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Abstract— A metal-insulator-metal (MIM) composite right/lefthanded (CRLH) series-mode zeroth-order resonant antenna
(ZORA) optimized for the 24 GHz ISM band is presented and
compared to a series-fed patch array (SFPA) antenna. The CRLH
ZORA exhibits superior performances for relatively short lengths
(< 3λ0 ) whereas the SFPA may performs better, depending on
the specific design, when the length is very long (> 5λ0 ), so that
the resonant antennas operate as leaky-wave antennas with a
leakage factor proportional to the density of the radiators along
the structure. To our knowledge it the first time that the leakywave operation of an electrically very large “resonator” has been
explicitly identified. The ZORA is particularly recommended for
average electrical sizes in the order of 2λ0 , where it should be
systematically superior to a SFPA.

I. I NTRODUCTION
Composite right/left-handed (CRLH) transmission line (TL)
metamaterial theory [1] has been developed as a new concept
in electromagnetics to implement novel functionality, e.g. in
microwave waveguide and antenna designs. One novel antenna
concept is the zeroth-order resonant antenna (ZORA) [2], [3].
This antenna operates at the transition frequency between the
left-handed (LH) and the right-handed (RH) pass bands of
the CRLH dispersion diagram (Fig. 2). At this frequency the
parallel resonance in the shunt tank and the series resonance
in the series tank of the CRLH unit cell (Fig. 1) lead to
an infinite-wavelength operation (in terms of the fundamental
space harmonic of the periodic structure). Therefore the size
of this antenna is independent of the operation frequency
allowing a simple and efficient design from small to very large
antennas.
Sec. II introduces a metal-insulator-metal (MIM) CRLH unit
cell, designed for the 24 GHz ISM band, and compares its
dispersion diagrams obtained by circuit as well as FDTD and
FEM-based full-wave simulations. In Sec. III, a conventional
electrically large one-dimensional antenna consisting of a
series-fed patch array is designed and compared to the ZORA.
The FDTD simulation results for return loss, radiation pattern
and near fields are discussed, and the two concepts (CRLH
TL ZORA and conventional series array) are compared for

two different antenna sizes in each case. Sec. IV deals with
the particular properties of very long ZOR antennas and their
operation in a leaky-wave mode, although being designed as
resonator structures. Finally, conclusions are given in Sec. V.
II. MIM CRLH S TRUCTURE
Fig. 1 shows the unit cell of the MIM CRLH periodic
antenna structure used in this work. This configuration realizes the series capacitances (CL , equivalent to µ < 0) by
MIM parallel-plate capacitors and the shunt inductances (LL,
equivalent to ε < 0) by stubs shorted by vias to the ground
plane. The ZORA
√is designed to operate in its series mode, i.e.
at ω = ωse = 1/ LR CL , where the structure is terminated by
a short. Here the energy is mainly concentrated in the series
elements (axis of the line). Two anti-parallel stubs are placed in
each unit cell in order to minimize the cross-polarization level,
since the E-field of the the series-mode ZORA is polarized
along the axis of the line, perpendicularly to the direction of
the stubs.
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Fig. 1.
Unit cell of the MIM CRLH (periodic) antenna. (a) T-network
equivalent circuit. (b) Multilayer profile and perspective view.

The antenna is implemented in a Rogers RO 4350/4450
double-layer substrate configuration [Fig. 1(b)]. The lower
layer consists of a 253 µm thick RO 4350 core substrate
with εr = 3.66, while the upper layer consists of a 101 µm
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thick RO 4450 prepreg substrate with εr = 3.72. The unit
cell has a length of p = 1.7 mm, a line width of 700 µm,
a stub length of 1300 µm and a stub width of 500 µm.
The LC parameters extracted at 20 GHz are LR = 0.54 nH,
LL = 0.1 nH, CR = 0.44 pF and CL = 0.081 pF, yielding the
dispersion diagram shown in Fig. 2.
Good agreement between the circuit model approximation
and the full-wave FDTD as well as the lossless full-wave
FEM results have been obtained in a broad frequency range
around the transition frequency, 24 GHz, which is also the
operation frequency for the zeroth-order mode. For frequencies
larger than 30GHz the effective medium model gets more and
more invalid due to the smaller guided wavelength at higher
frequencies and thus the deviation of the circuit model from
the full-wave analysis increases.

Figure 4 depicts the magnetic field component Hy , which is
perpendicular to the propagation direction, in a plane 0.1 µm
above the antennas. The ZORA tends to exhibits a more
uniform field distribution due to its smaller unit cell size. In
contrast, in the SFPA, the magnetic field changes sign between
the microstrip lines and the patches sections of the SFPA,
which results in a lowered radiation efficiency compared to a
single patch antenna.
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Fig. 4. Hy (x, y) field distribution at 24 GHz and 0.1µm above the 15 cell
ZORA (a) and a SFPA of approximately equal size size (b).
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Fig. 2. Dispersion diagram for the structure of Fig. 1, comparing the circuit
model (LC) and the FDTD and FEM results.

III. C OMPARISON

WITH A

S ERIES -F ED PATCH A RRAY

The ZOR antenna, composed of unit cells shown in Fig. 1,
is now compared to a conventional series-fed patch array
(SFPA) antenna. This antenna, which is schematically shown
in Fig. 3, consists of half-wavelength resonant patches serially
connected by microstrip lines at their edges. The phase shift
induced by one unit cell consisting of a patch and a line is 2π
(&low + &high = λe ), so as to ensure phase uniformity between
the elements of the array for broadside radiation.

Zlow

Zhigh

w
Fig. 3. Layout of the series-fed patch array antenna with the geometrical
parameters w = 3.3 mm, !low = 3.1 mm, and !high = 3.5 mm.

Figures 5 and 6 show the return losses and the 2D/3D
radiation patterns of a 59-cell ZORA and of a 15-patch array
antenna of approximately same size (25.5 mm and 27.3 mm,
respectively), at 24 GHz. The two antennas exhibit relatively
similar performances at the frequency of operation (24 GHz),
with slightly higher efficiency and gain in the SFPA case.
More quantitative information is provided in Tab. I for two
different sizes (length/λ0 ≈ 2 and length/λ0 ≈ 8) of both the
ZORA and the SFPA. The following observations can be made
in this table. For the short structures, the ZORA has a higher
directivity and gain (+1.2 dB), with same efficiency, despite
its slightly smaller size, whereas for the longer structures, the
SFPA is superior in terms of both directivity and gain (+1 dB).
A tentative explanation to these observations is given in the
next section.
IV. L EAKY-WAVE O PERATION OF A E LECTRICALLY V ERY
L ONG CRLH R ESONANT A NTENNA
The stronger directivity of the ZORA compared to the SFPA
of same size [3] for a short size (< 3λ0 ) is due to the fact
that the ZORA exhibits a larger effective aperture because
of the uniform zeroth-order field distribution (λg = ∞)
and the continuous radiation along the structure, compared
to the SFPA which is non-uniform and radiates only at the
position of the patches. For electrically very large ZORAs, the
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the smaller density of radiators per unit length, allowing a
larger effective aperture, while all the power of the ZORA has
leaked out before reaching the end of the structure (Fig. 7).
For comparison, one SFPA cell corresponds to 4 ZORA unit
cells. In order to implement even longer CRLH ZOR antennas,
reducing the leakage per unit cell will be subject to further
optimizations.
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Fig. 5. Compared return losses and radiation patterns for a 59-cell ZORA
and of a SFPA 15-patch array antenna of the same overall size at 24 GHz.

Parameter
f0 in GHz
D in dBi
G in dB
ηrad in %
length in mm
length/λ0

ZORA
(15 cells)

SFPA
(short)

ZORA
(59 cells)

SFPA
(long)

24.1
11.8
10.5
75%
25.5
2.04

24.0
11.3
10.1
75%
27.3
2.19

24.1
16.4
14.5
65%
100.3
8.02

24.0
17.2
15.5
68%
100.8
8.06

(a)

(b)

TABLE I
A NTENNA PARAMETERS OF TWO ZORA S WITH 15 AND 59 UNIT CELLS
COMPARED TO AN

z
y

x

$ field distribution at 24 GHz and 0.1µm above the 59 cell ZORFig. 7. |H|
antenna (a) and SFPA of similar size (b).

SFPA OF THE SAME SIZE .

situation is different. Due to the increased spectral density of
resonances (standing waves) located above the light line, most
of the power injected at the input of the antenna propagates
under the form of leaky-waves, which progressively loose
their energy along the structure. Therefore, the standing wave
picture progressively looses its meaning as the length is
increased because the short or open termination at the far end
becomes electrically invisible from the input of the antenna,
yielding an operation condition identical to that of a leakywave antenna. Thus, the reason for the larger directivity of
the long (8λ0 ) SFPA lies in its smaller leakage factor due to

V. C ONCLUSIONS
A MIM CRLH series mode ZORA optimized for the
24 GHz ISM band has been presented and compared to an
SFPA antenna. The CRLH ZORA exhibits superior performance for relatively short lengths (< 3λ0 ), whereas the SFPA
performs better, depending on the specific design, for lengths
larger than 5λ0 , where the resonant antenna starts to operate
as a leaky-wave antenna.
The fact that the overall performances of the two 1D antennas
are relatively comparable motivates further investigations and
optimization of CRLH-ZORAs, especially for 2D arrays where
the CRLH concept already provides a superior scheme for
spatial scalability [8].
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