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Glide Symmetry Applied to Printed
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Abstract—In this article, we present a novel application of
glide symmetry to differential lines with common-mode (CM)
rejection filter properties. Two different topologies are investi-
gated. First, glide symmetry is applied to a pair of differential
lines where ground-connected mushrooms are employed as a CM
rejection structure. The same idea is also used in a pair of dif-
ferential lines where defective ground structures are introduced
to stop the CM propagation. It is demonstrated that the CM
rejection bandwidth is drastically increased when glide symme-
try is exploited in both topologies when compared with their
corresponding structures without glide symmetry. Furthermore,
we show that the differential-mode propagation is hardly affected
by the use of glide symmetry, ensuring the good integrity of the
transmitted information. Experimental demonstration for both
mushroom and defected ground structure is provided. Good
agreement between simulations and measurements results is
observed.

Index  Terms— Common-mode
differential lines, glide symmetry.

(CM) rejection filters,

I. INTRODUCTION

HE interest in the study of balanced differential architec-

tures that operate at microwave frequencies has experi-
enced significant growth during the last 15 years, especially
in what concerns the implementation of filters and other
passive devices. Differential signaling is also essential in
high-speed digital transmission. In general, differential circuits
tend to be more complex and to occupy a larger substrate
area than their single-ended counterparts. However, differential
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balanced structures are a very attractive choice for present and
future wireless devices because of their multiple advantages
associated with higher robustness to environmental noise,
lower electromagnetic interference problems, and lower power
consumption. The reader can find extensive literature reviews
on microwave balanced passive devices in several books and
review articles, for instance, [1]-[4].

Multiple examples of passive devices implemented with
printed circuit technology can be found in more recent lit-
erature; for instance, single-to-balanced power dividers [5],
balanced rat-race couplers [6], coupled-line couplers [7], bal-
anced wideband phase shifters [8], and dual-band balanced
filters [9]. Most of these devices are designed to strongly
suppress the common-mode (CM) signal while preserving the
desired differential-mode (DM) response within the frequency
band(s) of interest. This is usually carried out through the
reflection of the CM signal. Nevertheless, recently, balanced
devices with an absorption mechanism to suppress the CM
contribution have been proposed [10]-[13]. In any case, the
above designs are mostly based on the use of symmetrical
structures that incorporate either printed distributed or lumped
soldered components to provide, simultaneously, the required
DM response and the suppression of the undesired CM signal.
This methodology requires searching for smart topologies
and layouts that lead to the fulfillment of this double goal.
However, an obvious alternative solution is to combine any
DM design (without taking care of the CM response) with a
properly chosen CM rejection filter, which can be connected
to one or more ports of the balanced device. This procedure is
sometimes unavoidable to add CM rejection to some specific
designs, as reported for example in [7]. This article follows
this strategy and will show two advantageous designs of CM
filters operating at microwave frequencies and fabricated in
planar technology.

A widespread manner of implementing CM rejection filters
at microwave frequencies is based on the use of a pair of peri-
odically loaded balanced transmission lines. These structures
are symmetric with respect to a longitudinal plane, in such
a way that no CM to DM conversion is theoretically possible
(namely, the structure supports two fundamental modes: even
and odd). Besides, the periodic loadings should not affect the
DM component of the whole electromagnetic field whereas it
strongly interacts with the CM contribution. The final result
is that the structure is transparent for the DM signal, and
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at the same time, a stopband filter is implemented for the
CM one. The forbidden band for the CM can be caused
either by Bragg reflections, which lead to electrically large
structures or by the resonances of loading components, which
could be electrically small. Several examples illustrating this
approach are discussed in [1] and references therein. On the
other hand, periodic structures of this type (i.e., electromag-
netic bandgap—EBG—filters and other similar configurations)
have also been used extensively to implement single-ended
stopband filters (see, for instance, [14], [15] and references
therein). However, it has not been until very recently that
the advantages of introducing glide symmetry in the unit cell
of such kind of devices has been explored. In [16], a single
microstrip line is coupled to a periodic distribution of identical
resonators consisting of printed patches having a ground via
at one of their ends. This could be seen as a microstrip
line coupled to a 1-D mushroom structure, something very
similar to the structure proposed in [11]. But the key idea
in [16] is that if the unit cell of the mushroom structure
incorporates glide symmetry by alternating the positions of
the ground vias in adjacent patches, a significant increase
of the bandwidth of the rejected band is achieved when
compared with the conventional (non-glide) implementation.
This result is relevant from a theoretical point of view and
as a proof of concept, but the performance of the device as
a bandstop filter is not optimum due to the poor matching
out of the rejected band. However, this drawback should not
be a problem when the purpose of the device is to provide
CM rejection in a differential periodic transmission line where
there are no specific requirements for the CM response outside
the frequency band to be suppressed.

Different from our previous work in [16], which focused on
improving the bandwidth of operation of single-ended excita-
tion of mushroom-type EBG structures using glide-symmetric
edge-located vias, here we propose and study a novel applica-
tion of glide symmetry to periodically-loaded differential lines.
First, we investigate periodic loading with glide-symmetric
mushrooms similar to those in [16], and then we propose
a glide-symmetric DGS design as a convenient fully planar
alternative. We show that, compared to the conventional (non-
glide) periodic implementation, the glide-symmetric versions
exhibit a significantly wider and deeper stopband for the
CM response while keeping an all-pass behavior for the
DM, as desired. Moreover, we present the equivalent circuit
model for CM operation in the structures under study. It is
found that the only drawback of glide-symmetric structures
is some small level of mode conversion, which is absent in
non-glide structures having a longitudinal symmetry plane.
Thus, as long as this low level of mode conversion is tolerable,
the advantages associated with the glide-symmetric structures
justify the choice of this solution.

This article is organized as follows. Section II describes
the differential version of the structure reported in [16]. It is
shown how this pair of balanced transmission lines, coupled
to a periodic 1-D mushroom-like structure, benefits from
the introduction of glide symmetry in comparison with a
non-glide implementation. In particular, a larger bandwidth
and increased CM rejection level are achieved by simply
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alternating the positions of the grounding vias. A similar
strategy is applied in Section III to an alternative structure
that does not require grounding vias. This structure can
be considered the glide-symmetric version of the non-glide
configuration reported in [17], and it is based on the coupling
of the pair of balanced microstrips to a properly designed
defected ground structure (DGS). Once again, the superiority
of the configuration that incorporates glide-symmetric cells
is demonstrated. Appropriate circuit models are presented and
validated in Sections II and III for both structures through sim-
ulations and measurements. Finally some concluding remarks
are summarized in Section IV.

II. DIFFERENTIAL LINES LOADED WITH
GROUNDED MUSHROOMS

Mushroom structures with central vias have long been
studied for EBG operation [18] as well as microstrip filter
applications [14], [15], [19], [20]. Apart from the interesting
properties of mushroom structures with central vias, they tend
to have a relatively large electrical size. Mushroom-type EBG
structure with edge-located via has been presented in [21] as a
solution for size reduction. However, this solution came at the
cost of losing some bandwidth performance when compared to
central vias design. In our previous work [16], we investigated
the application of higher symmetries, specifically glide sym-
metry, to mushroom-type EBG structures with edge-located
vias. It was demonstrated that introducing glide symmetry
can significantly enhance the operation bandwidth with no
additional manufacturing cost. The bandwidth enhancement
was attributed to the stronger field confinement inside the glide
structure, which gives rise to a stronger coupling between
sub-unit cells and, thus, improved bandwidth. This feature
was verified through demonstrations of the fields inside the
structure, simulation, and experimental results, as well as
providing an accurate circuit model.

In this work, we investigate the effect of applying
glide-symmetry to mushroom-type EBG structures in a dif-
ferential line setup for CM suppression. In structures excited
using differential lines, it is generally desired an all-pass
response for the differential mode (DM) as well as a good
rejection bandwidth for the CM noise. Here, we design and
study the response of a CM rejection filter consisting of dif-
ferential lines loaded with grounded mushrooms with/without
glide symmetry. The structures under study are illustrated
in Fig. 1. Each structure consists of a pair of microstrip
lines on the top substrate loaded, in the middle substrate,
with square-shaped mushrooms that are grounded using edge-
located vias. The unit cells of each of the studied structures are
highlighted with black dashed lines in Fig. 1(a) and (c) and
shown separately in (b) and (d), respectively. As explained
in [16], a unit cell of the glide-symmetric structure along
the propagation (x) direction is obtained by translating the
sub-unit cell (which contains only one grounded mushroom)
by half the period length along the x-axis and then mirroring
it with respect to the y-plane. It should be noticed that twice
the physical period length in the x-direction is chosen for the
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Fig. 1. Differential lines loaded with grounded mushrooms. (a) Conventional
structure and (b) its unit cell. (c¢) Glide-symmetric structure and (d) its unit
cell. The period of the unit cell shown in (b) is taken as twice its actual
physical period for convenient comparison with the unit cell in (d).

conventional structure to have a more appropriate comparison
with its corresponding glide-symmetric version.

Following a similar design procedure as in [16, Sec. V-B],
a dielectric substrate of ¢, = 3.48 and thickness t = 1.524 mm
is chosen (commercial Rogers 4350B substrate). The dimen-
sions of the structures are designed to have bandgap operation
at frequency fy ~ 3 GHz. In general, for mushroom-type
EBG structures with edge-located vias, the high impedance
condition is achieved when the width of the metallic patch is
approximately 4., /4. However, when the separation between
the patches is small (i.e., strong coupling exists between adja-
cent patches), the patch size is effectively smaller [16], [21].
In our design, the gap size between the mushroom elements is
selected to be g = 0.5 mm in order to provide a wide rejection
bandwidth. In principle, a smaller gap size would provide a
wider bandwidth due to stronger coupling between the sub-unit
cells [16, Sec.V]. However, we selected the gap size to be
g = 0.5 mm in order to facilitate the manufacturing process.
The corresponding width of each square mushroom element
is W = 7 mm. The above design makes a periodicity along
the propagation direction of p, = 15 mm. Similar to [16],
the radius of the vias is » = 0.1 mm. It should be noted
that varying the via radius changes the effective width of each
mushroom element as well as its inductance to the ground,
which finally causes a change in the resonance frequency.
In order to achieve good matching for the DM, the width of
each microstrip line on the top layer is taken as W; = 6.7 mm
with separation distance s = 4 mm.

A. Unit-Cell Study and Dispersion Diagram

In order to study the CM rejection bandwidth of the
proposed structures, the unit cells in Fig. 1(b) and (d) are
simulated in CM operation by means of the eigenmode solver
of CST Microwave Studio. The obtained dispersion diagrams
of the first passing and stopping bands are plotted in Fig. 2.
As reported in [16], compared to the conventional unit cell,
applying glide symmetry results in increasing the impedance
associated with the fundamental mode as well as increasing the
cutoff of the first higher-order propagative mode. Exploiting
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Fig. 2. Dispersion diagram for CM operation for the conventional and
glide-symmetric structures illustrated in Fig. 1. Data obtained using CST
Microwave Studio eigenmode solver.

these two features, the bandgap observed in Fig. 2 for the
glide-symmetric unit cell is significantly wider than the con-
ventional one. Consequently, a wider CM rejection bandwidth
is thus expected by using glide symmetry.

B. Equivalent Circuit Model

Following a similar rationale as in [16], an equivalent
circuit model for the CM operation of the unit cells in
Fig. 1(b) and (d) is shown in the insets of Fig. 3. In fact,
the topology of this equivalent circuit is similar to the one
proposed for the mushroom-type EBGs with edge-located vias
described in [16, Sec.IV]. The only slight difference comes
from the procedure to calculate the circuit parameters related
to the top microstrip lines. In principle, the lack of symmetry
with respect to the middle vertical plane (y = 0) between
the coupled microstrip lines makes that the CM analysis
of the structure cannot be strictly reduced to a single line
with a magnetic wall in that middle plane, as described in
[2, Ch.2] for symmetrical lines. Here, we assume that the
pair of microstrip lines can be modeled using the values
of Ly and Cy (inductance and capacitance as defined in [16])
computed for these coupled lines considering that the structure
is symmetric. A validation of this assumption is given in the
Appendix. In addition, due to the relatively large width of
the top microstrip lines in our design, their capacitance to
the ground plane cannot be neglected and is modeled by Cp.
As shown in the circuit model inserted in Fig. 3(a), the isolated
grounded mushroom is modeled with a patch inductance, L,
a patch capacitance, C,, and the via inductance, L,. Thus,
the obtained equivalent circuit should generate the correct
CM response, considering 25-Q (25-Q being the value of the
characteristic impedance of the common mode).

For the computation of the inductances L, and Ly, we fol-
low [16] and make use of the formula provided in [22] as

Z .\ J€ctt
I = ettl

c

(1)

where Z and €. are the corresponding impedance and effec-
tive dielectric constant, ¢ the speed of light, and / the length of
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Fig. 3. Comparison of equivalent circuit vs. full-wave simulations for the CM
operation of (a) one sub-unit cell, (b) unit cell of the conventional mushroom
structure, and (c) unit cell of the glide-symmetric mushroom structure. Insets:
each structure and its corresponding equivalent circuit.

the patch/line (W and p, /8, respectively). More specifically,
Z is taken as the CM impedance, Zcy, when computing Ly .
This impedance is calculated making use of [23] and verified
using [24], [25] with the dimensions and substrate described
in Fig. 1(b) (i.e., W; = 6.7 mm, s = 4 mm, substrate thickness
of 2 x t = 3.048 mm, and ¢, = 3.48). The obtained
value for Zcy is 28 Q and the CM effective permittivity
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is found to be €M = 2.73 by using the formulas in [26].
In the above computation of Ly, we considered that the
effect of the mushrooms in the middle layer is negligible
since the magnetic-field lines associated with the CM are not
expected to be much affected by the presence of these patches
(the longitudinal returning CM current will take place via the
bottom ground plane rather than via these patches). For the
calculation of L, the values of Z and €. are computed using
the conventional microstrip line formulas in [26] for free space
and taking W = 7 mm as the width of the microstrip line and
t = 1.524 mm as the height of the air substrate.

Likewise [16, Eq. (4)], the inductance of the via is calculated
from [27, eq.(3)] using

Lot t 12 3(r r2
Ly="Flll -+ 1+= )+ -—/1+= 2
27r|:n(r+ +r2)+2 t +t2 @)

with r and ¢ being the radius of the via and the substrate
thickness.

The capacitances Cy and Cp are calculated using the
following parallel plate capacitance formula:

C— €0€r Actt ey 3)
d

where A is the overlapping area between the two conductors,
d is the separation distance, and C is the capacitance due to
the edge effects. In the calculation of Cy, we consider that
this capacitance consists of two identical parallel capacitances.
Each of these capacitances is originated by a single microstrip
line and the metallic patch in the middle layer. Although in
Fig. 1(b) and (d) it might seem that the overlapping area
is W; x W, the separation s = 4mm of the case under
consideration makes the present overlapping area be smaller
and given roughly by A = 1.5 x7 mm?2. Here, the value of d
is equal to the substrate thickness 7. The overlapping area for
calculating the capacitance Cp between the top microstrip line
and the ground is A = 5.2 x 7 mm? with d equals to twice
the substrate thickness 2¢. In both cases above, the value of C
is calculated using the formulation provided in [24] and [25].
The capacitance C,, between the mushroom patch and ground
is calculated in a similar way, using the stripline capacitance
provided in [24] and [25].

C. Simulation and Experimental Results for the Proposed
Differential Lines With Grounded Mushrooms

The numerical values of the circuit parameters obtained
from the closed-form approximate expressions given in the
above section are provided in the first row of Table I. Some
of these parameters have to be tuned to better fit the full-wave
behavior of the isolated section (sub-unit cell) shown in the
inset of Fig. 3(a). As it can be observed from the second row
of Table I, the only parameter that has actually required this
further tuning is L,. This is mainly due to the small separation
between the mushroom elements which alters the current on
the vias. The very good agreement in |S{j| and |S5}| observed
in Fig. 3(a) between the full-wave results produced by ADS
Momemtum and those obtained from the equivalent circuit
clearly shows the suitability of the proposed circuit approach.
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TABLE I
VALUES OF CIRCUIT ELEMENTS (L IN nH AND C IN pF)

Ly Ly Ly Cu Cs G
Closed form | 0.3 122 0.613 045 055 0.25
Tuned 03 1.22 2.08 045 055 025

Although not plotted here, the equivalent circuit also provides
an excellent agreement with the full-wave simulation in terms
of the phase response of both |S{{| and |S57].

The equivalent circuit of the isolated section is further
employed to simulate the behavior of two coupled sections
when the vias are located either on the same side or in
a glide configuration (namely, the considered unit cells of
the periodic structures under study). As shown in the inset
of Fig. 3(b) and (c), the coupling between the two sub-unit
cells is modeled by means of an inter-patch capacitance, Cyy,
and a magnetic coupling factor, k, between the two patches
of inductance L,. Different from the mushroom structure
described in [16], the electric coupling cannot be neglected
here due to the small spacing between the adjacent mushroom
elements. The coupling parameters are obtained following
the procedure described in [16], [26], and [28]. For the
conventional unit cell, they are found to be Cy; = 0.062 pF
and £k = 0.02 and, for the glide case, Cy; = 0.093 pF and
k = —0.22. With these values, we find a very good agreement
in Fig. 3(b) and (c) between the equivalent-circuit and the full-
wave results. The circuit approach reveals that the electric and
magnetic couplings between the sub-unit cells are stronger in
the case of glide symmetry. Moreover, the magnetic coupling
coefficient has a negative sign in the glide-symmetric case
due to the change in the orientation of the patch currents.
The above observations have been discussed in detail in
[16], [29] and are be attributed to the properties of glide-
symmetric structures.

As a final step to study the DM and the CM operation
of the proposed structures, two finite structures consisting of
five unit cells in the x-direction (i.e., ten mushroom elements)
were simulated, fabricated, and measured. A picture of one of
the fabricated prototypes is shown in Fig. 4(a). The simulated
S-parameters obtained from CST Microwave Studio are com-
pared to the measured S-parameters for the conventional and
the glide-symmetric structure in Fig. 4(b) and (c), respectively.
It can be observed from the simulated and measured results
that, for the DM operation, an all-pass response is obtained
for both the conventional and the glide-symmetric structures
with a very good matching level (S% < —15 dB). The
measured (simulated) CM rejection bandwidth calculated at
—20 dB rejection level is 0.52 (0.65) GHz for the conventional
structure and 0.81 (0.97) GHz for the glide structure. The
discrepancies between the measured and simulated results are
attributed to the inaccuracies in the multi-layer manufacturing
process; namely, the increased permittivity and thickness as
well as the possible presence of air gaps due to the use of
RO4450F bondply to adhere the layers together. Nevertheless,
both simulated and measured results indicate a significantly
wider CM rejection bandwidth in the glide-symmetric case.
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Fig. 4. (a) Photograph of one of the fabricated structures. (b) and (c) Sim-
ulated and measured DM and CM responses for the structures described
in Fig. 1 with 10 x 1 square-shaped mushrooms. (b) Conventional structure.
(c) Glide-symmetric structure.

This very substantial increase of the operational band clearly
confirms the ability of glide symmetry to widen the CM
rejection bandwidth without affecting the DM operation and
with no extra manufacturing costs.

In Fig. 5, the measured differential eye diagrams for the
conventional mushroom structure and that of the glide sym-
metric version are shown. An excitation of amplitude 0.2 V
in 2.5 Gb/s was used for the measurements. The conven-
tional structure shows a 330.47 mV eye height, a 390-ps
eye width, and an opening factor of 0.88. For the glide-
symmetric structure, the eye height is 321.5 mV, the eye width
is 392 ps, and the opening factor is 0.86. It can be concluded
that, although the glide-symmetric structure provides a wider
CM rejection bandwidth, it provides almost the same signal
integrity performance for the DM as the conventional structure.



MOURIS et al.: GLIDE SYMMETRY APPLIED TO PRINTED CM REJECTION FILTERS

y Ay 4 %

/ N\ / /
s N\ Ny
IR X X X
SR A /\ 5 / \

/\ / \
\ \ \ /
AN ;7—-&%‘ AN
Time (76.92 ps/div) Time (76.92 ps/div)
(a) (b)

Fig. 5. Measured eye diagrams for the DM of (a) conventional mushroom
structure and (b) glide-symmetric mushroom structure.

III. DIFFERENTIAL LINES LOADED WITH DEFECTED
GROUND STRUCTURE

Defected ground structures (DGS) are very popular in
microwave planar technology. In fact, DGSs have been applied
to almost any planar device, as reported in the specialized
literature [2], [30]-[32]. In the context of differential signals,
DGSs are excellent candidates for the design of differential
lines when strong CM rejection is required, mainly thanks
to their good electromagnetic performance and their ease of
design and integration into planar technology. Usually, DGSs
are symmetrically located below the coupled differential pair
in order to ensure both good DM transmission and a high
level of CM noise rejection. However, in this section, it will
be shown that such total symmetry is not fully imperative for
good DM operation. In the same way, as differential lines
loaded with grounded mushrooms, the use of glide symmetry
can also improve the CM performance of DGS-loaded differ-
ential lines without affecting DM transmission. Specifically,
our results will show that, when compared with conventional
symmetry, glide symmetry provides higher CM rejection band-
width as well as a stronger CM rejection level.

A. Proposed Defected Ground Structures and Their
Equivalent Circuit Model

The proposed differential lines to be studied are shown
in Fig. 6(a), (c¢), and (e), where DGSs with different symme-
tries have been included below the coupled microstrip lines.
More detailed top views of the unit cells of these periodic
structures are depicted in Fig. 6(b), (d) and (f). The configu-
ration in Fig. 6(b) is the most common way of implementing
DGSs in differential lines given its symmetry with respect
to the longitudinal plane AA’ [17]. Although such symmetry
is considered critical to ensure both good DM operation and
strong CM noise rejection without increasing mode-to-mode
conversion, our results will show that this symmetry is not
indispensable. To this aim, the modified structures depicted
in Fig. 6(c) and (e) are considered. The modal conversion
observed in the structure of Fig. 6(e) is briefly discussed in the
Appendix, showing that the undesired mixing-mode behavior
is kept sufficiently low.

Our analysis starts with the structure in Fig. 6(a), which
is a slightly modified version of the configuration proposed
in [17] (in that work, the straight strips of length Iy were
meanders lines and the ground plane was more slotted). Under
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Fig. 6. Differential lines loaded with defected ground structure and their
corresponding unit cells. (a) Symmetrical structure with respect to plane AA’
and (b) its unit cell. (c) Nonsymmetrical structure and (d) its unit cell.
(e) Structure with glide symmetry and (f) its unit cell. The period of the
unit cell shown in (b) and (d) is taken as twice its actual physical period for
convenient comparison with the unit cell in (f).

DM operation, the symmetry plane AA’ of the structure
in Fig. 6(a) behaves like a virtual electric wall and, then, the
DGS is short-circuited at both ends. It means that, in DM
operation, the defected pattern in the ground has almost no
influence on the signal propagation since it closely behaves
like a conventional ground plane. The pair of coupled lines is
thus working as an all-pass filter for the DM operation [17].
On the contrary, under CM operation, the symmetry plane
AA’ behaves like a virtual open circuit. Since the defected
pattern is no longer short-circuited at both sides, its behavior is
quite different from a solid ground plane and CM propagation
is expected to be affected by the presence of the DGS
[2], [17]. A similar structure to that in Fig. 6(a) was reported
in [17] to act like an elliptic low-pass filter for the CM
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Fig. 7. Comparison of equivalent circuit versus full-wave simulations for the
CM operation of (a) symmetric DGS sub-unit cell and (b) asymmetric DGS
sub-unit cell. Insets: each structure and its corresponding equivalent circuit.

operation. Following the design procedures described in [17],
the structure in Fig. 6(a) has been synthesized to have a
transmission zero at a frequency fy = 3.3 GHz with the
following dimensions (in mm): [ = 9.8,1, =4.3, W, = 3.3,
g = 02, s = 0.3, and W; = 1. A Rogers RT/duroid
5880 substrate (¢, = 2.2) with thickness 0.508 mm is selected
for the design.

The symmetry of the structure in Fig. 6(a) makes that the
analysis of the coupled microstrip pair can be carried out
by considering a single microstrip subject to the appropriate
electric/magnetic wall in the symmetry AA’ plane. Thus, its
corresponding lumped-element equivalent circuit will provide
a convenient insight into the wave propagation in this structure.
A sub-unit cell of the structure as well as its corresponding
equivalent circuit are shown in the insets of Fig. 7(a).
In the proposed equivalent circuit model, L, represents the
inductance of one of the top microstrip lines and C, the
capacitance between the top microstrip line and the capacitive
patch of length /, and width W),. The gap capacitance between
the patch and the ground plane is denoted as C,. L, represents
the inductance of the patch (L,) added in series with the
inductance of the narrow strip (L) of length Iy (i.e., Ly =
L, + Ly). These inductances are calculated from [26]

l l t
Lyy=""m +1.193+0.2235( 2
’ 2 w -+t l

x [0.57 —0.1451n %] )

with w, [, and ¢, referring to the width, length and conduc-
tor thickness, respectively, and /4 is the substrate thickness.
In order to calculate L, the following values are used: w =
Wy, I =1,/2, t = 0.508 mm, and 7. = 18 um. For the
calculation of Ly, w = 0.3 mm and [ = [y are used. The gap
capacitance C, was calculated using the algorithm described
in [24], [25]. The capacitance C, was calculated using (3) with
Aer = 1 x 3.3 mm?. An initial value of L, is obtained using
(1) with Z and e being calculated using the conventional
microstrip line formulas in [26] (W = 1 mm, ¢ = 0.508 mm,
and €, = 2.2). The calculated values for the equivalent
circuit model are listed in Table II. In order to get the
excellent agreement between the circuit model and full-wave
simulations observed in Fig. 7(a), the value of L, has to be
considerably tuned. The reason is that the defected pattern in
the ground is expected to strongly affect the returning currents,
and thus it is rather difficult to match the full-wave simulations
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TABLE II

VALUES OF CIRCUIT ELEMENTS FOR THE DGS IN FIG. 7(A)
(L INnH AND C IN pF)

| L. L, Ls Cy Cy
Closed form | 0.59 (1.1) 047 9.07 0.126  0.09
Tuned 4.7 047 907 0.126 0.039
TABLE III

VALUES OF CIRCUIT ELEMENTS FOR THE DGS IN FIG. 7(B)
(L INnH AND C IN pF)

[Lu L, Ls Cu Cy

Closed form | 0.3 14 396 0252 0.045
Tuned 1 1.4 396 0.3 0.045

with the underestimated value of L, obtained from the simple
closed-form expression in (1). To verify this fact, and as an
enhancement of our calculation of L,, we assumed that the
top lines are placed over a longitudinally slotted ground with
a slot of the same width as the patch (W,). The algorithm
in [24], [25] was then used to calculate L,. The corrected
value of L, in this case is 1.1 nH (in brackets in Table II),
which is higher than the previous calculation. However, for
the reasons previously mentioned, the value of L, still needs
to be tuned to achieve a good agreement between the circuit
model and the full-wave simulations.

After the study of the symmetric structure above, we now
analyze differential lines loaded with asymmetric DGSs;
namely, the here-called conventional structure in Fig. 6(d) and
the glide-symmetric structure in Fig. 6(f). As mentioned in
Section II, the unit-cell of the glide-symmetric structure is
obtained by translating p, /2 half the unit cell in Fig. 6(d) and
mirroring it with respect to the plane y = 0. The dimensions of
the unit cells under study are the same as the ones in Fig. 6(a)
with the exception of /;, which is different from /y in order
to keep the same resonance frequency. Therefore, [, is set
to 5 mm.

For the asymmetric sub-unit cell shown in the inset of
Fig. 7(b), the obtaining of its equivalent circuit for the CM
operation follows the same rationale as the one used for
the mushroom-loaded structure in Section II-B (i.e., without
even-mode symmetry). Here, L, is calculated using (1) with
Zcw = 33.9 Q and €M = 1.825 (obtained from [23]). The
capacitance C, consists of two identical parallel capacitances,
whose values are calculated from (3) with Aefr = 1x3.3 mm?.
The other parameters (Ly and C,) are calculated in a similar
way to the symmetric DGS case by substituting the dimensions
of the asymmetric DGS in (1) [24], [25]. The differences in the
calculations here can be summarized as: 1) /; is used instead
of [,q and 2) the whole length of the patch (/) is taken in the
calculations instead of /,,/2. The calculated parameters for the
asymmetric DGS sub-unit are summarized in Table III.

Starting from the equivalent circuit of the sub-unit cells
shown in the insets of Fig. 7(a) and (b), we can now infer the
one corresponding to the unit cells in Fig. 6(b), (d) and (f) by
introducing a mutual capacitance and an inductive coupling
(k) between the inductances L., as shown in Fig. 8. A very
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good agreement between the full-wave and equivalent-circuit
results obtained for the CM operation for these unit cells
can be observed in the plots shown in Fig. 9. It is worth
noting that the narrow strip (connected to ground at both ends)
between the ground-plane patches allows for a reduction of the
electric coupling between patches as well as a better control
of the magnetic coupling k between the inductances L, [33].
In the symmetric DGS structure analyzed in [17], the electric
coupling was found to be dominant as the middle strip
between ground plane patches was not present. As done for
the mushroom structure in the previous section, the magnetic
coupling k has been extracted from full-wave simulations
by means of the procedure described in [16] and [26]. For
the symmetric DGS unit cell in Fig. 6(b), the coupling was
found to have a mixed electric/magnetic nature resulting in
C, = 0.0145 pF and k& = 0.025. For the conventional and the
glide-symmetric unit cells, the electric coupling was found
negligible (i.e., C,, = 0) with a magnetic coupling coefficient
of keony = 0.038 and kgige = —0.055. A stronger magnetic
coupling is found in the glide-symmetric unit cell case with
a change in sign due to the change in the current orientation.
Altogether, a wider CM rejection bandwidth is expected for
the glide-symmetric structure. It should be pointed out that
all the equivalent circuit models presented in this subsection
achieve a very good agreement with the full-wave simulation
in terms of |S§5| and |S5§| as can be observed from Figs. 7
and 9. A similar good agreement is also found for the phase
responses of [S7{| and [S57], although not explicitly shown.

B. Unit-Cells Study and Dispersion Diagrams

In order to study the bandgap operation of the proposed
asymmetric DGS structures, here we study their dispersion
diagrams. For that purpose, each of the above described unit
cells is simulated using Keysight ADS Momentum to obtain
its four-port S-parameters. The mixed-mode S-parameters are
then obtained from single-ended S-parameters using the trans-
formation described in [2, Ch. 1]. Subsequently, the procedure
described in [34] and [35] is exploited to obtain the dispersion
diagrams for the CM operation from the CM S-parameters.
The obtained dispersion diagrams of the CM for both the
conventional and the glide-symmetric structures are plotted
in Fig. 10. Similar to the observations in [16] and [36]
and those in Section II, one can notice that the width of
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Fig. 10. Dispersion diagram for the CM operation extracted from mono-
modal S-parameters.

the stopband is significantly higher for the glide structure
indicating a wider bandgap for the CM operation.

C. Experimental Results

In order to validate the observations from the dispersion
diagram and the equivalent circuit model, finite structures
of each of the three designs consisting of five unit cells in
the x-direction (i.e., ten defected patterns) were simulated,
fabricated, and measured. Pictures of the fabricated proto-
types are provided in Fig. 11. The S-parameters for the
CM and DM operation of each of the three structures have
been obtained and plotted in Fig. 12 (both, simulations and
measurements). It can be observed that the measured results
for the three structures are in very good agreement with the
simulated ones. Fig. 12(a) shows the results for the symmetric
structure in Fig. 6(a). An all-pass response can be observed
for the DM operation with a very good matching level
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(d

Fig. 11.  Photographs of (a) top differential lines, (b) fabricated fully-
symmetric DGS, (c) fabricated conventional DGS, and (d) fabricated glide-
symmetric DGS.

(8% < —15 dB). The CM rejection band is found between
3.22 and 4.26 GHz, i.e. with 1.04-GHz rejection bandwidth
(calculated for S5{ < —20 dB). Simulated and measured
results for the conventional structure [see Fig. 6(c)] are
plotted in Fig. 12(b). Similar observations to the previous
symmetric structure can be noticed for the DM operation.
However, for the CM operation, the 20 dB rejection band
is between 3.34 and 4.43 GHz, indicating a 1.09-GHz rejec-
tion bandwidth. Finally, simulated and measured results for
the glide-symmetric structure [see Fig. 6(e)] are presented
in Fig. 12(c), again showing a good all-pass response for
the DM operation. Nevertheless, for the CM operation, a
20-dB rejection band is 3.35-4.86 GHz, i.e. a CM rejection
bandwidth of 1.51 GHz, which is significantly wider than the
obtained with the other two implementations.

A comparison of the measured |Sy;| for the CM operation
of the three structures is shown in Fig. 13, thus making it
apparent the significantly wider CM-rejection bandwidth that
the glide-symmetric DGS provides.

The measured differential eye diagrams for the DM of
the proposed glide-symmetric DGS structure and that of
the fully symmetric DGS are shown in Fig. 14. An exci-
tation of amplitude 0.2 V in 2.5 Gb/s was used. For the
fully-symmetric DGS, the eye height, width, and open-
ing factor are 369.35 mV, 394 ps, and 0.95, respectively.
For the glide-symmetric DGS, the eye height, width, and
opening factor are 367.85 mV, 392 ps, and 0.95, respec-
tively. According to these measurements, the signal integrity
of the DM in the glide-symmetric structure is almost
unaltered compared to the structure possessing full lon-
gitudinal symmetry despite providing wider and stronger
CM rejection.

For the sake of completeness, the proposed structures in
this article are compared together and with previous literature
in Table IV. In this comparison, 4, refers to the guided
wavelength at the center frequency f,, IL,; is the insertion
loss of the DM, FBW is the fractional bandwidth calculated
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Fig. 12.  Simulated and measured DM and CM responses for (a) symmetric

DGS, (b) conventional DGS, and (c) glide-symmetric DGS.

at 20-dB rejection level, and CMRR is the CM rejection
level at the center frequency. It should be pointed out that the
size included in this comparison refers to the actual size of the
structures excluding the feed lines. Due to the imperfections
in the manufacturing process of the mushroom structures, the
simulated CMRR is included in brackets as well. Although
the main purpose of this work was to investigate the effect
of applying glide symmetry to CM rejection filters and not
to design a perfect filter, it can be noticed that the proposed
glide-symmetric structures offer competitive performance in



MOURIS et al.: GLIDE SYMMETRY APPLIED TO PRINTED CM REJECTION FILTERS

1207

TABLE IV
COMPARISON WITH PREVIOUSLY REPORTED DIFFERENTIAL LINES WITH CM REJECTION

Ref | Process | Size (Ag X Ag) | fo (GHz) | IL; (dB) | FBW (—20dB) % | CMRRy,_(dB)
[37] 2-layer PCB 0.64 x 0.13 1.37 - 41 50
[38] 2-layer PCB 0.58 x 0.14 4.8 <0.5(0.2 @f,) 61 40
[39] LTCC 0.26 x 0.16 5.45 <1 32 35
[12] 2-layer PCB 0.09 x 0.37 1.3 < 1.5 57.7 55
Conv. Mush. 3-layer PCB 1.4 x 0.373 3 < 0.9 (0.66 @f,) 21.6 27 (simu. 41)
Glide Mush. 3-layer PCB 1.4 x 0.373 3 < 0.9 (0.62 @f,) 32.5 36 (simu. 48)
Full symm. DGS | 2-layer PCB 0.65 x 0.42 3.3 < 0.8 (0.37 @f,) 31.5 44
Conv. DGS 2-layer PCB 0.65 x 0.39 3.3 < 0.8 (0.35 @f,) 33 52
Glide. DGS 2-layer PCB 0.65 x 0.39 3.3 < 0.8 (0.6 @f,) 45.7 50

[Sgi] (dB)
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L — Conv. Symm.
= Glide Symm.
-60 ‘ ; ‘ :
1 2 3 4 5 6
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Fig. 13. Comparison of the measured CM response for the three structures
under study.
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Fig. 14. Measured eye diagrams for the DM of (a) fully-symmetric DGS
and (b) glide-symmetric DGS.

terms of FBW, CMRRf, as well as a very low insertion loss for
the DM. Moreover, it is worth mentioning that the relatively
large size of the proposed structures was mainly to mimic the
performance of a periodic structure and can be further reduced
by reducing the number of unit cells or using a substrate of
a higher dielectric constant. As a final note, we would like
to mention that the proposed defected ground structures are
easier and cheaper to fabricate since laminating multilayer
stack or hidden-via holes are not required. This means that
if cost is a major requirement, DGSs are more convenient.
On the contrary, if a structure with a solid ground plane to
avoid external interference is required, a multilayer mushroom
structure is preferred.

IS5i] (dB)

Mushroom with central vias
-80 - —+—Conv. Symm.
——Glide Symm.
-90 . . ! ! !
2 2.5 3 3.5 4 4.5 5

Frequency (GHz)

Fig. 15. Comparison of the mixed-mode response for unit cells of the
mushroom structures simulated using ADS Momentum: fully symmetric with
central vias, conventional edge-located vias and glide-symmetric edge vias.

IV. CONCLUSION

The application of glide symmetry to CM rejection filters
has been studied in this work. Specifically, differential lines
loaded with a glide-symmetric mushroom structure as well
as differential lines loaded with a glide-symmetric DGS have
been proposed. A full study of each of the considered struc-
tures is carried out in terms of dispersion diagrams, equivalent
circuit model, full-wave simulation, and measurements. The
proposed structures have demonstrated that glide symmetry
can conveniently improve CM rejection bandwidth without
affecting the performance of the DM or adding any extra
manufacturing costs. This fact has been verified through
measurements of manufactured prototypes of each studied
structure. Investigating the application of glide symmetry in
other configurations of differential filters is open for future
research.

APPENDIX

As discussed previously in the article, the proposed struc-
tures do not possess a longitudinal symmetry plane in con-
trast with conventional CM rejection filters. Therefore, it is
important to study the mode conversion between the DM
and CM to ensure their suitability to work as CM rejection
filters. For that purpose, we have evaluated the mixed-mode
S-parameters for one unit cell of each of the structures under
study. In Fig. 15, the mixed-mode S-parameter is plotted
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Fig. 16. Comparison of the mixed-mode response for unit cells of the DGS
structures: fully-symmetric, conventional symmetry and glide-symmetric.

for differential lines loaded with: 1) fully-symmetric mush-
rooms with central vias; 2) mushrooms with conventional
edge-located vias; and 3) mushrooms with glide-symmetric
edge-located vias. Although [S$d| is higher for the cases of
conventional and glide-symmetric edge-located vias than for
the case of full symmetry, it is sufficiently low to neglect the
mixed-mode excitation, which confirms the suitability of the
proposed mushroom structures to work as CM rejection filters.
A similar conclusion can be drawn from Fig. 16 for the DGS
structure, also confirming the low level of mode conversion in
the proposed DGS structure with glide symmetry.
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