
states. Their geometrical parameters are the same, which are listed
in Table 1. The first antenna is equivalent to the proposed antenna
at State 1 in which diodes 1, 3 are off and 2, 4 are on, and the
second antenna represents the proposed antenna at State 2 when
diodes 1, 3 are on and 2, 4 are off. In the forward biased state, the
diode behaves as a short circuit and in the reverse biased state, the
diode serves as an open circuit. Then two metallized vias are used
to represent a pair of diodes which are in the forward biased state.
This simplification is similar to that presented in Refs. 2, 8, which
has been validated by simulations and experiments.

Because of the geometrical symmetry of the fabricated two
antennas, their impedance matching states are nearly the same.
Measured return losses are shown in Figure 2. There is a little
frequency shift between the measured results. The measured return
loss below 10 dB of the proposed antenna at State 1 is from 9.91
to 10.15 GHz, whereas which is from 9.88 to 10.12 GHz at State
2. This slight discrepancy maybe come from fabrication tolerance
or test error in the measurements. For both two circular polariza-
tion states, the antennas have impedance bandwidth about 2.4%.

Radiation patterns of the fabricated two antennas are also nearly
the same for their symmetry. The measured results at 10.1 GHz in two
orthogonal cut-planes have been plotted in Figure 3. From Figure 3,
it can be found that the fabricated two antennas behave RHCP and
LHCP radiation performances, respectively. The measured gains vs.
frequency at the boresight direction have been shown in Figure 2. The
measured gains of the proposed antennas within impedance band-
width are more than 5.6 dBi, which are higher that of conventional
patch or slot antennas. Measured radiation patterns in x-y and x-z
cut-planes of the two antennas are also nearly the same because their
radiating crossed-slots have rotational symmetry. Measured cross
polarization levels are lower than �16 dB. Measured back lobe levels
are about �20 dB and �25 dB, respectively. From the measured
results, we know that the fabricated antennas behave satisfactory
circularly polarized radiation performances.

Measured axial ratios (AR) of the proposed antenna at State 1 at
different frequencies have been shown in Figure 4. Here, AR is
defined as the ratio of the minor axis to the major axis of the
polarization ellipse. Measured maximum AR is about �0.5 dB. AR
bandwidth of the proposed antenna (AR � �3 dB) is more than 1%.

4. CONCLUSIONS

A novel realization of cavity backed antenna with switchable
circular polarization has been firstly presented in this letter. The

low-profile backed cavity is constructed by metallized vias array
on a single substrate. Two pairs of diodes with opposite biased
states have been adopted as shorting posts to generate the two
degenerate TM110 cavity modes in the circular SIW cavity, then to
produce circularly polarized radiation. A simple bias circuit is used
to electronically switch the polarization states. Measurements
demonstrate that the proposed antenna behaves desirable features.
Due to its simple structure it can be easily integrated with active or
passive elements and can be fabricated by low-cost single layer
PCB process for mass production.
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ABSTRACT: A planar antenna with a broadband circular polarization
is proposed for integrated single chip radio transceivers. The antenna
uses a printed dual loop structure with a coplanar strip feed, which is
compatible with millimeter wave packaging technology. The concept is
verified by the measured results of a prototype antenna. © 2009 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 51: 1493–1496, 2009;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.24400

Figure 4 The measured axial ratios of the proposed antenna at State 1
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1. INTRODUCTION

Single-chip radio circuits are attractive in millimeter wave tech-
nologies because of their small volume. In these systems, wide-
band, uniplanar, and small sized antennas that can be integrated
into the package are preferred. Probes and vias that are popularly
used in microwave frequency range should be avoided in the
millimeter wave integrated packaging [1]. Recently, several lin-
early polarized dipole type antennas have been reported [1–3]
which are suitable to plant into chip packages. The objective of this
article is to propose a circularly polarized antenna for integrated
single chip radio transceivers, which pertains the properties of a
broad bandwidth and a uniplanar structure.

In antenna designs, circular polarization can be achieved by a
number of configurations. Besides the conventional methods of
cutting slots and removing edges of patches [4, 5], slot type and
planar inverted F structures are also designed [6, 7] for circular
polarization. In addition, microstrip spirals [8] and traveling wave
type antennas [9] are reported. The performance is usually repre-
sented in terms of their axial ratio bandwidth, impedance band-
width, and feeding strategy. The traveling wave type antenna has
apparently larger bandwidths than other structures, reaching more
than 10% for axial ratio and 20% for impedance bandwidth. This
type of antennas can be realized by various structures such as the
rhombic loop antenna proposed in [10, 11], applied in [12, 13], and
the modified rhombic design in [14]. The advantage of this struc-
ture is that it exhibits an even larger axial ratio bandwidth, �20%
below 2 dB [10]. However, these designs are fed by coaxial cables
and are placed above a ground plane with a height ranging from
0.15 to 0.39 of free space wavelength. Thus, they are not compat-
ible with millimeter wave packaging technology.

In this article, a coplanar strip fed dual loop antenna is designed
to realize the rhombic antenna in a planar form. The possibility of
eliminating the ground plane is tested under this feeding strategy,
which yields a significantly smaller profile than the original struc-
ture. For ease of verification by measurements, a microstrip (MS)
to coplanar strip (CPS) transition is designed, through which the
proposed structure is fed by a microstrip line. Compared with the
transition design in [15, 16], the MS to CPS transition shape is
optimized and the ground plane size is reduced for the sake of
maintaining the good circular polarization performance.

2. COPLANAR STRIP FED PLANAR RHOMBIC ANTENNA

The configuration of the dual loop antenna is shown in Figure 1.
For ease of fabrication and measurement, the antenna is designed
at S band, but the structure can be readily scaled to the millimeter
wave band. The antenna is printed on RT Duroid 5870 substrate,
with the relative permittivity �r � 2.33 and thickness h � 0.508
mm. The antenna is composed of two square loops, each with a
narrow slot at one corner. These loops have a side length of 25.2
mm and line width of 1.5 mm. The circumference of the loop is
�1.2�0 (�0 � 84 mm at 3.57 GHz) and the width of the slots is 1.5
mm. A coplanar strip (CPS) line feed structure is used where the
strip width and the gap width are 0.9 and 1.2 mm, respectively.
The length of the CPS line also affects the axial ratio performance.
It is adjusted to obtain the optimum result, which is chosen to be
13.1 mm. There is no ground plane underneath the two square
loops.

The proposed structure is modeled by the software package
Momentum of the Agilent Advanced Design System (ADS) [17].
The results, as illustrated in Figures 2(a) and 2(b), reveal that the
input impedance is around 100 �, which is matched to the output
impedance of the RF chip, and that the axial ratio bandwidth of the
antenna is 11.6%. The simulation demonstrates that the dual loop
structure still has a wideband axial ratio performance in this planar
design configuration.
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Figure 1 Configuration of a coplanar strip fed dual loop antenna (unit:
mm). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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Figure 2 Computed (a) impedance and (b) axial ratio of the coplanar
strip fed loop antenna. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com]
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Figure 3 (a) Antenna integrated with MS to CPS transition. (b) Dimen-
sions of the MS to CPS transition (unit: mm). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com]
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3. MICROSTRIP LINE FED ANTENNA

For measurements purposes, microstrip line fed structures is more
convenient. Therefore, the CPS feeding line applied in the above
model is connected to a microstrip to CPS transition, which is
similar to the concept presented in [15]. This transition is basically
a power divider, with different lengths of the branches to provide
the desired 180° phase shift. The entire structure with the detailed
dimensions of the transition is depicted in Figure 3.

Both ADS Momentum and Zeland IE3D [18] are used for the
simulation. It is observed that the axial ratio of a circularly polar-
ized antenna is remarkably affected by the current distribution
along the feeding system. Hence the transition has to be considered
together with the radiator to obtain accurate radiation performance.
For this power divider, if the shape of the longer branch and the
size of the ground plane are not carefully designed, the axial ratio
may rise rapidly. For instance, when the structure of [15] is applied
directly, because of the stretching of the longer branch, the resulted
structure will be seriously asymmetrical, and the axial ratio ex-
ceeds 3 dB across the bandwidth. To overcome this deficiency, the
longer branch is folded in the proposed design. As a result, the
radiation of the current along this branch is partially cancelled,
leading to a smaller degradation on the radiated field of the
antenna. Another factor that has to be counted for is the current on
the ground plane. Although it has a little effect on the polarization
purity in linearly polarized antenna designs, it noticeably changes
the axial ratio of circularly polarized antennas. Therefore, its size
is decreased to optimize the axial ratio performance in advance.

The simulated results of the proposed design are shown in
Figures 4(a) and 4(b). The axial ratio is calculated in the broadside,
with a 3 dB bandwidth of 6.7%. The antenna provides a left hand
circular polarization in the �z direction and a right hand circular
polarization in the �z direction. The antenna gain is �5 dB.

A prototype of the simulated structure is fabricated and tested
to verify the above numerical results. Figure 5 is the photograph of
the antenna prototype. The return loss is measured using an
HP8510C network analyzer and is found that it compares favor-
ably with the simulation results in Figure 6(a). The measured
impedance bandwidth is 5.7%.

The measured axial ratio at broadside is also plotted in Figure
6(b) in comparison with the simulation data from Momentum and
IE3D. The bandwidths obtained from both experiments and sim-
ulations agree with each other, reaching 6.7%. In addition, the
axial ratio versus elevation angles in both XZ and YZ plane cuts at
3.57 GHz are given in Figure 7. The axial ratio in x-z plane is
below 3 dB in the angle range �36° to 26°, while in y-z plane it
is �35° to 55°. Finally, the measured spinning linear far field
patterns are illustrated in Figure 8. The patterns show similar axial
ratios along both �z and �z directions.

The total dimension of the prototype is 76.3 mm by 77.6 mm.
If it is scaled to the desired 60 GHz ISM band, for instance [1], the
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Figure 4 Computed (a) input impedance and (b) axial ratio in the
broadside of the MS fed antenna. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]
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Figure 5 An antenna prototype under measurement: (a) top view and (b)
bottom view. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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Figure 6 Comparison of the computed and measured (a) return loss and
(b) axial ratio. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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Figure 7 Measured axial ratio vs. elevation angle at 3.57 GHz in (a) xz
plane and (b) yz plane. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com]
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Figure 8 Measured spinning patterns at 3.57 GHz in (a) xz plane and (b)
yz plane
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total dimension will be 4.5 mm by 4.6 mm. The antenna itself
(including the strip line) will be only 4.5 mm by 2.7 mm, which
meets the demands of the size restriction for typical integrated
millimeter-wave transceivers.

4. CONCLUSION

A circularly polarized dual loop antenna with coplanar strip feed
line has been studied by both numerical simulations and measure-
ments. A microstrip to coplanar strip line transition is carefully
designed and implemented in the feeding system to obtain a good
axial ratio bandwidth. The measured impedance and axial ratio
bandwidth are 5.7 and 6.7%, respectively. This prototype can be
readily scaled to the application in millimeter-wave single chip
transceivers.

ACKNOWLEDGMENTS

The authors acknowledge the support of Agilenet Technologies
and Zeland Software for making their software available for this
research at a reduced academic price.

REFERENCES

1. U. Pfeiffer, J. Grzyb, D. Liu, B. Gaucher, T. Beukema, B. Floyd, and
S. Reynold, A 60 GHz radio chipset fully-integrated in a low-cost
packaging technology, Electronic Components and Technology Con-
ference, May, 2003, pp. 1343–1346.

2. J. Grzyb, D. Liu, U. Pfeiffer, and B. Gaucher, Wideband cavity-backed
folded dipole superstrate antenna for 60 GHz applications, IEEE
AP-Symposium Digest, July, 2006, pp. 3939–3942.

3. T. Zwick, D. Liu, and B. Gaucher, Broadband planar superstrate
antenna for integrated millimeterwave transceivers, IEEE Trans An-
tennas Propag 54 (2005), 2790–2796.

4. K.L. Wong and J.Y. Wu, Single-feed small circularly polarized square
microstrip antenna, IEE Electron Lett 33 (1997), 1833–1834.

5. W.S. Chen, C.K. Wu, and K.L. Wong, Compact circularly polarized
circular microstrip antenna with cross-slot and peripheral cuts, IEE
Electron Lett 34 (1998), 1040–1041.

6. X.M. Qing and Y.W.M. Chia, Circularly polarized circular ring slot
antenna fed by stripline hybrid coupler, IEE Electron Lett 35 (1999),
2154–2155.

7. H. Kan and R.B. Waterhouse, Small circularly polarized printed an-
tenna, IEE Electron Lett 36 (2000), 393–394.

8. R.M. Edwards, G.G. Cook, S.K. Khamas, R.J. Aidley, and B. Cham-
bers, Design of circularly polarized printed spiral antenna using dual
objective genetic algorithm, IEE Electron Lett 34 (1998), 608–609.

9. D. Roscoe, L. Shafai, and A. Ittipiboon, Circularly polarized traveling-
wave printed line antennas, IEE Electron Lett 25 (1989), 1407–1408.

10. H. Morishita, T. Iizuka, K. Hirasawa, and T. Nagao, Wideband circu-
larly-polarized rhombic loop antennas with different feed models,
IEEE AP-Symposium Digest, June, 1995, pp. 194–197.

11. H. Morishita, T. Iizuka, K. Hirasawa, and T. Nagao, Circularly-
polarized wire antenna with a dual rhombic loop, IEE Proc Micro-
waves Antennas Propag 145 (1998), 219–224.

12. B. Strassner and K. Chang, 5.8-GHz circularly-polarized dual rhombic
loop traveling-wave rectifying antenna for low power-density wireless
power transmission applications, IEEE Trans Microwave Theory Tech
51 (2003), 1548–1553.

13. B. Strassner and K. Chang, Highly efficient C-band circularly-polar-
ized rectifying antenna array for wireless microwave power transmis-
sion, IEEE Trans Antennas Propag 51 (2003), 1347–1356.

14. R. Li, A. Traille, J. Laska, and M.M. Tentzeris, Bandwidth and gain
improvement of a circularly polarized dual-rhombic loop antenna,
IEEE Antennas Wireless Propag Lett 5 (2006), 84–87.

15. N. Kaneda, Y. Qian, and T. Itoh, A broad-band microstrip-to-
waveguide transition using quasi-yagi antenna, IEEE Trans Micro-
wave Theory Tech 47 (1999), 2562–2567.

16. Y. Suh and K. Chang, A wide band coplanar stripline to microstrip
transition, IEEE Microwave Wireless Compon Lett 11 (2001), 28–29.

17. Agilent Advanced Design System (ADS). Available at: http://www.
eesof. tm.agilent.com/docs/adsdoc2004A/doc.html.

18. Zeland Software, Inc., IE3D electromagnetic simulation and optimi-
zation, user’s manual, 19th ed., Zeland Software, Inc., San Francisco,
CA, 2003.

© 2009 Wiley Periodicals, Inc.

CYLINDRICAL METAMATERIAL-BASED
SUBWAVELENGTH ANTENNA

Aycan Erentok,1 Oleksiy S. Kim,2 and Samel Arslanagic2

1 Department of Mechanical Engineering, Section for Solid
Mechanics, Technical University of Denmark, Building 404, DK-2800
Kgs. Lyngby, Denmark
2 Department of Electrical Engineering, Section for ElectroScience,
Technical University of Denmark, Building 348, DK-2800, Kgs.
Lyngby, Denmark; Corresponding author: sar@elektro.dtu.dk

Received 3 November 2008

ABSTRACT: A subwavelength monopole antenna radiating in the pres-
ence of a truncated cylindrical shell, which has a capped top face and
is made of a negative permittivity metamaterial, is analyzed numerically
by a method of moments for the volume-surface integral equation on the
one hand, and a finite element method on the other hand. It is shown
that a center-fed truncated cylinder, in contrast to an infinite cylinder,
provides subwavelength resonances, thus suggesting the possibility of
having a subwavelength antenna system. © 2009 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 51: 1496–1500, 2009; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
24386

Key words: metamaterial; antenna; subwavelength; epsilon-negative
material; truncated cylinder

1. INTRODUCTION

Over the past decade there has emerged a strong interest in the
research of various classes of artificial materials referred to as
metamaterials (MTMs) such as double-negative (DNG), as well as
epsilon- and mu-negative (ENG and MNG) materials, commonly
termed single-negative (SNG) materials. Significant efforts have
been made to understand the physical properties of these materials
and to exploit them in different applications either when used
separately or in conjunction with conventional double-positive
(DPS) materials, see e.g., [1–4]. In particular, it was demonstrated
that the limitations of DPS materials in the design of subwave-
length structures including waveguides, cavities, scatterers, and
antennas of different canonical shapes, can in principle be over-
come by the use of DNG and/or SNG materials, as well as
combinations of these with DPS materials, see e.g., [3, 4–13].
Specifically, it was found that for subwavelength MTM-based
spheres and infinite circular cylinders, specific resonant modes can
be excited by, e.g., an elementary dipole or an infinite line current,
respectively, or when illuminated by a plane wave, this being in
contrast to the corresponding DPS-based structures. In this respect
it is important to note that the location of the elementary dipole
near-by the subwavelength MTM-based spheres [9] is not impor-
tant for the resonance. However, this is not the case for the infinite
line current which, when located at the center of the subwave-
length MTM-based infinite cylinders, only excites the monopolar
mode that can not lead to resonance [5, 6, 8, 14]. It is also useful
to note that the basic concepts of the subwavelength resonant
features of MTM were also successfully exploited to construct
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