the successful de-

tection of the real part of the permittivity in the frequency range 

of 0.1–5 GHz. The inter-digitized sensing capacitor can be op-

timized in its sensitivity and SRF in consideration of the fabri-

cation trade-offs. To improve the permittivity detection accuracy, 

the measured forward voltage-gain is curve-fitted by the poly-

nomial regression function. The revised forward voltage-gain 

parameter is suggested for the detection and the measured per-

mittivity of the propanol shows 6.4% rms error compared with 

the theoretical value. 
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I. INTRODUCTION 

Electromagnetic (EM) field sources (radiation sources) are 

becoming more widespread at industrial and municipal facilities. 

At the same time, their increasing impacts on biological objects, 

as well as on information technology equipment, including mi-

croprocessor-based devices, reinforce the importance of EM 

wave propagation research [1]. 

The existing methods of studying EM waves [2–5], including 

the previously developed method with the participation of this 

article’s authors [6, 7], are based on the control of several stand-

ardized parameters of the electric, magnetic, and EM fields and 

do not allow studying EM radiation in the entire measurable 

EM field frequency range (up to 3 THz) in conditions of simul-

taneous influence of all EM field components. The modern 

monitoring techniques also do not involve the use of specialized 

equipment for visual diagnostics of hazardous areas of each radi-

ation source’s external surface or its enclosing structure and/or  
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building walls. They do not measure EM field parameters on 

secondary or external radiation sources within the limits of the 

studied space [2–7]. 

Existing monitoring and control systems [8–11] do not take 

into account the complex simultaneous effects of several EM 

field components on zones of influence and do not allow con-

trolling the EM environment in a wide frequency range (up to 3 

THz). 

The analysis of this article’s authors shows that each frequen-

cy component of the EM field can be controlled separately with 

the help of modern measuring equipment [2, 9–12]. However, 

the assessment of the EM environment in the conditions of the 

combined influence of EM radiation up to 3 THz is a difficult 

task, which is proposed to be performed using hazard pictures 

(in the form of maps of the permissible time to be spent by a 

person in each of the various zones of the studied space). 

As a result of visual diagnostics of dangerous zones of external 

surfaces of radiation sources (with a coating of dielectric materi-

als), it is found [12] that the intensity of the components of the 

EM field in different zones of the surface depends on the degree 

of heating. Therefore, the EM field parameters in this case 

should be measured in areas of increased heating of the surfaces 

of radiation sources or their enclosing structures, as well as walls 

of buildings and of other structures. At the same time, for metal 

surfaces, the central zone should be considered an area of in-

creased radiation intensity (regardless of the results of thermog-

raphy), which must be taken into account to improve the accu-

racy of computer simulation. 

Thus, the significance of the work lies in the principles of 

converting EM portraits (pictures of the distribution in space of 

the EM field components) [6] into pictures of the danger of 

EM radiation (in the form of maps of the allowed time to stay 

in an EM field) [7]. The transformation is performed on the 

basis of the results of the systematization of the methods for 

determining the permissible residence time in the zone of EM 

radiation, taking into account each component of the EM field. 

The next novelty is a new technology for constructing com-

bined hazard pictures that consider the amplification of the joint 

action of several components of the EM field due to the super-

position of the amplitude values of the controlled EM field pa-

rameters. 

II. THEORY 

An intellectualized system (information-computational moni-

toring system with human participation and intellectual support 

for performing certain tasks) was developed, with the participa-

tion of this article’s authors, to solve the aforementioned prob-

lems. This system allows automatically modeling the EM envi-

ronment and visualizing the danger of EM radiation in the en-

tire measurable frequency range (up to 3 THz) in conditions of 

simultaneous influence of all EM field components. The intel-

lectualized system consists of the following blocks: 

· A hardware block that is presented by a set of measuring 

devices (green rectangles in Fig. 1), including those devel-

oped by the authors; 
· A block of device adapters designed to connect the measure-

ment instruments to a computer (blue rectangles in Fig. 1); 

· A computer with software (black rectangle in Fig. 1), in-

cluding those developed by the authors’ programs, which, 

together with the hardware unit, allows performing arith-

metic, logical, and other operations for the control and 

evaluation of the EM environment under conditions of 

separate and combined influence of EM field components 

in the frequency range of up to 50 MHz [12], including 

programs for 

- computer simulation of the EM field indoors and out-

doors (Fig. 2);  

- automated identification of the characteristics of the su-

perposition of alternating EM fields in the extended fre-

 

Fig. 1. Block diagram of the main devices of the developed system 

used in conducting experimental studies.
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quency range of up to 3 THz from different EM field 

sources under conditions of any variations in frequency, 

amplitude, and phase shift of individual EM waves; 

- calculation of the allowed time to stay under the influence 

of electrostatic and alternating electric, magnetic, and 

EM fields; 

- formation of pictures of EM danger in the form of maps 

of the allowed time to stay in each of the influence zones 

of several EM field sources of different frequency ranges; 

- assessment of EM hazards in workplaces with electrical 

installations; 

- integration of the EM field meter with other control and 

visualization system software products; 

- determining the instantaneous values of the rated param-

eters of individual components of the EM field; 

- automated selection of shielding materials to ensure EM 

safety under conditions of electrostatic and alternating 

electric, magnetic, and EM fields in a wide frequency 

range; and 

- definition of additional parameters taken into account 

during EM monitoring in areas of influence of several 

EM field sources [12].  

If a particular measurer has an adapter for computer connec-

tion, then it will send the data directly through the adapter. In 

the case of some older devices, no adapter is available, and the 

intellectualized system allows manual data input via the key-

board. It is also possible to convert any data already available, if 

required, into the simple format compatible with the system.  
The computer saves the measured values into a separate data-

base for every experiment. After a series of experiments, the data 

are processed using the developed software included in the intel-

lectualized system. The 3D computer model of the studied 

room or area is created based on the spatial configuration of the 

radiation sources in the area. Every EM field source and com-

munication line in the room should be registered as a solid met-

al object. 
The EM environment monitoring technology has been con-

sidered by using an example of a production room of a green-

house facility with a microclimate control system (climate con-

trol system) and an electric panel (Fig. 3). The climate control 

system is designed to monitor and control the temperature and 

humidity in the room with agricultural crops. The electric pow-

er distribution panel (electric panel) is used to distribute power 

among the individual components of the climate control system 

and to protect the electrical wiring against short circuits. 

III. RESULTS AND DISCUSSION 

By using the results of spectral diagnostics of the EM envi-

ronment, the EM field parameters with high intensity (values 

greater than the permissible levels [13]) can be determined. To 

expand the frequency range, a device developed by the authors 

(see Fig. 1), allows exploring the spectral characteristics in the 

range of 100 GHz–3 THz. 

The existing normative documents cover some frequencies 

(0 Hz–3 THz), so only the EM field parameters (the electrical 

and the magnetic field values and energy flow density) in this 

particular frequency range segment are measured.  

Experimental studies were carried out at an ambient air tem-

perature of 28°C and a relative humidity of 36% using the de-

veloped intellectualized system (Fig. 1). First, the background 

values of electric and magnetic fields in a wide frequency range 

Fig. 3. Appearance of the climate control system. "1" indicates 

electric panel and "2" climate control system.

 
Fig. 2. Flowchart of an electromagnetic environment modeling 

algorithm. 
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(up to 50 MHz) were measured for each predetermined fre-

quency component of the EM field. Next, at a regulated dis-

tance (10 cm) [13] from the climate control system and sepa-

rately from the electric panel, the corresponding EM field pa-

rameter was measured three times at the boundary frequencies 

(50 Hz, 30 kHz, 3 MHz, 30 MHz, and 50 MHz); based on the 

results, its average value was calculated. Meanwhile, for each 

case, the standard distance should be determined according to 

local sanitary rules and norms. 

The main data collected at this stage comprise the maximal 

value of every measured parameter for every accessible surface of 

every EM field source, including the most dangerous points [7, 

12], which are selected according to the results of the primary 

thermal imaging research (this approach had not been previous-

ly implemented). Table 1 shows the results of measuring the 

electric field intensity E (V/m) from the climate control system 

and the electric panel. 

For every analyzed frequency, a computer spatial model 

should be prepared to create the EM portrait for this frequency. 

Fig. 4 shows the distribution in the studied space of the electric 

component of the EM field of industrial frequency (EM por-

trait of the electric field for a frequency of 50 Hz), which com-

prises the results of computer simulation. To obtain the EM 

portrait, the EM field is modeled using the finite-difference 

time-domain (FDTD) method [14–17], taking into account 

external and secondary radiation sources (using the results of 

experimental measurements). 

The refined computational structure for the case with a one-

dimensional space is shown in Fig. 5 [18]. The diagram shows 

that the values of the magnetic field strength (Hy) at time t are 

calculated based on the values of the electric field strength (Ez) 

at time t - 1/2 in adjacent space cells. In turn, the values of the 

electric field strength (Ez) at time t + 1/2 are calculated based 

Table 1. Results of electric field intensity measurement 

EM field source Frequency 

Electric field strength (V/m)

Maximum  

value 

Permissible 

level [13]

Climate control system 50 Hz 412.00 25

30 kHz 1.75 2.5

3 MHz 0.71 30

30 MHz 0.54 10

50 MHz 0.40 10

Electric panel 50 Hz 516.70 25

30 kHz 2.33 2.5

3 MHz 1.17 30

30 MHz 1.40 10

50 MHz 0.64 10

Fig. 4. Electromagnetic portrait of the electric field (V/m) for a 

frequency of 50 Hz. "1" indicates climate control system 

and "2" electric panel. 

 

 
Fig. 5. Space-time scheme for calculating electric and magnetic 

fields’ strengths in one-dimensional space (red vector = 

electric field strength, blue vector = magnetic field strength).
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on the values of the magnetic field strength (Hy) in adjacent 

space cells at time t (in this case, adjacent cells are those whose 

coordinates are separated by a half-integer number of cells). The 

calculations continue in the same way as presented in the dia-

gram (Fig. 5). The calculation for the three-dimensional case is 

based on the same principle [15–18]. 

All the EM portraits generated at the previous stage are used 

to prepare the EM environment hazard maps. The intellectual-

ized system achieves this by transforming the EM parameter 

axis (e.g., electric field, magnetic field, energy flow density) into 

the allowed time to stay (determined according to the local sani-

tary norms) axis in every image node (i.e., a pixel). 
When estimating the EM field hazard inside the industrial 

facilities, a cylindrical EM radiation hazard map (see Fig. 6) 

may be used, modeled in accordance with the technology devel-

oped by the authors [6, 7]. Every pixel of the cylindrical image 

accounts for the parameters of the EM field inside the cylindri-

cal zone (with some predetermined radius based on the indus-

trial requirements) around the pixel. It helps to carefully consid-

er the working zones of the personnel inside the industrial room.  

The areas of space where multiple danger zones overlap (e.g., 

if there are EM field sources acting on multiple frequencies) 

may be processed based on the analysis of the hazard map. In 

this case, overlapping influence refers to the combined simulta-

neous effect of EM waves with several frequencies, which leads 

to the so-called superposition of the amplitude values of the 

frequency components of the EM field. A complex case analysis, 

when various radiation sources operate on different frequencies 

with overlapping hazard zones, is a complicated task that can 

have multiple solutions. 
One possible solution that allows achieving the objective of 

creating an EM radiation hazard map is overlay modeling. The 

combined-point EM radiation hazard map (see Fig. 7) allows 

visually identifying the most hazardous zones of the space under 

 
Fig. 6. Cylindrical EM radiation hazard map (hours of allowed 

time to stay) for the electric field (30 kHz). "1" indicates 

climate control system and "2" electric panel. 

 
Fig. 7. Combined cylindrical EM radiation hazard map (hours of 

allowed time to stay). "1" indicates climate control system 

and "2" electric panel. 
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study. The resulting model demonstrates a growth in the EM 

radiation intensity under the influence of various EM field 

sources and frequency ranges. The model is based on direct 

overlaying of zones, created by various radiation sources using 

Eq. (1), as proposed by the authors. 
 𝑡доп =   ∑ (Е   )Е  + ∑ (Н  )Н  +∑    , 

(1)
 

where Е   denotes the total electric field intensity (j-th 

normalized range, V/m); Е   represents the permissible 

level for the electric field intensity (j-th normalized range, V/m); 𝐻   signifies the total magnetic field intensity (l-th normal-

ized range, A/m); 𝐻   means the permissible level for the 

magnetic field intensity (l-th normalized range, A/m); 𝑆   

refers to the total energy flow density (mW/cm2); 𝑆   de-

notes the permissible level for the energy flow density (l-th 

normalized range, mW/cm2); m represents the number of rang-

es for which E is normalized; p signifies the number of ranges 

for which H is normalized; and s refers to the number of ranges 

for which S is normalized. 

Thus, the proposed approach allows determining the permis-

sible residence time in the zones of superposition of EM fields 

when irradiated from several radiation sources with different 

values of the remote control and EM interference with different 

levels of intensity. This includes taking into account the amplifi-

cation of the combined effect of the EM field components un-

der their complex influence. 

IV. CONCLUSION 

The described intellectualized system allows controlling and 

visualizing the EM environment under the simultaneous influ-

ence of several radiation sources, including the combined influ-

ence of different EM field components. For the spatial zones 

with no overlay between the hazard zones of different compo-

nents, the generated EM radiation hazard maps are used to 

prepare the protective measures based on the values of the EM 

field components in the measurable frequency ranges. For the 

zones, where multiple frequency components intersect, a com-

plex algorithm to calculate the hazard should be used. A per-

spective model for this is the EM radiation hazard map overlay 

model that accounts for the increase of the resulting EM field 

hazard measure under the conditions of complex EM radiation 

influence (in the frequency range of up to 3 THz). 

The resulting hazard maps with the allowed time to stay in 

the various facilities or building zones are used to derive the 

protection measures for personnel, with respect to every fre-

quency that influences the studied space. The social effect of 

using the developed system could be achieved through the ac-

celerated and more adequate gathering of information about the 

level of EM pollution. This allows choosing the effective 

measures to ensure the EM compatibility of both techniques 

and biological objects. At the same time, labor costs are reduced 

by almost 40 times when determining the state of the EM envi-

ronment, which confirms the economic feasibility of the pro-

posed system. 
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I. INTRODUCTION 

Epidemiological studies have actively analyzed the correla-

tions between mobile phone use and the risk of brain tumors 

[1–4]. These cohort studies aimed to identify relationships be-

tween various risk factors and human health through follow-up 

research. However, cohort studies are costly and time-consuming, 

since they require long-term observation of changes in individu-

al or group characteristics. Numerical specific absorption rate 

(SAR) studies have therefore been performed and have proven 

effective; for example, Wiart et al. [5] and Christ et al. [6] inves-

tigated electromagnetic (EM) exposure in the head tissues of 

children and adults using computational head phantoms and 

numerical handset models. Lee et al. [7] studied the relationship 

between brain SAR and various important factors, such as the 

mobile phone type, phone position, operating frequency, and 

user age using computational head phantoms and numerical 

mobile phone models. Additionally, Lee et al. [8] investigated 

brain SAR using computational average head models suitable 

for Korean males. 

In numerical SAR studies, the development of numerical 

mobile phone models is highly important. In [7, 8], for epide-

miological studies, the authors employed numerical mobile 

phone models [9] that were developed based on an investigation 

of commercial mobile phones released from 2002 to 2013 in 

South Korea. Note that the numerical mobile phone models in 

[9] were confined to 2G and 3G communication services. The 

evolutionary cycles of the mobile phone market and communi-

cation services have become shorter over time; therefore, these 

trends should be considered in numerical SAR studies of cur-

rent mobile phones. Nowadays, smartphones are widely used for 

long-term evaluation (LTE) services. 

Wireless local area network (WLAN) services are usually 

used for voice calls, texting, and web surfing; therefore, it is 
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important to develop numerical smartphone models for epide-

miological studies that reflect the modern era, which is what this 

study has achieved. 

By surveying SAR test reports provided by Samsung Elec-

tronics, we determined the smartphone size, frequency band 

categorization, antenna locations, and target 1-g peak-spatial 

average SAR (psSAR) values for a specific anthropomorphic 

mannequin (SAM) phantom. We then developed numerical 

smartphone models with return losses larger than 6 dB, radia-

tion efficiencies greater than 70%, and difference magnitudes of 

1-g psSAR values between their target values below 20%. All 

numerical simulations were performed using Sim4life [10], 

which produces simulations based on the accurate and powerful 

finite-difference time domain (FDTD) method [11–15]. 

II. NUMERICAL SMARTPHONE MODELING 

In this study, we developed numerical smartphone models 

based on SAR test reports for smartphones distributed in South 

Korea from 2013 to 2019. First, we determined the size for the 

numerical smartphone models to be 73 × 148 × 8 mm3 by 

averaging the sizes of commercial smartphones provided in the 

SAR test reports. Each numerical smartphone model comprised 

a smartphone platform and an antenna. Although many com-

ponents and materials are used in commercial smartphones, we 

simplified the numerical smartphone platform by considering 

only the essential parts; hence, the numerical smartphone plat-

form consisted of a casing, liquid-crystal display (LCD) glass, 

LCD dielectrics, an LCD ground, a metal chassis, a main board, 

and a battery. The thickness of the battery was 3 mm and the 

thickness of the remaining components was 1 mm. Fig. 1 shows 

a schematic diagram of the numerical smartphone platform. 

Note that the length of all components was set to an integer 

multiple of 1 mm to avoid overwhelming FDTD simulation 

burdens. This smartphone platform was used throughout the 

research. We designed various antennas and integrated them 

into the smartphone platform to develop the final numerical 

smartphone models. 

Based on the previously mentioned SAR test reports, we con-

sidered LTE Band 1 (1,920–1,930 MHz), LTE Band 3 (1,715–

1,785 MHz), LTE Band 5 (824–849 MHz), LTE Band 7 

(2,500–2,570 MHz), LTE Band 8 (905–915 MHz), a wideband 

code division multiple access (WCDMA) band (1,922.8–

1,977.2 MHz), and a WLAN band (2,412–2,472 MHz). The 

development of seven numerical smartphone models for each 

frequency band was unnecessary; hence, for this study, we devel-

oped four numerical smartphone models by grouping similar 

frequency bands together because their peak SAR values were 

almost identical for small frequency deviations, as demonstrated 

in [9]. Table 1 shows the four frequency bands used for this 

study, with their corresponding SAR target frequencies. 

Next, we determined the antenna locations based on the SAR 

test reports. Most antennas for the WCDMA and LTE bands 

were located at the bottom, whereas the WLAN antennas were 

mostly located at the top left; therefore, we determined the posi-

tions of the antennas integrated into the numerical smartphone 

models as bottom and top left for the WCDMA/LTE bands 

and the WLAN band, respectively, as shown in Fig. 1(b). 

SAR values were evaluated for four positions—left cheek, left 

tilt, right cheek, and right tilt—as shown in Fig. 2. The cheek 

position indicates that a smartphone is in contact with the cheek 

along the reference plane, and the tilt position indicates a 

smartphone tilt of 15° against the cheek position. 

For this study, we used the SAM phantom described in the 

IEC/IEEE international standard [16]. Table 2 lists the electri-

cal properties of the SAM phantom. For target frequencies not 

specified by [16], the electrical properties were obtained using 

the linear interpolation technique. We now address the FDTD 

cell modeling for the SAR study for the tilt positions in detail. 

(a) 

 
(b) (c) 

Fig. 1. Schematic diagram of the numerical smartphone platform: 

(a) side view, (b) front view, and (c) back view. 

 

Table 1. Frequency band categorization 

Band Bandwidth (MHz) 
SAR target frequency 

(MHz)

WCDMA/LTE B1/B3 1,715–1,980 1,850

LTE B5/B8 824–915 870

LTE B7 2,500–2,570 2,535

WLAN 2,412–2,472 2,450
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The FDTD method uses orthogonal cells; thus, geometrical 

models that are not parallel to the major (x, y, and z) coordinates 

suffer from staircasing errors. For tilt positions, we should 

choose to rotate the numerical smartphone model or the SAM 

phantom by 15°. The structure of the numerical smartphone 

model was significantly more complicated than that of the 

SAM phantom. When tilting the numerical smartphone model, 

the resulting staircasing errors reduced FDTD accuracy more 

severely than did the SAM phantom rotation; therefore, we po-

sitioned the numerical smartphone model along the major co-

ordinates and tilted the SAM phantom (see Fig. 2). 

The target 1-g psSAR values were determined by averaging 

the 1-g psSAR values of the smartphones for each frequency 

band in Table 1. As mentioned previously, most WLAN anten-

nas are located on the top left. In this work, to consider as many 

WLAN antennas as possible, WLAN antennas on the top right 

were also included to average the 1-g psSAR values using geo-

metrical symmetry; for example, the 1-g psSAR values of the 

left cheek position for the top-right antennas were used to 

obtain the target 1-g psSAR values for the right cheek position. 

In the same fashion, the 1-g psSAR values of the right cheek 

position for the top-right antennas were employed to obtain the 

target 1-g psSAR values of the left cheek position. A similar 

procedure was utilized for the tilt positions. 

As stated previously, the aim of this work was to develop 

computational models for numerical SAR research on smart-

phone use. We designed antennas for the four categorized 

frequency bands to finalize the numerical smartphone models. 

Antennas should be designed so that the 1-g psSAR values of 

numerical smartphone models are as close to the target 1-g 

psSAR values as possible. Moreover, antennas should yield good 

performance for their matching and radiation characteristics. In 

this work, we designed antennas so that the numerical 

smartphone models satisfied the following criteria: 

(1) The S11 parameter is less than –6 dB, with or without the 

SAM phantom. 

(2) The radiation efficiency is higher than 70% without the 

SAM phantom.  

(3) The difference in the 1-g psSAR value is within ±20%.  

Fig. 3 summarizes the design flowchart for the numerical 

smartphone models. 
In this work, we designed an inverted-F antenna (IFA) for a 

numerical smartphone platform, the configuration of which is 

shown in Fig. 4. According to the design procedure described 

above, we optimized the geometrical parameters for each anten-

na for the four frequency bands, as listed in Table 3. 

 
(a)          (b)         (c)         (d) 

Fig. 2. Smartphone positions for simulated SAM phantoms:  

(a) left cheek, (b) right cheek, (c) left tilt, and (d) right tilt. 

 

Table 2. Electrical properties of the SAM phantom 

SAR target frequency 

(MHz) 
Relative permittivity Conductivity (S/m)

1,850 40 1.4

870 41.5 0.9385

2,535 39.0845 1.8935

2,450 39.2 1.8

 

 
Fig. 3. Design flowchart for numerical smartphone models. 

 

 
Fig. 4. IFA configuration.
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Table 3. Antenna parameters for each frequency band (unit: mm) 

Band W1 W2 S H L1 L2 A

WCDMA/LTE B1/ B3 3 3 3 4 28 - 1

LTE B5/B8 2 - 11 9 64 16 1

LTE B7 - 3 20 6 38 - 1

WLAN 1 - 2 4 28 - 1
 

III. RESULTS FOR THE NUMERICAL SMARTPHONE  

MODELS 

This section presents the simulation results for the numerical 

smartphone models for the four categorized frequency bands. 

Fig. 5 shows that all S11 parameters of the designed numerical 

smartphone models were below –7.2 dB, with or without the 

SAM phantom. Fig. 6 shows the efficiencies of the numerical 

smartphone models. As shown in Fig. 6, the radiation efficien-

cies of the designed phone models without the SAM phantom 

exceeded 78%. For the SAM phantom, the radiation efficiency 

decreased due to the EM absorption of the SAM phantom, as 

expected. Specifically, the radiation efficiency in the tilt posi-

tions was always larger than in the cheek positions because the 

distance between the antenna and the SAM phantom increased 

in the tilt positions more than in the cheek positions. Also, for 

the SAM phantom, the radiation efficiency for the WLAN 

band was worse than for the WCDMA/LTE bands. As men-

tioned previously, the WLAN antenna was located on the top 

left of the smartphone model, and the WCDMA/LTE anten-

nas were located at the bottom; therefore, the SAM phantom 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. Reflection coefficients: (a) WCDMA/LTE B1/B3, (b) LTE 

B5/B8, (c) LTE B7, and (d) WLAN. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6. Radiation efficiency: (a) WCDMA/LTE B1/B3, (b) LTE 

B5/B8, (c) LTE B7, and (d) WLAN. 
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decreased the radiation efficiency for the WLAN more severely 

than for the other cases. 

Next, we simulated the 1-g psSAR values for the numerical 

smartphone models. The difference values were determined by 

comparing the simulated 1-g psSAR values with the target 1-g 

psSAR values, as listed in Tables 4–7. As shown in Table 4, the 

largest differences in the simulated 1-g psSAR values versus the 

target value were ±14.89% in the cheek positions. Table 5 

shows that the largest difference between the simulated 1-g 

psSAR value and the target value was –12.77% in the left tilt 

position for LTE Band 5 and LTE Band 8. For LTE Band 7, 

the largest differences in the simulated 1-g psSAR values were 

±15.71% in the tilt positions. In the WLAN band, the largest 

difference between the simulated 1-g psSAR value and the tar-

get value was –14.95% in the left cheek position. All differences 

in the 1-g psSAR values for the numerical smartphone models 

met the design criterion (±20%). For the numerical smartphone 

models with the antenna at the bottom, the 1-g psSAR values 

in the cheek positions were higher than in the tilt positions, as 

shown in Tables 4–6. When the antenna is located at the bot-

tom of the phone, the ground current intensity is strong near 

the bottom or center of the phone ground; therefore, the dis-

tance between the SAM phantom and the phone ground (on 

which the strong current flows) plays a crucial role in SAR eval-

uation. This distance in the cheek positions is shorter than in 

the tilt positions; therefore, when the antenna is located at the 

bottom of the phone, higher 1-g psSAR values are obtained in 

the cheek positions versus the tilt positions, as illustrated in [17].  

It is worth noting that, in the numerical smartphone models, 

we did not include shielding materials or components for SAR 

reduction, which were usually used in commercial smartphones; 

therefore, the output power levels of numerical smartphone 

models are lower than those of commercial smartphones. Again, 

it should be stressed that our 1-g psSAR values for the four 

different SAR test positions at a certain output power satisfied 

the design criterion. 

IV. CONCLUSION 

Previous epidemiological studies were confined to mobile 

phones for the 2G and 3G communication services. In this 

work, for ongoing epidemiological studies, we proposed nu-

merical modeling of smartphones for LTE and WLAN services. 

Based on the SAR test reports for smartphones released in 

South Korea in 2013–2019, we determined the smartphone size, 

antenna locations, frequency band categorization, and target 1-g 

psSAR values. We developed the numerical smartphone models 

using the following design criteria: First, the return loss of the 

numerical smartphone models should be larger than 6 dB, re-

gardless of SAM existence. Second, the radiation efficiency of 

the numerical smartphone models without the SAM phantom 

should exceed 70%. Finally, the differences between the simu-

lated 1-g psSAR values of the smartphone models for the four 

SAR test positions and the target values should be within 

±20%. The numerical results showed that the designed 

smartphone models satisfied all of the above-mentioned criteria. 

We believe that our numerical smartphone models can be suc-

cessfully employed in future epidemiological studies to investi-

gate the health risks of smartphone use. 

 

 

Table 4. Target and result values for the 1-g psSAR for WCD-

MA/LTE B1/B3 at an output power of 54 mW 

 
Cheek position Tilt position

Left Right Left Right

Target value (W/kg) 0.188 0.188 0.107 0.107

Result value (W/kg) 0.160 0.216 0.119 0.105

Difference (%) -14.89 14.89 11.21 -1.87

 

Table 5. Target and result values for the 1-g psSAR for LTE B5/B8 

at an output power of 33.9 mW 

 
Cheek position Tilt position

Left Right Left Right

Target value (W/kg) 0.166 0.166 0.094 0.094

Result value (W/kg) 0.158 0.186 0.082 0.091

Difference (%) -4.82 12.05 -12.77 -3.19

 

Table 6. Target and result values for the 1-g psSAR for LTE B7 at 

an output power of 34.2 mW 

 
Cheek position Tilt position

Left Right Left Right

Target value (W/kg) 0.135 0.135 0.070 0.070

Result value (W/kg) 0.145 0.125 0.081 0.059

Difference (%) 7.41 -7.41 15.71 -15.71

 

Table 7. Target and result values for the 1-g psSAR for WLAN at 

an output power of 8.64 mW 

 
Cheek position Tilt position

Left Right Left Right

Target value (W/kg) 0.194 0.221 0.155 0.199

Result value (W/kg) 0.165 0.254 0.145 0.189

Difference (%) -14.95 14.93 -6.45 -5.03
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I. INTRODUCTION 

Recently, artificial intelligence (AI) technology has been suc-

cessfully incorporated in a wide range of applications with em-

phasis on image and language processing. Due to the rapid de-

velopment of computer technology, deep learning (DL) in an 

artificial neural network (ANN) has succeeded by using a mas-

sive dataset [1, 2]; this has drastically improved the ANN’s pre-

cision. Many ANN structures, such as the convolutional neural 

network (CNN), recurrent neural network (RNN), and deep 

belief network (DBN), have been proposed, each having its ad-

vantages and disadvantages. A CNN can show performance 

comparable to that of an RNN for sequential data processing 

but has a higher computational load [3]. Therefore, RNN net-

works have been commonly applied to sequential data training 

in language recognition and time-series analysis [4, 5].  

In the radar industry, machine learning (ML) or DL tech-

niques have been used in diverse areas such as synthetic aperture 

radar (SAR) applications [6, 7], jamming detection and classifi-

cation [8], target detection and recognition [9–11], clutter sup-

pression [12], and radar resource management [13]. In this pa-

per, an ML technique is used to classify the artillery projectiles 

and radar clutter that are tracked by the weapon location radar 

(WLR) developed by LIG Nex1. This radar can simultaneously  

detect and track artillery projectiles fired by several guns. As a 

result, the radar data is sequentially measured in the time do-
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main. For this kind of classification, an RNN can be used to 

increase the radar’s tracking capability when clutter tracking is 

terminated at the initial tracking process. It is important to re-

duce the probability of misclassifying the target as clutter. Also, 

the classifier design should be numerically efficient and provide 

a robust and highly reliable classification probability, even for an 

insufficient or highly imbalanced dataset, common in a radar 

measurement campaign. The WLR’s target classification is re-

ported in [14]; it only considers targets without clutter data.  

In Section II, the measured dataset and its preparation for 

RNN training are addressed. A feature dimension reduction 

scheme is proposed. Then, in Section III, the performance of 

the trained RNN is assessed, and a simple method of enhancing 

its accuracy is proposed. Finally, the feasibility of using the RNN 

classifier to perform real-time rejection of clutter is investigated. 

II. DATA PREPARATION 

The WRL collected the dataset using two tracking filters, a 

simple Kalman filter (KF) and an extended Kalman filter (EKF). 

The filter designs were based on an interacting multiple model 

(IMM) that assumed constant velocity/acceleration of the 

measured objects. The EKF updated the target position in range 

and sine space angle (RUV coordinates): 𝑈 = sin (Az) and 𝑉 = sin (El). Here, Az and El are the azimuth and elevation 

angles in antenna coordinates where the antenna is in the xy-

plane. The overall precision of the dataset collected by the EKF 

may be generally higher than that of the KF which can reduce 

the error caused by the nonlinearity of the coordinate transfor-

mation [15]. Four artillery projectiles were measured: gun heavy/ 

light (GH/GL), mortar heavy/light (MH/ML), rocket heavy 

(RH), and rocket-assisted projectile (RAP). Table 1 shows the 

total number of targets and the clutter dataset. For the EKF 

datasets, only GH and MH have been measured so far. 

Since the radar detected and tracked many clutters returns 

during the measurement, the clutter dataset is much larger than 

that of the other targets. The clutter is mainly categorized into 

two major object types: natural ones like clouds or birds and 

manmade ones like fixed- or rotary-wing aircraft. The raw 

measurement data consists of eight different data sets collected 

at discrete time points, 𝑡  (in s) for 𝑛 = 1 … 𝑘, among which 

three sets are used to train and test an ANN: target position 𝑟(𝑡 ) (in m), radial velocity 𝑣 (𝑡 ) (in m/s), and radar cross-

section (RCS) (in m2) or signal-to-noise ratio (SNR). The posi-

tion was measured in antenna coordinates and transformed 

based on the inertial navigation system to local east, north, up 

(ENU) Cartesian coordinates for the radar location. 

 

1. Feature Selection and Transformation 

Target tracking started when the target was detected and 

ended when sufficient tracking data was collected to extract bal-

listic parameters like the drag coefficient. During tracking, the 

data was updated at every sample time. When the radar tempo-

rarily lost the target track, it tried to detect the target at the next 

sample time and predict its position without an EK or EKF 

update (memory track). If the track was successfully restored, 

then the radar kept tracking the target. If not, the track was ter-

minated after 1–5 trials [16]. This means that the data sequence 

length varies and can have missing values. Since the missing 

data may negatively affect the performance of the classifier, the 

data is linearly interpolated at the missing points [17]. All the 

initial times and positions of the data 𝑡 − 𝑡  and 𝑟(𝑡 ) −𝑟(𝑡 ) = (𝐸, 𝑁, 𝑈) in ENU coordinates. 

Targets usually fly in a specific direction, but true clutter 

tracks are typically random. Thus, their most distinguishing 

feature might be their position sequence. Fig. 1 shows 10 sam-

ples of the adjusted position of the MH shell and clutter collect-

ed by the KF. Most of the clutter tracks are random, but some 

 
(a) 

 
(b) 

Fig. 1. Measured position samples of KF dataset in ENU coordi-

nates: (a) MH and (b) clutter. 

Table 1. Number of measured datasets for four targets and clutter 

for the KF and EKF filters 

 GH/GL MH/ML RH RAP Clutter Total

KF 509 144 85 41 3,571 4,345

EKF 229 23 0 0 2,975 3,227
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are very similar to that of the target, for example, "a" in Fig. 1(b). 

Since MH shells fly at a lower altitude than other targets, the 

received signal is highly contaminated by ground clutter as can 

be seen in Fig. 1(a). The RCSs of the artillery projectiles are 

very small, while that of the clutter is widely distributed as seen 

in Fig. 2. Thus, RCS may not be a suitable feature for this clas-

sification problem. Also, radial velocity does not clearly distin-

guish targets from clutter.  

To maximally separate artillery projectile returns from clutter, 

positions were converted into three more features called Case 1, 

2, 3, and 4. Case 1 is the measured position, (𝐸, 𝑁, 𝑈). Case 2 is 

the position difference as in ∆𝑟(𝑡 ) = 𝑟(𝑡 ) − 𝑟(𝑡 ). To 

reduce the dimension of this feature, the normal vector to a 

plane containing 𝑟 and −𝑈 is considered. Since the normal 

vector is two-dimensional, the slope of a line orthogonal to the 

line from the origin to (𝐸, 𝑈) may be a good alternative; it is 

one-dimensional and is simply calculated by −𝐸/𝑁. This is 

called Case 3. For Case 4, a similar slope is computed based on 

the differences as in −∆𝐸(𝑡 )/∆𝑁(𝑡 ). Fig. 3 shows the prob-

ability density function (pdf ) of four KF positions where the y-

coordinate is plotted for Cases 1 and 2. Fig. 4 shows the identi-

cal pdfs for the EKF positions. In Figs. 3 and 4, for clear com-

parisons, the means of Case 2 and 4 are added by 2000 and 10, 

respectively. Similarly, the means of Case 2 and 4 are larger by 

3000 and 10, respectively. For the training/test datasets, the po-

sition, radial velocity, and RCS were selected. Hence, the dimen-

sion of the input features is five for Cases 1 and 2; four for Cases 

3 and 4. Of the whole dataset, 70% was randomly selected for 

training and 30% for tests. 

III. TRAINING NETWORK AND PERFORMANCE  

ASSESSMENT 

Binary and multiclass classifiers were trained by the weighted 

cross-entropy loss method to partially compensate for the im-

balance of the dataset as seen in Table 1 [18]. The weight was 

simply calculated by the ratio of the size of target and clutter 

data to the total data size. The binary classifier sorts objects into 

two categories as "target" and "clutter," while the multiclass 

 
(a) 

  
(b) 

Fig. 3. Probability density function of positions collected by the KF: 

(a) the y-coordinate for Cases 1 and 2 and (b) the slope for 

Cases 3 and 4. 

 
(a) 

 
(b) 

Fig. 4. Probability density function of positions collected by the 

EKF: (a) the y-coordinate for Cases 1 and 2 and (b) the 

slope for Cases 3 and 4. 

 
Fig. 2. Probability density function of RCS collected by KF for 

four targets and clutter. 
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classifier produces five categories of four types of artillery projec-

tiles and clutter. 

The ANN consists of two long short-term memory (LSTM) 

layers as regression and classification layers. The regression layer 

receives the input sequence, and the classification layer outputs a 

final classification label. The number of hidden cells for the first 

and second layers are denoted as 𝑁  and 𝑁 , respectively. To 

prevent the ANN from overfitting, a dropout layer is inserted 

between the two LSTM layers, and the dropout factor is assumed 

to be 0.1. The RNN is trained over 100 epochs. For fast training, 

the data is divided into a batch of data whose size is fixed at 50. 

At each epoch, the training data is randomly shuffled. First, the 

RNN is trained by the KF dataset since it is larger than the 

EKF dataset. Table 2 shows the accuracy of the binary RNN 

classifier for several values of 𝑁  and 𝑁 . Four different net-

works can be trained as classifier k using the Case k dataset for k 

= 1, 2, 3, and 4. 

Table 3 shows the accuracy of the multiclass classifier. Due to 

the reduction of one feature dimension, the accuracy of classifier 

3(4) is slightly less than that of classifier 1(2), but it can be seen 

that accuracy for all classifiers is almost constant for two classifi-

cations. 

Table 4 shows the accuracy of the two classifiers trained by 

the EKF dataset for a fixed 𝑁 = 𝑁 = 20. Although the 

number of datasets and the types of artillery projectiles are 

smaller than those for the KF dataset, the accuracy is improved. 

The multiclass classification probabilities are lower than those in 

[14] because the effect of clutter is much larger, but the EKF 

results are comparable to those in [14]. Based on Tables 2–4, it 

can be seen that 20 hidden cells for two layers may be sufficient. 

For the rest of the simulations, therefore, 20 cells were assumed 

for two LSTM layers and the binary classifier was further inves-

tigated. 

To increase the size of the test data, the training and test da-

tasets were combined into one test dataset. Table 5 shows the 

accuracy of two binary classifiers. Since 100 epochs are not suffi-

cient for complete training, the overall accuracy of the classifiers 

in Table 4 degenerated as shown in Table 5, especially for the KF. 

The accuracy of an RNN classifier, however, is always higher 

than that of the best conventional tree algorithms such as the 

bagging tree algorithm. 

When the dataset is sufficient, a single classifier trained by all 

input features may produce a good performance, but in this 

paper, the size of the dataset is not large. More hidden cells are 

required to increase the accuracy of the classifier which is not 

numerically efficient. Since the input features for each dataset 

case can capture a different physical mechanism of the track as 

seen in Figs. 3 and 4, a simple combination of two classifiers can 

significantly decrease misclassification probability. For example, 

classifier 1 and 3 could be used as a primary and a secondary 

classifier, respectively. If the two classifiers predict the same label, 

Table 4. Accuracy (%) of classifiers trained by the EKF dataset 

Case 1 Case 2 Case 3 Case 4

Binary 98.4 99.6 96.3 96.6

Multiclass  

Cutter 99.0 99.4 99.9 98.5

GH/GL 98.7 96.8 96.9 93.5

MH/ML 100 100 100 100

 

Table 5. Accuracy (%) of the binary classifier for the combined 

dataset 

Case 1 Case 2 Case 3 Case 4

KF 90.8 84.2 91.1 89.3

EKF 96.8 97.4 86.5 87.8

Table 2. Accuracy (%) of the binary classifier trained by the KF dataset

  𝑁 = 10 𝑁 = 20 𝑁 = 30 𝑁 = 40𝑁 = 10 Case 1 95.4 95.6 95.5 95.4

Case 2 95.3 94.3 95.6 96.2

Case 3 93.0 95.3 95.3 95.4

Case 4 94.8 95.8 95.5 96.0𝑁 = 20 Case 1 96.2 96.5 96.0 95.9

Case 2 95.2 95.5 95.5 95.9

Case 3 94.6 94.8 94.8 94.1

Case 4 95.4 95.6 94.2 95.5𝑁 = 30 Case 1 96.4 96.6 96.1 95.7

Case 2 95.3 94.8 95.2 94.6

Case 3 94.3 94.8 95.5 94.5

Case 4 96.2 96.4 96.0 95.6

 

Table 3. Accuracy (%) of the multiclass classifier trained by the KF 

dataset 

  𝑁 = 10 𝑁 = 20 𝑁 = 30 𝑁 = 40𝑁 = 10 Case 1 93.6 92.8 94.2 94.0

Case 2 93.2 94.8 94.0 94.7

Case 3 90.4 92.1 91.0 91.1

Case 4 91.7 93.4 92.6 94.1𝑁 = 20 Case 1 93.0 94.1 94.3 94.3

Case 2 95.0 95.1 95.4 95.1

Case 3 92.5 91.4 91.4 93.1

Case 4 91.5 92.7 93.6 92.5𝑁 = 30 Case 1 94.9 94.0 93.9 95.5

Case 2 94.2 94.4 95.7 96.0

Case 3 91.7 92.3 92.9 93.0

Case 4 92.0 93.0 93.5 92.7
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it becomes the final label of the combined classifier. If not, the 

label produced by the primary classifier flips to the other label. 

Fig. 5 shows the block diagram of the combined classifier; it can 

be extended to a real-time classifier with a given threshold prob-

ability. The number of erroneous predictions is summarized in 

Tables 6 and 7 for two datasets. For this simulation, the threshold 

is assumed as 1. 

The diagonal numbers in Tables 6 and 7 are the result of a 

sole classifier, while the off-diagonal numbers are those for the 

combined classifier. For example, 181 (5.1%) at the second row 

and third column in Table 6 is the mislabel number (probability) 

if classifier 1 and classifier 2 are used as the primary and second-

ary classifiers, respectively. The combination of classifier 2 with 3 

or 4 can provide the highest accuracy. For example, the combi-

nation of classifier 2 and 3 can reduce the misclassification 

probability from 3.6% to 1.0% and 18.4% to 2.7% for “target as 

clutter” and “clutter as target” labels, respectively, compared with 

those of the sole classifier 2 for the KF dataset. Table 7 shows a 
similar reduction of mislabeling probability for the EKF dataset. 

Hence, a combination of classifier 2 with 3 or with 4 may be 

appropriate for both the KF and EKF datasets. Fig. 6 shows the 

target and clutter tracks mislabeled as clutter and target by the 

combined classifier 1(3) and 4 for the EKF dataset. The misla-

beled target and clutter tracks are similar to those in Fig. 1(b) 

and 1(a), respectively.  
Since the trained RNN is swallow, its real-time computation 

may be feasible. To estimate the real-time performance of the 

 
Fig. 5. The block diagram of combined classifier with threshold. 

 

Table 6. Number of classifier labeling errors for the KF dataset 

  Case 1 Case 2 Case 3 Case 4 

Clutter as target 

(n = 3,571) 

Case 1 339 (9.5) 181 (5.1) 97 (2.7) 120 (3.4)

Case 2 - 657 (18.4) 96 (2.7) 128 (3.6)

Case 3 - - 248 (7.0) 119 (3.3)

Case 4 - - - 325 (9.1)

Target as cluster 

(n = 774) 

Case 1 62 (8.0) 27 (3.5) 39 (5.0) 40 (5.2)

Case 2 - 28 (3.6) 8 (1.0) 7 (0.9) 

Case 3 - - 140 (18.1) 110 (14.2)

Case 4 - - - 140 (18.1)

Values are presented as number (%). 

 
(a) 

 
(b) 

Fig. 6. The misclassified tracks for the EKF dataset in ENU coor-

dinates: (a) target using classifier 3 and 4, (b) clutter using 

classifier 1 and 4.

Table 7. Number of classifiers labeling errors for the EKF dataset 

  Case 1 Case 2 Case 3 Case 4 

Clutter as target 

(n = 2,975) 

Case 1 95 (3.2) 23 (0.8) 11 (0.4) 2 (0.1) 

Case 2 - 83 (2.8) 35 (1.2) 29 (1.0)

Case 3 - - 435 (14.6) 211 (7.1)

Case 4 - - - 392 (13.2)

Target as cluster 

(n = 252) 

Case 1 8 (3.2) 0 (0) 0 (0) 0 (0) 

Case 2 - 0 (0) 0 (0) 0 (0) 

Case 3 - - 2 (0.8) 1 (0.4) 

Case 4 - - - 2 (0.8) 

Values are presented as number (%). 
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classifier, the features were sequentially inputted to the network. 

If the predicted probability of one of two labels was greater than 

a given threshold, then the network would output the classifica-

tion label. Table 8 shows the overall accuracy of the real-time 

simulation of the four trained classifiers for two threshold prob-

abilities, 80% and 90%. The mean ratio of the required length of 

the sequence to the total length for termination is also summa-

rized. About 50% of the sequence is required for termination. 

Tables 9 and 10 show the misclassification number (probability) 

for the proposed combined classifier for the KF and EKF 

datasets, respectively. The combination of classifiers can drastically 

improve the final accuracy. 

Similar to the previous analysis, the combined classifiers 2 

with 3 and 1 with 3 may be the best for the KF and EKF 

datasets, respectively. After a 58% tracking process, the mislabel 

probability for "target as clutter" was reduced from 4.5% to 1.6% 

for the KF dataset and from 4.5% to 2.4% for the EKF dataset 

with the 90% threshold probability, respectively.  

The computer used to train the proposed network comprised 

an Intel Core i7-4930K CPU running at 3.40 GHz with 64 

GB of RAM. The training time was within 5–10 minutes. 

IV. CONCLUSION 

To classify artillery projectiles and clutter tracked by a weapon 

location radar, an RNN classifier was trained with a real measured 

dataset. The data was collected by the radar using two tracking 

filters, a KF and an EKF. The sizes of the KF and EKF datasets 

are 4,345 and 3,227, respectively, and are highly imbalanced. 

The dataset clutter portion is around 82% and 92% for the KF 

and EKF, respectively. KF data for four types of artillery projec-

tiles and EKF data for two of those types were collected. To 

Table 8. Accuracy (%) of the real-time classifier and mean ratio of the required length to the total length of the sequence for termination 

 Threshold 
Accuracy Mean of required sequence length/total length

Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 Case 4

KF 80% 88.2 82.0 88.0 88.3 31.8 40.2 35.2 41.3

 90% 89.3 83.1 90.3 89.3 44.4 52.8 48.7 57.3

EKF 80% 90.6 93.7 86.1 86.5 22.8 23.9 44.6 40.7

 90% 90.7 95.3 85.7 86.7 30.5 38.9 58.3 52.0

 

Table 9. Number of mislabels for real-time classifiers for the KF set 

  Case 1 Case 2 Case 3 Case 4

Threshold = 80% Clutter as target (n = 3,571) Case 1 324 (9.1) 195 (5.5) 56 (1.6) 106 (3.0)

  Case 2 - 736 (20.6) 73 (2.0) 115 (3.2)

  Case 3 - - 194 (5.4) 73 (2.0)

  Case 4 - - - 257 (7.2)

 Target as clutter (n = 774) Case 1 191 (24.7) 39 (5.0) 145 (18.7) 147 (19.0)

  Case 2 - 47 (6.1) 39 (5.0) 24 (3.1)

  Case 3 - - 329 (42.5) 176 (22.7)

  Case 4 - - - 251 (32.4)

Threshold = 90% Clutter as target (n = 3,571) Case 1 325 (9.1) 191 (5.4) 84 (2.4) 112 (3.1)

  Case 2 - 698 (19.6) 94 (2.6) 119 (3.3)

  Case 3 - - 235 (6.6) 102 (2.9)

  Case 4 - - - 286 (8.0)

 Target as clutter (n = 774) Case 1 142 (18.3) 29 (3.8) 98 (12.7) 109 (14.1)

  Case 2 - 35 (4.5) 12 (1.6) 13 (1.7)

  Case 3 - - 188 (24.3) 132 (17.1)

  Case 4 - - - 178 (23.0)

Values are presented as number (%). 
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clarify the radar signature difference between the artillery pro-

jectiles and clutter, the input data were selected and converted to 

four different input feature expressions. Then, binary and mul-

ticlass RNN classifiers were trained with the weighted cross-

entropy loss method to compensate for the class imbalance. It 

was shown that the performance of the classifiers is insensitive 

to the number of hidden cells. Thus, 20 hidden cells were as-

sumed for two layers for further analysis. The multiclass classifi-

er’s accuracy is less than that of the binary case, especially for the 

KF data. To increase the accuracy of the binary classifier, two 

classifiers were combined. When classifiers 2 and 3 are com-

bined against the KF dataset, false probabilities decrease from 

3.6% to 1.0% and from 18.4% to 2.7% for the mislabeling of " 

"target as clutter" and "clutter as target," respectively. A similar 

reduction can be observed for the EKF dataset. For real-time 

applications, the trained RNN can be terminated when the pre-

dicted probability of one of two labels is greater than a given 

threshold. Below about 60% of the tracking process, usually 

50%, the network can terminate. It is recommended that classi-

fier 3 be combined with classifier 2 for the KF dataset and with 

classifier 1 for the EKF dataset. For these combinations, the 

mislabel of "target as clutter"probability is around 1.6% and 

2.4% for the KF and EKF datasets, respectively. When more 

EKF target data is available, the final accuracy can be improved. 
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I. INTRODUCTION 

Currently, wireless power transfer (WPT) technology is being 

studied and used for various applications, including low-power 

mobile phones and high-power wireless charging systems, such 

as those used for drones and electric vehicles (EVs) [1]. Since 

this technology can solve the problems of limited battery storage, 

it is expected to be useful for various purposes in the future. 

However, WPT systems cause electromagnetic field (EMF) 

leakage in their vicinities. This leakage can adversely affect near-

by human bodies; therefore, to ensure the minimum safe human 

exposure to EMF leakage from such systems, international 

guidelines and standards recommend that the leakage should 

meet reference levels [2–4]. 

To reduce EMF leakage from WPT systems, different types 

of shielding methods have been investigated, which can be di-

vided into passive, reactive, and active shielding categories [5]. 

Passive shielding methods use metal or magnetic materials to 

guide or block the leakage of magnetic fields, but metal shield-

ing results in a significant reduction in power transfer efficiency 

(PTE). Also, magnetic materials have low shielding performance 

(SP). For reactive shielding methods, transmitting (TX) and 

receiving (RX) coils cause induced current to flow through the 

shielding (SH) coil to generate a counteracting magnetic field. 

Lastly, active shielding methods intentionally generate canceling 

EMFs with the desired magnitude and phase. Under these 
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operating conditions, active shielding methods have a higher SP 

than reactive shielding methods [6]. 

Active shielding systems can be divided into two types: one 

using a dependent power source and the other using an inde-

pendent power source [6–8]. The active shielding method using 

a dependent power source generates a canceling magnetic field 

because the TX and RX coil windings turn in opposite direc-

tions. Opposite-direction winding has negative mutual induct-

ance for forward-direction winding, so the effective inductances 

of the TX and RX coils decrease. This can be a drawback that 

significantly reduces the PTE of the system. Also, the PTE 

decreases when the opposite-direction winding increases for 

high SP. To overcome this limitation, studies have proposed an 

active shielding system using an independent power source [6, 

8]. The active shielding system operates independently of the 

WPT system; thus, it can achieve high SP by controlling the 

current strength and phase of the SH coil. 

The active shielding methods in previous works have been 

studied for high SP in an aligned state, but they have not con-

sidered misalignment conditions. A WPT system may not al-

ways transmit power in perfect alignment due to the movement 

of the transceiver [9–11]. In this case, the SP decreases due to 

changes in the magnetic field generation characteristics. Conse-

quently, human exposure to EMFs can increase due to decreased 

SP under misalignment conditions [12], necessitating the devel-

opment of an active shielding control method that uses an inde-

pendent power source under misalignment conditions. 
This paper proposes a control method for an active shielding 

system using an independent power source under misalignment 

conditions. The active shielding system is controlled by reflect-

ing the current strength and phase of the WPT system under 

misalignment conditions, and the proposed method was ana-

lyzed and verified using simulations and experiments. The or-

ganization of this paper is as follows: Section II presents the 

misalignment condition analysis, Section III explains the verifi-

cation based on the simulations and experiments, and Section 

IV presents the conclusions. 

II. MISALIGNMENT CONDITION ANALYSIS 

1. Mutual Inductance Analysis 

Fig. 1 shows the geometry of the TX, RX, and SH coils under 

misalignment conditions. I, 𝜙, and r refer to the current, phase, 

and radius of the coil, respectively. A misalignment condition is 

set for RX and SH coils, which moves in the x and y directions, 

increasing the distance from the TX coil. The RX and SH coils 

are located at a position moved by a and b on the x and y axes of 

the Cartesian coordinate. dp-TX, dp-RX, dp-SH are the distances from 

the center of the TX, RX, and SH coils to point p (xp, yp, zp), 

calculated by Eqs. (1) and (2). The angles between the z axes are 

expressed as 𝜃 , 𝜃 , and 𝜃 . The magnetic field strength 

from each coil at point p can be calculated by Eq. (3), where 𝜗 = sin 𝜃 cosφ cos θ [6]. 
 𝑑 = 𝑥 + 𝑦  + (𝑧 + 𝑧 )         (1) 

 𝑑 ( ) = 𝑥 − 𝑎 + 𝑦 − 𝑏  + 𝑧     (2) 

 𝐵 = 𝑗𝜇 𝑘𝑟 𝐼 𝑐𝑜𝑠 𝜃2𝑑 1 + 1𝑗𝑘𝑑 𝑒 ∙ 𝜗 – 𝜇 ( ) 1 + − ( )  𝑒 ∙ 𝜗   (3) 

 

Fig. 2 shows the mutual inductance (M) variations of the RX 

and SH coils from the TX coil due to misalignments. MTXRX is 

 
Fig. 1. Geometry of TX, RX, and SH coils. 

  
(a) 

 
(b) 

Fig. 2. Mutual variations according to the misalignment of the RX 

and SH coils: (a) MTXRX and (b) MTXSH. 
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the M between the TX and RX coils, and MTXSH is the M 

between the TX and SH coils. The TX and RX coils have 

identical radii of 95 mm, and the SH coil radius is 150 mm. 

The air gap between the TX and RX coils is 75 mm. The dis-

placement of the RX and SH coils ranges from 0 to 40 mm in 

10 mm steps on the x axis. 

Although the RX and SH coils have identical displacements, 

the variations of MTXRX and MTXSH differ because of the radius 

difference between the RX and SH coils. 

M is determined by geometry, including the radius and dis-

tance of each coil. M between two coils is calculated using the 

Neumann formula according to Eq. (4) [13]. 𝑔 is a distance 

between two coils, and M can be expressed in terms of the 

coupling coefficient (k) and the inductances of two coils deter-

mined by Eq. (5). 
 𝑀 =  ( ) ( ) d𝜃 d𝜃  (𝐻)   (4) 
 𝑀 = 𝑘 𝐿 𝐿                      (5) 
 

M between two coils decreases as misalignment occurs in the 

WPT system. In other words, the operation characteristics of 

the WPT system change under misalignment conditions due to 

M variations; therefore, this M variation should be considered 

to control the active shield system for high SP. 

 

2. Power Transfer Eff iciency Analysis 

Fig. 3 shows the equivalent circuit of the WPT system, in-

cluding the independent active shielding system. VIN and VSH 

are the voltage sources of the TX and SH system; S1–S8 are the 

MOSFETs for full-bridge inverters of TX and SH; and ITX, IRX, 

and ISH are the currents of the TX, RX, and SH coils. 

The TX and RX systems comprise inductance L, capacitance 

C, and resistance R, respectively; RL is the load resistance. The 

SH system is composed of inductance and resistance without a 

resonant capacitor. 

Based on Kirchhoff’s voltage law (KVL), the impedance of 

the circuit can be expressed by Eqs. (6)–(8). The impedance 

changes according to KVL because the M changes under misa-

lignment conditions; consequently, the voltage and current 

characteristics can also vary. 
 𝑍 = 𝑅 + 𝑗𝜔𝐿 + + 𝑗𝜔𝑀 + 𝑗𝜔𝑀 , 

 (6) 
 0 = 𝑅 + 𝑗𝜔𝐿 + + 𝑗𝜔𝑀 + 𝑗𝜔𝑀 , 

 (7) 𝑍 = 𝑅 + 𝑗𝜔𝐿 + 𝑗𝜔𝑀 + 𝑗𝜔𝑀 . 

(8) 
 

Fig. 4 shows the current strengths and PTE variations ac-

cording to k under identical load power (PLoad). The TX and RX 

coils have identical 150 mm radii, and the current strength of 

the TX coil is calculated while changing k from 0.05 to 0.3. 

Fig. 4(a) shows the variation in ITX according to the k varia-

tion. The more k decreases, the more ITX increases, meaning 

that power loss increases in terms of ohm loss I2R under misa-

lignment conditions. Furthermore, the required ISH should be 

increased for high SP because of the increased ITX, resulting in 

increased power loss in the SH system. 

Fig. 4(b) shows the variations in the PTE of the system 

according to k variation. The decrease in k results in a decrease 

in the PTE. Decreasing k due to misalignment reduces the im-

 
(a) 

 
(b) 

Fig. 4. Variation in the WPT system characteristics according to 

the coupling coefficient: (a) TX coil current strength and (b) 

PTE of the system.

 

Fig. 3. Equivalent circuit of a WPT system with an active shielding 

system using an independent power source. 
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pedance of the circuit and changes the characteristics of the sys-

tem to low voltage and high current. The high current charac-

teristic has the effect of increasing the power loss at the coil.  

Also, when the SH coil is applied to the WPT system, MTXSH 

and MRXSH should be considered. The magnetic field of the SH 

coil is out of phase with that of the TX and RX coils, which 

causes a decrease in the effective inductance of the TX and RX 

coils, as shown by Eq. (9). Consequently, the PTE decreases 

when applying the SH system. The PTE of the WPT system, 

including the active shielding system using an independent 

power source, can be calculated using Eq. (10). 
 𝐿 = 𝐿 − 𝑀      (9) 
 𝑃𝑇𝐸(%) = | || | ( )| | | | × 100   (10) 
 

 

3. Current and Phase Control of the Shielding System 

Fig. 5 shows the front view of the WPT system, including 

the SH coil. To achieve high SP, the current applied to the SH 

coil should be determined, considering misalignment conditions. 

However, since the positions and designs of the three coils of 

TX, RX, and SH differ, the composite magnetic field in space 

varies depending on the positions, meaning that the shielding 

current and phase of the shielding coil depend on the target 

point p. 

Fig. 6(a) shows a magnetic vector diagram of the TX, RX, 

and SH coils in the alignment condition. The magnitude and 

phase of BWPT is calculated by Eqs. (11) and (12) [6]. The max-

imum SP is obtained when the SH coil has an identical mag-

netic field strength and 180° of phase difference for the BWPT; 

however, the magnetic field strengths of the TX and RX coils 

change under misalignment conditions. 
 𝐵 = 𝐵 + 𝐵 cos ∅         (11) 

 

 ∅ = tan − ∅
           (12) 

 

Fig. 6(b)–6(d) show the magnetic flux density and phase 

changes according to the measurement point p under misalign-

ment conditions. 𝐵 ′ , 𝐵 ′ , and 𝐵 ′  are the changed 

magnetic flux densities under misalignment conditions. The 𝐵 ′ defined in Eq. (3) increases according to increased 𝐼 ′, 
which is the TX coil current under misalignment conditions. 𝐼 ′ increases by decreasing MTXRX under misalignment condi-

tions, as described in Section II-2. 𝐵 ′ differs significantly 

depending on p because, although 𝐼 ′ is identical to 𝐼 , the 

distance to point p differs. Compared to the alignment condition, 𝐵 ′ increases at p1, is equal at p2, and decreases at p3. 

According to Eq. (12), the changes in Bp-TX and Bp-RX cause a 

change in 𝛷 . As the change occurs from p1 to p3, the 

distance from the RX coil increases; thus, Bp-RX decreases and 

Bp-TX becomes dominant. In this case, the 𝜙  approaches 

the opposite direction of 𝜙  as it goes from Fig. 6(b) to 6(d). 

Therefore, 𝐵 ′ must be controlled according to the target 

point p and 𝐵 ′ to achieve high SP. 

Assuming that the RX and SH coils are located at a point (a, 

b, z1), as shown in Fig. 1, the distance between the TX and SH 

coils, 𝑔′, is calculated using Eq. (13). 𝑀 ′ can then be cal-

culated using Eq. (4) by substituting the distance 𝑔 to 𝑔′. 
Since an identical PLoad is assumed, 𝑉 ′  and 𝐼 ′ are identi-

cal under the alignment condition, and 𝐼 ′ can be calculated 

through MTXRX according to Eq. (14). Thus, using the calculat-

ed 𝐼 ′  and the known 𝐼 ′ , the magnetic field strengths 𝐵 ′  and 𝐵 ′ at point p can be calculated using Eq. (3). As 

a result, the magnitude and phase of the 𝐼 ′ is determined 

based on the 𝐵 ′ according to Eqs. (11) and (12). 
 

 
Fig. 5. Front view of the system under misalignment conditions for 

target point p. 

 
(a) (b) 

 
(c) (d) 

Fig. 6. Phasor diagram of (a) alignment and misalignment condi-

tions at (b) p1, (c) p2, and (d) p3. 
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𝑔′ = (𝑎 + 𝑏 ) + 𝑧                (13) 
 𝐼 ′ =              (14) 

III. SIMULATION AND EXPERIMENTS 

1. Simulation and Experimental Setup 

Fig. 7 shows the simulation and experimental model, and Fig. 

8 shows the experimental setup. Also, Table 1 shows the electri-

cal parameters of the WPT and SH coils, and PLoad and PTE 

before and after applying the SH coil. The TX and RX coils 

had outer and inner radii of 95 mm and 35 mm, respectively; 

the diameter of the wire was 4 mm. Ferrite plates with widths 

and lengths of 200 mm × 200 mm and heights of 4 mm were 

used for the TX and RX coils. The radius of the SH coil rSH was 

150 mm, and the number of turns was set to five. The operating 

frequency of the WPT system was 85 kHz, and RL was 10.016 Ω. 

Also, the input voltage was adjusted to an identical PLoad of 

about 100 W for all measurements. 

Fig. 9 shows the alignment and misalignment conditions 

considered in the simulations and experiments: alignment, which 

is the condition in which the RX and SH coils are aligned on 

the z axis with the TX coil; and misalignment, meaning that the 

RX and SH coils are misaligned by 40 mm in both the x- and 

y-axis directions. 

Fig. 10 shows the measurement points (MPs) used to analyze 

SP. The MPs were set as the center and periphery of the system 

from MP1 to MP9 at distances of 15 cm above the RX coil. 

The results according to the alignment and misalignment 

conditions were as follows: as misalignment occurred, ITX in-

creased. Regardless of the alignment condition, the PLoad was 

identical, so the IRX did not change. However, when controlling 

for the misalignment condition, the ISH increased, and the 𝛷  

shifted close to the opposite direction of the TX, which was 

closer to -180°. 

Table 2 shows the current strengths and phases of the TX, 

RX, and SH coils under alignment and misalignment conditions. 

For the misalignment conditions, the current strengths and 

phases were controlled. The shielding system control set the 

 
Fig. 7. Structures of the WPT system with a shielding system. 

 

 
Fig. 8. Experimental setup. 

 

Table 1. Specifications of the WPT system under alignment con-

ditions at 85 kHz 

Coil 
Radius 

(mm) 

# of 

turns 

L 

(𝜇𝐻) 

C 

(𝑛𝐹) 

PLoad 

(𝑊) 

PTE 

(%)

TX 95 15 54.75 68.99 
105.8 90.16

RX 95 15 55.71 69.42 

SH 150 5 15.85 - 112.7 88.53

(a) (b) 

Fig. 9. Alignment conditions: (a) alignment and (b) misalignment. 

 

 
Fig. 10. EMF measurement points. 
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target point p as the center point of the alignment condition to 

evenly reduce all high magnetic fields at close ranges around the 

system. 

 

2. Simulation and Experimental Results 

Fig. 11 shows the results of the simulations and experiments 

for the leakage magnetic field strength under alignment and 

misalignment conditions at nine different MPs when the SH 

coil was not applied. The magnetic field leakage increased when 

misalignment occurred. Under misalignment conditions, the 

leakage magnetic field strength around the locations where the 

RX coil was positioned (MPs 4, 5, 7, and 8) increased because 

the ITX had increased for transferring identical PLoad against a 

decrease of MTXRX. 
Fig. 12(a) shows the simulation and experimental results for 

EMFs for the SH system under alignment conditions. The 

EMFs at all MPs decreased when the SH system was applied. 

In particular, since point p was selected as the center point for 

the alignment condition, the highest EMF reduction occurred 

at MP5, as shown in Fig. 12(a). The SP was calculated accord-

ing to Eq. (15), and the average SP was the sum of the SPs 

from MP1–MP9 divided by 9. BwoSH and BSH were the leakage 

magnetic field strengths before and after the application of the 

SH coil. The average SP under the alignment condition was 

67.16%. 

Fig. 12(b) shows the simulation and experimental results for 

EMFs according to the SH system under misalignment condi-

tions. Although EMF leakage decreased under misalignment 

conditions, the average SP was 49.22%—inferior to the align-

ment condition—because the current amplitude and phase of the 

SH coil were determined based on the alignment condition. 
 𝑆𝑃 = 1 − × 100 (%)       (15) 

 

Fig. 13 shows the SP variations according to the active 

shielding control when misalignment occurred. The SP was 

improved by adding active shielding control under misalign-

ment conditions. We confirmed that this improvement in SP 

occurred in all MPs, as well as at the target shielding point. The 

average SP of the controlled SH coil was 61.74%. 

Consequently, the average SP under misalignment conditions 

was increased from 49.22% to 61.74% by applying the proposed 

control method. This meant that 24.6% of the EMF leakage 

was additionally reduced by applying active shielding control for 

misalignment conditions. 

Table 3 shows the PTE variations under misalignment con-

ditions. Pin is the sum of the supplied power for TX and SH. 

Table 2. Current strengths and phases of the TX, RX, and SH coils

 
ITX 

(A) 

IRX 

(A) 

ISH 

(A) 

𝛷  

(°) 
PLoad  

(W)

Alignment 4.49 6.1 4.4 -133 102.7

Misalignment 

(controlled) 

4.91 6.1 5.7 -150 103.9 

 

 
Fig. 11. EMF simulation and experimental results for different 

MPs under alignment and misalignment conditions of a 

system without a SH coil. 

 
(a) 

 
(b) 

Fig. 12. EMF simulation and experimental results, with and 

without the SH coil, at different MPs under (a) align-

ment and (b) misalignment conditions. 
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The power transfer conditions for all measurements were 100 

W transmission to RL. As shown in Table 3, the proposed ac-

tive shielding control method produced no additional PTE deg-

radation, meaning that the SP could be improved without PTE 

degradation under misalignment conditions. 

IV. CONCLUSION 

This paper proposes a control method for an independent ac-

tive shielding system under misalignment conditions. Changes 

in the operating characteristics of WPT systems, such as M and 

ITX, according to the misalignment, were reflected in the shield-

ing current control determination. Based on this, we propose a 

method for determining the current strength and phase of the 

shielding coil under misalignment conditions. When the pro-

posed method was applied, the experimental results showed that 

the SP improved from 49.22% to 61.73% under misalignment 

conditions. Also, no further PTE reduction occurred when we 

applied the proposed control method. In conclusion, we verified 

that SP could be improved for misalignment conditions by 

applying independent active shielding. 
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I. INTRODUCTION 

Microwave power transfer (MPT) is attracting attention for 

use in Internet of Things (IoT) and medical devices [1, 2] be-

cause it has the potential to transmit power over long distances, 

irrespective of the receiver’s (Rx) location. However, it also has 

the disadvantage of low efficiency due to path loss. To overcome 

this drawback, the transmitter (Tx) configures a massive array 

antenna and increases the magnitude of the radiated signal per 

channel. Unfortunately, this approach intensifies the sidelobe, 

which can adversely affect the surrounding electronics, as well as 

human beings; therefore, it is necessary to lower the sidelobe 

level (SLL) while maintaining the magnitude of the main lobe. 

Several studies have been conducted on high-efficiency MPT, 

such as retro-reflective beamforming [3, 4]. This technique, 

which has been investigated for radar applications, transfers 

power efficiently by tracking the location of the Rx through a 

pilot signal and transmitting power in the same direction. Other 

studies on MPT have used look-up tables (LUTs) [5]. In this 

method, phase values for an array antenna that can transmit 

power optimally in the direction of the designated Rx antenna 

are stored in an LUT, with the beamforming directed toward 

the located Rx antenna. Although [3–5] achieved high efficiency 

under ideal conditions, they did not consider lowering the SLL; 
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This paper proposes a sidelobe suppression beamforming scheme using tapered amplitude distribution for microwave power transfer 
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hence, MPT studies aiming to reduce SLL are underway [6–9]. 

A few researchers have applied various techniques for the 

non-uniform distribution of the magnitude of signals from array 

antennas; for example, [6] studied this for the application of 

MPT to drones. In their simulation, the researchers suppressed 

the SLL to -17.7 dB by applying a Gaussian function to the 

amplitude distribution of a 1 × 14 Tx array antenna at 5.8 GHz. 

In [7], the results for uniform amplitude distribution were com-

pared to those for applying the Kaiser function to the amplitude 

distribution of an array antenna. The researchers verified through 

simulation that their technique reduced the SLL to -12.8 dB at 

9.5 GHz. In [8], the Taylor function was applied to the feeding 

network of an array antenna. The researchers fabricated a 1 × 8 

array antenna at 28 GHz and confirmed the reduction of SLL 

to -15.2 dB. Study [9] matched the weighting coefficient of the 

Chebyshev function to the feeding line impedance of an antenna. 

The researchers designed a 1 × 5 array antenna at 9.3 GHz and 

verified the suppression of the SLL to -17.4 dB. However, the 

elements fabricated in these studies could only form one beam 

pattern for a fixed SLL. Different elements may be needed to 

achieve a minimum SLL for different beam directions. To over-

come this drawback, we propose an adaptive beamforming system 

with sidelobe suppression that can actively form the desired 

beam. 
This paper presents a method for lowering SLL by adjusting 

the amplitude distribution of a two-dimensional planar array 

antenna (PAA). The phase distribution of a signal applied to an 

array antenna determines the direction of the main beam, and 

the amplitude distribution determines the SLL, main beam-

width, and nulls [10]; therefore, to reduce SLL, the amplitude of 

the array antenna must be distributed non-uniformly. This study 

proposes a method for obtaining an amplitude distribution ma-

trix with the weight of each antenna as an element in an M × 

N PAA. This M × N matrix is derived as the product of the 

amplitude distribution vectors of two linear array antennas 

(LAAs) constituting the PAA. To lower the SLL while main-

taining the total transmission power, we increased the amplitude 

of the signal applied to the central element of the array antenna 

and lowered the amplitude of the signal applied to the side ele-

ment using the tapered amplitude distribution method [10]. 

Although this method reduces the sidelobe of the beam pattern, 

it weakens directivity owing to the widening of the beamwidth; 

therefore, we used the Chebyshev tapered amplitude distribution 

method, which is efficient and possesses the strongest directivity 

among distribution methods with the same maximum SLL [11]. 

Moreover, by limiting all sidelobes to the same level, we mini-

mized the RF radiation power in all directions, except for the 

main lobe. 

To verify the validity of the proposed method, we designed a 

digital beamforming system with a 4 × 4 Tx array and an Rx 

operating at 5.8 GHz. The Tx of the digital beamforming sys-

tem was an adaptive device capable of generating signals with 

the desired phase and amplitude. Furthermore, for MPT, the Tx 

consisted of a digital Tx stage for RF signal generation and a 

power amplification (PA) stage. The magnitude of the signal 

from each channel of the Tx had a least significant bit (LSB) of 

0.2 dB, and the phase had an LSB of 0.36°. The maximum 

output power per channel was 1 W. We conducted the measure-

ments in the far field and verified the performance using the 

received power. 

The remainder of this paper is organized as follows. Section 

Ⅱ describes the sidelobe suppression method for the PAA. 

Section III explains the design, implementation, and simulation 

of the digital beamforming system for verification. Section Ⅳ 

conducts the experiments and discusses system performance. 

Finally, Section V presents the study’s conclusions. 

II. SIDELOBE SUPPRESSION BEAMFORMING 

Fig. 1 shows a schematic diagram illustrating the relationship 

between sidelobe and directivity during beamforming. It depicts 

steering of the main beam in the direction for received power 

and sidelobe suppression in the direction of the person to reduce 

power. As mentioned in the previous section, the sidelobe can 

be altered by manipulating the amplitude distribution of the 

array antenna, but a nonuniform amplitude distribution can 

widen the main lobe’s beamwidth [10], weakening the directivity 

of the array antenna. Directivity is the yardstick for power 

transmission in the intended direction; therefore, the SLL must 

be reduced as much as possible, and an amplitude distribution 

applied with high directivity. To this end, studies frequently use 

a tapered amplitude distribution to increase the amplitude of the 

central element antenna and decrease that of the side element 

antenna. The Chebyshev taper has the narrowest main lobe 

beamwidth, given a limited SLL [11]; therefore, we applied the 

Fig. 1. Sidelobe suppression beamforming considering directivity 

and beamwidth.
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Chebyshev taper to the amplitude distribution through an array 

factor (AF) of far-field approximation. 

Fig. 2 depicts the structure of the PAA. As shown in Fig. 2, 

the PAA consists of two intersecting LAAs, and AF is equal to 

the product of the AFs of the two LAAs. The AFs of the two 

LAAs are as follows [10]: 

( ) ( )( )1 sin cos

1
, x x
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j m kd

x m
m

AF a e θ φ ψθ φ − +

=

=
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( ) ( )( )1 sin sin
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, y y
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y n
m

AF b e θ φ ψθ φ − +

=

=
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where am and bn are the amplitude distributions of the x- and y-

axis LAAs, M and N are the numbers of x-axis and y-axis array 

elements, dx and dy are the spacings between the elements of the 

x-axis and y-axis LAAs, and ψx and ψy are the phases of the x-

axis and y-axis LAAs, respectively. k is the wave number, θ is the 

elevation angle, and ϕ is the azimuth angle. The amplitude dis-

tributions of the two axes, am and bn, can be expressed as 1 × M 

and 1 × N vectors, respectively, 
 

 
[ ]1 2 m M= a a a a a

          (3) 
 

 
[ ]1 2 n N= b b b b b

            (4) 

 

Furthermore, the AF of the PAA can be expressed by the 

product of Eqs. (1) and (2), as follows: 
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   (5) 
 

where wm,n is the product of am and bn. An M × N matrix with 

wm,n, which is the amplitude distribution of the PAA, can then 

be expressed as follows: 
 

T=W a b                   (6) 
 

To obtain Eq. (6), we analyzed the AFs of the LAA for the two 

axes. Since the phase and amplitude distributions are independ-

ent of each other in this process of obtaining the amplitude dis-

tribution, the phase (ψx and ψy) that determines the beam direc-

tion can be considered a constant; therefore, in Eq. (1), the AF 

of the x-axis LAA is a series of exponential functions that can 

be expressed as follows: 

 

( ) ( )1

1
,

M
m

x m
m

AF a zθ φ −

=

=
             (7) 

 

where ( )sin cosx xj kdz e θ φ ψ+= . Eq. (7) is the same as the (M - 1)th 

order equation, and can therefore be rewritten as 
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 (8) 
 

Because Eq. (8) is a polynomial of the degree (M - 1) equation, 

it can be expressed as a product of (M - 1) linear terms, as follows: 
 

 

( ) ( )
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M
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            (9) 
 

 
ij
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            (10) 

 

where zi are the roots in the AF, βi are the null directions, and i 

ranges from 1 to M - 1; hence, if the null directions are known, 

the roots of the AF can be found, and the AF expressed as the 

product of linear terms can be completed. The AF equation, 

which is the product of a linear term, is developed in polynomial 

form, and the coefficients of each term are mapped to the 

amplitude coefficients of the array antenna; hence, it describes 

the process for finding the null directions by mapping the 

Chebyshev polynomial [11] using the array factor. To this end, 

the difference in magnitude between the main lobe and the 

sidelobe is defined as follows: 
 

 
10

( , )20 log
( , )
x SL SL

x ML ML

AFS
AF

θ φ
θ φ

=
      (11) 

 

where (θML, ϕML) is the main lobe direction and (θSL, ϕSL) is the 

sidelobe direction. We then derived the null directions (βi) using 

the following equations: 
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2 1
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2 2
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and 
 

 

1 201 cosh 10
S

A
π

−  =  
            (13) 

 

This process is explained in detail in [12]. 
 

Fig. 2. Geometry structure of the planar array antenna. 
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To determine the roots of the AF, null directions obtained 

through Eq. (12) were assigned to Eq. (10), and Eq. (9) was 

expanded as follows: 
 

 

( ) ( )( ) ( )
( )

1 2 1

1
1 2

, Mj j j
x M
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M x x

AF a z e z e z e
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    (14) 

 

where wxp is the weight of the pth order term, and p ranges from 

1 to M - 1. If aM is a coefficient that determines the overall 

magnitude of the amplitude distribution, then the coefficient of 

each order (wxp) can be expressed as a ratio; therefore, the ampli-

tude distribution vector (1 × M) can be expressed as follows: 
 

( )1 1M x1 x2 x M= a w w w −
 
 a

        (15) 
 

Applying Eqs. (7)–(14) to the y-axis LAA yields the following 

vector: 
 

 ( )1 1N y1 y2 y N= b w w w −
 
 b

 (16) 
 

where wyq is the weight of qth order term, and q ranges from 1 to 

N - 1. 
The coefficients of the linear vector in Eqs. (15) and (16) are 

the same as those of the Chebyshev taper, gradually increasing 

from the side element of the vector to the central element; 

hence, if Eqs. (15) and (16) are applied as weights of the array 

antenna, the radiated power from the side element antenna is 

low, and the radiated power from the central element antenna is 

high. This technique is often used to determine the weights in 

array antennas to form low sidelobes [9]. In this study, we need 

to know the amplitude distribution to be applied to the PAA; 

therefore, W, which is the Chebyshev tapered amplitude distri-

bution for the M × N PAA, could be obtained through Eq. (6). 

This process ends by mapping the elements of W to the ampli-

tude weights of each element of the PAA, allowing the realiza-

tion of beamforming with an expected SLL. Fig. 3 illustrates the 

process flowchart for obtaining the Chebyshev tapered ampli-

tude distribution for sidelobe suppression beamforming. 

III. SYSTEM DESIGN AND IMPLEMENTATION 

1. System Design 
To verify the proposed sidelobe suppression scheme, we 

designed a digital beamforming system with a Tx array and an 

Rx operating at 5.8 GHz. Fig. 4 shows a block diagram of the 

system. 

The Tx is a 4 × 4 array with 16 channels, a digital Tx stage, 

and a PA stage. The digital Tx stage generates an in-phase and 

 
Fig. 3. Flowchart of the process for finding the amplitude distribu-

tion of the PAA for sidelobe suppression beamforming.

 
Fig. 4. Block diagram of the digital beamforming system for MPT.
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quadrature (I/Q) signal, which is a baseband signal, and converts 

it to an analog signal through a digital-to-analog converter. We 

adjusted the I/Q signal using the sidelobe suppression beam-

forming method described in the previous section based on an 

LSB gain of 0.2 dB and an LSB phase of 0.36°. The analog 

baseband signal is converted into an RF signal through frequency 

upconversion and output. The RF signal is then applied to the 

PA stage of the MPT, and the signal is amplified. The PA 

stage uses a PA with a power gain of 32 dB and a P1dB of 33 

dBm. The amplified RF signal radiates from a channel via a 

single antenna with a directivity of 9.3 dBi. 

The Rx is composed of a single antenna, an RF-to-DC 

converter, and a load. The RF signal applied to the antenna is 

rectified to a DC signal by the RF-to-DC converter circuit. The 

Rx antenna is the same as a single Tx antenna with a directivity 

of 9.3 dBi. 

Fig. 5 illustrates the antenna structure used in the digital 

beamforming system. The single antenna comprises a 2 × 2 

sub-array with a single input port to increase the gain, as shown 

in Fig. 5. The feeding lines reaching each sub-antenna are de-

signed identically, so that an in-phase signal is applied to or 

radiated from the sub-antenna. The substrate is made of a 0.8-

mm-thick RF-35 laminate with a dielectric constant of 3.5 and 

a loss tangent of 0.002. It has a reflection coefficient of approx-

imately -30 dB at 5.8 GHz, and it forms a vertically polarized 

RF signal. 

Furthermore, the single antenna has a directivity of 9.3 dBi, 

and a 4 × 4 uniform array has 20.9 dBi. Fig. 6 shows the beam 

patterns simulated using AWR Microwave Office for the zx 

and zy planes, respectively. 

2. Simulation 
To verify the proposed sidelobe suppression method based on 

the designed digital beamforming system, we simulated the 

method. To incorporate the trade-off between the sidelobe and 

the directivity mentioned in Section II into the simulation, we 

had to analyze the mathematical relationship between the two. 

The tapered amplitude distribution of the LAA can be expressed 

as the efficiency in terms of directivity, as follows [12]: 
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         (17) 

 

where Dtaper is the directivity of the tapered array, Duniform is the 

directivity of the uniform array, wm is the amplitude distribution, 

d is the distance between elements, and L is the number of 

antenna elements. The amplitude distribution for the beam 

pattern with the expected SLL can be obtained using the 

scheme proposed in Section II. By applying the obtained 

amplitude distribution, the formed beam can be expressed as the 

efficiency of directivity. Fig. 7 shows the taper efficiency and 

normalized amplitude weights for array antennas with different 

antenna spacings on the x and y axes, as explained in the 

previous subsection (Section III-1). 

As shown in Fig. 7, the taper efficiency (ηT) and the normal-

ized amplitude of the central and side elements of the array 

antenna were presented according to S, which is the SLL. As S 

increases, the taper efficiency is saturated at a specific value, and 

the amplitude deviation of the central and side elements is also 

saturated. Therefore, we studied three cases: one for the uniform 

amplitude distribution (W1), another for a taper efficiency of 0.9 

(W2), and the last for the moment of entering the region within 

5% of the saturation section of the efficiency curve (W3). Table 1 

lists the SLL, amplitude distribution matrix (a, b) and taper 

efficiency (ηT) for each case. Fig. 8 shows the directivity when 

the amplitude distributions for each case were applied to the 

designed array antenna. 
 

Fig. 5. Structure of the single antenna with 2 × 2 sub-array. 

 

 
(a) (b) 

Fig. 6. Simulated beam patterns: (a) single antenna and (b) array 

antenna. 

 
Fig. 7. Taper efficiency and normalized amplitude weight.
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3. Implementation 
Fig. 9 shows a photograph of the implemented Tx. Fig. 9(a) 

depicts a digital Tx stage composed of RF transceivers, micro-

computers to drive them, and a clock distribution device. It also 

has a port for supplying power and a LAN port at the back, 

controlled via LabVIEW on an external PC. Fig. 9(b) depicts a 

PA stage with a 1 × 4 array PA consisting of four layers. The 

antenna was mounted directly on the output terminal. The 

digital Tx stage and PA stage were connected via coaxial cables. 

We used USRP B210 (a software-defined radio) as the RF 

transceiver and a CDA-2990 clock distribution device. We used 

Raspberry Pi 4B as the microcomputer, and QPA9501 as the PA. 
Fig. 10 shows a photograph of the Rx. A single antenna, 

directional coupler, and RF-to-DC converter circuit were con-

nected via the RF adapter. The RF signal collected by the Rx 

antenna was applied to the input port of a directional coupler 

(Mini-Circuits ZGBDC35-93HP+) to simultaneously measure 

the RF and rectified DC power. The power was measured 

through the coupling port, and the output RF signal was recti-

fied to a DC signal by the RF-to-DC converter connected di-

rectly to the output port. The RF-to-DC converter circuit had 

an embedded Schottky diode (BAT68-04W) with a voltage 

doubler. The power conversion efficiency of the circuit was 

59.5%, which resulted from a rectified DC voltage of 6.5 V at 

an RF input power of 20 dBm and a load resistance of 600 Ω. 

The reflection coefficient (S11) of the single antenna was 

-29.8 dB, measured with a network analyzer (Keysight P5007A), 

and the directivity of the 4 × 4 array antenna was determined as 

21 dBi. 

IV. EXPERIMENTAL VERIFICATION 

Fig. 11 shows a photograph of the experimental setup for 

sidelobe suppression beamforming. The Tx was connected to 

the PC to control the beamforming system. The Rx was con-

nected to a spectrum analyzer (Anritsu MS2713E) to measure 

the RF power and an electronic load (Keithley 2380-120-60) to 

measure the DC power. The gain of the transmitted RF signal 

was adjusted based on the three amplitude distributions obtained 

in Section III-2. The total RF power from the array antenna 

 
(a) 

 
(b) 

Fig. 9. Implemented 4 × 4 Tx array: (a) digital Tx stage and (b) 

PA stage. 

Table 1. Parameters of three amplitude distributions 

 
W1 W2 W3

x-axis y-axis x-axis y-axis x-axis y-axis

S (dB) N/A N/A -23 -24 -50 -54

a, b 1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.514 

1.000 

1.000 

0.514 

0.498 

1.000 

1.000 

0.498 

0.352 

1.000 

1.000 

0.352 

0.347

1.000

1.000

0.347

ηT 1.0 0.9 0.81

 

 
(a) (b) 

Fig. 8. Simulated array antenna directivity of three amplitude dis-

tributions: (a) zx-plane and (b) zy-plane. 

 
Fig. 10. Implemented Rx. 

 

 

Fig. 11. Experimental setup for sidelobe suppression beamforming.
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was fixed at 7.5 W (38.8 dBm) in all cases. 

Two experiments were conducted to verify the performance 

of the beamforming system. In the first, the radiation patterns of 

the zx and zy planes were measured. As shown in Fig. 11, this 

was based on the relative power by rotating the Tx array antenna 

in place while fixing the position of the Rx at the center. Fig. 12 

illustrates the normalized radiation pattern plotted by measuring 

the received RF power from -90° to resemble that shown in 

Fig. 8, which resulted from the simulation. Compared with the 

SLL with W1, which was a uniform distribution, the SLL while 

applying W3 decreased by 7.5 dB from -11.6 dB to -19.1 dB 

on the zx plane and 4.4 dB from -11.5 dB to -15.9 dB on the 

zy plane. However, we confirmed that the received RF power at 

the central position (0°) decreased by only 0.6 dB, from 21.0 

dBm to 20.4 dBm. Furthermore, we verified that the rectified 

DC power also decreased by only 9.3 mW, from 67.8 mW to 

58.5 mW. 

In the second experiment, we verified the performance of 

beamforming in specific directions. As depicted in Fig. 11, the 

received RF power of 15 × 15 points was measured on the 

plane (700 × 700 mm2) where the Rx could exist. The phase 

values for each channel of the main beam direction were adjust-

ed by (5), giving the AF of the far field approximation. The 

main beam direction was set as (θ, ϕ), with the center of the Tx 

array antenna as the origin in spherical coordinate systems. The 

experiment was conducted for three main beam directions, 

when (θ, ϕ) was (0°, 0°), (20°, 135°), and (20°, 220°), respectively. 

Therefore, nine experiments in total were conducted for the 

three cases of amplitude distribution and three cases of phase 

distribution. Table 2 shows the distributions except for W1 and 

(0°, 0°) where all the amplitudes and phases of the channels were 

identical. Fig. 13 shows a color map obtained by measuring the 

15 × 15 points of normalized received RF power for the nine 

experiments. We confirmed that the region with the sidelobe 

had smaller power in W2 and W3 than in W1. Additionally, we 

verified the widening of the main lobe with an increase in the 

area occupied by power in the direction of the main lobe. Table 

3 summarizes the results of the second experiment, including 

the received RF power and SLL for the nine measurements. 

Furthermore, we calculated Δpower and ΔSLL (the differences 

between the received power and the SLL) from the uniform 

amplitude distribution (i.e., W1). In (0°, 0°)—the case with cen-

tral beamforming—received power was the same as in the first 

experiment, but the SLL decreased further. This occurred be-

cause the origin of the measured 15 × 15 points was 1 m away 

from the Tx, but the remaining points were at greater distances 

than 1 m, meaning that the received power was lower. Therefore, 

in the case of beamforming toward the center, we confirmed 

ΔSLL to be 9.3 dB at the maximum. In (20°, 135°)—the case 

with the second direction—ΔSLL and Δpower were 5.9 dB and 

0.8 dB in W3, respectively. Additionally, in (20°, 220°)—the case 

with the third direction—ΔSLL and Δpower were 6.8 dB and 

0.5 dB in W3, respectively. These results proved that the received 

power barely decreased and that the SLL decreased significantly. 

The experimental results compared with other studies on 

MPT are listed in Table 4. As mentioned earlier, the compari-

son was based on the beam pattern of the zx plane in Fig. 12, 

which resulted from the first experiment. Studies [3–5] focused 

on the beamforming technique without considering lowering 

the sidelobe, and, in most cases, demonstrated high SLL. Addi-

tionally, [6–9] designed and manufactured a Tx device using a 

technique to lower the SLL, but different elements may be re-

quired to achieve a minimum SLL for other beam directions. 

The proposed sidelobe suppression beamforming system is suit-

able for safe wireless power transmission with high received 

power and low SLL. 

 
(a) (b) 

Fig. 12. Measured radiation patterns of three amplitude distribu-

tions: (a) zx-plane, (b) zy-plane. 

Table 2. Amplitude and phase distributions for 4 × 4 array 

 
x-axis 

array index

y-axis array index

1 2 3 4

Amplitude  

distribution,  

W2 / W3 

1 0.256 / 

0.122 

0.514 / 

0.352 

0.514 / 

0.352

0.256 / 

0.122

2 0.498 / 

0.347 

1.000 / 

1.000 

1.000 / 

1.000

0.498 / 

0.347

3 0.498 / 

0.347 

1.000 / 

1.000 

1.000 / 

1.000

0.498 / 

0.347

4 0.256 / 

0.122 

0.514 / 

0.352 

0.514 / 

0.352

0.256 / 

0.122

Phase distribution, 

(20°, 135°) /  

(20°, 220°) 

1 350.0° / 

200.3° 

285.9° / 

131.0° 

222.0° / 

61.8°

158.0° / 

352.5°

2 60.6° / 

136.1° 

356.6° / 

66.8° 

292.7° / 

357.5°

228.7° / 

288.2°

3 131.3° / 

71.8° 

67.3° / 

2.5° 

3.4° / 

293.2°

299.4° / 

223.9°

4 202.0° / 

7.5° 

138.0° / 

298.2° 

74.1° / 

229.0°

10.1° / 

159.7°
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Fig. 13. Color maps of normalized received RF power in the beamforming experiments for three amplitude and phase distributions. 

 

Table 3. Results of beamforming experiments for three amplitude and phase distributions 

Amplitude  

distribution 

Main beam direction (θ, ϕ)

(0°, 0°) (20°, 135°) (20°, 220°)

Received RF power 

(Δpower) 

SLL 

(ΔSLL) 

Received RF power 

(Δpower)

SLL 

(ΔSLL)

Received RF power 

(Δpower) 

SLL 

(ΔSLL)

W1 21.0 (0) -11.7 (0) 18.9 (0) -10.3 (0) 18.3 (0) -9.0 (0)

W2 20.7 (0.3) -17.1 (5.4) 18.4 (0.5) -13.0 (2.7) 18.1 (0.2) -14.3 (5.3)

W3 20.4 (0.6) -21.0 (9.3) 18.1 (0.8) -16.2 (5.9) 17.8 (0.5) -15.8 (6.8)

Total transmitted RF power: 7.5 W (38.8 dBm). 

Received RF power is measured in dBm; SLL and the differences between the received power and the SLL are measured in dB. 
 

Table 4. Comparison with other studies 

Study 
Amplitude  

distribution 
Experimental setup / Beamforming system / Technique

Freq.  

(GHz) 
Tx array 

SLL 

(dB)

Wang et al. [3] Uniform Tx + Rx / Analog beamforming / Retro-reflective 2.08 1 × 4 -15.0

He et al. [4] Uniform Tx + Rx / Analog beamforming / Retro-reflective 2.125 1 × 8 -2.4

Bae et al. [5] Uniform Tx + Rx / Analog beamforming / LUT 5.2 4 × 8 -15.0

Takabayashi et al. [6] Gaussian Tx only 5.8 1 × 14 -17.7

Mistialustina and Munir [7] Kaiser Tx only 9.5 1 × 7 -12.8

Hill and Kelly [8] Taylor Tx only 28 1 × 8 -15.2

Mistialustina et al. [9] Chebyshev Tx only 9.3 1 × 5 -17.4

This study Chebyshev Tx + Rx / Digital beamforming / Far-field approximation 5.8 4 × 4 -19.1
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V. CONCLUSION 

This paper proposes a sidelobe suppression beamforming 

scheme for an MPT system with PAA. The technique applied 

to the proposed system involves controlling the magnitude of 

the signal transmitted from the array antenna. To apply this to a 

two-dimensional PAA, we described the procedure for obtain-

ing the amplitude distribution matrix (M × N). Furthermore, 

to minimize decreased directivity due to the non-uniform am-

plitude distribution and to lower the SLL, we used the Cheby-

shev taper for the amplitude distribution.  

To verify the proposed scheme, we implemented a digital 

beamforming system with a 4 × 4 Tx array and an Rx at 5.8 

GHz. The radiation pattern results while adjusting the ampli-

tude distribution confirmed that the SLL decreased by 7.5 dB 

to -19.1 dB on the zx plane, and by 4.4 dB to -15.9 dB on 

the zy plane, compared with uniform distribution. Furthermore, 

we verified that the received RF power was 20.4 dBm, even 

with sidelobe suppression. This amounted to a reduction of only 

0.6 dB compared with the uniform distribution case. Through a 

color map, we demonstrated that the area occupied by the side-

lobe decreased in the three-directional beamforming experiment. 

Moreover, compared with other studies, the proposed system 

has independent and flexible amplitude and phase control. Con-

sequently, the adaptive beamforming system presented in this 

paper should be capable of delivering efficient and safe MPT by 

accurately forming a designed beam pattern. 
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I. INTRODUCTION 

Several recent reports strongly suggest that data consumption 

on mobile devices will see a surge in the coming years. Current 

commercial deployment of cellular systems may not be able to 

handle this demand [1]. Researchers opine that shifting the 

carrier frequencies to millimeter wave frequencies might be a 

feasible solution. Several variants of testing campaigns have tes-

tified the feasibility of millimeter waves as carrier frequencies for 

outdoor communication links [2, 3]. It is hard to design com-

munication links because of the high free-space path loss and 

high penetration loss [1]. Free-space path loss could be mitigat-

ed by increasing the gains of the antennas on the base station 

and the mobile device, respectively. The gain of the antenna is 

dictated by the physical aperture of the antenna [4]. Researchers 

[3, 4] argue that if the carrier frequency were shifted to millime-

ter waves, the antenna size would automatically shrink, and in-

creasing the number of elements would enhance gain for the 

same physical footprint [3]. 

Commercial smartphones have very limited space for antenna 

integration [5]. If smartphones have to be compliant with the 

market standards, then the available space for antennas would be 

10 cm × 5 cm × 0.7 cm on average. It would be a challenge to 

accommodate 5G antennas with 4G antennas to support back-

ward compatibility in this restricted space on a mobile device 

[6–8]. Several topologies for 5G smartphones have been report-

ed in recent years [9–22]. Only a few antenna designs operating 

in the 28 GHz band are compliant with commercial smartphone 

dimensions [6, 8, 9, 13] but these designs are not corner bent. 

Users usually engage with the mobile device in one of the two 

modes, namely single-hand or portrait mode and dual-hand or 

landscape mode, as shown in Fig. 1. 
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Fig. 1. Schematics for single-hand and dual-hand modes. 

 

The antennas to be integrated with the panel of the device must 

have orthogonal beam switching capability with minimal physi-

cal footprint and radiation being primarily away from the user. 

The current de-facto standard for designing antennas for 

mobile devices has been phased arrays for 5G antenna systems 

[3]. The beam scanning of a 4-element phased array of patch 

antennas is illustrated in Fig. 2. The 3D patterns prove that a 

typical phased array system would suffer from scanning loss up 

to 3 dB if the beam were formed at 45º; beyond this angular 

scan, the patterns become unusable, as observed in [10, 11, 13–

17]. If the beam integrity were compromised, the phased array 

would fail to operate when excited for orthogonal beams, which 

is a requirement for the use case in consideration, as per Fig. 1. 

Several pattern-diversity schemes have been proposed [23–31], 

but these schemes would be in-operational for orthogonal 

beams or would not necessarily fit compactly in a commercial 

smartphone. Hence, a corner bent shared ground orthogonal 

beam switching module is presented. 

II. CORNER BENT ARRAY 

Planar broadside antennas, when integrated with the mobile 

device would radiate toward the user, leading to a noticeable 

amount of attenuation due to human tissue [11, 13, 15]. On the 

other hand, a planar end-fire antenna, such as a printed dipole 

or printed Yagi antenna [10, 12, 23, 29–34] would have a high 

front-to-back ratio and radiate most of the energy toward the 

base station. However, both types of antennas would have a 

significantly large footprint, as the space near the transmission 

lines would be unusable [35–40]. Hence, a corner bent unidirec-

tional antenna design is proposed in this section. As there are 

two modes of smartphone operation, the antennas correspond-

ing to both modes are independently designed and integrated 

together with a shared ground. First, a single-hand mode is de-

signed. A corner bent corporate fed array is proposed. The pla-

nar version of the antenna is illustrated in Fig. 3(a). The anten-

na is designed on a Nelco NY9220 substrate with a dielectric 

constant in the range 2.18 to 2.22 and a dielectric loss tangent 

of 0.0009. Ideally, for high radiation efficiency, air should be 

used as the substrate, but designing metallic radiators floating in 

air would not be feasible [4]. Also, coaxial feeding is avoided to 

aid in conformity. The proposed antenna is constructed on a 

20-mil substrate, which is a compromise between flexibility and 

impedance bandwidth [4]. The feed is a 50-Ω transmission line, 

which is matched to the impedance of the inset fed patch an-

tenna through a 1 × 4 power divider. 

The proposed antenna, when integrated with the panel of the 

mobile device, would not be practical to implement. Hence, a 

corner bent version of the same is investigated, Fig. 3(b). It is 

well known that the slots from the fringing fields create radia-

tion from a patch antenna; hence, the effective radiating area is 

decided by the inset fed patch alone. This could be in the or-

thogonal plane (XY plane), and the transmission line along with 

the power divider network could be built in the YZ plane, thus 

reducing additional radiation arising due to discontinuities in 

the feeding network. As evident from Fig. 3(b), the radiators are 

compatible with the smartphone panel height. The corner bent 

design could be further extended to a wrapped-around version, 

as illustrated in Fig. 3(c). The corner bent antenna could be 

conformed onto the curved panel of typical smartphones. As the 

actual radiating aperture of the antenna is unharmed post con-

forming, the proposed antenna would deliver the desired char-

acteristics. The fabricated prototype is shown in Fig. 3(d), and a 

2.92 mm southwest end-launch connector is used for measure-

ments. The radiators are placed at least 1λ away from the feed 

plane, which ensures minimal influence of the electrically large 

connector on the measurements. 

This concept of conformal array could even be designed with 

an aperture-coupled feeding technique. The input reflection  
 

Fig. 2. Scanning loss demonstration of a 4-element array.
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(a) 

(b) 

 
(c) 

(d) 

Fig. 3. (a) Corporate fed planar array (unit: mm). (b) Corner bent 

array (unit: mm). (c) Concept of wrapping. (d) Photograph 

of the prototype. 

 

coefficient is shown in Fig. 4. It is evident from the curves that 

the variation between the planar and corner bent versions of the 

proposed elements is minimal, as the bending happens mostly 

on the transmission line feeding the radiators, and not neces-

sarily on the ground plane. The simulated impedance band-

width is from 26 to 29 GHz, translating to 11%. The S-

parameter measurement is done with Agilent PNA E3864C. 

All the simulations were done using Ansys High Frequency 

Simulation Software (HFSS). The deviation between simulated 

and measured curves is attributed to a lack of soldering between 

the end-launch connector and the antenna element. The actual 

connector used for measurement had undergone numerous 

mating cycles, leading to deterioration in the connector to an-

tenna transition. 
The H-plane or YZ plane patterns are shown in Fig. 5(a), 

Fig. 4. |S11| of the conformal array and its planar counterpart. 

(a) 

(b) 

(c) 

Fig. 5. Radiation patterns of the corner bent array: (a) H-plane 

(YZ plane), (b) E-plane (XZ plane), and (c) experimental 

setup for radiation pattern measurement.
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and the narrow beam indicates beamforming along the Y axis. 

E-plane or XZ plane patterns are illustrated in Fig. 5(b); the 

wider beam is due to the topology of the array elements. All the 

radiation patterns were measured in a Ka-band far-field anechoic 

chamber, as shown in Fig. 5(c). The patterns at 28 and 30 GHz 

are almost similar, indicating beam integrity across the opera-

tional spectrum. The front-to-back ratio is more than 20 dB, 

which means that the power radiated towards the user’s hand or 

the user’s body is minimal, and most of the radiated power is 

directed toward a base station or access point. The cross-

polarization level is less than 25 dB, indicating a high polariza-

tion purity of the vertically polarized radiating element. The 

forward gain of the corner bent antenna is depicted in Fig. 6. 

The simulated value of gain is close to 7.2 dBi at 28.3 GHz 

with a measured value of 5.8 dBi; the gain could have been up 

to 2 dB higher if a Wilkinson-based power divider had been 

used to design the power divider network. The standard gain 

transfer method was used for gain measurement in an anechoic 

chamber. 

III. CORNER BENT PRINTED YAGI 

In order to design an antenna that works for the dual-hand 

mode of Fig. 1, the antenna must radiate orthogonally with 

respect to the beam of the corner bent antenna presented in 

section II. The simplest way to realize this is to design either a 

printed dipole [14] or a planar Vivaldi [12]. The issue with 

these designs is low gain and non-compliance with the smart-

phone panel height. Hence, a corner bent printed Yagi is pro-

posed. The planar version of the antenna is illustrated with di-

mensions in Fig. 7(a). The agenda of this design is to feed along 

the X axis and get the antenna to radiate along the Y axis so that 

the antenna can be conformed onto the mobile panel. In order 

to achieve this objective, an orthogonal printed Yagi antenna is 

designed. The feed is a standard 50-Ω transmission line feeding 

the arms of the printed dipole, but a 90º bend is required for this 

design. A straightforward approach would be to design the 

transmission line with a bend, but this approach would create 

additional radiation due to the discontinuity. 

Hence, stubs that double up as impedance transformers are 

used to solve the issue. The stubs are shown in the inset of Fig. 

7(a). The effective radiating aperture is 7.4 mm; hence, it could 

be easily integrated onto a mobile panel. The corner bent ver-

sion of the printed Yagi is shown in Fig. 7(b); the bending does 

not significantly affect the characteristics of the element. The 

fabricated prototype along with the mounted end-launch con-

nector is shown in Fig. 7(c). The input reflection coefficient of 

the corner bent Yagi is shown in Fig. 8. The variation between 

planar Yagi and its corner bent version is also illustrated in Fig. 

8. The input impedance is slightly changed at the higher fre-

quency for the corner bent version due to the variation in the 

impedance at the corner bending, which happens on both 

planes of the substrate. The corner bent element has an input 

impedance bandwidth of 27–31 GHz, translating to 13.8%. Fig. 6. Forward gain of the corner bent array. 

 
(a) 

 
(b) 

 

(c) 

Fig. 7. (a) Printed Yagi antenna with orthogonal beam (unit: mm). 

(b) Corner bent Yagi antenna (unit: mm). (c) Photograph 

of the fabricated prototype. 
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Fig. 8. |S11| of the corner bent and planar Yagi. 

 
The radiation patterns are shown in Fig. 9. The antenna has 

a high front-to-back ratio when conformed, indicating that ra-

diation toward the user would be minimal and satisfy the criteria 

for the use case, as illustrated in Fig. 1. The forward gain is 7 

dBi at 28 GHz, as observed in Fig. 10. Gain could be further 

increased by increasing the number of parasitic radiators or by 

integrating the aperture with appropriate sub-wavelength met-

amaterial unit cells. 

Table 1 proves that the proposed concept of conformity yields 

high gain for minimal physical footprint compared to other re-

ported articles in the 28 GHz band. 

Fig. 10. Forward gain of corner bent Yagi antenna. 

 

Table 1. Comparison against reported articles 

Study 

Operating 

freq.  

(GHz) 

Corner 

bent  

design 

Mobile  

integration 

Gain 

(dBi)

Effective 

radiating 

volume

(𝜆 )

Ta et al. [14] 28 No No 6.5 0.207

Shim et al. 

[31]

28 No No 6 0.006 

Ikram et al. 

[32]

28 No Yes 12 0.027 

Hwang et al. 

[33]

28 No Yes 5 0.005 

Proposed 

design 1  

(Sec. II)

28 Yes Yes 8.5 0.099 

Proposed 

design 2  

(Sec. III)

28 Yes  Yes 7 0.070 

 

IV. SHARED GROUND BEAM SWITCHING MODULE 

The proposed antennas of Sections II and III have to be inte-

grated together to be useful as a beam switching or pattern di-

versity module. The proposed shared ground is illustrated in Fig. 

11(a), and the corner bent array and the corner bent printed 

Yagi antennas are designed on the same ground and conformed 

together.  

The array is sliced at the non-radiating edge of the element, 

which leads to a compact design without altering radiation of 

the corner bent array. The distance between the two elements is 

1.2 mm, which translates to 0.11λ at 28 GHz. It is interesting 

to note that the orthogonal beam switching module has a shared 

ground, which means that the RF electronics or the mother-

board of the smartphone could be integrated with the module 

(a) 

(b) 

Fig. 9. Radiation patterns of the proposed Yagi antenna: (a) H-

plane (YZ plane) and (b) E-plane (XY plane). 
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with almost no deterioration in the radiation characteristics of 

both antenna elements. Designs such as [13] have defected or 

slotted ground structures, which are usually not recommended 

by the mobile phone industry. Fig. 11(b) shows the fabricated 

prototype with the connectors. The distance between the ports 

was increased to accommodate the bulky connectors. 
A 3D-printed mold that mimics a commercial smartphone 

was designed. The dimensions of the 3D-printed case match 

those of the commercial mobile device. The fancy curvatures of 

modern smartphones were also incorporated in the mold design, 

as evident in Fig. 11(c) and 11(d). The proposed antenna mod-

ule is mounted to check the compliance of the design, and the 

module has a minimal footprint that satisfies both modes of 

mobile device operation. The antennas of the proposed module 

have vertical polarization similar to industry designs reported or 

patented in the recent past. 

The 3D radiation patterns of the antenna module are depict-

ed at 28 GHz in Fig. 12(a). The patterns are similar to the indi-

vidual counterparts, indicating a high beam integrity of the an-

tenna module. The specific absorption rate (SAR) at 28 GHz is 

illustrated in Fig. 12(b), and the intensity of the SAR values 

within the human head is almost negligible for the proposed 
(a) 

 
(b) 

 
(c) 

(d) 

Fig. 11. (a) Schematics of the shared ground antenna module (unit: 

mm). (b) Photograph of the prototype. (c) Prototype with 

a 3D-printed mold. (d) Prototype with a 3D-printed 

mock-up. 

 

(a) 

(b) 

(c) 

Fig. 12. (a) 3D radiation patterns of the module at 28 GHz. (b) 

SAR graphs for the proposed element at 28 GHz. (c) S-

parameters of the proposed module. 
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topology. In spite of a shared ground and electrical closeness, 

the simulated value of mutual coupling between the ports is less 

than 20 dB across the spectrum due to the orthogonal radiation 

from the respective ports, as shown in Fig. 12(c). The measured 

value is less than the simulated value of mutual coupling, as the 

separation between the two ports was increased to accommo-

date the bulky connectors. Table 2 indicates that the proposed 

design is electrically compact with mobile panel integration, 

which has orthogonal beam switching. 

V. CONCLUSION 

In order to achieve the orthogonal beams that will be neces-

sary for the data mode usages of future 5G smartphones, corner 

bent designs are presented in this article. Phased arrays fail to 

operate for orthogonal beams; hence, a beam switching module 

is proposed. First, a corner bent corporate fed array operating in 

the 28 GHz band is presented, followed by a corner bent print-

ed Yagi antenna. Both the proposed antennas are integrated 

with a shared ground to achieve orthogonal beam switching 

with minimal radiation toward the user for both the cases with 

adequately high gain. Hence, the proposed antenna module 

could be a candidate for future 5G smartphones. 
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the 2022 IEEE International Symposium on Radio-Frequency Integration Technology (RFIT 2022) to be 
held on August 29 – 31, 2022, in Busan, Korea. The RFIT meeting has been held annually since 2005. 
This is the 14th RFIT that is sponsored by the IEEE MTT Society and organized by the KIEES. RFIT is an 
advanced interdisciplinary forum dealing with microwave and microelectronics technologies. It has 
provided an opportunity to build the RF integration technology community and to meet and present 
the latest developments in RF integrated circuit design, technology, and system integration. 
    
Paper Submissions 
We call for high-quality papers  containing the latest results in RF integration technology, along with 
novelty, originality, and key findings. Accepted papers will be published in the conference 
proceedings and IEEE Xplore Digital Library. To encourage timely reporting of the latest results and 
have better opportunities to expand papers for possible journal publications, prospective authors are 
invited to submit a 2- or 3-page manuscript. For more submission details, please visit the website, 
www.rfit2022.org. The topics of interest are listed below but not limited to the following technical 
areas. 
 
Symposium Scope  

• Device Technologies 
  CMOS, SOI, LDMOS, SiGe, GaAs, InP, GaN,  
  MEMS, reliability, characterization 
• Modeling and CAD 
  active/passive device modeling, CAD, EM  
  simulation, co-simulation, AI techniques for  
  modeling and simulation 
• Packaging Technology 
  MCM, SiP, TSV, flip-chip assembly, wire  
  bonding, anisotropic conductive film 
• Passive Circuits and Antenna 
  on-chip antennas, integrated passive devices,  
  ferrite, piezoelectric material 
• Frequency Generation and Conversion ICs 
  VCOs, PLLs, synthesizers, ADPLLs, frequency  
  dividers/multipliers, mixers 
• Front-end RFICs 
  LNAs, VGAs, phase shifters, RF switches 
• Power ICs 
  power amplifiers, linearization circuits, drivers 
• Millimeter-wave and THz ICs  
  circuits operating at mm-wave (30-300 GHz)  
  and sub-mm-wave (>300 GHz) bands 

• Analog and Mixed-Signal ICs  
  ADCs, DACs, comparators, filters, VGAs, AGC 
• High-Speed Data Transceivers  
  wireless/wireline/optical transceivers, CDRs for  
  high-speed data links 
• Power Transmission ICs  
  RFIDs, electric coupling, electromagnetic  
  induction, magnetic resonance, wireless power  
  transmission ICs 
• Emerging ICs  
  power management, digital RF circuits/  
  architectures, RF BIST, reconfigurable and  
  tunable ICs, automotive ICs, AI/ML-assisted  
  communication ICs, quantum-computing ICs 
• Radio-Integrated Systems  
  IoT/ M2M, automotive radars, wearable  
  devices, security, biomedical and healthcare  
  applications 
• 5G/B5G/6G Systems  
  MIMO systems, smart radio systems, cube  
  satellite and satellite communication systems 
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General Chair  
Jae-Sung Rieh, Korea Univ. 
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Publicity Chair 
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Exhibition Chair 
Franklin Bien, UNIST 
Award Chair 
Jong-Ryul Yang, Yeungnam Univ. 
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IMPORTANT DATES 
April 4, 2022 
Paper submission due 
May 20, 2022 
Acceptance notification 
June 20, 2022 
Final paper submission due 
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AUTHOR CHECKLIST 
 

Title :                                                                                   

 
General  
□ This paper has not been and will not be published in any other journal.  

□ This paper follows the format of the KIEES paper submission guideline, is less than 12 pages long, including figures 

and tables (3 pages for a letter), and has a two-column layout. 

□ This paper includes a cover page, an abstract, keywords, main text, appendix, and references in the correct order. 

Each page has a consecutive page number.  

 
Cover page 
□ The cover page includes the title, authors, affiliation of all authors, identifier of the corresponding author, and provides 

contact information for the corresponding author (phone number, e-mail address, and mobile number).  

 
Abstract and key words 
□ An abstract is provided and is less than 500 words long.  

□ Fewer than 5 keywords are provided. 

 
Main text 
□ The reference number is written next to the quote.  

□ The chapter numbers are written in Roman numerals (I, II, III, IV…) and subheading numbers are written in Arabic 

numerals (1, 2, 3, 4…).  

 
References 
□ Sufficient Korean as well as international literature is referenced in the paper.  

□ Only the references used in the main text are included in the reference list and these are numbered according to their 

order of appearance. 

□ All reference citations follow the correct format indicated in the submission regulations. 

 
Figures and tables 
□ For the figures and tables, the first letter of the very first word is capitalized.  

□ All figure legends include both a title and a detailed explanation to help in understanding what the figure depicts.  

□ All tables are self-explanatory and do not repeat the content from figures or sources included in the main text.  
* Check each box after confirming that the statement is true.  

 
The authors of this paper have confirmed the above items, following the paper submission regulations of the Korean 

Institute of Electromagnetic Engineering and Science (KIEES), and are requesting publication of this paper.  

 

                       

                                                                                  /       / 2022 

Representative author: ____________________ (signature) 






