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Transmission Characteristics on Composite Right/Left-Handed
Cylindrical Waveguides Constructed by the Cutoff

TE and TM Modes

Shigeyuki Nishimura, Hiroyuki Deguchi, and Mikio Tsuji*

Abstract—This paper proposes a composite right/left-handed cylindrical waveguide. Negative
permeability is realized by the cutoff TM01-mode in a hollow waveguide, and negative permittivity is
realized by the cutoff dominant TE-mode in a sector waveguide with a ridge. Usefulness of the proposed
cylindrical waveguide is verified from the numerical computations of both the dispersion diagrams and
the transmission characteristics of the structure with finite-number unit cells. Finally, measurement of
the fabricated waveguides is performed for the experimental verification.

1. INTRODUCTION

Metamaterial which is an artificial medium having simultaneously equivalent negative permittivity and
negative permeability has recently received a lot of attention. In 1968, Veselago inspected metamaterials
theoretically in which a backward wave transmits [1], and then in 2000, Smith et al. experimentally
realized a metamaterial by using a split-ring resonator [2]. To date, graphene is investigated as one
of the promising metamaterials for application [3, 4]. On the other hand, to realize left-handed nature
on a transmission line, a composite right/left-handed transmission line (CRLH-TL) which adds both
a series capacitor and a shunt inductor to the original line was first proposed [5]. Then CRLH-TLs
consisting of various shapes have been reported [6–19]. Left-handed waveguides are constructed by
loading capacitive shorted stubs and inductive windows in [6, 7], and also by inserting corrugations [8–
11]. Furthermore, these waveguides are realized by combining TE evanescent mode with the negative-
permeability component [12, 13] and by combining TM evanescent mode with the negative-permittivity
component [14]. The left-handed waveguide constructed by only metal waveguides has been proposed
by using the cutoff TE-mode and cutoff TM-mode indicating negative permittivity and negative
permeability, respectively [20–24].

In this paper, the transmission characteristics of the partially ridge-loaded composite right/left-
handed cylindrical waveguide proposed by us [21–23] are investigated on a ridge shape in detail, and
the composite nature is confirmed experimentally. The proposed waveguide is easily constructed by
connecting two circular waveguides having different cross sections. This corresponds to combining
the section with negative permeability based on the cutoff TM01 mode and the section with negative
permittivity based on the cutoff dominant TE mode in a sector waveguide. The field distributions of
these modes are almost similar, so that matching between these sections is very good. Furthermore, to
achieve a balanced condition without band gap between the left-handed and right-handed pass bands, a
square conductor ridge is introduced in the center of the sector waveguide, thereby adjusting the cutoff
frequency of the dominant TE mode. In the numerical calculation by HFSS, dispersion diagrams of
the CRLH-TL and transmission characteristics of the structure with the finite-number unit cells are
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investigated by varying the structural parameters. Finally, we fabricate the proposed CRLH-TL and
compare its transmission characteristics between the measured and numerical results.

2. CONSTRUCTION OF LEFT-HANDED WAVEGUIDE

Figures 1(a), (b) and (c) show field distributions of the dominant TE11 and higher-order TM01 modes,
and their dispersion characteristics in a hollow cylindrical waveguide with the radius r = 10.12 [mm],
respectively. When a coaxial line is used as input/output waveguides, the field distribution of its
dominant TEM mode is very similar to that of TM01 mode as shown in Fig. 1(b). As a result, TM01

mode can be mainly excited by the coaxial line. If TM01 mode is below cutoff, the waveguide has
equivalent negative-permeability medium which can be expressed as a series capacitor. On the other
hand, the field distribution of the dominant TE11 mode is greatly different from that of TM01 mode,
and yet, the former cutoff frequency is lower than the latter one as shown in Fig. 1. Therefore, to realize
negative permittivity medium based on the cutoff dominant TE mode, the cylindrical waveguide has
to be modified. We propose here to introduce the dominant TE mode in a sector cylindrical waveguide
which is divided into N sections by thin conductor walls. Fig. 2(a) shows their dispersion characteristics
for various N for the conductor-wall thickness d = 2 [mm]. We can see that increase of the dividing
number N makes the cutoff frequency of the dominant TE mode higher. When we take N = 4, its
cutoff frequency is higher than that of the TM01 mode, and its field distribution is almost similar to
that of TM01 mode as shown in Fig. 2(b).

This fact brings that both modes may be transformed to each other with less mismatching on the
connection plane between the TM and TE waveguides. However, the cutoff frequencies between TM01

(a) (b)

(c)

Figure 1. Field distributions of (a) the dominant TE11 mode and (b) the next higher-order TM01

mode on the cylindrical waveguide with the radius r = 10.12 [mm], and their dispersion characteristics
β/k0. (β/ is the phase constant and k0 is the wavenumber in the free space.)
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wall thickness d = 2 [mm]

(a) (b)

N = 4

Figure 2. (a) Dispersion characteristics β/k0 of the dominant TE modes on the N -divided sector
waveguide with the radius r = 10.12 [mm], and (b) filed distributions of the dominant TE mode for
N = 4.

(a) (b) (c)

Figure 3. Distributions of the electromagnetic field on the waveguide loading a ridge. (a) TE10 mode
(rectangular waveguide), (b) the dominant TE mode (sector waveguide), and (c) the dominant TE mode
(4-divided cylindrical waveguide).

mode and the dominant TE mode cannot be equal to each other only by the division. So we introduce a
ridge in the center of the sector guide. The effect is the same with the ridge installed in the rectangular
waveguide as shown in Fig. 3. That is, the cutoff frequency of the dominant TE mode can be lowered by
the ridge effect. Figs. 4(a), (b), and (c) show the dispersion characteristics of the dominant TE mode in
the 4-divided sector waveguide for dependence of the ridge height h, ridge width w, and wall thickness
d, respectively. We can see from this figure that the dispersion characteristic of the dominant TE mode
strongly depends on the ridge height h and wall thickness d, whereas it does not depend on the ridge
width w so much. The trend of the dispersion characteristics for parameters h and d can be explained
by the additional shunt capacitance due to the ridge and variation of the waveguide space due to the
wall thickness, respectively. So we select ridge height h as a parameter controlling the cutoff frequency
of the dominant TE mode. As a result, it is possible to construct the waveguide section with negative
permittivity which expresses a shunt inductor in the same frequency range with the cutoff TM01-mode
waveguide section with negative permeability. Therefore, the composite right/left-handed waveguide is
constructed by combining these sections alternatively.
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Figure 4. Dispersion characteristics of the dominant TE mode for various (a) ridge height h, (b) ridge
width w and (c) wall thickness d.

3. ANALYTICAL RESULTS

3.1. Structure of the CRLH-TL

The unit cell of the proposed CRLH-TL is shown in Fig. 5. The ridge width w and wall thickness d
are fixed at 3mm and 2mm, respectively. The lengths of TE-mode and TM-mode sections are l1 and
l2. The radii of the cylindrical waveguide in the two sections are equal to each other. A hollow coaxial
line which has the same outer radius and characteristic impedance 50 Ω (the inner radius 4.1 mm) is
used as input and output waveguides. In the following section, dispersion diagram is derived from the
Bloch-Floquet theorem under consideration of the higher-order modal coupling between adjacent unit
cells [25], and transmission characteristic is calculated for the guide with the finite 12 unit cells.

3.2. Effects of the Structural Parameters

Figure 6 shows the dispersion diagram βl (l = l1 + l2: the unit-cell length) for various heights of ridge
h, when l1 = 1.0 [mm] and l2 = 10.0 [mm]. It is found from this figure that the left-handed passband
region is formed in the lower-frequency side, while the right-handed passband region is formed in the
higher-frequency side. The band gap exists between both the passbands. In the case of h = 4.7 [mm],
the balanced condition in which the band gap disappears is realized. For ridge height h more than
4.7 mm, the band gap extends from the frequency at the balanced point to the lower frequency side,
whereas for h less than 4.7 mm, it extends from the frequency at the balanced point to the higher
frequency side. This is caused by the fact that the cutoff frequency of the TE dominant mode moves
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Figure 5. Unit-cell structure of the proposed
CRLH cylindrical waveguide.

Figure 6. Dispersion diagrams of the CRLH
cylindrical waveguide for various ridge height h
in the case of l1 = 1.0 [mm] and l2 = 10.0 [mm].

Figure 7. Transmission characteristics for 12 unit
cells in the case of h = 4.7 [mm].

Figure 8. Relation between the lengths of the
TE and the TM sections for various ridge heights
h under the balanced condition.

depending on the ridge height h beyond the cutoff frequency of the TM01 mode insensitive to h. Fig. 7
shows the transmission characteristic for 12 unit cells of the structure fulfilling the balanced condition.
The passband starts from around 8.7 GHz in the left-handed region and smoothly continues to the
right-handed region, keeping low insertion loss.

We next investigate effect of the length of TE-mode and TM-mode sections under the balanced
condition for various heights of the ridge h. Fig. 8 shows the relation between the lengths l1 and l2 for
the fixed value h that fulfills the balanced condition. Using this figure, we can see at a glance that the
band gap exists between the two passband regions in the guide structures not lying on the given curves.

4. EXPERIMENTAL RESULTS

We have fabricated the proposed waveguide with ridge height h = 4.5 [mm] for 12 and 30 unit cells and
measured their transmission characteristics by the vector network analyzer (Agilent Technologies Inc.
E8361C). The photographs shown in Figs. 9(a) and (b) are the whole structure of the fabricated CRLH
cylindrical waveguide and its cross section of the TE-waveguide part (w = 3 [mm] and d = 2 [mm]).
Fig. 10 shows the inside structure of the coaxial exciter. The length of the TE waveguide is l1 = 1.0 [mm],
and the length of the TM waveguide is l2 = 10.0 [mm] (It should be noted that the length of the
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(a) (b)

Figure 9. Photographs of (a) the whole structure
of the fabricated CRLH cylindrical waveguide and
(b) its cross section of the TE-waveguide part.

Figure 10. Inside structure of the coaxial exciter.

(a) (b)

Figure 11. Comparison of the measured transmission characteristics for (a) 12 and (b) 30 cells with
the calculated ones.

TM waveguide of input/output ports is l2/2 = 5 [mm].) Figs. 11(a) and (b) compare the transmission
characteristics for 12 and 30 cells between the calculated and measured results. In the calculated results,
the uniform coaxial line (the outer radius is the same as that of the fabricated CRLH-TL) is considered
as the coaxial exciter, while the measured results are obtained by using the taper coaxial exciter shown
in Fig. 10. Furthermore, the fabricated CRLH-TL is made up by stacking pieces of the TM-mode and
TE-mode sections one by one along four guides cut along an outer wall of the circumference (see Fig. 9),
so that the precision of the guide dimension is not so high. You can see a slight difference between
the reflected characteristics in the frequency near the gap band for these reasons, but the overall filter
characteristics fairly agree with each other, and also the passbands obtained by both results are located
in almost the same frequency range. Therefore, it has been verified experimentally that the proposed
structure works well as a CRLH waveguide.

5. CONCLUSION

We have proposed the right/left-handed composite cylindrical waveguide which is constructed by the
cutoff TM-mode section and cutoff TE-mode section. In the latter section, the 4-divided ridge-loaded
sector waveguide is successfully introduced to match the field distributions between the two modes and
to adjust the cutoff frequency of the TE-mode. Usefulness of the proposed composite waveguide has
been verified from dispersion diagrams and transmission characteristic for the finite-number of the unit
cells.
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