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Introduction
Metamaterial leaky-wave antennas (LWAs), which operate in their fundamental
guided mode (ν = 0), have grown in popularity thanks to their full-space scanning possibilities [1]. Several technologies can be employed to practically implement
this type of antennas, such us microstrip, CPW, CPS or mushroom-like periodically
loaded waveguides [2]. In order to analyze these structures, equivalent circuit models may be used [1]. These models are able to accurately compute the propagation
constant of the structure under analysis, but have some difficulties to obtain the radiation characteristics. Usually, time-consuming full-wave simulations are required
for this last step. In this paper, a novel and efficient modal-based iterative circuital
model is presented for the accurate analysis of the complex propagation constant
related to mushroom-like CRLH LWAs.

Iterative Circuital Model of Mushroom-Like CRLH LWAs
The topology of the proposed parallel-plate waveguide (PPW) CRLH LWA is shown
in Fig. 1 (top). At the bottom, an equivalent circuit for a single unit cell section is
given. The main difference of this circuit with the regular CRLH unit cell model [1]
is the presence of an admittance (Yrad ) in shunt with the series capacitor (CL ). This
admittance represents the coupling of the field inside the loaded PPW to free space
via the slots in the upper metal plane. Its value depends on the physical dimensions
of the antenna, on frequency and on the effective wave-number (keff ) related to the
CRLH transmission-line (TL). Exploiting the assumption of a balanced unit cell,
the other non-dispersive circuital parameters of the unit cell model may be derived
using standard theory of TL metamaterials [1].

Figure 1: Topology of a CRLH LWA comprising a periodically loaded PPW (top)
and its associated equivalent unit cell circuital model (bottom).
.
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In order to compute the dispersive radiation admittance (Yrad ), an equivalent phased
array antenna model is considered. It consists of a one-dimensional periodic array
of infinitely long slots in a metal plane (see Fig. 2).
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Figure 2: Cross-section of one-dimensional periodic array of infinitely long slots in
a metal plane. The slots are fed by dielectrically loaded PPWs.
Using phased-array theory, we assume that all array elements are fed with the same
magnitude and a progressive phase shift. Due to this, it is sufficient to consider a
single unit cell (array element) with imposed periodic boundary conditions in x direction as shown in Fig. 2. Moreover, the imposed phased shift at a given frequency
is determined by the effective wave number on the CRLH TL as ∆ϕ = keff luc + n2π.
Then, the single array element is studied using a modal analysis (MA) approach [3]
combined with the Floquet’s theorem. Specifically, the feeding PPW is excited by
the fundamental waveguide mode with complex amplitude A0 , which propagates
along the guide until it reaches the air discontinuity. There, some energy is reflected
back towards the waveguide, creating an infinite set of discrete modes with complex
amplitudes Bm . In addition, some energy is also coupled to free space. Due to the
periodic boundary conditions of the array element, the magnetic vector potential
which describes this radiation may be expressed as an infinity sum of discrete modes
with complex amplitudes Cn as
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Finally, the slot radiation admittance is computed from the modal amplitudes of
the exciting (A0 ) and reflected (B0 ) waveguide fundamental modes, as
r
luc εr ε0 1 − B0 /A0
Yrad =
.
(3)
g
µr µ0 1 + B0 /A0
In order to demonstrate the accuracy of the proposed MA approach, the radiation
impedance of a slot (gap width equal to 10 mm) placed inside the described phased
array structure (unit cell length equal to 23.54 mm) is shown in Fig. 3, and it is
validated using full-wave data. As can be observed, excellent agreement is found.

Figure 3: Comparison of radiation impedance computed by HFSS and by Modal
Analysis (MA). (a) Fixed frequency f = 3 GHz. (b) Fixed phase shift between unit
cell walls ∆ϕ = 83◦ .
Since the CRLH propagation constant (keff ) and the slot radiation admittance (Yrad )
are related in a complex way, an iterative scheme is proposed to determined these
values for a given geometry. In an initial step, the values of Yrad are computed for
all frequencies assuming keff = 0. Then, the values of keff are updated based on
the current values of Yrad . This procedure is repeated until convergence is reached.
Numerical test have shown that this convergence is usually achieved after just 20−30
iterations.

Analysis of 1D CRLH LWAs
For the sake of validation, let us consider a unit cell with dimensions luc = wuc =
23.54 mm, composed of a parallel-plate waveguide filled by a dielectric material with
relative permitivity ǫr = 1.12 and loaded by a via-hole of diameter dvia = 1.0 mm
and by a slot gap of width g = 0.5 mm (see Fig. 1). The complex propagation
constant related to this unit cell is shown in Fig. 4. The real part of the propagation
constant [Fig. 4 (a)] shows that the structure is balanced, with a transition frequency
placed at 3.0 GHz. In addition, it can be observed that within the frequency region
from 2.2 to 5.9 GHz this magnitude is smaller than the free space wavenumber,
allowing the appearance of leaky-waves. Therefore, the losses [imaginary part of the
propagation constant, Fig. 4 (b)] within this frequency region are caused by leakywave radiation. Note that the proposed approach is able to accurately characterize
these radiation losses, as a function of frequency and of the physical dimensions of
the structure under analysis.
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Figure 4: Dispersive behavior of the CRLH LWA under analysis, computed with the
proposed iterative algorithm after i = 1 and i = 30 (convergence reached) iterations.
(a) Brillouin diagram. (b) Attenuation (radiation) losses versus frequency.

Finally, an antenna composed of ten unit cells is studied. For this purpose, the
theory presented in the previous section is combined with an ABCD matrix approach
[1]. Fig. 5 shows the scattering parameters of the structure, computed with the
proposed iterative algorithm (computation time about 1.5 minutes) and validated
using CST (computation time about 8 hours). As can be observed, very good
agreement is achieved, demonstrating that the proposed method is able to efficiently
and rigourously analyze mushroom-based CRLH LWAs, taking into account the real
physical dimensions of the structure.

Figure 5: Comparison of scattering parameters computed by CST Microwave Studio
(CST MWST) and by the proposed iterative circuital method (EQC) of a single strip
CRLH LWA consisting of ten identical reference unit cells.

Conclusions
In this paper, a novel iterative algorithm has been presented for the analysis of
mushroom-like PPW CRLH leaky-wave antennas. The conventional lossless CRLH
unit cell configuration has been modified, including a series radiation admittance,
which takes into account the coupling from the structure to free space. A phasedarray equivalent model has been introduced to compute this radiation admittance,
which depends on frequency, on the physical dimensions of the structure under
analysis, and on the complex propagation constant of the CRLH unit cell. Then, an
iterative algorithm has been employed to determine the final values of the radiation
admittance and the CRLH complex propagation constant, which are inter-related.
Finally, an antenna composed of ten unit cells has been successfully analyzed with
the proposed approach and validated using CST. The novel technique is accurate,
several order of magnitude faster than full-wave simulations, and provides a deep
insight into the physics of the antenna radiation mechanism.
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