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etamaterials, which are
broadly defined as artificial-
ly engineered materials that exhibit N
unusual or difficult to obtain electromagnetic o gl
(EM) properties, have spurred a significant research interest over the
past decade [1]-[6]. They are explained in the general context of periodical structures with a periodicity that is
much smaller than the guided wavelength. Their exotic properties include negative or low values of permittivity
(€), permeability (u), and refractive index (1), which are not readily available from conventional materials. These
properties have enabled the development of new concepts and devices and possible utilization in many novel ap-
plications [1]-[6]. For instance, metamaterials with simultaneously negative permittivity and permeability are
referred to as left-handed (LH) materials [1]. By including the right-handed (RH) effects that occur naturally in
traditional materials, a more general model has been proposed as composite right/left-handed (CRLH) structures
[2], [7]. Strictly speaking, all the practical LH media actually falls under the designation of CRLH materials since
their left-handedness only holds in a small frequency band. In some scenarios, the RH region is just too far away,
thus not in the region of interest. The classification of materials can be graphically illustrated with the e—u diagram
shown in Figure 1. It should be pointed out that only the double-positive medium and double-negative medium al-
low the wave propagation while the single negative materials prohibit the wave transmission. The double-negative
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Figure 1. The permittivity-permeability (e—pu)
diagram which shows the material classifications. At the
intersection (point A) it is the zero-index media.

medium (LH material) is characterized by antiparallel
phase and group velocities, negative refractive index
(NRI), and backward-wave propagation, which dif-
fers from the RH material. It is also noted that at the
intersection of the various types of materials, there is
the zero-index media as indicated by Figure 1. Owing
to its infinite wavelength propagation, the zero-index
metamaterial offers some interesting features and ap-
plications that have drawn some special attention in
the community [2], [4], [7]-[9]. Metamaterials have
provided the engineers with a means to manipulate
the material’s intrinsic parameters so as to control and
utilize the propagation of EM waves.

In this article, we focus on the waveguide struc-
tures loaded with metamaterial elements, especially
their wave propagation characteristics and the prac-
tical applications for guided and radiated microwave
components. Here we mainly consider the waveguide
with transverse electric (TE) or transverse magnetic
(TM) propagation modes. Due to the difficulty in
accurately extracting the equivalent circuit from the
waveguide structures, especially after inserting the
metamaterial loadings, this article mainly discusses
their properties from the point of view of materials in
terms of the permittivity and permeability. It is noted
that they may also have other interpretations from dif-
ferent engineering angles. For instance, we can still
analyze them using the equivalent circuits as we did
in several previous papers. We can also use the peri-
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odic structures or coupled resonator theory from filter
synthesis point of view for analysis and design. These
different approaches do not conflict and eventually
should achieve the same design purpose and results.

Basic Types of Metamaterial Elements

The most original and well-known LH material was
proposed by a group in the University of California
at San Diego (USCD) [1]. It consists of the split-ring
resonators (SRRs) and thin copper wires, providing
the negative permeability and negative permittivity,
respectively. The SRRs behave similarly to the reso-
nant magnetic dipoles which can be excited by an axial
magnetic field [10], [11]. In 2004, from a duality argu-
ment, complementary SRRs (CSRRs) were introduced
by Falcone et al. as new metamaterial elements and
have been proven to exhibit negative permittivity [12].
It is noted that the thin copper wire can be considered
as an electric dipole. It also has a dual counterpart,
which is the slot magnetic dipole. The slot has been
used to synthesize transmission line (TL) metamate-
rials and provides the LH capacitance instead of the
consideration of a magnetic dipole. Essentially, they
function in the same way, and sometimes the slot is
meandered in order to increase its effective length.
Figure 2 summarizes all four metamaterial elements
above, which can be considered as two pairs of electric
and magnetic dipoles.

It is important to bear in mind that both permittiv-
ity and permeability are tensors and only one of the
tensor components could be thought to be negative for
the artificial metamaterials synthesized by elements
shown in Figure 2. Specifically, for the orientations
shown in the figure, they can be described as

e, 0 0 e 0 0
e=10 g, 0 |=gl0 & 0| |=ge, (1)
LO 0 e, 0 0 e,
_:u‘xx 0 0 M 0 0
/-7' = 0 “’yy 0 = Mo 0 Mtr 0 = Mo ﬁri (2)
L0 0 pe 0 0

where g, and p, are the free space permittivity and
permeability, () and e,(w;,) are the relative per-
mittivity (permeability) in the transversal and longi-
tudinal directions, and &, and w,, could be negative for
the displayed elements in Figure 2.

Most of the available metamaterial structures,
except the lumped element type [13] and waveguide-
based metamaterials [14]-[17], are synthesized based
on these elements. On the other hand, arbitrarily select-
ing two of them (one electric dipole and one magnetic
dipole) could usually result in a metamaterial realiza-
tion once they are properly oriented. Specifically, there
are four combination methods as shown below.

March/April 2012



Magnetic .
AZ 6
y X
\

g
/

(a)

Electric
Dipole é

(c)

Electric Dipole e
V4

y
(b)

Magnetic
Zz Dipole
X

g

(d)

Figure 2. A summary of the different metamaterial elements that have been used for metamaterial synthesis: (a) SRRs, which
can be considered as equivalent magnetic dipoles, (b) metal wire lines, which are regarded as electric dipoles, (c) CSRRs, which
are considered as equivalent electric dipoles, and (d) slot lines, which can be viewed as magnetic dipoles.

® SRR and Wire dipole: this case is the most original
and widely used combination mode [1].
® SRR and CSRR: one realizing example using SRR
and CSRR is shown in [18]. Due to the difficulty
in arrangement, this combination mode does not
gain much popularity.
Slot dipole and wire dipole: The mushroom struc-
ture as shown in Figure 3(a) falls into this con-
figuration [19], [20]. The mushroom structure
was first proposed by Sievenpiper et al. in [19]
for the realization of high-impedance surfaces.
Many papers have investigated this structure
using the CRLH TL theory [8], [9]. In essence,
the coupling slots can be considered as slot
dipoles providing the negative u, while the vias
can be viewed as wire dipoles which exhibit a
negative e.
Slot dipole and CSRR: One example is shown in
Figure 3(b) [21]. This combination mode is widely
employed in microstrip technology [11].

Note that different configurations listed above
could result in varied performances. Generally speak-
ing, the TL metamaterials based on the CRLH theory
are capable of providing a wider bandwidth compared
with the resonator-type metamaterials. Nevertheless,
those structures are considered lossy therefore ineffi-
cient. One way to increase the efficiency is to switch
to the waveguide structures, which provide a much
higher quality (Q) factor.
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Figure 3. (a) Mushroom structure, which consists of
coupling slots and vias connected to the ground. It has been
demonstrated to be a CRLH structure with an NRI [20].
(b) Planar CRLH structure for composed by interdigital
coupling slots and CSRRs on the ground. It has been used
for wideband filter applications [21].

Waveguide Loaded with Metamaterials

A question arises: why do we choose waveguide struc-
tures to apply the metamaterials? One reason as stated
above is that waveguide exhibits a high Q-factor which
could be utilized to design low loss components with a
good power handling capability. The second reason is

IEEE MiCrowave magazine

41



that the waveguide is able to provide negative permit-
tivity when operated below the cutoff frequency of the
dominant TE mode [14]. It is well-known that rectangu-
lar waveguide can support TE and TM modes with the
dispersion constant satisfying the following relation [22]

wZ
k=w Moy Eeffr Eeff = Sr(l_ g)/ (3)
w

where y, and ¢, are the permeability and permittivity
of the substrate filling inside the waveguide, and w, is
the cutoff frequency for the considered mode. When the
waveguide is operated below the cutoff frequency,
becomes negative and k becomes an imaginary number.
The resulting mode is an evanescent one where the wave
propagation is prohibited. It falls into the e-negative mate-
rial corresponding to second quadrant of the e- diagram
shown in Figure 1. This feature seems to be pointless
to normal waveguide applications while it becomes an
extremely attractive property under the scenario of meta-
material synthesis. We automatically obtain a uniform
e-negative material without introducing any resonant
structures or any additional loss for the frequency range
below the waveguide cutoff [14]. It should be pointed out
the traditional wire arrays, which also follow the Drude
model, can also be used to achieve a nonresonant e-neg-
ative medium [4], and the use of waveguides below the
cutoff is just one of the options which we believe is supe-
rior in terms of simplicity and loss.

Waveguide with SRR Loading

One perceptual intuition is that the negative permeabil-
ity is missing and we only need to introduce a negative-
© material in order to simulate an LH metamaterial in

Waveguide
Environment

SRR Printed
on Substrate

PEC Wall

Figure 4. SRR-loaded waveguide unit-cell that was
originally proposed in [14] in order to excite an LH
passband below the waveguide cutoff frequency. It is
proven to exhibit negative y and negative ¢ inside the LH
passband, which come from the below-cutoff operation and
the SRR, respectively [14].
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waveguide format. Based on this idea, SRRs are inserted
into the waveguide and are placed perpendicularly to
the magnetic field in order to facilitate the excitation
[14], [15]. The configuration of the unit-cell, which was
originally proposed in [14], is displayed in Figure 4. We
re-simulated the structure and found a good agreement
with the conclusion made in [14]. The propagation curves
indicate that there is an LH passband generated around
6.25 GHz where backward-wave propagation can be envi-
sioned as suggested by the dispersion curve. Note that the
waveguide cutoff frequency occurs at around 24 GHz.
The calculated permittivity and permeability based on
S-parameters verify that it is a double negative mate-
rial inside the interested frequency range. The refractive
index clearly demonstrates that it is a one-dimensional
NRI material and phase advance (positive phase) occurs
in the passband.

Waveguide with CSRR Loading

Since the CSRR also exhibits negative permittiv-
ity, it would be interesting to investigate the case of
incorporating CSRRs into the waveguide. Would the
combination of two e-negative materials give rise to
a e-positive material? We simulated the unit-cell of
this structure which is shown in Figure 5(a) [23]. Two
CSRRs are face-to-face oriented in terms of the split
direction and incorporated on the waveguide surface.
It is noted that all the simulation performed here is
based on Ansoft’s High Frequency Structure Simula-
tor (HFSS) software package. Then we retrieved all the
material parameters using the simulated S-parame-
ters [24]. The results are displayed in Figure 5(b)—(d).
Figure 5(b) shows the dispersion curve and attenu-
ation constant which demonstrates that a forward-
wave passband below the cutoff is achieved around
4.8 GHz. For this configuration the waveguide cutoff
frequency is at about 9.8 GHz. Figure 5(c) confirms
our assumption that positive permittivity is obtained
inside this passband. It is interesting to see that by
loading an e-negative material into the waveguide
we can manipulate the original material parameters
resulting in a forward-wave passband far below the
waveguide cutoff, which is very suitable to be utilized
for real applications. We can explain this phenomenon
in this way: first it is well known that a microstrip line
or a parallel-plate waveguide loaded with CSRRs pro-
vides an equivalent e-negative medium [12]. Then we
create a waveguide environment and operate it below
the cutoff frequency. According to (3), since the origi-
nal €, is negative, the resulting &, becomes positive for
the frequency below wy. It can also be interpreted in
the way that CSRR is able to reverse the permittivity
of the original material. Therefore initial e-negative
material below the waveguide cutoff becomes g-pos-
itive after inserting the CSRRs. Figure 5(d) plots the
phase response and refractive index which indicates
that this passband has a negative phase (phase delay)
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and positive index. Outside the passband region below
the cutoff, it is considered as single-negative material
(e-negative and u-positive) corresponding to the stop-
band. The obtained refractive index, as defined by (4)
[2], becomes imaginary and meaningless. It is noted
that we still consider this structure for metamaterial
applications in such a way we employ a metamaterial
structure to engineer the effective material param-
eters and facilitate the wave propagation which is not
easily attainable with traditional technology like the
evanescent wave propagation by inserting capacitive
nontouching fins or post [25], [26].

n==Ve wu. 4

Waveguide with Slot-Line Loading

Now we discuss the third case, where the waveguide is
loaded by slot dipoles etched on the top surface. The unit-
cell configuration is shown in Figure 6(a). To increase the
effective slot length, we modified the original slot to a
meander type slot line. Based on the simulated S-param-
eters, we extracted the dispersion curve and material
parameters as shown in Figure 6(b)—(d) [27]. Figure 6(b)
shows that a balanced condition is achieved where the
LH region and the RH region are seamlessly connected.
Note that this is optimized results. Otherwise a bandgap
would appear between the two regions. The attenuation
characteristic indicates that a very broad passband is
achieved starting from 8 GHz to 14 GHz. The transition
frequency is designed to be 10 GHz. Figure 6(c) shows the
calculated material parameters. The phase response and
refractive index are plotted in Figure 6(d). It is seen that
with the increase of the frequency, the material changes
from double-negative medium, to zero-index medium,
and finally to double-positive medium. In the LH region,
phase advance occurs while phase delay happens in the
RH region. At the transition frequency, the wavelength
goes to infinity. Different from the above two cases, this
design is able to offer a very wide operating bandwidth.
We can also use the CRLH concept to analyze the struc-
ture and the related equivalent circuit is plotted on the
right side of Figure 6(a) [27], [28]. Its dispersion relation
can be determined as [2]

where p is the length of the unit-cell and

1 1
w = 7 = 4
NG VCr L
1 1
W — , w5h=

{
3

CiLr CrLy

There are two frequency points thatare referred toas
the infinite wavelength points (8 = 0) with a bandgap
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Figure 5. CSRR-loaded wavequide unit-cell and its
characters. This structure was originally proposed and
investigated in [23] for the purpose of miniaturized filter
design. (a) Configuration, (b) simulated dispersion and
attenuation constant, (c) calculated effective permittivity
and permeability (real part), and (d) phase response and

refractive index. (Unit-cell parameters: w; =

w, = 0.54 mm, wy =

0.26 mm,
11.7 mm, p = 8§ mm, | = 3.92 mm,

substrate dielectric constant is 2.2, thickness is 20-mil.)
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Figure 6. Interdigital slot-loaded waveguide unit-cell and
its features. (a) Configuration and its equivalent circuit,
(b) simulated dispersion and attenuation constant,

(c) calculated effective permittivity and permeability

(real part), and (d) phase response and refractive index.
(Unit-cell parameters: w, = 0.33 mm, w, = 0.45 mm,

ws = 8.84 mm, p = 8.2 mm, | = 3.3 mm, substrate
dielectric constant is 2.2, and thickness is 20-mil). This
structure was originally proposed and analyzed in [24].
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between them. In the balanced case (v, = wg,) they
are equal to each other and the bandgap vanishes.
Under this scenario choosing interdigital slot is for the
purpose of increasing the LH capacitance.

Waveguide with Wire-Line Loading

For the last case of waveguide loaded with wire
dipoles, we would just draw a conclusion here. Simi-
larly to the case of waveguide loaded with CSRRs, a
forward-wave passband can be generated below the
cutoff frequency. The combination of two e-negative
materials leads to a e-positive operation which enables
the wave propagation below the cutoff frequency. The
related verification has been presented in [17], [29],
where the waveguide miniaturization using wire
dipole arrays are proposed. It also gives a relatively
broad passband compared with the CSRR-loaded
waveguide structures.

Note that there are also other interpretations for the
unit-cells and their related transmission characteris-
tics shown above. For instance, the image parameter
method is used for periodic structures [22] and the
resonance coupling-related wave propagation method
is used for the design of evanescent mode waveguide
filters [25], [26]. For the latter, backward or forward
waves observed in waveguides below cutoff could
be caused by interaction between resonators. As we
stated before, these different explanations do not con-
flict as long as they are consistent and justified.

Finally, we also would like to point out that there are
still some other metamaterial-based waveguide struc-
tures which we did not mention above, for instance,
the dielectric resonator based CRLH waveguide struc-
tures shown in [30]. Another interesting and impor-
tant issue we should address is that all of the analysis
is based on the TE;; mode. When the TM modes are
introduced into the waveguide, everything would be
reversed and it would provide a u-negative environ-
ment when operated below the cutoff frequency [16].
Under this scenario the electric dipole (such as the
CSRRs and wires) loaded waveguide are assumed to
offer an LH passband below the cutoff frequency. This
is also a potentially rewarding direction for metamate-
rial application in the waveguide environment.

Microwave Applications

The metamaterial-based waveguide structures have
led to many novel microwave devices and applica-
tions. This section presents the guided and radiated
applications that utilize their unique properties as
discussed in the previous section. Since traditional
rectangular waveguides are bulky, heavy and it is
not very realistic to etch slots on the surface, the sub-
strate integrated waveguide (SIW), which is a new
but similar guided wave structure synthesized on the
planar substrate with linear periodic arrays of metal-
ized vias, has been chosen in some of the applications
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discussed below. Exactly like the rectangular wave-
guide, the dominant mode of SIW is still TE;; mode
and it possesses a characteristic cutoff frequency [31],
[32]. Half mode SIW (HMSIW), which keeps the half
of the field distribution of the dominant TE;;, mode,
reduces the size of conventional SIW structure nearly
by half without deteriorating the performance [33],
[34]. Both of them can be fabricated using the printed
circuit board (PCB) process and have many advanta-
geous features such as low cost and easy integration
with other circuits.

Before going to the detailed applications, one
important problem which we should pay attention
to is the feeding issue. The feeding of power into the
waveguide can be troublesome since the wave is eva-
nescent particularly in the case where the operating
frequency is well below the cutoff. The way to use
another large waveguide for excitation could lead to
an abrupt change in the waveguide cross-section caus-
ing substantial mismatch [14], [15]. Additional stub-
tuners may be required for better matching [14]. When
direct coaxial probe is adopted to feed the waveguide,
it has to be very close to the metamaterial loadings in
order to enhance the coupling. This problem can be
alleviated a little on the SIW platform [27]. A taper line

Dielectric-Filled
Corrugations

Metal Corners

Rectangular
Waveguide

Stacked Laminate
Pieces (Corrugations)

(c)

between the input microstrip line and SIW can be used
to match the real part and the imaginary part can be
matched by tuning the waveguide length between the
microstrip taper line and the metamaterial loadings.
These techniques can be easily realized using the PCB
technology.

Guided Wave Applications

Waveguide Miniaturization

It is well known that the transversal width of the tra-
ditional TE;, waveguide must be at least a half-wave-
length at the cutoff frequency in the filling material,
through which the field distribution can satisfy the
boundary conditions needed for wave propagation
along the waveguide. By filling either u-negative or
e-negative metamaterials, the transversal width of
this TE;;-mode based waveguide can be arbitrarily
smaller than half of a wavelength in the filling mate-
rial at the original cutoff frequency. This peculiar
behavior has been used for fabrication of miniatur-
ized rectangular waveguides. Figure 7 shows several
miniaturization examples from the literature. The
first one shown in Figure 7(a) uses the SRR arrays
as a p-negative material inserted in the waveguide

17

e

|

Samples of the
Laminate Pieces
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Figure 7. Metamaterial-based waveguide miniaturization examples. (a) Waveguide loaded by SRR arrays [15], (b)
waveguide loaded by spiral arrays (left) and wire dipoles (right) [26], and (c) waveguide loaded by dielectric-filled

corrugations [32].
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Radiation loss can be minimized

by decreasing the slot width and
reducing the effective length (while
the capacitance value can be kept
the same).

46

for miniaturization [15]. The second one shown in
Figure 7(b) employs the spiral resonators and dipole
arrays for the purpose of waveguide miniaturization
[29]. Spiral resonator essentially functions in the same
way as the SRR which is able to provide negative per-
meability, while the wire dipole array is believed to

exhibit negative permittivity which also enables wave
propagation below the waveguide cutoff. Figure 7(c)
demonstrates the possibility of using dielectric-filled
corrugation for waveguide miniaturization [35]. The
corrugation works similarly to the slot dipole which
provides an LH capacitance leading to a metamate-
rial TL supporting wave propagation below the cutoff
frequency.

Figure 8 shows the case of using interdigital slots
etched on the waveguide surface to miniaturize the
waveguide [36]. The introduction of slot dipoles on
the SIW surface allows the implementation of a CRLH
metamaterial TL. Both the full-mode and half-mode
SIW cases have been studied to load the slot dipoles
(interdigital capacitor), in order to realize the CRLH
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Figure 8. The miniaturization of SIW by loading interdigital slot on the waveguide surface [33]. (a) Three-cell SIW model,
(b) half-mode unit-cell configuration, (c) fabricated CRLH SIW and half-mode SIW TLs, and (d) measured and simulated
transmission response of the CRLH SIW TL, which is compared with the unloaded case.
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TL. Balanced condition is achieved to integrate the LH
and RH regions seamlessly so that the passband seems
to be extended to a lower frequency only. Figure 8(d)
shows the measured S-parameters for the full-mode
CRLH SIW TL, which is compared with the original
SIW cutoff frequency. Miniaturization is obviously
obtained. It is noted that radiation loss can be mini-
mized by decreasing the slot width and reducing the
effective length (while the capacitance value can be
kept the same).

Novel Coupler Design

Figure 9 shows a 3-dB backward directional cou-
pler application [36]. It is organized by two pieces
of CRLH half-mode SIW TL placed symmetrically
along the open side with a small gap. Normally
HMSIW TLs with similar configurations can only
provide weak coupling. Here this coupler is oper-
ated in its LH region. Figure 9(c) presents the mea-
sured transmission response of the coupler. Clearly
backward wave coupling is achieved. The electric
field distribution at the operating frequency is plot-
ted in Figure 9(b). Only three stages are used here
to realize a 3-dB coupler. By adopting more stages,
arbitrary coupling is expected to be obtained. It is

L PR T

T
2 3 4 5 6

(') 1cm

noted that outside the LH region the structure is
considered to be lossy.

Figure 10 shows a dual-band rat-race coupler imple-
mented with the CRLH half-mode SIW technology
[37]. It has a ring-type configuration composed of six
unit cells with four ports. Since the CRLH TL section
is able to provide —90° and +90° phase shifts at two
different frequencies as indicated by Figure 10(c),
dual-band operation can be easily achieved. Their
center frequency and bandwidth can be adjusted by
engineering the dispersion curve. Either 180°-out-
of-phase and in-phase operations can be obtained
depending on the excitation port. Figure 10(d) shows
the operating principle. The measured results for the
180°-out-of-phase are displayed in Figure 10(e) and (f).
It is found that good matching and isolation, small
amplitude imbalance are achieved at the two desired
bands. Excellent 180° phase difference has also been
demonstrated.
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Figure 9. Backward-wave directional coupler based on CRLH half-mode SIW TL [33]. (a) Photograph of the fabricated
component, (b) electric field distribution, and (c) measured S-parameters.
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Both the SRR-loaded and CSRR-
loaded waveguide structures can be
used for filter applications since both
of them are able to provide a high-Q
passband below the cutoff frequency.

48

Filter Design

Both the SRR-loaded and CSRR-loaded waveguide
structures can be used for filter applications since
both of them are able to provide a high-Q passband
below the cutoff frequency. However, it is expensive
and difficult to fabricate the SRR-loaded waveguide
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structures. On the other hand, we can use the SIW
technology to easily realize the CSRR-loaded wave-
guide structures at a lower cost by virtue of a planar
structure.

Figure 11 shows a bandpass filter with 3 poles
based on the CSRR-loaded SIW structure fabricated
on the Rogers 5880 substrate with a thickness of 20-mil
[23]. Three pairs of CSRR resonators are face-to-face
oriented and the size of the middle pair is scaled up a
little in order to adjust the resonance frequency. This
filter has a passband located at 5.05 GHz, which is
far below the waveguide cutoff frequency (10 GHz),
and a 3-dB bandwidth of 0.33 GHz. Due to the exis-
tence of the transmission zeros, this filter exhibits
a good selectivity and a stopband rejection better

A
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Figure 10. Dual-band rat-race coupler based on the CRLH hall-mode SIW TLs [37]. (a) Coupler
configuration, (b) photograph, (c) unit-cell dispersion diagram, (d) coupler working principle, (e) measured coupler
S-parameters for out-of-phase excitation, and (f) measured phase response for out-of-phase excitation.
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than 52 dB, as observed from the measured results
shown in Figure 11(b). It is noted that, since the
wave is evanescent, the waveguide length between
the CSRRs actually determines the internal coupling,
while the waveguide length between CSRR and input
microstrip line determines the external coupling. The
filter size is miniaturized in terms of both the trans-
versal dimension and the longitudinal size. Overall
the proposed filter exhibits a quite good performance
and a compact size due to the employment of the
metamaterial or sub-wavelength resonators. Com-
pared with other CSRR filters, such as the one using
CPW technology shown in [38], our proposed filter
exhibits superior performance due to the use of a
high-Q waveguide format.

Figure 12 shows a two-pole dual-band filter
achieved by two different types of CSRRs which are
etched on the surface of the SIW structure [39]. The
CSRRs are face-to-face oriented in terms of the split
direction. The two CSRRs offer two relatively inde-
pendent resonance frequencies where the large one
corresponds to the lower frequency. A two-pole filter
is constructed by arranging two resonators in a cen-
trosymmetric way. To individually control the cou-
pling coefficient, the configuration of the CSRRs can
be adjusted instead of using the square shape [39].
Figure 12(c) shows the measured and simulated results
for the designed two-pole filter. The two passbands
are located at 4.05 GHz and 5.8 GHz. The total filter
size is 0.199 Ay X 0.187 Ay X 0.007 Ao, where A is the free
space wavelength at the lower passband. Good filter-
ing response is achieved. Note that both the location
and bandwidth of this dual-band filter can be adjusted
[39]. It is also observed that each of the two passbands
is followed by two transmission zeros which greatly
improves the selectivity and out-of-band rejection.
Multiband filters can also be realized using the similar
operating scheme.

Figure 13 shows a high-performance planar
diplexer developed based on the SIW structure with
CSRRs etched on the waveguide surface [40]. The
proposed diplexer is operated below the character-
istic cutoff frequency of the waveguide. Note that
the CSRRs in this case are side-by-side reversely
oriented and the middle strip is removed in order
to suppress the propagation of TE;; mode [23]. The
device performance, as demonstrated by its mea-
sured insertion loss (approximately 1.60 dB and
2.30 dB in the two bands), return loss (RL > 12.9 dB),
and isolation (better than 30 dB), is good. High
selectivity and improved out-of-band rejection are
obtained with the help of transmission zeros and
the suppression of TE;; mode. Compact dimension
is also achieved due to the employment of the sub-
wavelength resonators.

In general, the waveguide structures can be com-
bined with the SRRs, CSRRs flexibly and applied
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The filter size is miniaturized in terms

of both the transversal dimension
and the longitudinal size.

for filter realization. Usually these filters are oper-
ated below the waveguide cutoff frequency and
exhibit a very compact size, as demonstrated by the
above cases. But their applications are not limited
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Figure 11. CSRR-loaded SIW three-pole filter [22].
(a) Filter configuration and (b) simulated and measured
filter response with a photograph shown in the inset.
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Figure 12. Single-ring CSRR-SIW dual-band filter [39].
(a) Filter structure, (b) photograph, and (c) simulated and
measured filtering response.
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to these bandpass filters. By operating the SRR and
CSRR metamaterial elements above the waveguide
cutoff frequency, single negative (either u-negative
or e-negative) metamaterial can be obtained which
can be used to design bandstop filters. One illustra-
tive example is shown in Figure 14, where a multi-
band bandstop filter was developed [41].

Port 1

Port 3
Port 2

S-Parameters (dB)

Radiated Wave Applications

Resonator-Type Antennas

The structure shown in Figure 6 where the wave-
guide is loaded by slot dipole can be used to con-
struct the negative order resonance antennas.
Figure 15 shows a family of the SIW negative order

‘,/

0o 1
(b)

— |S11] — [Sz1]
[Sa2l

Frequency (GHz)
(c)

Figure 13. Miniaturized diplexer based on the CSRR-SIW structure [40]. (a) Diplexer configuration, (b) photograph, and

(c) measured S-parameters.
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Frequency (GHz)
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Figure 14. Multistopband filters by SRR-loaded waveguide proposed in [41]. (a) Filter structure and (b) simulated filtering

response.
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Figure 15. Fabricated CRLH SIW slot antennas based on
the negative order mode [38].

resonance antennas [42]. By introducing the inter-
digital slots on the waveguide surface, a CRLH res-
onator-type structure can be realized and negative
order resonances can be created. These antennas are
operated on —1st mode whose resonance frequency
is far below the original waveguide cutoff frequency.
Unbalanced condition is usually selected in order to
push down the LH region for miniaturization. Figure
16 shows the simulated and

measured reflection coeffi-

O E
-5 _
R
\'_:—102— ------- -—- First—1R = - First .
s f (7.26 GHz) (il
— 15 E Zeroth
UF (11.27 GHz)
20 g 1 L 1 1
6 8 10 12 14 16 18
Frequency (GHz)
| -------- Simulation Measurement |

Figure 16. Reflection coefficient and field distribution of
the CRLH SIW open-ended antenna. The antenna works
on the -1st mode [38].

voltage. A cavity-backed slot antenna is created.
Under this configuration the —1st order resonance
switches to a quasi-quarter-wavelength resonator
and the zeroth-order resonance is eliminated since

cient for the one-stage open- ) [T

ended antenna. The electric

field distribution at three -5 -

different resonance frequen-

cies (—1st, Oth, and 1st) is —10¢

also plotted in the inset of -@

the figure. The cutoff fre- :: _155_

quency of the correspond- 2

ing SIW TL is at 11.3 GHz. —20F

A significant degree of min- o5 _ Measurement
iaturization is achieved by : i EEEEE Simulation
an LH region operation. It is _30 - L i | ; | ;
also seen that the —1st mode 6.0 6.5 7.0 7.5 8.0 8.5 9.0

is actually very similar to
the 1st mode in terms of
the field distribution, both
of which appear as a half-
wavelength resonator. This
antenna is very suitable for
multiband application by
using different resonance
simultaneously.

We can also design a
quarter-wavelength resona-
tor for the resonator-type slot
antenna [42]. This is achieved

by closing the boundary and 180

moving the outside bound-
ary close to the center as
indicated by Figure 17(a).
This is because the center
of the half-wavelength slot
antenna always has zero
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Figure 17. (a) Reflection coefficient, filed distribution and (b) radiation patterns in
E-plane and H-plane for the short-ended CRLH-SIW slot antenna. This antenna also
works on the -1st mode [42].
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Figure 18. (1) Gain-enhanced distributed amplifier-based CRLH leaky wave antenna based on a power recycling feedback
scheme [40], (b) unit-cell configuration and photograph of the dielectric resonator based CRLH waveguide leaky-wave

antennas [27], and (c) a stub-loaded LH waveguide slot array leaky-wave antenna [41].

the uniform field is forced to be zero by the boundary
condition. Figure 17 shows the measured and simu-
lated reflection coefficient and radiation patterns
for this short-ended antenna. The —1st order mode
is clearly observed and its resonance frequency is
around 7.75 GHz. The radiation pattern is very simi-
lar to the pattern of a patch antenna. This antenna has
a radiation efficiency of 91% in the simulation and
87% in the measurement. The good efficiency can be

Interdigital

4 z fbroadside
Capacitor

fbackfire

6= —9Q° > Wave Propagation

(a)

attributed to the cavity-backed configuration and a
waveguide-type operation mode.

Leaky-Wave Antennas

Conventional CRLH leaky-wave antennas in microstrip
format is usually lossy therefore inefficient. One way to
improve the efficiency is to use the active circuit and
power-recycling scheme to increase the radiation effi-
ciency [43], [44]. One illustrative example is shown in

o.‘..‘a‘”\uz;b..»- MR R
Back Vi

(b)

Figure 19. (a) The detailed structure and (b) photograph of the CRLH SIW leaky-wave antennas [24].
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Figure 20. (a) The unit-cell dispersion diagram and (b) the simulated and measured S-parameters of the single-side CRLH
SIW leaky-wave antenna [24].
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Figure 21. Measured radiation patterns of the single-side CRLH SIW leaky-wave antenna (a) in the LH region, (b) in the
RH region, (c) E-plane pattern, and (d) H-plane pattern at the transition frequency [24].
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Figure 22. The overall structure and photograph of the fabricated polarization-flexible
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Figure 23. Measured (a) radiation patterns and (b) axial ratio for the CP case of the
polarization-flexible leaky-wave antenna. Backward (LH region) to forward (RH region)
continuous beam scanning with a good CP mode inside the main beam is observed [43].
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Figure 18(a), where a gain-
enhanced power recycling
feedback is employed for
distributed amplifier-based
CRLH leaky-wave antenna
application [44]. Another
approach is to switch to wave-
guide structures. There are
already several waveguide-
based CRLH leaky-wave
antennas that have been pro-
posed, such as the dielectric
resonator based CRLH wave-
guide leaky-wave antenna
shown in Figure 18(b) [30],
and the stub-loaded LH
waveguide slot array leaky-
wave antenna displayed in
Figure 18(c) [45].

However, those metama-
terial leaky-wave waveguide
antennas are relatively com-
plicated. The unit-cell shown
in Figure 6 can be employed
for leaky-wave antenna appli-
cations. We can increase inter-
digital slot width and increase
the length to allow more radi-
ation while keeping the LH
capacitance value unchanged.
Figure 19 shows the designed
unit-cell, antenna structure
and the photograph of the
fabricated SIW leaky-wave
antennas [27]. Note that the
slot can be either etched on
one side or two sides to gen-
erate quasi-omnidirectional
radiation. Figure 20 shows
the dispersion diagram of
the unit-cell and measured
S-parameters of the single-
side leaky-wave antenna. The
dispersion curve shows that
the radiating region corre-
sponds to the area on the left
side of the airline. The LH
and RH regions are separated
by the transition frequency.
Thanks to a balanced design,
backward, broadside and
forward continuous beam
scanning is achieved which
is verified by radiation pattern
shown in Figure 21. An average
radiation efficiency of 82% is
reported for this leaky-wave
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antenna. Half-mode CRLH SIW antennas have also
been proposed and investigated in [27].

We can also modify the proposed CRLH SIW
leaky structure to achieve some interesting func-
tions. A CRLH leaky-wave structure for polariza-
tion-flexible antenna application is proposed in
[46], [47]. The antenna structure is shown in Fig-
ure 22. It consists of two symmetrical waveguide
TLs loaded with series interdigital slots which are
rotated and radiate orthogonal 45° linearly polar-
ized waves. It is able to generate arbitrarily dif-
ferent polarization states by changing the way of
excitation including linear polarization (LP) and
circular polarization (CP). Six different polarization
states, including four LP cases and two CP ones,
have been experimentally verified in [47]. Figure 23
shows the measured radiation patterns and axial
ratio for the CP case. Note that a broad band 90°
directional coupler is used in this case. It is seen
that the main beam of this antenna can be steered
continuously by varying the frequency while main-
taining a low axial ratio (below 3 dB) within the
main beam direction. This leaky-wave antenna
shows some desirable merits such as the simplic-
ity in design, low-cost in fabrication, beam-steering
and polarization-flexible capabilities, providing a
high degree of flexibility for the real application.

Conclusion

This article summarized and reviewed the realiza-
tion and applications of the waveguide-based meta-
material structures. In particular, an overview of
the existing metamaterial elements was presented.
We discussed the possible solutions to enable wave
propagation below the waveguide cutoff frequency
by loading these elements. Then a detailed analy-
sis on those waveguide unit-cells loaded with dif-
ferent metamaterial elements was provided based
on HFSS simulation. Various guided and radi-
ated microwave applications based on these novel
metamaterial-based waveguide structures were
presented. Those obtained simulation and experi-
mental results were found to be in good agreement
with the theoretical prediction. These applications
also demonstrate that the combination of waveguide
structure and metamateials offers an excellent
alternative approach to the design of miniaturized
and high-performance microwave components.
Waveguide has high-power handling capability
and high Q-factor. It also provides a uniform and
lossless e-negative (u-negative) environment when
operated based on the TE modes (TM modes) below
the cutoff frequency. This is a promising and poten-
tially rewarding research topic. We are looking
forward to achieving more truly high-performance
metamaterial devices by taking advantages of these
features in the near future.
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The combination of waveguide
structure and metamateials offers

an excellent alternative approach to

the design of miniaturized and
high-performance microwave
components.
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