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I. INTRODUCTION 

In recent years, there has been an increasing demand for 

high-power microwave (HPM) systems and antennas capable of 

transmitting gigawatt-level power. Various types of antennas for 

HPM systems, such as impulse radiating antenna (IRA) [1], 

radial line slot antenna [2], TEM horn antenna [3], and helical 

antenna [4–7], have been described in the literature. Helical 

antennas are widely used in HPM systems owing to their ad-

vantages, including their compact structure, simple radiating 

circularly polarized wave, and wide bandwidth. The most im-

portant consideration in designing an antenna suitable for 

HPM applications is its increased power handling capacity, 

which can be achieved in two ways. The first method aims to 

improve the critical electric field strength with the use of an SF6 

gas or a vacuum pump [4–6]. The second method aims to re-

duce the maximum E-field on the antenna through the modifi-

cation of the antenna structure [6, 7]. In [6], the E-field reduc-

tion method involving branching the helix radiator is proposed. 

However, such an antenna has a narrow impedance bandwidth 

due to the branched wire. In [7], in order to reduce the maxi-

mum E-field, the wire at the feed point is smoothly bent, and 

the diameter increases gradually. However, additional methods 

are needed to further reduce the maximum E-field in recently  
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Abstract 
 

In this paper, a novel helical antenna for high-power microwave is proposed. The proposed antenna is intended to demonstrate improved 

power handling capacity without any deterioration in matching characteristics, gain, and axial ratio. The proposed antenna with a long 

helix structure is investigated in order to achieve high gain and a relatively wide impedance bandwidth. By increasing the distance between 

the helix and the ground plane, an improved power handling capacity is obtained, and the impedance matching problem caused by the 

proposed method is addressed with the use of a feed-through insulator. In addition, a conical-shaped ground is used to compensate for the 

gain reduction by increasing the distance between the helix and the ground plane. As a result, the proposed antenna exhibits a gain ex-

ceeding 11 dBi and an axial ratio of less than 2 dB within the frequency range of 0.86–1.09 GHz. In addition, its power handling capacity 

exceeds 50 MW for a 0.7-ns input pulse length in air conditions. 
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developed high power sources. In this paper, a design technique 

for improving the antenna power handling capacity based on 

the method described in [7] with additional modification of the 

feeding structure is proposed. To reduce the E-field on the helical 

antenna, the wire diameter is extremely increased, and the 

height of the connecting part is extended. Accordingly, this 

approach causes an impedance mismatch because the connecting 

part between the coax waveguide and the helix radiator cannot 

operate as an impedance transformer. Consequently, the matching 

method with a feed-through insulator is proposed for helical 

antennas with extremely large wire diameters. The proposed 

antenna is verified with respect to its gain and matching charac-

teristics by performing low-power tests. Its power handling 

capacity is also investigated by performing high-power tests. 

II. ANTENNA DESIGN 

1. Power Handling Capacity of Conventional Helical Antenna 

The geometry of the conventional helical antenna is presented 

in Fig. 1(a). The configuration of the helical antenna can be 

divided into four sections. Section A consists of an RG-218 

coaxial cable. Section B consists of a coaxial waveguide filled 

with a dielectric (PET-100, εr = 2.9). Section C consists of a 

horizontal wire conductor over the ground plane, which operates 

as a quarter-wave transformer with a characteristic impedance 

of 75 Ω. Section D consists of the helix defined by the pitch 

angle and diameter.  
 

 
(a)                    (b) 

 
(c) 

Fig. 1. Geometry of the helical antenna: (a) conventional helical 

antenna, (b) connecting part of the conventional helical an-

tenna, and (c) proposed helical antenna with a feed-through 

insulator. 

For HPM applications, the electric field strength should be 

taken into account to avoid electrical breakdown in each section. 

The E-field can be reduced if the wire of the helix is made of a 

thick copper tube [5]. However, as the wire diameter becomes 

thicker, the input impedance of the helical antenna decreases [8]. 

Thus, the wire diameter of a helical antenna designed for HPM 

applications is typically about 0.005–0.05λ [8]. The simulated 

maximum E-field of the conventional helical antenna for vari-

ous wire diameters and distances (h) between the ground and 

the helix is presented in Fig. 2, for an input power of 0.5 W. As 

the wire diameter and the distance between the ground and the 

helix increases, the maximum E-field decreases, as shown in 

Fig. 2. 

The relationship between the maximum E-field and the 

power handling capacity of the antenna is 
 

       𝑃 𝑊 𝐸 /𝐸 @ . /2, (1)
 

where, P is power handing capacity, 𝐸  is critical peak electric 

field strength (3 MV/m for continuous wave), and 𝐸 @ .  

is maximum E-field on antenna when the input power is 0.5 W. 

According to Eq. (1) and to the simulated maximum E-field in 

Fig. 2, the power handling capacity of the conventional helical 

antenna is improved by extending the distance between the  

ground and the helix. 

The input impedance of the conventional helical antenna for 

various wire diameters is presented in Fig. 3. As the wire diame-

ter increases, reducing the maximum E-field, the impedance 

bandwidth is restricted by the cutoff frequency of the coaxial 

waveguide in section B. Also, the horizontal wire conductor in 

section C can no longer operate as a quarter-wave transformer 

due to the enlarged dielectric of section B in order to maintain a 

50-Ω characteristic impedance of the coaxial waveguide. There-

fore, the wire diameter is chosen to be 2a = 20 mm for a wide 

input impedance bandwidth and relatively low E-field intensity. 

The input impedance of the conventional helical antenna for 

different h, when 2a = 20 mm, is presented in Fig. 4. As h in-

creases, the reactance becomes capacitive, although the input 

 
Fig. 2. Maximum E-field of the conventional helical antenna for 

different wire diameters (2a) and distances (h) between the 

ground and the helix.
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resistance is saturated to 50 Ω.  

Therefore, to provide better impedance matching to the 

helical antenna, the capacitive reactance must be compensated 

by modifying the feeding structure. 
 

2. Helical Antenna with a Feed-Through Insulator 

To compensate for the capacitive reactance of the helical 

antenna, a conical-shaped feed-through insulator (HAFI) is 

proposed, as shown in Fig. 1(c). The feed-through insulator is 

extended from the dielectric (PET-100) of the coaxial wave-

guide of section B, with a height of he. The E-field distribution 

and the equivalent circuit of the HAFI are presented in Fig. 5. 

C1 is the shunt capacitance between the vertical wire and the 

ground plane. C2 is the parasitic capacitance between the vertical 

wire and the horizontal wire. L1 and L2 are the inductances cor-

responding to the length of the vertical wire. As the height of 

the insulator (he) increases, the shunt capacitance (C1) and the 

parasitic capacitance (C2) also increase. Similarly, the effective 

length of the vertical wire section increases.  
The input impedance of the HAFI for different insulator 

heights (he) is presented in Fig. 6. The distance between the 

ground and the helix is 120 mm. As he increases, the input re-

sistance decreases until he = 50 mm, because C1 is the dominant 

parameter. Then, the input resistance increases due to the in-

crease in C2, as presented in Fig. 6. The input reactance also 

increases due to the increase in C2 and due to the vertical wire 

electrical length. Therefore, the impedance bandwidth is en-

larged to a lower frequency band, as presented in Fig. 7. The 

insulator height is set at 110 mm. 

 

 
Fig. 6. Input impedance of the HAFI for different insulator heights. 

 

 
Fig. 7. S-parameter of the HAFI for different insulator heights. 

 
(a) 

 
(b) 

Fig. 3. Input impedance of the conventional helical antenna for 

different wire diameters when h = 4 mm: (a) resistance and 

(b) reactance. 

 

 
Fig. 4. Input impedance of the conventional helical antenna for 

different h values when 2a = 20 mm. 

 

 
(a)                         (b) 

Fig. 5. (a) E-field distribution and (b) equivalent circuit of the 

HAFI. 
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The E-field distributions of the conventional helical antenna 

and of the HAFI are presented in Fig. 8. The maximum E-field 

occurs at the horizontal wire conductor, and the corresponding 

values are 2990 V/m and 942 V/m. Hence, in air conditions, 

the power handling capacity for each antenna type is calculated 

from the equation given in [6], that is, (Eb/2990)2
 = 1 MW and 

(Eb/942)2
 = 10 MW, respectively. Thus, the power handling 

capacity is improved by 10 times. 

 

3. Gain Compensation with Ground Modification 

Due to the increased height of the helix from the ground 

plane, a phase difference between the radiated field in the forward 

direction and the field reflected by the ground plane is generated. 

Therefore, the side-lobe level increases, and the gain of the 

HAFI is 1.4 dB lower than that of the conventional helical 

antenna, as shown in Fig. 9. To improve the gain of the HAFI, 

the ground plane is modified into a conical shape, as shown in 

Fig. 10(a). The slope of the conical ground is 45°, and its height 

is hc. The gain of the HAFI with a conical ground for a different 

hc is presented in Fig. 11, which shows that the gain increases 

with the increase in hc. The maximum gain of the proposed an-

tenna is 12.8 dBic for hc = 60 mm, as presented in Fig. 9. The 

gain of the HAFI with a conical ground is enhanced by 3.2 dB 

compared with that of the HAFI. This is due to the reduction 

in the side-lobe level. Meanwhile, the simulated maximum E-

field is 1253 V/m, which is higher than that of the HAFI with 

planar ground. This is because the E-field reflected by the conical 

ground is concentrated on the horizontal wire. The E-field distri-

bution of the HAFI with a conical ground is presented in Fig. 

12. Thus, the power handling capacity for air propagating a 

 
(a)                        (b) 

Fig. 8. E-field distribution: (a) conventional helical antenna and (b) 

HAFI. 

 

 
(a) 

 
(b) 

Fig. 9. Radiation pattern of helical antennas at 1 GHz: (a) ϕ = 0° 

and (b) ϕ = 90°. 

     
(a)                       (b) 

Fig. 10. Geometry of the proposed antenna: (a) HAFI with a conical 

ground and (b) the fabricated proposed antenna. 

 

 
Fig. 11. Gain of the HAFI with a conical ground for different conical 

ground heights. 

 

 
Fig. 12. E-field distribution of the HAFI with a conical ground.
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continuous wave is (Eb/1253)2
 = 5.74 MW. This result shows 

that the power handling capacity is improved by 5.74 times 

compared with that of the conventional helical antenna and is 

higher than that reported in [6], which is 4.96 times that of the 

conventional antenna. Moreover, the antenna in [6] has a narrower 

impedance bandwidth (15.2%) than ours (0.86–1.09 GHz, ap-

proximately 23.5%), because the proposed method is applicable 

only to short helical antennas. In addition, the proposed antenna 

can be adapted for a longer helix, resulting in a high gain. 
When the pulse generator is used as a source of high power, 

the power handling capacity can be determined by Eq. (1) and 

by the critical peak electric field strength. The critical peak elec-

tric field strength can be calculated from the equation in [9]: 
 𝐸 , √2𝐸 ,  

          √2  22.4 𝑝 1  /
 

(2)
 

where p is the ambient pressure (~10  Pa) and 𝜏  is the dura-

tion of the pulse. Given that the input pulse with a 0.7-ns pulse 

length is used to verify the power handling capacity of the pro-

posed antenna, the critical peak electric field strength is 10.53 

MV/m. Therefore, the recalculated power handling capacities of 

the conventional helical antenna and the proposed antenna are 

(Eb/2990)2
 = (10.53 × 106/2990)2

 = 12.4 MW and (Eb/1253)2
 

= (10.53 × 106/1253)2
 = 70 MW, respectively.  

III. RESULT 

To verify the operation of the proposed antenna, experi- 

mental measurements were performed by conducting both low-

power and high-power tests. The geometrical parameters of the 

fabricated proposed antenna are shown in Fig. 10(a). 

 

1. Low-Power Test 

The measurement results for the S-parameter of the proposed 

HAFI with a conical ground are presented in Fig. 13. The 

measured impedance bandwidth falls within the frequency 

range of 0.86–1.09 GHz. The gain and the axial ratio measured 

in an anechoic chamber are presented in Fig. 14. The measured 

gain exceeds 11 dBic within the frequency range of operation. 

The reduction of the measured gain is due to misalignment 

during the measurement. The measured axial ratio is less than 

2 dB within the operating frequency range. Meanwhile, the 

proposed antenna radiates in near-circular polarization. Thus, 

the proposed antenna radiates in near-circular polarization. 

 

2. High-Power Test 

The power handling capacity of the proposed antenna is 

verified by a high-power test, the setup for which is presented in 

Fig. 15. An FPG-P pulse generator (FID GmbH, Burbach, 

Germany) is used to excite the proposed antenna. The wave-

form of the output pulse generated by the pulse generator is 

presented in Fig. 16. This pulse is used as the input pulse of the 

proposed antenna. The pulse radiated by the proposed helical 

antenna is measured by vertically and horizontally oriented D-

dot sensors in the far-field region. The results, along with the 

simulation results, are shown in Fig. 16. 

 
(a)                       (b) 

Fig. 14. Simulated and measured (a) gain and (b) axial ratio. 

 

 
Fig. 15. High-power test setup. 

 

 
Fig. 16. Waveform of the input and output pulse.

 
Fig. 13. Simulated and measured S-parameter of the proposed antenna.



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 22, NO. 5, SEP. 2022 

542 
   

  

The peak voltage of the input pulse is 50 kV, and the pulse 

length is 0.7 ns. Thus, the peak power of the input pulse is 

(Vp
2/Rin) = ((5 × 104)2/50) = 50 MW. This input power is suf-

ficient to verify the improvement in power handling capacity, 

given that this value is larger than the power handling capacity of 

the conventional helical antenna. The simulation and measured 

radiated pulses for a 0.7-ns pulse width are well matched, as 

shown in Fig. 16. Thus, the proposed helical antenna is capable 

of radiating a high-power short pulse without breaking down 

and without pulse shortening. 

IV. CONCLUSION 

A conical ground helical antenna with a feed-through insulator 

suitable for HPM application is proposed in this paper. The 

power handling capacity of the proposed antenna is improved 

by 5.7 times that of the conventional helical antenna. This is 

achieved by modifying the feeding section. Moreover, the gain 

of the proposed antenna is improved by modifying the ground 

plane structure. Additionally, the low- and high-power tests 

verified that the proposed antenna exhibits a higher power 

handling capacity and a higher gain than the conventional helical 

antenna. Therefore, it is suitable for HPM applications. 
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I. INTRODUCTION 

Since 2016, several SAR studies have proposed numerical 

models for mobile phones, including bar-type, folder-type, and 

smartphone-type mobile phones, in South Korea [1, 2]. Currently, 

tablets are widely used in wireless local area network (WLAN) 

services. The use of tablets, especially among infants, is common 

in many places, such as restaurants and vehicles, thus increasing 

the need for epidemiological research on tablets used in WLAN 

services. Therefore, proper evaluation and study of electromagnetic 

(EM) exposure should be conducted to scientifically judge the 

health effects of tablet use on humans, especially children. 

In this study, for the first time, a numerical tablet model is 

developed for implementing numerical SAR studies. For this 

purpose, we analyze the specific absorption rate (SAR) test 

reports of tablet models distributed in South Korea from 2013 

to 2017 to determine the tablet size, operating frequencies, 

antenna location, and target 1-g peak spatial-average SAR 

(psSAR) values on the flat phantom. We develop the numerical 

tablet model such that it satisfies the following conditions: the 

difference of the 1-g psSAR values (against the target 1-g 

psSAR values) is within ±10%, the |S11| is less than –10 dB, 

and the radiation efficiency is larger than 90%. The designed 

antenna operates in dual bands of 2,450 MHz and 5,500 MHz. 

All simulations are performed using Sim4life [3] based on the 

accurate and robust finite-difference time-domain (FDTD) 

method [4–7]. 

II. NUMERICAL TABLET MODELING 

In this study, we develop a simple numerical tablet model that 

does not include the complicated structures and materials of 
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commercial tablets. Since the designed numerical tablet model 

will be employed for future SAR research based on the FDTD 

method, our simplified tablet modeling can significantly reduce 

the computational burdens of SAR simulations. As mentioned 

previously, we decide the design parameters, such as the tablet 

size, operating frequencies, antenna location, and target 1-g 

psSAR values on the flat phantom, based on the SAR test 

reports of commercial tablets released in South Korea in 2013–

2017.  
The detailed configuration of the numerical tablet model is 

presented in Fig. 1. The tablet size is set to 255 mm × 170 mm 

× 8 mm. The thicknesses of the tablet components are listed in 

Table 1, while their electrical properties, excerpted from [1], are 

listed in Table 2. Furthermore, Table 3 notes the two WLAN 

bands considered in this study and their respective SAR target 

frequencies. A survey of the SAR test reports reveals that most 

WLAN antennas are located at the top right side of tablets. 

Therefore, in the numerical tablet model, the WLAN antenna 

is designed to be located at the top right corner. 
According to the IEEE standard [8], it is necessary to con-

sider all six planes of a hexahedron tablet device when performing 

SAR measurements using the flat phantom, as shown in Fig. 2. 

However, if the distance between the SAR measurement plane 

and the antenna is more than or equal to 2.5 cm, the correspond-

ing SAR test can be excluded. Therefore, due to the distance 

between the measurement planes and the antenna location (top 

 
(a) 

 
(b) 

(c) 

Fig. 1. Schematic diagram of the numerical tablet model: (a) front 

view, (b) back view, and (c) side view. 

 

Table 1. Thickness of tablet components 

Component Thickness (mm)

Casing 1

LCD glass 1

LCD dielectrics 2

FR-4 substrate 1

LCD ground + Metal chassis + Main board 1

Battery 3

Table 2. Electrical properties of tablet components

Component 
Relative 

permittivity

Conductivity 

(S/m)

Casing 3.5 0.02

LCD glass 4.5 0.01

LCD dielectrics 3.0 0.01

FR-4 substrate 4.4 0

Antenna PEC

LCD ground + Metal chassis +  

Main board

PEC 

Battery PEC

 
Table 3. WLAN frequency band 

Band 
Bandwidth  

(MHz) 

SAR target frequency 

(MHz)

2.4 GHz 2,412–2,472 2,450

5 GHz 5,180–5,825 5,500

 
Fig. 2. SAR measurement planes. 
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right side), only four planes (top, front, back, right) are considered. 

In this study, the target 1-g psSAR values are determined by 

averaging all the measured 1-g psSAR values in the SAR test 

reports. Besides tablets with top right positioned antennas, we 

also consider tablets with antennas not located at the top right 

corner in this study in order to target the 1-g psSAR values. 

Toward this purpose, we assume that the antenna is located at 

the top right side, as shown in Fig. 3. For a tablet with the an-

tenna located at the bottom left, as shown in Fig. 3(a), the 1-g 

psSAR value of the left (right) plane is considered to be that of 

the right (left), while the 1-g psSAR value of the top (bottom) 

plane is considered to be that of the bottom (top). Similarly, for 

Fig. 3(b) and 3(c), it is assumed that the antenna is located at 

the top right corner. Through this strategy, we can successfully 

average all the measured 1-g psSAR values of the SAR test 

reports. The target 1-g psSAR values at 2,450 MHz and 5,500 

MHz are listed in Table 4. It should be noted that SAR evalua-

tions for the bottom and left planes are excluded because the 

distance between the antenna and the SAR measurement planes 

is longer than 2.5 cm. 

It is also of utmost importance to develop a numerical tablet 

model that yields good antenna performance while simultaneously 

satisfying the target 1-g psSAR values with small differences. 

Fig. 4 presents the design guidelines for the model, as also listed 

below: 

(1) The magnitude of S11 should be less than –10 dB, irrespec-

tive of the existence of a flat phantom. 

(2) The radiation efficiency should be higher than 90% in free 

space.  

(3) The difference between the 1-g psSAR value and the target 

value should be within ±10%. 

 

Before proceeding with the antenna design, the issue of the 

flat phantom, referred to in the IEEE standard [8], should be 

addressed. The flat phantom is composed of a liquid and a shell. 

The liquid takes the shape of a rectangular parallelepiped with a 

width of 355 mm, length of 270 mm, and thickness of 180 mm. 

Notably, the bottom of the liquid is covered by a 2-mm thick 

shell, whose relative permittivity is 3.7. The electrical properties 

of the liquid are listed in Table 5. The tablet is positioned 10 mm 

away from the liquid in the flat phantom in all FDTD SAR 

evaluations. 

 
Fig. 4. Design flowchart for the numerical tablet model. 

(a) 

(b) 

(c) 

Fig. 3. Equivalent tablet model with antenna position at the top 

right corner: (a) original antenna position (bottom left), (b) 

original antenna position (top left), and (c) original antenna 

position (bottom right). 

 
Table 4. Target 1-g psSAR values  

Frequency 

(MHz) 

Target 1-g psSAR values (W/kg) 

Front Back Top Bottom Right Left

2,450 0.091 0.112 0.026 N/A 0.066 N/A

5,500 0.143 0.123 0.032 N/A 0.151 N/A
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Table 5. Electrical properties of the liquid 

Frequency (MHz) Relative permittivity Conductivity (S/m)

2,450 39.2 1.8

5,500 35.65 4.965

 
The inverted-F antenna [9, 10] is employed in the numerical 

tablet model. In this study, the antenna is designed to operate in 

dual bands (2.4 GHz and 5 GHz bands). After extensive FDTD 

simulations, we designed a dual-band antenna that satisfies the 

above-mentioned design criteria. The antenna configuration is 

presented in Fig. 5, and the antenna parameters are listed in 

Table 6. 

III. NUMERICAL RESULTS 

This section provides the FDTD simulation results of the de-

signed numerical tablet model. The reflection coefficient and 

radiation efficiency are depicted in Figs. 6 and 7. Fig. 6 shows 

that |S11| is less than -10 dB for the numerical tablet model, 

irrespective of the presence of a flat phantom in both WLAN 

bands. Fig. 7 illustrates that the radiation efficiency of the 

numerical tablet model in free space is higher than 90%. It is 

also observed that the loss of the flat phantom reduces radiation 

efficiency. The simulated 1-g psSAR values and their target 

values for the target frequency of 2,450 MHz are listed in Table 

7, while Table 8 notes the same for the 5,500 MHz frequency 

band. The maximum difference between the target values and 

result values is -9.93%. Overall, it is observed that the numerical 

tablet model developed in this study satisfies all design criteria. 

 
Fig. 6. Reflection coefficient.  

 

 
Fig. 7. Radiation efficiency.

 
Fig. 5. Antenna configuration. 

 

Table 6. Antenna parameters 

Parameter Value (mm) 

A 1 

H 7 

Y 3 

W1 5 

W2 7 

W3 10 

W4 8 

L1 3 

L2 8 

L3 3 

Table 7. Target and simulated 1-g psSAR values at the 2,450 

MHz target frequency 

 
1-g psSAR

Front Back Top Right

Target value (W/kg) 0.091 0.112 0.026 0.066

Result value (W/kg) 0.0957 0.11 0.0239 0.0713

Difference (%) 5.16 − 1.79 − 8.08 8.03

 
Table 8. Target and simulated 1-g psSAR values at the 5,500 

MHz target frequency 

 
1-g psSAR

Front Back Top Right

Target value (W/kg) 0.143 0.123 0.032 0.151

Result value (W/kg) 0.157 0.131 0.0318 0.136

Difference (%) 9.79 6.5 − 0.62 − 9.93
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IV. CONCLUDING REMARKS 

The widespread use of tablets necessitates the development of 

a numerical tablet model for SAR study. In this work, we present 

a numerical tablet model composed of a tablet platform and a 

dual-band antenna in the WLAN band. The design parameters 

of the numerical tablet model, including its size, operating fre-

quencies, and antenna location, are determined by investigating 

the SAR test reports of tablets released in South Korea in 2013–

2017. Drawing on this data, we developed a numerical tablet 

model that satisfies crucial design guidelines, such as antenna 

performance and 1-g psSAR values on a flat phantom. Numerical 

simulations conducted in this study demonstrate that (1) the 

return loss of the numerical tablet model is larger than 10 dB, 

regardless of the existence of flat phantom, (2) the radiation 

efficiency of the numerical tablet model in free space is higher 

than 90%, and (3) the maximum difference between the simu-

lated 1-g psSAR values and the target values is -9.93%. Our 

well-designed numerical tablet model can be applied for on-going 

epidemiological studies on the use of tablets. 
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I. INTRODUCTION 

A power amplifier (PA) is an important component that 

satisfies the requirements of high linearity and high-power 

efficiency in a radio frequency (RF) communication system. 

The PA generally operates near the saturation region to achieve 

maximum power efficiency. However, the power efficiency of a 

PA undergoes degradation due to distortions in output signals. 

Furthermore, its efficiency degrades if the PA operates at power 

levels below the saturation region. As efficiency decreases, most 

of the power diverges to produce heat, which deteriorates the 

characteristics of the amplifier and causes various issues, in-

cluding heat generation and heat dissipation problems [1–2]. 

The Doherty power amplifier (DPA) possesses the advantages 

of easy implementation and high-power efficiency, although it is 

widely known to suffer from the disadvantage of a narrow 

bandwidth.  

Therefore, many studies [3–9] have attempted to improve the 

narrow bandwidth of the DPA. For this purpose, previous studies 

have used a two-stepped transmission line impedance trans-

former [3], a branch line structure with a splitter and a combiner 

[4–5], and the addition of resonance circuits [6–8] or an addi-

tional line [9]. However, these previous designs occupy large 

combiner areas on their substrates due to the λ/4 or λ/2 elec-

trical lengths of their microstrip lines.  

In this paper, a Doherty combiner is implemented to improve 

the phase bandwidth and reduce the size of the proposed com-

biner using low temperature co-fired ceramic (LTCC) as the  
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In this paper, we propose a small-sized Doherty combiner with phase variation compensation using low temperature co-fired ceramic 

(LTCC) substrate. The proposed design theory for the Doherty combiner is derived using the phase calculation of the S-parameter based 
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substrate. In addition, the desired target specification is satisfied 

as a result of the continuous wave (CW) 50 W high power test, 

suggesting the possibility of not only miniaturization but also 

high-power RF systems. 

II. DESIGN THEORY 

The basic structure of the Doherty power amplifier is com-

posed of a carrier amplifier, a peaking amplifier, and a combiner 

region, as depicted in Fig. 1(a). The carrier amplifier stage is 

combined at 𝑃 , the peaking amplifier stage at 𝑃 , and the 

output power at 𝑃 . The proposed combiner adds a 2θ trans-

mission line between 𝑃  and 𝑃 , as shown in Fig. 1(b), while 

the added characteristic impedance is 𝑍 . The added transmis-

sion line establishes the desired phase deviation of the target 

band edge frequency. Phases ∡𝑆  and ∡𝑆  of the proposed 

structure can be obtained by Eqs. (1) and (2) through the 

ABCD|31 and ABCD|32 of [9] and by applying the electrical 

length θ of the phase shift line from point 𝑃  to 𝑃  and the ∡𝑆 ′′. 
 ∡𝑆 = θ + ∡𝑆
= θ − ∡ tan 1√2 + √2 sin 𝜃 + 𝐴δ cos 𝜃 + 𝐵2 δ sin 𝜃2 cos 𝜃 + 𝐶δ cos 𝜃 + 𝐷2 δ sin 𝜃  

(1) 
 

where, A = 𝑍 𝑍 tan 2𝜃 50 − 𝑍 , B = 50√2𝑍 𝑍 1 + tan 2𝜃 , C = 50𝑍 𝑍 1 + tan 2𝜃 , D = √2𝑍 𝑍 tan 2𝜃 50 − 𝑍 , δ = 50 𝑍 + 𝑍 tan 2𝜃 . 
 

∡𝑆 = −∡ tan ⎩⎪⎨
⎪⎧ sin 2𝜃 cos 𝜃 2𝑍𝑍 + 𝑍𝑍 + 2√2 cos 2𝜃 sin 𝜃3 cos 2𝜃 cos 𝜃 − sin 2𝜃 sin 𝜃 3√2𝑍2𝑍 + √2𝑍2𝑍 ⎭⎪⎬

⎪⎫  

(2) 
 

Assuming that the phase differences of ∡𝑆  and ∡𝑆  at 

center frequency 𝑓  is ∅, the phase difference ∅  between the 

two inputs of the proposed structure at 𝑓  is ∅ = 𝜃 +∡𝑆 | − ∡𝑆 | . Meanwhile, the phase difference ∅  be-

tween the two inputs at the selected frequency 𝑓  is obtained as ∅ = 𝜃 + ∡𝑆 | − ∡𝑆 | . Thus, when 𝜃 = , a phase 

difference of 90° can be obtained at the center frequency 

through Eq. (3) [9]. 
 ∅ − ∅ − 𝜋2 1 − 𝜔𝜔 = −∡𝑆 | + ∡𝑆 |  (3)

 

The proposed circuit has a center frequency of 3.5 GHz, 

while the phase deviation is set to 2° at an edge frequency of 

3.6 GHz. Finally, the 𝑍  of the additional transmission line is  

obtained by solving ∡𝑆 , ∡𝑆 , 𝜃 = , and Eq. (3). The 

obtained value of the transmission line 𝑍  is 38.81 ohm. 

III. 3D STRUCTURE AND FABRICATION RESULTS 

The proposed circuit is implemented using an LTCC sub-

strate with a dielectric constant of 6 for a small-sized Doherty 

combiner, as shown in Fig. 2. The ground L2 is added in order 

to integrate three transmission lines into one chip. The thick-

ness of the chip from L1 to L3, as depicted in Fig. 2(a) and 2(b), 

is controlled through the characteristic impedance equations of 

the strip line. One of the three lines is for the 180° electrical 

length of the additional section, while the other two lines are for 

the 90° phase and the matching section. 

Since the characteristic impedance 𝑍  of the additional sec-

tion has 38.81 Ω with a 180° electrical length, the additional line 

is located at the L3 layer, which is 0.15 mm away from the 

bottom ground (GND). 

To apply a 180° line within a 6.35 mm × 5.08 mm size, as 

shown in Fig. 2(c)–2(e), the height of the layer from the GND 

is reduced to realize a wider line width for 𝑍 . The two lines for 

the 90° phase shift and the matching section are implemented in 

one layer. The L1 and L3 layers are connected at the 𝑃  node. 

The realized LTCC structure is then mounted on the PCB sub-

strate—a Rogers 5880 with a dielectric constant of 2.2. Fig. 3(a)–  

(a)                (b) 

Fig. 1. Block diagram of the Doherty power amplifier with (a) a 

conventional combiner, and (b) the proposed output combiner.

 
(a) (b) 

 

(c) (d) (e)

Fig. 2. (a) LTCC diagrams with several layers, (b) side diagrams of 

the LTCC, (c) top dimension, (d) side dimension, and (e) 

3D structure with PCB substrate. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 3. Comparison results of the conventional, proposed 3D struc-

ture, and measured results: (a) magnitude, (b) output phase 

difference, (c) insertion loss, (d) return loss, and (e) phase 

balance. 

3(e) show the magnitude characteristics, phase differences, in-

sertion loss, return loss, and phase balance of the fabrication 

results. The Doherty combiner is implemented using a Rogers 

5880 microstrip line. The magnitude results are S31 = -3.16 dB, 

S32 = -3.35 dB, and S33 = -28.06 dB, while the phase difference 

is 90.72° at the normalized center frequency. Meanwhile, the 

Doherty combiner with the LTCC substrate exhibits magnitude 

performances of S31 = -3.26 dB, S32 = -3.54 dB, and S33 = 

-21.42 dB, with a 90.39° phase difference between S32 and S31 

at normalized center frequency. The analysis confirmed that it 

has uniform phase differences within the targeted bandwidth 

close to 90° at the center frequency and close to 89.71° at the 

normalized selected frequency (f1 = 1.06). The proposed structure 

has a 34.3% normalized fractional bandwidth (FBW) ranging 

from 0.837 to 1.18 for 90° ± 2°. The magnitude and phase 

characteristics of the LTCC Doherty combiner also show similar 

results as the proposed circuit using the microstrip line. Therefore, 

the measurement results confirm the validity of the proposed 

theory. 

IV. HIGH POWER TEST OF DUT 

Fig. 4(a) shows the PCB jig with the LTCC substrate im-

plemented as the Device Under Test (DUT). The high-power 

test (HPT) is used for checking RF performances when high 

power is conducted by the test jigs. Fig. 4(b) depicts the setup 

for the HPT. The equipment required for the HPT process 

consists of a signal generator, a power amplifier, a power meter, 

an isolator, a coupler, a termination component, and two test 

jigs. The signal generator produces a signal, which the power 

amplifier amplifies, while the power meter checks whether 50 W 

power is appropriately supplied. The HPT procedures are as 

follows: 

1. The experimental setup for the high-power test is organized, 

as shown in Fig. 4(b). 

2. Two DUTs are linked with each other in a back-to-back 

connection—the P3 of the first DUT signifies the input 

port, while the P3 of the second DUT signifies the output 

port. 

3. A 50-W CW at 3.6 GHz is applied to the P3 of the first 

DUT for 5 minutes. 

4. The other DUTs are also tested in the same manner.  

(a)                          (b) 

Fig. 4. (a) PCB jig with DUT, (b) setup diagram for the high-

power test.
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The HPT results highlight that the amplitude and phase 

balance have variations within 0.2 dB and ±1°, respectively, 
as shown in Fig. 5. Therefore, the proposed Doherty combiner 

using LTCC operates well, with fewer variations in phase balance, 

even under 50 W CW conditions. 

V. CONCLUSION 

In this paper, a small-sized Doherty combiner using LTCC 

substrate is proposed. The structure sets the selected frequency 

of f1 and the targeted degree of phase balance. Thus, the charac-

teristic impedance with a 180° line can be obtained in the addi-

tional section of the combiner from the proposed design theory. 

Furthermore, to minimize the circuit size, the proposed circuit 

was implemented using three layers in the LTCC substrate. For 

the wideband application of the Doherty power amplifier, the 

proposed circuit was operated under CW 50 W at 3.6 GHz. 

The amplitude and phase balance were found to be less than 

0.06 dB and ±1°, respectively. Therefore, the proposed circuit 

is applicable for use in miniaturized high power Doherty Power 

amplifiers and small-sized high-power combiners in future 

communication systems. 
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Fig. 5. Pre- and post-high-power test: (a) amplitude balance and (b) 

phase balance. 
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I. INTRODUCTION 

Recently, the application and use of electromagnetic (EM) 

materials, devices, and systems have become more prevalent in 

the natural and applied science fields, which need electrical 

parameters of EM materials, such as permittivity [1], permeability 

[2], and reflectivity [3], for analyzing and designing EM devices 

and systems. 

The transmission/reflection (T/R) material measurement 

method [4–6], which is based on the properties of the transmis-

sion line—such as a closed guided-wave structure (e.g., coaxial 

line and waveguide) and an open guided-wave structure (e.g., 

free space)—is widely used for material parameter measure-

ments. The closed guided-wave T/R material measurement 

method measures the scattering parameters of an MUT (material 

under test) located inside a closed guided-wave structure. This 

material measurement method is usually used in a low-frequency 

range, where precise machining for inserting the MUT into the 

guided-wave structure is available. On the other hand, the open 

guided-wave T/R material measurement method measures the 

scattering parameters of an MUT placed between two antennas 

in free space, as shown in Fig. 1. This material measurement 

method is suitable for non-destructive testing of an MUT 

without prior machining and physical contact at varying tem-

peratures in a high-frequency range using the antennas with a 

manageable size. Meanwhile, the coaxial line T/R material 

measurement method [4, 7] can provide a broadband material 

parameter since the coaxial line supports the propagation of a 

TEM mode. In contrast, waveguide [5, 6] and free-space [8–11] 

T/R material measurement methods can only provide a fre-

quency-banded material parameter due to limits on the operating 

frequency of the waveguide and antenna. 
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Fig. 1. Two-port eight-term error model of a free-space T/R material 

measurement. 

 

Usually, EM material measurements exhibit a discrepancy 

between the measured material parameter of an MUT and its 

real material parameter due to measurement errors in the measured 

parameter. From a metrological point of view, the measurement 

error consists of a systematic error, a random error, and a drift 

error. Systematic error, which is attributed to imperfections in a 

measurement system, is the most dominant among measurement 

error components. Systematic errors can be assumed to be time-

invariant, modeled, and mathematically characterized during the 

calibration of a measurement system [12, 13]. 

In general, a free-space T/R material measurement consists of 

the following steps [8–11]: 

Step 1. Calibrating a material measurement system including a 

scattering parameter measuring instrument, such as a 

vector network analyzer (VNA), to determine the refer-

ence planes (#1 and #2) of the measurement system for 

both sides (#1 and #2) of an MUT between two antennas, 

as shown in Fig. 1; 

Step 2. Measuring the scattering parameters of the MUT using 

the calibrated material measurement system; and 

Step 3. Extracting the material parameters of the MUT from 

the measured scattering parameters using EM theory. 

Accurate and precise measurement of an MUT’s scattering 

parameters is essential to improving the measurement uncertainty 

of parameters extracted from a T/R material measurement. 

Notably, measurement uncertainty depends on the characteristics 

of the impedance standards and the method used to calibrate a 

material measurement system. 

Free-space calibration methods, such as the TRL (thru-reflect-

line), TRM (thru-reflect-match), and GRL (gated-reflect-line) 

methods, are widely used for T/R material measurement. The 

TRL method [8, 9] requires a precise positioning system to 

adjust the separation distance between an antenna and an MUT 

in free space. This method is susceptible to measurement errors 

due to the movement of the RF cable that is used to connect the 

antenna to the scattering parameters measuring instrument. 

Meanwhile, the TRM method [14], as a variant of the TRL 

method, may be used in a low-frequency range where a well-

matched broadband EM absorber is available. The GRL method 

[15] requires a time-gating measurement and a planar metal 

plate that is as thick as an MUT during calibration, as well as a 

de-embedding process to compensate for the effect of the 

difference in thickness of the planar metal plate and the MUT 

during measurement. Effectively, the TRM and GRL methods 

can be applied to cases where both the MUT and antenna are 

fixed and avoid the movement of RF cable. 

On the other hand, the unknown thru calibration method 

[16, 17], also called the SOLR (short-open-load-reciprocal 

thru) calibration method, is used for measuring the scattering 

parameters of non-insertable two-port DUTs (devices under 

test) whose connectors cannot mate together, such as a coaxial to 

waveguide adapter. The unknown thru calibration method is 

composed of (i) one-port calibration at each reference plane of a 

measurement system, where it needs at least three reflect standards 

(e.g., short, open, and load for a coaxial case; short, offset short, 

and load for a waveguide case), and (ii) an additional unknown 

thru measurement of a reciprocal two-port device. 

Three independent reflect standards are essential to perform 

an unknown thru calibration. If a free-space material measurement 

system can change the separation distance between an antenna 

and a reflect standard using a precise positioning system [18], it 

would be easy to realize the reflect standards of the different 

properties by varying the separation distance. If not, it would be 

difficult to apply the unknown thru calibration method to a 

free-space material measurement because discovering independent 

reflect standards is rather difficult. 

Recently, a free-space unknown thru calibration method [19] 

that uses planar offset shorts as the free-space reflect standard 

[20, 21] was applied to demonstrate its feasibility in calibrating a 

free-space material measurement system without a precise posi-

tioning system. This paper extends this test of feasibility by 

adding a detailed description of the calibration procedure and 

measurement system and analyzing the measurement results. To 

the best of our knowledge, this study is the first to deal with the 

realization of the unknown thru calibration method for free-

space material measurement. 

Section II of this paper briefly describes the use of a planar 

offset short as a free-space calculable reflect standard and its 

significance. Section III describes the free-space unknown thru 

measurement method using planar offset short and its advantages. 

In Section IV, the free-space unknown thru method is validated 

by comparing the measurement results with those of the TRL 

method for two MUTs (glass plates of 2.780 mm and 4.775 

mm thickness) using a quasi-optic-based free-space material 

measurement system in W-band (75–110 GHz). Finally, Section 

V summarizes this paper. 
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II. FREE-SPACE CALCULABLE REFLECT STANDARD 

Assume that a Gaussian beam, as a localized plane wave, is 

incident upon the central area of a square metal plate whose size 

(𝐷) is kept at least three times larger than the waist (𝑑) of the 

Gaussian beam in order to avoid the edge diffraction effect by 

the metal plate in quasi-optic-based free-space measurements 

[22], as shown in Fig. 2 (left). If the central area recedes by an 

offset (𝑙) (i.e., if the offset short plane is located at a distance 

from the reference plane, as shown in Fig. 2 (right)), the reflection 

coefficient of the planar offset short at the reference plane may 

be expressed by [23]: 
 

         Γ 𝑙 𝑒 , (1)
 

where 𝑗 and 𝑘 denote the imaginary unit and wavenumber, 

respectively. Eq. (1) suggests that the planar metal offset short is 

suitable for utilizing as a free-space calculable reflect standard 

with the following reflection properties: (i) the magnitude of the 

reflection coefficient is unity, regardless of the offset and signal 

frequency, and (ii) its phase is linearly proportional to the offset 

and frequency. 

This paper uses a planar offset short of 125 mm × 125 mm 

mm2 and 8 mm thickness, as shown in Fig. 2 (right), where the 

size (𝐷 = 125 mm) of its central area is five times larger than 

the waist (𝑑 = 25 mm) of the Gaussian beam incident upon the 

central area in a W-band free-space material measurement 

system [20, 21]. 

III. FREE-SPACE UNKNOWN THRU MEASUREMENT 

A free-space unknown thru measurement method uses the 

same calibration theory as a closed guided-wave unknown thru 

measurement method [16, 17]. However, there are some differ-

ences between the two measurement methods in terms of their 

actual measurements. 

 

1. Two-Port Eight-Term Error Modeling and Its Cascade Matrix 

Representation 

A free-space T/R material measurement system may be 

represented as a two-port eight-term error model, as shown in 

Fig. 1. It is composed of the following parts:  

- An MUT is placed at the middle of two antennas (#1 and 

#2) in free space, where both sides (#1 and #2) of the MUT 

are assigned to the reference planes (#1 and #2) of the materi-

al measurement system; 

- An ideal scattering parameter measuring instrument for 

measuring the scattering parameters of the MUT, where 

the test ports (#1 and #2) of the measuring instrument are 

connected to the two antennas (#1 and #2); and 

- Two error adapters (𝐸  and 𝐸 ) describing the non-ideal 

parts between the reference plane (#1 and #2) and the test 

port (#1 and #2), modeled as four systematic errors at each 

side (#1 and #2) of the MUT, where (𝐸 ,𝐸 ,𝐸 ) and 

(𝐸 ,𝐸 ,𝐸 ) denote the one-port systematic error corre-

sponding to directivity, port match, and reflection tracking, 

respectively, on each error adapter, while 𝛼 and 𝛽 are the 

systematic errors related to transmission tracking on each 

error adapter. Effectively, eight systematic errors can be de-

termined during the calibration of the material measure-

ment system.  

The eight-term error model may be expressed in the cascade 

matrix by: 
 

       𝑇 = 𝐴 𝑇 𝐵 , (2)
 

where 𝑇  and  𝑇  denote the cascade matrices of the 

measured scattering matrix 𝑆  and the real scattering matrix S  of an MUT, respectively, while A  and B  represent the 

cascade matrices of the scattering matrix of error adapters 𝐸  

and 𝐸 , respectively. 𝑇 , 𝐴 , and  𝐵  in Eq. (2) can, 

therefore, be expressed as: 
 

       𝑇 = , ∆ , 𝑆 ,𝑆 , 1 , (3)

       𝐴 = ∆ 𝐸𝐸 1 , (4)

       𝐵 = ∆ 𝐸𝐸 1 , (5)
 

where 𝑆 ,  denotes the element of 𝑆 , ∆ , = det 𝑆 , ∆ = det 𝐸 , and ∆ = det 𝐸 . Substituting Eqs. (4) and 

(5) in Eq. (2) leads to 𝑇  being expressed in only seven 

unknowns—(𝐸 ,𝐸 ,𝐸 ), (𝐸 ,𝐸 ,𝐸 ), and 𝛽 𝛼⁄ —which 

can be denoted as: 
 

     𝑇 = ∆ 𝐸𝐸 1 𝑇 ∆ 𝐸𝐸 1 . 
(6)

 

From Eq. (6), 𝑇  may be expressed as: 
 

     𝑇 = 1 𝐸𝐸 ∆ 𝑇 1 𝐸𝐸 ∆ . 
(7)

 

Fig. 2. Planar offset short illuminated by a Gaussian beam: schematic 

(left) and front and side views (right) of a fabricated planar 

offset short. Adapted from [21].
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The two one-port systematic errors—(𝐸 ,𝐸 ,𝐸 ) and 

(𝐸 ,𝐸 ,𝐸 )—can be determined by performing the one-port 

calibration at each reference plane (#1 and #2) of the material 

measurement system. From Eq. (6), the remaining unknown 𝛼/𝛽 may be expressed as: 
 

          = ± ,, , 
(8)

 

by using the property that the determinant of the cascade matrix 

of a reciprocal two-port device is equal to unity. The sign ambiguity 

in Eq. (8) can be solved by comparing the calculated and measured 

transmission coefficients of the reciprocal two-port device. 

According to the unknown thru calibration theory [16, 17], 

an unknown thru standard (i.e., a reciprocal two-port device) 

used for determining α/β does not need to be known or perfect. 

However, the unknown thru standard must be reciprocal, must 

be aware of the phase within a quarter wavelength, and is addi-

tionally recommended to have a transmission loss less than 40 

dB for accurate determination of α/β during calibration. If a 

DUT meets these requirements, it can be considered the un-

known thru standard. 
 

2. Procedure of Free-Space Unknown Thru Calibration and 

Measurement 

The steps to conduct a free-space unknown thru calibration 

and measurement are as follows: 

Step 1. Determining the one-port systematic error (𝐸 ,𝐸 ,𝐸 ) 

at reference plane #1 by performing the one-port calibra-

tion with three free-space reflect standards;  

Step 2. Repeating Step 1 to determine the other one-port sys-

tematic error (𝐸 ,𝐸 ,𝐸 ) at reference plane #2, 

which is situated away from reference plane #1 due to 

the thickness of an MUT; and 

Step 3. Determining the remaining unknown 𝛼/𝛽 by perform-

ing an unknown thru measurement. If the MUT, which 

is placed between the two reference planes (#1 and #2), 

meets the requirements of the unknown thru standard, it 

is used as the unknown thru standard in the calibration. 

Otherwise, an air gap with the same thickness as the 

MUT is used as the unknown thru standard. 

Step 4. If an MUT meets the requirements of the unknown thru 

standard, its scattering parameters are measured using the 

calibrated free-space material measurement system without 

changing the calibration setup. Otherwise, the scattering 

parameters of the MUT are measured by replacing the 

air gap with the MUT. 

IV. FREE-SPACE UNKNOWN THRU MEASUREMENT  

RESULTS 

The scattering parameters of two reciprocal MUTs (glass 

plates of 2.780 mm and 4.775 mm thickness) are measured by 

using a quasi-optic-based free-space material measurement 

system [18], as shown in Fig. 3, which is calibrated by the 

free-space unknown thru and TRL methods for 500 Hz IF 

bandwidth and 801 frequency sweep points in W-band. 

The quasi-optic-based free-space material measurement sys-

tem is composed of the following parts: 

- A millimeter-wave scattering parameters measuring instru-

ment consisting of a VNA and two frequency extenders; 

and 

- A quasi-optic-based free-space instrument composed of two 

linearly movable benches with an MUT holder between 

them, where each bench has a Gaussian beam forming 

corrugated horn antenna and an ellipsoidal refocusing mirror 

and is capable of independently changing the separation 

distance between the bench and the MUT holder for 

supporting TRL calibration. 

The free-space unknown thru and TRL calibrations are per-

formed as follows:  

- Free-space unknown thru calibration is carried out by 

measuring: (i) the one-port calibration at the reference 

planes corresponding to both sides of the MUT using three 

planar offset "Shorts" (𝑙 = 0 mm, 0.550 mm (λ/6), 1.100 mm 

(2λ/6)), generating a phase difference of 120° between the 

reflection coefficients of the planar shorts at the center fre-

quency of the W-band [21], and (ii) the "unknown Thru" 

after inserting an MUT between the two reference planes. 

Since the two reference planes (#1 and #2) of the measure-

ment system are fixed during the calibration, movement of 

the RF cable can be avoided. Meanwhile, the reflection co-

efficients of the three reflect standards used in the one-port 

calibration should not be equal to each other, and should be 

distributed as far as possible from each other on the complex 

reflection plane in the operating frequency range. The theo-

retical magnitude of the reflection coefficient of the three 

planar offset shorts (0 mm, 0.550 mm, and 1.100 mm) is 

unity, regardless of the offset and signal frequency. The 

theoretical phase of the planar flush (0 mm offset) is –180°, 
irrespective of the signal frequency, while that of the two 

Fig. 3. Quasi-optic-based free-space material measurement system

in W-band.
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planar offset shorts is changed from 80.96° to 34.75° for the 

0.550 mm offset, and from –18.07° to –110.51° for the 

1.100 mm offset in the W-band [21]. Therefore, the three 

planar offset shorts can be used as independent reflect 

standards in the one-port calibration; and 

- TRL calibration is carried out by measuring: (i) the zero-

length "Thru" by directly connecting the reference planes 

(#1 and #2), (ii) the "Reflect" using a metal plate (4.671 mm 

thickness) inserted between the two reference planes, which 

are consequently separated by the plate thickness, and (iii) 

the "Line" of a quarter-wavelength delay (0.82 mm length) 

in the air, which separates the reference planes. Since reference 

plane #1 of the measurement system is fixed during the cali-

bration, movement of the RF cable is inevitable. 

The scattering parameters of a glass plate of 2.780 mm thick-

ness are measured five times to compare the repeatability of the 

measured results obtained from the free-space unknown thru 

(solid symbol) and TRL (open symbol) calibration methods, as 

shown in Fig. 4. The average and standard deviation of the 

measured magnitude and phase data exhibit some peaks in the 

measured data due to multiple reflections between the MUT 

and antennas as well as within the MUT itself, which is inherent 

in a free-space material measurement. 

Usually, these multiple reflections can be removed by imple-

menting smoothing (i.e., moving average) and time-gating of 

the measured data as post-signal processing. The application of 

10-point smoothing to the measured data, as depicted in Fig. 4, 

reveals that (i) the effects of the multiple reflections on the 

magnitude and phase data are drastically reduced, (ii) the averages 

of the magnitude and phase obtained from the two calibration 

methods agree with each other, as shown in Fig. 5(a) and 5(c), 

which validates the free-space unknown thru calibration method, 

and (iii) the standard deviations of the magnitude and phase 

obtained from the TRL calibration method are more favorable 

than those obtained from the unknown thru method, as shown 

in Fig. 5(b) and 5(d). 

Increasing the thickness of the glass plate from 2.780 mm to 

4.775 mm results in a reduction of the multiple reflections on 

the measured data, a shorter period of the magnitude of reflec-

tion and transmission coefficients, and a steeper phase slope of 

the transmission coefficient, as shown in Fig. 6. 

The measurement results suggest that the TRL calibration 

method has better reproducibility (i.e., standard deviation) than 

the unknown thru calibration method, which involves compli-

cated measurement procedures compared to the TRL calibra-

tion method, as shown in Figs. 5 and 6. However, discrepancies 

between the measured results can be improved by the accurate 

alignment and placement of the reflect standard and the MUT 

in the material measurement. 

Compared to conventional free-space measurement methods,  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4. Average and standard deviation of the magnitude and phase 

of the scattering parameters, measured five times, of a glass 

of 2.780 mm thickness obtained from free-space unknown 

thru (UT, solid symbol) and TRL (open symbol) calibration 

methods without any smoothing process: (a) average of the 

magnitude, (b) standard deviation of the magnitude, (c) aver-

age of the phase, and (d) standard deviation of the phase. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. Average and standard deviation of the magnitude and phase 

of the scattering parameters, measured five times, of a glass 

of 2.780 mm thickness obtained from free-space unknown 

thru (UT, solid symbol) and TRL (open symbol) calibration 

methods with a 10-point smoothing process: (a) average of 

the magnitude, (b) standard deviation of the magnitude, (c) 

average of the phase, and (d) standard deviation of the phase. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6. Average and standard deviation of the magnitude and phase 

of the scattering parameters, measured five times, of a glass 

of 4.775 mm thickness obtained from free-space unknown 

thru (UT, solid symbol) and TRL (open symbol) calibration 

methods with a 10-point smoothing process: (a) average of 

the magnitude, (b) standard deviation of the magnitude, (c) 

average of the phase, and (d) standard deviation of the phase. 
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such as the TRL, TRM, and GRL methods, the free-space un-

known thru measurement method using plane offset shorts has 

the advantages of not using the followings: 

- A precise positioning system and movement of RF cables in 

the TRL method. 

- A well-matched broadband EM absorber in the TRM 

method. 

- A time-gating measurement and a planar metal plate that is 

as thick as a MUT during calibration and a de-embedding 

process to compensate for the effect of the difference in 

thickness of the planar metal plate and the MUT in the 

GRL measurement method. 

V. CONCLUSION 

Material characterization requires the proper calibration of a 

material measurement system. This study describes a free-space 

unknown thru measurement method using three independent 

planar metal offset shorts for calibrating a free-space material 

measurement system.  

The scattering parameters of two glass plates, with 2.780 mm 

and 4.775 mm thickness, obtained from conducting the free-

space unknown thru and TRL measurement methods, agree 

with each other in W-band. This implies that the free-space 

unknown thru measurement method using planar offset shorts 

can be considered an affordable and effective alternative to con-

ventional free-space material measurement methods.  

This study further highlights that the precision fabrication of 

a planar metal offset short is more feasible and inexpensive than 

building a precision positioning system in a free-space material 

measurement system. This measurement method can be used 

even for a high-frequency range that the fabrication accuracy of 

a planar metal offset short finds acceptable. This method can be 

helpful for microwave, millimeter-wave, and sub-millimeter-

wave material measurements. 
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I. INTRODUCTION 

Recently, wireless communication devices have been gradually 

miniaturized, and this has led to a continuous increase in demand 

for small antennas for civilian and military purposes in the 

wireless communication market [1–6]. Owing to this demand, 

various types of small antennas are being studied. Conventional 

printed series-fed endfire dipole antennas are easy and inexpen-

sive to manufacture, and they can be implemented with a wide 

bandwidth; therefore, they are popular in the wireless communi-

cation market [7–12]. However, owing to the large size of the 

endfire dipole antenna, which results from the dipole length and 

the interdipole spacing required to satisfy the endfire condition, 

it is difficult to use a conventional endfire dipole antenna for 

small wireless communication devices. To overcome this problem, 

researchers have conducted studies on the miniaturization of 

dipole arms [13–25]. The electrical length of a conventional 

dipole is half the wavelength of the center frequency. To reduce 

the electrical length of the dipole, researchers have studied many 

types of meander dipole [13–17], bent dipole, and folded dipole 

structures [18–25]. Furthermore, small zeroth-order resonant 

dipole antennas with composite right-/left-handed metamaterial 

structures have been proposed [26, 27]. Although the size of the 

dipole arm of the endfire dipole antenna can be reduced by using 

these structures, the phase difference between adjacent dipoles 

should be between 90° and 180° to satisfy the endfire condition. 

In a conventional endfire dipole antenna, this phase difference is 

determined by the interdipole distance. It is difficult to reduce 

the size of the antenna since the interdipole distance is large [28, 

29].  

In this study, a meander line was used for the transmission 

line connecting the dipoles of a series-fed endfire dipole antenna 

to satisfy the endfire condition while reducing interdipole spacing. 

Furthermore, a bent dipole and a corrugated ground plane were 

used to reduce the overall width of the antenna. 
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II. TWO-ELEMENT DIPOLE ANTENNA 

A conventional series-fed two-dipole endfire antenna was 

designed by connecting two straight dipoles in series with a 

parallel strip transmission line. The dipoles were matched using 

a quarter-wave impedance transformer, and their lengths were 

chosen to be slightly different to achieve a large impedance 

bandwidth [30, 31]. Fig. 1 shows the geometry of the conven-

tional two-dipole antenna. The substrate used for the antenna 

was Rogers RO4003C (εr = 3.38 and tanδ = 0.0027), and its 

thickness was 0.8128 mm. The –10 dB impedance bandwidth 

of the conventional dipole antenna is 4.48–5.56 GHz, and its 

gain at a center frequency of 5 GHz is 5.9 dBi. The ANSYS 

High-Frequency Structure Simulator (HFSS) was used to 

design and optimize the conventional series-fed two-dipole 

endfire antenna. The optimized design parameters were W = 30 

mm, Lg = 10 mm, Wf = 1.8 mm, Ld1 = 25 mm, Ld2 = 19 mm, 

Sd1 = 13 mm, Sd2 = 17 mm, Wd = 0.5 mm, Wr = 0.5 mm, Wq = 

0.3 mm, Lq = 6 mm, L = 41 mm, and S = 1 mm.  
Fig. 2 shows the antenna structure that satisfies the endfire 

condition with reduced spacing; it comprises a meander parallel 

stripline, two dipoles, and a ground plane. The spacing between 

the dipoles and that between the dipoles and the ground plane 

are the same. In a conventional two-dipole antenna, they are 

connected with a straight transmission line. When the spacing 

is changed, the length of the transmission line changes; thus, 

the phase difference also changes. Therefore, the antenna gain is 

reduced at around the center frequency. To reduce the spacing 

Sd and to overcome the gain reduction due to the phase difference 

change, a meander transmission line was used instead of a 

straight transmission line to connect the radiating elements and 

the radiating element to the ground plane. The gain in the 

vicinity of the center frequency was maximized by adjusting the 

length of the meander line, Lpd, on the basis of interdipole 

spacing. Fig. 3 shows the characteristics of the antenna for 

different interdipole spacings. The interdipole spacing Sd was 

simulated to have values between 3 mm and 12 mm. Fig. 3(a) 

shows the variation of the reflection coefficient with the fre-

quency for different dipole spacings. The antenna showed good 

impedance bandwidth characteristics. However, for Sd = 3 mm, 

the distance between the meander transmission lines was too 

narrow, and the characteristic impedance of the transmission 
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Fig. 1. Conventional two-element dipole antenna: (a) front view and 

(b) side view. 
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Fig. 2. Spacing reduced printed two-dipole antenna: (a) front view 

and (b) side view. 
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Fig. 3. Effect of the dipole spacing Sd: (a) reflection coefficient and 

(b) gain.
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line was changed, which considerably reduced the impedance 

bandwidth. Fig. 3(b) shows the gain characteristics of the antenna; 

the gain around the center frequency was apparently similar, 

even if the spacing was decreased. The antenna characteristics 

for different dipole spacings are presented in Table 1. The 

minimum dipole spacing at which the antenna’s performance 

was maintained was 4.5 mm. The overall electrical length of the 

antenna with reduced spacing was 0.33λo, which was about 

48.5% of the overall length of the conventional antenna. The 

impedance bandwidth of the reduced-spacing antenna was 

4.53–5.76 GHz, and the gain was 6.2 dBi at the center frequency. 

The design parameters of the optimized antenna obtained using 

the HFSS were W = 30 mm, Lg = 10 mm, Wf = 1.8 mm, Ld1 = 

25 mm, Ld2 = 19 mm, Sd = 4.5 mm, Lpd = 5 mm, Wd = 0.5 mm, 

Wr = 0.5 mm, Wq = 0.5 mm, Lq = 6 mm, L = 20 mm, and S = 

1 mm.  

Fig. 4 shows a reduced-spacing antenna with a bent dipole as 

the radiation element. Owing to the length of the bent portion, 

Lb, the electric length of the dipole increased, which resulted in a 

lower center frequency. A parametric study was performed 

according to the Lb change. Fig. 5 shows the variation in the 

antenna characteristics with Lb. As Lb increased, the resonant 

frequency of the antenna decreased, as expected, and the fre-

quency of the peak gain also decreased.  

 
(a) 

 
(b) 

Fig. 5. Effect of bent length Lb: (a) reflection coefficient and (b) gain. 

 

Fig. 6 shows an antenna structure with a corrugated ground 

plane. The conventional truncated ground plane serves as a 

reflector, and the ground plane width W strongly affects the 

antenna’s performance. When the width of the ground plane de-

creases, the front-to-back ratio and gain of the antenna decrease.  

A corrugated ground plane acts as a magnetic ground, and the 

size of the ground plane significantly decreases with a slight 

reduction in gain [32]. Corrugation lengthens the edge of the 

ground plane because the current is concentrated at the edge of 

the conductor. Therefore, a small corrugated ground plane can 
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Fig. 6. Spacing reduced antenna with corrugated ground plane: (a) 

front view and (b) side view. 

Table 1. Characteristics of two-element dipole antennas with differ-

ent spacing 

 
Conven-

tional 

Sd =  

12 mm 

Sd =  

9 mm 

Sd =  

6 mm 

Sd =  

3 mm

–10 dB IBW  

(GHz) 

4.48–5.56 

(21.6%) 

4.50–5.81 

(26.2%) 

4.42–5.68 

(25.2%) 

4.45–5.72 

(25.4%) 

4.74–5.61

(17.4%)

Gain at 5 GHz  

(dBi) 

5.9 5.8 6.0 6.2 5.9 

Antenna length 

(λo) 

0.68 0.58 0.48 0.38 0.28 

IBW = impedance bandwidth. 
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Fig. 4. Spacing reduced antenna with bent dipoles: (a) front view 

and (b) side view. 
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perform the same role as a relatively large non-corrugated 

ground plane. Fig. 7 shows the antenna characteristics at differ-

ent corrugation depths of a fixed-size ground plane. When the 

corrugation depth was 3 mm, the impedance bandwidth was 

maximum, and the center frequency apparently decreased. As 

shown in Fig. 7(b), the antenna gain decreased as the corrugation 

depth increased. However, as shown in Fig. 7(c), no significant 

difference in antenna efficiency was observed within the im-

pedance bandwidth. Fig. 8 shows the surface current distribution 

of the antenna at 5 GHz without corrugation and the antenna 

with a 3-mm corrugation depth. Given that the antenna with-

out corrugation was close to the meander line and to the ground 

plane, a large amount of current was distributed at the edge of 

the ground plane. In contrast, the antenna with corrugation dis-

tributed a relatively small amount of current at the edge of the 

ground plane due to the effect of corrugation. Most of the current 

in an antenna with corrugation is concentrated in the dipole and 

the transmission line, thereby widening the antenna beamwidth 

and reducing gain. 

III. SIMULATION AND MEASUREMENT 

Section II shows the antenna structure used to reduce dipole 

spacing, dipole width, and ground plane width. By combining 

these three structures, we designed a small two-dipole endfire 

antenna in which the interdipole spacing, dipole length, and 

ground plane width were reduced.  

Fig. 9 shows the proposed antenna structure. The antenna 

size was 0.33𝜆  × 0.33𝜆  × 0.014𝜆 , which was 32% of the size 

of a conventional series-fed two-dipole antenna. The optimized 

design parameters of the antenna obtained using the HFSS 

were W = 20 mm, Lg = 10 mm, Wf = 1.8 mm, Ld1 = 18 mm, 

Ld2 = 13 mm, Sd = 4.5 mm, Lpd = 5 mm, Wd = 0.5 mm, Wr = 

0.5 mm, Wq = 0.5 mm, Lq = 6 mm, Lb = 3.5 mm, Wcor = 0.5 mm, 

Lcor = 3 mm, dcor = 0.5 mm, L = 20 mm, and S = 1 mm.  

Fig. 10 shows a comparison between the optimized reduced-

size antenna and the conventional antenna. The impedance band- 

 
(a) 

 
(b) 

 
(c) 

Fig. 7. Effect of corrugation depth Lcor: (a) reflection coefficient, (b) 

gain, and (c) radiation efficiency.

 
(a) 

 
(b) 

Fig. 8. Surface current distributions at 5 GHz: (a) without corrugation 

and (b) with corrugation of Lcor = 3 mm. 
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width of the proposed antenna structure was 4.47–5.68 GHz, 

which was wider than that of the conventional antenna (4.48–

5.56 GHz) by 0.13 GHz. The gain at the center frequency was 

6.0 dBi, which was almost similar to that of the conventional 

antenna (5.9 dBi).  
Fig. 11 shows the fabricated antenna. A Rohde & Schwarz 

ZVA67 vector network analyzer was used for reflection coeffi-

cient measurement, and an MTG anechoic chamber was used 

for radiation pattern measurement. Fig. 12 shows the simulated 

and measured reflection coefficients and gains. Fig. 12(a) shows 

the reflection coefficient. The measured –10 dB impedance 

bandwidth was 4.47–5.72 GHz, almost identical to the imped-

ance bandwidth in the simulation. Fig. 12(b) shows the gain. 

The gain measured at 5 GHz was 5.9 dBi, which was almost 

identical to that in the simulation. Fig. 13 shows the normalized 

radiation pattern of the antenna at 5 GHz. The simulated and 

measured values of the half-power beamwidth in the xz-plane 

were 80° and 94°, respectively, and those in the yz-plane were 

Sd

Sd

W

Wf

Lg Lq Wr

x

z

y

Wd Lm

Ld1

Ld2

Ld

Lcor

gcor

Wcor
dcor

S

 
Fig. 9. Proposed two-element dipole antenna. 

 

 
(a) 

 
(b) 

Fig. 10. Comparison of conventional and proposed antenna: (a) 

reflection coefficient and (b) gain. 

 

 
Fig. 11. Photograph of the fabricated antenna. 

 
 

 
(a) 

 
(b) 

Fig. 12. Simulation and measurement of the proposed antenna: (a) 

reflection coefficient and (b) gain. 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 22, NO. 5, SEP. 2022 

568 
   

  

139° and 122°, respectively. The measured value of the x-pol 

level was slightly larger than the simulated value, but the x-pol 

level was lower than –20 dB. The measured co-pol level and 

radiation pattern were similar to those in the simulation.  

The characteristics of the proposed antenna and the existing 

endfire antennas with two radiation elements were compared. 

An endfire antenna using two dipoles of the same size is pre-

sented in [8]. Given that the antenna has a large ground plane 

and that both dipoles operate near the center frequency, the 

gain is relatively high at 7 dBi. However, the bandwidth of the 

antenna was only 5.0%. An antenna with an integrated balun 

that connects two dipoles of different sizes using a coplanar strip 

transmission line is given in [11]. The antenna had a wide 

bandwidth of 49.7% due to the integrated balun. However, the 

gain was 6.0 dBi, which is low in relation to the size of the 

antenna. A quasi-Yagi antenna using a folded dipole antenna 

and a director is presented in [12]. This antenna has a gain of 

5.5 dBi and an impedance bandwidth of 12.3%. Although its 

structure is simple, reducing the space between the director and 

the driven element is difficult. The size of the proposed antenna 

is only 0.33𝜆  × 0.33𝜆 , the impedance bandwidth is 24.5%, 

and the gain at the center frequency is 5.9 dBi. The proposed 

antenna displayed excellent characteristics compared to existing 

antennas, as summarized in Table 2. 

Table 2. Comparison of existing two-element antennas and proposed 

antennas 

 
–10 dB IBW 

(GHz) 

Gaina) 

(dBi) 
Antenna size

Wang and Park [8] 27.50–28.90 

(5.0%) 

7.0 0.93𝜆  × 1.68𝜆
Yeo and Lee [11] 1.68–2.79 

(49.7%) 

6.0 0.60𝜆  × 0.90𝜆
Hwang et al. [12] 26.30–29.75 

(12.3%) 

5.5 0.47𝜆  × 0.47𝜆
Proposed 4.47–5.72 

(24.5%) 

5.9 0.33𝜆  × 0.33𝜆
IBW=impedance bandwidth. 
a)Gain at center frequency. 
 

IV. CONCLUSION 

In this paper, a series-fed two-dipole endfire antenna with 

small size and good characteristics is proposed, comprising a 

meander line, a bent dipole, and a corrugated ground plane. The 

size of the proposed antenna is 0.33𝜆  × 0.33𝜆  × 0.014𝜆 , 

which is about one-third of the size of a conventional two-

dipole endfire antenna. The impedance bandwidth and gain at 

5 GHz are 4.47–5.72 GHz and 5.9 dBi, respectively, which are 

almost identical to those of the conventional two-dipole endfire 

antenna. Owing to its good characteristics, the proposed antenna 

can be useful in applications that require antennas with a small 

size, high gain, and wide bandwidth. 
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I. INTRODUCTION 

Synthetic aperture radar (SAR), which can produce high-

resolution images regardless of brightness or weather conditions, 

has been an important and efficient Earth-observing tool that 

uses microwave frequencies. Although SAR systems have usually 

been operated from aircraft or orbiting satellite platforms, 

ground-based SAR (GB-SAR) systems have also been proposed 

as portable geotechnical instruments [1]. In some applications, 

vehicle-mounted forward-looking imaging radar (FIRA) using 

a real aperture has been employed to inspect forward ground 

surfaces [2–5]. A FIRA system installed on an unmanned 

ground vehicle (UGV) has also been proposed for visualizing 

forward areas through vegetation [3]. In many applications, 

FIRA has usually adopted the multi-input/double-output (MIDO) 

principle to decrease system complexity, power consumption, 

weight, and cost. 

Most previous research on FIRA has adopted the back-

projection (BP) algorithm for image formation [3, 4]. However, 

the BP algorithm requires additional processing steps to reduce 

the sidelobes of FIRA images [6] and to increase spatial resolu-

tion. In addition, computation time depends on the size of the 

interested region due to the process that computes pixel-based 

received signals in the time domain. As alternatives, the range-

Doppler method, the Omega-K method, and so on are also 

available. In FIRA applications, the bistatic configuration is 

more complicated than the monostatic configuration due to its 

difficulty and complexity in the formulation of analytic equa- 
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tions and imaging algorithms [7]. In this paper, we describe the 

Omega-K algorithm in a bistatic configuration that uses plane 

wave approximation, phase compensation, image registration, 

and image merging. The next section describes the proposed 

method in detail, and the effectiveness of the method is verified 

by a simulation, in the case of point targets, and an experiment, 

employing a real FIRA introduced in [3]. 

II. SIMPLIFIED BISTATIC OMEGA-K ALGORITHM 

1. Forward-Looking Imaging Radar 

Sun et al. [3] investigated FIRA, which can detect visually 

hidden obstacles in vegetation, as a potential asset to support the 

autonomous navigation of a UGV or an unmanned air vehicle. 

Fig. 1 shows the schematic geometry of the FIRA system used 

in the proposed method. The radar system is installed on a 

commercial vehicle and operates in a frequency range of 3.6 

GHz to 5.2 GHz. As shown in Fig. 1, the FIRA system has two 

transmitting (Tx) antennas located 0.2 m above the ends of the 

linear array, which is composed of 26 receiving (Rx) antennas. 

The receiving antennas are horizontally equally spaced at a 

distance of 0.03 m, and the total length is 0.75 m. The heights 

of the transmitting antennas and the receiving antenna arrays 

are 2.1 m and 1.9 m, respectively. 

We used commercial horn antennas as transmitting antennas. 

Since the receiving antennas should be planar, compact in size, 

and directive with high radiation efficiency to compose a physical 

array, we used antipodal Vivaldi antennas with a high gain, a 

relatively wide bandwidth, and a simple structure. The antipodal 

Vivaldi antenna is advantageous due to its ease of fabrication 

and small volume. The voltage standing wave ratio is roughly 

less than 2.1 and the gain greater than 5 dBi over the frequency 

range of 3.6–5.2 GHz [3].  

The transceiver in the FIRA system uses two independent 

direct digital synthesizers, followed by multipliers, to generate 

 

 
Fig. 1. Schematic geometry of the FIRA system. 

transmitting and local oscillator (LO) signals, respectively. The 

transmit power is amplified by more than 25 dBm through an 

amplifier. The received signals pass through low-noise amplifiers, 

whose noise figure and gain are 2.8 dB and 14 dB, respectively, 

and are mixed with the LO signal. The signals are then pro-

cessed after passing through low-pass filters and a 16-bit A/D 

converter with a sampling frequency of about 400 MHz [3]. 
 

2. Bistatic Omega-K Algorithm using Plane Wave Approximation 

The target area is composed of an infinite or finite set of 

stationary targets located at the coordinates (𝑥 , 𝑦 ). The measured 

signal at the receiving antenna position 𝑢 and at the fast-time 

frequency 𝜔 is as follows [8]: 
 𝑠 (𝜔, 𝑢) = ∑ 𝑎 (𝜔, 𝑥 , 𝑦 , 𝑢 , 𝑢)𝑎(𝜔, 𝑥 , 𝑦 , 𝑢 , 𝑢) ×𝑒𝑥𝑝 −𝑗𝑘 𝑥 + (𝑦 − 𝑢) × 𝑒𝑥𝑝 −𝑗𝑘 𝑥 + (𝑦 − 𝑢 ) , (1)

where 𝑎(∙) is the radar amplitude pattern, 𝑎 (∙) the nth target 

amplitude pattern, and 𝑢  the position of the ith transmitting 

antenna. 

The Fourier transform of 𝑠 (𝜔, 𝑢) with respect to the 

slow time 𝑢, followed by using the stationary phase method, 

results in the following equation: 
 𝑆 (𝜔, 𝑘 ) = ∑ 𝐴 (𝜔, 𝑘 )𝐴(𝜔, 𝑘 ) ×𝑒𝑥𝑝 −𝑗 𝑘 − 𝑘 𝑥 + 𝑘 𝑦 ×𝑒𝑥𝑝 −𝑗𝑘 𝑥 + (𝑦 − 𝑢 ) . (2)

 

The second phase term in Eq. (2) originates from the bistatic 

configuration, and we propose a simplified bistatic Omega-K 

algorithm using plane wave approximation, as demonstrated in 

Fig. 2 and the following explanation. 
 

 
Fig. 2. Flowchart of the proposed method. 
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First, we assume that each Tx antenna is located at the center 

of the Rx antenna array, as illustrated in Fig. 3, and that the wave 

propagates as a plane wave. Consequently, the second phase 

term in Eq. (2) is simplified to Eq. (3). 
 

 𝑒𝑥𝑝 −𝑗𝑘 𝑥 + (𝑦 − 𝑢 ) =𝑒𝑥𝑝 −𝑗𝑘 𝑥 + 𝑦 𝑒𝑥𝑝(−𝑗𝑘𝑥 ). (3)
 

Substituting Eq. (3) into Eq. (2), we obtain the following 

equation: 
 𝑆 (𝜔, 𝑘 ) ∑ 𝐴 (𝜔, 𝑘 )𝐴(𝜔, 𝑘 ) ×𝑒𝑥𝑝 −𝑗 𝑘 − 𝑘 + 𝑘 𝑥 + 𝑘 𝑦 =∑ 𝐴 (𝜔, 𝑘 )𝐴(𝜔, 𝑘 ) × 𝑒𝑥𝑝 −𝑗 𝑘 (𝜔, 𝑘 )𝑥 + 𝑘 (𝜔, 𝑘 )𝑦 , (4)
 

where 𝑘 (𝜔, 𝑘 ) = 𝑘 − 𝑘 + 𝑘 𝑘 (𝜔, 𝑘 ) = 𝑘 (5)
 

Stolt interpolation is performed according to the relationship 

of Eq. (5). An image can then be obtained by performing a two-

dimensional (2D) inverse fast Fourier transform (IFFT). 

The error caused by the plane wave approximation along the 

new coordinate axes centered at each transmitted antenna is 

compensated for, as shown in Eq. (6). 
 

   𝐼 (𝑥 , 𝑦 ) = 𝐼 (𝑥 , 𝑦 ) ×    exp −𝑗𝑘 𝑥 + 𝑦 − 𝑥 , (6)
 

where 𝐼 (∙) is the image obtained by 2D IFFT of 𝑆 (𝜔, 𝑘 ). 

Here, the coordinate axes of the two images obtained through 

Eq. (6) are not aligned. Therefore, the images must be registered 

on the original coordinate axis. 

Finally, a combined image is created by the coherent summa-

tion of pixels from the two images. 

III. SIMULATION AND EXPERIMENT RESULTS 

The performance of the proposed method was analyzed 

through a simulation and an experiment conducted using the 

FIRA system developed by the Agency for Defense Develop-

ment in South Korea [3]. 

 

1. Simulation Results with Point Targets 

In the simulation, the raw data were corrupted by additive 

white Gaussian noise using MATLAB. Fig. 4 shows the results 

of the comparison between the images obtained by the BP algo-

rithm and the proposed method. In the first simulation of a 

point target, the target is located at a range of 10 m with an 

azimuth of 0 m. As shown in Table 1, the cross-range resolution, 

or azimuth resolution, and peak side-lobe ratio (PSLR) have 

similar values for both imaging methods, but the integrated 

side-lobe ratio (ISLR) of the image obtained by the proposed 

method is superior to that obtained by the BP method. 

In the other simulation, three neighboring point targets are 

located at (10 𝑚, 0 𝑚), (10 × 𝑐𝑜𝑠5°𝑚, 10 × 𝑠𝑖𝑛5°𝑚), and (10 × 𝑐𝑜𝑠5°𝑚, −10 × 𝑠𝑖𝑛5°𝑚). The proposed algorithm can 

distinguish the three neighboring targets and achieve image 

quality comparable to that achieved by the BP method. 

(a) (b) 

(c) (d) 

Fig. 4. Simulation results of a point target (a, b) and three neigh-

boring point targets (c, d), obtained from the proposed 

method (a, c) and the back-projection method (b, d). 

 

Table 1. Quantitative analysis of the image qualities for the FIRA 

images obtained by the proposed method and the back-

projection method  

 
Back-projection Proposed

Simulation Experiment Simulation Experiment

Azimuth  

resolution (m)

0.33 0.36 0.34 0.37 

PSLR (dB) 14.27 9.89 14.28 10.84

ISLR (dB) 10.79 5.88 9.42 5.62

"Simulation" presented the results of a point target in Fig. 4, and 

"Experiment" is the results of T1 target in Fig. 5.
 

Fig. 3. Concept of plane wave approximation. 
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2. Experimental Results with an Actual FIRA System 

The experiments were carried out using the FIRA system de-

scribed in the earlier section, with a pulse width of 2 ms and a 

sampling frequency of 400 MHz. A photograph of the measure-

ment site is shown in Fig. 5(a). Four targets (a tree fork, a tire, a 

rock, and a trihedral corner reflector) on the ground were pre-

pared, and reeds were placed between the targets and the FIRA 

system, visually hiding the targets from the FIRA system. In Fig. 

5(b), the FIRA images by both the proposed method (left) and 

the BP method (right) show comparable qualities. 

More quantitatively, the azimuth resolution, PSLR, and 

ISLR for the T1 target in Fig. 5(b) are evaluated and summa-

rized in Table 1. The cross-range (azimuth) resolution had 

similar values for both imaging methods, but the PSLR and 

ISLR of the image obtained by the proposed method showed 

better performance than that obtained by the BP method. 
For more detailed performance comparison, Fig. 6 presents 

azimuth cuts of the point target result in Fig. 4 and T1 target 

result in Fig. 5. The values of the azimuth resolution and PSLR 

are reconfirmed from the figures in Table 1. 

IV. CONCLUSION 

A novel image-formation method that can be used in a FIRA 

system with an MIDO configuration was proposed. This method 

is based on a conventional Omega-K algorithm. To resolve the 

difficulties originating from the bistatic configuration, the fol-

lowing approximation and assumption were used: approxima-

tion of spherical wave to plane wave radiating toward the inter-

esting area and assumption that each of the transmitting anten-

nas is located at the center of the receiving antenna array by ap-

plying a virtual antenna array. Phase compensation and image 

registration were then performed to compensate for errors caused 

by approximation and assumption. 
The proposed method was tested through simulations with 

point targets and experiments using a real FIRA system, and the 

results were compared with those from the BP method. In 

terms of image quality, the proposed method and the BP method 

showed mostly comparable performance, but the PSLR and 

ISLR of the image obtained by the proposed method was superior 

to that obtained by the BP method. The proposed method can 

be applied to bistatic radar imaging systems. 
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I. INTRODUCTION 

Microwave imaging, known as the inverse scattering problem 

[1], can be widely used in various fields, such as industry, military, 

medical, and daily life. In particular, with the emergence of the 

Internet of things, many researchers have recently paid attention 

to radio frequency (RF) energy rather than light, infrared, and 

thermal energy when inferring human movement [2]. While 

visible light cameras are highly sensitive to light and can invade 

privacy when monitoring humans, RF can pass through non-

metallic materials, unlike light or thermal energy. Because of 

these advantages, the RF-based localization technique can be 

used in object tracking, indoor fire detection, survivor sensing, 

and elderly monitoring. Thus far, many localization technologies 

have been developed (see Table 1 in [2]). Recently, improved 

radio tomographic imaging, which reconstructs from the re-

ceived signal strength, has been presented [3]. The signal pat-

terns induced by the target are different when the target appears 

at different locations. Therefore, by analyzing the changes in the 

RF signal, the location of the target can be determined. Other 

methods include ultra-wideband tomographic radar imaging [4] 

and multistatic microwave imaging [5]. These methods use the 

scattering parameters measured. The reconstructed image shows 

the distribution of the dielectric properties of an object or local-

izes small anomalies that are stationary or moving [5]. 

However, there are still challenges to be solved in the nonlin-

ear electromagnetic inverse scattering problem, such as the un-

predictability of the scattered signal in a multi-pass environment, 

the low spatial resolution of the reconstructed image, the uncer-

tainty of the sensor position, and the ill-posedness of inverse 

problems [1]. 

On the other hand, an artificial neural network (NN) is  
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This paper presents a new microwave imaging method using artificial neural networks to localize an object. The trained neural network 
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used a metal rod with a diameter of 2 mm as a localizing target. The results show excellent imaging performance with fewer artifacts and 

less than a 2-mm localization error. 

Key Words: Artificial Neural Networks, Inverse Scattering, Microwave Imaging, Object Localization. 

 

 

Manuscript received January 22, 2022 ; Revised June 5, 2022 ; Accepted July 21, 2022. (ID No. 20220122-008J)  
1Department of ICT Convergence, Soonchunhyang University, Asan, Korea. 
2Department of Information Security, Cryptology, and Mathematics, Kookmin University, Seoul, Korea. 
3Department of Mechanical Engineering, Soonchunhyang University, Asan, Korea. 
*Corresponding Author: Seong-Ho Son (e-mail: son@sch.ac.kr)  
 

 

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits 

unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 

ⓒ Copyright The Korean Institute of Electromagnetic Engineering and Science. 



SON et al.: A NEURAL NETWORK-BASED MICROWAVE IMAGING METHOD FOR OBJECT LOCALIZATION 

577 

  
 

recognized as a powerful technique in microwave modeling and 

design [6]. NNs can learn nonlinear input-output relationships 

by training with corresponding data. These trained NN models 

can be used to provide fast answers to learned tasks.  

Therefore, NN can also be an efficient tool for developing 

inverse models for microwave imaging. To this end, this paper 

presents a new multistatic microwave imaging method that 

applies NN for object localization under conditions where 

analytical formulas for inverse models do not exist or are difficult 

to obtain. 

II. METHOD 

The general configuration of multistatic microwave imaging 

consists of distributing a certain number of sensors (transmitters 

and receivers) to a certain region surrounding the object [3–5]. 

Here, the difference in scattering parameters for transmitter n 

and receiver m, ∆𝑆 , , can be obtained by subtracting each 

scattering data with and without an object: ∆𝑆 , = |𝑆 , −𝑆 , |. These data reveal the intrinsic signatures scattered by 

the object in which the influence of the background and sur-

rounding noise has been eliminated. 

To reconstruct the tomographic image, the scattering data ∆𝑠 become the input to the NN, as shown in Fig. 1. Then, a 

nonlinear function 𝑓 between the input and output can be 

approximated by NN training: 𝑐 = 𝑓(∆𝑠), where 𝑐 is recon-

structed image data (pixel intensity), meaning the dielectric 

contrast between the object and the background. Here, the 

scattering datasets collected from all potential locations are used 

to train the NN model using supervised learning. 

To verify the proposed method, we set up a testbed (Fig. 2). 

In the water tank (600 mm × 600 mm × 400 mm), 16 mono-

pole antennas operating at 950 MHz are arranged with a diam-

eter of 180 mm (the wavelength is about 35 mm in the water). 

One antenna transmits the microwave signal, and the other 

antennas receive the propagated signals. This process is repeated 

sequentially to collect data of 16 × 16 scattering matrix for the 

input of the NN. The scattering data are acquired with a vector 

network analyzer (Keysight E5063A) connected with an in-

house-made 2 × 16 switch matrix (not shown in Fig. 2). 

 
Fig. 2. Experimental setup. 

 

The imaging area is set to 140 mm × 140 mm. For the re-

construction, the area is divided into 28 × 28 pixels (5 mm/pixel), 

which is one-seventh of the wavelength used. Therefore, the 

number of output nodes of the NN becomes 784. The detailed 

parameters used in the study are summarized in Table 1. On the 

other hand, the minimum sampling criteria are reported in 

terms of the dimension of the reconstruction area and practical 

measurement aspects (see Section II-B of [4]). 

Meanwhile, a metal rod 2 mm in diameter is used for the lo-

calizing object. Scattering datasets for 1,000 positions are col-

lected, while the rod is moved to random positions with the XY 

positioner. Here, 70% of the datasets are used for training, 15% 

for validation, and 15% for testing. 

The well-trained NN expects to convert the measured scat-

tering data into a tomographic image with 5 mm pixels. Then, 

the image is upsampled to 1 mm pixels by cubic interpolation to 

obtain a finer image, and the peak is normalized to 1. 

III. RESULTS 

In the NN model, the decision of the hidden layer is critical. 

This is because using too many neurons can lead to overfitting 

and poor generalization. Therefore, we first investigated how 

Fig. 1. Neural network model reconstructing a tomographic image 

from scattering data. 

Table 1. Parameters of the neural network used in this study

Item Description

Input vector Measured scattering parameters

Output vector Intensity of imaging pixels

Input node 256 (16 × 16)

Hidden node 35

Output node 784 (28 × 28, 5 mm/pixel)

Training algorithm Scaled conjugate gradient

Loss function Cross-entropy
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the number of hidden neurons affect localization. The perfor-

mance, H, was evaluated with the average cross-entropy of N 

samples used for training: 𝐻(𝑇, 𝑌) = − ∑ ∑ 𝑇 𝑙𝑜𝑔𝑌 , 

where T and Y are network predictions and target values (inten-

sity values of K pixels in the imaging area), respectively. 

As a result of increasing the number of neurons from 10 to 

1,000, cross-entropy was minimized at around 100 neurons and 

then gradually increased. This shows that increasing the number 

of neurons does not guarantee performance improvement. The 

representative results are shown in Fig. 3. Meanwhile, according 

to the cross-entropy trend, we finally selected 35 neurons in the 

hidden layer to simplify the NN. The resulting image is almost 

identical to the image reconstructed with 100 neurons, showing 

better localization and fewer artifacts. 
Using the designed NN, we demonstrated two cases. The 

first is when the position of the object is slightly away from the 

antenna (Fig. 4), and the second is when the object is close to 

the antenna (Fig. 5). Here, to show the NN-based method, it 

was compared with the bi-focusing (BF) method (see Section 

II-A of [4]), which is one of the conventional imaging methods 

based on analytical formulation. 

Comparing the results in terms of localization error (BF, 4–7 

mm; NN, 1–2 mm), peak-to-sidelobe ratio (BF, 0.7–0.9; NN, 

0.1–0.2), and half-spatial resolution (BF, 15–18 mm; NN, 6–

8 mm), all performances of the proposed NN method are much 

better. 

IV. CONCLUSION 

In this paper, an NN-based microwave imaging method was 

proposed to localize an object placed under conditions in which 

it is difficult to obtain an analytical formula. This was verified in 

an experimental testbed with a 16-antenna array operating at 

950 MHz. For this, we designed an NN with 256 inputs and 

784 outputs. Here, 35 hidden neurons determined from cross-

entropy were used. The trained NN successfully converted the 

measured scattering data into tomographic image data and 

localized the object well within a 2-mm error and fewer artifacts, 

showing excellent imaging performance compared to the conven-

tional method based on an analytical formulation.  

 
Fig. 3. NN-based imaging results according to the number of hidden neurons for an object located at (47, -31) mm. 

 
(a) (b) 

 
(c) (d) 

Fig. 4. Imaging results for an object located at (-21, -17) mm: (a) 

2D and (b) 3D views of BF method, (c) 2D and (d) 3D 

views of NN method. 

 

 
(a) (b)

 
(c) (d)

Fig. 5. Imaging results for an object located at (57, 16) mm: (a) 2D 

and (b) 3D views of BF method, (c) 2D and (d) 3D views 

of NN method.
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I. INTRODUCTION 

A radar detects a target in a desired direction by transmitting 

and receiving radio waves. This means that the antenna of the 

radar maximizes the directivity of the detection direction and 

suppresses the other directions using a tapering window. Here-

after, in this study, the antenna beamwidth centered on the de-

tection direction is referred to as the mainlobe, whereas the sup-

pressed region excluding the mainlobe is referred to as the side-

lobes. 

In addition to signals from the mainlobe, the antenna simul-

taneously receives suppressed signals from the sidelobe. Despite 

the directivity of the antenna, the target signal in the mainlobe 

may still be indistinguishable from the clutter signals suppressed 

in the sidelobe because of the inherently low radar cross-section 

(RCS) of the target. If these unwanted signals from the sidelobe 

are not deleted or blanked during post-processing, it may result 

in false targets or system degradation of the radar. 

To blank the sidelobe signals, radars use a sidelobe blanker 

(SLB). For this purpose, radars make an auxiliary channel for 

the SLB channel in addition to the detection channel and com-

pares the output magnitudes of the detection and the SLB 

channels. Hereafter, the detection channel is referred to as the 

main beam channel, which forms the mainlobe on the detection 

direction. The SLB system first sorts out the mixed sidelobe 

signal in the main beam channel and then blanks it [1, 2]. 

Although an SLB channel generally requires a dedicated an-

tenna, a phased array antenna can re-synthesize the outputs of 
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This study proposes a sidelobe blanking (SLB) system with a spatial delay line canceler (DLC) and non-coherent integrator in a uniform 

linear array. After the equations for the target and noise power in the SLB system were established, SLB-ratio functions for the proposed 
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and low radar-cross-section (RCS) target were estimated. The results of the SLB thresholds were confirmed by the Monte Carlo simula-

tion, which indicated that the proposed SLB channel provides reliable performance without false SLB decisions in the sidelobe region. 

Using the estimated optimal threshold, the proposed SLB channel provides reliable performance, particularly for low-RCS targets. In 

contrast, the conventional SLB channel produces numerous false SLB decisions in the sidelobe region. The proposed synthesis is a simple 

but powerful method for obtaining the reliable SLB ratio. The SLB channel in various array antenna systems can be developed based on 

this method. 
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the array for the SLB channel without an additional antenna. In 

addition, it can simultaneously apply adaptive beamforming to 

the main beam and SLB channels for nulling interference. 

In this study, we focused on synthesizing a robust SLB channel 

for low-RCS targets. The synthesized SLB channel should be 

simply implementable to be expansible for adaptive beamforming. 

We designed this channel using a discrete Fourier analysis of 

spatial frequency and a finite impulse response (FIR) filter system 

in discrete time. 

Digital signal processing (DSP), which samples time signals 

in a fixed sampling period, has a discrete sequence. Thus, assum-

ing an equally spaced array, such as a uniform linear array (ULA) 

and far-field radiation, we can analyze array processing using the 

DSP technique. Some studies have already offered a fundamental 

understanding of digital array processing with FIR filtering [3, 

4]. In addition, many applied studies have also been published. 

Within the domain of array processing, adaptive beamforming 

has been investigated in diverse research fields. For radar, the 

objective of adaptive beamforming is to preserve detection per-

formance under conditions of strong jamming or interference. 

Therefore, an adaptive SLB channel should be adopted for pre-

serving the target through adaptive beamforming in the main 

beam channel; otherwise, the target will inevitably be blanked by 

strong interference in non-adaptive SLB channel. This require-

ment has resulted in various adaptive SLB studies [6–9]. While 

one study generalized adaptive detection using a generalized 

likelihood ratio test (GLRT) for SLB [6], another described a 

2D adaptive sidelobe blanker (ASB) using the generalized adap-

tive coherence/cosine estimator (ACE) [7]. Yet another study 

modified the 2D adaptive matched filter (AMF) and ACE 

detector introduced in the aforementioned study using subarrays 

[8]. Suitable thresholds were presented for the detection margin, 

and results were achieved based on the designed subarrays.  

Although research on adaptive methods for SLB is abundant, 

studies on channel synthesis for actual implementation are rare. 

We proposed an adaptive SLB channel synthesis in a ULA system 

using spatial delay line cancelers (DLC) and non-coherent inte-

grators [10–13]. The synthesis is simple but powerful in terms 

of the ratio difference between the channels, also called the detec-

tion margin [8]. In this study, we formulated SLB thresholds 

appropriate for low-RCS targets with equations for the signal-

to-noise ratio (SNR) in the SLB system. We verified the per-

formance using Monte Carlo simulations for all angles of the 

various target scenarios. 

Practically, in a phased-array antenna system, the physical 

phenomenon of array mutual coupling and inaccurate calibration 

produces a substandard final array pattern, such as the main beam 

shape and the sidelobe level (SLL). Despite sound theoretical 

synthesis, inferior SLL performance causes degradation of SLB. 

Therefore, we focused on robust synthesis with a sufficient ratio 

difference for all angles to overcome this practical problem. 

Section II summarizes the SLB channel synthesis proposed 

in an earlier study [12], while Section III presents the equations 

of the target signal, noise signal, and ratio for the SLB decision. 

Following this, Section IV presents the SLB thresholds suitable 

for the target signals and the results of the Monte Carlo simula-

tion. Finally, Section V concludes the study. 

II. ADAPTIVE SLB CHANNEL SYNTHESIS 

1. Conventional SLB System 

To generate a good SLB performance, the angular pattern of 

the SLB channel should be distinguishable separately from that 

of the main beam channel in terms of the angular region, as 

displayed in Fig. 1. If this difference is insufficient, clutters with 

large RCS originating from the sidelobe region cannot be blanked, 

which may result in numerous false targets in theca main beam 

channel. Therefore, proper SLB channel design is critical for 

the optimization of the main beam of the radar system. 

Fig. 1 displays the typical angular gain patterns of the main 

beam and SLB channels. The gain pattern of the SLB channel 

is smaller than that of the main beam channel in the mainlobe, 

which is the detection region, whereas the pattern is larger than 

that of the main beam channel in the sidelobe region. Fig. 2 

presents a block diagram of a radar SLB system, in which the 

SLB decision compares the ratio of 𝑚𝑎𝑖𝑛  (the output power 

of the main beam channel) to 𝑠𝑙𝑏  (the output power of the 

 
Fig. 1. Angular gain patterns of the main beam and SLB channels. 

 

 
Fig. 2. SLB system of the radar. 
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SLB channel) with a threshold of 𝑇𝐻  [1, 2]. If 𝑚𝑎𝑖𝑛 , 

represented by the solid line in Fig. 1, is smaller than 𝑇𝐻  

compared to 𝑠𝑙𝑏 , which is represented by the dotted line in 

Fig. 1, the 𝑚𝑎𝑖𝑛  is assumed to originate from the sidelobe 

region and is eventually blanked. Since the actual signal of the 

mainlobe in the main beam channel exhibits maximum antenna 

gain, it is always greater than the output of the SLB channel. 
 𝑆𝐿𝐵 𝑏𝑙𝑎𝑛𝑘   𝑚𝑎𝑖𝑛      𝑖𝑓   𝑇𝐻 , 𝑝𝑟𝑜𝑐𝑒𝑠𝑠  𝑚𝑎𝑖𝑛  otherwise. (1)

where, 𝑚𝑎𝑖𝑛: output of the main-beam channel, 𝑠𝑙𝑏: output of the SLB channel, 𝑇𝐻 : threshold of the SLB decision. 

 

2. Adaptive SLB System with Spatial DLC and Non-coherent 

Integrator 

As mentioned earlier, to obtain a clear SLB decision, the 

main beam channel should be sufficiently greater than the SLB 

channel in the mainlobe. In this study, we set the decision crite-

rion as 𝑇𝐻  and designed a distinguishable angular pattern 

of the SLB channel in the overall angular domain. Fig. 3 depicts 

an adaptive SLB channel synthesized in a ULA system, along 

with the spatial DLC and non-coherent integrators [12]. 

A DLC in the Doppler domain is a simple and powerful tool 

for indicating a moving target. Thus, it was applied to the spatial 

domain. A spatial DLC forms a null at the boresight φ  of 

the angular pattern in the same manner as the DLC does on the 

zero Doppler. The proposed SLB synthesis is summarized as 

follows: first, the null makes a significant gap between the two 

channels within the mainlobe. Second, in the sidelobe region, 

the non-coherent integrator makes the angular pattern of the 

SLB channel uniformly higher than that of the main beam 

channel. Finally, adaptive beamforming ensures robust SLB per-

formance in environments with interference. 

In this section, we briefly describe the spatial DLC response, 

which is explained in further detail in Fig. 4. The DLC opera-

tion is called the first difference in discrete time [14]. Each 

sample in the output signal is equal to the difference between 

the two adjacent samples in the input signal. Using this opera-

tion, we defined the spatial DLC system in the ULA with the 

impulse response ℎ [𝑛] and frequency response 𝐻 (𝑢), 

where n is the element number in N-element ULA, and u is the 

spatial frequency in period 𝑢 .  
 ℎ [𝑛] = 𝛿[𝑛] − 𝛿[𝑛 − 1] ⎯ 𝐻 (𝑢) =  1 − 𝑒𝑥𝑝(−𝑗2𝜋𝑢/𝑢 )= 𝑒𝑥𝑝(−𝑗𝜋𝑢/𝑢 ) ∙ (2𝑗 ∙ sin(𝜋𝑢/𝑢 )) 

(2)
 

Owing to the zero value of sin(𝜋𝑢/𝑢 )  at 𝑢 = 0  in 𝐻 (𝑢) with 𝑢 = 0, the angular pattern of the adaptive 

SLB channel is considerably different from that of the adaptive 

main channel. Therefore, 𝑚𝑎𝑖𝑛 /𝑠𝑙𝑏  is clearly distinguishable 

between the mainlobe and the sidelobes, thus improving SLB 

decisions. 

III. SLB-RATIO FUNCTION FOR SLB DECISION 

In this section, we present the SNR of each input/output signal 

as well as the SLB ratio formulation in the proposed SLB system. 

To simplify the equations, we assumed the boresight ϕ = 0° 
of the array and omitted adaptive beamforming. 

As mentioned previously, we developed formulations of the 

N-element ULA using a discrete-time Fourier transform 

(DTFT) or DSP technique, with n = 0,1,…N-1 in the spa-

tial/array domain and u along with period 𝑢  in the spatial fre-

quency domain. However, in this study, we did not consider the 

time variables in each element or the array system. Note that 

variable n represents the sample or element number in the spa-

tial/array domain and is not related to time. A former study has 

explained the DSP technique in terms of the sample domain 

[17]. 

 

 
Fig. 4. Block diagram of the proposed SLB system in the ULA. 

 
Fig. 3. Comparison of the angular patterns between the adaptive 

main and the proposed adaptive SLB channels using the 

spatial DLC and non-coherent integrators: ULA with 16 

elements, 𝑑 = λ/2 , and Taylor window (30 dB SLL). 

Adapted from [12]. 
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1. Impulse Response and Frequency Response of the SLB System 

In the N-element ULA, the signal field arriving from ϕ is 

measured at locations 𝑑 ∙ 𝑛 of N elements with spatially equal 

distance d, expressed as: 
 𝑟(𝑛, 𝜙) = 𝑎(𝑛, 𝜙) ∙ 𝑝(𝑛, 𝜙) 𝑛 = 0,1, … 𝑁 − 1 = 𝛼 ∙ 𝑝(𝑛, 𝜙) (3)

 

where 𝑎(∙) and 𝑝(∙) represent the amplitude and phase dis-

tributions of the elements, respectively, while ϕ is the arrival 

angle perpendicular to the ULA. For isotropic and far-field 

radiation, the distribution of 𝑎(∙) is uniform over all n and 

becomes a constant α. The phase difference between the adja-

cent elements is consecutively delayed, corresponding to the 

direction of 𝜙. This denotes the response of the array, which 

can be expressed as follows: 
 𝑝(𝑛, 𝜙) =  𝑒𝑥𝑝( 𝑗2𝜋 ∙ 𝑠𝑖𝑛𝜙/𝜆 ∙ 𝑑 ∙ 𝑛) 

Or 𝑝(𝑛, 𝑢) = 𝑒𝑥𝑝( 𝑗2𝜋𝑢/𝑢 𝑛) (4)
 

where λ and d represent the wavelength of the signal and the 

equal distance between the elements, respectively.  

N samples of the measured signal in the ULA have a fixed 

spatial sampling distance of d between samples, spatial frequency 𝑢 = sin𝜙/𝜆 by equal phase difference between samples, and a 

spatial sampling frequency of 𝑢 = 1/𝑑 [5, 12].  
 𝑟(𝑛, 𝑢) = 𝛼 ∙ 𝑒𝑥𝑝( 𝑗2𝜋𝑢/𝑢 𝑛) 𝑛 = 0,1, … 𝑁 − 1 (5)
 

The output of the array eventually constitutes a discrete 

sequence of 𝑟(𝑛, 𝜙) satisfying the DSP technique, and can 

produce a function of spatial frequency u through DTFT.  

Spatial domain of the array (n = 0,1,...N-1 ) ⎯  

Spatial frequency domain (𝑢 periodic with 𝑢 ) 

Inverse DTFT: 
 𝑟[𝑛] = 𝑅(𝑢) ∙ 𝑒/

/ 𝑑𝑢 (6)

where 𝑅(𝑢) = 𝑟[𝑛] ∙ 𝑒  (7)

 𝑟[𝑛] represents a discrete set of samples 𝑟(𝑛, 𝜙) measured in 

each element.  

Fig. 4 displays a block diagram specifying the mathematical 

expressions for the input/output signal and the impulse responses 

of each stage in the proposed SLB system. For the target signal, 𝑥[𝑛] denotes the output set of the array and input set of the 

SLB system, 𝑦[𝑛] denotes the output set of the spatial DLC 

in the proposed SLB channel, while z(ϕ) denotes the output 

of the beamformer in the main beam channel for detection. The  

noise signals are denoted as 𝑛𝑥[𝑛], 𝑛𝑦[n], and 𝑛𝑧(ϕ) with 

respect to the target signal. Furthermore, the final output signals 

of each channel are denoted by 𝑚𝑎𝑖𝑛  and 𝑠𝑙𝑏 , in which the 

target and noise are still mixed. 

We denote the impulse responses of the spatial domain and 

the spatial frequency responses in each channel using Eqs. (6) 

and (7). In this context, ℎ [𝑛] and 𝐻 (𝑢) indicate the beam-

former in the main-beam channel, whereas ℎ [𝑛] and 𝐻 (𝑢) 

refer to the spatial DLC in the SLB channel. We define the 

normalization constants 𝛼BF and 𝛼sDLC, respectively, for the 

constraint "noise gain = 1." 
 ℎ [𝑛] = 𝛼BF ⋅ ℎBF[𝑛], 𝛼BF = 1∑ |ℎBF[𝑘]|  

ℎ [𝑛] ⎯ 𝐻 (𝑢) = 𝛼BF ⋅ 𝐻 (𝑢) (8)ℎ [𝑛] = 𝛼sDLCℎsDLC[𝑛], 𝛼sDLC = 1∑ |ℎsDLC[𝑘]|ℎ [𝑛] ⎯ 𝐻 (𝑢) = 𝛼sDLC ⋅ 𝐻sDLC(𝑢) (9)
 

Since the SLB system satisfies the conditions for DTFT, 

which particularly has an equal spatial sampling distance of d for 

all n, it can also be considered for digital FIR filtering. ℎ [𝑛] 
represents a filter matched to the array response vector for the 

boresight ϕ = 0°  as well as the conventional frequency-

selective digital filter of finite length [5]. This indicates that we 

can design N coefficients of ℎ [𝑛] for the directivity to reach 

a maximum frequency response at 𝑢 = sin ϕ /λ = 0 . 

Similarly, we can observe the ℎ [𝑛] of Eq. (2) as the frequency-

selective FIR filter, with two coefficients for the frequency 

response with the null at 𝑢 = 0. In addition, for causality, we 

designed the length of the FIR filter in such a way that the nth 

output uses only the samples of the ith elements, with 𝑖 ≤ 𝑛 at 

an observation time, as in Eq. (2). Thus, the designed FIR filter 

is causal for n.  

Eq. (10) shows the general form of the output 𝑔[𝑚] in a 

causal discrete FIR system, which is analogous to the discrete 

convolution of 𝑓[𝑚] with coefficients of ℎ[𝑚] in Eq. (11) 

[14–16]: 𝑔[𝑚] = 𝑏 𝑓[𝑚 − 𝑘] 
(10)ℎ[m] = 𝑏 𝑚 = 0,1, … , 𝑀 − 1,0     otherwise.  
(11)

 

The impulse response ℎ[𝑚] has a finite length of M.  

This general form can be used to obtain the output of the 

FIR filter in Fig. 4, according to the discrete input sequence of 𝑟(𝑛, 𝑢 ) in Eq. (5):  
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𝑔[𝑛] =  ℎ [𝑘] ∙ 𝑟[𝑛 − 𝑘, 𝑢 ] = 𝛼 ∙ 𝑒𝑥𝑝( 𝑗2𝜋 𝑢𝑢 𝑛)( , ) ℎ [𝑘] 𝑒𝑥𝑝(− 𝑗2𝜋 𝑢𝑢 𝑘)( ),  

(12)
 

where 𝑔[𝑛] represents the output of a FIR filter, ℎ [𝑛] denotes 

any impulse response in Fig. 4, and 𝑢  is the spatial frequency 

of the input samples related to the arriving direction ϕ.  

Since the input set 𝑟[𝑛, 𝑢 ] is a complex exponential, the 

nth output 𝑔[𝑛] finally represents the multiplied form of the 

nth input sample 𝑟(𝑛, 𝑢 ) and 𝐻 (𝑢) at 𝑢 : 𝐻 (𝑢) represents 

the spatial frequency response of M-length ℎ [𝑛] FIR filter. 

Specifically, 𝐻 (𝑢 ) indicates the value of the frequency response 

designed for frequency-selectivity according to the input spatial 

frequency. Eq. (12) can be further understood with digital FIR 

filtering as follows: the length of the frequency-selective FIR 

filter, and the steady-state response of the FIR system: 

(i) We designed the M-length of ℎ [𝑛] to extract the desired 

spatial frequency-selective response, for example, the di-

rectivity and the null. Thus, the number of valid output 

samples depends on the M. If M is greater than the number 

of input samples N, we cannot obtain the valid output with 

the designed frequency-selective response of 𝑀 ≤ 𝑁, which 

is a necessary condition for Fig. 4. In the spatial DLC in the 

SLB channel, the output 𝑦[𝑛] has valid output samples of 

N-1, n = 1,..., N-1, since ℎ [𝑛] satisfies the causality of the 

first difference operation and is 2-length in Eq. (2). In the 

case of the beamformer in the main beam channel, for N-

length ℎ [𝑛], the only N-1th output is valid: 
 𝑧(𝑢 ) = 𝑔[𝑁 − 1] = ℎ [𝑘]𝑥[(𝑁 − 1) − 𝑘] = 𝑥(𝑁 − 1, 𝑢 ) ∙  𝐻 (𝑢 ) = 𝛼 𝑒𝑥𝑝( 𝑗2𝜋𝑢 /𝑢 ∙ (𝑁 − 1)) ∙  𝐻 (𝑢 ) (13)
 

The output with one sample no longer has a variable of n in 

the spatial domain, and is related to the spatial frequency re-

sponse at 𝑢 , as in Eq. (13). 

(ii) If the input of the FIR system is a complex exponential, as 

in Eqs. (5) and (12), the 𝐻 (𝑢 ) in the output is referred to 

as the steady-state response of the system [14]. It represents 

the spatial frequency response at 𝑢  in steady state, such as 

a pass-band or a stop-band. In addition, the steady state in-

dicates holding its frequency response for all observations 

[14–16]. Consequently, the 𝐻 (𝑢) with the input-complex-

exponential must persist for n of any output. In particular, 

the steady state response 𝐻 (𝑢) has no more statistical 

meaning, such as averaging over n. On the other hand, the 

first term in Eq. (12), representing the value of the current 

input sample, becomes only a factor for scaling the ampli-

tude and shifting the initial phase independent of the system 

response. Therefore, it is regarded as an ignorable complex 

constant of the system response. 

 

2. Target Signal 

The target signal sampled at each element, 𝑥(𝑛, 𝑢 ), refers to 

the complex exponential form generated along with the target’s 

amplitude and spatial frequency [19]: 
 𝑥(𝑛, 𝑢 ) = 𝜎 𝑒𝑥𝑝( 𝑗2𝜋𝑢 /𝑢 𝑛) 𝑛 = 0,1, … 𝑁 − 1 (14)
 

where 𝜎 : RCS or amplitude of the target, 𝑢 = sin(𝜙 ) /𝜆 : spatial frequency of the target, 𝜙 : arriving angle of the target. 

As in Eq. (3), the instant amplitude of 𝑥(𝑛, 𝑢 ) at an arbi-

trary time has the same deterministic value 𝜎  for all n. Thus, 

we obtain the target’s input power of 𝑥[𝑛] in Fig. 4: 
 𝑃 = 𝐸{|𝑥[𝑛]| } = 𝜎 𝐸 𝑒𝑥𝑝( 𝑗2𝜋 𝑢𝑢 𝑛) = 𝜎  (15)
 

where 𝐸{⋅} denotes the expected value for all n in the spatial 

domain. 

We summarize the target output signal in the proposed SLB 

channel. First, using Eqs. (9) and (12), the output set of the 

spatial DLC 𝑦[𝑛] consists of: 
 𝑦[𝑛] = ℎ [𝑘] ∙ 𝑥[𝑛 − 𝑘] 𝑛 = 1,2, … , 𝑁 − 1 = 𝜎 𝑒𝑥𝑝( 𝑗2𝜋 𝑢𝑢 𝑛) ⋅ 𝐻 (𝑢 ) (16)
 

According to the null at 𝑢 = 0 in Eqs. (2) and (9), if the 

target of 𝑦[𝑛] is on the boresight 𝑢 = 𝑢 , the frequency 

response 𝐻 (𝑢 ) becomes zero, that is, 𝑦[𝑛] = 0, 𝑖𝑓 u = u . 

Next, the proposed SLB channel passes 𝑦[𝑛] through the 

non-coherent integrator, which calculates the energy of 𝑦[𝑛] 
through the total sum of the input power, as specified in Fig. 4. 

We obtain the target output signal for 𝑠𝑙𝑏  by employing 𝐸 , 

the modified energy by 𝛼 .  to satisfy the noise normalization 

constraint in Eq. (18).  
 𝐸 = |𝑦[𝑘]| = (𝑁 − 1) ⋅ 𝜎 |𝐻 (𝑢 )|  (17)𝐸 = 𝛼 . ⋅ 𝐸     𝛼 . = 1/(𝑁 − 1) (18)
 

Finally, we obtain the target output signal for 𝑚𝑎𝑖𝑛  in Fig. 

4. The output power in 𝑚𝑎𝑖𝑛  can be mathematically ex-

pressed as the squared magnitude of the beamformer—the out-

put signal z(𝑢) of the main beam former is in accordance with 

z(ϕ). As mentioned in the steady-state response of the FIR 

system with complex exponential inputs, the expected value of 
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the output z(𝑢) for all n becomes unimportant. Therefore, we 

obtain the target output signal in 𝑚𝑎𝑖𝑛  as power 𝑃 : 𝑃 = |𝑧(𝑢 )| = 𝜎 ⋅ |𝐻 (𝑢 )|  (19)

 

3. Noise Signal 

Contrary to a target signal with a deterministic amplitude, 

the expected value for all n can be calculated using an autocorre-

lation function, since noise power is a random variable [14–16]. 

Let 𝜎  and m be the average noise power in the output of each 

element and the lag amount of the autocorrelation function, 

respectively. Since 𝑛𝑥[𝑛] is uncorrelated between the elements, 

the autocorrelation function 𝜌 , (𝑚) can be expressed as 

follows:  
 𝜌 , [𝑚] = 𝜎 ⋅ 𝛿[𝑚] (20)
 

The average power of 𝑛𝑥[𝑛], 𝑃 , is considered to be equal 

to the autocorrelation function’s quantity at m = 0: 
 𝑃 = 𝐸{𝑛𝑥 [𝑛]} = 𝜌 , [0] = 𝜎  (21)
 

For the output noise signal 𝑛𝑦(𝑛) of the spatial DLC, the 

autocorrelation function and its average power are denoted as 

follows [14–16]: 
 𝜌 , [𝑚] = 𝜌 , [𝑚] ∗ ℎ [𝑚] ∗ ℎ∗[−𝑚] (22)
 

where ∗ is a discrete convolution and * represents a complex 

conjugate. 
 𝑃 = 𝐸{𝑛𝑦 [𝑛]} = 𝜌 , [0] = 𝜎 |ℎ (𝑘)| (23)
 

 

For the final output noise in 𝑠𝑙𝑏  by the non-coherent inte-

grator, we obtain the energy of the input noises, 𝐸 = (𝑁 −1)𝑃 , as in Eq. (17), and then normalize it using the noise 

constraint constant 𝛼 . : 
 𝐸 = 𝛼 . (𝑁 − 1)𝑃   𝛼 . = 1/(𝑁 − 1) (24)
 

Next, we consider[ the noise signal in 𝑚𝑎𝑖𝑛 . The output 

noise set 𝑛𝑧(𝑛) of the beamformer can be represented in the 

same manner as Eqs. (22) and (23).  
 𝜌 , [𝑚] = 𝜌 , [𝑚] ∗ ℎ [𝑚] ∗ ℎ∗ [−𝑚] (25)𝑃 = 𝐸{𝑛𝑧 [𝑛]} = 𝜌 , [0] = 𝜎 |ℎ (𝑘)| (26)
 

Finally, we review the output noises 𝐸  and 𝑃  of the 

two channels, along with the noise constraint constants.  
 𝐸 = 𝑃 = 𝜎  |ℎ (𝑘)|  𝑃 = 𝜎  |ℎ (𝑘)|  (27)

where 
 

|ℎ (𝑘)| = |𝛼 | |ℎ (𝑘)| = 1|ℎ (𝑘)| = |𝛼 | |ℎ (𝑘)| = 1 

 

Though the output noises 𝐸  and 𝑃  have individual 

gains in proportion to the input noise power 𝜎 , all gains be-

come "unit gain = 1" by 𝛼sDLC and 𝛼BF. Therefore, all output 

noises in Fig. 4 have the same value of 𝜎 . 
 𝑃 = 𝑃 = 𝑃 = 𝐸 = 𝜎  (28)

 
4. Input/Output SNR and SLB-Ratio Function 

This section presents the input and output SNRs of each 

channel as well as the SLB ratio between the two channels for 

the SLB decision using equations of the targets and noise signals. 

For the performance comparison, the output SNR of the conven-

tional SLB channel, 𝑆𝑁𝑅 _ , is further defined as Eq. (32). 

We assume that the conventional SLB uses the one-element 

output of the array antenna or the non-coherent integrator of 

the elements with noise normalization [9], 𝑆𝑁𝑅 _ , which 

has the same SNR as the input. The input/output SNR can 

then be expressed as: 

Input SNR of the SLB system, as shown in Fig. 4: 
 𝑆𝑁𝑅 = 𝑃 /𝑃 = 𝜎 /𝜎  (29)
 

Output SNR of the main beam channel: 
 𝑆𝑁𝑅 = 𝑃 /𝑃 = 𝑆𝑁𝑅 ⋅ |𝐻 (𝑢 )| (30)
 

Output SNR of the proposed SLB channel: 
 𝑆𝑁𝑅 = 𝐸 /𝐸 = 𝑆𝑁𝑅 ⋅ |𝐻 (𝑢 )|  (31)
 

Output SNR of the conventional SLB channel: 
 𝑆𝑁𝑅 _ = 𝑃 /𝑃 = 𝜎 /𝜎 = 𝑆𝑁𝑅 (32)
 

Next, we derive the SLB ratio of 𝑚𝑎𝑖𝑛  to 𝑠𝑙𝑏  for the 

SLB decision. The target and noise signals in the channel were 

mixed and were found to be uncorrelated, indicating that they 

are independent variables. Therefore, the average power of the 

channel can be obtained by adding the average power of the 

target and the noise. 

The expected value of the SLB ratio 𝐸{𝑅𝑎𝑡𝑖𝑜} between the 

output powers of the two channels is summarized in Eq. (33) by 

noise normalization, depending on the output SNRs of the two 

channels.  
 𝐸{𝑅𝑎𝑡𝑖𝑜} = 𝐸 𝑚𝑎𝑖𝑛𝑠𝑙𝑏 = 𝑃 + 𝑃𝐸 + 𝐸 = 𝑃 /𝑃 + 1𝐸 /𝐸 + 1= 𝑆𝑁𝑅 + 1𝑆𝑁𝑅 + 1  (33)
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Substituting the equations of the output SNRs, we can obtain 

the SLB ratios depending on the 𝑆𝑁𝑅 , 𝑢 , and the spatial 

frequency responses of two channels, as follows:  
 𝐸{𝑅𝑎𝑡𝑖𝑜} = 𝑆𝑁𝑅 ⋅ |𝐻 (𝑢 )| + 1𝑆𝑁𝑅 ⋅ |𝐻 (𝑢 )| + 1 (34)
 

Extending 𝑢  to the entire spatial frequency domain, we can 

compare the SLB ratio functions between 𝑅(∙) of the proposed 

SLB and 𝑅 (∙) of the conventional SLB.  
 𝑅(𝑢, 𝑆𝑁𝑅 ) = 𝑆𝑁𝑅 ⋅ |𝐻 (𝑢)| + 1𝑆𝑁𝑅 ⋅ 𝛼 𝑠𝑖𝑛( 𝜋 𝑢𝑢 ) + 1 

(35)
 

where α is 2, as indicated by Eqs. (2) and (9). 
 𝑅 (𝑢, 𝑆𝑁𝑅 ) = 𝑆𝑁𝑅 ⋅ |𝐻 (𝑢)| + 1𝑆𝑁𝑅 + 1  (36)
 

The different component of Eqs. (35) and (36) is the sin(𝜋𝑢/𝑢 ) term of 𝐻 (𝑢) in the denominator, which creates 

a null at 𝑢 = 𝑢 . Thus, for a target near 𝑢 , the 𝑅(∙) 

may be approximated to 𝑆𝑁𝑅 , which is significantly great-

er than 𝑅 (∙): if 𝑢 ≈ 𝑢 , 𝑅(𝑢 ) ≫ 𝑅 (𝑢 ). 

However, for a target in the sidelobe region, it becomes gradu-

ally smaller because of sin(∙). Compared to 𝑅 (∙), 𝑅(∙) 

provides a distinguishable ratio with respect to u and then en-

sures an excellent SLB performance, which ultimately decides 

whether the target originates from the sidelobe or otherwise. 

The various target scenarios for the SLB ratios are listed in 

Table 1, while the SLB ratios of Eqs. (35) and (36) are illustrated 

in Fig. 5. We employed the Taylor window with an SLL of 

30 dB for tapering in a 16-element ULA. 

For Case 2 in Table 1, the target with a 13-dB 𝑆𝑁𝑅  

represents a commonly minimum-detectable target in the radar 

detector. The signal would be injected with 1.65-dB 𝑆𝑁𝑅  at 

the input of the beamformer to obtain 𝑆𝑁𝑅  = 13 dB at 𝑢  for this simulation. Compared to the minimum-detectable 

target with 13-dB 𝑆𝑁𝑅  in Case 2, Case 3 represents a 

more easily detectable target with 3-dB higher power, while 

Case 1 represents a low-RCS target with 3-dB lower power. 

We generated the target signal arriving from the individual u 

of all u and then calculated the SLB ratios in Fig. 5. For the 𝑢  within the mainlobe, 𝑅(∙) in (a) has a large value close 

to 𝑆𝑁𝑅 , but the 𝑅 (∙) in (b) has a relatively low value. 

Conversely, in the sidelobe region, 𝑅(∙) gradually decreases to 

be lower than 𝑅 (∙). Furthermore, for the identical target 

case, 𝑅(∙)  has a value that is 2–6 dB higher than that of 𝑅 (∙) at 𝑢 , and a lower value in the sidelobe. We can 

observe that 𝑅(∙) provides considerably distinct ratios for vari-

ous target scenarios according to 𝑆𝑁𝑅 . 

IV. OPTIMAL SLB THRESHOLD AND  

SIMULATION RESULTS 

In this section, we estimate the SLB thresholds suitable for 

the desired targets using the derived SLB-ratio function. The 

results are demonstrated through 10,000 Monte Carlo simula-

tions.  

For practical situations, a cos-shaped element pattern was 

used to simulate a target signal [20]. 
 𝑓 (𝜑) = 𝑐𝑜𝑠 / 𝜑 (37)

 

1. SLB Thresholds Appropriate for the Targets 

The radar system generally regards a 3-dB beam width as the 

detection region, while the blanking region of an SLB indicates 

the regions that exclude the detection region. We determined 

the SLB threshold of the boundary separating the detection and 

blanking regions as the value of the SLB-ratio function at a 3-

dB beam width of ±𝑢  using Fig. 5. 

Table 2 indicates the SLB thresholds—the SLB-ratio func-

tion’s value with respect to a wanted 𝑆𝑁𝑅  and ±𝑢 . It is 

evident that Th 2 is applicable for the typical minimum-

Table 1. Target scenarios for the simulation (Element # 16, GSNR = 

11.35 dB with Taylor 30 dB SLL) 

 SNRmain (dB) SNRin (dB)

Case 1 10 -1.35 

Case 2a 13 1.65 

Case 3 16 4.65 

GSNR = SNR gain of the beamformer in the main beam. 

SNRin = SNRmain – GSNR 
aA typical minimum-detectable target in the radar. 

 

 
(a) (b) 

Fig. 5. Graph of R(u, SNRin) and Rconv(u, SNRin) for the targets in 

Table 1: (a) proposed SLB channel and (b) conventional 

SLB channel. 

Table 2. SLB thresholds for ±𝑢  (detection region) corresponding

to a low-RCS target and a detectable target  

 SNRmain (dB)
𝑇𝐻  (dB)𝑅(𝑢3dB, 𝑆𝑁𝑅 ) 𝑅conv(𝑢3dB, 𝑆𝑁𝑅 )

Th 1 10 7.50 5.40

Th 2 13 10.23 6.50

 R
(u

, S
N

R
in

) 
(d

B
)
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detectable target with 13-dB 𝑆𝑁𝑅 , while Th 1 is appropri-

ate for a low-RCS target with 3-dB lower power. 𝑇𝐻  by 𝑅(∙) of 10.23 and 7.5 dB refer to the proposed 

SLB channel, 6.5 and 5.4 dB by 𝑅 (∙) refer to the conven-

tional SLB channel in the simulations. The proper SLB 

thresholds by 𝑅(∙) for the detection region are much higher 

than those by 𝑅 (∙), thus performing robust SLB decisions 

in noisy environments or with the low-RCS targets. This is 

because the proposed SLB channel increases 𝑅(∙) significantly 

within the detection region as mentioned previously. In contrast, 

6.5-dB Th 2 by 𝑅 (∙) has an insufficient difference relative 

to the noise even for the minimum-detectable target of 13-dB. 

Furthermore, Th 1 for a low-RCS target is severely lowered to 

5.4 dB, we can predict that the lower threshold will lead to the 

performance degradation. The superiority of the SLB thresholds 

by the proposed SLB channel was verified in more detail in the 

simulation results. 

 

2. Simulation Results 

The Monte Carlo simulation generated the test signal with 

the noise at every u point of the target scenarios in Table 1, es-

timated the SLB ratio, and processed the SLB decision with 

reference to the SLB thresholds in Table 2. The same proce-

dures were repeated 10,000 times at each u. 

With reference to the figures depicted in this section, the legend 

"sDLC + NCI" pertains to the proposed SLB channel and 

"Conventional" pertains to the conventional SLB channel.  

In (a) of Figs. 6–11, the y-axis of "Target Existence Decision#" 

denotes the number of decisions about the target-in-mainlobe 

at each u. Specifically, the SLB determines that the angle of the 

test signal is the mainlobe and does not blank it—it is interpret-

ed as either the detectability of the target-in-mainlobe or the 

blanking ability of the target-in-sidelobe. This represents SLB 

performance at a specific u. 

In (b) of Figs. 6–11, the y-axis of the "Probability mass func-

tion" represents the proportional quantity of "Target Existence 

Decision#" at each u to the total decisions taken in all u. It repre-

sents the probability density of "Target Existence Decision#" in 

the u domain, also known as the discrete density function [21]. 

This indicates the reliability of the SLB performance in a par-

ticular u compared to all other u domains. Notably, the proba-

bility mass function 𝑓 (𝑢 ) has a sum value of 1 for all u:  
 𝑓 (𝑢 ) = 1. .  (38)
 

where 𝑢  is u normalized with 𝑢 , 𝑢 = 𝑢/𝑢 . 

We analyzed the performance results of the SLB synthesis 

and thresholds with the following indicators: 

1) The amount of "Target Existence Decision#" within ±𝑢  

represents the detectability of the target-in-mainlobe in the  

detection region, meaning the frequency of a target-in-

mainlobe decision occurring in the mainlobe. If this value is 

low, many of the target-in-mainlobes are blanked by SLB, 

thus reducing the detection probability of a radar. 

2) The distribution of the probability mass function identifies the 

region where the decision probability of the mainlobe target 

occurs intensively. 

3) The partial sum of the probability mass function within ±𝑢  involved a reliability in the detection region relative to 

the entire u domain. This is an important indicator of a low-

RCS target because an improper SLB threshold or an insuf-

ficient SLB ratio can frequently blank the target with low 𝑆𝑁𝑅  in the detection region. Thus, we have displayed 

the quantities in tabular form. Additionally, an unfavorable 

SLB ratio and SLB threshold of a low-RCS target are in-

herently difficult when it comes to satisfying overall perfor-

mance. Hence, a reasonable threshold may be acceptable. 

Although there is a disadvantage of low detectability of "Tar-

get Existence Decision#" in the detection region, it is suffi-

cient to satisfy fewer blanking errors and high reliability in 

the detection region. Nevertheless, in the proposed method, 

an appropriate threshold exhibits superior detectability with 

high reliability in the detection region. 

4) The remaining partial sum within the ±𝑢  involved a 

blanking error in the blanking-region:  
 

1 – ∑ 𝑓 (𝑢 )±
              (39) 

 

Despite the blanking region, the SLB incorrectly makes a 

decision as the target-in-mainlobe and does not blank it. This 

further relates to the blanking ability of the target-in-sidelobe. 
 

2.1 Results of the threshold appropriate for a minimum-detectable 

target 

Initially, we set 𝑇𝐻  as Th 2 applicable for the typical 

minimum-detectable target in Table 2, the input target scenarios 

in Table 1 were simulated. The results are presented in Figs. 6–

8 and Table 3. 

For Cases 2 and 3 in Figs. 7(a) and 8(a), since the input 

targets have enough 𝑆𝑁𝑅  of 13-dB or more for Th 2, 

"sDLC + NCI" and "Conventional" both exhibit good detecta-

bility of the target-in-mainlobe in the detection region. However, 

due to the false SLB decisions in the sidelobe region in the (a) 

of Figs 7 and 8, "Conventional" shows poor reliabilities across u 

compared to "sDLC + NCI". In contrast, "sDLC + NCI" has 

the intensive shape of the probability mass function only within 

the detection region in (b)s, ensuring excellent reliability across u.  

For Case 1 of a low-RCS input target in Fig. 6, its signal of a 

10-dB 𝑆𝑁𝑅  at 𝑢  is significantly lower than that of 

Cases 2 and 3 as well as the target’s SNR subject to Th 2. Thus 

the estimated SLB ratio is also reduced relative to Th 2— 
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(a) (b) 

Fig. 6. Results for Case 1 (input target with 𝑆𝑁𝑅  = 10 dB at 𝑢 ): Th 2 for the target with SNRdetectable = 13 dB. (a) 

number of decisions as the target in the mainlobe and (b) 

probability mass function of (a). 

 

 
(a) (b) 

Fig. 7. Results for Case 2 (input target with 𝑆𝑁𝑅  = 13 dB at 𝑢 ): Th 2 for the target with SNRdetectable = 13 dB. (a) 

number of decisions as the target in the mainlobe and (b) 

probability mass function of (a). 

 

 
(a) (b) 

Fig. 8. Results for Case 3 (input target with 𝑆𝑁𝑅  = 16 dB at 𝑢 ): Th 2 for the target with SNRdetectable = 13 dB. (a) 

number of decisions as the target in the mainlobe and (b) 

probability mass function of (a). 

 

Table 3. Partial sum of 𝑓 (𝑢 ) within ±𝑢  (Th 2) 

Input target 
𝑆𝑁𝑅  at 𝑢  (dB) 

𝑓 (𝑢 )±
 

sDLC+NCI Conventional

Case 1 10 0.90 0.19

Case 2 13 0.86 0.25

Case 3 16 0.75 0.35

Th 2 (dB) = 10.23 (sDLC + NCI), 6.50 (Conventional). 

meaning that we have an insufficient difference between the 

estimated SLB ratio in Case 1 and Th 2. Therefore, as ob-

served in Fig. 6(a), the "Target Existence Decision#" occurred 

slightly in both "sDLC + NCI" and "Conventional." More 

severely, "Conventional" increases the overall blanking error in 

the blanking region. However, "sDLC + NCI" still guarantees a 

good reliability across u in Fig. 6(b). 

Specifically, in Table 3, "sDLC + NCI" of Case 3 has high 

reliability of 0.9 in the detection region despite the low detecta-

bility, owing to the lower 𝑆𝑁𝑅 —meaning that almost all 

decisions of the target-in-mainlobe occur correctly near 𝑢 . 

Cases 2–3 of "sDLC + NCI" guarantee the reliability of 0.75 

and 0.86 near the detection region, and moreover, Case 3 has 

perfect decisions of 10,000 near 𝑢 . On the other hand, the 

reliability of "Conventional" in the detection region decreases 

from 0.35 and 0.25 for Cases 2–3 to 0.19 for Case 1, specifically 

indicating the deterioration of the overall performance with the 

lower 𝑆𝑁𝑅 .  

Th 2 of "sDLC + NCI" has much better overall performance 

than Th 2 of "Conventional," and is reasonable even for a low-

RCS input target due to the high reliability in the detection 

region. The following section indicates that having an appropriate 

SLB threshold for a low-RCS target can improve the results of 

the "sDLC + NCI."  

 

2.2 Results of the threshold appropriate for low-RCS target with 

SNRdetectable = 10 dB 

We reset 𝑇𝐻  as Th 1 ppropriate for a low-RCS target in 

Table 2, and equally simulated the input target scenarios. The 

results are presented in Figs. 9–11 and Table 4. We compared 

the results of different SLB thresholds Th 1–2 for the identical 

input targets. The value of Th 1 decreases with 𝑆𝑁𝑅  of a low-

RCS target compared to the value of Th 2.  

In the results of "Conventional," comparing (a) of Figs. 6–8 

and (a) of Figs. 9–11, numerous errors in the SLB decisions oc-

cur outside the detection region. Since a severe low value of 5.4 

dB for Th 1 frequently considers the noise to false target. Be-

sides, across all u, the "Target Existence Decision#" increases 

slightly owing to the lower threshold. Thus, using Th 1 instead 

of Th 2 improves detectability slightly better in the detection 

region, but significantly reduces the blanking ability in the 

blanking region. We also observe that the values of the proba-

bility mass function at 𝑢  decrease further in (b) of Figs. 9–

11, and eventually the reliability of the detection region of Case 

1 deteriorates from 0.19 to 0.17 in Tables 3–4. 

In the results of "sDLC + NCI", Th 1 is significantly re-

duced by approximately 3 dB—from 10.23 to 7.50 dB. There-

fore, comparing (a) of Figs. 6–8 and (a) of Figs. 9–11, the "Target 

Existence Decision#" increases remarkably across all u. Specifi-

cally, for Case 1 in Figs. 6 and 9, it increases by more than 30%: 

-0.5 -0.25 0 0.25 0.5
Normalized spatial freq. unor with us

0

0.005

0.01

0.015

0.02

0.025

0.03
sDLC+NCI
Conventional



JANG and CHO: SPATIAL DELAY LINE CANCELER-BASED SIDELOBE BLANKING FOR LOW RADAR-CROSS-SECTION TARGET 

589 

  
 

 
(a) (b) 

Fig. 9. Results for Case 1 (input target with 𝑆𝑁𝑅  = 10 dB at 𝑢 ): Th 1 for the target with SNRdetectable = 10 dB. (a) 

number of decisions as the target in the mainlobe and (b) 

probability mass function of (a). 

 

 
(a) (b) 

Fig. 10. Results for Case 2 (input target with 𝑆𝑁𝑅  = 13 dB at 𝑢 ): Th 1 for the target with SNRdetectable = 10 dB. (a) 

number of decisions as the target in the mainlobe and (b) 

probability mass function of (a). 

 

 
(a) (b) 

Fig. 11. Results for Case 3 (input target with 𝑆𝑁𝑅  = 16 dB at 𝑢 ): Th 1 for the target with SNRdetectable = 10 dB. (a) 

number of decisions as the target in the mainlobe and (b) 

probability mass function of (a). 

 
Table 4. Partial sum of 𝑓 (𝑢 ) within ±𝑢  (Th 1) 

Input target 
𝑆𝑁𝑅  at 𝑢  (dB) 

𝑓 (𝑢 )±
 

sDLC+NCI Conventional

Case 1 10 0.75 0.17

Case 2 13 0.70 0.23

Case 3 16 0.62 0.31

Th 1 (dB) = 7.50 (sDLC+NCI), 5.40 (Conventional). 

by 3,628 at ±𝑢  and by 3,259 at 𝑢 . Despite the 3 dB 

lowered threshold of Th 1, blanking error is rare in the blanking 

region unlike in the results of "Conventional", thereby guaran-

teeing the superior reliability compared to Th 2. Furthermore, 

Cases 2–3 for Th 1 have perfect decisions of 10,000 within the 

detection region, and the distribution shapes become maximally 

clipped in the detection region by perfect decisions in Figs. 10 

and 11. Note that the partial sums of "sDLC + NCI" decrease 

from the values for Th 2 in Table 3 to the values for Th 1 in 

Table 4. Since perfect decisions of the target-in-mainlobe are 

taken beyond the detection region, not within the detection 

region. In other words, reliability of Th 1 is only numerically 

low, and the performance is better than that of Th 2. 

V. CONCLUSION 

This study proposes the synthesis method for a robust SLB 

channel for low-RCS targets. This method is simply imple-

mentable to be expansible for adaptive beamforming. This 

method generates a distinguishable angular pattern with respect 

to the mainlobe and the sidelobe compared to the pattern of the 

main beam channel. The corresponding SLB ratio has re-

markably changeable values with respect to the u domain, since 

it is increased at 𝑢  by sDLC and decreased in the sidelobe 

region by the non-coherent integrator.  

We also formulated an SLB-ratio function of u, SNRin, and 

the spatial frequency response and then estimated a suitable 

SLB threshold for the low-RCS target. The proposed SLB 

provides much better overall performance than the conventional 

SLB for various targets scenarios, especially reliability across u. 

Since the difference between the SLB ratio and the SLB 

threshold is ensured sufficiently by sDLC. 

The proposed SLB also provides appropriate threshold for a 

low-RCS input target, guaranteeing both superior reliability 

without blanking error and the high detectability of the target-

in-mainlobe in the detection region. The suitable threshold for 

a low-RCS target improved the SLB performance by more than 

30% compared to the threshold for the typical minimum-

detectable target. Furthermore, it improved reliable detectability 

in the detection region while guaranteeing blanking ability in 

the blanking region with a negligible error of under 0.15.  

In contrast, even for the minimum-detectable target, the con-

ventional channel exhibited a huge error of more than 0.75 in 

the blanking region. The blanking error of the threshold for a 

low-RCS target became more severe, increasing up to 0.83. 

Therefore, the conventional SLB cannot provide reliable per-

formance for a low-RCS target. As a result, we focused on the 

novel synthesis of an SLB channel for a low-RCS target. 

We applied a cos-shaped element pattern to the actual array 

modeling. However, there are more considerable realistic errors, 
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such as errors by the Swerling target model, physical array error 

of mutual coupling, and inaccurate calibration. These challenges 

can be addressed by sufficient SLB ratio differences owing to 

spatial DLC, which can be easily implemented. Therefore, we 

can consider developing it in complex antenna systems, such as 

sub-arrays or planar arrays, based on the synthesis proposed in 

this study. 
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I. INTRODUCTION 

Ground-penetrating radar (GPR) is a non-destructive elec-

tromagnetic system that allows the imaging of subsurface objects. 

The advantage of GPR is that it senses any kind of material 

based on variations in its dielectric permittivity and electrical 

conductivity. As long as the aforementioned responses of buried 

materials are different from their surroundings, the measured 

GPR image will contain enough information to distinguish the 

buried material signature, namely the target, from its surround-

ing environment [1]. 

The basic principle of GPR is based on sending and receiving 

electromagnetic pulses. In one iteration, a 1D signal containing 

many numbers is obtained, which varies with respect to the die-

lectric permittivity and electrical conductivity of the penetrated 

environment. This 1D signal is called an A-scan. When the 

GPR antenna is used to scan a certain area, many A-scans are 

collected and concatenated next to each other to construct a 2D 

signal, which is called the B-scan or the GPR image. Generally, 

missing data recovery and target detection methods are imple-

mented on GPR images [1]. 

However, the GPR-based buried target detection concept also 

faces various challenges. The GPR measurement procedure is 

highly vulnerable to cases such as difficultly accessing some re-

gions (because of obstacles or other inhibitory factors), highly 

damaged or corrupted A-scans during data collection, data with 

clutter that makes buried objects less visible, failures during 

measurements, or other instrumental problems.  
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Abstract 
 

Measurements acquired through ground-penetrating radar (GPR) may contain missing information that needs to be recovered before the 

implementation of any post-processing method, such as target detection, since buried target detection methods fail and cannot produce 

desired results if the input GPR image contains missing information. This study proves that the recovery of missing information in a GPR 

image has a direct influence on the performance of subsequent target detection methods. Thus, state-of-the-art matrix completion methods 

are applied to the GPR image with missing information in both pixel- and column-wise cases with different missing rates, such as 30% 

and 50%. After the GPR image is successfully recovered, the faster region-based convolutional neural network (Faster R-CNN) target 

detection method is applied. The performance correlation between matrix completion accuracy and the target detection method’s confidence 

score is analyzed using both quantitative and visual results. The obtained results demonstrate the importance of GPR image recovery prior 

to any post-processing implementation, such as target detection. 
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As a result of these issues, partial missing information is a 

very likely characteristic of GPR measurements [2]. 

Moreover, missing information leads to poor identification, 

detection, and analysis of the measured GPR image [3]. Various 

matrix completion methods have been introduced in the litera-

ture, especially in the image processing domain as inpainting 

methods. They have also been successfully implemented for 

seismic data recovery issues [3–6]. Generally, these methods are 

based on interpolation [4], low-rank matrix completion [5], or, 

more recently, on deep learning-based [6] approaches. 

Among these approaches, the low-rank matrix completion-

based ones are the most popular. Many techniques have been 

proposed for low-rank-based matrix completion, such as convex 

relaxation, gradient, and alternating minimization-based algo-

rithms [7–10]. In one study [7], the available methods were 

applied to missing information cases in GPR images and a 

detailed analysis of the various cases was presented. Among the 

applied methods, the low-rank matrix fitting (LmaFit) [8], nuclear 

norm minimization (NNM) [9], and non-negative matrix com-

pletion (NMC) [10] showed better performance compared to 

the others and proved their superiority even in extreme cases of 

missing information in GPR images. Drawing on the above 

results, this study focused on these three best-performing meth-

ods for matrix completion on pixel- and column-wise missing 

cases with various missing rates. 

The region-based convolutional neural network (R-CNN) is 

one of the most common deep learning architectures used for 

object detection. Over time, it evolved into Fast R-CNN and 

Faster R-CNN [11]. The latter integrates a region proposal 

network (RPN) to produce region proposals directly in the 

network instead of using an additional algorithm, such as edge 

boxes. The RPN structure utilizes anchor boxes for object detec-

tion. Using region proposals in the network is a faster and better 

way to converge the loss function with the training data. Be-

cause of its model accuracy and end-to-end structure, RPN is 

used in a wide range of object detection solutions, even in GPR 

images. Faster R-CNN presents higher accuracy for buried 

target detection in GPR images, even with a small training 

dataset [12]. However, in order to implement Faster R-CNN, 

the GPR image has to be in its proper form (no measurement 

failures/missing information, as previously discussed). If there 

are any missing regions in the GPR image because of corrupted 

A-scans, Faster R-CNN fails to detect the buried target, even if 

target signature is partially observed. Thus, some pre-processing 

operations are required for the purpose of presenting a reasonable 

confidence score for buried object detection. 

In this study, we propose a novel framework using cascading 

matrix completion methods with deep learning-based buried 

target detection. In our implementation, GPR images with 

various pixel- and column-wise missing rates are recovered using 

three different matrix completion methods—LmaFit, NNM, 

and NMC. After this, the results are fed into the Faster R-

CNN for buried target detection purposes. The relation between 

the matrix completion performance and confidence score of the 

target detection is analyzed, and both quantitative and visual 

results are presented. 

The rest of this paper is organized as follows: in Section II, 

the related research on matrix completion approaches is pre-

sented. Section III introduces Faster R-CNN-based buried 

target detection. Section IV is dedicated to explaining the pro-

posed method. In Section V, the visual and quantitative results 

are presented. Finally, Section VI concludes the paper. 

II. GPR IMAGE RECOVERY 

Image recovery methods are extensively applied to image pro-

cessing problems in different scenarios, such as cases of pixel-

wise and column-wise missing information [3]. However, in 

GPR measurements, column-wise missing cases (missing A-

scans) are significantly more common than pixel-wise missing 

cases. Thus, this study primarily focused on the column-wise 

missing cases, since they are more challenging. In the experi-

mental results section of this study, two different column-wise 

and one pixel-wise missing cases are presented. 

An important step should be followed in the case of column-

wise missing information before the implementation of any 

matrix completion method. According to matrix completion 

theory, at least one observation for each row and column is 

necessary [3] (this is not applicable for pixel-wise missing cases). 

Thus, a pre-transformation step must be applied to the input 

GPR image with missing information to address this. One 

study [7] proposed dividing the GPR image into smaller patches, 

such as 3×3, followed by vectorizing and concatenating them to 

construct a new input matrix for the GPR image recovery 

methods, as described in Fig. 1. 

Three methods are selected for the matrix completion of the 

GPR images based on their superior performances [7]—LmaFit 

[8], NNM [9], and NMC [10]. While each of these methods 

has its own unique theory, we briefly describe the matrix com-

pletion theory in this study. More details on the methods can be 

found in the literature [8–10]. 

 

 
Fig. 1. Block diagram of pre-transformation for matrix completion. 
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𝑋 ∈ ℝ  represents the raw GPR image, while 𝑌 ∈ ℝ  

denote the GPR image with missing entries in column-wise or 

pixel-wise cases, respectively. Meanwhile, 𝑀 and 𝑁 are the 

dimensions of X and Y, namely time (ns) and distance (cm) 

locations. Recovering the exact low-rank matrix can thus be 

expressed by the following minimization function:  
 min 𝑟𝑎𝑛𝑘(𝑋) ,     𝑠. 𝑡.    𝑋 = 𝑌 ,    ∀(𝑖, 𝑗) ∈ Ω (1)
 

Here, 𝑟𝑎𝑛𝑘(∙) denotes the rank of the GPR image 𝑋, while Ω stands for an index subset corresponding to the observed 

entries. i and j are the index values. 

We define the projection operator 𝑃 ∶  ℝ →  ℝ  as 

follows: 
 [𝑃 (𝑋)] = 𝑋 ,        (𝑖, 𝑗) ∈  Ω0,          otherwise   

(2)
 

Here, 𝑃  represents the projection on the observation sub-

space of the matrices, with non-zero entries constrained to the 

index subset Ω. 

If the GPR image Y is low-rank and its singular vectors are 

sufficiently spread, the missing locations can be recovered by 

implementing the following minimization function: 
 min 𝑟𝑎𝑛𝑘(𝑍) ,     𝑠. 𝑡.    ‖𝑃 (𝑍 − 𝑌)‖ ≤ 𝛿  (3)
 

In the above equation, Z denotes an unknown variable matrix, ‖. ‖  stands for the Frobenius norm, and 𝛿 is the tolerance 

parameter. Furthermore, since the problem in Eq. (3) is NP-

hard, it can be relaxed to form a convex optimization problem, 

expressed as follows: 
 min‖𝑍‖∗ ,     𝑠. 𝑡.    ‖𝑃 (𝑍 − 𝑌)‖ ≤ 𝛿 (4)
 

Here, ‖𝑍‖∗ represents the nuclear norm. The general opti-

mization problem in Eq. (4) can be solved through a matrix 

completion problem. In this study, LmaFit, NNM, and NMC 

are used for the completion. The details of the methods are pre-

sented in Table 1. 

III. FASTER R-CNN-BASED BURIED TARGET  

DETECTION 

The R-CNN, which uses selective search strategies and 

creates regional proposals for each target image, is one of the 

most popular object detection models. After constructing the 

region proposals, features from these proposals are extracted 

through the CNN architecture. The last step of the R-CNN 

model is the classification and localization of the target object. 

After implementing these processes, the target location is pre-

sented by the bounding box around it. The introduction of Fast 

R-CNN adds a new layer—the region of interest (ROI) 

pooling—which enables the utilization of a single feature map 

for all proposals extracted using selective search algorithms [11].  

ROI pooling solves one of the fundamental problems of fixed 

image size requirement for object detection observed in previous 

methods. It can solve recalculating problems resulting from the 

different sizes of the features. With this new addition to the 

Fast R-CNN, similar accuracy is obtained with faster training 

and inference time. However, both R-CNN and Fast-RCNN 

use selective searches to identify the region proposals. The selec-

tive search strategy is a tedious and time-consuming process 

that has a negative effect on the performance of the network. 

In Faster R-CNN, similar to Fast R-CNN, the image is 

given as an input to a convolutional network that produces a 

convolutional feature map. However, in Faster R-CNN, instead 

of using the selective search algorithm on a feature map to define 

region proposals, it is predicted by a separate network. It is then 

reshaped by the ROI pooling layer. In the final step, the image 

within the proposed region is classified to predict the bounding 

box. As a result, a much faster architecture is obtained compared 

to its predecessors [11]. 

 

1. Training the Faster R-CNN on Simulated GPR Data 

CNNs generally consist of convolutional layers, pooling layers, 

and fully connected layers. 

The CNN model in this study includes 3 convolutional layers 

with dimensions of 16, 32, and 64, with a 5 × 5 kernel size 

(rectified linear unit [ReLu] is used as the activation function 

and 2 × 2 maxpooling layer is applied in every convolutional 

layer). They are fed into one fully connected layer with 64 

neurons. The Cifar-10 dataset is selected for pre-training. The 

simulated GPR images are then used to train the Faster R-

CNN, which utilizes pre-trained CNN weights [12].  

The simulated dataset is constructed using the gprMax simu-

lation software [13], consisting of 55 simulated GPR images 

with different burial depths, soil types, object materials, and 

surface types. This simulated dataset is split as follows: 40 are 

used for training, 10 are used for validation, and the remaining 5 

are used for testing purpose. 

IV. PROPOSED METHOD 

The block diagram of the proposed method, depicted in Fig. 

2, is constructed by cascading the methods explained in Sections 

II and III. First, the GPR image recovery or matrix completion 

Table 1. Conventional matrix completion methods 

Category Method Main technique

Matrix factorization [8] LmaFit Alternating

Rank minimization [9] NNM SVD

Matrix factorization [10] NMC Alternating
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methods (LmaFit [8], NNM [9], and NMC [10]) are applied 

to the missing GPR image in both the pixel- and column-wise 

missing cases. The obtained GPR image may contain artifacts 

over the target region after the recovery process. If the input 

GPR image in Fig. 2 has no missing information, the matrix 

completion methods will not have any adverse effect on it (almost 

the same input GPR image is obtained). Since they are suffi-

ciently fast, applying the matrix completion methods at the 

beginning of the target detection process does not lead to addi-

tional costs for the proposed model. 
The recovered GPR image is then fed to the Faster R-CNN 

network, which is already trained for buried target detection in 

GPR images (during the training process, GPR images do not 

contain any missing information). At the end of the network, 

we obtain the bounding box around the buried target along with 

its confidence score. The obtained target detection score with 

Faster R-CNN is directly related to the input of the network, 

which means the quality of the recovered GPR image (especial-

ly the target signature with a hyperbolic shape) via matrix com-

pletion algorithms. This indicates that well-recovered GPR 

images at the input of the network eventually lead to good target 

detection performances. 

V. EXPERIMENTAL RESULTS 

In this study, simulated GPR images with missing infor-

mation for both the pixel- and column-wise cases are used for 

matrix completion purposes. The Faster R-CNN-based buried 

target detection model is applied to the recovered GPR images. 

The simulated data are produced by using the gprMax simula-

tion software [13]. Some of the pixels or A-scans are deleted 

deliberately for recovery purposes in the obtained simulated data. 

Since the pixels are deleted manually, the information from the 

original GPR image is still available for quantitative comparison. 

Moreover, both visual and quantitative results are analyzed during 

the comparison. To be more precise, the recovered target signa-

tures are zoomed into in the case of the visual results, and both 

the peak signal-to-noise ratio (PSNR) and structural similarity 

index measure (SSIM) are presented in the quantitative com-

parisons. 

The simulated data are constructed as follows: the buried 

target is a single aluminum with a dielectric constant (F/m) of 

3.1 and conductivity (S/m) of 2.3 × 107. Additionally, the sur-

face and soil types are considered flat and dry sandy soil, respec-

tively, with the latter having a dielectric constant (F/m) of 3.0 

and conductivity (S/m) of 0.001. The experimental design of 

the simulated GPR images is depicted in Fig. 3, which clearly 

shows the aluminum disk—with dimensions 2.5 cm × 2 cm in 

radius and height and a burial depth of 2 cm. Antennas are 

placed 5 cm above the ground and moved 1 cm in each simula-

tion to obtain the A-scan. In each scenario, antennas are moved 

80 times to obtain the GPR image; thus, there are 80 A-scans, 

with each A-scan containing 256 samples. Effectively, the final 

obtained B-scan or GPR image has a size of 256 × 80. A 1.5-

GHz antenna type (Model 5100; Geophysical Survey Systems 

Inc., Nashua, NH, USA) is selected, which is frequently used in 

real GPR measurements. The sample simulated GPR image 

obtained from gprMax is presented in Fig. 4(a). The ideal burial 

environment (dry sand soil) is selected for the aluminum target 

(highly reflective). As a result, the target signal can be clearly 

observed as a hyperbolic structure in the raw GPR image. The 

target region size is arranged as 70 × 40, as noted in the shaded 

region in Fig. 5(b). 

 
Fig. 2. Block diagram of the proposed method. 

 

 

Fig. 3. Experimental design of the simulated dataset.
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(a)                        (b) 

 
(c)                        (d) 

Fig. 4. (a) Simulated raw GPR data, and results for (b) LmaFit, (c) 

NNM, and (d) NMC. 

 

 
(a)                        (b) 

 
         (c)           (d)           (e)           (f) 

Fig. 5. (a) Raw GPR image (30% pixel-wise missing data case), (b) 

original raw GPR image and zoomed-in regions of the re-

covered target signature: (c) original target, results for (d) 

LmaFit, (e) NNM, and (f) NMC. 

 

Before the matrix completion results are presented, the effects 

of the methods are analyzed for cases where the input image has 

no missing pixels or columns. The outputs of the methods for 

LmaFit, NNM, and NMC are shown in Fig. 4(b)–4(d). As 

observed in Fig. 4, if the input GPR image has no missing region, 

the matrix recovery methods will have no adverse effect on the 

image. Thus, these methods can be safely used before imple-

menting any target detection algorithm. 

As mentioned before, pixel- and column-wise missing infor-

mation cases are chosen for matrix recovery methods, wherein 

the latter is more common and challenging. For the pixel-wise 

missing information case, the missing rate is arranged as 50%, as 

presented in Fig. 5(a). The 30% missing rate analysis is skipped 

for the pixel-wise case since it is a relatively simple case for the 

matrix completion methods [7]. For the column-wise missing 

information cases, missing rates are arranged at 30% and 50%, 

as presented in Fig. 6(a) and Fig. 7(a), respectively. In Fig. 5(a), 

the target signature is not visible in the missing GPR image, 

and the target signature is radically corrupted. Furthermore, in 

Fig. 6(a), the target signature is barely visible. However, in Fig. 

7(a), the effects of the missing regions are more severe, while 

the target signature is also not visible in the missing GPR image.  

The simulated raw GPR images in Fig. 4 do not exhibit much 

variation in the background, with the most significant part of 

the images being their target signatures, which have a hyperbolic 

shape. For the visual results of the GPR image recovery methods, 

the zoomed-in areas for the target signature are presented. To 

avoid repetition, the GPR image recovery results for the whole 

GPR image are presented in Figs. 8(b)–8(d), 9(b)–9(d), and 

 
(a)                        (b) 

 
(c)           (d)           (e)           (f) 

Fig. 6. (a) Raw GPR image (30% column-wise missing data case), 

(b) original raw GPR image and zoomed-in regions for the 

recovered target signature: (c) original target, results for (d) 

LmaFit, (e) NNM, and (f) NMC. 

 

 
(a)                        (b) 

 

 
(c)           (d)           (e)           (f) 

Fig. 7. (a) Raw GPR image (50% column-wise missing data case), 

(b) original raw GPR image and zoomed-in regions for the 

recovered target signature: (c) original target, results for (d) 

LmaFit, (e) NNM, and (f) NMC. 
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10(b)–10(d). Fig. 5(c)–5(f) present the original and recovered 

target signatures. As discussed before, the pixel-wise missing 

case scenario is simpler than the column-wise case. Thus, all the 

methods recovered the GPR image sufficiently well. It is difficult 

to identify the performance differences from the visual results 

for the pixel-wise missing information case. Thus, similar per-

formances are expected from the recovered images in the target 

detection section. 
For the column-wise missing case, two different missing in-

formation rates are applied to identify the limitations of the 

methods. For the 30% missing case, as depicted in Fig. 6(a), the 

LmaFit presents some blocking effects while the NNM and 

NMC exhibit better recovery results, as observed in Fig. 6(d)–

6(f). For the 50% missing case in Fig. 7(d)–7(f), all the algo-

rithms exhibit a blocking effect. However, LmaFit encounters a 

more severe blocking effect compared to the others, which is 

not a desirable characteristic. The NNM and NMC, consider-

ing the visual aspect, show similar performances and better re-

coveries for the target section. However, the NMC is clearly 

better at recovering the target signature compared to the NNM 

method, as observed when the recovered signatures are suffi-

ciently zoomed in. 

The quantitative results of the pixel-wise missing information 

case are presented in Tables 2 and 3 for both the target signa-

ture and the whole GPR image (as discussed before, the target 

signature recovery score is significant for the target detection 

part). Both the SSIM and PSNR scores are used for the detailed 

quantitative analysis. As seen in Tables 2 and 3, LmaFit obtained 

better results compared to the NNM and NMC methods. 

However, all the PSNR scores are quite high—thus satisfying 

(compared to the column-wise recovery scores) the require-

ments for the target detection part. We did not expect much 

variation in the target detection results from the obtained quan-

titative results for the pixel-wise missing case, since all the values 

are sufficiently high and can be accepted as a reasonable input 

 
(a)                       (b) 

 
(c)                       (d) 

Fig. 8. Faster R-CNN-based target detection results for 50% pixel-

wise missing information case: (a) missing GPR image and 

recovered GPR images through (b) LmaFit, (c) NNM, and 

(d) NMC. 

 
(a)                       (b) 

 
(c)                       (d) 

Fig. 10. Faster R-CNN-based target detection results for 50% col-

umn-wise missing information case: (a) missing GPR im-

age and recovered GPR images through (b) LmaFit, (c) 

NNM, and (d) NMC. 

 
(a)                       (b) 

 
(c)                       (d) 

Fig. 9. Faster R-CNN-based target detection results for 30% column-

wise missing information case: (a) missing GPR image and 

recovered GPR images through (b) LmaFit, (c) NNM, and 

(d) NMC. 

Table 2. Matrix completion results of pixel-wise missing cases for 

zoomed GPR images 

Missing rate (%) LmaFit NNM NMC

SSIM 50 1.0000 0.9995 0.9962

PSNR 50 74.67 59.59 50.81

 
Table 3. Matrix completion results of pixel-wise missing cases for 

overall GPR images 

Missing rate (%) LmaFit NNM NMC

SSIM 50 0.9785 1.0000 0.9997

PSNR 50 72.93 69.47 62.13
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for target detection. 

The column-wise missing information case results are pre-

sented in Tables 4 and 5, where the PSNR scores for the target 

signature are higher in the 30% missing case and deteriorates in 

the 50% missing case, where it is far more severe. Thus, increas-

ing the missing information rate causes a degradation in the 

recovered target signature. When the performance of the methods 

for the 30% missing case is investigated, it can be observed that 

the LmaFit has the worst performance among all the methods 

for both the target signature and the whole GPR image. Notably, 

the NMC clearly outperforms the NNM, with an approximately 

9% better performance in the PSNR. For the 50% missing case, 

which is quite extreme for the column-wise case, all three meth-

ods exhibit very similar performances. However, the NMC 

again exhibits the best performance for both the target signature 

and the whole GPR image. 

Target detection results based on Faster R-CNN for the 50% 

pixel-wise missing case are presented in Fig. 8(a)–8(d). As seen 

in Fig. 8(a), if the GPR image has missing regions, Faster R-

CNN fails to detect the target signature (since it is not trained 

for different missing information cases). However, for the re-

covered GPR images in Fig. 8(c)–8(d), Faster R-CNN is able 

to locate the target signature with varying confidence scores, 

showing very little difference, as expected. All the methods ob-

tained high recovery scores, considering the PSNR for the pix-

el-wise missing data case. The scores are 87% for LmaFit, 86% 

for NNM, and 83% for NMC. The comparatively highest and 

lowest detection scores are obtained by LmaFit and NMC, re-

spectively. As predicted, these results coincide with the recovery 

results presented in Tables 2 and 3. 

Fig. 9(a)–9(d) present the target detection results for the 30% 

column-wise missing information case. As discussed before, the 

target is not detected for the missing scenario in Fig. 9(a). For 

the recovered GPR images in Fig. 9(b)–9(d), the confidence 

scores are 81% for LmaFit, 86% for NNM, and 89% for NMC. 

The highest and lowest detection scores are obtained by NMC 

and LmaFit, respectively. These detection results coincide with 

the GPR image recovery results presented in Tables 4 and 5. 
Fig. 10(a)–10(d) depict the detection results for the extreme 

case of 50% column-wise missing information. Fig. 10(a) shows 

that the target is barely visible, indicating that Faster R-CNN 

cannot detect the target. The LmaFit has the lowest score of 

60%, as seen in Fig. 10(b), since the target signature and back-

ground contain distortions, which affect the target detection 

performance. In contrast, the NNM and NMC results in Fig. 

10(c) and 10(d) show similar target detection performances of 

71% and 72%, respectively. 

Notably, the NMC exhibits a slightly better performance 

than the NNM. As observed in Tables 4 and 5, the NMC also 

has better recovery results, thus leading to a better detection 

performance. The results in Tables 4 and 5 and Figs. 9 and 10 

prove the strong relation between them and emphasize the 

importance of cascading for better and more robust target de-

tection results. By comparing the results of the 30% and 50% 

missing information cases, it can be asserted that higher missing 

information rates cause degradation of the confidence scores of 

the detected buried targets under Faster R-CNN. 

VI. CONCLUSION 

Three conventional image recovery methods (Lmafit, NNM, 

and NMC) are applied to missing GPR image scenarios for 

50% pixel-wise and 30% and 50% column-wise missing cases. 

These methods are proposed as pre-processing methods to be 

implemented prior to any post-processing operations, such as 

clutter removal or target detection. The experiments reveal that 

the use of recovery methods does not cause any deterioration 

even when the original GPR image (that has no missing regions) 

is considered as the input. On the other hand, if a corrupted 

GPR image is fed into the Faster R-CNN as input, the buried 

object cannot be detected. To prove this, both missing and 

recovered GPR images are fed to the Faster R-CNN-based 

target detection model. The obtained detection results from the 

missing and recovered GPR images demonstrate that the target 

can be detected in the recovered GPR image, while the target in 

the missing GPR image cannot be detected. The experiments 

also prove that better recovery leads to better target detection 

results in GPR. 
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I. INTRODUCTION 

Due to fast-growing wireless communication technologies, 

fifth-generation (5G) mobile communication systems have been 

widely rolled out and used in several different applications in 

recent times. Compared to 4G systems, 5G promises to provide 

seamless connectivity with higher data rates and lower latency 

[1]. Two main frequency groups have been adopted in this con-

text—sub-6 GHz and millimeter-wave (mm-wave) bands. Due 

to their longer wavelength, sub-6 GHz bands have stronger 

penetration and travel longer distances; as a result, they receive a 

lot of attention in relation to 5G communication systems. 

The ever-increasing data capacity requirements and miniatur-

ization trend of wireless communication devices pose a signifi-

cant challenge to antenna design in terms of achieving a com-

pact size with high data rate handling capability. An effective 

way to solve this problem is to adopt multiple-input-multiple-

output (MIMO) antenna technology, which improves both 

spectrum efficiency and data rates [2–4]. 

For the successful implementation of spatial diversity in a 

MIMO antenna system, strategies to decrease mutual coupling 

and improve isolation between the antenna elements are crucial. 

Many studies have focused on enhancing the isolation of 

MIMO antennas. Some MIMO antennas achieve good isola-

tion by maintaining an appropriate distance between the anten-

na elements. In one study [5], mirror-imaged placement of the 

antenna elements and insertion of a chip inductor between 

closely spaced antennas were able to improve isolation. Apart 

from this, grounding branches can generate new coupling and 

affect isolation [6, 7]. The application of grounded branches can 
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improve isolation in the lower frequency band and provide better 

impedance matching for the antenna [6]. Furthermore, a neutral 

line is often employed to weaken mutual coupling [8–10]. Con-

necting adjacent orthogonal pairs of antennas with a short neutral 

line leads to high isolation [10].  

Additionally, defected ground structures (DGS) can improve 

isolation by affecting the circuit substrate’s effective dielectric 

constant distribution—this has become a commonly used tech-

nology for overcoming undesired coupling in MIMO antenna 

designs [11–14]. Some MIMO antennas use unique decoupling 

structures to improve isolation, such as the multi-slot decoupling 

structure [15], the generic decoupling structure composed of an 

array of H-shaped parasitic structures [16], and the rectangular 

microstrip stub [17]. 

Meanwhile, the antenna proposed in another study [18] used 

ungrounded full-wavelength strip resonators, which effectively 

enhanced the isolation between the antenna elements at the cost 

of reducing the impedance bandwidth. Meta-surface [19, 20] 

and electromagnetic band gap (EBG) structures [21–23] are 

also effective methods for improving isolation, although they are 

too complex to be used in miniaturized antennas. To sum up, 

the design methodology for achieving good isolation in a small-

size MIMO antenna system continues to be a critical issue. 

This paper presents a novel decoupling structure that utilizes 

a DGS to achieve high isolation of more than 23 dB. The DGS 

includes a rectangular slot with 42 circular slots located on each 

side. The antenna has a compact size of 28 mm × 28 mm × 

0.8 mm, which is suitable for the miniaturization of sub-6 GHz 

5G terminals. The proposed MIMO antenna covers both the 

3.5 GHz (3.4–3.6 GHz) and 4.9 GHz (4.8–5.0 GHz) frequency 

bands. Furthermore, the measured total efficiencies at 3.5 GHz 

and 4.9 GHz are 76.65% and 71.93%, respectively. The calculated 

envelope correlation coefficients (ECC) is less than 0.00328 in 

both the desired frequency bands. Moreover, the simulated 

specific absorption ratio (SAR) values are all observed to be less 

than 1.4 in the dual bands, thus conforming to the standard for 

terminal equipment. 

II. ANTENNA STRUCTURE 

The configuration of the proposed antenna is illustrated in 

Fig. 1. The antenna elements are etched on an FR4 substrate 

with εr = 4.4 and tanδ = 0.02, with the size of the substrate being 

28 mm × 28 mm × 0.8 mm. The antenna element comprises 

an inverted L-shaped radiation strip and an F-shaped feeding 

strip. These two antenna elements are distributed diagonally 

symmetric to the substrate. Furthermore, each antenna element 

is fed with a 50-Ω microstrip feedline. The DGS contributes to 

weakening mutual coupling and enhancing isolation. The detailed 

dimensions of the antenna element are illustrated in Fig. 1(b). 

 
(a) 

 
(b) 

Fig. 1. The geometry of the proposed MIMO: (a) perspective view 

and (b) detailed dimensions of the antenna element antenna 

(unit: mm). 

 

III. ANTENNA ANALYSIS 

1. Design Evolution 

Fig. 2 depicts the methodology for the design evolution of a 

(a) (b) 

(c) (d) 

Fig. 2. The design evolution of a single MIMO antenna element: 

(a) Ant-1, (b) Ant-2, (c) Ant-3, and (d) Ant-4 (proposed 

antenna).
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single MIMO antenna element. As shown in Fig. 3, the F-

shaped structure of Ant-1 generates resonance in the lower 

frequency band. Ant-2, which is obtained by adding a rectan-

gular patch to Ant-1, can excite two modified resonate modes. 

Meanwhile, Ant-3 modifies the etched slots of the ground plane 

and generates a symmetrical ground slot structure, which can 

change the antenna element’s distribution parameters—reducing 

its distributed capacitance and resistance. Therefore, although 

Ant-3 enhances the resonance of the two bands, it has a negative 

effect on impedance matching. In Ant-4, however, the addition 

of the inverted L-shaped radiation strip improves the perfor-

mance, enabling it to achieve qualified performance in both the 

desired frequency bands, which are 3.4–3.6 GHz and 4.8–5 GHz. 

The impedance of the different antenna structures, as shown in 

Fig. 4, shows the L-shaped radiation strip of Ant-4 increases 

resistance and achieves better impedance matching within the 

desired frequency bands. 

 

2. Dimension Optimization 

The surface current distributions of a single antenna element 

are depicted in Fig. 5. The surface current of 3.5 GHz is con-

centrated on the L-shaped radiation strip; hence, the resonance 

of the 3.5 GHz band can be effectively adjusted by changing the 

length of the L-shaped radiation strip. Meanwhile, Fig. 5(b) 

depicts that the current at 4.9 GHz is concentrated on the F-

shaped feed strip and its corresponding ground slot structure. 

Therefore, modifying the structure of the slot at the correspond-

ing position can significantly affect the performance of the 

antenna in the higher frequency band. 

The simulated S11 parameters of different values of H and L 

(as shown in Fig. 1) are depicted in Figs. 6 and 7—verifying the 

above analysis derived from the surface current distributions. By 

increasing the length H of the L-shaped radiation strip, the 

lower resonant frequency of the antenna can be moved to higher 

(a) (b)

Fig. 5. The surface current distributions of the proposed antenna at 

(a) 3.5 GHz and (b) 4.9 GHz (unit: A/m).

  
Fig. 3. S11 of the various antennas. 

 

 
Fig. 4. Comparison of the impedance of the various antennas.

 
Fig. 6. Simulated S11 with different values of H. 

 

 
Fig. 7. Simulated S11 with different values of L. 
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frequencies. Meanwhile, when adjusting the value of L, the distri-

bution parameters of the antenna elements will also change 

accordingly, effectively widening the operating band in the 

4.9 GHz band. It is evident that when L = 1.0 mm and H = 

1.1 mm, the desired frequency bands will be sufficiently covered. 

 

3. Isolation Optimization 

As depicted in Fig. 8, this study proposes different isolation 

structures—Structure 1, Structure 2, and Structure 3—to achieve 

better isolation performance. Compared to Structure 1, Structure 

2 adds a diagonal rectangular slot, which improves antenna 

isolation to be more than -20 at the higher frequency band. 

Twenty-one circular slots are evenly distributed on both sides of 

the diagonal rectangular slot in Structure 3. The circular slots in 

the ground can improve high-frequency isolation while also 

broadening the bandwidth of the antenna in the higher fre-

quency band. The slotted-dot lines broaden the -10 dB band-

width from 4.8–5.07 GHz to 4.57–5.07 GHz, enabling the 

antenna to exhibit a more stable performance in the required 

4.8–5.0 GHz band. The simulated S-parameters of the three 

isolation structures are shown in Fig. 9. Notably, the isolation of 

the proposed antenna is more than 22 dB in both the desired 

frequency bands. 
 

4. 3D Radiation Pattern 

Fig. 10 presents the 3D radiation pattern of a single antenna 

element by inducing excitation at one port while keeping the 

other port terminated using a matching load. The simulated 3D 

radiation patterns show that the proposed antenna achieves a 

maximum gain of 1.99 dB at 3.5 GHz and 2.12 dB at 4.9 GHz. 

IV. EXPERIMENTAL ANALYSIS 

Following the design process, the antenna prototype was 

manufactured, the photograph of which is illustrated in Fig. 11. 

Fig. 12 shows the specific circumstances of the measured and 

(a) (b) (c) 

Fig. 8. Different isolation structures: (a) Structure 1, (b) Structure 

2, and (c) Structure 3. 

 

 
Fig. 9. Simulated S-parameters of the different isolation structures.

 

(a) (b) 

Fig. 11. Photograph of the antenna prototype: (a) top view and (b) 

bottom view. 

 

 
Fig. 12. Simulated and measured S-parameters of the MIMO system.

 
Fig. 10. The 3D radiation patterns of the single element at (a) 3.5 

GHz and (b) 4.9 GHz. 
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simulated S-parameters of the proposed antenna. The measured 

-10 dB impedance bandwidths are 380 MHz (3.34–3.72 GHz) 

and 560 MHz (4.57–5.13 GHz), which can sufficiently cover 

the 3.5 GHz (3.4–3.6 GHz) and 4.9 GHz (4.8–5 GHz) fre-

quency bands. Furthermore, the measured and simulated isola-

tion is also more than 23 dB and 22 dB, respectively. 

The measured and simulated radiation patterns at both 3.5 

GHz and 4.9 GHz are demonstrated in Fig. 13, where Port 1 is 

excited while Port 2 is terminated by a 50-Ω matching load. 

The overall trend of the measured and simulated results is simi-

lar, while reasonable discrepancy is observed to be caused by the 

manufacturing process and proximity effect of the test setup 

(e.g., connectors, cables, and positioners). 
Fig. 14 illustrates the simulated and measured peak gains and 

total radiation efficiencies. The measured peak gains at 3.5 GHz 

and 4.9 GHz are 2 dBi and 2.46 dBi, respectively. Meanwhile, 

the total efficiencies at 3.5 GHz and 4.9 GHz are 76.65% and 

71.93%, respectively. The results, therefore, exhibit good con-

sistency between the simulated and measured peak gains and 

total efficiencies. 

To further investigate the antenna performance, the ECC is 

calculated according to the far-field radiation patterns—

expressed by Eq. (1). 
 𝜌 ∬ 𝐹 𝜃, 𝜑 ∙ 𝐹 𝜃, 𝜑 𝑑𝛺∬ |𝐹 𝜃, 𝜑 | 𝑑𝛺 ∬ |𝐹 𝜃, 𝜑 | 𝑑𝛺  (1)

 

where 𝐹 𝜃, 𝜑  represents the radiation pattern when port i is 

excited, and 𝛺 represents the solid angle. 

The ECC calculation method using the S-parameters—a 

widely used process—is obtained from Eq. (2): 
 𝜌 |𝑆∗ 𝑆 𝑆∗ 𝑆  |1 |S | |S | 1 |S | |S |  (2)

 

where 𝑆∗ represents the imaginary part of the S-parameters, 

while 𝑆  represents their real part. 

The calculated ECC is presented in Fig. 15. Since Eq. (2) 
considers only the isolation between the antenna input ports 

and does not take the coupling between the radiation fields into 

account, the obtained result is not as accurate as Eq. (1). The 

 
Fig. 14. Simulated and measured peak gain and total efficiencies of 

the proposed MIMO antenna. 

 

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Fig. 13. Simulated and measured radiation patterns of the proposed 

antenna: (a) xoy plane, (c) yoz plane, (e) xoz plane at 3.5 GHz 

and (b) xoy plane, (d) yoz plane, (f) xoz plane at 4.9 GHz.
 

Fig. 15. Calculated ECC of the MIMO antenna system. 
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ECC calculated by the radiation patterns turns out to be less 

than 0.00125 and 0.01164 at the 3.5 GHz and 4.9 GHz bands, 

respectively. The calculated ECC is far smaller than the ac-

ceptable threshold of 0.3, meaning that the antenna system 

exhibits good diversity performance. 

V. EFFECT ON USERS AND SAR INVESTIGATION 

In the case of a 5G terminal antenna, it is necessary to consider 

the effects of the human body on the antenna. Hence, this section 

simulates the working conditions of the antenna on the human 

wrist, as shown in Fig. 16. 

The simulated S11 values of the proposed antenna on the 

wrist are illustrated in Fig. 17. Although there are a few changes 

in the reflectance coefficients in the 3.5 GHz and 4.9 GHz 

bands, they still meet the requirements of the two bands. The 

overall trend in free space and the wrists is consistent due to the 

ground at the bottom. Fig. 18 shows the 3D radiation patterns 

of the proposed MIMO system on the wrist. The proposed 

MIMO antenna retains an adequate gain and a good radiation 

pattern. 

The SAR indicates the impact of device radiation on the 

human body, with a low SAR value demonstrating weak ab-

sorption of radiation by the human body. Fig. 19 shows a SAR 

simulation of the antenna on the wrist at 3.5 GHz and 4.9 

GHz. The distance between the antenna and the wrist in this 

simulation is less than 4 mm. The results show that the 1 g 

average SAR values are less than 1.34 W/kg and 1.4 W/kg at 

3.5 GHz and 4.9 GHz, respectively. Thus, the SAR level of the 

proposed antenna meets the standards of 1.6 W/kg per 1 g 

tissue in the United States. 

Table 1 depicts a performance comparison of the proposed 

MIMO antenna and other reported antennas, highlighting the 

good isolation and compact structure of the former.  

 
Fig. 16. The model of the proposed antenna working on the wrist. 

 

 
Fig. 17. Simulated S11 of the proposed antenna on the wrist.

 
(a) (b)

Fig. 18. The 3D radiation patterns of the proposed antenna on the 

wrist at (a) 3.5 GHz and (b) 4.9 GHz. 

 

 
(a) 

 
(b) 

Fig. 19. Simulated SAR at (a) 3.5 GHz and (b) 4.9 GHz. 
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VI. CONCLUSION 

A dual-band MIMO antenna operating in the 3.5 GHz band 

(3.4–3.6 GHz) and 4.9 GHz band (4.8–5 GHz) is presented in 

this study. The design evolution and dimension optimization of 

the single antenna element are analyzed to optimize antenna 

performance. The measured isolation of the antenna is observed 

to be more than 23 dB. The total efficiencies at 3.5 GHz and 

4.9 GHz are about 76.65% and 71.93%, respectively. The 

results of the SAR analysis, simulated for the proposed terminal 

antenna, also meet the standard for terminal devices. Moreover, 

the measurement results are consistent with the simulation. 

Therefore, it can be concluded that the proposed MIMO 

antenna is a good candidate for use in 5G wireless communica-

tion systems. 
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