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I. INTRODUCTION 

Communication systems using millimeter waves have re-

ceived much attention in wireless body area networks 

(WBANs) because of their ultra-reliability, high speed, and 

low latency characteristics [1–3]. To establish good on-body 

communication linking body-mounted devices with a milli-

meter wave, an antenna with a directional radiation pattern 

toward the body surface is commonly used to compensate for 

the high path loss [4]. The H-plane substrate integrated 

waveguide (SIW) horn antenna is a promising candidate for 

such applications because of its directional radiation pattern 

and low-profile characteristics. Many different technologies 

for such SIW horn antennas have been proposed to improve 

their performance. A printed transition, a pair of slots, and 

mushroom-type meta-materials have been placed in front of 

the SIW horn aperture to improve the radiation and match- 

ing performances [5–7]. However, such antennas have sub-

stantial radiation toward the human body. In the millimeter-

wave frequency band, the Federal Communications Com-

mission (FCC) and International Commission on Non-

Ionizing Radiation Protection (ICNIRP) regulate electro-

magnetic exposure through power density [8, 9]. The power 

density limit is 10 W/m2, and meeting this regulation at mil-

limeter-wave frequencies is challenging. As a result, the in-

put power of the antenna is limited, thus addressing the 

overall system power budget problem [10, 11]. Aiming to 

suppress radiation toward the body surface, a SIW H-plane 

horn antenna with an extended ground with a meta-surface 

and a large conducting plane was proposed [12, 13]. Howev-

er, the extended ground and large conducting plane make the 

radiation beam pattern of the antenna tilted toward the 

broadside. 

In this paper, an all-textile H-plane SIW horn antenna 

with corrugated ground is proposed for on-body WBAN 
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Abstract 
 

An all-textile H-plane substrate integrated waveguide (SIW) horn antenna for millimeter-wave wireless body area network applications is 

proposed. A coaxially fed SIW H-plane horn is designed for radiation toward a human body surface. To reduce the radiation to a human 

body and simultaneously increase the radiation to the human body surface, an extended corrugated ground is attached in front of the ap-

erture of a horn. All components are made of textile materials. The simulated 10 dB return loss bandwidth is 2,400 MHz (26.7–29.1 

GHz), which covers a potential candidate frequency band for 5G communication. The simulated and measured results show that the 

proposed antenna has a directional radiation pattern toward the body surface and a low power density below the antenna. 
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applications. The proposed textile antenna operates at 28 

GHz, which is a potential frequency band for 5G millimeter-

wave communications. An extended corrugated ground is 

placed in front of a traditional SIW H-plane horn antenna 

(TSHA). The extended ground is used to suppress radiation 

toward the body surface. Corrugation is implemented on the 

extended ground to solve the beam tilting issue by utilizing 

its wave guiding characteristics [14, 15]. The extended gr-

ound corrugation acts as an inductively reactive surface, cre-

ating a directional radiation pattern toward the near surface 

direction (θ = 90°) and reducing the radiation toward a hu-

man body. All antenna elements are fabricated using textile 

materials, such as conductive fabric, conductive thread, and 

textile substrates, because they are flexible and easily embed-

ded into clothing. 

II. ANTENNA DESIGN  

 Fig. 1 shows the geometry of the proposed antenna. The 

overall dimensions are 10 mm × 24.5 mm × 2.5 mm. A felt 

fabric (εr = 1.2) with a thickness of 2.5 mm is used as the 

substrate. The proposed antenna is composed of a coaxially 

fed TSHA for generating a surface wave and an extended 

corrugated ground for guiding the wave towards the near 

surface direction (θ = 90°). The corrugation is realized by six 

walls with a height of 1.3 mm separated by a distance of 1.4 

mm. The top plane and ground plane of the SIW H-plane 

horn and the extended ground are made of conductive fabric 

(σ = 500,000 S/m). Conductive thread (σ = 20,000 S/m) 

with a radius of 0.2 mm is used for the via. 

III. SIMULATED RESULTS AND ANALYSIS  

To analyze the effect of the corrugations on the radiation 

 

 

Fig. 1. Geometry of the proposed antenna. 

properties, the peak gain and gain toward the body surface 

direction (θ = 90°) are simulated for the different numbers of 

corrugations (N) and height of corrugations (H). The real 

and imaginary parts of the wave impedance (Re[Z] and 

Im[Z], respectively) are averaged in the line above the corru-

gation walls (A-B in Fig. 1). Fig. 2(a) and (b) show the trend 

of the gain and average impedance for the different N and H 

values. As the height of the corrugations increases, the cor-

rugated surface becomes an inductively reactive surface, lead-

ing the surface wave to be bounded to a corrugated surface 

[16]. Although the average value of Im[Z] increases up to H 

= 2 mm, the gain toward the body surface direction (θ = 90°) 

has a peak value of H = 1.3 mm, and it decreases beyond H 

= 1.3 mm because of the impedance mismatching between 

the corrugation wall and the aperture of TSHA. The average 

value of Im[Z] increases with more corrugations being im-

plemented on the extended ground and is not significantly 

changed after N = 4. The gain toward the body surface direc-

tion (θ = 90°) has a similar trend on the average value of 

Im[Z]. The peak gain is nearly constant for different N val-

ues, with a maximum of 8.25 dBi and a minimum of 7.53 

dBi. Fig. 2(c) and (d) show the return loss characteristics and 

the E-plane radiation patterns of the TSHA, TSHA with 

extended ground (N = 0), and TSHA with corrugated 

ground (N = 6). Fig. 2(c) shows that the return loss charac-

teristics improve when the ground of TSHA is extended and 

become even better with corrugation. The simulated 10 dB 

return loss bandwidth of the proposed antenna is 2,400 MHz 

(26.7–29.1 GHz). In Fig. 2(d), the proposed antenna has an 

improved gain of 6.17 dBi toward the body surface direction 

(θ = 90º) in comparison with the other cases (TSHA = 4.33 

dBi; TSHA with extended ground = 3.9 dBi). The peak 

gains of TSHA, TSHA with extended ground, and TSHA 

with corrugated ground are 5.06 dBi at θ = 109º, 7.93 dBi at 

θ = 46º, and 7.9 dBi at θ = 61º, respectively. For a practical 

on-body situation, the effect of bending the antenna should 

be considered. To investigate the effect of bending on the 

antenna performance, the antenna is bent along a cylinder 

with various radii (r = 15, 25, 100, and 1,000 mm). Fig. 2(e) 

and (f) show the simulated return loss and radiation charac-

teristics of the proposed antenna for various bending setups. 

Although the antenna is bent, the 10 dB return loss band-

width remains stable and is sufficient to cover the 28 GHz 

band. The bent antenna has a radiation pattern tilted in the 

direction along the end edge of the antenna. As the antenna 

consists of waveguide structures, the performance of the an-

tenna is not severely affected by bending. Fig. 3(a)–(f) illus-

trate the simulated electric field distributions in the yz-plane. 

A substantial amount of the E-field propagates toward a 

body surface in Fig. 3(a). In Fig. 3(b), the E-field distribu- 
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tion of TSHA with the extended ground shows that the ex-

tended ground attached in front of the aperture obstructs the 

propagation of the E-field toward a body surface and reflects 

the field, thus making the main radiation direction tilted 

toward the broadside. 

However, the simulated E-field distribution of TSHA 

with the corrugated ground in Fig. 3(c) shows that the fields 

are guided along the body surface direction (θ = 90º) by con-

fining the field in the corrugated ground, which is inductive-

ly reactive at 28 GHz. Fig. 3(d) and (e) show that the corru- 

(a) (b) 

 

(c) (d) 

 

(e) (f) 

Fig. 2. Simulated results: (a) gain and wave impedance in the z-direction for the different values of N, (b) gain and wave impedance in the 

z-direction for the different values of H, (c) return loss characteristics of the three phases of the developing antenna, (d) gain of the 

three phases of the developing antenna in the yz-plane, (e) return loss characteristics of the proposed antenna bent along the yz-

plane, and (f) gain of the proposed antenna bent along the yz-plane. 
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(a) 

 
(b) 

 
(c) 

 

(d) 

 

(e) 

Fig. 3. Simulated electric field magnitude distributions in the yz-

plane: (a) TSHA, (b) TSHA with ground, (c) TSHA with 

corrugated ground, (d) TSHA with corrugated ground bent 

downward (Rd = 15 mm), and (e) TSHA with corrugated 

ground bent upward (Ru = 15 mm). 

Fig. 4. Simulated power density for different separation distances 

of an antenna from the body surface. 

 

gated ground maintains a guiding characteristic even if the 

antenna is bent. 

Fig. 4 shows the peak power density on an arbitrary 40 

mm × 80 mm rectangular surface located below the pro-

posed antenna when the input power is 1 W. The peak pow-

er density of TSHA with corrugated ground becomes less 

than that of TSHA in a separation distance range of 0–30 

mm at 28 GHz because of the suppression of the waves radi-

ating normally to the body surface by the corrugated ground. 

When the distance is 5 mm, which is a typical separation 

distance between an antenna and a body, the peak power 

density of TSHA is 1,808.25 W/m2 and that of TSHA with 

corrugated ground is 401.56 W/m2, which is 22% of the 

TSHA peak power density. The maximum allowable input 

power to satisfy the INCIRP guideline is 13.86 dBm for 

TSHA with corrugated ground and 6.53 dBm for TSHA. 

 Fig. 5(a) and (b) show the fabricated textile antenna. The 

top and bottom ground planes are made of a Shieldex con-

ductive metalized nylon fabric (Zell) with a thickness of 0.1 

mm (surface resistance of 0.02 Ω/sq), and the vias for the 

corrugation and wall of TSHA are made of a Shieldex con-

ductive thread (resistivity of 0.0025 Ω/cm2) with a radius of 

0.1 mm. Circuitworks conductive epoxy CW2400 was used 

to attach a 2.92 mm (K) connector instead of soldering. The 

simulated and measured return loss characteristics are shown 

in Fig. 6(a). The measured results agree well with the simu-

lation. The measured 10 dB return loss bandwidth is 2,800 

MHz (26.66–29.54 GHz). Fig. 6(b) and (c) show the simu-

lated and measured far-field radiation patterns in the yz- and 

xy-planes. The measured results are slightly deteriorated be-

cause of fabrication errors. The measured peak gain and gain 

toward the body surface direction (θ = 90°) are 6.54 dBi and 

4.14 dBi, respectively, at 28 GHz. 
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(a) 
 

(b) 
 

(c) 

Fig. 5. Photos of the fabricated antenna and experimental setup: 

(a) top plane, (b) bottom plane, and (c) experimental setup.

III. CONCLUSION  

In this paper, an all-textile H-plane SIW horn antenna 

with corrugated ground for millimeter-wave WBAN appli-

cations is proposed. The extended corrugated ground is im-

plemented to guide waves toward the near body surface di-

rection and to suppress radiation toward the human body. 

The maximum output power to satisfy the ICNIRP guide-

line is 13.86 dBm when the separation distance between the 

antenna and the human body is 5 mm. The fact that the 

proposed antenna has good radiation performance toward 

the body surface direction and more allowable power than 

TSHA shows that it has advantages in the millimeter-wave 

communication environment with higher path loss. The pro-

posed antenna can be easily implemented into wearable de-

vices because it is made completely of textile materials. 

 

(a) 
 

(b) 
 

 

(c) 

Fig. 6. Simulated and measured reflection coefficients and radiation 

pattern results: (a) return loss results, (b) far-field radiation 

patterns of the proposed antenna in the xy-plane at 28 GHz, 

and (c) far-field radiation patterns of the proposed antenna 

in the yz-plane at 28 GHz. 

This work was supported by the National Research 

Foundation of Korea grant funded by the Korea govern-

ment (MSIP) (No. 2017R1A2B4002811).

  



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 4, OCT. 2019 

226 
   

  

REFERENCES 

[1] T. S. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, 

K. Wang, et al., "Millimeter wave mobile communica-

tions for 5G cellular: It will work!," IEEE Access, vol. 1, 

pp. 335-349, 2013. 

[2] N. Chahat, M. Zhadobov, S. A. Muhammad, L. Le Coq, 

and R. Sauleau, "60-GHz textile antenna array for body-

centric communications," IEEE Transactions on Antennas 

and Propagation, vol. 61, no. 4, pp. 1816-1824, 2012. 

[3] N. Yoon and C. Seo, "A 28-GHz wideband 2 × 2 U-slot 

patch array antenna," Journal of Electromagnetic Engineer-

ing and Science, vol. 17, no. 3, pp. 133-137, 2017. 

[4] A. Pellegrini, A. Brizzi, L. Zhang, K. Ali, Y. Hao, X. 

Wu, et al., "Antennas and propagation for body-centric 

wireless communications at millimeter-wave frequencies: 

a review," IEEE Antennas and Propagation Magazine, vol. 

55, no. 4, pp. 262-287, 2013. 

[5] M. Esquius-Morote, B. Fuchs, J. F. Zurcher, and J. R. 

Mosig, "Novel thin and compact H-plane SIW horn an-

tenna," IEEE Transactions on Antennas and Propaga-

tion, vol. 61, no. 6, pp. 2911-2920, 2013. 

[6] Y. Luo and J. Bornemann, "Substrate integrated wave-

guide horn antenna on thin substrate with back-lobe 

suppression and its application to arrays," IEEE Antennas 

and Wireless Propagation Letters, vol. 16, pp. 2622-2625, 

2017. 

[7] Y. Cai, Y. Zhang, L. Yang, Y. Cao, and Z. Qian, "De-

sign of low-profile metamaterial-loaded substrate inte-

grated waveguide horn antenna and its array applica-

tions," IEEE Transactions on Antennas and Propagation, vol. 

65, no. 7, pp. 3732-3737, 2017. 

[8] IEEE Standard for Safety Levels with Respect to Human 

Exposure to Radiofrequency Electromagnetic Fields, 3 kHz to 

300 GHz, IEEE C95.1–1991, 1991. 

 
 

Seongkyu Lee  

received his B.S. in electronic engineering from 

Hanyang University in Seoul, Korea, in 2013. He is 

currently working toward a combined master’s and 

Ph.D. degree in the Department of Electronics and 

Computer Engineering at Hanyang University in 

Seoul, Korea. His research interests are RF compo-

nents including antenna design, wireless communi-

cation systems, wireless power transferring, and 

wireless body area networks. 

 

 

 

 

 

[9] A. Ahlbom, U. Bergqvist, J. H. Bernhardt, J. P. Cesarini, 

M. Grandolfo, M. Hietanen, et al., "Guidelines for limit-

ing exposure to time-varying electric, magnetic, and elec-

tromagnetic fields (up to 300 GHz)," Health Physics, vol. 

74, no. 4, pp. 494-521, 1998. 

[10] K. Zhao, Z. Ying, and S. He, "EMF exposure study 

concerning mmWave phased array in mobile devices for 

5G communication," IEEE Antennas and Wireless Prop-

agation Letters, vol. 15, pp. 1132-1135, 2015. 

[11] J. Bang and J. Choi, "A SAR reduced mm-wave beam-

steerable array antenna with dual-mode operation for 

fully metal-covered 5G cellular handsets," IEEE Anten-

nas and Wireless Propagation Letters, vol. 17, no. 6, pp. 

1118-1122, 2018. 

[12] Y. Zhao, Z. Shen, and W. Wu, "Wideband and low-

profile H-plane ridged SIW horn antenna mounted on 

a large conducting plane," IEEE Transactions on Anten-

nas and Propagation, vol. 62, no. 11, pp. 5895-5900, 

2014. 

[13] S. Lee and J. Choi, "An all textile H-plane SIW horn 

antenna with metameterial absorber for millimeter-wave 

WBAN applications," in Proceedings of 2017 IEEE In-

ternational Symposium on Antennas and Propagation & 

USNC/URSI National Radio Science Meeting, San Diego, 

CA, 2017, pp. 2653-2654. 

[14] J. Tak, S. Lee, and J. Choi, "Design of an all-textile 

circular patch antenna with corrugated ground for guid-

ed wave along the body surface for WBAN applica-

tions," Journal of Electromagnetic Waves and Applica-

tions, vol. 29, no. 7, pp. 905-924, 2015. 

[15] P. J. B. Clarricoats and A. D. Olver, Corrugated Horns 

for Microwave Antennas. New York, NY: Peter Peregri-

nus Ltd., 1984.  

[16] R. F. Harrington, Time-Harmonic Electromagnetic Fields. 

New York, NY: McGraw-Hill, 1961.  

 
 

 Jaehoon Choi  

received the B.S. degree from Hanyang University, 

Korea, and M.S. and Ph.D. degrees from Ohio 

State University, Ohio, in 1980, 1986, and 1989, 

respectively. From 1989–1991, he was a research 

analyst at the Telecommunication Research Center 

at Arizona State University, Tempe, Arizona. He 

worked for Korea Telecom as a team leader of the 

Satellite Communication Division from 1991 to 

1995. Since 1995, he has been a professor in the Department of Electronic 

Engineering at Hanyang University, Korea. He has published more than 

200 peer-reviewed journal articles and contributed to numerous conference 

proceedings. He holds over 100 domestic and international patents. His 

research interests include antennas, microwave circuit design, and EMC. 

His current research is mainly focused on the design of compact, multi-

band antennas for mobile wireless communication and military applications. 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 4, 227~233, OCT. 2019 

https://doi.org/10.26866/jees.2019.19.4.227  

ISSN 2671-7263 (Online) ∙ ISSN 2671-7255 (Print) 

227 

     

 

I. INTRODUCTION 

Television white space (TVWS) refers to a TV broadcasting 

spectrum that is geographically or temporarily unused by li-

censed users and at the same time can be shared by secondary 

users on an unlicensed basis. As specified by the Federal Com-

munications Commission (FCC) regulatory rules [1, 2], the 

wide adoption of the TVWS devices in wireless local and re-

gional area network services, such as IEEE 802.11af and IEEE 

802.22, has been advocated for. Due to superior radio propaga-

tion characteristics at the ultra-high frequency (UHF) band, 

TVWS use scenarios include super-WiFi, long-range wireless 

sensor networks, disaster communication, entertainment mul-

timedia links, wireless display links, among others. For example,  

industry-science-medical (ISM)-to-UHF-band RF converters 

[3, 4] is a TV-band device (TVBD) to enable Wi-Fi service in a 

TVWS band. 

Another interesting usage model of TVBD is wireless video 

streaming. Since wireless video streaming technology has several 

attractive and useful applications, various approaches to realize 

the wireless video streaming have been reported in the literature. 

Specifically, an internet protocol-based MPEG (Moving Pic-

ture Experts Group) streaming technique operating in the wire-

less local area network was reported in [5], but it proved to be 

unstable and exhibit often interrupted and delayed performance. 

Millimeter-wave-band wireless display interface techniques, 

such as WirelessHD [6], IEEE 802.11ad [7], and ARIB STD-

B43 [8], can effectively provide high data throughput with low  
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Abstract 
 

This paper presents a television (TV) transmitter for wireless video streaming applications in TV white space band. The TV transmitter is 

composed of a digital TV (DTV) signal generator and a UHF-band RF transmitter. Compared to a conventional high-IF heterodyne 

structure, the RF transmitter employs a zero-IF quadrature direct up-conversion architecture to minimize hardware overhead and com-

plexity. The RF transmitter features I/Q mismatch compensation circuitry using 12-bit digital-to-analog converters to significantly im-

prove LO and image suppressions. The DTV signal generator produces an 8-vestigial sideband (VSB) modulated digital baseband signal 

fully compliant with the Advanced Television System Committee (ATSC) DTV signal specifications. By employing the proposed TV 

transmitter and a commercial TV receiver, over-the-air, real-time, high-definition video streaming has been successfully demonstrated 

across all UHF-band TV channels between 14 and 69. This work shows that a portable hand-held TV transmitter can be a useful TV-

band device for wireless video streaming application in TV white space. 

Key Words:  DTV Signal Generator, RF Transmitter, TV Band Device, TV Transmitter, TV White Space. 

 

 

Manuscript received January 7, 2019 ; Revised March 11, 2019 ; Accepted June 26, 2019. (ID No. 20190107-002J)   
1Department of Electronics Convergence Engineering, Kwangwoon University, Seoul, Korea.  
2Department of Electronics and Communications Engineering, Kwangwoon University, Seoul, Korea. 
*Corresponding Author: Hyunchol Shin (e-mail: hshin@kw.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. 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 4, OCT. 2019 

228 
   

  

latency but requires technically challenging developments of the 

millimeter-wave circuits and transceivers. 

Another approach to wireless video streaming is employing a 

portable TV transmitter to send a standard TV broadcasting 

signal to a commercial TV receiver. It is worth noting that such 

a TV transmitter and its application to wireless video streaming 

appeared in an old article from the 1950s [9], in which a porta-

ble TV transmitter was developed and used as a military recon-

naissance device. More recently, after the TVWS was officially 

approved, TVWS video streaming devices were also reported 

[10, 11] but lacked certain design and implementation details. 

In this paper, we present a TV transmitter device that com-

prises a UHF-band RF transmitter and an Advanced Television 

System Committee (ATSC) digital TV (DTV) signal generator. 

The RF transmitter employs a zero-IF direct up-conversion 

architecture and features a I/Q mismatch calibration and power 

control for an improved signal-to-noise ratio. The ATSC mod-

ulator, primarily performing vestigial sideband (VSB) modula-

tion and channel coding, is designed to be fully compliant with 

ATSC standards [12] in order to realize a seamless interface 

with commercially available TV receiver sets. By employing the 

proposed TV transmitter, we were able to successfully demon-

strate wireless video streaming in all UHF TV channels.   

II. DESIGN 

Fig. 1 shows the TVWS wireless video streaming system ar-

chitecture. Video and audio data are initially stored in a personal 

computer and fed to the ATSC modulator for VSB digital 

modulation. The modulated digital signal is fed to the RF 

transmitter for up-conversion to one of the UHF-band TV 

broadcasting channel frequencies. Finally, the RF signal is fed to 

an antenna and radiated through the air. On the receiver side, a 

commercial digital TV set receives the signal sent from the TV 

transmitter using the same antenna as the transmitter. With the 

TV channel properly set, the TV displays the received video and 

audio signals on the screen.   

According to ATSC standards, the low-numbered TV chan-

nels between 2 and 13 reside within the VHF band (54–216 

MHz), and the high-numbered TV channels between 14 and 

69 reside within the UHF band (470–860 MHz). Among these, 

this work focuses on the UHF-band channels, because the 

VHF-band antenna is too large to be adopted for portable ap-

plication. The UHF-band channels lie between 470 and 806 

MHz and are divided into 6-MHz per each channel. For exam-

ple, the first and last UHF-band channels are channel 14 (occu-

pying 470–476 MHz) and channel 69 (occupying 800–806 

MHz), respectively. According to the TVWS specifications [1, 

2], channels 14 to 20 are assigned to fixed TVBD, and channels 

21 to 35 and 39 to 51 are assigned to fixed and mobile TVBD. 

Since the proposed TV transmitter of this work is to be used as 

either a fixed or mobile TVBD, it should support all UHF-

band channels between 14 and 69.  

Several UHF-band RF transmitters for TVWS application 

have been reported previously in the literature, most of which 

were based in heterodyne architecture and had high intermedi-

ate frequencies (IF) like 160 MHz [13], 250 MHz [14, 15], 280 

MHz [16], and 488 MHz [17]. Such high-IF frequencies 

would require high-Q IF filtering and a high sample-rate digi-

tal-to-analog converter (DAC) [13, 16, 17] as well as signifi-

cantly elevated hardware complexity [14, 15]. In addition, these 

previous works did not incorporate ATSC-compliant DTV 

signal generators, so they could not be applied to a TV-band 

video streaming system. In contrast to previous high-IF hetero-

dyne architectures, this work employs a zero-IF direct up-

conversion architecture. 

Fig. 2 shows the block diagram of the RF transmitter. The 

digital baseband I/Q DTV signal produced by the ATSC signal 

generator is fed to the DAC and converted into analog base-

band I/Q signals. The 12-bit DAC ensures a 70-dB signal-to-

noise ratio at the baseband analog output. The baseband analog 

signals are further filtered by the 6th-order Butterworth-type 

low-pass filters to minimize out-of-band noise and spurious 

components. The filter bandwidth is set to 6 MHz to accom-

modate the TV channel bandwidth. A variable gain amplifier 

provides a gain tuning range between –20 and +45 dB to im-

prove the output dynamic range. The analog I/Q baseband sig-

nals are up-converted by the quadrature mixer and subsequently 

fed to a power amplifier to deliver an output power of up to 

+20 dBm before finally being radiated through a UHF-band 

antenna.  

The quadrature balanced-type mixer topology produces a sin- 

 

 
Fig. 1. TV white space band wireless video streaming system.
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gle side-band mixing product with suppressed local oscillator 

(LO) and image components. Since the residual LO and image 

leakage components degrade output signal purity, the I/Q mis-

match and dc offset must be properly calibrated. In this design, 

the I/Q amplitude mismatch was compensated for by control-

ling the DAC’s output dynamic range, while the dc offsets of 

the I/Q differential signals were compensated for by controlling 

the two auxiliary and main DAC’s output common mode levels. 

Such compensation circuitry significantly suppresses the LO 

and image leakage components at the output signal. 

Theoretical analysis on LO and image suppression levels was 

carried out to determine the minimum required DAC resolu-

tion. Assuming the I/Q baseband signals are given by: 
 

   , 1 cosBB I o BB osV V t V      
          (1) 

 , sinBB Q o BBV V t
                 (2) 

 

where Vo is the amplitude, ωBB the baseband signal frequency, 

ε the amplitude error, Δθ the phase error, and Vos the dc offset. 

When (1) and (2) are multiplied and combined with cos(ωct) 

and sin(ωct), respectively, in which ωc is the RF carrier frequen-

cy, the resulting output signal can be decomposed into three 

components of the lower-side band signal VLSB, the upper-

sideband signal VUSB, and the LO component VLO. They are 

written as the following:  
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Assuming (3) is the wanted tone, the image rejection ratio 

(IRR) and LO rejection ratio (LOR) are given as the following: 
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From (6) with an assumption of zero phase mismatch Δθ = 0, 

the amplitude mismatch ε must be less than 1.98 × 10-2 for 40 

dB IRR. This indicates that at least a 6-bit resolution is needed 

for the DAC’s amplitude control. On the other hand, from (7), 

the dc offset Vos must be less than 1/200 of the baseband ampli-

tude for 40 dB LOR. This indicates that at least an 8-bit resolu-

tion is needed for the DAC’s dc level control. In the present 

implementation, the 12-bit resolution DAC was employed in 

order to sufficiently meet the image and LO rejection require-

ments. 

The fractional-N phase-locked loop (PLL) synthesizer pro- 

perly sets the LO frequency according to the wanted channel 

number. The low-pass filter placed at the PLL output is used to 

filter out the residual spurious and harmonic tones at the LO 

signal. The single-phase LO signal is converted to I/Q LO sig-

nals by the phase splitter placed in front of the mixers.  

Commercially available off-the-shelf parts were used to real-

ize the RF transmitter in Fig. 2. The DTV signal generator was 

implemented in a field-programmable gate array chip of Xilinx 

Kintex 7 (Xilinx, San Jose, CA, USA). A low-power broadband 

mixed-signal front-end chip, AD9963, from Analog Device Inc. 

(Norwood, MA, USA) converted the serial digital bit stream 

into a digital I/Q signal using an on-chip data assembler and 

subsequently converted the digital I/Q signal into differential  

 
Fig. 2. Block diagram of UHF-band TV transmitter. 
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analog I/Q signals using two 12-bit DACs. The auxiliary 

DACs for I/Q mismatch compensation were also available from 

the same chip. The baseband analog processor performing the 

LPF and VGA functions, the up-conversion quadrature mixer 

with on-chip quadrature LO generator, and the fractional-N 

PLL synthesizer were all realized by employing ADRF6516, 

ADL5375, and ADF4351, respectively, all of which were from 

Analog Device Inc. Additionally, the power amplifier chip, 

TQP3M9009, was from TriQuint Semiconductor Inc., Hills-

boro, OR, USA. For the three signal-path chips of ADRF6516, 

ADL5375, and ADF4351, the power gains were –20 to +40, –

3, and +26 dB, while their 1-dB compression powers were +3, 

+9.6, and +20.7 dBm, respectively. Thus, the entire transmit-

ter provided a typical output power of 0 dBm, while its peak 

output power reached up to +20 dBm. Two DTV antennas, 

LP49 from Spectrum Inc., Seoul, Korea with 6 dBi gain were 

used for the transmitter and receiver antennas. Meanwhile, it is 

also worth noting that if a single-chip CMOS RF transmitter 

integrated circuit, such as the one featured in the author’s previ-

ous works [18], can be adopted, the whole TV transmitter can 

be realized with lower power consumption and a smaller form 

factor.   

Fig. 3 shows the block diagram of the DTV signal generator 

based on the ATSC DTV specifications. It was designed to be 

compliant with the ATSC standards [12, 19]. First, the input 

MPEG transport stream (MPEG-TS) data packet was ran-

domized to transform the bit sequences into quasi-pseudo-

random binary sequences. The subsequent Reed-Solomon en-

coder added a 20-byte forward error correction (FEC) code to 

the 188-byte input packet to protect it from erroneous reception. 

The data interleaver enhanced immunity to burst-type noise 

and interference, while the trellis coded modulation (TCM) 

with a two-thirds rate further improved the data demodulation 

performance. A 4-state optimal Ungerboeck code was used for 

TCM encoding. Then, the segment and field sync signals were 

multiplexed with the trellis encoded data in order to help the 

receiver acquire data segment and data field synchronizations. 

An additional assistant pilot signal was added to provide a con-

venient method for measuring the frequency of the VSB signal 

at the receiver end. Finally, 8-VSB modulation was carried out 

to produce the wanted DTV digital baseband signal. The total 

ATSC signal generator was implemented in a field program-

mable gate array (FPGA), and the FPGA board was then inter-

faced with the RF transmitter and the personal computer con-

troller, as illustrated in Fig. 1.  

III. RESULTS 

The fabricated TV transmitter is shown in Fig. 4(a). It com-

prises the RF transmitter board and the DTV signal generator 

FPGA board. Fig. 4(b) shows the RF transmitter module in 

more detail and has each circuit block denoted. A four-layer 

FR-4 substrate was used for the RF board, for which the top 

and bottom layers were used for signal routing, and the inner 

two layers were used for ground and supply planes.   

The performance of the TV transmitter was tested by exam-

ining the output spectrum. The analog baseband DTV signal 

 

(a) 

 

(b) 

Fig. 4. (a) Photograph of TV transmitter comprising DTV signal 

generator FPGA board and RF transmitter board. (b) Pho-

tograph of RF transmitter board.  

 

 
Fig. 3. DTV signal generator. 
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spectrum measured at the DAC output is shown in Fig. 5. 

Since the DTV signal was VSB-modulated with a 6 MHz 

bandwidth, the signal spectrum appeared in 0 to +6 MHz, 

while the image signal simultaneously appeared in 0 to –6 MHz. 

According to the ATSC DTV specifications, the total band-

width of 6 MHz can be broken down into a half-power band-

width of 5.38 MHz and both-side steep transitions of a 310 

kHz width. Additionally, a pilot signal appeared at 309.441 

kHz away from the band low end. These characteristics were 

well verified through the baseband spectrum.   

Fig. 6 is the measured RF output spectrum when a 3-MHz 

single-tone baseband signal and 473-MHz LO signal were ap-

plied. As can be seen, the wanted RF tone appeared at 470 

MHz, as the quadrature mixer performed lower single-sideband 

mixing. Note that LO and image leakage suppression when the 

output power was -18.5 dBm was 32 and 43 dBc at 473 MHz 

and 476 MHz, respectively.  

LO and image leakage powers and suppression levels were 

 

12MHz

 
Fig. 5. Measured spectrum of the analog baseband DTV signal.

 

Wanted Signal 
(470MHz) LO leakage

(473MHz)

Image Signal
(476MHz)

 
Fig. 6. Measured RF spectrum with a 3-MHz single-tone base-

band and 473-MHz LO signals applied. 

further characterized across output power levels from –33 to 

+22 dBm for five TV channels: 14, 27, 41, 55, and 69. The 

measured results are illustrated in Fig. 7. The LO leakage power 

level was –40 to –52 dBm, and the LO suppression was about 

+6 to +75 dBc. It should be noted that the LO leakage power 

level did not vary significantly across output power levels. Hence, 

the LO suppression levels improved as the output power in-

creased. This behavior can be explained by Eq. (7) when recog-

nizing that the dc offset does not greatly vary but remains al-

most constant while the output signal level increases. On the 

other hand, the image leakage power level was about –21 to –76 

dBm, and the corresponding image suppression level was about 

35 to 62 dBc. It should also be noted that the image leakage 

power tended to increase as the output power increased. This 

behavior can be understood through Eq. (6) by recognizing that 

the amplitude mismatch e tends to remain almost constant as 

the output power level increases. 

The entire TV transmitter was tested for over-the-air wireless 

link with a commercial DTV set used as a receiver. Fig. 8 shows 

the test setup. Test video data that was stored in a personal 

computer was transformed into the DTV signal using the DTV 

 

 

Fig. 7. LO and image leakage power and suppression level across 

five TV channels in respect to output power.

Fig. 8. Over-the-air test.
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signal generator and up-converted by the RF transmitter to one 

of the selected TV channels between 14 and 69 before being 

finally sent out over the air via an antenna. A commercial DTV 

receiver was placed two meters away from the transmitter, 

which used the same antenna as the transmitter. 

Fig. 9 displays the received images of several selected TV 

channels. As can be seen, test images were successfully transmit-

ted and received for channels 14, 15, 37, and 69. Note that the 

TV screen automatically displayed the channel number in the 

upper left corner, as can be seen in Fig. 9. A color bar test image 

was displayed for channels 14, 37, 69, and a cartoon video was 

displayed for channel 15. 

The performance of the fabricated TV transmitter is summa-

rized in Table 1. It should be noted that the previous TVWS 

devices in [3, 4] did not comprise a full RF transmitter but only 

a Wi-Fi-to-UHF frequency converter. Also, note that the pre-

vious TV-band transmitters in [13–17] only demonstrated 

UHF-band RF transmitters without ATSC DTV signal gener-

ator. In contrast, this work fully realized the UHF-band RF 

transmitter and ATSC DTV signal generator while successfully 

demonstrating TV signal wireless streaming to a commercial 

DTV set. Overall, the experimental results successfully show 

that the proposed TV transmitter is instrumental as a wireless 

video streaming device, exhibiting the possibility that a portable 
 

Fig. 9. Received test images for TV channels 14, 15, 37, and 69. 

 

Table 1. Performance summary 

Parameter Measured performance

Frequency band (MHz) 470–806 

Supported TV channels 14–69 

Supported video resolution HD 1080i (1920 × 1080)

Digital modulation ATSC-compliant 8-VSB

Signal path gain (dB) 0–65 

Output-referred 1 dB compression 

power (dBm) 

+20 

Typical output power (dBm) 0 

Supply voltage (V) 3.3 and 5

TV transmitter can be a useful TVBD for wireless video 

streaming application in TVWS.   

IV. CONCLUSION 

A TV transmitter composed of a DTV signal generator and a 

UHF-band RF transmitter was developed for wireless video 

streaming application in TVWS. The zero-IF direct conversion 

RF transmitter supported UHF-band TV channels 14 to 69 

(470–860 MHz). LO and image leakage calibration was im-

plemented using 12-bit DACs to achieve significant improve-

ments in LO and image suppression. The DTV signal genera-

tor implemented in FPGA produced a DTV digital signal fully 

compliant with the ATSC specifications. The experimental 

results successfully demonstrated that over-the-air wireless video 

streaming is possible using the proposed TV transmitter module 

as a transmitter and a commercial TV set as a receiver. In con-

clusion, this work reveals that a portable hand-held TV trans-

mitter can be a useful TVBD for TVWS application.  
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I. INTRODUCTION 

In the air-to-air mode of airborne pulse-Doppler radar, me-

dium pulse repetition frequency (MPRF) waveforms can detect 

all aspect targets and precisely measure the range and Doppler 

of the targets at one time. However, despite the use of optimal 

PRF sets, the detection range performance of MPRF wave-

forms is degraded in low-altitude platforms because of the effect 

of sidelobe clutter [1, 2]. In MPRF waveforms, clutter of all 

Doppler and ranges is folded into one PRF Doppler and one 

pulse repetition interval range. Folded mainlobe clutter is found 

in a limited Doppler region, whereas folded sidelobe clutter is 

found in almost all Doppler regions. In low-altitude platforms, 

the folded sidelobe clutter of high power affects almost all Dop-

pler and range regions. In other words, when the platform alti- 

tude is low (i.e., when the power of the sidelobe clutter is high), 

sidelobe clutter disturbs the target detection and cause the criti-

cal degradation of the detection range performance of MPRF 

waveforms. Even when the detection range performance of an 

MPRF waveform is 80 km without any effects of sidelobe clut-

ter, the performance of the MPRF waveform can be degraded 

to 40 km and below with sidelobe clutter if the platform altitude 

is below 2 km. The degree of performance degradation is de-

termined by the platform altitude and sidelobe levels of the an-

tenna radiation pattern. Ordinary aircraft radars have sum (Σ), 

diff. azimuth (Δa), diff. elevation (Δe), and guard (Λ) receiving 

the channels of an antenna. Therefore, sigma-delta spatio-

temporal adaptive processing (STAP) can be used in ordinary 

aircraft radars. Sigma-delta STAP was used in the mainlobe 

clutter reduction to detect the ground moving targets of low  
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Abstract 
 

Medium pulse repetition frequency (MPRF) waveforms are used in common airborne radar because of their advantages. However, one of 

the disadvantages of MPRF waveforms is the decrement of detectable ranges by sidelobe clutter at low-altitude platforms. To overcome 

this disadvantage and to increase the detectable ranges at low-altitude platforms, this study proposes a sidelobe clutter reduction method. 

Airborne radar has sum and difference antenna channels, and sidelobe clutter reduction is processed using sigma-delta spatio-temporal 

adaptive processing in the sidelobe-clutter surroundings of low-altitude platforms. In terms of the sidelobe clutter reduction performance 

and the effectiveness of increasing the detection range, the proposed method is simulated and tested using simulated data. 
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velocity in the air-to-ground mode of aircraft radars [3]. This 

study proposes the sidelobe clutter reduction method using sig-

ma-delta STAP. In the air-to-air mode of airborne radars that 

use MPRF waveforms, this sidelobe clutter reduction method 

improves the detection range performance, which has been de-

graded in the low-altitude platform. In terms of the sidelobe 

clutter-reduction performance and the effectiveness of increas-

ing the detection range, the proposed method is simulated and 

tested using simulated data. Our method of removing sidelobe 

clutter is based on the same joint domain localized (JDL) meth-

od as in [3]. However, the application of algorithms for sidelobe 

clutter removal and the method of setting related algorithm 

parameters in the air-to-air environment differ from the method 

of removing mainlobe clutter in the air-to-ground environment 

of [3]. Therefore, our proposed method is also compared with 

the method of [3] in terms of the sidelobe-clutter-removal per-

formance through a simulation. 

II. SIGMA-DELTA STAP FOR SIDELOBE  

CLUTTER REDUCTION 

In this study, airborne radars have Σ, Δa, Δe, and Λ receiving 

the channels of an antenna, and they perform the detection of 

air-to-air targets with these four channels. Using the sigma and 

delta channels to apply the STAP is an appropriate way to re-

move sidelobe clutter based on the STAP without configuring 

additional receiving channels of an antenna in the structure of 

antenna channels of most fighter radars. The sigma-delta 

STAP of this paper is similar to the JDL [4] method and is a 

special case of the JDL. The JDL method suppresses interfer-

ence signals using the signals within the localized processing 

region (LPR) in the post-Doppler/beamspace domains.  

A data cube, which is formed for the sigma-delta STAP, is 

described in Fig. 1(a). The LPR for the sigma-delta STAP in 

this study is illustrated in Fig. 1(b), which represents the train-

ing data collection and filter weight calculations for the STAP 

application to remove the sidelobe clutter. In Fig. 1(b), data 

𝒙 𝑛, 𝑘 , which is processed by STAP for the elimination of the 

sidelobe clutter of the index 𝑛, 𝑘  point, is expressed as fol-

lows: 
 

𝒙 𝑛, 𝑘

⎣
⎢
⎢
⎢
⎡
𝒙 𝑘

⋯
𝒙 𝑘
⋯

𝒙 𝑘 ⎦
⎥
⎥
⎥
⎤

 ,  𝒙 𝑘
𝑥 , 𝑘
𝑥 , 𝑘
𝑥 , 𝑘

 .     

(1)

 

 

In 𝑥 , 𝑘  of Eq. (1), 𝑐 is the index of antenna receiver 

channel, 𝑛 is the range index, and 𝑘 is the Doppler channel 

index. The training data 𝑿 for the STAP processing of data 

𝒙 𝑛, 𝑘  are as expressed follows:  
 

Fig. 1. (a) Data cube and (b) processing method of sigma-delta 

STAP for sidelobe clutter reduction, (c) processing meth-

od of sigma-delta STAP for the mainlobe clutter reduc-

tion.

 

𝑿 𝒙 𝑛, 𝑘 𝐴 ,⋯ , 𝒙 𝑛, 𝑘 𝐵 , 𝒙 𝑛, 𝑘 𝐵 ,⋯ , 𝒙 𝑛, 𝑘 𝐴 .    

(2) 
 

In Eq. (2), A = W + G, B = G + 1, W is the number of range 

cells that takes the training data around the data 𝒙 𝑛, 𝑘 , as 

shown in Fig. 1(b), and G is the size of the guard cells that pre-

vent the collection of training data that have information on the 

data 𝒙 𝑛, 𝑘  and is set to take only the interference signal as 

training data. We set N = 3, W = 20, and G = 1 in the simula-

tion in this study. The collection of training data for the elimi-

nation of the sidelobe clutter is different from the case of elimi-

nating the mainlobe clutter. We can compare the collections of 

training data of this study with the collections of training data to 

eliminate the mainlobe clutter in [3]. Fig. 1(c) represents the 

training data collection and filter weights calculations for the 

STAP application proposed in [3] to remove the mainlobe clut-

ter. The main difference is that the positions of the guard cells 

are represented as Doppler channel indexes in the proposed 

method, whereas in [3], the guard cells are represented as range 

indexes. In other words, we collect training data on the sidelobe 

clutter in the Doppler direction to remove the sidelobe clutter of 

the 𝑛, 𝑘  position. Conversely, in [3], training data are col-

lected in the range direction to remove the mainlobe clutter. In 
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addition, there are differences not only in the direction in which 

the guard cell is applied but also in the direction in which the 

reference cell is applied and the number of reference cells. This 

difference in the collection of training data shows that the effect 

of removing the sidelobe clutter is more prominent than that of 

the mainlobe clutter. 

The covariance matrix from the training data is expressed as 

follows:  
 

𝑹𝒄𝒐𝒗
𝑿𝑿

𝜆𝑰.                    (3) 

 

In Eq. (3), 𝑿  is the Hermitian transpose of X, I is the iden-

tity matrix, λI is the diagonal loading term, and λ = 0.01 in our 

simulation (λ should be set appropriately according to noise 

level). The calculation for STAP is as follows:  
 

𝒘
𝑹𝒄𝒐𝒗𝒕

𝒕 𝑹𝒄𝒐𝒗𝒕
 ,  𝑧 𝑛, 𝑘 𝒘 𝒙 𝑛, 𝑘  .        (4) 

 

In Eq. (4), w is the filter weight given by the minimum vari-

ance distortionless response algorithm [3], z(n,k) is the output 

for STAP, and t is set as follows when N = 3:  
 

𝒕 0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,0 .     (5) 

III. SIMULATION AND TEST  

In this section, we perform a simulation to test the perfor-

mance of the proposed sidelobe clutter reduction method. The 

scenario and system parameters used in our simulation are rep-

resented in Table 1. Using the values in Table 1 and a simulated 

antenna pattern, we generate simulated clutter and target signals 

[3]. In the simulated antenna pattern of the sum channel, the 

power ratio of the sidelobe to the mainlobe of the antenna beam 

is –60 dB. When generating the simulated clutter signals, we 

use the constant gamma model as a ground clutter reflectivity 

model. The constant gamma item in Table 1 represents the 

gamma value used in the constant gamma model of this simula-

tion. To verify the effect of increasing the detection range after 

removing the sidelobe clutter by our proposed method, the sig-

nal processing to detect air-to-air targets for the simulated clut-

ter and target signals is performed, as shown in Fig. 2. In our 

proposed method, we set N = 3, W = 20, and G = 1 (see Fig. 

1(b)). The parameter value, which is set for the method in Fig. 

1(c), is set to the value suggested in [3]. 

We compare the results of performing the signal processing 

of detecting air-to-air targets without removing the sidelobe 

clutter. The results of removing the sidelobe clutter using the 

method in [3] (Fig. 1(c)) are compared with those of removing 

the sidelobe clutter by the method presented in this paper. Fig. 

3 compares the powers of the clutter of the range/Doppler (RD) 

maps with the results of Doppler processing before and after  

Table 1. Scenario and system parameters in this simulation 

Parameter Value

Platform altitude (km) 3

Platform velocity (m/s) 200

One target, range (km) 73

One target, RCS (m2) 1

Constant gamma 0.06

Transmission frequency (GHz) 10

PRF (kHz) 20

Transmission pulse width (μs) 8

Sampling frequency (MHz) 5 

CFAR threshold (false alarm rate) 10-6

 

 
Fig. 2. Signal processing for target detection. 

 

removing the sidelobe clutter. Fig. 3(a) shows the clutter before 

removing the sidelobe clutter, and Fig. 3(b) illustrates the clutter 

after removing the sidelobe clutter using the proposed method. 

Fig. 3(c) shows the clutter after removing the sidelobe clutter 

using the method in [3] (Fig. 1(c)). The dotted square areas 

shown in each RD map of Fig. 3 are enlarged and displayed at 

the bottom of each RD map. Before removing the sidelobe clut-

ter, a target is buried in the clutter in the dotted square area, and 

the target is invisible (Fig. 3(a)). After removing the sidelobe 

clutter using the proposed method, the target appears in the 

area (Fig. 3(b)) and has a detectable signal-to-interference and 

noise ratio (SINR). Note that the detection performance of the 

CFAR processing in Fig. 2 is determined by the SINR around 

the targets. In Fig. 3(a), the signal-to-noise ratio (SNR) of the 

target is 16.4 dB, the clutter-to-noise ratio (CNR) around the 

target is 12.55 dB, and the SINR around the target is 3.85 dB. 

In Fig. 3(b), SNR of the target is 15.2 dB, the CNR around the 

target is 0.31 dB, and the SINR around the target is 14.89 dB. 

In Fig. 3(c), SNR of the target is 15.95 dB, CNR around the 

target is about 11.03 dB, and SINR around the target is about 

4.92 dB. Fig. 3(a) and (b) show the 11.04 dB (= 14.89–3.85 dB)  
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(a) 

(b) 

(c) 

Fig. 3. RD maps before and after removing the sidelobe clutter: (a) 

before removing sidelobe cutter, (b) after removing the side-

lobe cutter using the proposed method in Fig. 1(b), and (c) 

after removing the sidelobe cutter using the method in Fig. 

1(c). 

SINR improvement using the proposed method. The CNR of 

the clutter around the target decreases to 0.31 dB from 12.55 

dB after the sidelobe clutter is removed (sidelobe clutter reduc-

tion performance is 12 dB or more). Conversely, Fig. 3(a) and 

(c) show only about 1.07 dB (= 4.92–3.85dB) of SINR im-

provement using the method in [3], and CNR around the tar-

get decreases to only 11.03 dB from 12.55 dB. After removing 

the sidelobe clutter using the method in [3], the target remains 

buried in the clutter in the dotted square area, thus making it 

invisible (Fig. 3(c)). As shown in Fig. 3, the sidelobe clutter is 

not properly removed by the method in [3] and sufficient SINR 

is not secured. 

Fig. 4(a) shows the hit clustering result of the signal pro-

cessing of detecting targets without removing the sidelobe clut-

ter. Fig. 4(b) presents the result of detecting targets with remov-

ing the sidelobe clutter using the proposed method. Fig. 4(c) 

shows the result of detecting targets with removing the sidelobe 

clutter using the method in [3]. 

The target range of 73 km, which is not detected because  

 

 

(a) 

 

(b) 

 

(c) 

Fig. 4. Target detection results: (a) without removing the sidelobe 

clutter, the target is not detected [Fig. 3(a)], (b) the target 

was detected using the proposed method [Fig. 3(b)], and (c) 

the target was not detected [Fig. 3(c)] by removing the side-

lobe clutter using the method in [3]. 
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of the sidelobe clutter in the platform altitude of 3 km, is de-

tected by removing the sidelobe clutter using the proposed 

method. 

IV. CONCLUSION 

To counter the degradation of the detection-range perfor-

mance of air-to-air targets due to sidelobe clutter at low alti-

tudes of airborne radars in MPRF waveforms, we suggested a 

method of removing the sidelobe clutter using sigma-delta 

STAP. The sidelobe clutter reduction performance of the pro-

posed method was verified at 12 dB through simulations. The 

effectiveness of increasing the detection range was verified 

through signal processing simulations that detect targets. 

 

 

 

 

 

Tae-Hyung Kim  
received his Ph.D. degree in electronic engineering 

from Pusan National University, Busan, Korea, in 

2007. From 2007 to 2010, he worked at the Agency 

for Defense Development, Daejeon, Korea. He is 

currently a researcher at LIG Nex1. His research 

interests include radar signal processing, modelling, 

and simulation for radar systems and pattern recog-

nition. 

 

 

 

 

 

Hyeong-Won Jeon 
received his B.S. and M.S. degrees in information 

communication engineering from Hanbat University 

in Daejeon, Korea, in 2010 and Gwangju Institute of 

Science and Technology in Gwangju, Korea, in 2012, 

respectively. He is currently working at LIG Nex1 as 

a researcher. His research interests include radar 

signal processing and embedded real-time program-

ing. 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

[1] M. I. Skolnik, Radar Handbook, 3rd ed. New York, NY: 
McGraw-Hill, 2008. 

[2] T. H. Kim, J. W. Yi, and Y. J. Byun, "Real-time selection of 

pulse repetition frequency (PRF) set for a triple 2-of-3 PRF 

scheme," Journal of Electromagnetic Engineering and Science, 

vol. 13, no. 3, pp. 186-188, 2013. 

[3] T. H. Kim, J. S. Yoon, J. H. Jung, and S. H. Ryu, "Applica-

tion design and performance analysis simulation of sigma-

delta STAP for GMTI mode of airborne radar," The Journal 

of Korean Institute of Electromagnetic Engineering and Sci-

ence, vol. 28, no. 4, pp. 336-346, 2017. 

[4] H. Wang and L. Cai, "A localized adaptive MTD proces-

sor," IEEE Transactions on Aerospace and Electronic Systems, 

vol. 27, no. 3, pp. 532-539, 1991. 
 

 
 

 

Jong-Hwan Shin 
received his B.S. degree in electronic and computer 

science engineering from Inha University in Incheon, 

Korea, in 2012. He is currently working at LIG 

Nex1 as a researcher. His research interests include 

radar system control, communication, and artificial 

intelligence. 

 

 

 

 

 

 

 

Yeon-Duk Kang 
received his B.S. and M.S. degrees in electrical engi-

neering from Korea Aerospace University in Korea 

in 1993 and 1996, respectively, and his Ph.D. degree 

in electrical engineering from Korea Aerospace Uni-

versity in Korea in 2000. Since 2000, he has been 

working at LIG Nex1 as a researcher. His current 

research interests include phased array antennas and 

radar systems. 

 

 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 4, 239~244, OCT. 2019 

https://doi.org/10.26866/jees.2019.19.4.239  

ISSN 2671-7263 (Online) ∙ ISSN 2671-7255 (Print) 

239 

     

 

I. INTRODUCTION 

Conventionally, antennas have primarily been used to com-

munication information across long distances. The transferred 

power was well formulated by Friis [1]. This well-known equa-

tion has long been used and is still a reliable formula as long as 

the distance between a transmitter (Tx) and a receiver (Rx) is 

very long, such that the electromagnetic waves generated from 

the Tx antenna reach the Rx as a nearly plane wave. The same 

antennas have also been studied for wireless power transfer [2]. 

However, this has rarely been used for commercial applications 

over far ranges due to low efficiencies. Recently, microwave 

beam-forming array antennas were introduced for near-field (up 

to about 10 m) wireless power transfer [3–5]. As long as the 

total power is properly regulated to circumvent human hazard 

issues, this approach has the potential to be widely applicable to 

wireless-power mobile devices, especially low-power Internet-

of-Things (IoT) sensors for energy autonomy [6, 7]. In the far 

field, the antenna beam is usually scanned to a specific direction 

given by (θ, ϕ). 

However, in the near field, it should be directed to a specific 

point given by (r, θ, ϕ). For far- and near-field transmissions, 

the feeding phases of the Tx array should be properly controlled 

such that the fields from the array elements are coherently add-

ed in the direction and at the position of the Rx, respectively, to 

achieve maximum efficiency. This coherent reception at the Rx 

position is also possible via the retrodirective method, in which a 

pilot RF signal from the Rx is necessary [8]. Power transfer effi-

ciency formulas in the near field for the case of coherent feeding 

(or reception at the Rx position) are rarely found in the litera-

ture, although some corrections have been made to the Friis 

equation [1] in the near field for broadside arrays using in-phase 

feeding [9, 10].  

In this paper, we propose a relatively simple efficiency formu-

la that can be used in the near field as well as in the far field. 

 

Wireless Power Transfer Efficiency Formula Applicable 

in Near and Far Fields 
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Microwave-based wireless power transfer in the near field (up to about 10 m) is now drawing much interest since the transfer range when 

using current magnetic induction or magnetic resonance methods is limited in current industry. The Friis efficiency formula is valid only 

in the far field, so this paper proposes a new efficiency formula for use in the near field as well as in the far field. The proposed formula is 

derived under the assumption that the fields generated from transmitting-antenna elements are coherently (or constructively) added at a 

receiving antenna. The proposed formula is validated by EM-simulations and measurements using a 1 × 8 phased array antenna. The 

proposed efficiency formula is shown to be accurate in the near field and converge to the Friis formula in the far field. 
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The efficiencies based on the proposed formula are compared 

with those of EM-simulations and measurements.  

II. THEORY 

The efficiency of the wireless link between Tx and a Rx was 

well formulated by Friis as follows [1]: 
 

2
4
t rr

t

G GP

P R



 
 
 

,                      

(1)

 

 

where Pt is the transmitted power at Tx, Pr is the received  

power at Rx, Gt is the Tx antenna gain, Gr is the Rx antenna 

gain, R is the distance between the Tx and Rx, and λ is the 

wavelength in free space. The efficiency (1) is estimated as a 

function of a direction, say η(θ, ϕ). For (1) to be accurate, the 

distance, R, should satisfy 𝑅 2𝐷 /𝜆, where D is the largest 

linear dimension of either of the antennas [1]. In the near field 

(𝑅 ≪ 2𝐷 /𝜆), there is an ambiguity regarding R, which is de-

fined here as the distance between the center of the Tx array 

antenna and Rx as shown in Fig. 1. Thus, we need to derive an 

appropriate formula to address this situation under the assump-

tion that the electric fields from the transmitting antenna ele-

ments are coherently added at a receiving antenna. This coher-

ent feeding is possible by controlling the phases of the Tx array 

elements when the Rx position is known. Another approach is 

the retrodirective array [5], in which radiation elements reverse 

the phases of a pilot incoming wave from the Rx, and as a result, 

the fields at the Rx position are coherently added regardless of 

the Rx position. Fig. 1 shows a configuration of an Rx antenna 

in the near range of a Tx array antenna with its elements spaced 

at d = λ/2. The Tx antenna consists of N elements, which trans-

fer power to the receiving antenna. For the delivery of maxi-

mum power, the electric field must be constructively (or coher-

ently) added at the Rx position by properly controlling the Tx 

element phases. When the powers of the Tx radiation elements 

are P1, P2, …, and PN, respectively, and the distances between  

 

 
Fig. 1. Configuration of the transmitting (Tx) and receiving (Rx) 

antennas in the near-field: R is assumed to be longer than 

λ/2 to avoid too much coupling. 

the Rx antenna and each Tx element are R1, R2, …, and RN, 

respectively, the electric field, Ei, generated from the ith Tx array 

element is obtained as follows: 
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This formula equates the power flux density, 0 ( , ) /i tPG  

 24 iR to  2
0/ 2iE . In (2), 0 ( , )tG    is the gain of each 

element, based on the direction to Rx, and 0  is the intrinsic 

impedance in free space. The total electric field at the Rx posi-

tion should be obtained as a vector sum, which is cumbersome 

and too much time-consuming for EM-simulations. However, 

for a quick estimation near the broadside direction, it is here 

approximated as follows: 
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where the direction, (θ, ϕ), may be different for each index, i, in 

general. The power flux density at the position of the Rx anten-

na is given by the following: 
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Then, the received power Pr is expressed as follows: 
 

2
22

0

1

( , )

4 4

N
i tr

r er r
i i

PGG
P PFD A PFD G

R

  
  

              
 ,

  (5) 
 

where Aer is the effective aperture area of the Rx antenna and Gr 

is the gain of the Rx antenna based on its directions, but here, 

we use the gain of the broadside for simplicity. The efficiency, η, 

is defined as the ratio of the received power, Pr, to the Tx input 

power, Pt, and is given by the following equation:  
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           (6) 

If the array element has an almost constant gain for all direc-

tions, the total gain of the Tx array antenna, Gt, may be approx-

imated as Gt = NGt0. Furthermore, for a uniform array (Pi = P0 

for i = 1, 2, , N), (6) can be simplified to the following: 
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If we define the distance between the Rx antenna and the Tx 

array antenna as follows: 
 

11 2

1 1 1 1mean N
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           (8) 
 

then (7) can be expressed with this equation: 
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Rmean is larger than the shortest of (R1, R2, …, RN) and small-

er than the arithmetic mean of (R1, R2, …, RN ). In the far field, 

since R1 ≈ R2 ≈ … ≈ RN = R and Rmean = R, (9) approaches the 

Friis transmission equation (1).  

It may be useful if we evaluate (8) further. Fig. 2 shows (8) as 

R/ λ increases from 0.5 to 8 for 1 × 8, 8 × 8, 1 × 16, and 16 

× 16 Tx array antennas. The spacing between the array ele-

ments is assumed to be λ/2. A single Rx is assumed. In (8), all 

of the distances from each Tx element to the Rx antenna are 

considered. For the largest array of 16 elements, the far-field 

distance, (2𝐷 /𝜆) is 128λ. This means that when R > 128λ, 
Rmean is very close to R. It is noted that when R = 16λ, Rmean ≈ 

16.32 λ (2% larger than R). This discrepancy is shown to be-

come larger as R/λ decreases. When R/λ is 2 for the case of the 

16 × 16 array, Rmean/λ is 3.5, which results in 1/3 the transfer 

efficiency in (9) since (3.5/2)2
 ≈ 3. To validate the efficiency 

formula (9), we first examine the method of evaluating the effi-

ciencies from the S-parameter through EM-simulations. Since 

the fields from the Tx array elements are controlled to be added 

in-phase at the receiver, the efficiency based on EM-simu-

lations is given by the following:  

 

 
Fig. 2. Mean distances, Rmean, between the Tx array antenna and a 

single Rx antenna as a function of R/λ for different array 

sizes. R is the distance between the Tx array center and Rx, 

as shown in Fig. 1. 
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where RA is the antenna resistance of the Tx and Rx antenna 

elements, which are assumed to be the same, and S0i is the S-

parameter from the ith Tx element to the receiver terminal. Thus, 

(10) is simplified to  
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For the special case of 1 2 NV V V   , (11) becomes 
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III. VALIDATION OF THEORY 

 To validate the proposed efficiency formula (6), we compare 

it with (12) based on EM-simulations and the Friis formula (1) 

as well as ref. [3] in Fig. 3 as R/λ increases up to 16. The Tx 

array antenna consists of 8 × 8 half-wave dipole elements. The 

input impedance of each dipole element is 73 Ω, and their an-

tenna gain is 1.69 at 2.4 GHz. The spacing between adjacent 

antennas is λ/2 (62.5 mm). For this case, 2𝐷 /𝜆 = 32𝜆. While 

the efficiencies based on the Friis formula (1) show large dis-

crepancies with those of EM-simulations, especially when R/λ 
is smaller than 4, the efficiencies based on the proposed formula 

(6) are in good agreement with the simulations in all ranges 

(R/λ ≧ 1). The proposed formula (6) is also shown to converge  

 

 
Fig. 3. Efficiencies for the WPT system consisting of an 8 × 8 

dipole array antenna (Tx) and a single dipole antenna (Rx). 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 4, OCT. 2019 

242 
   

  

to (1) in the far field. 

IV. MEASUREMENT 

We have fabricated a circularly polarized Tx array antenna 

composed of 1 × 8 microstrip patch radiation elements operat-

ing at 2.4 GHz to examine its efficiencies in various practical 

environments. The gain of the Tx antenna is 14.7 dB (Gt = 

29.7). The linearly polarized Rx antenna is also a patch type, 

and its gain is 6.9 dB (Gr = 4.8). Fig. 4 shows the entire system 

of a transmitting system. The schematic of a 1 × 8 Tx system 

and its fabricated photo are showed in Fig. 4(a) and (b). The 

system consists of a 2.4 GHz RF source, power dividers, attenu-

ators, power amplifiers, patch radiation elements, and MCU.  
 


(a) 

 

(b) 

Fig. 4. The entire structure of Tx system: (a) schematic of a 1 × 8 

Tx array antenna system and (b) structure of a fabricated of 

1 × 8 Tx array antenna system.

 
Fig. 5. Measurement setup for received powers and efficiencies as a 

function of distance. 

 

Table 1. Measured Rx received power (f = 2.4 GHz, λ = 12.5 cm, 

Pt = 1.6 W = 32 dBm) as a function of the distance R 

R 1λ 2λ 4λ 8λ 16λ

Rx received power 

(dBm)

20 18 15 10.3 6.2

 
The magnitudes and phases for a coherent reception at Rx posi-

tions are controlled by an MCU. 

In Fig. 5, we show the setup for measuring the efficiencies. 

The 1 × 8 Tx microstrip patch antenna is located at a fixed 

position, and the Rx patch antenna is moved 1λ to 16λ away 

from the Tx in the broadside direction. The transmitting power 

radiated from one patch element is set to be 0.2 W, and the 

total transmitting power is 1.6 W (32 dBm). The MCU is pro-

grammed such that the fields radiated from the eight patch el-

ements are coherently (in-phase) received at the Rx. The re-

ceived powers are measured using a spectrum analyzer. The 

measured powers, shown in Table 1, decrease from 20 dBm to 

6.2 dBm as R/λ increases from 1 to 16.  

In Fig. 6, the measured efficiencies based on Table 1 are 

compared with the theoretical results of (9) and EM-simulated 

results of (12) results as R/λ increases from 1 to 16. In the case 

of the efficiency of (9), Gt has been obtained by taking into ac-

count the gain of each element in the direction of the receiver. 

They are all shown to be in relatively good agreement. How-

ever, the efficiencies using the Friis formula (1) show significant 

differences when R/λ decreases. 

V. CONCLUSION 

In this letter, a new efficiency formula has been proposed for 

use in the near field as well as in the far field under the condi-

tion of coherent reception at the Rx. It has been found that the  
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Fig. 6. Efficiencies based on theory (9), EM-simulations (12), and 

the Friis formula (1) as R/λ increases from 1 to 16 using a 1 

× 8 Tx antenna and a single Rx antenna. 

 
proposed formula agrees well with both EM-simulations and 

measurements. The proposed formula has also been shown to 

reduce to the Friis equation for far ranges, demonstrating its 

generality. The efficiencies for wireless power transfer or com-

munications in the near and far fields can be simply evaluated 

with the proposed efficiency formula without time-consuming 

EM-simulations or measurements. 
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I. INTRODUCTION 

Existing motion recognition technology is conducted by cap-

turing human movements through visual images using cameras. 

Recently, Google has implemented motion recognition using a 

chip through “Soli” [1]. Motion recognition using this miniatur-

ized radar chip technology can be applied to a wide range of 

applications, including internet of things and wearable devices. 

Among all the motion recognition technologies, the radar-

applied motion recognition can be identified in both natural 

environment and non-visual situations. Radar for motion 

recognition is mainly used for ultra-wideband (UWB), frequen-

cy-modulated continuous wave (FMCW) radar. Comparing the 

two radars, the UWB radar has a lower transmission power and 

a shorter coverage, but its resolution is more precise and its re-

sponse rate is higher than that of the FMCW radar. 

A typical technique for motion recognition using a radar sen-

sor is to recognize pattern by extracting micro-Doppler based  

on a CW radar [2]. Based on these techniques, motion is rec-

ognized through the amplitude [3, 4] of the received signal re-

flected in the motion or through the Doppler information [5, 6] 

of the received signal. Recognition studies based on machine 

learning and deep learning are actively being pursued [4, 6–8]. 

Motion is also recognized through images resulting from the 

changes in the distance between the radar sensor and human 

motion [9]. First, the radar-received signals are accumulated, 

and signal processing is performed to remove the clutter in a 

two (pulse frame–sample)-dimensional image. Second, feature 

extraction and learning of the motion image using the histo-

gram of oriented gradient/support vector machine (SVM) are 

conducted. In [9], a good recognition performance was verified 

with the data of actual measured human motion. However, mo-

tion recognition based on distance changes is essential to the 

process to reject a fixed clutter. This process may remove some 

of the motion data. That is, when recognizing motion that re-

quires sophistication, performance may be degraded.  
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In this paper, a motion region extraction and pattern extrac-

tion algorithm is proposed for motion recognition based on the 

image as the distance changes between the radar sensor and 

human motion. This algorithm, which was developed by com-

bining the characteristics of radar motion images and image 

processing techniques, compensates for the discontinuous data 

that can occur when removing clutter for motion data extraction 

and extracts motion patterns applicable to the recognition learn-

ing field. Using the motion data measured by the radar sensor, 

the algorithm performance is verified by an experiment. 

This paper is organized as follows. Section II discusses the 

concept and the result of clutter processing for motion data ex-

traction. Section III describes the proposed algorithm step by 

step based on the results in Section II. Section IV presents the 

processing result for the algorithm in Section III. The paper is 

concluded in Section V. 

II. CLUTTER REMOVAL PROCESSING FOR  

MOTION DATA EXTRACTION  

 Clutter removal is recognized as a change in the distance be-

tween the radar sensor and human motion. This process of re-

moving leakage signals from radar sensors and the effects of 

fixed clutter such as on objects [9] is essential. By performing 

the moving average filter along the pulse axis, the effect of the 

clutter can be removed, and only motion data are extracted. The 

clutter removal process can be expressed as 
 

 𝑥 , 𝑥 , ∑ 𝑥 ,  ,  (1)
 

where 𝑥 ,  is the data of the received motion image, and p and 

k are the pulse frame and the sample index of a single pulse, 

respectively. The raw data and clutter removal processing results 

are shown in Fig. 1. 

The x-axis and y-axis in Fig. 1 represent the pulse frame and 

the samples of a single pulse, respectively. Motion data can be 

extracted by removing the clutter, as shown in Fig. 1. However, 

discontinuous motion data may occur when the motion is main-

tained at the same distance for a while or during the state of 

motion transition. That is, compensation is required through 
 

 
(a) (b) 

Fig. 1. Result of the clutter removal process: (a) raw data and (b) 

clutter removal. 

the tendency of the adjacent motion regions. 

III. PROPOSED MOTION REGION DETECTION AND  

PATTERN EXTRACTION ALGORITHM  

 In this section, the motion region detection and pattern ex-

traction algorithm are proposed for motion recognition based 

on the distance changes between the radar sensor and human 

motion. This algorithm can extract the pattern of motion image 

and compensate for the discontinuous motion image in Fig. 1. 

The flow chart of the algorithm is illustrated in Fig. 2. 
 

1. Region of Interest (ROI)   

ROI extraction is performed to remove leakage signal from 

the radar sensor. In particular, leakage signal data that have not 

been removed from the signal processing can degrade the per-

formance of the algorithm. In Fig. 1(a), the amplitude of the 

signal is strong at the 40th–50th sample intervals. Therefore, it 

can be estimated as a leakage signal. 
 

2. Binarization Process   

The binarization process extracts the motion data and per-

forms binarization. The motion data are extracted by processing 

the average of the image and the threshold value of each sample. 

The flow chart of the binarization process is shown in Fig. 3. 

The equation of the threshold for the binarization process is 

as follows: 
 

𝑇 𝑘 ∙ 𝑎  (2)

𝑇 𝑘 ∙ 𝑎 , (3)
 

where 𝑎  and 𝑎  represent the average value of the image and 

of each equivalent sample, respectively, 𝑘  and 𝑘  are the 

 

Fig. 2. Flow chart of the pattern extraction algorithm.
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threshold scale factors, and 𝑇  and 𝑇  are the calculated thre-

shold value. As the amplitude of the motion data is greater than 

the average value of the image or sample, extracting the motion 

data is possible. 

 

3. Motion Region Detection   

To extract the pattern of the motion correctly, only the detec-

tion of the motion region is required. The flow chart of the mo-

tion region detection is illustrated in Fig. 4. 

Based on the data after the binarization process, the motion 

region is detected through the density of motion data. The re-

gion for determining the density is expressed as a window re-

gion. To improve the processing speed of the calculation, the 

density of the region is calculated while moving to the step size 

(𝑙 , , 𝑙 , ). The conditional inequality for determining 

density is 
 

 

 𝐶 𝑘 ∙ 𝐶 ,       (4)
 

where 𝑘  is the ratio of the window region size and should be 

properly set to the motion data and the resolution of the radar 

sensor. If Eq. (4) is not satisfied, the data are removed. The 

concept of motion region detection is presented in Fig. 5. 

Data are maintained or removed by calculating the density of 

the window region. 

 

 
Fig. 3. Flow chart of the binarization process. 

 

Fig. 4. Flow chart of the motion region detection. 

Fig. 5. Motion region detection concept. 

 

4. Gradient Estimation by Region 

The detected motion region is divided into small regions, 

and the gradient for each region is estimated. The acquired 

motion data are an image of a time–range axis that accumu-

lates into a radar pulse. Therefore, a gradient in the vertical 

direction does not occur. The gradient estimation uses a ker-

nel-type method using two-dimensional (2D) filtering instead 

of a general image processing method. Fig. 6 shows the shape 

of the gradient kernel. 

Fig. 6(a) shows the gradient of the kernel matrix, and Fig. 

6(b) presents the direction. The vertical gradient is not taken 

into account because of the measured radar motion character-

istics. The kernel size is determined by the size of the region 

to be processed. The similarity between the region and the 

kernels is calculated through 2D filtering. Fig. 7 shows the 

flow chart that estimates the gradient by region based on the 

kernel. 

As shown in Fig. 7, the gradient of the region is estimated 

by calculating the similarity with the kernel. The two condi-

tions in Fig. 7 are as follows: 

 

Condition 1: no similarity for all-kernels 

Condition 2: two or more of the most similar calculated 

values are the same 
 

(a) 

(b) 

Fig. 6. Shape of the gradient kernel: (a) gradient kernel matrix 

and (b) direction of the gradient kernel. 
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Fig. 7. Gradient estimation flow chart by region. 

 

If the result of calculating the similarity with the 𝑀  

𝑀  kernel is included in the above condition 1 or 2, the 

𝑀  𝑀  kernel will repeat the similarity calculation to 

estimate the gradient. 

 

5. Pattern Extraction by Region 

To estimate and extract patterns for each region, motion pat-

terns are estimated by comparing the gradients between the 

region and the adjacent region. The flow chart for the gradient 

estimation is presented in Fig. 8. 

The estimation of the gradient of the region consists of two 

stages. The first stage compares the gradients of the adjacent 

regions in the same direction. For example, in Fig. 9, if the gra-

dient in the red square region 𝑅  is in direction 3, the gradient 

in regions 𝑅 ,  and 𝑅 ,  in direction 3 will be com-

pared. If all three regions have the same direction 3, the gradi-

ent is determined in direction 3. 

However, if any of the compared gradient is different as 

shown in Fig. 9, then the gradient in region 𝑅  is most likely 

incorrectly estimated. This condition can degrade performance 

when extracting motion. Therefore, in this case, the gradient of 

the adjacent regions should be compared. Fig. 10 shows the  

 

Fig. 8. Flow chart of the pattern extraction by region. 
 

Fig. 9. Concept of the first stage. 

Fig. 10. Concept of the second stage. 

 

concept of the second stage in estimating the patterns from the 

gradients in the adjacent regions.  

In Fig. 10, the yellow box is the left region, and the green box 

is the right region. The gradient of the red box 𝑅  is estimated 

by determining the dominant gradient of both regions. As di-

rection 2 is dominant in both regions, 𝑅  is determined in 

direction 2. If there is no dominant gradient in the region, the 

comparison region will be extended, as shown in Fig. 11. 

Then, the motion pattern of the region is simplified based on 

the estimated gradient on the left and the right. A pattern ma-

trix of a 5 5 size is shown in Fig. 12. 

The type names in Fig. 12 are in the left and right directions. 

For example, if the dominant gradient is direction 2 in the left 

region and the dominant gradient is direction 3 in the right re-

gion, then the pattern type is “Type 23”. The image of the mo-

tion region is replaced by a pattern matrix based on the estimat-

ed gradient.  

 

Fig. 11. Region expansion in the second stage. 
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Fig. 12. A 5 × 5 pattern matrix. 

 

Fig. 13. Two motions in the experiment.

 

(a) 

(b) 

Fig. 14. Signal processing result: (a) zoom-in and (b) zoom-out. 

IV. EXPERIMENTAL RESULT  

To verify the performance of the proposed algorithm, we ex-

periment with the measured human motion images based on 

the radar sensor. The two measured motions are shown in Fig. 

13. The signal processing algorithm results in [9] on motion are 

shown in Fig. 14. 

The UWB radar sensor is used, and the sampling interval is 

0.005 m. The ROI is processed to acquire an image after the 

70th sample to remove the leakage signal in Fig. 1. Then, bina-

rization is performed through the threshold processing based on 

the average value of the image and each sample. 𝑇  and 𝑇  are 

obtained by analyzing the distribution of the measured radar 

image. The two times the average of 𝑘  and 𝑘 , respectively, 

are appropriate. The binarization processing result of the zoom-

in motion image when 𝑘  and 𝑘  are 2, respectively, is shown 

in Fig. 15. 

Fig. 15 shows the extracted motion data after binarization. 

However, the non-motion data are incorrectly extracted in Fig. 

15(b). These data are removed with the following motion re-

gion detection method. The result of the motion region detec-

tion using the 10 × 10 window region is presented in Fig. 16. 

The step size of the row and column are respectively set to ½ of  
 

(a) 

(b) 

Fig. 15. Binarization processing result: (a) before binarization 

and (b) after binarization. 
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(a) 

 
(b) 

Fig. 16. Motion region detection result: (a) motion region detec-

tion and (b) display of valid motion region. 

 

the region length, and density is set to ⅓ of the window region. 

This process detects only the motion region and shows that the  

 

(a) 

(b) 

Fig. 17. Result of estimation of the gradient by region: division by 

the 7 × 7 window region and (b) gradient estimation result.

Fig. 18. Motion pattern extraction result. 

Fig. 19. Iterative motion pattern extraction result.

 

wrongly detected data in Fig. 15 are removed. 

Based on the detected motion region, the region is divided 

for the gradient calculation by region. Fig. 17 shows the result 

of estimating the gradient by dividing it into a 7 × 7 matrix. 

The results of estimating the gradient using the kernel matrix 

from 7 × 7 to 3 × 3 are shown in Fig. 17(b). The numbers in 

Fig. 17(b) are the direction shown in Fig. 6. The numbers 11, 

24, and 13 in Fig. 15(b) are in directions 1–3, respectively. Fig. 

18 shows the pattern extraction result based on the estimated 

gradient. 

The existing motion image is simplified to one width of the 

image through pattern estimation and extraction. This process 

also compensates for the discontinuous interval motion data 

that occurs during the removal of the clutter in Fig. 1. If the 

algorithm is performed iteratively by expanding the region unit 

of the gradient, the motion image can be further simplified. The 

result of iteratively extracting the gradient window region to 7 

× 7 and 11 × 11 is shown in Fig. 19. 

The radar image depends on the speed and range of motion. 

Therefore, the window region size and the number of iterations 

should be determined by human motion and the sampling in-

terval of the radar sensor. The pattern extraction results for the 

zoom-out motion are shown in Fig. 20. 

The performance of the proposed algorithm is verified 

through a motion recognition experiment. Each motion uses 50 

data sets for the experiment. Iteratively performing with the 

window region size of 7 × 7, the 11 × 11 window region ex- 
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(a) 

(b) 

(c) 

(d) 

Fig. 20. Experimental results of the zoom-out motion: (a) raw 

data, (b) motion region detection, (c) division by the 7 

× 7 window region, and (d) motion pattern extraction 

result. 

Table 1. Results of the motion recognition experiment 

Experimental result

ZI ZO

Actual result ZI 1.00 0.00

ZO 0.06 0.94

 

tracted the patterns of two motions and recognized them 

through SVM learning. The k-fold cross-validation was applied 

to increase the statistical reliability of the experiment. The mo-

tion recognition experiment results are shown in Table 1. 

The learning result of the zoom-in (ZI) motion shows a 100% 

recognition rate and that of the zoom-out (ZO) motion shows a 

94% recognition rate. 

V. CONCLUSION  

A motion region detection and pattern extraction algorithm 

is proposed for motion recognition based on the image as dis-

tance changes between the radar sensor and human motion. 

This algorithm, which was developed by combining the charac-

teristics of radar motion images and image processing tech-

niques, compensates for the discontinuous data that can occur 

when removing clutter for motion data detection and extracts 

motion patterns that are applicable to the recognition learning 

field. Based on the motion data measured by the radar sensor, 

the algorithm performance is verified by an experiment. Al- 

though the performance is good in the experiment, the recogni-

tion performance can be further improved by performing the 

machine learning by applying hyperparameter learning and so 

on. 

However, measuring the motion on the radar side distorts the 

image. Therefore, studies should recognize the motion of imag-

es that are distorted when measured on the side of the radar 

sensor. In future studies, we will examine the radar-based mo-

tion recognition based on deep learning, which has recently be-

come popular. 
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I. INTRODUCTION 

Reflector antennas in satellites are used in applications such 

as data transmission and remote sensing because they have the 

advantage of having more than 30 dB of gain and a broad 

bandwidth [1, 2]. Recently, deployable antennas, which are 

folded in order to be carried with reduced volume in the launch 

vehicle and deployed in space, have been widely employed in 

satellites to accomplish large diameter antennas [3]. A solid 

surface deployable antenna provides lower surface errors than 

mesh or inflatable antennas, and it can be operated in a high-

frequency range. 

Solid surface deployable antennas are composed of a central 

dish and deployable panels. The panels are linked at the rim of 

the central dish, and they are folded during launch and deployed 

in space [1, 4]. The solid antennas can be lightweight using 

composite materials such as carbon fiber-reinforced plastic for 

the panels and the central dish [5, 6]. An imperfect deployment, 

which causes the misalignment of deployed panels, is possible in 

the process of deployment in space. Therefore, analyzing the 

effect of the misalignment on the performance of the antenna is 

necessary. 

Depending on the type of malfunction of deployment devices, 

the misalignment of the panels shows different configurations. 

When the deployment is incomplete, the panels misalign uni-

formly. Moreover, the panels in some area can be assumed to be 

uniformly misaligned to provide a tilted radiation direction from 

the antenna axis. 

The aperture phase error (APE) method calculates the radi-

ated field of the reflector antennas by accounting for the phase 

errors in the aperture plane caused by the surface errors of the 

reflector [7, 8]. The APE method is effective in the case of uni-

form misalignment as the analytic integration in the angular 
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This paper presents an analysis of antenna performance degradation due to the panel misalignment in a solid surface deployable antenna. 

The misalignment of the panel causes a phase error at the aperture plane due to path length differences. The radiated field is rapidly cal-

culated using the aperture phase error method with analytic integrations in the case of uniform panel misalignment and quarter-zone uni-
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direction may obtain the radiation pattern. The integration by 

Gaussian quadrature in the radial direction gives rise to more 

reduced calculation time. Furthermore, an analytic integration 

of the aperture field for the case of a partial misalignment may 

provide fast calculation results to determine the effects of asy-

mmetric misalignments. 

In this paper, the degradation effects on the co-polarization 

characteristics from the uniform panel misalignment error is 

analyzed using the APE method. Fast calculation is performed 

using analytic integration in the angular direction and the 

Gaussian quadrature in the radial direction. The whole panel 

area is divided into four zones, and an analytic integration is 

provided by the use of an integral formula when the panel misa-

lignment is uniform in the quarter zones. 

II. APE METHOD FOR FAST CALCULATION  

Fig. 1(a) illustrates the configuration of the solid surface de-

ployable antenna with a uniform panel misalignment error, and 

this antenna is compared with the completely deployed ideal 

parabola antenna. It is assumed that the central dish has no er-

rors and that the misalignment errors exist in the panel area. Fig. 

1(b) describes the geometry of the panel misalignment. The 

diameter of the reflector antenna is D and that of the central  

 

(a) 

(b) 

Fig. 1. (a) Uniform misaligned panels and the ideal antenna. (b) Ge-

ometry of the panel misalignment. 

Fig. 2. Difference in the path length due to the panel misalign-

ment.

 

dish is d. The angle error of the panel misalignment is α degrees, 

and the surface error is ε meters. If the feeder is located at the 

focal point of the parabola, the phase of the reflected wave is 

uniform at the aperture plane, as the path length in traveling 

from the focal point to the reflector surface and to the aperture 

plane is constant for any point in the aperture. The panel misa-

lignment results in the surface error ε, which results in the 

phase error at the aperture plane. 

The phase error at the aperture plane is obtained from the 

difference in the path length due to the surface error as illustrat-

ed in detail in Fig. 2. As the angle error of the panel misalign-

ment is small, the rays reflected from the ideal parabola and the 

misaligned reflector are assumed to be parallel. The surface error  

due to the panel misalignment is obtained from Fig. 1(b) as  = 

 2 sin 2l  . As shown in the geometry in Fig. 2, the difference in 

the path length between two rays is  2 cos 2
 . The resulting 

phase error in the aperture is [7] 
 

4
cos

2

  


   
 

.
                    (1) 

 

The phase errors in the aperture plane give rise to the change in 

the radiation pattern and degrade the performance of the an-

tenna. 

The radiation pattern in the far-field region is calculated from 

the field distribution of the circular aperture. The amplitude of 

the aperture field is assumed to be expressed as 
 

   
2

2
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1 1

P
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             (2) 
 

where  1C   is the edge illumination relative to that of the  

center [2]. P has the value between 1 and 2 and is determined 

by comparing the aperture distributions from (2) and the radia-

tion pattern of the feed horn. In our calculation, C is assumed 

to be 0.25, which corresponds to the edge tapering of –12 dB 
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and P = 2. 

 

1. Uniform Panel Misalignment  

For the uniformly misaligned panels, the radiated pattern is 

obtained from the distributions of amplitude and phase of the 

aperture field. The phase error in (1) and the amplitude distri-

bution in (2) are used in the equation. As the misalignment 

error occurs only in the area of the panels, the integration is di-

vided into two sections of the central dish and the panels. The 

pattern factor of the radiated field in the far-field region is 
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Here, the phase error   changes only in the radial direction   

() but does not change in    because the misalignment is 

uniform for every panel. Performing the integration in     

using a closed-form solution [2], the resulting expression in the 

radiated field becomes 
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The radiated field pattern is calculated from (4) for the fre-

quency of 9.6 GHz, and the feed system is located at the focal 

length of 1.1 m. The diameter of the antenna is assumed to be 3 

m and that of the central dish 0.8 m. In the calculation of the 

aperture field, the APE method takes into account of the phase 

errors due to the panel misalignment. The accuracy of the APE 

calculation is hampered when the panel misalignment angle 

exceeds the limit because of the direction change of the ray re-

flected from the misaligned panel. In Fig. 3, the pattern calcu-

lated by the APE method is compared with the GRASP pro-

gram in the case of α = 0°, 0.5°, and 0.8°. The number of panels 

is 30 in the GRASP simulation. The calculation by the APE 

method has been verified to provide reasonable results. In our 

calculation, the angle error α is limited to be less than the max-

imum angle error of 0.5°. 

Fig. 4 shows the degradation of the radiation pattern from 

the solid deployable antenna when the panel misalignment is 

uniform and α increases from 0° to 0.5°. For the uniform misa-

lignment, the direction of the main lobe is preserved to be 

aligned with the antenna axis as the error is symmetric in the ϕ–

direction. The beam width grows and the SLL increases with 

the increase in α. The first side lobe is merged into the main  

Fig. 3. Comparison of the radiation pattern by the APE method 

with an electric field pattern by the GRASP simulation.

Fig. 4. Radiation patterns for panels with uniform misalignment 

errors.

 

lobe for α = 0.1°, 0.2°, and 0.3°, and the first and second side 

lobes are merged for 0.4° and 0.5°. 

Calculating the radiation pattern for the panel misalignment 

takes less than 0.25 seconds when the APE method is used with 

MATLAB. An Intel Core i7-2600 K CPU with RAM of 32.0 

GB is used. Table 1 summarizes the effects of the uniform 

misalignment on the performance of the antenna. As the phase 

error in the aperture plane monotonically changes along the ρ' 

direction because of the panel misalignment, the collimation of 

 

Table 1. Degradation of antenna performance for uniform misa-

lignment errors 

α (°) Gain loss (dB) SLL (dB) HPBW (°)

Ideal 0 -29.49 0.71

0.1 -0.20 -33.06 0.72

0.2 -0.83 -31.66 0.72

0.3 -1.91 -27.15 0.74

0.4 -3.53 -31.51 0.80

0.5 -5.86 -25.42 1.01
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the rays is not perfect. The calculated radiation pattern shows 

the increase in the beam width by the panel misalignment, and 

the gain decreases. The loss of the gain is 5.86 dB for an angle 

error of 0.5°.  

 

2. Uniform Misalignment in the Quarter Zones 

It is of interest how the radiation pattern is affected when the 

misalignment error is not uniform in all panels and panel misa-

lignment occurs in some panels. For the sake of the analysis of 

the radiation pattern for the partially uniform misalignment, the 

panel area is divided into four quarters as illustrated in Fig. 5(a). 

The misalignment angle error is assumed to be uniform in the 

quarter area, and it may be given differently for different quar-

ters. In this case, the solution for the radiation pattern is ob-

tained analytically. Fig. 5(b) shows the configuration of the pan-

els when the misalignment uniformly occurs in the first and 

fourth quarters. 

To obtain the radiation pattern, the integral for the panel area 

is divided into four integrals corresponding to each quarter by 

assuming that the angle error is differently given for each quar-

ter as follows: 
 

 

(a) 

(b) 

Fig. 5. (a) Area of the panels divided into four quarter zones. (b) 

Uniformly misaligned panels in the first and fourth quarter 

zones. 
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Here,  i   represents the surface error due to the angle error 

corresponding to the ith quarter. The analytic solution of the 

integrals in (5) is obtained in ϕ' using [9] 
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where 
0I  and 

0L  are the modified Bessel and the modified  

Struve functions, respectively. (6) is verified by comparing the 

numerical calculations of the integrals with the results from the 

formula on the right-hand side. The resulting expression for the 

radiated field is obtained for ϕ as 
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where  
 

   0 0S I j L j   
                 (8) 

 

and   = sink  . The radiation pattern is obtained for the 

observation points at   = 

2

n planes with the integer n. 

To determine the effects of the asymmetric deployment, the 

radiation patterns are calculated when half of the panels are 

 

 
Fig. 6. Radiation patterns at the ϕ = 0° plane for uniformly misa-

ligned panels in the first and fourth quarter zones. 
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Table 2. Degradation of antenna performance for uniform misa-

lignment errors in the first and fourth quarters 

α (°) 
Gain 

loss (dB) 

Main lobe 

tilting angle (°) 

SLL 

(dB) 

HPBW 

(°)

Ideal 0 0 -29.49 0.71

0.1 -0.09 -0.07 -25.03 0.71

0.2 -0.34 -0.14 -19.85 0.71

0.3 -0.76 -0.21 -24.35 0.71

0.4 -1.35 -0.28 -22.99 0.72

0.5 -2.09 -0.35 -20.98 0.73

 
misaligned and the other half is completely deployed. In Fig. 6, 

the radiation pattern at the ϕ = 0° plane is shown when the 

misalignment errors are uniform for the panels in the first and 

fourth quarter zones with angle errors of 0°–0.5°. The main lobe 

is tilted to the opposite direction from the side of the misaligned 

panel because of the geometry of the misalignment. The SLL is 

higher on the opposite side of the incompletely deployed panels. 

The first side lobe is merged into the main lobe for α = 0.3° 

and 0.5°, and the corresponding beam widths slightly increases. 

The calculation time for each radiation pattern in the case of 

misalignment in the quarter zones is less than 1.6 seconds. The 

summarized effects of the uniform misalignment in the first and 

fourth quarter zones are presented in Table 2. The tilting angle 

of the main lobe increases to 0.35° to the opposite side for a 

maximum misalignment error of 0.5°. Moreover, the gain deg-

radation increases from 0.09 dB to 2.09 dB for the increase in 

angle error from 0.1° to 0.5°. 

III. CONCLUSION  

The radiation pattern from a solid deployable antenna is ana-

lyzed when panel misalignment exists because of incomplete 

deployment. The effects are simply calculated from the APEs 

caused by a uniform misalignment error and a quarter-section 

misalignment error. The analytic solution of the integral en-

hances the calculation time for the radiated field and provides 

cross-validation by comparing the results with a commercial 

program. Moreover, analyzing the effects of misalignment for 

changes in the angle error is more convenient, and identifying 

the physical meanings is easier. Research on antenna perfor-

mance may present a criterion on the misalignment error bound 

for the sake of having an acceptable operation of the antenna 

because of the incomplete deployment. 
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I. INTRODUCTION 

Since the system requirements for the fifth-generation (5G) 

mobile communication were released, related research has rap-

idly accelerated toward implementing core technologies such as 

millimeter waves, micro cells, massive multiple-input multiple-

output (MIMO), full duplexing, and adaptive beamforming [1, 

2]. Although the 3GPP LTE Release 16 is expected to be the 

final specification of the 5G system to be released at the end of 

2019, some leading companies have provided commercial 5G 

services since early 2019.  

To achieve high-speed and real-time services, the 5G system 

adopted a broad bandwidth at a millimeter wave band with high 

propagation loss. To overcome the demerits, the system is orga- 

nized with adaptive beamforming and massive MIMO systems. 

These technologies require a numbers of antenna elements, 

complicated beamforming networks, and phase control circuits 

for each channel. For the accurate control of adaptive beams, 

recent novel approaches have been introduced, including phased 

arrays in millimeter-waves [3], switchable beamforming net-

works [4], beamforming on cellphones [5], and digital/hybrid 

beamforming [6]. In addition, a wideband antenna element is 

required to cover the ultra-wideband [7, 8], while the agile 

phase control circuits with high phase resolution should be con-

sidered to achieve wideband characteristics [9–11]. Moreover, 

wideband component design is an important issue regarding the 

‘sub-6 GHz band’ to make the same beam shape for each chan-

nel. The only solution adjusting antenna beams for each channel 

is digital beamforming. Due to their high power-consumption 
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Abstract 
 

A frequency-selective beamforming array antenna system is proposed for next-generation mobile applications. Whereas a conventional 

phased array steers antenna beams in the same direction, the proposed system involves a channel-selective beam for each frequency chan-

nel using RF/analog processing. A frequency-dependent phase shifter is designed with controllable phase slopes using reconfigurable 

transmission line configuration. Wideband frequency-dependent phase bits of 0°, ±90°, ±120°, ±180°, ±240°, and ±270° phase 

differences are achieved for a frequency band from 3.4 GHz to 3.7 GHz. A wideband planar antenna element with a dual-finger mono-

pole and an 8-way wideband matched feedline are applied to the proposed system. From the experimental results, the frequency-selective 

beamforming array presents simultaneous channel-selective beams with steering angles of up to about ±40°. The adjustable beamform-

ing system can achieve inter-beam hand-off for 5G mobile applications. 
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and expensive digital transmitters needed for each chain, digital 

beamforming is inefficient design for mobile terminals. 

In this paper, a channel-selective beam controlled phased ar-

ray antenna system is proposed under RF/analog processing for 

the sub-6 GHz band. The phase control circuit was designed 

with different phase velocities for each antenna element. Due to 

the different phase steps between elements at each frequency 

channel, each channel beam steers in different directions. By 

adjusting the slopes of the phase characteristics within the phase 

control circuits, each channel beam can be steered in another 

direction. This paper is organized as follows. After a brief intro-

duction, the frequency-selective phased array antenna system is 

described in Section II, whereas wideband components includ-

ing frequency-dependent phase shifters are designed in Section 

III. Section IV presents the implementation and performance 

evaluation of the proposed system. The feasibility and applica-

bility of the proposed system are discussed in the conclusion. 

II. FREQUENCY-SELECTIVE BEAMFORMING ARRAY  

ANTENNA SYSTEM 

While a conventional analog phased array makes beams steer 

in the same direction for all frequency channels, the 5G system 

requires selective beam direction for each channel with digitally 

controlled beamforming, as shown in Fig. 1. While the conven-

tional array steers the beams for all channels, the proposed array 

radiates a channel-selective beam for each channel in a simulta-

neous manner, like digital beamforming.  

In this paper, an analog frequency-selective phase shifter was 

applied to each element with controllable phase slopes, as 

shown in Fig. 2(a). While the same phase is maintained at a 

center frequency channel, the left-to-right phase shift steps be-

tween the antenna elements increase at lower frequency chan-

nels and decrease at higher channels. Therefore, the proposed 

frequency-selective array can radiate uniform beam directions 

for all channels, in case of the same phase bits for eight elements 

as shown in Fig. 2(b). When the frequency-dependent phase 

shifters switch their phase bits in +90° increments at 3.4 GHz, 

-90° decrements at 3.7 GHz, and 0° at 3.55 GHz, respectively, 

the radiation beams steer at separate angles, as shown in Fig. 

2(c). As the phase steps change to ±120°, the separating beam 

angles increase; therefore, the proposed channel-selective beam-

forming system can track moving users and make it possible to 

conduct an inter-beam hand-off, which subsequently makes the 

network system efficient in terms of its 5G mobile applications. 

The proposed beamforming system was designed at a sub-6 

GHz band of 3.42–3.7 GHz for the 5G frequency band. Using 

the frequency-dependent phase shifter, the antenna beams at 

each channel simultaneously radiated in different directions. An 

  

(a) (b) 

Fig. 1. Comparison of (a) conventional array antenna systems and 

(b) proposed frequency-selective beamforming. 

 

(a) 

(b) 

(c) 

Fig. 2. Concept of the frequency-selective array antenna system: (a) 

phase characteristics of each antenna element, ideal radia-

tion pattern, (b) with the same phase bits, and (c) with fre-

quency-dependent phase bits. 

 

8 × 1 array was configured of planar dual-finger monopole el-

ements, connecting frequency-dependent phase shifters with an  
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8-way equal power divider circuit. 

III. FREQUENCY-SELECTIVE BEAMFORMING  

CIRCUIT DESIGNS 

1. Frequency-Dependent Phase Shifter Design with Controllable 

Phase Slopes 

To make different phase steps for each frequency channel, 

the frequency-selective phase shifter was designed with an ad-

justable phase slope for each phase shift bit. Although the ad-

justable phase slope can be realized through tunable resonant 

circuits, it is limited by its narrow bandwidth; therefore, because 

the phase shifter with the most linear phase in the wide fre-

quency band is a transmission line with a reconfigurable length 

and the phase velocity is dependent on the length of the trans-

mission line, the frequency-dependent phase shifter with con-

trollable phase slopes was designed in a meander configuration, 

as shown in Fig. 3. The extended transmission line can cause 

different time delays for each antenna element, which generates 

radiation beam squinting for wideband channel systems. Due to 

its wider channel bandwidth, the radiation beam can steer in 

more directions at both channel edge frequencies; therefore, the 

presented delay line phase shifter could be applied to the limited 

channel bandwidth. Additionally, since PIN diodes were 

mounted between the meander lines, current path lengths could 

be controlled with ON/OFF switching. 

The proposed phase shift is controlled by the length of the 

microstrip line. Fig. 4(a) shows the shortest line length of a 

straight line corresponding to the slowest phase speed, while the 

fastest phase shift corresponding to the longest line length in 

Fig. 4(b). By switching the PIN diodes, the path length adjusts. 

As a phase bit is a relative value, the slowest phase slope is set to 

a reference value (PS0). All phase bits have 0° phase shifts at a 

center frequency of 3.55 GHz. The phase bit in Fig. 4(b) was 

designed with +270° at 3.4 GHz and –270° at 3.7 GHz 

(PS270). The phase bit can be controlled by reconfiguring the 

transmission line length as shown in Fig. 4(c). To achieve con-

stant phase steps of 90° and 120° for each antenna element, the  
 

microstrip line
switch diode

INOUT

Fig. 3. Layout of the frequency-selective phase shifter with re-

configurable phase slopes. 

Swtich_OFF

Swtich_ON

(a) 

Swtich_OFF

Swtich_ON

(b) 

Swtich_OFF

Swtich_ON

(c) 

Fig. 4. Frequency-dependent phase shifter operations over 3.4 

GHz to 3.7 GHz with reconfigurable phase slopes of (a) 

0 (PS0), (b) 270 (PS270), and (c) 180 (PS180). 

 

frequency-selective phase shifter was designed with six phase 

bits of PS0, PS90, PS120, PS180, PS240, and PS270. 

Fig. 5 presents the phase shifts of PS0, PS90, PS120, PS180, 

PS240, and PS270. Since ideal PS0 should be not involve phase 

shift over the frequency band, the PS90 represents a relative  

 

Fig. 5. Phase characteristics of the frequency-dependent phase 

shifter with reconfigurable phase slopes.
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phase shift referred to the phase in PS0 in which the phase var-

ies from +90° to –90° within the operational frequency bands. 

Therefore, as each frequency channel has a different phase shift 

at each phase bit, the antenna beams steer one another direc-

tions. 

 

2. Planar Dual-Finger Wideband Antenna Element Design 

A single element antenna for the 5G planar array requires 

wideband design technology. A planar wideband antenna was 

designed with a dual-finger monopole configuration, as seen in 

Fig. 6(a). The microstrip feedline is transited to the planar 

monopole, and the antenna element has dimensions of W = 50 

mm, L = 53 mm, a = 2 mm, b = 22 mm, c = 20.12 mm, d = 1 

mm, e = 17 mm, g = 1.88 mm. The simulated and measured 

return losses are shown in Fig. 6(b). Due to the ultra-wideband 

design, the antenna element has a bandwidth of more than 2 

GHz. Moreover, the measured radiation pattern presents gen-

eral omni-directional monopole patterns. 

 

3. Eight-Way Wideband Matched Feedline Design 

For the eight-element array, an 8-way feedline was designed 

to effectively distribute and transmit signal. The distance be-

tween the elements was determined to be 0.807λg of 44 mm  
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Fig. 6. Wideband antenna element: (a) layout and (b) return 

loss. 
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insertion losses from port 1 to n (n = 2 ~ 8) 

Fig. 7. Simulated and measured results of the 8-way feedline. 

 

when considering the steered radiating beam patterns. The 

feedline was designed with tapered lines to match 50  to 100 

 for the wideband operational frequency band. The three stage 

2-way divider was designed with tapered linewidths from 0.576 

mm to 1.88 mm. The simulated and measured return losses and 

insertion losses are shown in Fig. 7. A total of 10 dB insertion 

loss configuring a power division of 3 dB  3 stages = 9 dB and 

implementation loss of about 1 dB was measured for each out-

put port. Return loss was more than 10 dB at the specified 5G 

band. The 8-way tapered feedline was implemented with a size 

of 358  92 mm2. 

IV. IMPLEMENTATION AND PERFORMANCE  

EVALUATIONS 

The proposed frequency-selective beamforming array anten-

na system was implemented on an RF-301 substrate with a die-

lectric constant of 2.97 and a thickness of 0.762 mm. The 

beamforming system layout is shown in Fig. 8. The array system 

consists of 8 × 1 dual-finger wideband monopole elements, 

frequency-selective phase shifters, and an 8-way wideband 

matched feedline. A ground plane is located on the rear side  

 

Fig. 8. Layout of the frequency-selective beamforming array an-

tenna system.
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Table 1. Phase shifter setup for the experiments 

 
Element No. 

1 2 3 4 5 6 7 8

Fig. 9(a) PS0 PS0 PS0 PS0 PS0 PS0 PS0 PS0

Fig. 9(b) PS120 PS0 PS240 PS120 PS0 PS240 PS120 PS0

Fig. 9(c) PS0 PS120 PS240 PS0 PS120 PS240 PS0 PS120

 

except for the monopole antenna area. The overall size of the 

implemented system is 6.56λg × 4.84λg of 358 × 264 mm2. 

The radiation patterns of the implemented system were 

measured in an anechoic chamber. For the radiation pattern 

measurements of the steered beams, the antenna elements were 

excited with the specified phase shifts as presented in Table 1. 

Fig. 9(a) shows the same direction beams for each frequency 

channel, while the PS0 is set to all phase shifters. Fig. 9(b) 

shows the radiation pattern with phase shifts for elements with 

a –120° phase step at 3.4 GHz and +120° at 3.7 GHz, while 

patterns of the opposite phase set are presented in Fig. 9(c). 

Each beam at each frequency channel has a different beam 

steering angle. While Fig. 9(b) has beam steering angles of –42° 

at 3.4 GHz, 0° at 3.55 GHz and +38° at 3.7 GHz, respectively, 

Fig. 9(c) presents +40° at 3.4 GHz, 0° at 3.55 GHz and –38° at 

3.7 GHz, respectively. The performance of each beam pattern is 

summarized in Table 2. Overall, the experimental results exhibit 

the expected frequency-selective radiation beam steering and 

radiation performances. 

V. CONCLUSION 

In this paper, a frequency-selective beamforming phased ar-

ray antenna system was proposed. While a conventional phased 

array presents only one directional beams for each frequency 

channel, the proposed channel-selective phased array can simul-

taneously radiate different beam directions at each channel us-

ing only RF/analog processing, instead of complicated digital 

beamforming. In terms of its application to 5G mobile systems, 

a dual-finger shape planar monopole element with wide band-

width characteristics was designed. The phase control circuit 

was designed with reconfigurable meander type phase shifters  
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Fig. 9. Measured radiation patterns of the proposed frequency-

selective phased array antenna system: (a) 0°, (b) forward 

beam, and (c) backward beam. 

 

Table 2. Measured beam performances for each frequency-dependent beam 

 

Fig. 9(a) Fig. 9(b) Fig. 9(c)

3.4 GHz 3.55 GHz 3.7 GHz 3.4 GHz 3.55 GHz 3.7 GHz 3.4 GHz 3.55 GHz 3.7 GHz

Steering angle () 0 0 0 -42 0 +38 +40 0 -38

Gain (dBi) 10.96 12.32 11.87 7.83 10.4 7.99 9.32 11.63 9.45

Sidelobe level (dB) -10.2 -11.1 -13.1 -10.1 -10.2 -11.1 -12.1 -10.9 -9.3

HPBW () 16 16 16 24 15 18 23 17 17
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that have various phase slopes within the wideband frequency 

range for narrow channel bandwidths. An 8-way feedline was 

designed as a tapered line with wideband characteristics to satis-

fy the 5G sub-6 GHz bands. From the experimental evaluation, 

the proposed array antenna system provided beam steering 

within the range of about ±40°. As the beam steering angle 

varies from 0° in both directions at each channel, inter-beam 

hand-off can be achieved in a small cell for 5G cellular applica-

tions, even though the proposed architecture of linear analog 

phase shifts provides frequency-dependent beam directions, 

unlike the digital beamforming system. The proposed frequen-

cy-dependent beamforming system can be considered a promis-

ing solution to achieve an adaptive, efficient beam control sys-

tem for 5G mobile communication systems. Furthermore, wi-

deband frequency-dependent phase shifters without time-delays 

can improve the system performance for wideband channel ap-

plications. 
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I. INTRODUCTION 

Direction finding (DF) systems have been widely used in mil-

itary applications to detect the location of enemy radio-frequency 

communications. Recently, they have also been used in a variety 

of non-military applications, such as detecting unauthorized 

transmitters and intentional jamming signals [1–3]. DF perfor-

mances are determined in part by direction-finding algorithms 

that estimate the arrival direction by using the phase differences 

in each antenna. In addition, antenna characteristics of the array, 

such as the array configurations, radiation patterns, mutual cou-

pling, and matching bandwidth, also have a significant effect on 

DF performance. To improve these array element properties in 

DF systems, several types of antennas have been reported, includ-

ing Vivaldi antennas [4], broadband patch antennas [5], dipole 

type antennas [6], and slotted patch antennas [7]. However, most 

previous studies have focused on improving the gain, high isola-

tion, and matching characteristics, whereas the method of im-

proving radiation patterns requiring a wide beam-width for DF 

systems has not yet been fully studied [8]. 

In this paper, we propose a design for a coupled-fed printed 

dipole antenna with a wide beam-width for enhancing the DF 

performance. The proposed antenna consists of a radiating 

printed dipole and a fan-shaped feeder, located on the opposite 

side of the radiating dipole. The expanded structure to the side 

of the dipole arms allows the wide beam-width of the radiation 

pattern [9]. The larger the arm angle is the wider the beam- 
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Abstract 
 

This article proposes the design of a coupled-fed printed dipole antenna for direction finding (DF) systems. The antenna consists of a 

radiating 50 angled expanded-arm printed dipole as well as a fan-shaped feeder that is located on the opposite side of the radiating dipole. 

The 50 angled expanded-arm structure results in a wide beam-width and broadband-matching characteristics. The more the arm angle is 

bent, the wider the beam-width pattern. Note that the expanded structure to the side of the dipole arm allows the wide beam-width of the 

radiation pattern. The printed dipole is then electromagnetically coupled with the fan-shaped feeder to obtain broadband-matching char-

acteristics. To obtain additional broadband-matching characteristics, the circular cavity and the four-step tapered structures of the radiating 

printed dipole are carefully tuned by considering the coupled fields induced by the indirect feeding structure. The reflection coefficients are 

−14.6 dB and −11.9 dB at 1.575 GHz and 2.4 GHz, and the boresight gains are 4.8 dBi and 1 dBi, respectively. To confirm the DF 

capability of the proposed antenna, the pattern of the 4×4 arrays is observed by varying the steering angle. 

Key Words: Array, Broadband Antenna, Coupled Feed, Printed Dipole, Wide Beam Pattern Antenna. 
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width of the pattern; a 50 angled expanded-arm structure results 

in a wide beam-width and broadband-matching characteristics. 

The printed dipole is then electromagnetically coupled with the 

feeder to obtain broadband-matching characteristics [10]. To 

further improve the matching characteristic, the four-step ta-

pered structure of the printed dipole is carefully adjusted to take 

into account the currents and fields induced by the indirect feed-

ing structure [10]. To demonstrate characteristics such as reflec-

tion coefficient, bore-sight gain, and radiation patterns, the pro-

posed antenna is measured in a full anechoic chamber. Finally, 

we observe the beam steering property by extending the proposed 

antenna to a 4 × 4 array in order to verify its DF capability. The 

results confirm that the proposed antenna is suitable for the indi-

vidual elements of a DF array antenna with wide beam-scanning 

characteristics. 

II. PROPOSED ANTENNA DESIGN AND MEASUREMENT 

Fig. 1 shows the geometry of the individual elements of the 

proposed array antenna; these include a printed dipole on an FR4 

substrate (εr = 4.5, tan = 0.018) and a fan-shaped feeder that is 

located on the opposite side of the dipole. To obtain the wide 

beam-width radiation pattern, the dipole arm is designed to be 

bent and expanded at angle w in the side direction. As the angle 

w increases, the beam-width also increases. In addition, match-

ing at 1.575 GHz and 2.4 GHz can be improved with an addi-

tional capacitance adjustment between the arms and the ground. 

For broadband impedance matching, the proposed antenna em-

ploys an indirect fan-shaped feeder connected by a microstrip line, 

a circular cavity, and a tapered transmission line to the antenna 

arms. The length and thickness of the feeding line are designed 

considering the resonance frequency of the antenna. The design 

parameters are listed in Table 1. 

Fig. 2 presents a comparison of the measured and simulated 

reflection coefficients, represented by solid and dashed lines, re-

spectively. The reflection coefficients for each frequency are ob-

tained from full-wave electromagnetic simulations (FEKO; Al-

tair, Troy, MI, USA). The measured reflection coefficient has a 

bandwidth of 1.3 GHz (1.36–2.49 GHz, |S11| < −10 dB) with a 

fractional bandwidth of 59%, and an average reflection coefficient 

within the bandwidth of −14.5 dB. The simulated reflection co-

efficient has a 58% fractional bandwidth (1.36–2.46 GHz, |S11| 

< −10 dB) with an average of −13.3 dB within the bandwidth, 

which is in good agreement with the measured data. 

Fig. 3 represents a comparison of the measured (‘+’ marker) 

and simulated (solid line) bore-sight gains. The realized gains for 

each frequency are obtained from full-wave electromagnetic sim-

ulations [11]. The measured bore-sight gains have 4.8 dBi at 

1.575 GHz and 1 dBi at 2.4 GHz, and the gains are greater than 

0 dBi over the entire range from 1.2 GHz to 3 GHz. The  

(a) 

(b) 

Fig. 1. The proposed printed dipole antenna’s (a) top and bottom 

view geometry and (b) fabricated picture. 

 

Table 1. Geometry parameters of the proposed antenna 

Parameter Size (mm) Parameter Size (mm)

w1 8 cr 14

w2 10.6 h 50

w3 12.6 h1 34.98

w4 14.2 h2 13

w5 33 h3 15.9

w6 85.2 l1 2.26

w 50 l2 4.5

 

results demonstrate that the proposed antenna can receive signals 

over a broad bandwidth, including applications such as mobile 

communications, GPS, GLONASS, and Bluetooth. 

Fig. 4 shows the beam-width of the proposed antenna accord-

ing to the expanded arm angle w. As the expanded arm angle 

w increases, the surface current density at the side edge of the 

antenna arm increases. The increased surface current density at 

the side edges has the effect of increasing the gain in the lat- 
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Fig. 2. Reflection coefficient of the proposed antenna. 

 

 

Fig. 3. Realized gain of the proposed antenna. 

 

eral direction, resulting in a wide beam-width characteristic. 

Fig. 5 shows the 2D radiation patterns of the proposed an-

tenna in the zx- and zy-planes. At 1.575 GHz, the measured half 

power beam-widths (HPBWs) are 111 (zx-plane) and 112.6 
(zy-plane), which shows good agreement with the simulated 

HPBWs of 110 (zx-plane) and 112.5 (zy-plane). At 2.4 GHz, 

the measured patterns show slightly wider HPBWs of 174 and 

204 on the zx- and zy- planes, respectively. As can be seen, the 

proposed antenna has a wide beam-width without significant 

pattern distortions in the upper hemisphere, which enables beam 

scanning at a wide range. To verify the beam-widening charac-

teristics of the proposed antenna, the angle extension of the an-

tenna arm is observed by varying the design parameters, such as 

the angle w. The angle extension value of the antenna wing in-

creases as the w is changed from 0 to 50, while the beam-

width dramatically increases from 78.4 to 214.3 at 2.4 GHz 

(zy-plane). 

To verify the beam scanning characteristic of the proposed  

Fig. 4. Beam-width of the proposed antenna in the zy-plane ac-

cording to the expanded arm angle.  

 

antenna, the array performance is examined by extending the de-

veloped individual antennas to a 44 array antenna. In the array 

configuration, identical individual elements are spaced apart from 

adjacent elements by a distance of 0.47λ (90 mm).  

Fig. 6 presents the beam steering patterns in the UV domain 

[11, 12], when the phase information is applied to each element 

of array, and the results show that the radiation pattern of the 

proposed array can be steered to θ = 0,  = 0 and θ = 30,  = 

30 at 1.575 GHz. The scan directions are specified by U0 =  

sinθ0sin0 and V0 = sinθ0cos0 (U0 = 0 and V0 = 0, U0 = 0.25 and 

V0 = 0.43). The peak gains are 16.2 dBi and 15.5 dBi, and the 

blue circle represents the maximum point of the pattern, and the 

yellow cross represents the target point. The side lobe levels are 

3.5 dBi (U0 = 0.77, V0 = 0, θ0 = 50, and 0 = 90) and 4.6 dBi 

(U0 = 0.32, V0 = 0.27, θ0 = 50, and 0 = 65), and the 

HPBWs are 27.2 and 31.15, respectively. 

III. CONCLUSION  

We have investigated the design of a broadband printed dipole 

antenna with wide beam-width characteristics for a wide beam 

scan angle in DF systems. The proposed antenna is composed of 

a radiating printed dipole and a feeder. The expanded structure 

to the side of the dipole arms allows it to have the wide beam-

width of the radiation pattern, and the dipole was electromag-

netically coupled with the feeder for the broadband operation. 

The reflection coefficients are −14.6 dB and −11.9 dB at 1.575 

GHz and 2.4 GHz, and the boresight gains are 4.8 dBi and 1 

dBi, respectively. To confirm the DF capability of the proposed 

antenna, the pattern of the 4 × 4 array is observed by varying the 

steering angle at θ = 0,  = 0 and θ = 30,  = 30. The results 

demonstrated that the proposed antenna is suitable for the single 

element array in DF systems. 
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(a) (b) 
 

 

(c) (d) 

Fig. 5. Measurement and simulation of the radiation patterns in the (a) zx-plane at 1.575 GHz, (b) zy-plane at 1.575 GHz, (c) zx-plane 

at 2.4 GHz, and (d) zy-plane at 2.4 GHz. 
 

 

(a) (b) 

Fig. 6. Radiation pattern of the 44 array at 1.575 GHz for (a)  = 0,  = 0 and (b)  = 30,  = 30. 
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I. INTRODUCTION 

The data transmission rate has been rapidly increasing be-

cause of the surge in the use of multimedia and data not only for 

personal computers but also for other devices such as cellphones. 

These digital signals should be recognized as the transmission of 

radio frequency signals because their data rate has a bandwidth 

of several tens of GHz. As a result, the precise signal integrity 

measurement is crucial. For example, the impedance mismatch 

at the discontinuity points on the transmission line can distort 

the eye diagram significantly. Thus, the impedance mismatch 

needs to be carefully measured and removed. Moreover, these 

measurement uncertainties in the frequency domain should be 

properly propagated to other measurement quantities [1, 2]. 

In [3, 4], the full covariance matrix for the uncertainty of the 

impedance measurement was obtained from the physical pa-

rameters of airlines. Then, the authors successfully propagated it 

to the time domain measurement. In [5, 6], the covariance ma-

trix was more easily obtained from the physical parameters of 

the coaxial (N-type, 3.5 mm and 2.4 mm) SOLT calibration kit. 

In [2], the authors demonstrated that the covariance matrix 

could be obtained up to 110 GHz using a commercial 1 mm 

SOLT calibration kit [7]. The rational fitting model was intro-

duced to evaluate the OPEN and LOAD calibration kit, but its 

detailed description was not reported.  

In this paper, we propose a novel method that obtains an ac-

curate impedance measurement and a covariance matrix up to 
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This paper presents an evaluation method for a 1 mm coaxial calibration kit that can be used from DC to 110 GHz. The analytical model 
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We also proposed a method to measure or appropriately estimate the physical parameters of the analytic model. This approach calculates 

the uncertainty based on the physical parameters, so that the uncertainty can be appropriately propagated to different measured quantities 

based on the covariance between all frequencies, including the real and imaginary parts. To verify the proposed method, a commercially 

available 1 mm calibration kit was evaluated, and the impedance of a device under test was measured using the evaluated kit. We com-

pared the measured results with those of the National Institute of Standards and Technology (NIST) and confirmed that they agreed well 

with each other within the uncertainty. Additionally, the multiple reflections caused by the impedance mismatch between the signal 

source and the instrument was corrected, and its calibrated uncertainty was obtained in the time domain. Thus, the uncertainty of the 

impedance measurement in the frequency domain was properly propagated to the time domain. 

Key Words: Calibration, Coaxial, Covariance, Impedance, Uncertainty, W-Band. 

 

 

Manuscript received June 18, 2019 ; Revised August 6, 2019 ; Accepted September 11, 2019. (ID No. 20190618-048J)  

Center for Electromagnetic Metrology, Division of Physical Metrology, Korea Research Institute of Standards and Science, Daejeon, Korea. 
*Corresponding Author: Chihyun Cho (e-mail: chihyun.cho@kriss.re.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.  



CHO et al.: CHARACTERIZATION OF A 1 mm (DC TO 110 GHz) CALIBRATION KIT FOR VNA  

273 

  
 

110 GHz. To obtain high accuracy, the calibration frequency is 

divided into two bands based on 50 GHz. In a high-frequency 

band, multiple offset shorts with different offset lengths are em-

ployed because of the simplicity of their structure, which 

achieves high accuracy. In a low-frequency band, the OPEN 

and LOAD calibration standards are used to improve the meas-

urement accuracy. These additional references are evaluated 

using the reciprocal characteristics of a passive device. To vali-

date the proposed method, the measurement result for the im-

pedance is compared with the result of the National Institute of 

Standards and Technology (NIST). The validation also shows 

that the obtained covariance matrix through the impedance 

measurement properly propagates to other measurement quan-

tities.  

This paper is organized as follows. Section II describes how 

to model and evaluate the offset short calibration standards. 

Section III describes the modeling and evaluation methods of 

the OPEN and LOAD calibration standards used in the low-

frequency measurement. Section IV reviews the measurement 

results, and Section V concludes. 

II. MODELING OF THE OFFSET SHORT 

1. Analytic Model 

The offset short calibration standards can be modeled analyti-

cally because of their simple structure. Fig. 1 shows the cross-

section of the offset short consisting of a connector section, a 

coaxial line, and a shorting plate. Usually, when connecting a 

coaxial calibration kit, the outer conductors are designed in such 

a way that their cross-sections meet each other, and the inner 

conductors are spaced apart from each other to protect them 

from damage. Therefore, the connector part can be represented 

with a certain gap, the size of which is generally called the pin 

depth. The coaxial line represents the offset length, and the 

shorting plate reflects the incident transverse electromagnetic 

(TEM) wave. Therefore, the total S-parameter of the offset 

short can be represented by cascading the three blocks of Sconnector, 

Sline, and Sreflect. 

The electromagnetic waves incident on the shorting plate can  
 

Fig. 1. Cross-section of the offset short calibration standard.

Fig. 2. S-parameters of the conducting plate: (a) amplitude and (b) 

phase. The solid lines represent the simulation results us-

ing the HFSS, and the predicted results using the derived 

Eq. (2) are marked with “” and “,” respectively.

 

be regarded as being perpendicularly incident on a conductor 

having a finite conductivity in free space [8]. Therefore, the 

intrinsic impedance of the conductor, surf, is calculated in Eq. 

(1) as follows:  
 

 
(1 )

2surf j



  ,
             (1) 

 

where , , and  are the angular frequency, permeability, and 

conductivity, respectively. The scattering coefficient Sreflect of the 

shorting plate is calculated by (2) with the free space impedance 

0.  
 

0

0
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reflect

surf

S
 
 





.

 

 

(2)
 

Fig. 2 compares the S-parameter of the shorting plate calcu-

lated using (2) and the simulation result of the High-Frequency 

Structure Simulator (HFSS version 18.2.0; Ansys Inc., Can-

onsburg, PA, USA). In the simulation, the shorting plate is 

modeled with the addition of the coaxial line, and the offset 

length is de-embedded on the S-parameter. All parts except the 

shorting plate are set to a perfect electric conductor. The calcu-

lation result using (2) agrees well with the simulation of the 

HFSS. 

The low-loss coaxial line filled with air (without dielectric 

materials) can be assumed not to have conductance G. There-

fore, the characteristic impedance Zline and the propagation con-

stant  can be expressed by Eqs. (3) and (4), respectively. 
 

( )i i
line

R j L L
Z

j C




 
 . 

                (3) 
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       (4) 
 

The inductance L and capacitance C of the transmission line 

are determined according to the inner diameter d and the outer 

diameter D as follows: 
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The lossy conductors also produce the internal resistance Ri 

and the internal inductance Li as it arises from a flux linkage 

internal to the conductor surfaces [9].  
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Therefore, the S-parameter of the coaxial line with length l is 

as follows [10]: 
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Fig. 3 shows the comparison results between the derived Eqs. 

(8) and (9) and the simulation result of the HFSS. The analytic 

model matches the numerical result of the HFSS in the entire 

frequency range.   

The perturbed impedance by the pin depth of the connector 

is calculated as follows [11]: 
 

 

0 0 1
ln (1 ) ln

2 2p p

j d Nw d Nw
Z g j

d Nw d Nw

  
    

 
  

 
 

 (10) 
  

where g is the pin depth, dp is the pin diameter of the connect-

or,and N and w are the number and width of the slot on the 

female connector (finger socket), respectively. Assume that Zo, 

Z, and Zo are connected in a series as the gap with impedance Z 

is placed on the transmission line. Therefore, the S-parameter 

perturbed by the impedance Z is as follows [9]: 
 

 

0

00

21
22connector

Z Z
S

Z ZZ Z

 
    

.
            (11) 

 

Fig. 4 shows the scattering coefficient of the connector calcu-

lated using (11). The result reveals that the predicted S11 is the 

same as the HFSS depending on the gap size, and a slight dif-

ference in S21 is small enough to ignore.  

Subsequently, we evaluate the physical parameters used in the 

analytic model. The offset length and pin depth are verified by  

 

 
Fig. 3. S-parameters of the coaxial line: (a) amplitude of S11, (b) phase of S11, (c) amplitude of S21, and (d) phase of S21. The solid lines 

represent the simulation results using the HFSS, and the predicted results using the derived Eqs. (8) and (9) are marked with “,” 

“,” “+,” and “,” respectively. 
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measuring whether they satisfy the manufacturer’s specifications. 

The other physical parameters are found in [12]. The values 

that are difficult to accurately assess are conservatively set to 

have large uncertainties. The evaluated parameters with uncer-

tainty are summarized in Table 1. 

 

2. Frequency Limit of Offset Shorts 

The calibration frequency on the impedance measurement  
 

Table 1. Physical parameters of the evaluated 1 mm coaxial calibra-

tion kit  

Parameter Value  Uncertainty

Offset length of SHORT #1 (m) 1.300  0.008

Offset length of SHORT #2 (m) 2.450  0.008

Offset length of SHORT #3 (m) 3.326  0.008

Offset length of SHORT #4 (m) 4.039  0.008

Outer conductor diameter (m) 1.000  0.005

Inner conductor diameter (m) 0.434  0.003

Pin diameter (m) 0.250  0.003

Pin depth (m) 0.0065  0.0065

Conductivity (S/m) 7.5  106  7.5  105

Slot width (m) 0.025  0.025

Offset length of OPEN (m) 2.44  0.1

Offset length of LOAD (m) 4  4

Zload () 50  1
 

 

 

Fig. 5. Measurement of the OPEN calibration standard using only 

multiple offset shorts: (a) reflection coefficient on a dB scale 

and (b) standard deviation of the reflection coefficient. 

 

using only offset shorts is limited. Fig. 5 shows the measure-

ment of the OPEN calibration standard using the above four 

offset shorts. In the measurement, the S-parameters of the offset 

short vary in the range of uncertainty as summarized in Table 1. 

The deviation of the measurement is small above 50 GHz and 

greatly increases below 50 GHz. The reason is that the offset 

shorts used at frequencies above 50 GHz are sufficiently spaced 

from each other on the Smith chart through which arbitrary  

 
Fig. 4. S parameters of the connector: (a) amplitude of S11, (b) phase of S11, (c) amplitude of S21, and (d) phase of S21. The solid lines repre-

sent the simulation results using the HFSS, and the predicted results using the derived Eq. (11) are marked with “,” “+,” and 

“,” respectively. 
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impedances can be accurately measured. However, they con-

verge at a single point below 50 GHz, and the impedances are 

difficult to precisely measure except around a reflection coeffi-

cient of –1. This problem can be solved using additional OPEN 

and LOAD references that are far from the reflection coeffi-

cient –1 below 50 GHz. The following sections describe how to 

evaluate the OPEN and LOAD calibration standards. 

III. MODELING OF THE OPEN AND LOAD  

CALIBRATION STANDARDS 

Fig. 6(a) and (c) show the physical structure of the OPEN 

and LOAD calibration standards, respectively. In the case of 

the OPEN, the insulator with a dielectric constant approxi-

mately equal to 1 supports the coaxial inner conductor and cre- 

ates an electrically open condition. Therefore, it can be regarded 

as an open termination in the low frequency band as shown in 

Fig. 6(b). In the case of the LOAD, the end of the coaxial line  
 

Fig. 6. Modeling of the OPEN and LOAD calibration standards: 

(a) physical structure of OPEN, (b) equivalent model of 

OPEN, (c) physical structure of LOAD, and (d) equiva-

lent model of LOAD. 
 

Fig. 7. Optimization results of the physical parameters of OPEN 

and LOAD: (a) before optimization, (b) after optimiza-

tion, and (c) difference between S21 and S12 of DUT. 

is terminated with a resistive element to make it reflectionless. 

As a result, it can be presented as a structure terminated by the 

impedance Zload as shown in Fig. 6(d). 

The unknown physical parameters, the offset length L, and 

the terminated impedance Zload of the OPEN and LOAD are 

estimated using the reciprocal characteristic of the passive devic-

es. In this case, the 6 dB attenuator is measured with a SOLT 

calibration method using the offset SHORT#2, the OPEN, 

and the LOAD. In the calibration process, the unknown physi-

cal parameters of the OPEN and LOAD are optimized to min-

imize the difference between S21 and S12 of the attenuator as 

shown in Fig. 7. The difference between S21 and S12 is signifi-

cant before the optimization process, but it is greatly reduced 

during the optimization process. The determined parameters 

are shown in Table 1. Their uncertainty is conservatively set to 

be sufficiently large because it is estimated through optimization 

and not by measurement. 

IV. MEASUREMENTS 

1. Reflection Coeff icient 

To verify the characterization method of the calibration kit, 

we measure the S11 of the DUT and compare it with the result 

from the NIST. The employed DUT is a photodiode model 

XPDV412xR produced by Finisar Corp. that consistently pro-

duces a wideband pulse up to 110 GHz. The OPEN, LOAD, 

and SHORT#2 calibration standards are used below 50 GHz, 

and the offset shorts are only used above 50 GHz with the 

SOLT calibration method. The 95% confidence intervals for 

the magnitude of S11 are represented with error bars in Fig. 8(a). 

The measurement agrees well with the result of the NIST (solid 

line) at all frequency ranges. The phase of S11 normalized by the 

result of the NIST is illustrated in Fig. 8(b) with 95% confi-

dence intervals (the current study, dashed line; NIST, solid line). 

It also confirms that the two results match each other well over 

the entire frequency range. The large uncertainties around 2 

GHz and 28 GHz are due to the small reflection coefficients 

that make it difficult to obtain accurate phase measurements. 
 

2. Uncertainty Transformation 

The wideband signal is then measured in the time domain. 

The impedance mismatch between the instrument and the sig-

nal source is corrected using (12) by measuring the input im-

pedance l of the instrument and g of the signal source. 
 

 
(1 )cal meas g lV V    , 

           (12)  
 

where Vmeas is the Fourier transform of the measured signal. Fig. 

9 shows the result of the inverse Fourier transform of the cor- 
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rected Vcal back to the time domain. Multiple reflections occur 

between 1.3 ns and 1.5 ns before the calibration (dashed line), 

but most of these reflections disappear in the corrected result 

(solid line). The uncertainty can be evaluated using the Jacobian 

matrix based on (12) and the covariance matrix of the imped-

ance measurement, which is similar to that in [1]. If the uncer-

tainty is evaluated without considering the correlation between 

frequencies, it will have almost constant values over the entire 

time interval (see dotted line). Conversely, by calculating the 

uncertainty from the full covariance based on the physical pa- 

rameters, it varies with time. In particular, the uncertainty in- 
 

Fig. 9. Calibration result and uncertainty in the time domain for 

the impedance mismatch between DUT and the measure-

ment instrument. For easy comparison, the before the cali-

bration result (dashed line) has an offset of +0.1 V.

creases in the time interval at which multiple reflections are re-

moved, intuitively indicating that the uncertainty calculation is 

reasonable. 

V. CONCLUSIONS 

In this paper, we propose a characterization method of a 1 

mm coaxial calibration standard based on the physical parame-

ters. The proposed method obtains the full covariance between 

the real and imaginary numbers of a complex impedance at all 

frequencies. As a result, the measurement uncertainty of the 

impedance can easily propagate to the uncertainty of other 

measurements. To verify the proposed method, we compare the 

measured results with the results of the NIST, and they show a 

good agreement with each other. In addition, our study con-

firms that the impedance mismatch is effectively removed in the 

waveform measurement and that the calibration uncertainty 

propagates well from the frequency domain to the time domain. 
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I. INTRODUCTION 

Since metasurfaces (MSs) can manipulate the wave-front of 

transmitted and reflected electromagnetic (EM) waves, they 

have a wide range of applications in EM field. In 2011, the 

phase gradient MS, which can manipulate the wave-front of 

anomalous reflection and refraction waves, is proposed by Yu et 

al. [1]. In [1], a generalized Snell’s law is described from Fer-

mat’s principle. Since then, there has been extensive research 

related to anomalous reflection [2–4]. Specifically, retrodirec-

tivity can be achieved using the planar type of a MS using the 

generalized Snell’s law [5, 6]. In [5], a MS simultaneously oper-

ating at multiple incident angles designed using array of stri-

plines on the ground plane for only the TM wave. Additionally, 

binary MS was observed to achieve an efficient retroreflector for 

each TE and TM wave at near-grazing incidence [6]. 

In this letter, a one-dimensionally polarization-independent 

retrodirective metasurface (PIRMS), which consists of several 

supercells with a continuous gradient phase of 2π, is proposed. 

The length of a supercell depends on its specific retrodirective 

angle and its wavelength of an operation frequency calculated by 

the generalized Snell’s law. Also, the unitcell of a supercell is 

composed of a ring structure on the ground plane that simulta-

neously operates the TE and TM mode. The reflection phases 

of these unitcells can be controlled by the radius and width of 

the ring structure. Moreover, the performance of the proposed 

PIRMS is confirmed by a theoretical analysis, a full-wave simu-

lation, and a measurement at two retrodirected angles of 20o 

and 40o. 

II. DESIGN OF 1D POLARIZATION-INDEPENDENT 

RETRODIRECTIVE METASURFACE 

 

One-Dimensionally Polarization-Independent 

Retrodirective Metasurface 
Jae-Gon Lee1 · Jeong-Hae Lee2,* 

 

 
   

Abstract 
 

A one-dimensionally polarization-independent retrodirective metasurface (PIRMS) is proposed in this letter. The retrodirective metasur-

face (RMS) consists of ring structures on its ground plane to achieve the polarization-independent characteristics. The reflection phases 

of unitcells of the metasurface can be controlled by the radius of the ring structure, and the dimension of the supercell with the 2π phase 

variation depends on an incident angle and operation frequency from the generalized Snell’s law. To verify its feasibility, two kinds of 

RMSs to operate at two retrodirected angles of 20° and 40° are designed and measured at 5.8 GHz. The measured retroreflected power 

efficiencies are more than 94% and 92% at the retrodirected angles of 20° and 40°, respectively, regardless of the polarization. The results 

show that the proposed RMS has good performances independent of polarization. 

Key Words: Generalized Snell’s Law, Polarization, Retrodirective Metasurface. 
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Fig. 1. Unitcell of the proposed 1D polarization-independent retro-

directive metasurface (PIRMS).

 

Based on the generalized Snell’s law, MS with a 2π phase 

gradient contributes to the generation of reflected and transmit-

ted anomalous waves [1]. From the generalized Snell’s law of 

reflection, the relation between the incident angle θi and the 

anomalous reflection angle θr along the interface (dΦy/dy) can 

be defined as [1]: 
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where 0 and ni represent the wavelength in free space and the 

refractive index of the incident medium, respectively. dΦy/dy 

indicates the phase gradient of reflection along y-direction. To 

achieve retroreflection (θr = -θi), the length of a supercell (Ly) 

with a 2π phase gradient can be expressed as from Eq. (2): 
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Moreover, the supercell is composed of a series of unitcells 

that have characteristics of a high reflectivity and a reflection 

phase variation of 2π at the operation frequency. Fig. 1 shows 

the unitcell of the proposed 1D PIRMS. To obtain polariza-

tion-independent reflection characteristics, a structurally sym-

metrical ring structure on the ground plane is employed in this 

letter. Also, the ring structure can be designed more compact 

rather than a circular structure with a symmetrical shape. The 

operation frequency is 5.8 GHz and the utilized substrate is RT 

Duroid 6010 (εr = 10.2, h = 3.175 mm, and tan = 0.0023). 

The width of the ring structure is fixed to be 0.5 mm, consider-

ing manufacturing tolerance. When the thickness of a substrate 

is greater, the slope of the reflection phase becomes gentler. If 

the width of the ring structure becomes narrower, the frequency 

with the reflection phase of 0o down-shifts. The lengths of the 

supercells can be calculated as 75.6 mm and 40 mm from Eq. (2) 

in the cases of retrodirected angle of 20o and 40o, respectively. 

Thus, the supercell consists of six unitcells with a dimension of 

12.6 mm (0.240) in the case of retrodirected angle of 20o, as 

shown in Fig. 2(a). Similarly, the supercell consists of four 

unitcells with a dimension of 10 mm (0.190) in the case of a 

retrodirected angle of 40o, as shown in Fig. 2(b). Fig. 3 shows 

the full-wave simulated reflection response of the ring structure 

against the radius (r) in both the retrodirected angle of 20o and 

40o at 5.8 GHz. When the substrate is thinned, the reflection 

phase against the size of the unitcell changes sharply. Then, the 

sizes of the unitcells composed of the supercell become almost 

the same. If the manufacturing method is not precise, the reflec-

tion phase variation of 2π cannot be measured. Therefore, it is 

advantage to use a thick substrate to obtain retrodirectivity. The 

reflection response of the unitcell is analyzed using the master-

slave periodic condition and Floquet port in ANSYS’s Electron-

ics desktop software. The reflection magnitude remains high 

(>0.98), as the geometrical parameter r varies from 0.5 mm to 6 

mm, as shown in Fig. 3. Also, the reflection phase range of 2π 

can be obtained by changing the radius. 

III. MEASURED RESULTS AND DISCUSSION 

To verify the retrodirectivity, the 1D PIRMSs with 29 × 6 

(365.4 mm × 453.6 mm) and 38 × 11 (370 mm × 520 mm) 

supercells were designed and fabricated for retrodirected angle 

of 20o and 40o, respectively. The reflected power can be meas- 
 

(a) 

(b) 

Fig. 2. Supercell of the proposed 1D PIRMS: (a) retrodirected an-

gle of 20o (= 90o) and (b) retrodirected angle of 40o (= 

90o).
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Fig. 3. Full-wave simulated reflection responses of the ring against 

the radius (r) at 5.8 GHz. 
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(a)                         (b) 

Fig. 4. (a) Schematic and (b) photograph of the measurement setup. 

 

ured by fixing the transmitting horn antenna retro angle with 

the PIRMS and moving only the receiving horn antenna. To 

excite the plane wave, the distance between the antenna and  

PIRMS is selected to be 70 cm, which satisfies the far-field ra-

diation condition, as shown in Fig. 4. Moreover, the time gating 

function in the network analyzer is utilized to eliminate multiple 

reflections. Fig. 5(a) and (b) show a comparison in measured 

normalized reflected power between the copper and designed 

PIRMS at incident angle of 20o and 40o, respectively. The gains 

of the utilized Tx and Rx antennas are equally approximately 11 

dBi. In addition, the 3 dB beamwidths of the antennas are 39o 

and 40o in the E-plane and H-plane, respectively. Thus, the 

shape of the reflected power is slightly broad in the cases of  
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Fig. 5. Comparison of measured normalized reflected power between 

copper and proposed 1D PIRMS: (a) incident angle of 20o (b) 

incident angle of 40o. 

PEC and RMS. The measured retroreflected power efficiencies 

are more than 94% and 92% at the retrodirected angles of 20o 

and 40o, respectively, regardless of the polarization. 

IV. CONCLUSION 

In this letter, a 1D PIRMS is proposed using a ring structure 

on the ground plane. The 1D PIRMS is composed of supercells 

with the 2π reflection phase gradient and the supercell is im-

plemented by the series unitcells of a ring structure. To confirm 

retrodirectivity, two kinds of 1D PIRMSs, which are operated 

at two retrodirected angles of 20o and 40o, were simulated and 

measured at 5.8 GHz. Based on the results, it can be concluded 

that the proposed 1D PIRMS perform with highly efficient 

retrodirectivity regardless of the polarization. 

 

This research was supported by Basic Science Research 

Program through the National Research Foundation of Ko-

rea (NRF) funded by the Ministry of Education (No. 

2015R1A6A1A03031833) and Ministry of Science, ICT 

and Future Planning, Korea, under the Information Tech-

nology Research Center support program (No. IITP-2017-

2016-0-00291) supervised by the Institute for Information & 

communications Technology Promotion (IITP).

  

REFERENCES 

[1] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J. P. Tetienne, F. 

Capasso, and Z. Gaburro, "Light propagation with phase 

discontinuities: generalized laws of reflection and refrac-

tion," Science, vol. 334, no. 6054, pp. 333-337, 2011. 

[2] E. Doumanis, G. Goussetis, G. Papageorgiou, V. Fusco, R. 

Cahill, and D. Linton, "Design of engineered reflectors for 

radar cross section modification," IEEE Transactions on An-

tennas and Propagation, vol. 61, no. 1, pp. 232-239, 2013. 

[3] N. M. Estakhri and A. Alu, "Wave-front transformation 

with gradient metasurfaces," Physical Review X, vol. 6, arti-

cle no. 041008, 2016. 

[4] T. V. Hoang and J. H. Lee, "Generation of multi-beam 

reflected from gradient-index metasurfaces," Results in Phys-

ics, vol. 10, pp. 424-426, 2018. 

[5] M. Kalaagi and D. Seetharamdoo, "Retrodirective metasur-

face operating simultaneously at multiple incident angles," 

in Proceedings of 12th European Conference on Antennas and 

Propagation (EuCAP), London, UK, 2018, pp. 1-5. 

[6] A. M. H. Wong, P. Christian, and G. V. Eleftheriades, 

"Binary Huygens’ metasurfaces: experimental demonstration 

of simple and efficient near-grazing retroreflectors for TE 

and TM polarizations," IEEE Transactions on Antennas and 

Propagation, vol. 66, no. 6, pp. 2892-2903, 2018. 



JEES Journal of 
Electromagnetic Engineering and Science

Instructions for Authors

 Journal of Electromagnetic Engineering and Science (J. Electromagn. Eng. Sci.; JEES) is an official English 
journal of the Korean Institute of Electromagnetic and Engineering Science (KIEES). The objective of JEES 
is to publish academic as well as industrial research results and foundings on electromagnetic engineering and 
science. The journal covers all aspects of researches and technology related to electromagnetics: 
Electromagnetic Compatibility/Electromagnetic Interference, Microwave and Millimeter-Wave Engineering, 
Antenna and Propagation, Electromagnetic Theory, Wireless Communication, Lightwave and Electro-Optics, 
Materials and Components, Software Defined Radar, Radar, Bioelectromagnetics, and etc.
 
I. Copyright and Creative Commons Attribution Licensing
 The copyright and the transfer rights of the digital content of published papers and the journal is owned by 
the KIEES. All published materials are also assigned a Creative Commons Attribution License 
(http://creativecommons.org/licebses/by-nc/4.0/). The journal accepts manuscripts for consideration with the 
understanding that the manuscript has not been published previously and is not currently under consideration 
for publication elsewhere, and in addition, that the authors (or their employer, if it holds the copyright) are 
authorizing the transfer of the copyright to the Institute when the manuscript is submitted. Author should 
check the copyright transfer conditions and forms at http://www.jees.kr.
 
II. Research and Publication Ethics
 Research published in JEES must have followed institutional, national, and international guidelines. For 
policies on research and publication ethics that are not stated in these instructions, please refer to the 
Committee on Publication Ethics (COPE) Guidelines (http://publicationethics.org/resources/code-conduct).
1. Originality and Duplicate Publication
 A manuscript submitted for publication in JEES should be an original work with technical values. It must 
not have been previously published and is not under consideration for publication elsewhere. JEES assumes 
that the materials submitted for its publications are properly available for general dissemination for the 
readership of those publications. It is the responsibility of the authors, not JEES, to determine whether 
disclosure of their materials requires prior consent of other parties and, if so, to obtain it. If an author uses 
charts, photographs, or other graphics from any previously printed materials, he/she is responsible for 
obtaining written permissions from the publisher to use them in his/her manuscript. Responsibility for the 
contents of published papers rests upon the authors, not JEES. 
2. Conflict of Interest
 Authors are required to complete a declaration of conflict of interests. All conflict of interests that are 
declared will be listed at the end of published articles.
3. Authorship
 Authorship should be restricted to those individuals who have met each of the following three criteria: 
1) made a significant contribution to the conception and design of the project, or the analysis and 
interpretation of the data, or other substantial scholarly effort; 2) participated in drafting, reviewing and/or 
revising the work; and 3) approved the final version for publication. After the initial submission of a 
manuscript, any changes whatsoever in authorship (adding author(s), deleting author(s), or re-arranging the 
order of authors) must be explained by a letter to the editor from the authors concerned. The content of this 



letter must be acknowledged and agreed upon by all of the authors of the paper.
 If you accept the policies on research and publication issued by KIEES, authors must click the response of 
“The Code of Research Ethics” through online.
 
III. Submission of Manuscripts
 Authors are expected to be members of the KIEES except for some special cases approved by the Editorial 
Board of KIEES. All manuscripts should be submitted electronically through the online submission and 
review site (https://mc03.manuscriptcentral.com/jees). For the first submission, you may be required to create 
an account on the submission site. A manuscript can be submitted at any time of the year. When submitting 
a manuscript, authors need to make sure that their manuscripts do not provide any of their identities such as 
authors’ names and affiliations as the review is double-blinded. More detailed submission instruction is available 
in the upper right corner of the submission site. All manuscripts submitted to the Journal must comply with 
the instruction and the standard format of the Journal. Otherwise, it will result in return of the manuscript 
and possible delay in publication. For assistance, please contact us via e-mail (admin-jees@kiees.or.kr).
 
IV. Peer Review Process
 The manuscript will be forwarded to three reviewers selected for their expertise in the field of the 
submitted manuscript. The acceptance criteria for all papers are based on the quality and originality of the 
research and its clinical and scientific significance. During the review process, the author is often asked to 
expand, rewrite, or clearly explain the specific contents of his/her paper. It is not uncommon that an author 
is asked to provide another draft with the suggested changes for further review. A revised manuscript should 
be submitted to the homepage within a month from the date on which any change of the manuscript is 
requested to the author. Once a manuscript has received the final approval of the reviewers and 
Editor-in-Chief, the author will be notified and asked to prepare the manuscript for final publication and to 
possibly complete an additional information form. 
 
V. Publication Type
 The papers are classified into five categories.
Regular Paper should be an original work that contributes to the academic interests of the KIEES members 
with technical values. The paper should also be written within 12 pages with A4 size including figures, 
charts, and tables (The main body of text consists of two columns). 
Letter consists of reports of preliminary results or short reports on completed work that are of current 
interest to many researchers in the field. Comments on material previously published in the journal, 
suggestions for new directions, and errata could be included. Their length must be less than 3 pages (with a 
two-column format) including paper title, author affiliation, reference, etc. 
Review Paper will be published by direct submission as well as from invited experts. In both cases, the 
work will be subject to editorial review. Review papers should critically review topics not only to inform the 
reader of the background, but also to communicate the state of the art and outstanding research problems. 
Technical Report is on innovative technical achievements of interest to the community and usually a report 
of an extensive series of measurements. Report is often involving display in the form of tables or graphs, 
with text describing the conditions and procedures of measurement.
Editorial is a brief report of research findings adequate for the journal’s scope and of particular interest to 
the community.
 
VI. Manuscript Preparation
 All manuscripts must be written in MS-Word and adhere to the following guidelines:



1. A cover of each paper manuscript should include a title, authors’ names (main author and co-authors), 
author’s organizations, contact information (e-mail and phone number), and the author’s area of expertise. 
2. The first page of a main text should only contain title, abstract with a length of about 150 words, and 
key words with around five words.
3. The contents of the manuscript should be arranged in the order of abstract, main text, acknowledgments, 
references, and appendix.
4. The numbers corresponding to chapters in the manuscript should be written in Roman numerals (I, II, III, 
IV...) and the numbers corresponding to sections should be written in Arabic numerals (1, 2, 3, 4...).
5. Equation numbers should be given in Arabic numerals enclosed in parentheses on the right-hand margin. 
They should be cited in the text as, for example Eq. (1) or Eqs. (1)-(3).
6. All tables should be numbered consecutively with Arabic numerals. They should be referred to in the text 
and should be numbered according to their order of mention in the text. In addition, all tables should, not 
only list all abbreviations in the table in footnotes at the end, but also have a title that is concise and 
describes the table’s contents. Vertical lines are not used. The table should be self-explanatory and 
supplement, not duplicate, the text. If the table or any data therein have been published, a footnote to the 
table must give permission information to the original source. The structure should be clear, with simple 
column headings giving all units. A table should not exceed one page when printed. Use lowercase letters in 
superscripts a,b,c... for special remarks.
7. All figures should be of high quality meeting with the publishing requirement with legible symbols and 
legends. In preparing the figures, authors should consider a size reduction during the printing process to have 
acceptable line clarity and character sizes. Use only figures that are necessary to illustrate the meaning of the 
text. Figures must be black and white of high contrast. All figures should be referred to in the text as, for 
example, Fig. 1, Fig. 2(a), or Figs. 1-3.
8. Only those references cited in the text should be listed in the references. Authors are responsible for the 
accuracy and completeness of their references and the correct text citations. In the text the reference should 
be numbered in bracket in ascending order (e.g., [1, 3], or [4-6]; Lee [2] and Kim and Park [5]; Jang et al. 
[7]). In case of the paper title, only the first letter is to be capitalized. However, in case of journal and 
book titles, the first letter of each word should be capitalized and all of the letters should be italicized. See 
the example below.
 
Books
[1] F. Giannini and G. Leuzzi, Nonlinear Microwave Circuit Design. NewYork, NY: John Wiley & Sons Inc.,     

2004.
Journals
[2] H. Ahn and B. Kim, "Equivalent transmission-line sections for very high impedances and their application to 

branch-line hybrids with very weak coupling power," Journal of Electromagnetic Engineering and Science, vol. 
9, no. 2, pp. 85-97, Jun. 2009.

Report
[3] E. E. Reber, R. L. Michell, and C. J. Carter, "Oxygen absorption in the earth’s atmosphere," Aerospace Corp., 

Los Angeles, CA, Tech. Rep. TR-0200 (4230-46)-3, Nov. 1988.
Conference Proceedings
[4] S. P. Bingulac, "On the compatibility of adaptive controllers," in Proceedings of the 4th Annual Allerton       

Conference on Circuit and System Theory, NewYork, pp. 8-16, 1994.
Papers Presented at Conferences
[5] J. G. Kreifeldt, "An analysis of surface-detected EMG as an amplitude-modulated noise," presented at the 8th   
    International Conference on Medical and Biological Engineering, Chicago, IL, 1969.
[6] J. Arrillaga and B. Giessner, "Limitation of short-circuit levels by means of HVDC links," presented at the     
    IEEE Summer Power Meeting, Los Angeles, CA, Jul. 1990.



Theses (M.S.) and Dissertations (Ph.D.)
[7] N. Kawasaki, "Parametric study of thermal and chemical nonequilibrium nozzle flow," M.S. thesis, Department 

of Electronic Engineering, Osaka University, Osaka, Japan, 1993.
[8] J. O. Williams, "Narrow-band analyzer," Ph.D. dissertation, Department of Electronic Engineering, Harvard 

University, Cambridge, MA, 1993.
Standards
[9] IEEE Criteria for Class IE Electric Systems, IEEE Standard 308, 1969.
Online Sources
[10] R. Bartle, "Early MUD History," Nov. 1990; www.ludd.luth.se/aber/mud-history.html.

9. When citing any paper published in JEES, it should be indicated the name of the journal as Journal of 
Electromagnetic Engineering and Science or J. Electromagn. Eng. Sci.
10. Acknowledgment, if needed, appears before the reference. Sponsorship or financial support 
acknowledgment should be included here. 
11. Unit and Abbreviation:If the authors describe length, height, weight, and volume, they should use 
standard metric units. Temperature should be given in degrees Celsius. All other units should follow the 
International System of Units (SI). All units must be preceded by one space except percentages (%) and 
temperatures (°C).
 Abbreviations must be used as an aid to the reader, rather than as a convenience of the author, and 
therefore their use should be limited. Generally, abbreviations that are used less than 3 times in the text, 
including tables and figure legends, should be avoided. Standard SI abbreviations are recommended. Other 
common abbreviations are as follows (the same abbreviations are used for plural forms): h (hour), min 
(minute), s (second), d (day), wk (week), mo (month), y (year), L (liter), mL (milliliter), μL (microliter), g 
(gram), kg (kilogram), mg (milligram), μg (microgram), ng (nanogram), pg (picogram), g (gravity; not g), nm 
(nanometer), μm (micrometer), mV (millivolt), mA (milliampere), mW (milliwatt), C (coulomb), μF 
(microfarad), mH (millihenry), n (samplesize), SD (standard deviation of the mean), and SE (standard error of 
the mean).
 

VII. Accepted Manuscript
 Once the review process has been completed with a decision of acceptance, the final manuscript 
accommodating all of the reviewers’ comments should be submitted along with photos of the authors and 
their brief biographies (including major research areas). The accepted papers will be published, in principle, 
in the order of initially submitted dates subject to decision of the Editorial Board.
1. Page Proofs 
 Authors will be given an opportunity to review the laser printed version of their manuscripts before 
printing. One set of page proofs in PDF format will be sent by e-mail to the corresponding author. The 
review should be solely dedicated to detecting typographical errors.
2. Publishing Charge
 The publishing charge for general publishing is KRW 150,000 (US$150) for up to the first 6 pages. For 7 
to 8 pages, an extra charge of KRW 30,000 (US$30) per page, and for 9 pages or more, an extra charge of 
KRW 40,000 (US$40) per page. Furthermore, the KIEES charges extra KRW 100,000 (US$100) for the 
paper acknowledging a financial support from an institution, in addition to the above mentioned page charge. 
Twenty reprints without a cover will be supplied without an additional charge.
 

Contact Us
Editorial office of the Korean Institute of Electromagnetic Engineering and Science
217, Saechang-ro, Yongsan-gu, Seoul, 04376, Korea
Tel: +82-2-337-9666/332-9665  Fax: +82-2-6390-7550
http://www.jees.kr, E-mail: admin-jees@kiees.or.kr





AUTHOR CHECKLIST 

 
Title :                                                                                   

 
General  

□ This paper has not been and will not be published in any other journal.  

□ This paper follows the format of the KIEES paper submission guideline, is less than 12 pages long, including figures 

and tables (3 pages for a letter), and has a two-column layout. 

□ This paper includes a cover page, an abstract, keywords, main text, appendix, and references in the correct order. 

Each page has a consecutive page number.  

 
Cover page 

□ The cover page includes the title, authors, affiliation of all authors, identifier of the corresponding author, and provides 

contact information for the corresponding author (phone number, e-mail address, and mobile number).  

 
Abstract and key words 

□ An abstract is provided and is less than 500 words long.  

□ Fewer than 5 keywords are provided. 

 
Main text 

□ The reference number is written next to the quote.  

□ The chapter numbers are written in Roman numerals (I, II, III, IV…) and subheading numbers are written in Arabic 

numerals (1, 2, 3, 4…).  

 
References 

□ Sufficient Korean as well as international literature is referenced in the paper.  

□ Only the references used in the main text are included in the reference list and these are numbered according to their 

order of appearance. 

□ All reference citations follow the correct format indicated in the submission regulations. 

 
Figures and tables 

□ For the figures and tables, the first letter of the very first word is capitalized.  

□ All figure legends include both a title and a detailed explanation to help in understanding what the figure depicts.  

□ All tables are self-explanatory and do not repeat the content from figures or sources included in the main text.  

* Check each box after confirming that the statement is true.  

 

The authors of this paper have confirmed the above items, following the paper submission regulations of the Korean 

Institute of Electromagnetic Engineering and Science (KIEES), and are requesting publication of this paper.  

 

                       

                                                                                  /       / 2019 

Representative author: ____________________ (signature) 






