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Abstract: A critical discussion on the computation of the dispersion diagram in periodic1

one-dimensional guiding structures is carried out. In particular, an analysis is presented of the2

pros and cons of combined methods that make use of full-wave simulations done with commercial3

software packages with further analytical post-processing based on simplifications brought by an4

equivalent circuit model of the structure. Some of the most common methods reported in the literature5

are reviewed and their advantanges and limitations highlighted. Our discussion is complemented6

with several selected numerical examples in order to discuss the most relevant aspects that a potential7

user of these methods should be aware of. Special attention is paid to the relevant role played by the8

high-order coupling between the two halves of a symmetric unit cell of the periodic structure.9

Keywords: Periodic structures; dipersion relation, high-order coupling, glide symmetry10

1. Introduction11

Many practical microwave/antenna devices find their fundamental operating mechanisms12

in the behavior of electromagnetic waves in a periodic environment [1–4]. Examples of this13

are waveguide/printed-line periodic filters [2,5], metamaterial-inspired transmission lines [9,10],14

periodic leaky-wave antennas [11], frequency selective surfaces (FSS) [6], reflect/transmit-arrays [7,8],15

metasurfaces [12], etc. In all these problems, many of the relevant transmission, reflection, and/or16

absorption characteristics of the periodic (or quasi-periodic) finite device can be explained from the17

knowledge of the dispersion diagram of the corresponding infinitely periodic structure. As is well18

known, the treatment of these structures can be reduced to deal only with the unit cell of the periodic19

structure. Thus, in every of the above mentioned problems we can identify a basic propagation20

and/or radiation problem involving discontinuities within a generalized waveguiding system with21

periodic boundary conditions. The waveguiding system can be a standard metallic waveguide [2], a22

generalized waveguide [13,14] (as the one typically found in the treatment of FSSs [15,16]), printed23

lines [10,17], substrate integrated waveguides [18–20], etc. The periodic boundary conditions can24

appear either in the walls of the waveguiding system and/or along the propagation direction (usually25

considered as the longitudinal one). If none of the boundaries of the waveguiding system is open to26

free space, the periodic electromagnetic wave problem can be solved by means of a Floquet analysis27

of the structure [21,22] that involves only a discrete spectrum [24]. If there are open boundaries in28

the waveguiding system, the continuous spectrum should also be taken into account by means of its29

necessary integral representation [3,23,24]. In any case, the dispersion diagram of the periodic structure30

can be obtained after solving the non-linear eigenvalue problem that results from the application of31

Maxwell’s equations with the appropriate boundary conditions to the considered unit cell [3,24].32

Likewise other non-linear electromagnetic eigenvalue problems, the obtaining of the eigenvalues33

requires the searching for complex zeros of a given determinantal equation. In the present problem, the34
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eigenvalues correspond to the wavenumbers of the propagating modes, say kz = β− jα, with β being35

the phase constant and α the attenuation constant (α accounts either for the evanescent/complex nature36

of the mode or for the presence of material and/or radiation losses). As well reported in the literature,37

the zero-searching task in the complex plane is not trivial at all because of its intrinsic difficulty to38

be systematized into a general algorithm that can easily be implemented in an unattended computer39

code [25–27]. Also, most commercial electromagnetic simulators (for instance [28,29]) provide the40

frequency behavior of only the real part of the complex wavenumber (usually, the eigenvalue problem is41

defined by imposing a given phase shift between the boundaries of the unit cell, and the corresponding42

frequency is then computed as an eigenvalue).43

As an alternative to solving the above non-linear eigenvalue problem with its intrinsic44

cumbersome task of searching for zeros in the complex plane, different procedures that make use of45

general-purpose electromagnetic simulators (or measurements) are reported in the literature. One46

of these procedures involves the analysis of the structure with one or two usually large number47

of unit cells in order to extract its dispersion relation from the different values of the transmission48

matrix [18,19,30–32]. Implicit in the above method is the modeling of the periodic structure as a49

cascade of identical two-port (or multi-port) equivalent networks [3,4]. The decomposition in two-port50

equivalent networks is valid when the interaction between adjacent cells is well accounted for by only51

the fundamental mode of the waveguiding structure. If higher order modes and/or the continuous52

spectrum take part in this interaction, then multi-port equivalent networks are necessary [3,33]. In many53

published works on this topic, the application of the above procedures required the implementation of54

in-house computer codes [34–36]. Usually these codes are not easy to be reproduced by (or distributed55

to) other authors and also hard to be generalized to cases other than the particular ones treated56

in the corresponding papers. Certainly, wide distribution and versatility of the software tool are57

two well-known and very relevant characteristics of commercial electromagnetic simulators. In58

consequence, the development of combined approaches that can take advantage of these features of59

commercial simulators and be complemented with some simple in-house post-processing is becoming60

more and more convenient [37–40]. Thus, the main goal of the present work will be to go over61

some of these approaches in order to discuss what is the optimized hybrid method that, making62

use of commercial software, can efficiently provide the dispersion relation of periodic structures63

with/without internal symmetries in their unit cell.64

2. Methods of Analysis65

As it has been mentioned above, there are basically two possible rigorous procedures to obtain the66

dispersion relation of periodic structures [3,4]: i) the solution of the corresponding eigenvalue problem67

associated with a unit cell subject to periodic boundary walls (PBW), and ii) a cascade of multi-modal68

(multi-port) equivalent networks. This second approach is the one reported in the literature when69

the dispersion diagram of the periodic structure is computed from the full-wave simulation results70

of a macro-cell made up of several unit cells [18,19,37–39], and will be the subject of discussion of71

the present work. Certainly, the full-wave simulator employed to characterize the macro-cell does72

take into account all the possible interactions between adjacent cells (which justifies its identification73

with a cascade of multi-port equivalent networks). This method has several drawbacks such as the74

intense computational load required to analyze a macro-cell involving many unit cells (as required75

in many practical problems) [39,41], the appearance of spurious solutions, and the ambiguity of the76

phase constant outside the first fictitious Brillouin zone imposed by the repetition of the unit cell [39].77

These inherent difficulties have motivated the search for approaches that can overcome them, as for78

example those reported in [39,41]. The procedure given in [39] can solve the drawback related to79

the appearance of spurious solutions at the expense of increasing the computational load. However,80

the procedure reported in [41] apparently overcomes all the mentioned drawbacks given that it only81

involves full-wave simulations of a single unit cell (or even half this unit cell under appropriate82

symmetry conditions) bounded by electric and/or magnetic walls along the direction of periodicity.83
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Unfortunately, the authors of the present work have not been able to reproduce the expected good84

results of [41] in their own research and have found some reasons to justify this fact. The theoretical85

and numerical results of the authors in this research are next discussed.86

(a)

(b)

(c)

Figure 1. Periodic structure under study, period p. (a) Cascade of 1-port equivalent networks.
(b) Cascade of multi-port equivalent networks. (c) Possible actual appearance of the physical periodic
structure with just 3 unit cells.

An example of a possible periodic configuration of interest within the frame of the present work87

is shown in Fig. 1(c). This arrangement consists of a section of three unit cells of a longitudinally88

periodic structure (along z-direction). The figure can represent the transverse cut of a parallel-plate or89

rectangular waveguide with vertical stubs as well as the top view of the metallic pattern of a printed90

line with stubs at the right and left sides. The structure can be modeled by a cascade of equivalent91

networks as shown in Figs. 1(a) and (b), where part (a) corresponds to a cascade of two-port networks92

and part (b) to a cascade of multi-port networks. In Fig. 1(b) it is assumed that port (1) is associated93

with the fundamental mode, port (2) with the first higher-order mode, and so on. As usual, the input94

and output ports of the whole structure are associated with the fundamental mode. In the example95

of Fig. 1(b), the interaction between adjacent cells is assumed to be accounted for by both the first96

and second modes, with the remaining modes being considered “localized” modes and therefore97

only contributing as lumped elements in the equivalent network [15,33,42]. Clearly, the network98

shown in Fig. 1(a) is a simplification of the one in Fig. 1(b) provided that the fundamental mode is99

the only relevant mode in the interaction between adjacent cells, as assumed in many works in the100

literature [43].101

Next, two commonly used methods to obtain the dispersion relation of waveguiding periodic102

structures along the longitudinal direction will be presented and critically discussed. Both103

methods combine full-wave simulations coming from commercial electromagnetic solvers with some104

post-processing to give the dispersion relation of the structures in a systematic way.105

2.1. Method A106

For a generic periodic configuration as the one in Fig. 1(c), and assuming that an appropriate
deembedding procedure has been implemented [18,19] to cancel out the undesirable effects caused by
the practical feeding of the structure, a very general and efficient method proposed in the literature to
obtain the dispersion diagram is based on the full-wave simulation of the N-cell structure to obtain,
in a first step, the corresponding total transmission matrix associated with the input and output
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fundamental mode. This transmission matrix, [TN ], corresponding to a cascade of N unit cells can
formally be written as

[TN ] = [T]N (1)

where [T] stands for the unit-cell ABCD matrix corresponding to the fundamental mode in an scenario
where the higher-order mode interaction between cells has been appropriately taken into account. It
should be noted that, only under this assumption, the cascade of multi-port equivalent networks has
formally been expressed as a cascade of “effective” two-port ABCD matrices [as in Fig. 1(a)], which
would be computed as

[T] = N
√
[TN ] =

[
Ap Bp

Cp Dp

]
(2)

where the subindex p indicates that the elements refer to a region of length p (that is, the period of
the unit cell). The term “effective” comes along with this [T] matrix to point out that this matrix is
not the standard ABCD matrix of an isolated unit cell interacting with adjacent cells only through
the fundamental mode (indeed, the “effective” [T] matrix depends on the number of unit cells in the
cascade). The dispersion relation of the periodic configuration would then be given by [3,4]

cosh(γp) =
Ap + Dp

2
(3)

or by the spurious-free procedure given in [39]. In the above equation γ is the propagation constant,107

which is related to the wavenumber by γ = jkz = jβ + α.108

(a)

(b)

(c)

Figure 2. Periodic structure with a symmetry plane at the middle of the unit cell.

2.2. Method B109

In the above discussion of the periodic generic configuration of Fig. 1, it was implicitly assumed
that the procedure reported in [41] could not be applied because of the lack of symmetry in the unit cell.
However, if the unit cell does have symmetries as those shown in Figs. 2(b) and (c), then the authors
in [41] propose to exploit this symmetry to express the dispersion relation in terms of the properties of
just one half of the unit cell. Following [41] it will be assumed the existence of a cascade of one-port
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transmission matrices as in Fig. 2(a), where the symmetry of the unit cell is reflected by the following
form of the matrices:

[T′] =

[
Ap/2 Bp/2
Cp/2 Dp/2

]
, [T′′] =

[
Dp/2 Bp/2
Cp/2 Ap/2

]
. (4)

where the subindex p/2 stands for the fact that only half the unit cell is considered for the definition of
each of these auxiliary transfer matrices. The transmission matrix of the global unit cell is then given
by

[T] = [T′][T′′] =

[
Ap/2Dp/2 + Bp/2Cp/2 2Ap/2Bp/2

2Cp/2Dp/2 Ap/2Dp/2 + Bp/2Cp/2

]
(5)

and the corresponding dispersion relation can be written as

cosh(γp) = Ap/2Dp/2 + Bp/2Cp/2 = 2Ap/2Dp/2 − 1 (6)

(taking into account the general condition AD− BC = 1). If we now consider the identity

cosh(γp) = 2 cosh2(γp/2)− 1 (7)

it can be concluded that
cosh(γp/2) =

√
Ap/2Dp/2 . (8)

This dispersion equation is exactly the same as the one given in [41, Eq. (6)] (note that the minimum110

period was denoted as 2p in [41] and p in this work). In principle we can compute the product111

Ap/2Dp/2 from the scattering parameters provided by the full-wave simulation of half the unit cell112

when considered isolated. However, if we proceed this way, all the higher-order interactions between113

the two halves of the unit cell will be ignored.1114

Alternatively we could have proceeded in the manner reported in [41] by introducing a short/open115

circuit in the structure in order to compute Ap/2Dp/2 in terms of the so-called Zel and Zmag [41]. These116

are the input impedances of the one-port network obtained by substituting the symmetry plane with117

a short circuit (Zel) or an open circuit (Zmag). This procedure is found equivalent to starting with118

the whole unit cell and then applying the even/odd excitation technique [3,4]. As this technique119

implies the setting of electric/magnetic walls at the middle of the structure, both procedures are fully120

equivalent provided the actual existence of a reflection symmetry plane in the structure that allows121

for the application of the even/odd excitation technique. As an example, this symmetry condition is122

satisfied for the geometry given in Fig. 2(c) but not for the one in Fig. 2(b). This equivalence, or lack of123

equivalence, could be irrelevant if it were not for the fact that the presence of electric/magnetic walls124

in the full-wave simulation is what actually ensures that the higher-order interaction between the two125

symmetric halves of the unit cell is appropriately taken into account. It is also apparent that the use of126

these magnetic/electric walls does not imply that the higher-order interaction between adjacent whole127

unit cells is taken into account, since only one unit cell is indeed analyzed with the full-wave simulator.128

Moreover, the placing of a magnetic wall in the input port of the half unit cell imposed in [41] does not129

affect this discussion; actually this magnetic wall is not necessary when the input lumped port is taken130

at the middle of the unit cell [41] (this fact has repeatedly been checked by many numerical simulations131

carried out by the authors of the present work). In brief, the technique reported in [41] can, in principle,132

be applied to geometries of the type shown in Figs. 2(b) and (c), but the application of that technique133

1 The one-port transmission matrices [T′] and [T′′] should rather be considered again as “effective” transmission matrices, in
the understanding that the fundamental mode might not be the only one that contributes to the interaction between the two
halves of the unit cell.
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to the geometry in Fig. 2(b) would only account for the electromagnetic interactions between the two134

halves of the unit cell as long as this interaction is carried out exclusively by the fundamental mode. It135

leads us to the somehow trivial finding that the higher-order interaction between adjacent cells can136

only be taken into account by simulating a cascade of multiple unit cells (as done in Method A) or, at137

most, by taking advantage of reflection symmetry planes (not inversion points) to simulate half the138

cascade of unit cells terminated with electric/magnetic walls. This result will be numerically studied139

and validated in next section.140

A possible way to account for the interactions between adjacent cells, taking advantage of the141

combination of methods A and B, is to apply method B to an extended cell of period P = 2p. In this142

case, the ABCD parameters in (8) would correspond just to the unit cell of period p, which because of143

the presence of a reflection-symmetry wall in the middle of the extended cell (Ap = Dp) would lead144

to a dispersion equation completely equivalent to (3) if N had been set to 2 in method A. Certainly145

this combined procedure can be applied to cells of more extended periodicity with the purpose of146

accounting for inter-cell interactions with simulations that only involve half the number of cells.147

Interestingly, the above discussion about symmetry in periodic structures turns out to be very148

relevant when dealing with the circuit modeling of structures with glide/twisted symmetry [44,149

45]. This topic has recently surged due to some interesting application papers [46–49] where it is150

clearly shown that the behavior of periodic structures with glide symmetry is not equivalent to151

their counterpart without this feature, thus giving an apparent clue on the different role played by152

the higher-order mode coupling when different types of symmetry are involved. Furthermore, this153

difference in coupling provided by the glide symmetry has been found to give advantageous features154

that can enhance the performance of many practical devices [46,48,49]. According to our discussion155

above, the periodic structure with glide symmetry (whose unit cell incorporates a central inversion156

point) cannot rigorously be modeled by the analysis of just one of the two subcells of the unit cell157

(unlike periodic structures whose unit cell does have a reflection symmetry plane). Actually, the158

authors of [47] claim that their circuit model is valid provided that the upper and lower stubs in [47,159

Figs.2(c)-(d)] do not overlap. Our premise here is that their proposed simplified circuit modeling of160

the glide-symmetric structure is valid as long as the upper/lower position of the stubs is irrelevant;161

namely, when the higher-order coupling between the stubs is not very important. When both stubs162

overlap this possible difference in the higher-order coupling between upper/lower position is crucial,163

being less and less relevant as the distance between the stubs increases. In practice, as already reported164

in [50], there may be many practical situations where just the inclusion of the first high-order mode165

suffices to obtain accurate results.166

Also, the above discussion can be related to a very recent contribution in the circuit modeling167

of non-symmetrical reciprocal network [51]. Although that paper deals with non-periodic structures,168

its underlying rationale can easily be extended to the periodic case, in which the general conclusions169

reached in [51] are found congruent with the discussions reported here.170

3. Results171

In this section the main issues discussed in previous sections will be numerically validated. First,172

the general advantage of using Method B will be pointed out when possible. Certainly Method A173

will provide, in principle, more accurate results since it deals with a more realistic electromagnetic174

scenario in which many of the couplings between different unit cells are taken into account. However,175

the unavoidable computational load implicit in the treatment of electrically large and complex176

structures may lead to very long computational times and non-negligible levels of numerical noise.177

This last effect can become very relevant when dealing, for instance, with leaky-wave 1-D periodic178

configurations, where the eventual high radiation leakage in the structure can make the power in the179

output port several orders of magnitude smaller than in the input port. This numerical noise is also180

very relevant when computing the attenuation constant of below-cutoff and/or complex modes in181
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closed waveguiding system. A few selected examples will be discussed in the next subsections to182

clarify these points and provide some insights on the virtues and limitations of the proposed methods.183

3.1. Periodic printed microstrip lines184

Our first case study in Fig. 3 shows the comparison between the results of methods A and B for185

two printed microstrip lines periodically loaded with inductive/capacitive discontinuities. These lines186

were previously studied in [52,53] and, in this example, HFSS commercial software [29] has been used187

for the required full-wave simulations. Both structures show a band gap starting when its period p188

equals half the line wavelength (λg/2) (as shown in [35,52]). Although not explicitly shown in the189

figures, our results agree well with those reported in [52,53].190

In Fig. 3(a) the results for the dispersion diagram (both the phase and the attenuation constants)191

corresponding to method A have been computed using one cell (N1) and five cells (N5). In this192

structure, the differences between the N1 and N5 cases are very small, clearly meaning that the193

inter-cell coupling is well accounted for by just the fundamental mode. The data corresponding194

to method B have been obtained by using the even-odd excitation procedure to study the unit cell195

(namely, just one of the two symmetric halves with electric/magnetic walls are simulated). Certainly,196

the results using this procedure are found identical to the ones obtained by the procedure proposed197

in [41, Eq. (12)] as well as to the “Method A N=1” curve. The excellent agreement between this last198

curve and the results with N=1 can be considered as a first validation of the congruence of methods A199

and B in this circumstance.200

In the structure analyzed in Fig. 3(b), previously studied in [53], the results provided by method A201

for one, three, and five cells (denoted as N1, N3, and N5 respectively) are compared with those202

obtained by method B, taking now an extended period of 2p (namely, the simulated subcell with203

electric/magnetic walls has a length of p, and thus the obtained results are found to be identical204

to the case “Method A N=2”, although this fact is not explicitly shown in the figure since the two205

corresponding curves would overlap). It is interesting to observe the appearance of slight discrepancies206

between the results of method A when different number of cells are considered and, furthermore, that207

a clear convergence pattern is not observed in the analyzed frequency range. These facts are partly208

attributable to the high values of the attenuation constant in the stopband (there appear values of209

α/k0 > 1), which causes the results with a few cells to be affected by numerical noise due to the very210

low level of power that reaches the output port (power along z is given by P(z) = P(0)e−2αz; that is,211

an attenuation of A(dB) = 8.69αz, which means A = 13.11N dB at 18 GHz, with N being the number212

of cells in the structure). In this situation, the convenient convergence test to ensure the reliability of213

the results provided by method A cannot be carried out. Actually, although not explicitly shown in214

Fig. 3(b), the results with a higher number of cells are found to increasingly deteriorate.215

3.2. Corrugated parallel-plate waveguide216

The following example to be examined is a parallel-plate waveguide (PPW) system with periodic217

metallic corrugations, which can be symmetrically and non-symmetrically distributed. First, Fig. 4218

shows the case where the period of the structure is sufficiently long as to make the inter-cell coupling219

due to high-order modes almost negligible up to 15 GHz (the cutoff frequency of the first high-order220

mode). In this frequency range the use of two-port ABCD matrices is well justified and thus the221

present structure will be taken as a good benchmark to study the intra-cell high-order couplings and222

its relation to the symmetry properties of the unit cell. In this long period case, no method-A results223

with N > 1 are shown since they are found to almost coincide with the N = 1 case (although some224

small numerical noise appears because of the inherent more difficult simulation of electrically large225

structures). Our results will be compared with the data provided by the tool “Eigenmode-Solver”226

in CST [28]. The results provided by this tool for the frequency behavior of the phase constant are227

considered very reliable; however, as this tool does not generate results for the attenuation constant of228

reactive/complex/leaky modes, the comparison for α is not possible.229
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Figure 3. Dispersion diagram of the periodic printed microstrip lines shown as insets. (a) p = 5.6 mm,
w = 0.6 mm, ws = 0.2 mm, εr = 10.2, and h = 0.635 mm. (b) p = 4 mm, w = 0.6 mm , g = 0.2 mm,
εr = 10.2 and h = 0.767 mm.

The symmetric case studied in Fig. 4(a) clearly shows a very good agreement between the results230

of method A with just one period (N = 1) and those given by the even-odd excitation procedure in231

method B in the whole considered frequency range. These results agree well with the data provided232

by the CST Eigenmode-Solver (CST-ES) up to 15 GHz. As expected, discrepancies start to appear at233

higher frequencies when the second propagative mode becomes more relevant, where the cascade of234

two-port ABCD matrices cannot properly account for the unavoidable multi-mode inter-cell coupling235

that will appear. In the non-symmetric case analyzed in Fig. 4(b), a good agreement between the236

results of method A and those provided by the CST-ES is again found within the monomode band237

(again, discrepancies are found and expected for the multi-mode regime). However, the data given238

by method B, which here completely ignores the non-symmetric nature of the unit cell, are in full239

disagreement with the above two set of results. It clearly proves that method B, as expected, drastically240

fails when high-order coupling between the two subcells of the non-symmetric unit cell is relevant241

(the method would properly work if the subcells only interact through the fundamental propagating242

mode).243
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Figure 4. Brillouin diagram of a parallel-plate waguide with periodic metallic corrugations
(a) symmetrically and (b) non-symmetrically distributed. Long period: p = 12 mm. Other parameters:
h = 10 mm, s = 2 mm, t = 1 mm, and g = 1 mm.

Next, the short-period case is studied in Fig. 5, where it is again shown the cases corresponding to244

the presence or absence of a reflection symmetry plane at the middle of the unit cell. In both cases it245

is now included the data for “Method A N=5” since high-order inter-cell coupling is expected when246

the pair of corrugations of each unit cell is electrically close to adjacent ones. Figure 5(a) shows the247

symmetrically-distributed case and, again, a perfect agreement is found between “Method A N=1”248

and “Method B”. These methods also show a good agreement with the “CST-ES” data in the first249

passband up to 5 GHz where p/λ0 . 1/10. For higher frequencies, the inter-cell couplings cannot250

be well accounted for by the cascade of two-port ABCD matrices and, therefore, the methods are251

not expected to give accurate quantitative results, although they still provide a qualitative picture252

of the band diagram of the structure. The data corresponding to “Method A N=5” shows a better253

agreement with the “CST-ES” curve in complete first passband, although important discrepancies254

appear in the stopband due to the expected numerical noise caused by the strong attenuation in this255

band. Neither is there a good agreement in the second passband because of the multi-mode nature256

of the band at higher frequencies. Due to the unreliability of these “Method A N=5” data outside257

the first passband, they are not shown in the figure. Regarding the non-symmetrically distributed258

case in Fig. 5(b), the first relevant feature is the complete lack of agreement between the results of259

“Method A N=1” and “Method B” even at very low frequencies, which clearly highlights the need of260

appropriately considering the multi-mode interactions that appear here between the two halves of the261
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Figure 5. Brillouin diagram of a parallel-plate waveguide with periodic metallic corrugations
(a) symmetrically and (b) non-symmetrically distributed. Short period: p = 6 mm. Other parameters:
h = 10 mm, s = 2 mm, t = 1 mm, and g = 1 mm.

unit cell. Since the first passband in this case appears below 5 GHz, a very good agreement is now262

found between the “Method A N=1” and “CST-ES”. For higher frequencies there is not such a good263

quantitative agreement, although the qualitative behavior is approximately given until the onset of the264

multi-mode propagation regime. In this non-symmetric case, the “Method A N=5” curve does show a265

good quantitative agreement within the entire single-band regime, agreement that extends up to the266

onset of the multi-mode regime. An interesting feature of this structure is the widening of the second267

bandpass of negative-group velocity nature [54], which now extends from 8 to 13 GHz approximately.268

An interesting further step in the study of corrugated PPWs is the case presented in Fig. 6, where269

the period of the structure is taken as twice the distance between the corrugations [47]. Actually,270

for the symmetrically-distributed corrugation case shwon in Fig. 6(a), the period of the structure is271

now p = s, although the dispersion relation will be plotted for an “extended” period p̂ = 2p for272

the sake of comparison with the non-symmetrically-distributed case in Fig. 6(b) [where the period is273

p = 2s]. The CST-EC curve in Fig. 6(a) shows a first passband that now extends up to about 8 GHz;274

interestingly, the onset of the second bandstop in Fig. 5(a). Actually, it is found that the first stopband275

in this structure dissapears as the distance between corrugations approaches the true period of the276

structure (p → s). In this figure it is also observed that the “Method A N=2” gives sufficiently277

accurate quantitative results in this first passband but drastically fails for higher frequencies (in these278

calculations, a structure with two unit cells, p̂ = 2p, has been taken). The curve corresponding to279
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Figure 6. Brillouin diagram of a parallel-plate waveguide with periodic metallic corrugations
(a) symmetrically [p̂ = 2p = 4 mm] and (b) glide-symmetrically distributed [p = 4 mm]. Other
parameters: h = 10 mm, s = 2 mm, t = 1 mm, and g = 1 mm.

“Method A N=10” only improves the agreement with CST-ES in the first passband but also fails for280

higher frequencies (the data are not shown). In this case, the expected relevant inter-cell high-order281

coupling would make it necessary either the use of a multi-port approach or the solution of the282

corresponding non-linear eigenvalue problem to compute the complex propagation constant of the283

structure. The glide-symmetry case shown in Fig. 6(b) shows, similarly to the previous non-symmetric284

unit-cell cases, the great disagreement between the results of Method A (N=1) and Method B. Rather285

interesting is the result shown by the “Method A N=5” and “CST-ES” curves. Apart from a reasonable286

good agreement in the quantitative results shown by both curves, they show that the passband of287

this structure has grown considerably, now extending up to 13.8 GHz. This surprising fact, already288

reported in [46–49], is one of the most relevant features of glide-symmetric structures and it is expected289

to find more and applications in the future (a similar widening of a stopband can also be found in290

other type of glide-symmetric structures).291

4. Conclusions292

In this work we have presented a thorough discussion on the pros and cons of obtaining the293

dispersion relation of 1-D periodic guiding structures by means of a combined method that makes294

use of full-wave simulations data obtained from commercial software tools along with a simplifying295

equivalent-network model. This method can take advantage of both the high flexibility of simulators to296

deal with general structures and the further analytical treatment of the data provided by the employed297
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simplified electromagnetic model of the problem (namely, the modeling of the periodic structure as a298

cascade of two-port equivalent networks). A very important feature of this technique is that it would299

avoid the searching for complex zeros inherent to the rigorous solution of Maxwell’s equations in the300

periodic structure. Unfortunately, it is found that the combined technique needs to deal with structures301

with many unit cells in order to take into account the inter-cell coupling due to high-order modes302

in those cases where high-order interactions are essential. In contrast with this fact, some authors303

have claimed that the convenient treatment of just one unit cell would suffice if a proper even-odd304

periodic excitation technique is applied. In this work it is discussed that this procedure would be305

equivalent to previously reported ones and that can only be used when there is a reflection-symmetry306

plane in the unit cell and the interaction between the two halves of the unit cell is carried out by only307

the fundamental mode. Finally, it has also been discussed that glide-symmetric structures, whose308

interesting properties have recently been the object of intensive study, will require the modeling of the309

unit cell as a multi-port equivalent network or the solution of the corresponding rigorous eigenvalue310

problem. The discussions in the paper should shed some light on the advantages and limitations311

of recently proposed techniques to characterize the dispersion diagram of periodic electromagnetic312

structures.313
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