3298

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 53, NO. 11, NOVEMBER 2005

Rectangular Waveguide With Dielectric-Filled
Corrugations Supporting Backward Waves
Islam A. Eshrah, Student Member, IEEE, Ahmed A. Kishk, Fellow, IEEE,
Alexander B. Yakovlev, Senior Member, IEEE, and Allen W. Glisson, Fellow, IEEE

Abstract—A new application for corrugated waveguides as
left-handed (LH) meta-material guided-wave structures is investigated. The waveguide is operated below the cutoff of the dominant
mode, where the waveguide has an inherent shunt inductance.
The dielectric-filled corrugations are used to provide a series
capacitance, which, along with the shunt inductance, create the
necessary environment to support backward waves. A simple
equivalent-circuit model is constructed, and proves quite accurate
in determining the dispersion, as well as the scattering characteristics of the structure. Experimental verification of the occurrence
of backward waves in the corrugated waveguide is presented. Very
good agreement between the results obtained using the equivalent-circuit model and the full-wave finite-difference time-domain
solution is achieved. The effect of the various design parameters
on the LH propagation bandwidth is investigated. The advantages
and possible applications of the structure are discussed.
Index
Terms—Corrugated
waveguide,
metamaterial
transmission lines, moment methods, periodic structure.

I. INTRODUCTION

W

ITH THE increasing interest in meta-material transmission lines (TLs) [1]–[4] that exhibit negative refraction
resulting in left-handed (LH) propagation [5]–[11], attention
was drawn toward guided-wave structures that manifest the
same behavior [12]–[15]. Such structures have the advantage of
being closed and, thus, have minimal radiation losses and do not
suffer from any extraneous effects. In [13], an LH waveguide
was realized by inserting printed split-ring resonators along
the direction of propagation in the conventional rectangular
waveguide. In terms of the TL equivalent-circuit model, the
reason of using these insertions is to realize series capacitance
and shunt inductance simultaneously within the frequency
range in which LH propagation is desired.
In this paper, the series capacitance is achieved by introducing
dielectric-filled transverse corrugations to the waveguide broad
wall, as shown in the geometry in Fig. 1. Corrugated waveguides
have been traditionally used with corrugated horn antennas [16]
to support hybrid modes that improve the radiation characteristics. With the proper choice of the corrugation parameters, however, they can serve as a capacitive immittance surface instead.
Operating the waveguide below the cutoff frequency, where an

Fig. 1. Rectangular waveguide with dielectric-filled corrugations supporting
LH propagation.

inherent shunt inductance occurs, in the presence of the capacitive corrugations provides the required environment for supporting the LH propagation regime.
In [14], a brief description of the analysis of the corrugated
waveguide using an equivalent TL model was discussed. The
analysis was based on determining the per-unit-length parameters of the equivalent TL model and identifying the passband
and stopband. In addition to the simple circuit model that can accurately predict the behavior of the structure, a full-wave modal
solution of this waveguide was performed in [15], where spectral analysis of the infinite periodically corrugated waveguide
is presented and the dispersion characteristics of the structure
were investigated.
In Section II, the circuit model of the unit cell, i.e., one corrugation, is presented in detail. From the circuit analysis, the propagation constant is estimated. Experimental results illustrating
the occurrence of LH propagating waves are presented in Section III, along with results showing the phase advance phenomenon. The effect of the various parameters on the bandwidth of
the LH operation is also presented in Section III. The results
obtained using the circuit analysis are compared to those obtained using the finite-difference time-domain (FDTD) method
and exhibit very good agreement. Conclusions and discussions
are presented in Section IV.
II. EQUIVALENT-CIRCUIT MODEL
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The physical and electrical parameters of the corrugated
waveguide are given in Fig. 2. The waveguide is assumed to
and
. The corrugation length
be air filled, i.e.,
does not necessarily have a wall-to-wall extent, i.e.,
.
The corrugations are filled with a material having constitutive
parameters and , and have width, depth, and period , ,
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Fig. 2. Rectangular waveguide with dielectric-filled
(a) Transverse section. (b) Longitudinal (top) section.
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corrugations.

and , respectively. The waveguide height is measured from
the corrugation interface to the other wall of the waveguide.
The TL or telegrapher’s equations for the modal voltage and
current of the conventional rectangular waveguide [17] imply
that the equivalent circuit of a differential TL element depends
on the mode type (TE or TM) and the mode state (propagating
mode of the waveor evanescent) [14]. For the dominant
guide, the TL equations may be written as

Fig. 3. Transverse slot loaded with a short-circuited waveguide section.
(a) A cut through one corrugated cell. (b) Equivalent-circuit model.

(1)
where and
are the per-unit-length inductance and capacitance of the equivalent TL, respectively, and may be expressed
as
(2)
where
,
is the cutoff frequency of the waveis constant and
guide dominant mode, and the impedance
depends on the adopted definition of the waveguide characteristic impedance. For the power–voltage definition of the waveis given by
guide characteristic impedance [18],
(3)
It can be readily seen from (2) that, above the cutoff frequency, the conventional series shunt model is obtained.
Below the cutoff, however, a series shunt circuit model rebecomes
flects the evanescent nature of the TE mode since
. Thus, an inherent shunt inductance ocnegative for
curs for the evanescent TE mode. To realize the series shunt
circuit model that supports LH propagation, a capacitive series waveguide discontinuity is required. Transverse broad wall
slots, which are known to be modeled as series loads, may be
loaded with a capacitive impedance to yield the required series
capacitance.
One possible load that satisfies this requirement is a short-circuited waveguide section with cross-sectional dimensions equal
to that of the slot. To support propagating waves and have a
cutoff frequency less than that of the waveguide, the short-circuited waveguide should be filled with a dielectric with sufficiently high permittivity. The slot with the short-circuited section can be regarded as a dielectric-filled corrugation depicted

in Fig. 3(a). A simple equivalent-circuit model for waveguide
transverse slots was constructed in [19] and, thus, the equivalent-circuit model of the corrugation may be obtained as depicted in Fig. 3(b). The LC parallel combination in Fig. 3(b)
models the slot, whereas the transformer accounts for the change
in impedance definition from the main waveguide to the secondary waveguide of the corrugation.
Thus, the admittance introduced by one corrugation may be
given by
(4)
are the propagation constant and the characterwhere and
istic impedance of the corrugation waveguide. For sufficiently
narrow slots and sufficiently small period of the corrugations,
, the effective per-unit-length inductance and
i.e.,
capacitance of the TL model of the corrugated waveguide may
be found using
(5)
Within some frequency range higher than the corrugation
waveguide cutoff and lower than the main waveguide cutoff,
and with the proper choice of the corrugation depth and period,
and
are negative corresponding to a shunt inductance
and series capacitance, respectively. The typical behavior of
the per-unit-length effective parameters is depicted in Fig. 4.
is negaIt is clear that below the cutoff frequency ,
tive, yielding a shunt inductance. Within the frequency range
where the contribution of the capacitance
provided by the corrugation exceeds that of the waveguide
inductance, a series capacitance is achieved and, thus, LH
propagation can be supported. Whereas Fig. 4 shows the case
, different dimensions may result
where

3300

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 53, NO. 11, NOVEMBER 2005

Fig. 4. Typical curves for the effective per-unit-length inductance and
capacitance of the TL model. The scale of the inductance and capacitance is
not the same.

Fig. 5. Manufactured corrugated waveguide prototype showing the artificial
conducting wall, the corrugations inserted in the waveguide, and some pieces of
the laminate before stacking them to form the corrugations.

in
. The propagation constant may thus be
computed in the different frequency ranges using
(6)
elsewhere
and
. In
where
(6), the first and second branches correspond to right-handed
(RH) and LH propagation, respectively, and the third branch
corresponds to evanescence occurring when the per-unit-length
parameters have opposite signs. Alternatively, the propagation
constant may be obtained using the Bloch–Floquet theorem as
(7)
Notice that (6) is the first-order approximation of (7) for a suffiand
can be comciently small period. The frequencies
puted by letting
go to
and 0, respectively, yielding
(8)
which can be solved for these two frequencies numerically.
It is important to notice that for relatively electrically long
slots that have wall-to-wall extent, the effect of the slot admittance is dominated by the short-circuit waveguide admittance.
Moreover, the transformer turns ratio is unity. This facilitates
the analysis of the structure even more, alleviates the need of
determining the slot circuit parameters, and hence, helps speed
up the design procedure using the circuit model.
III. RESULTS
A. Verifications and Experimental Results
To verify the wave propagation below the cutoff, a prototype of the corrugated waveguide was realized as shown in
Fig. 5. The corrugations were built by stacking rectangular
pieces milled off a Rogers high-frequency laminate (RO3010)
and thickness of
having a dielectric constant of
mm. The rectangles have dimensions of
mm
mm. An artificial wall was inserted in a standard
and

Fig. 6. Insertion loss for a rectangular waveguide with and without the
corrugations. The simulation results are plotted for the cases with and without
an air gap between the corrugation and bottom wall.

-band waveguide section of length 8.8 mm to reduce the width
mm and raise the cutoff frequency to
GHz.
to
Fig. 6 shows the measured insertion loss with and without the
corrugations. Experimental results are compared with those
obtained using FDTD commercial software.1 The waveguide
is excited using standard -band adapters connected to an
HP8510 network analyzer.
The discrepancies between the experimental and simulation
results are attributed to the imperfections in the hand-assembly
manufacturing process of this simple prototype, namely, the air
gap between the laminate pieces and the bottom wall of the
waveguide, which is very crucial in the operation of the structure since it is based on the fact that the corrugations are short
circuited. The effect of the air gap on the transmission coefficient is also shown in Fig. 6, where the simulation results with
and without an air gap of 0.1 mm are depicted. Other sources
1QuickWave3D: A General Purpose Electromagnetic Simulator Based on
Conformal Finite-Difference Time-Domain Method, ver. 2.2, QWED Sp. Z
o.o, Warsaw, Poland, Dec. 1998.
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Fig. 8. Corrugated waveguide excited by an incident TE mode of a wider
noncorrugated waveguide. (a) Original geometry. (b) Equivalent-circuit model.
Fig. 7. Comparison between the phase of the transmission coefficient S
a reference waveguide section and a longer section.

of

of discrepancy include the possible nonuniform air gap between
the corrugations and the artificial wall inserted in the waveguide
and the air gaps between the corrugations themselves.
It is worth mentioning that the effect of the dielectric and conductor losses was taken into consideration in the FDTD simulation. That is why the transmission in the LH band experiences
some attenuation, which is dominated by the dielectric losses
(a loss tangent of 0.0023 at 10 GHz). For lossless dielectric,
total transmission is observed in the LH band. The ripples in the
transmission bands are due to the mismatch between the waveguide ports and the corrugated waveguide section, which results
in standing waves that vary the response of the system with frequency.
To verify the phase advance phenomenon within the LH
propagation band, the method suggested in [13] is employed,
for a
where the phase of the transmission coefficient
reference waveguide section is compared to that obtained
for slightly longer sections having four and eight more cells.
The phase advance over a portion of the LH band is plotted
in Fig. 7, as obtained from the simulation. Notice the linear
increase in phase with the increase in the number of cells at
every frequency point.
B. Bandwidth Control and Parametric Studies
The effect of the various design parameters on the LH propagation bandwidth and dispersion characteristics is studied by
considering the setup shown in Fig. 8(a) for which the equivalent circuit is depicted in Fig. 8(b). The broad wall of the port
waveguides and the corrugated waveguide measure 22.86 and
17 mm, respectively. In the equivalent-circuit model, the ports
are designated by the characteristic impedance . Every unit
cell in Fig. 8(b) is made of the circuit in Fig. 3(b). Notice that
the discontinuity is not modeled in the circuit model.
First, the effect of the waveguide height-to-width ratio
is
investigated. Figs. 9 and 10 show that the bandwidth increases as
the air-filled height decreases. This can be explained in terms
of equivalent-circuit model as the per-unit-length inductance

Fig. 9. Effect of the waveguide height b on the dispersion behavior of the
corrugated waveguide. The solid and dashed lines represent the real and
imaginary parts, respectively. The curves are plotted for b (mm) = 6:46; 4:46;
and 2:46 designated by (+), (), and (), respectively.

decreases and, thus,
will change its sign over a wider frequency range. In Fig. 9, the upper frequency
of the LH band
decreases, whereas the lower frequency
is the
increases as
tends to decrease
same. Notice that the stopband
decreases, approaching a balanced condition for the comas
posite waveguide [4], i.e.,
. Indeed, at
mm,
, resulting in a vanishing bandgap. For lower values of ,
is greater than , which causes the LH passband to occur in
, the RH passband in the range
,
the range
and the stopband in the range
, as observed in the
mm in Fig. 9. The narrow stopband in this
case with
case results in a smoother transition from the LH to RH passbands, as shown in Fig. 10(b), compared to the case depicted in
Fig. 10(a). The plots in Fig. 10 also show a comparison between
the circuit model results obtained using Agilent’s Advanced Design System (ADS) [20] and the full-wave FDTD results obtained
using Quickwave 3-D.
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Fig. 11. Effect of the corrugations width-to-period ratio on the dispersion
behavior of the corrugated waveguide. The solid and dashed lines represent
the real and imaginary parts, respectively. The curves are plotted for
w
= 1:27 mm, and p (mm) = 1:37; 1:905; and 2:54 designated by (+),
(), and (), respectively.

Fig. 10. Effect of the waveguide height b on the transmission coefficient S .
(a) b = 6:46 mm. (b) b = 2:46 mm.

An increase in the corrugation width for a fixed period is reflected positively on the bandwidth, as depicted in Fig. 11. This
can be expected since the average capacitance offered by the
increases. However, for a concorrugations increases as
stant width-to-period ratio, varying the period has virtually no
effect on the dispersion characteristics, provided that the narrow
slot approximation is not violated and the period is small relative
to the wavelength. This can be understood from the expression
where the term
is a function of the width-to-peof
riod ratio.
Decreasing the length of the corrugation results in an increase in the corrugation waveguide cutoff frequency and, thus,
an increase in the corrugation wavelength . This results in a
and, consedecrease in the corrugation electrical depth
quently, a positive shift in the LH band. Also, since the corrugation characteristic impedance increases as decreases, the
decreases, and thus, the bandcapacitive susceptance of
width of the LH operation decreases for shorter corrugations.
IV. CONCLUSION
A circuit model analysis for a rectangular waveguide with dielectric-filled corrugations was presented. The results obtained

using the equivalent-circuit model, being in very good agreement with the full-wave FDTD solution, show that this structure
can support LH propagation and predict with high accuracy its
frequency band.
The simplicity of the analysis of this structure makes it an
attractive tool to gain more insight into the physics of the LH
propagation phenomenon in guided-wave structures, especially
since the modal solution of the corrugated waveguide is available. The possibility of designing a dual-band LH waveguide by
using corrugations with different depths either on opposite walls
or alternating on the same wall was also considered. It is also interesting to notice that the dimensions of the waveguide may be
miniaturized while supporting the LH propagating waves.
An interesting potential application for the composite RH/LH
waveguide is its use in waveguide slot antenna arrays, where
the scanning capability can be improved by frequency scanning
through the RH and LH passbands. A well-known problem for
waveguide antenna arrays is the fact that the waveguide wavelength is larger than the free-space wavelength. Thus, the elements are separated by a distance larger than half the free-space
wavelength (to guarantee equiphase excitation), which may lead
to the appearance of grating lobes while scanning the frequency.
In the LH band, the guided propagation constant can be equal
to or larger than its free-space counterpart (in magnitude) and
its gradient with frequency is much higher, allowing large scan
angles with small frequency change. This alleviates the need
to use elements with wide radiation pattern bandwidth since a
small frequency sweep causes a large change in the propagation
constant and, thus, a wide range of progressive phase shift between the array elements. The waveguide slots may be on the
broad wall opposite to the corrugated wall or the narrow wall in
the case of a two-walled corrugated waveguide.
Future study involves deeper investigation of the analysis
of this periodic structure and understanding the behavior of
the supported modes within this environment. Although this
structure may be rather difficult to fabricate as compared to
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other designs, such as split-ring resonator insertions in rectangular waveguide, it triggers the analysis of other structures that
may exhibit the same effect including printed dipoles and slots,
dielectric slabs with holes, strip-loaded dielectric slabs, and
printed dipoles with vias.
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