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Abstract: Dual-band composite right/left-handed transmission lines with the nonreciprocal phase shift approximately proportional to the operating frequency are
proposed and demonstrated by using normally magnetized
ferrite microstrip lines. The nonreciprocal phase shift can
be dynamically controlled by changing the externally
applied dc magnetic field. Dynamic change in the nonreciprocal phase gradient along the line enables us to realize
dual-band and unidirectional beam-scanning leaky-wave
antennas without suffering from frequency-dependent
change in the beam direction. A prototype nonreciprocal
metamaterial line using polycrystalline yttrium iron garnet
was fabricated and measured for verification of our basic
concept.
Keywords: dual band; metamaterials; nonreciprocal circuits; periodic structures; phase shifters; unidirectional
traveling wave resonators.

1 Introduction
Metamaterials have been studied and developed in various
kinds of applications where the technology enables us to
design macroscopic constitution relations for artificial
structures/circuits with unit cells of the subwavelength
scale. Composite right/left-handed (CRLH) transmission
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lines [1, 2] are one of metamaterials based on circuit theory,
and the basic concept can apply not only to microwave/
millimeter wave and terahertz wave engineering, but also
to infrared and even optical range to interpret various
electromagnetic phenomena and fundamental mechanism
of wave propagation. The CRLH transmission line can have
two independent resonant systems in series and shunt
branches of the unit cell with resonant frequencies corresponding to zero effective permittivity or zero permeability,
at which we can design transmission-line resonators with
operating frequencies independent of the resonators’ size,
referred to as zeroth-order resonators having uniform ﬁeld
proﬁles along the resonators [3]. When the two resonant
frequencies at zero-permittivity and permeability are the
same, a bandgap appearing in the frequency region
between these resonant frequencies can be eliminated to
accidentally form a Dirac cone with an intersection of
dispersion curves, that is, a Dirac point appearing on the
frequency axis [4–7]. This condition is equivalent to a
matching condition of two impedances between the
transmission line and the inserted lumped elements [4, 5].
Dual-band, or extended CRLH metamaterial lines are also
proposed [8–15], and the design procedures to form two
Dirac points were also given for reciprocal cases [9].
Nonreciprocity to be discussed here means that
transmission coefficients along 1-D waveguides or transmission lines have the differences between two antiparallel directions of wave propagation. In general, the
nonreciprocity originates from a combination of both
broken time-reversal and space-inversion symmetries. To
realize time-reversal asymmetry, gyro-tropic materials
such as ferromagnetic and ferrite materials in the
microwave/millimeter-wave regions and magneto-optic
media in optics have been utilized, and more recently the
operating regions have got into terahertz region [16, 17]. In
some cases, the nonreciprocal phenomena are found in
differences of magnitudes of the coefﬁcients that are
promising for applications to isolators and circulators. In
This work is licensed under the Creative Commons Attribution
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some other cases, the nonreciprocity signiﬁcantly appears
in the argument or phase shift of the complex transmission
coefﬁcients, namely in the phase constants (equivalent to
“wavevectors”) or in the effective refractive indices. Then
the magnitudes of the transmission coefﬁcients may
possess almost identical characteristics.
When nonreciprocal phase-shift in transmission
characteristics is additionally provided to CRLH metamaterial lines, such as by using geometrically asymmetric
and normally magnetized ferrite microstrip lines which
supports edge guided mode propagation due to field
displacement effect [18, 19], position of the Dirac point can
be moved along the horizontal phase constant axis, to the
left or right away from the vertical frequency axis [20, 21].
As a result, we can design nonreciprocal CRLH lines with
positive refractive index in one propagation direction and
negative refractive index in the opposite direction at the
same frequency [20]. Then the round-trip propagation
along such nonreciprocal CRLH lines operating at the Dirac
point automatically satisfy the phase-matching condition,
i.e., resonant condition independently of the resonators’
size, and the resonance shows fascinating ﬁeld proﬁles
with the uniform magnitude and nonzero phase gradient
along the resonator, which lead to manifestation of sizeindependent unidirectional traveling wave resonances
[22]. If the resonant mechanism operates in the “fast wave
region,” i.e., inside the light cone where the phase velocity
exceeds the speed of light in vacuum, the resonator gives
rise to highly efﬁcient unidirectional beam-forming leaky
wave radiation whose beam direction is determined by the
nonzero phase constants at the Dirac point and dynamically controlled by changing the externally applied dc
magnetic ﬁeld to the ferrites [22]. The nonreciprocal metamaterial resonators were implemented to compact and
highly efﬁcient beam-scanning leaky-wave antennas with
frequency-independent beam direction [22, 23], or additional functionality of polarization-plane rotation by
changing the end conditions [24].
Conventional leaky wave antennas using one-way
traveling wave propagation are frequency-selective beam
scanning antennas with very simple configuration, and
even electronically controlled beam-scanning antennas
may suffer from “beam squint” problem in which beam
direction varies with the operational frequency. There have
been many publications on beam squint reduction techniques in the leaky wave antennas, such as by using
frequency-dispersive metasurfaces [25] or metamaterial
lenses [26] as the superstates that were placed above the
original leaky wave antennas to compensate the dispersive
characteristics. Another approach practically realized
ideal, dispersion-less, or linear dispersion curves in the fast

wave region by using active elements with gains, such
as non-Foster circuits [27, 28], in which the group velocity exceeds the speed of light in vacuum in the fast wave
region. However, this kind of approach requires high
electromagnetic power consumption to achieve the
performance. If passive-circuit-based nonreciprocal CRLH
metamaterial lines are designed so that the nonreciprocal
phase-shift is proportional to the operational frequency,
the beam direction of the leaky waves from the unidirectional traveling-wave resonators can be kept constant in
the vicinity of the resonant frequency. That is, the beam
squint can be eliminated based on the passive circuits.
However, the nonreciprocal-metamaterial-based beam
squint reduction technique was applied only to the singleband operation. More recently, dual-band nonreciprocal
CRLH metamaterial lines were designed with two Dirac
points [29]. However, the nonreciprocal phase-shift at dual
bands show a very complicated frequency dependence and
do not have the linear relation. As a result, leaky waves
radiated at lower and higher operating frequencies go to
different directions. If the two Dirac points have the
nonreciprocal phase-shift proportional to the operating
frequency, the beam angles at the dual bands can achieve a
unidirectional direction. In addition, if both tangents of the
nonreciprocities at the dual bands are proportional to
the frequency, beam squint can also be eliminated in the
vicinity of the operation frequencies.
In this paper, we propose and demonstrate dual-band
nonreciprocal CRLH metamaterial lines having two Dirac
points with nonreciprocal phase shift approximately proportional to operating frequencies by using normally
magnetized ferrite microstrip lines. The nonreciprocal
phase shift can be dynamically controlled by changing the
externally applied dc magnetic field to the ferrite. Dynamic
change in the nonreciprocal phase gradient of the fields
along the line enables us to simultaneously realize dualband, unidirectional, and squint-free beam-scanning
leaky-wave antennas. A prototype nonreciprocal CRLH
metamaterial line using polycrystalline yttrium iron garnet
was fabricated and the transmission characteristics were
measured for verification of our basic concept.

2 Basic concept
In this section, we will explain why we need to design and
control a frequency dependence of the nonreciprocal
phase shift of the dual-band CRLH metamaterial transmission lines with the use of schematic of dispersion
diagrams.
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In Figure 1, several examples of typical dispersion diagrams for dual-band nonreciprocal CRLH metamaterial
lines with two Dirac points are shown. In general, sign of
the slope of the dispersion curves is related to the group
velocity and the transmitted power direction. Variables β+
and β− in Figure 1 represent phase constants for dominant
modes along the periodic CRLH line in the positive and
negative propagation directions, respectively. Displacement of dispersion curves due to the nonreciprocity along
the horizontal phase constant axis, deﬁned here by a half
the difference of the phase constants, is given by,
Δβ =

β+ − β− β+ + (−β− )
=
2
2

(1)

In what follows, we call the quantity Δβ “phase-shifting nonreciprocity”. For reciprocal cases, β+ = β− and
Δβ = 0. In Figure 2, some examples of performances in dualband unidirectional traveling-wave resonant leaky wave
antennas using nonreciprocal CRLH metamaterial lines are
shown. We consider two conditions for the nonreciprocity
Δβ; I and II. Condition I is the case where both two Dirac
points in the lower and higher CRLH passbands are on the
same linear line passing through the origin. Condition II is
another case where both tangents of phase-shifting nonreciprocities Δβ at the two Dirac points are proportional to
the frequency with equivalent phase and group velocities
at each Dirac point. Figure 1a shows a general case where
neither condition I nor II is satisﬁed. When we select one of
the intersections of the dispersion curves as an operating
frequency of the size-independent unidirectional travelingwave resonances, the resonator can achieve unidirectional
leaky wave beam scanning at the frequency by changing
the nonreciprocity Δβ, such as by changing the externally
applied dc magnetic ﬁeld to the ferrite, as shown in
Figure 2a. Figure 1b denotes the dispersion diagram

(a)

(b)
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satisfying only condition I. In this case, dual-band unidirectional beam scanning may be realized, but when the
operating frequency is deviated from the Dirac points, we
will suffer from the beam squint problem, as shown in
Figure 2c, due to the dispersive characteristics of the nonreciprocity Δβ. Figure 1c shows the special case where both
conditions I and II are satisﬁed. For the special case,
simultaneous satisfaction of conditions I and II ensures
unidirectional beam scanning as well as beam squint
elimination at dual-bands, as shown in Figure 2b and d.

3 Designed CRLH lines and
demonstration
3.1 Equivalent circuit model and conditions
for formation of two Dirac points
In this section, we briefly introduce how to construct two
Dirac points in the dispersion diagram of nonreciprocal
CRLH metamaterial lines and specifically how to design
dispersion of the phase-shifting nonreciprocity proportional to the operating frequencies. Figure 3a shows an
equivalent circuit model for the unit cell of the nonreciprocal CRLH metamaterial line along the y axis, and
Figure 3b shows schematic of the dispersion curves
without any Dirac points for general cases [27].
In Figure 3a, the length of the unit cell is p, and variables CLc, CLd, and CRd denote capacitances of the designated capacitive elements, and LRd, LLd, and LLc represent
the inductances. The superscript “c” on the right-hand side
of the variables stands for conventional inductive or
capacitive elements used to construct single-band CRLH
metamaterial lines, whereas the superscript “d” denotes

(c)

Figure 1: Schematic of typical dispersion diagrams of dual-band CRLH lines with two Dirac points and frequency dependence of the phaseshifting nonreciprocities Δβ. We here consider two conditions. Condition I is the case where both Dirac points in the lower and higher CRLH
passbands are on the same linear line passing through the origin. Condition II is the case where both tangents of phase-shifting nonreciprocities Δβ at two Dirac points are proportional to the frequency.
(a) General cases where neither condition I nor II is satisfied. (b) The case where only Condition I is satisfied. (c) The ideal case where both
Conditions I and II are satisfied. For the special case, squint-free and unidirectional beam forming at dual-bands can be simultaneously
realized in the leaky wave antennas by using ferrite-based nonreciprocal CRLH metamaterials.
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(a)

(b)

(c)

(d)

Figure 2: Schematic of beam scanning leaky wave antennas based on unidirectional traveling wave resonance using nonreciprocal CRLH
metamaterial 1line.
(a) Single-band beam scanning with a dynamic motion of the Dirac point in the dispersion diagram by changing the externally applied dc
magnetic field. (b) Dual-band unidirectional beam scanning. (c) For the case of Figure 1b, beam directions at lower and higher bands can be set
to the same direction but vary with the operating frequencies due to dispersive nonreciprocity Δβ. (d) The ideal case with dispersion-less
nonreciprocity, as shown in Figure 1c, leads to dual-band unidirectional beam scanning as well as beam squint reduction.

(a)

(b)

Figure 3: An equivalent circuit model and dispersion diagram for the nonreciprocal dual-band CRLH metamaterial lines.
(a) The equivalent circuit model for the unit cell. (b) Typical dispersion curves without any Dirac points.

elements additionally inserted in the unit cell to realize
dual-band operation. In the unit cell, two identical
nonreciprocal transmission line sections having wavevectors βp and βn and characteristic impedances Z p and Z n

microstrip line, and the circuit parameters characterizing
the sections are speciﬁcally determined by the gyromagnetic characteristics of the ferrite and the geometrical
conﬁguration. The parameters including βp and βn must

in the positive and negative y directions have also been
introduced. In the present paper, the nonreciprocal line
section is composed of a normally magnetized ferrite

be previously given before ﬁnding solutions to the
eigen modes for waves propagating along the periodic
CRLH structures, based on Floquet’s theorem. The phase

T. Kaneda and T. Ueda: Dual-band composite right/left-handed metamaterial lines

2101

constants for the periodic structures correspond to the pair
of variables β+ and β− in Figure 1. Under the assumption
that the characteristic impedances of the nonreciprocal
transmission line sections show almost identical characteristics with Z p = Z n = Z 0 = 1/Y 0 , we have general
dispersion curves with signiﬁcantly large bandgaps, as
shown in Figure 3b. To eliminate two bandgaps in the
frequency regions from ωL1 to ωU1 and from ωL2 to ωU2 in
Figure 3b and achieve the formation of two Dirac points at
β = Δβ, as shown in Figure 1, the following two relations
must be simultaneously satisﬁed in the same manner as
reciprocal cases [9],

for the ferrite microstrip line, and in (6) the quantity ωh
represents the “magnetic resonance frequency” proportional to the internal dc magnetic ﬁeld H 0 in the ferrite,
γ is the gyromagnetic ratio, and M S the saturation
magnetization.
In order to specify the frequency dependence of Δβ in
(5), we assign the inductive element LcL in the shunt branch
in Figure 3a for Y1 and series LC resonant circuit including

Z cR Z dL
= ,
Z cL Z dR

(2)

ω2pse + ω2C0 = ω2psh + ω2L0

(3)

For the weakly applied dc magnetic field to the ferrite
where the operating frequency is selected at frequencies
much higher than the magnetic resonance frequency with
the relation ω ≫ ωh , we have dispersive nonreciprocity Δβ,
whose frequency dependence becomes complicated and
looks like Figure 1a [29]. On the other hand, for the strongly
applied dc magnetic ﬁeld to the ferrite where the operational frequency is much lower than the magnetic resonance frequency with ω ≪ ωh , the nonreciprocity Δβ (ω) in
(5) reduces to

where
√̅̅̅
√̅̅̅
√
√
√̅̅̅
c
d
LL
LL
LdR
c
c
d
d
, ZR =
,
ZL =
ZR = Z0, ZL =
c,
d
CL
CL
C dR
1
1
ωpse = √̅̅̅̅̅ , ωpsh = √̅̅̅̅̅,
C dL LdR
CdR LdL
ωC0

(4)

The frequency dependence of the nonreciprocity Δβ is
expressed in terms of admittances of shunt stubs per unit
cell, Y1 and Y2, that are asymmetrically inserted at left- and
right-hand side strip edges, respectively, when looking at
positive y direction, and is given by [23],
Δβ(ω) ≈ jκ

ω (Y 1 − Y 2 ) h
2
c
p

(5)

with
κ=

ωm ω
, ωh = γμ0 H 0 , ωm = γμ0 M S
ω2h − ω2

Y1 =

1
1
, Y2 =
d
jωLcL
jωLL + jωC1 d

(6)

where it should be emphasized that the expression (5)
explicitly shows the phase-shifting nonreciprocity originates from a combination of broken time-reversal and
space-inversion symmetries, in that a factor κ in (5) is an
off-diagonal component of the permeability tensor in
ferrite and related to broken time-reversal symmetry, while
another factor (Y 1 − Y 2 ) indicates the geometrical asymmetry of the waveguides due to broken space-inversion
symmetry. In (5), h denotes the thickness of the substrate

(7)

R

Δβ(ω) ≈

√̅̅̅̅̅̅̅̅̅̅̅̅̅
√̅̅̅̅̅̅̅̅̅̅̅̅̅
v
1
1
v
1
1
=
( + ), ωL0 =
( + ),
Z 0 p CdL CcL
Y 0 p LdL LcL

βp + βn
βp − βn
ω
, Δβ =
v= , β=
2
2
β

LdL and CdR for Y2. Then we have

μ0 ωm h
ω
2LcL ω2h p

(8)

The above expression (8) clearly shows that the nonreciprocity is approximately proportional to the operational frequency ω both at lower and higher Dirac points
that are located far below the magnetic resonance frequency ωh , as ideally illustrated in Figure 1c.

3.2 Designed and fabricated circuit
configuration
In Figure 4, schematic of the designed CRLH metamaterial line, and photograph of the fabricated circuit are
shown. As a commercial software, ANSYS HFSS ver. 19
was utilized in the numerical simulations for 3-D fullvector electromagnetic ﬁeld analysis based on ﬁnite
element method. Conﬁguration parameters designed in
the numerical simulations are given in the following: The
heights of the ferrite and dielectric substrates are both
h = 0.8 mm, their dielectric constants are εf = 15 and
εd = 2.62. The length of the unit cell p = 6.9 mm, the width
of the ferrite rod w = 4.0 mm, the length and width of the
three parallel thin metallic strips in the center microstrip
line are lt = 4.5 mm and wt = 0.3 mm. The length and width
of the shorter inductive stub for Y1 on the left-hand side of
Figure 4b, lsc = 3.0 mm, wsc = 1.0 mm. The length and
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width of longer inductive stubs made of the series LC
tank for Y2 on the right-hand side, lsd = 16.0 mm, and
wsd = 1.0 mm. The lumped-element capacitances
CLc = 2.1 pF, CLd = 1.1 pF, and CRd = 0.5 pF. We assume the
saturation magnetization of the ferrite μ0MS = 175 mT,
and the magnetic loss μ0ΔH = 5 mT. Since the Bloch
impedance of the designed CRLH line was much
smaller than 50 Ω, tapered feeding microstrip lines
with the linearly varying widths were inserted between the designed CRLH line and 50-Ω input/output
ports for impedance matching. Based on the designed
conﬁguration, we fabricated a prototype CRLH metamaterial line, as shown in Figure 4c. We utilized
polycrystalline yttrium iron garnet (YIG) for the ferrite
substrate, and a PTFE substrate (NPC-F260, Nippon Pillar
Packing Co., Ltd.) was used for the dielectric substrate. In
the measurement setup, the dc magnetic ﬁeld was
externally applied to the test circuits by using a neodymium magnet with the dimension of the length of
100 mm, width of 9.0 mm, and height of 50 mm that was
placed just below a cupper plate for a ground plane, and
the magnet was mechanically moved to adjust the
desired magnitude of the external dc ﬁeld.

(a)

(b)

(c)

Figure 4: Schematic of the designed CRLH line and a photograph of
the fabricated circuit for demonstration.
(a) Top view of the designed CRLH line. (b) Perspective view of the
unit cell. (c) Photo of the fabricated line.

3.3 Numerical simulation and experimental
demonstration
Dispersion diagrams extracted from the simulated and
measured phases of the transmission coefficients S21 and
S12 as well as the phase shifting nonreciprocity Δβ are
illustrated in Figure 5. Figure 5a corresponds to nonreciprocal cases with the phase shifting nonreciprocity Δβ ≠ 0,
whereas Figure 5b corresponds to almost reciprocal
cases with Δβ ≈ 0. In the numerical simulation set-up,
the magnetic resonance frequency was selected at
fh = ωh /2π = 3.92 GHz under the internal dc magnetic ﬁeld of
μ0H0 = 140 mT for the nonreciprocal case in Figure 5a,
while the magnetic resonance frequency was fh = 11.2 GHz
under the dc ﬁeld of μ0H0 = 400 mT for the almost reciprocal case in Figure 5b. In the measurement setup, the
external dc magnetic ﬁeld of μ0Hext = 300 mT was
applied to the ferrite for Figure 5a, and μ0Hext = 520 mT for
Figure 5b. Figure 5a and b clearly shows that dual passbands of the CRLH line are well designed in the numerical
simulation and successfully reproduced in the measurement. It is found from Figure 5a that there are no signiﬁcant
bandgaps in the two CRLH passbands, and two Dirac cones
are constructed with the intersection of the dispersion
curves at fD1 = 1.64 GHz, Δβp/π = 0.0188 in the lower
passband and at fD2 = 2.47 GHz, Δβp/π = 0.0339 in the
higher passband. In addition, these intersections of the
curves are found to be located in the vicinity of the same
linear line with the slope of the refractive index of 0.27. It is
noted that there exists a singularity in the nonreciprocity
Δβ around at 2.2 GHz within a band gap between lower and
higher CRLH passbands, as seen in Figure 5a. The singularity is likely to disturb the formation of linearity over the
wideband region in the phase-shifting nonreciprocity.
Figure 5b shows a considerably small nonreciprocities Δβ
both in the numerical simulation and measurement due to
the magnetic resonance frequency fh much higher than the
operational frequency.
In Figure 6, magnitudes of the simulated and
measured transmission and reﬂection coefﬁcients are
plotted. Figure 6a and b shows the numerical simulation
results and Figure 6c and d does the measurement results.
Figure 6a and c denotes the nonreciprocal cases corresponding to Figure 5a, and Figure 6b and d illustrates
almost reciprocal cases corresponding to Figure 5b. It
should be emphasized that simulated magnitudes of the
transmission coefﬁcients S21 and S12 in Figure 6a and b
show almost identical characteristics, regardless of
whether the designed CRLH lines are nonreciprocal or not.
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(b)

Figure 5: Dispersion diagrams and the phase-shifting nonreciprocities that are extracted from the transmission coefficients for the designed
and fabricated dual-band CRLH metamaterial lines.
(a) Nonreciprocal cases with the internal dc field μ0H0 = 140 mT in the numerical simulation, and the externally applied dc magnetic ﬁeld
μ0Hext = 300 mT in the measurement. (b) Almost reciprocal cases with μ0H0 = 400 mT in the numerical simulation and μ0Hext = 520 mT in the
measurement.

In Figure 6c, the transmission coefﬁcients S21 and S12 at
higher frequencies were found to be seriously attenuated
because the dc magnetic ﬁeld applied was nonuniform in
the ferrite. We have conﬁrmed that by replacing the permanent magnet with an electromagnet in order to apply a
uniform dc ﬁeld to the ferrite, both the measured transmission coefﬁcients S21 and S12 successfully recovered with
greater than −3 dB and almost identical transmission in the

(a)

(b)

(c)

(d)

frequency region from 2.4 to 3.6 GHz. In addition, a big
notch is found around at 2.7 GHz in Figure 6b and d for
almost reciprocal cases with sufﬁciently large dc ﬁeld
applied to the ferrite. This is because the Dirac point in the
higher CRLH passband collapsed, and a bandgap appears
due to the impedance-mismatching in which effective
permeability of the CRLH line has been considerably
changed by enhancing the applied dc magnetic ﬁeld.

Figure 6: Magnitudes of transmission and reflection coefficients of the designed and fabricated CRLH lines.
(a) and (b) denote numerical simulation results for nonreciprocal and almost reciprocal cases, respectively. (c) and (d) represent the
measurement results corresponding to (a) and (b), respectively. (a) The internal dc ﬁeld μ0H0 = 140 mT. (b) μ0H0 = 400 mT. (c) The external dc
magnetic ﬁeld μ0Hext = 300 mT. (d) μ0Hext = 520 mT.
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(a)

(b)

(a)

(b)

(c)

(c)

(d)

(d)

Figure 7: Magnitude and phase distribution of the electric field
component Ez observed on a plane a half the substrate thickness
above the ground plane at 1.65 GHz.
(a), (b) Magnitude. (c), (d) Phase distribution. Signal incidence
(a), (c) from the left port 1 and (b), (d) from the right port 2.

To confirm the validity of the simulated dispersion
curves in Figure 5a, simulated magnitude and phase proﬁles of the electric ﬁeld component Ez along the transmission line are observed around at the Dirac points in the
lower and higher CRLH passbands and plotted in Figures 7
and 8, respectively. Figures 7 and 8 represent the ﬁeld
proﬁles measured at 1.65 and 2.47 GHz. The phase distribution in Figure 7c clearly shows the dominant forward
wave mode propagation with wavenumber vector parallel
to the transmitted power direction, whereas that in
Figure 7d represents the backward wave mode propagation
with the wavenumber vector antiparallel to the transmitted
power direction. It is found from Figure 7c and d that their
phase gradients in the longitudinal y direction are found
almost the same. Figure 8 is also the case similar to
Figure 7. Therefore, the observed ﬁeld proﬁles in Figures 7
and 8 clearly show the wave propagation around at Dirac
points with nonzero phase constants. We can also conﬁrm
the validity of the simulation results from the rough estimate of phase gradients along the line in Figures 7 and 8.
Figure 7c and d shows that the phase difference over the
8-cell CRLH line was 0.4 rad and then Δβp = 0.05 rad/cell,
which corresponds to beam angle of θ = sin−1(Δβ/β0) = 12.5°
that was measured with respect to the normal to the planar
line, where β0 is the phase constant in vacuum. On the

Figure 8: Magnitude and phase distribution of the electric field
component Ez observed on a plane a half the substrate thickness
above the ground plane at 2.47 GHz.
(a), (b) Magnitude. (c), (d) Phase distribution. (a), (c) Signal
incidence from left port 1 and (b), (d) from right port 2.

other hand, Figure 8c and d denotes the phase difference
over the line was 0.7 rad and then Δβp = 0.0875 rad/cell,
corresponding to the beam angle of 14.6°. Therefore, we
have conﬁrmed that the beam directions estimated from
the transmission characteristics of the designed nonreciprocal CRLH metamaterial lines at two different frequencies
are found to be almost the same. Thus, we have successfully demonstrated the transmission of dual band nonreciprocal CRLH metamaterial lines having two Dirac points
with phase-shifting nonreciprocity approximately proportional to the operating frequency.

4 Conclusions
In this work, we have proposed and demonstrated dualband nonreciprocal CRLH metamaterial lines with the
phase-shifting nonreciprocity approximately proportional
to the operating frequency by using normally magnetized
ferrite microstrip lines. The nonreciprocity was dynamically controlled by changing the externally applied dc
magnetic field. Dynamic change in the nonreciprocal
phase gradient along the line will enable us to realize
dual-band, unidirectional, and squint-free beam-scanning
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leaky-wave antennas. A prototype nonreciprocal metamaterial line using polycrystalline yttrium iron garnet was
fabricated and the fundamental transmission characteristics were measured for verification of our basic concept. In
the near future, the proposed nonreciprocal CRLH metamaterial lines will be developed further and implemented
in multi-band, unidirectional, squint-free beam-scanning
leaky wave antennas as well as other new applications. Of
course, the basic concept and design procedure treated in
the paper are scalable and not limited in the microwave/
millimeter-wave technologies. They will also be developed
in the terahertz as well as optical regions for potential
applications to multifunctional beam-steering antennas
based on nanotechnologies.
Author contribution: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.
Research funding: This work was supported in part by
Japan Society for the Promotion of Science, Grants-in-Aid for
Scientiﬁc Research (JSPS KAKENHI) Grant Number: 20H02152
and Ministry of Internal Affairs and Communications,
Strategic Information and Communications R&D Promotion
Programme (SCOPE) Grant Number: JP215007003.
Conﬂict of interest statement: The authors declare no
conﬂicts of interest regarding this article.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

References
[1] C. Caloz and T. Itoh, Electromagnetic Metamaterials,
Transmission Line Theory and Microwave Applications, New
York, Wiley and IEEE Press, 2005.
[2] G. V. Eleftheriades and K. G. Balmain, Negative Reﬂection
Metamaterials – Fundamental Principles and Applications,
Hoboken, New Jersey, Wiley-Interscience, 2005.
[3] A. Sanada, C. Caloz, and T. Itoh, “Novel zeroth-order resonance
in composite right/left-handed transmission line resonators,”
Proc. Asia Paciﬁc Microw. Conf., vol. 3, pp. 1588–1592, 2003.
[4] G. V. Eleftheriades, A. K. Iyer, and P. C. Kremer, “Planar negative
refractive index media using periodically L–C loaded
transmission lines,” IEEE Trans. Microw. Theor. Tech., vol. 50,
no. 12, pp. 2702–2712, 2002.
[5] A. Sanada, C. Caloz, and T. Itoh, “Characteristics of the
composite right/left-handed transmission lines,” IEEE Microw.
Wireless Compon. Lett., vol. 14, no. 2, pp. 68–70, 2004.
[6] X. Huang, Y. Lai, Z. H. Hang, H. Zheng, and C. T. Chan, “Dirac
cones induced by accidental degeneracy in photonic crystals
and zero-refractive-index materials,” Nat. Mater., vol. 10,
pp. 582–586, 2011.
[7] M. Memarian and G. V. Eleftheriades, “Dirac leaky-wave
antennas for continuous beam scanning from photonic
crystals,” Nat. Commun., vol. 6, no. 1, pp. 1–9, 2015.
[8] A. Rennings, S. Otto, J. Mosig, C. Caloz, and I. Wolff, “Extended
composite right/left-handed (E-CRLH) metamaterial and its

[17]

[18]

[19]

[20]

[21]

[22]

[23]

2105

application as quadband quarter-wavelength transmission
line,” In Proc. Asia-Paciﬁc Microw, Conf., pp. 1405–1408,
2006. https://doi.org/10.1109/APMC.2006.4429669.
G. V. Eleftheriades, “A generalized negative-refractive-index
transmission-line (NRI-TL) metamaterial for dual-band and
quad-band applications,” IEEE Microw. Wireless Compon. Lett.,
vol. 17, no. 6, pp. 415–417, 2007.
A. C. Papanastasiou, G. E. Georghiou, and G. V. Eleftheriades, “A
quad-band Wilkinson power divider using generalized NRI
transmission lines,” IEEE Microw. Wireless Compon. Lett.,
vol. 18, no. 8, pp. 521–523, 2008.
M. Studniberg and G. V. Eleftheriades, “A dual-band bandpass
ﬁlter based on generalized negative-refractive-index
transmission-lines,” IEEE Microw. Wireless Compon. Lett.,
vol. 19, no. 1, pp. 18–20, 2009.
M. Durán-Sindreu, G. Sisó, J. Bonache, and F. Martín, “Planar
multi-band microwave components based on the generalized
composite right/left handed transmission line concept,” IEEE
Trans. Microw. Theor. Tech., vol. 58, no. 12, pp. 3882–3891, 2010.
M. R. M. Hashemi and T. Itoh, “Dual-band composite right/lefthanded metamaterial concept,” IEEE Microw. Wireless Compon.
Lett., vol. 22, no. 5, pp. 248–250, 2012.
M. Durán-Sindreu, J. Choi, J. Bonache, F. Martín, and T. Itoh,
“Dual-band leaky wave antenna with ﬁltering capability based
on extended-composite right/left-handed transmission lines,”
IEEE MTT-S Int. Microw. Sym. Dig., pp. 1–4, 2013. https://doi.
org/10.1109/MWSYM.2013.6697379.
M. Bemani, S. Nikmehr, and M. Fozi, “A dual-band feed network
for series-fed antenna arrays using extended composite right/
left-handed transmission lines,” IEEE Trans. Antenn. Propag.,
vol. 65, no. 1, pp. 178–189, 2017.
I. Crassee, J. Levallois, A. L. Walter, et al., “Giant Faraday rotation
in single- and multilayer graphene,” Nat. Phys., vol. 20, no. 17,
pp. 48–51, 2011.
A. N. Grebenchukov, V. I. Ivanova, A. V. Suslov, G. I. Kropotov,
and M. K. Khodzitsky, “Broadband terahertz isolator,” IEEE
Trans. Terahertz Sci. Techn., vol. 12, no. 1, pp. 81–86, 2022.
M. E. Hines, “Reciprocal and nonreciprocal modes of
propagation in ferrite stripline and microstrip devices,” IEEE
Trans. Microw. Theor. Tech., vols MTT-19, no. 5, pp. 442–451,
1971.
D. Bolle and S. H. Talisa, “The edge-guided mode nonreciprocal
phase shifter,” IEEE Trans. Microw. Theor. Tech., vols MTT-27,
no. 11, pp. 878–882, 1979.
T. Ueda, K. Horikawa, M. Akiyama, and M. Tsutsumi,
“Nonreciprocal phase-shift composite right/left handed
transmission lines and their application to leaky wave
antennas,” IEEE Trans. Antenn. Propag., vol. 57, no. 7,
pp. 1995–2005, 2009.
H. Kishimoto, T. Ueda, and Y. Kado, “Experimental
demonstration of nonreciprocal phase-shift composite right/left
handed transmission lines using a ferrite-rod-embedded
substrate,” IEEE Trans. Magn., vol. 47, no. 10, pp. 3724–3727,
2011.
T. Ueda, S. Yamamoto, Y. Kado, and T. Itoh, “Pseudo-traveling
wave resonator with magnetically tunable phase gradient of
ﬁelds and its applications to beam steering antennas,” IEEE
Trans. Microw. Theor. Tech., vol. 60, no. 10, pp. 3043–3054,
2012.
T. Ueda, Y. Kubo, T. Kaneda, M. Hara, Y. Takahashi, and T. Itoh,
“Dispersion-free and tunable nonreciprocities in composite

2106

T. Kaneda and T. Ueda: Dual-band composite right/left-handed metamaterial lines

right/left handed metamaterials and their applications to beam
squint reduction in leaky wave antennas,” IEEE Trans. Microw.
Theor. Tech., vol. 67, no. 6, pp. 2227–2237, 2019.
[24] T. Ueda, M. Kamino, T. Kondo, and T. Itoh, “Two-degree-offreedom control of ﬁeld distribution on nonreciprocal
metamaterial-line resonators and its applications to
polarization-plane-rotation and beam-scanning leaky-wave
antennas,” IEEE Trans. Microw. Theor. Tech., vol. 70, no. 1,
pp. 50–61, 2022.
[25] A. Mehdipour, J. W. Wong, and G. V. Eleftheriades, “Beamsquinting reduction of leaky-wave antennas using Huygens
metasurfaces,” IEEE Trans. Antenn. Propag., vol. 63, no. 3,
pp. 978–992, 2015.
[26] N. Memeletzoglou and E. Rajo-Iglesias, “Holey metasurface
prism for the reduction of the dispersion of gap waveguide leaky-

wave antennas,” IEEE Antenn. Wireless Propag. Lett., vol. 18,
no. 12, pp. 2582–2586, 2019.
[27] D. F. Sievenpiper, “Superluminal waveguides based on
non-Foster circuits for broadband leaky-wave antennas,”
IEEE Antenn. Wireless Propag. Lett., vol. 10, pp. 231–234,
2011.
[28] H. Mirzaei and G. V. Eleftheriades, “Arbitrary-angle squint-free
beamforming in series-fed antenna arrays using non-Foster
elements synthesized by negative-group-delay networks,” IEEE
Trans. Antenn. Propag., vol. 63, no. 5, pp. 1997–2010, 2015.
[29] T. Kaneda, T. Ueda, and T. Itoh, “Demonstration of dual-band
nonreciprocal composite right/left-handed transmission lines
with unidirectional wavenumber vectors,” IEEE MTT-S Int.
Microw. Sym. Dig., pp. 176–179, 2019. https://doi.org/10.1109/
mwsym.2019.8700780.

