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I. INTRODUCTION 

Archimedean spiral antennas belong to a class of traveling-

wave wideband antennas that radiate a circularly polarized (CP) 

wave. The primary radiating elements of these antennas can be 

single-arm [1], two-arm [2–4], or four-arm [5] configurations 

with a large number of turns. Four-arm spiral antennas are 

considerably superior in performance to their single- and two-

arm counterparts [6]. However, the four-arm spiral antenna 

generally requires a feed that has four output lines with equal 

amplitudes and a sequentially rotated phase [7]. This feeding 

structure contains a 1-to-4 power combiner/splitter that is ge-

nerally complex, bulky, and expensive. In addition, the spiral 

antennas need a balun in the feed for matching to a 50-Ω 

coaxial cable since the input impedance is usually high (app-

roximately 188-Ω for a self-complementary spiral antenna in 

free space) [8, 9]. As a result, the design of four-arm spiral 

antennas faces the main challenge of implementing a simpler 

feeding structure. 

On the other hand, short Archimedean spiral antennas [10–

13], which are also referred to as curl antennas, behave as 

resonant types of antennas. These antennas are mechanically 

simple and produce CP radiation from a single feed point 

without the need for an external circuit; i.e., the antennas can be 

directly matched to a 50-Ω coaxial line. The selected curl 

antenna is placed approximately a quarter wavelength of the 

considered medium above a large perfect electric conductor 

surface, consequently, it can provide a good impedance matching 

and a good CP radiation over a bandwidth of approximately 

10%. The radiation patterns of these antennas, however, are not 

very symmetric due to the single-arm configuration. 

This paper introduces a single-feed four-arm curl antenna 

backed by a cavity reflector for global positioning systems (GPS) 

applications. A pair of vacant-quarter printed rings is employed 

in the feed of the radiator for direct matching to a 50-Ω coaxial 
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line and to produce a CP radiation. The incorporation of the 

cavity-backed reflector [14, 15] is a simple technique to improve 

the CP radiation characteristics in terms of 3-dB AR band-

width and high-front-to-back ratio. The resulting antenna is 

characterized first with the ANSYS-Ansoft High Frequency 

Structure Simulator (HFSS) [16] and its simulated performance 

is then verified by measurements. In comparison with the pre-

vious wide-beam GPS antennas [14, 15], the proposed antenna 

yields the same CP radiation performance with smaller antenna 

dimensions. 

 

II. ANTENNA GEOMETRY 

Fig. 1 shows the geometry of the proposed antenna composed 

of a four-arm curl radiator, a coaxial line, and a reflector. The 

curl radiator, which is a four-arm Archimedean spiral antenna 

with a small number of turns, was built on both sides of a 

circular Rogers RO4003 substrate with a radius of Rsub, a relative 

permittivity of 3.38, a loss tangent of 0.0027, and a thickness of 

hs = 0.508 mm (20 mils). Two blue arms were placed on the 

bottom side of the substrate, whereas two other arms (red color) 

were on the top side of the substrate. The curl arm was cha-

racterized by an Archimedean spiral drawing function of the HF- 
 

 
(a) 

 

   
(b) 

Fig. 1. Geometry of the proposed antenna. (a) Radiator and (b) cross-

section view with the cavity-backed reflector. 

SS software [16], which is defined by a center position of (0, 0, 

0), a direction vector (0, 0, 1), a starting point of R0, a radius 

change of Rc, a number of turns of n, and a strip width of Ws. 

The radiator is fed by a vacant-quarter printed ring, which helps 

the antenna directly match to a 50-Ω coaxial line with a broad 

impedance matching bandwidth and provide the CP radiation. 

The reflector is a rectangular box with base dimensions of 90 × 

90 mm2 and a height of Hc. The optimized antenna design 

parameters were chosen for the compact size, the minimum AR 

at 1,575 MHz, and the wide CP radiation beamwidth as follows: 

Rsub = 35 mm, Rc = 25 mm, R0 = 8 mm, Rr = 5 mm, Wr = 1 mm, 

wb = 5 mm, Ws = 3 mm, hs = 0.508 mm, H = 25 mm, Hc = 25 

mm, and n = 1. 
 

III. ANTENNA DESIGN 

1. Condition for CP Radiation 

The curl antenna normally behaves as a resonant antenna and 

its input impedance depends on the number of turns, the 

spacing between turns, and the width of arm as well as the 

dielectric substrate (permittivity and thickness). Accordingly, the 

input impedance of the four-arm curl antenna can be pre-

dictively determined to match directly to a 50-Ω coaxial line. An 

ideal four-arm curl antenna, as shown in Fig. 2, was chosen for 

the initial design of the radiator and characterized by the HFSS 

software. The arms were placed on both sides of a circular Roger 

RO4003 substrate; the blue arms (#2 and #4) were on the 

bottom side of the substrate and the red arms (#1 and #3) were 

on the top side of the substrate. Referring to Fig. 1(a), the arm 

was formed by a center position of (0, 0, 0), a direction vector (0, 

0, 1), R0 = 9 mm, Rc = 25 mm, n = 1, and Ws = 3 mm. The 

antenna was simulated by assuming two excitation sources 

(port-1 for the red arms and port-2 for the blue arms) and their 

input impedances (Z11 or Z22) were calculated and given in Fig. 

3. Since the Z11 value is completely the same as Z22 and ex-

presses the input impedance of the ideal four-arm curl antenna, 

Fig. 3 only shows the real and imaginary parts of Z11. With the 
 

 
Fig. 2. High frequency structure simulator simulation modeling for an 

ideal four-arm curl antenna. 
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Fig. 3. Simulated input impedance (Z11 or Z22) of the ideal four-

arm curl antenna. 

 

chosen parameters, the antenna yielded two resonances in the 

frequency range of interest (i.e., the resonance was defined as the 

frequency at which the imaginary value equals to 0). The first 

one was 1,580 MHz with a real value of approximately 50-Ω 

while the second one was 1,790 MHz with a real value of 

approximately 290-Ω. This result indicates that the antenna can 

be matched well to a 50-Ω coaxial line without the need for an 

external circuit at its first resonance. In order to have a CP wave, 

the two excitation sources must have equal amplitudes and a 90º 

phase difference; consequently, the antenna requires a 1-to-2 

power combiner/splitter and a 1/4 wave phasing line in the 

feeding structure. This approach could complicate the antenna 

design and fabrication. 

On the other hand, a single feed crossed dipole antenna [17] 

could generate CP radiation if the lengths of the dipoles are 

chosen such that the real parts of their input admittances are 

equal and the phase angles of their input admittances differ by 

90º. At the desired frequency, the longer one has an inductive 

reactance, while the shorter one has a capacitive reactance. 

According to these conditions, the four-arm curl antenna could 

radiate a CP wave with a single feed. The required power and 

phase relationships can be obtained by proper choice of the 

number of turns for each arm of the antenna. This is observed in 

Fig. 4, which shows the input admittance of the ideal four-arm 

curl antenna (Fig. 2) at 1,575 MHz for different numbers of 

turns (n). The condition for CP radiation can be determined 

from an accurate plot of input admittance by a graphical so-

lution, as shown in Fig. 4; i.e., the number of turns for #1 and #3 

arms is approximately 0.93, whereas the number of turns for #2 

and #4 arms is approximately 1.01. 
 

2. Four-Arm Curl Antenna Fed by Double Vacant-Quarter Printed 

Rings 

The condition for CP radiation mentioned in the subsection  
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Fig. 4. Input admittance at Port 1 (or Port 2) of the ideal four-arm 

curl antenna at 1,575 MHz for different numbers of turns 

(n). 

 

A can be obtained in two equal length dipoles with a single feed 

by using a pair of vacant-quarter printed rings [14, 15]. Acc-

ordingly, this approach is applied to the four-arm curl antenna 

with the same number of turns for all arms in order to produce 

the CP radiation and direct matching to a single 50-Ω coaxial 

line. The presence of the printed rings slightly changed the 

antenna geometry shown in Fig. 1(a) when compared with the 

ideal design (Fig. 2). The antenna was optimized for a mini-

mum AR value at the GPS L1 frequency. Referring to Fig. 1(a), 

the antenna design parameters were as follows: Rsub = 25 mm, Rc 

= 25 mm, R0 = 9 mm, Rr = 5.4 mm, Wr = 1 mm, wb = 5 mm, 

Ws = 3 mm, and hs = 0.508 mm. 

The role of the printed ring was demonstrated by investi-

gating the performances of the antenna with different values of 

its design parameters (Rr and Wr), as shown in Figs. 5 and 6. As 

Rr was increased, the resonances slightly changed (Fig. 4(a)), 

whereas the CP frequency increased (Fig. 4(b)). When Wr was 

varied from 0.8 mm to 1.2 mm, the impedance matching 

significantly degraded (Fig. 5(a)), whereas the CP frequency 

hardly changed (Fig. 5(b)). These results indicate that Rr mainly 

affects the CP frequency whereas Wr mainly affects the impe-

dance matching. 

The simulated performances of the four-arm curl antenna in 

free space are shown in Fig. 7. The antenna yielded an im-

pedance matching bandwidth of 12.9% (1,520–1,730 MHz) for 

|S11| < –10 dB and a 3-dB AR bandwidth of 3.81% (1,545–

1,605 MHz) with the CP center frequency of 1,575 MHz (AR 

= 0.4) (Fig. 7(a)). At the CP center frequency, the antenna 

radiated a bidirectional electromagnetic wave with a gain of 3.27 

dBic, as shown in Fig. 7(b); the front side was right-hand CP 

(RHCP), whereas the back side was left-hand CP (LHCP).  
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(a) 

 

(b) 

Fig. 5. Simulated (a) |S11| and (b) axial ratio values of the curl 

antenna in free space for different Rr. 

 

Note that the RHCP and LHCP results are interchangeable 

simply by reversing the printed ring. 

 

3. Four-Arm Curl Antenna Incorporating with the Cavity-           

Backed Reflector 

The radiation characteristics were improved and a wide 

beamwidth and a high front-to-back ratio were obtained by 

introducing a cavity as a reflector in the four-arm antenna. Both 

square and circular reflectors were used in the optimization 

process for the curl antenna. However, the square one, as shown 

in Fig. 1(b), was chosen for the final design based on a com-

promise between a small antenna footprint and good CP ra-

diation. The proposed design with the cavity-backed reflector 

was confirmed to improve the radiation characteristics by exa-

mining the antenna performances at different heights (Hc) of 

the cavity. The corresponding antenna characteristics are su- 

  
(a) 

 

 
(b) 

Fig. 6. Simulated (a) |S11| and (b) axial ratio values of the curl 

antenna in free space for different Wr. 

 

mmarized in Table 1. A better understanding of the effect of the 

cavity height on the radiation pattern was obtained by com-

paring the 3-dB AR beamwidth at the CP center frequency for 

the different Hc values. The proposed antenna exhibited the 

maximum 3-dB AR beamwidth at the CP center frequency. As 

shown in Table 1, an increase in the cavity height (Hc) accom-

panied a decrease in the operating frequency band of the an-

tenna and a significant widening of the 3-dB AR beamwidth. 

These results indicated that the cavity-backed reflector facili-

tates the production of wide-beam radiation. 

 

IV. MEASURED AND SIMULATED RESULTS 

The composite cavity-backed four-arm curl antenna was 

fabricated and measured. The curl radiator was built on both 

sides of a circular Rogers RO4003 substrate with a copper 
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(b) 

Fig. 7. Simulated (a) |S11| and axial ratio values of the four-arm 

curl antenna fed by double vacant-quarter printed ring in 

free space and (b) its 1,575-MHz radiation pattern. 

 

Table 1. Characteristics of the four-arm curl GPS antenna for 

different heights of the cavity 

Hc 

(mm) 

|S11| < -10 

dB 

bandwidth 

(MHz) 

3-dB AR 

bandwidth 

(MHz) 

CP center 

frequency 

(MHz) 

3-dB AR 

beamwidth at 

the CP center 

frequency

x-z 

plane

y-z

plane

5 
1,540–

1,695 

1,605–

1,630 
1,615 62º 123º

15 
1,525–

1,665 

1,575–

1,610 
1,595 101º 134º

25 
1,515–

1,640 

1,555–

1,590 
1,575 136º 160º

GPS=global positioning system, AR=axial ratio, CP=circular pola-

rization. 

 

thickness of 20 μm via standard etching technology. The cavity-

backed reflector was constructed using five copper plates (one 90 

× 90 mm2 and four 25 × 90 mm2) having a thickness of 0.2 

mm. A sample of the proposed antenna (Fig. 8(a)) was used for 

the measurements; an Agilent N5230A network analyzer and a  
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Fig. 8. (a) Top-view of fabricated sample and (b) simulated and 

measured |S11| and axial ratio values of the composite 

cavity-backed four-arm curl GPS antenna. 

 

3.5-mm coaxial calibration standard GCS35M were used for 

the input impedance measurement of the antenna. Another 

Agilent E8362B network analyzer and two identical standard 

horn antennas were used for the radiation pattern measurements, 

which were conducted in a full anechoic chamber with the 

dimensions of 15.2 m (W) × 7.9 m (L) × 7.9 m (H) at RFID/ 

USN Center, Incheon, Korea. 

Fig. 8(b) shows the measured and simulated reflection co-

efficients for the proposed antenna. The measured bandwidth 

was 8.66% (1,514–1,651 MHz) for |S11| < –10 dB, which agreed 

well with the simulated bandwidth of 7.92% (1,515–1,640 

MHz). The simulated and measured AR of the proposed 

antenna are also shown in Fig. 6(b), and showed good agree-

ment. The measured 3-dB AR bandwidth was 2.23% (1,555–

1,590 MHz) with the CP center frequency of 1570 MHz (AR 

of 1.66 dB), while the simulated 3-dB AR bandwidth was 2.54  

% (1,555–1,595 MHz) with the CP center frequency of 1,575 

MHz (AR of 0.5 dB). 
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(a) 

 

 
(b) 

Fig. 9. (a) Radiation pattern and (b) axial ratio as function of the 

theta angle at 1,575 MHz. RHCP=right hand circular po-

larization, LHCP=left hand circular polarization. 

 

Fig. 9(a) shows the 1,575 MHz radiation pattern of the an-

tenna with RHCP, symmetrical profile, and wide beamwidth in 

both x-z and y-z planes. The measurements yielded a gain of 

7.4 dBic, a front-to-back ratio of 26 dB, and half-power beam-

width (HPBW) of 100° and 99° in the x-z and y-z planes, 

respectively. Fig. 9(b) shows the simulated and measured AR of 

the antenna versus theta angle at 1,575 MHz and shows a wide 

3 dB AR beamwidth; the measured beamwidth for AR < 3 dB 

was 125° and 155° in the x-z and y-z planes, respectively. The 

simulated beamwidth for AR < 3 dB was 136° and 160° in the 

x-z and y-z planes, respectively. The measured AR values are not 

very symmetric in the principal planes. This could be attributed 

to slight misalignment of the fabricated sample. Additionally, 

the measured antenna efficiency was greater than 90%, which 

agreed rather closely with the simulated efficiency of  >90% 

within the operating bandwidth. 

 

V. CONCLUSION 

A single-feed composite cavity-backed four-arm curl antenna 

has been introduced. The antenna with overall GPS L1 

frequency size of 0.4725 λo × 0.4725 λo × 0.13 λo resulted in a 

|S11| < –10 dB bandwidth of 8.66% (1,514–1,651 MHz) and a 

3-dB AR bandwidth of 2.23% (1,555–1,590 MHz). Further-

more, the antenna radiates wide-beam RHCP (greater than 

140º) and operates with a measured radiation efficiency greater 

than 90% within its impedance matching bandwidth. This 

antenna has many advantages and can be widely applied to GPS 

applications and other satellite communications. It can be easily 

scaled for other wireless communication systems, such as RFID, 

WLAN, and WiMAX.  

 

This work was supported by Information and Communica-

tion Technology (ICT) R&D Program of MSIP/IITP (No. 14-

911-01-001). 

  

REFERENCES 

[1] H. Nakano, R. Satake, and J. Yamauchi, "Extremely low-

profile, single-arm, wideband spiral antenna radiating a 

circularly polarized wave," IEEE Transaction on Antennas 

and Propagation, vol. 58, no. 5, pp. 1511–1520, May  2010. 

[2] D. Oh and I. Park, "Two-arm microstrip spiral antenna with 

a circular aperture on the ground plane for generating a 

circularly polarized conical beam," in Proceedings of the 2003 

IEEE Antennas and Propagation Society International Sym-

posium, Columbus, OH, 2003, pp. 866–869. 

[3] M. Serhir and R. Guinvarc’h, "A low-profile cavity-backed 

dual-polarized spiral antenna array," IEEE Antennas and 

Wireless Propagation Letters, vol. 12, pp. 524–527, 2013. 

[4] J. H. Jeong, K. S. Min, and I. H. Kim, "Design for high gain 

spiral antenna by added conical cavity wall," Journal of El-

ectromagnetic Engineering and Science, vol. 13, no. 3, pp. 165–

172, Sep. 2013. 

[5] A. Baheti, A. Mehrabani, and L. Shafai, "Analysis of multi 

turn 4-arm Archimedean spiral antenna with varying spa-

cing between arms," in Proceedings of the Progress in Elec-



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 14, NO. 4, DEC. 2014 

366 

 

tromagnetics Research Symposium (PIERS), Kuala Lumpur, 

Malaysia, 2012, pp. 1554–1558. 

[6] J. J. Wang, "The spiral as a travelling wave structure for 

broadband antenna applications," Electromagnetics, vol. 20, 

no. 4, pp. 323–342, Jul. 2000. 

[7] K. Louertani, R. Guinvarc’h, N. R. Tharaud, and M. Helier, 

"Multiarms multiports externally fed spiral antenna," IEEE 

Antennas and Wireless Propagation Letters, vol. 11, pp. 236–

239, 2012. 

[8] H. Nakano, J. Yamauchi, and S. Hashimoto, "Numerical 

analysis of 4-arm Archimedean spiral antenna," Electronics 

Letters, vol. 19, no. 3, pp. 78–80, Feb. 1983. 

[9] N. J. Champagne, J. T. Williams, R. M. Sharpe, S. U. Hwu, 

and D. R. Wilton, "Numerical modeling of impedance 

loaded multi-arm Archimedean spiral antennas," IEEE 

Transaction on Antennas and Propagation, vol. 40, no. 1, pp. 

102–108,  Jan. 1992. 

[10] H. Nakano, S. Okuzawa, K. Ohishi, H. Mimaki, and J. 

Yamauchi, "A curl antenna," IEEE Transaction on Antennas 

and Propagation, vol. 41, no. 11, pp. 1570–1575, Nov. 1993. 

[11] H. Nakano and H. Mimaki, "Axial ratio of a curl antenna," 

IEE Proceedings of Microwave, Antennas and Propagation, 

vol. 144, no. 6, pp. 488–490, Dec. 1997. 

 

 

 

 

 

Son Xuat Ta 
received the B.S degree in electronics and teleco-

mmunications from Hanoi University of Science and 

Technology, Hanoi, Vietnam in 2008. He is currently 

studying a Ph.D. course in the Department of El-

ectrical and Computer Engineering, Ajou University, 

Suwon, Korea. His research is focused on widebands, 

multiband, circularly polarized, and metamaterial-ba-

sed antennas for next generation wireless commu-

nication systems. 

 

 

 

 

[12] J. M. Baracco, M. Paquay, and P. de Maagt, "An elec-

tromagnetic bandgap curl antenna for phased array app-

lications," IEEE Transaction on Antennas and Propagation, 

vol. 53, no. 1, pp. 173–180, Jan. 2005. 

[13] H. Nakano, S. Kirita, N. Mizobe, and J. Yamauchi, "Ex-

ternal-excitation curl antenna," IEEE Transaction on An-

tennas and Propagation, vol. 59, no. 11, pp. 3969–3977, Nov. 

2011. 

[14] S. X. Ta, J. J. Han, and I. Park, "Compact circularly po-

larized composite cavity-backed crossed dipole for GPS 

applications," Journal of Electromagnetic Engineering and 

Science, vol. 13, no. 1, pp. 44–49, Mar. 2013. 

[15] S. X. Ta, J. J. Han, I. Park, and R. W. Ziolkowski, "Wide-

beam circularly polarized crossed scythe-shaped dipoles 

for global navigation satellite systems," Journal of Electro-

magnetic Engineering and Science, vol. 13, no. 4, pp. 224–232, 

Dec. 2013. 

[16] Ansoft Corporation, "HFSS: High frequency structure 

simulator based on the finite element method," http:// 

anlage.umd.edu/HFSSv10UserGuide.pdf. 

[17] M. F. Bolster, "A new type of circular polarizer using 

crossed dipoles," IRE Transactions on Microwave Theory 

and Technology, vol. 9, no. 5, pp. 385–388, 1961. 

 

 

 
 

 

 

Ikmo Park 
received the B.S. degree in Electrical Engineering 

from the State University of New York at Stony 

Brook, and M.S. and Ph.D. degrees in Electrical 

Engineering from the University of Illinois at Urbana-

Champaign. He joined the Department of Electrical 

and Computer Engineering at Ajou University in 

March, 1996. Prior to joining Ajou University, he has 

been working with the Device & Materials Labo-

ratory of LG Corporate Institute of Technology, Seoul, Korea, where he had 

been engaged in research and development of various antennas for personal 

communication systems, wireless local area networks, and direct broadcasting 

systems. He was a Visiting Professor with the Department of Electrical and 

Computer Engineering, POSTECH, Pohang, Korea, from March 2004 to 

February 2005, and the Department of Electrical and Computer Engineering, 

University of Arizona, Tucson, Arizona, USA, from July 2011 to June 2012. 

He has authored and co-authored over 200 technical journal and conference 

papers. He also holds over 30 patents. He served as a Chair of the Depart-

ment of Electrical and Computer Engineering at Ajou University. He is 

currently a member of Board of Directors in Korea Institute of Electro-

magnetic Engineering and Science Society and an Editor-in-Chief of the 

Proceedings of the Korea Institute of Electromagnetic Engineering and Sci-

ence. His current research interests include the design and analysis of mi-

crowave, millimeter-wave, terahertz wave, and nano-structured antennas. He 

is also a member of Eta Kappa Nu and Tau Beta Pi. 




