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Tunable zeroth-order resonator based on a ferrite
metamaterial structure
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This paper proposes a tunable zeroth-order resonator on a composite right/left-handed transmission line consisting of
a transversely magnetized ferrite substrate periodically loaded by microstrip inductors. Based on the propagation theory of
edge guided modes, the analysis procedure of this structure is introduced. The numerical results demonstrate the tunability
of the resonant frequency by changing the DC bias magnetic field applied to the ferrite. In contrast to previous work, the
proposed structure is easy to design and fabricate and does not require a chip component.
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1. Introduction
Over the last decade, the composite right/left-handed

(CRLH) metamaterials with positive, negative, and zero prop-
agation constants, have attracted considerable attention in op-
tics, physics, and microwave engineering.[1–3] They often con-
sist of periodic arrays of metallic particles effectively behaving
as a homogeneous transmission line, for example, a transmis-
sion line periodically loaded with series capacitors and shunt
inductors.[4]

Most CRLH transmission lines suffer from important
drawbacks such as a narrow frequency band of operation and
a lack of the ability to frequency-tune essential properties. Re-
cently, the negative effective permeability values of ferrite ma-
terials at microwave frequencies and their dependences on ap-
plied bias field make these media a prime candidate for the im-
plementation of tunable CRLH lines. For example, a tunable
metamaterial consisting of ferrite slabs and copper wires was
proposed in Ref. [5]. Some work has been reported by Kodera
and Caloz[6,7] using a uniform ferrite-loaded open waveguide
structure with a CRLH response. Left-handed transmission
lines have also been realized by using a ferrite slabs in a copla-
nar waveguide (CPW) structure.[8]

As an application of the CRLH transmission line, the
zeroth-order resonator (ZOR) whose resonant condition is
based on achieving zero propagation constant, has been con-
sidered in some previous work. In this resonator, the resonant
frequency is independent of the total physical length. Hence
it can be very compact, especially at lower frequencies. Some
works[9,10] have reported on ZORs formed by cascading left-
handed unit cells in microstrips and CPW configurations.

In this paper, we present a novel tunable ZOR based on
a ferrite CRLH microstrip line. The tuning nature of the pro-

posed resonator is due to the dispersive permeability of the
ferrite substrate.

The remainder of the present paper is organized as fol-
lows. In Section 2 the geometry of the proposed tunable
CRLH transmission line and its behaviors are presented. In
Section 3, the ZOR as an open-ended CRLH line is described.
And finally, some conclusions are drawn from the present
study in Section 4.

2. Geometry of the CRLH structure

As shown in Fig. 1, the proposed CRLH line in this paper
consists of a transversely magnetized ferrite microstrip line pe-
riodically loaded by short-circuited inductive stubs on an ad-
joining dielectric substrate. The idea behind this structure is
to realize a left-handed line by emulating a negative capaci-
tance per unit length in the frequency range where inductance
per unit length is already negative due to the properties of the
ferrite itself.

As shown in the Appendix A, for a ferrite microstrip line
on a normally magnetized ferrite substrate (along z), where
the wave propagates along y, there are two kind of modes.
The first mode, which is the desired mode in this paper, is an
edge-guided mode with exponential behavior along x, and the
second mode is a wave-guided mode with sinusoidal behavior
along x, and with a cut-off frequency related to line width.

Within the commonly used approximation where ficti-
tious magnetic walls are inserted along the lateral edges of
the microstrip, the electric and magnetic fields of edge-guided
mode inside the ferrite are given by (see Appendix A)[11]

Ē = jAeµaβx/µ e(−jβy)âz, (1a)
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H̄ =
jAβ

ωµ0µ
eµaβx/µ e(−jβy)âx, (1b)

where

µa

µ
=

ωMω

ω2
⊥−ω2 , µ =

ω2
⊥−ω2

ω2
H−ω2 , (1c)

with

ωH = γH0 + jαω, fH =
γH0

2π
, ωM = γMs,

ω
2
⊥ = ωH(ωM +ωH), f⊥ =

ω⊥
2π

.

In these relations, H0 is the bias magnetic field, Ms is the
saturation magnetization, γ is the gyromagnetic ratio, α is the
Gilbert damping constant that depends on magnetic loss, ∆H,
and A is a constant. Moreover,

β =±k0
√

µεf (2)

is the edge-guided propagation constant where k0 is the free
space wave number and εf is the dielectric constant of the fer-
rite material. The signs “+” and “−” in Eq. (2) denote the
propagations in +y direction and −y direction, respectively.
Take note that both fields show exponential behaviors along x
axis (see Eqs. (1a) and (1b)). From Eq. (1c), in the frequency
range between fH and f⊥, which is the range of interest in this
paper, the real part of permeability (µ) is negative (i.e., the
inductance per unit length of edge-guided mode is negative).

For implementing the negative capacitance per unit
length, the easiest way is to load lines periodically by induc-
tive stubs as shown in Fig. 1.
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Fig. 1. (color online) Geometry of the proposed nonreciprocal
CLRH line. The dashed line shows the left-handed response con-
centrated near the right edge (x = 0) when port 1 is excited.

In this figure, for the propagation in +y, where port 1 is
excited, the left-handed response can be obtained by replacing
β with −|βeff| in Eqs. (1a) and (1b) as

Ē = jAexp
(
−µa

µ
|βeff|x

)
exp( j|βeff|y)âz, (3a)

H̄ =
jAβ

ωµ0µ
exp
(
−µa

µ
|βeff|x

)
exp( j|βeff|y)âx, (3b)

where βeff is the effective propagation constant of the edge-
guided mode in the presence of shorted stubs.

Based on Eq. (3a), the left-handed electric field is concen-
trated near the right edge (x = 0 in Fig. 1). Similarly, for the
propagation in −y, where port 2 is excited, we can show that
the left-handed electric field is concentrated near the left edge
(x = w in Fig. 1), where the shorted stubs are located. In this
case, the electric field is shorted to ground and the transmis-
sion loss is increased. This means that the proposed structure
in Fig. 1 is nonreciprocal and the metamaterial behavior is only
obtained when port 1 is excited.

To verify this scenario, the nonreciprocal structure in
Fig. 1 is simulated by commercial software HFSS based on
the finite element method (FEM). In all simulations we use
an RT/Duroid 5880 as the dielectric layer with a relative per-
mittivity of 2.2 and dielectric loss tangent of 0.0009, and
Yttrium Iron Garnet (YIG) with a saturation magnetization
(4πMs) of 0.173 T, magnetic loss (∆H) of 10 Oe (1 Oe =

79.5775 A·m−1), relative permittivity of 15.3 is used as a fer-
rite layer.

Figure 2 shows the transmission characteristics of the
nonreciprocal CRLH structure, when port 1 is excited. As
shown in Fig. 2(a), the left-handed pass band is found to
range from 1.58 GHz to 2.02 GHz, where the phase velocity
(vp = ω/β ) is negative and the group velocity (vg = ∂ω/∂β )
is positive. Above the frequency of 2.02 GHz, there is found
an RH pass band, where both phase and group velocities are
positive.
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Fig. 2. (color online) Transmission characteristics of the CRLH
structure in Fig. 1, showing (a) propagation constant β in the +y
direction, (b) magnitude of transmission coefficient, with the fol-
lowing parameters: w = 3 mm, wstub = 1 mm, lstub = 4 mm, h =
0.5 mm, the distance between stubs lcell = 2.5 mm, H0 = 600 Oe,
4πMs = 0.173 T, ∆H = 10 Oe, and the number of stubs N = 10.
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Remarkably, there is a gapless transition between the left-
and right-handed range. This means that the proposed struc-
ture works as a balanced CRLH line. This unique trait can
lead to several applications for the proposed structure, such as
couplers, power dividers, and phase shifters.[12] Figure 2(b)
shows the nonreciprocal response with 25-dB isolation, ap-
proximately. Probably, the main reason for the limited iso-
lation is the excitation of the magnetostatic wave allowed by
small z-variations of the fields.[13]

3. Tunable zeroth-order resonator

In a conventional right-handed transmission line (RH
TL), the propagation constant β is always positive and the RH
resonator can only resonate where the physical length of the
structure (l) is a multiple of half a wavelength or, equivalently,
the electrical length (θ = β · l) is a multiple of π . In contrast
to the RH TL, the CRLH transmission line can have β = 0,
β < 0, and β > 0. Therefore, the electrical length can be zero,
negative, and positive correspondingly.

The ZOR is a resonator whose resonant condition is based
on achieving zero propagation constant (β = 0). In this case,
the electrical length θ is zero for each physical length. This is
the unique property for zeroth order resonance.

As shown in Fig. 2(a), at transition frequency between
left- and right-handed range ( f = 2.02 GHz), the propagation
constant β is zero. Therefore, the proposed CRLH structure in
Fig. 1 can be a good candidate for the design of a ZOR.

To show the zero order resonant behavior of the proposed
CRLH structure, the CRLH line in Fig. 1 is open-ended in port
2, and the input impedance in port 1 is given in Fig. 3(a). As
shown in this figure, the open-ended structure of Fig. 1 has a
resonant behavior at transition frequency, where the propaga-
tion constant β and the electrical length θ are zero. Based on
the field distribution given in Fig. 3(b), at this resonant fre-
quency ( f = 2.02 GHz), the guided wavelength is infinite, as
may be seen from the fact that the maximum of the field does
not move along the structure. Note that this wave is a propa-
gating wave since its group velocity, corresponding to the dis-
persion relation in Fig. 2(a), is different from zero.

In fact, by varying the magnetic bias field H0, the pro-
posed CRLH line would experience a rapid change in perme-
ability which can generate a change in the propagation con-
stant. Therefore, a magnetically tunable ZOR based on the
proposed CRLH line can be realized. The tuning capability of
the ZOR is studied for different values of DC magnetic bias
(See Fig. 4). It can be concluded from results given in Fig. 4
that the resonant frequency can be shifted toward higher fre-
quencies when the bias magnetic field (H0) is increased.
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Fig. 3. (color online) Simulated results of the proposed ZOR in
Fig. 1 when port 2 is open, showing (a) input impedance at port 1,
and (b) the field distribution at resonant frequency, with the fol-
lowing parameters: w = 3 mm, wstub = 1 mm, lstub = 4 mm, h =
0.5 mm, the distance between stubs lcell = 2.5 mm, H0 = 600 Oe,
4πMs = 0.173 T, ∆H = 10 Oe, and the number of stubs N = 10.
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Fig. 4. Resonant frequency of the ZOR versus magnetic bias field.

4. Conclusions
In this paper, a ferrite-based composite right/left handed

line is proposed. The main idea behind this structure is to
achieve left-handed behavior by the combination of the neg-
ative permeability of ferrite layer and negative permittivity of
shorted stubs. The numerical results show a balanced meta-
material behavior for this structure. As an application of the
CRLH line proposed in this paper, a tunable ZOR is presented.

Compared with previous structure, the proposed tunable
ZOR is easy to design and fabricate and does not require a chip
component. Therefore, it can be a good candidate for design
of microwave devices.

Appendix A
In this section, a microstrip line on a grounded ferrite sub-

strate, magnetized in the direction perpendicular to the sub-
strate, is considered.[11]

Generally, the sourceless Maxwell’s equations for a
ferrite-based microstrip line in Fig. A1 can be introduced as
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follows:

∇× Ē =−jωµ0 ¯̄µH̄, (A1)

∇× H̄ = jωεĒ, (A2)

∇ · ( ¯̄µH̄) = 0, (A3)

∇ · Ē = 0, (A4)

where the permeability tensor of ferrite is given by

¯̄µ =

 µ jµa 0
−jµa µ 0

0 0 1

 , (A5)

with µ and µa given in Eq. (1c). Inserting Eq. (A5) in
Eqs. (A1) and (A2) for Cartesian coordinate system yields:

− ∂Ez

∂y
+

∂Ey

∂ z
= jωµ0µHx−ωµ0µaHy, (A6a)

− ∂Ex

∂ z
+

∂Ez

∂x
= ωµ0µaHx + jωµ0µHy, (A6b)

−
∂Ey

∂x
+

∂Ex

∂y
= jωµ0Hz, (A6c)

∂Hz

∂y
−

∂Hy

∂ z
= jωεEx, (A6d)

∂Hx

∂ z
− ∂Hz

∂x
= jωεEy, (A6e)

∂Hy

∂x
− ∂Hx

∂y
= jωεEz. (A6f)

If we assume that the width of the microstrip (w) is much
larger than the thickness of the ferrite substrate (h), we can ne-
glect the variation of field along the z direction (∂/∂ z = 0). In
this case, the above equations can be split into two groups, one
with Ez component:

− ∂Ez

∂y
= jωµ0µHx−ωµ0µaHy, (A7a)

∂Ez

∂x
= ωµ0µaHx + jωµ0µHy, (A7b)

∂Hy

∂x
− ∂Hx

∂y
= jωεEz, (A7c)

and the other one with Hz component:

∂Hz

∂y
= jωεEx, (A8a)

− ∂Hz

∂x
= jωεEy, (A8b)

−
∂Ey

∂x
+

∂Ex

∂y
= jωµ0Hz. (A8c)

Solving Eqs. (A7a) and (A7b) for Hx and Hy and then inserting
these two expressions into Eq. (A7c) yield

∂ 2Ez

∂x2 +
∂ 2Ez

∂y2 +ω
2
εµ0

(
µ− µ2

a

µ

)
Ez = 0. (A9)

Inserting Eqs. (A8a) and (A8b) into Eq. (A8c) yields

∂ 2Hz

∂x2 +
∂ 2Hz

∂y2 +ω
2
εµ0 Hz = 0. (A10)

Equations (A9) and (A10) represent TMz and TEz modes for
structure in Fig. A1, where the z direction is the direction of
magnetic bias.

Since the width of the microstrip (w) is much larger than
the thickness of the ferrite substrate (h), most of the fields are
confined into the substrate region between the two metals. So,
the fringing field becomes less important and the walls of x= 0
and x = w can be replaced by boundary perfect magnetic con-
ductor (PMC). Based on the above assumptions, the problem
of microstrip line in Fig. A1 is similar to that of a rectangular
waveguide completely filled with ferrite, when the boundary
conditions are

Hz| x=0
x=w

= 0, Hy
∣∣

x=0
x=w

= 0, (A11a)

Ex| z=0
z=h

= 0, Ey
∣∣

z=0
z=h

= 0. (A11b)

The TEz mode does not satisfy the above boundary con-
ditions, so the only TMz mode propagates in the microstrip
line.
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Fig. A1. A microstrip line on a grounded ferrite substrate, magne-
tized in the direction perpendicular to the substrate.

For the propagation in the y direction, the electric field of
TMz mode in Eq. (A9) has the general solution as follows:

Ez = [Asin(kxx)+Bcos(kxx)]e−jβy, (A12a)

with

k2
x = ω

2
µ0ε

(
µ− µ2

a

µ

)
−β

2,

where A and B are the constants, and β is the propagation con-
stant in the y direction. The Hx and Hy are obtained by insert-
ing Eq. (A12a) into Eqs. (A7a) and (A7b) as

Hx =
1

jωµ0(µ2−µ2
a )

[
jµβEz− jµa

∂Ez

∂x

]
, (A12b)

Hy =
1

jωµ0(µ2−µ2
a )

[
−β µaEz +µ

∂Ez

∂x

]
. (A12c)
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Appling the boundary conditions of Eq. (A11a) to the field ex-
pressions of Eq. (A12c) leads to two groups of modes. The
modes of the first group are named edge-guided modes with
the following propagation constant and electric and magnetic
fields:

β =±
√

ω2εµ0µ, (A13a)

Ē = jAexp
(

µa

µ
βx
)

exp(−jβy)âz, (A13b)

H̄ =
jAβ

ωµ0µ
exp
(

µa

µ
βx
)

exp(−jβy)âx. (A13c)

Based on Eqs. (A13b) and (A13c), the electric and magnetic
fields of edge guided modes show exponential behaviors along
the x direction.

The modes of the second group are named wave-guided
modes with the following propagation constants and electric
fields:

β =±
√

ω2εµ0µ⊥−
(nπ

w

)2
, n = 1,2, . . . , (A14a)

Ē = A
[
sin
(nπ

w
x
)
+

nπµ

wµaβ
cos
(nπ

w
x
)]

exp(−jβy)âz,

(A14b)

where µ⊥ is the effective permeability of these modes, given
by:

µ⊥ =
(

µ− µ2
a

µ

)
. (A15)

The magnetic fields of these modes are obtained by insert-
ing Eq. (A14b) into Eqs. (A12b) and (A12c). Based on
Eqs. (A14a) and (A14b), the wave-guided modes each have
a cut-off frequency related to line width and show a sinusoidal
behavior along the x direction.
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