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ABSTRACT

Topological Edge modes (TPEMs) are the electromagnetic (EM) equivalent of the
edge states in the integer quantum Hall effect that occurs due to topological phase
transitions of matter, the discovery at the origin of the Nobel Prize awarded to
Thouless, Haldane and Kosterlitz in 2016. The EM extension of TPEMs, originally
found at atomic level, was then moved to plasmonics and microwaves areas, open-
ing new and unexpected opportunities for innovation. The novel aspect of TPEMs
is that they can be "protected against backscattering" thus, enabling a wave-guiding
not affected by reflections due to disorder, imperfections, obstacles or deformations
of the propagation path. TPEMs protection normally requires non-reciprocal ele-
ments. However, recent researches have shown that it can be also generated by
reciprocal materials and this aspect is the main subject of this thesis.

A class of structures supporting modes protected against backscattering is the
one of PTD-symmetric systems, i.e, systems invariant under the combination of
the parity (P), time reversal (T) and duality (D) operators. This condition can be
also fulfilled by passive and lossless reciprocal structures, provided that the electro-
magnetic properties become dual in Babinet sense upon mirroring with respect to a
certain plane. If this condition is verified, the system is capable of supporting prop-
agation without backscattering, i.e. the guiding structures, even if not rigorously
unidirectional in topological sense, are intrinsically matched even in the presence
of discontinuities if also these latter are PTD-symmetry complaint. The work in
this thesis starts from the following considerations. Practical realization of dual
volumetric materials can be cumbersome. However, for a homogeneously filled
guiding structure, PTD-symmetry condition reduces to the duality of the boundary
conditions (BCs), which can be implement through metasurfaces (MTSs). For in-
stance, a possible PTD-symmetric structure consists of the combination of two dual
parallel plate waveguides with one perfect electric conductor (PEC) and one perfect
magnetic conductor (PMC) wall.

In this thesis we first describe the fundamental physics and numerical analysis
of this ideal PTD-symmetric structure. It is shown that it supports a mode whose
field is strongly confined at the edges between PEC and PMC. Therefore, we define
this guiding structure as Bifilar Edge Waveguide (BEW). Then, two different solu-
tions for PMC implementation through high impedance surfaces are investigated:
Fakir’s bed of nails and mushroom MTS. Relatively simple analytical models are
considered to relate their equivalent impedance to the electrical and geometrical pa-
rameters. It is found that, compared to the Fakirs bed, the mushroom MTS is signif-
icantly more compact for a given impedance value, as the patch capacitive loading
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allows for a significant reduction of the height of the pins. Simple BEW structures
based on mushroom are designed by EM simulations. These include straight and
segmented line branches, as well as multiple line structures. A number of proto-
types are then fabricated and tested. A multiport junction working as a switchable
microwave coupler is also designed, manufactured and experimentally character-
ized. Furthermore, alternative full metal structures based on the same concept are
also investigated. Finally, a different PTD-symmetric structure, characterized by a
higher degree of freedom and allowing for dual polarization operation, is presented
and its potential as radiating element is investigated.
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Chapter 1
Introduction

Parity Time-reversal Duality (PTD)-Symmetric bifilar waveguides are particular

waveguides that are robust against backscattering. For wave-guiding and trans-

mission line applications PTD-symmetry theory provides a powerful solution to

issues like scattering at sharp turns and manufacturing defects, as PTD-symmetric

structures are endowed with natural robustness that traditional waveguides lack.

The objective of the research presented in this thesis is manifold: starting from

the study of the physics behind the ideal bifilar edge waveguide behavior, mathe-

matical formulations and electromagnetic models are developed to obtain deeper

understanding of the potential and limits of the approach for the design of inno-

vative electromagnetic devices. Possible ways for practical implementations are

proposed. Finally, the use of this concept for practical applications both in the field

of planar microwave device and for radiating structures is explored.

1.1 PTD Symmetry

A structure is called PTD symmetric if it is invariant under the combination of
the parity (P), time-reversal (T) and duality (D) transformations. An important
point is that PTD systems can be formed by using reciprocal materials. In fact,
time-reversal symmetry is closely related to reciprocity, albeit not equivalent. In
particular, reciprocal lossless media are time-reversal symmetric [2]. Therefore,
in reciprocal systems [3], the main attributes that guarantees the some propagating
mode is immune to reflections is a duality link between the constitutive parameters

1
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A further step consists in the design of a proper feeding structure to be used
to excite the waveguide for the practical implementation. A rectangular waveguide
(RWG) has been first considered and a parametric study has been conducted to
determine the optimal size. Therefore, a transition RWG-bifilar edge waveguide has
been modeled, with a wave port at the RWG section. Once these design processes
were accomplished, different devices were designed based on this basic structure,
and the performances verified through full wave simulations.

Finally, detailed prototypes based on these results were designed and numer-
ically simulated. These include branches of straight transmission line, branch of
transmission line with bends, multiport junctions and directional coupler. The con-
sidered frequency range is the Ka-band, more precisely between 22 and 30 GHz.

Next goal is to investigate this concept by using Gap waveguide technology (all
metal). Metallic pins (pillars) are arranged densely to project PMC behaviour. A
bifilar edge waveguide has been designed by using PEC and glide arrangement of
pillars (w.r.t each other). Again RWG has been considered first, then a transition by
using WR34 through tapering is considered. Fully metal means no lossy material
is involved, so lossless propagation along the bent bifilar edge waveguide has been
observed.

Third goal is to study the square TEM waveguide constituted by PEC and PMC,
which exhibits two symmetry axes, as compared to bifilar edge waveguide. Two dif-
ferent types of bent PTD are deployed in the propagation paths of the square waveg-
uide to visualize the transmissions inside them. Finally, PTD-symmetric waveguide
arrays have been investigated for wide angle impedance matching properties by
changing phases at the input ports.

1.3 Outline of the thesis

The core of the doctoral dissertation in organized in six chapters, detailed below.

1.3.1 Parity Time-reversal Duality (PTD) Symmetry in ideal bi-
filar edge waveguide

This chapter presents the analysis of the ideal PEC/PMC based parallel plate waveg-
uide (PPW) denoted as bifilar edge waveguide (BEW). The properties of this par-
ticular kind of edge waveguide are investigated both analytically and numerically.
In particular, it is shown that it supports a transverse electromagnetic (TEM) edge
mode with characteristic and wave impedance equal to the impedance of free space.
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Furthermore, it is demonstrated through full wave simulations that this waveguide
is backscattering free in presence of discontinuity preserving the PTD-symmetry,
including transition to free space. Possible solutions for its practical implementa-
tion are also considered.

1.3.2 Implementation of the Bifilar Edge Waveguides

This chapter addresses the experimental characterization of the bifilar edge waveg-
uide consisting of a combination of perfect electric and high impedance metasur-
face. Rectangular waveguides (RWG) have been used to excite the BEW during the
simulations. However, to make it compatible with SMA connector and with PCB
technology, a proper feeding solution is required. Therefore, a grounded co-planner
waveguide (G-CPW) to substrate integrated waveguide (SIW) has been used. De-
tailed prototype and layout of transmission line with bends and multiport junctions
are shown. Experimental results confirm the possibility to guide the electromag-
netic (EM) waves along the junction with low insertion losses and unique matching
properties.

1.3.3 Switchable Bifilar Edge Line coupler (ELC)

A four ports edge line coupler (ELC) has been explained in this chapter. It is consti-
tuted by a parallel plate waveguide whose walls are formed by a junction between
Perfect Electric Conductor (PEC) and Perfect Magnetic Conductor (PMC). Revers-
ing the axis orthogonal to the plates interchanges the position of PEC and PMC.
The ELC presented here is constituted by a 4-port junction in which each port is
intrinsically matched due to the PTD symmetry, strongly coupled with a second
port, strongly decoupled with a third port, and weakly coupled with a fourth port.
A prototype of the coupler has been manufactured and measured. Furthermore, it is
shown through simulations how the ELC ban be made electronically reconfigurable
through the introduction of diodes.

1.3.4 All Metal Bifilar Edge lines

This chapter demonstrates the practical feasibility of using the bed of nails struc-
ture to construct a fully metallic PTD-symmetric bifilar edge waveguide (BEW).
The waveguide design starts by considering first the ideal perfect electric condi-
tion (PEC) and perfect magnetic condition (PMC) based parallel plate waveguides
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(PPW). Then, metallic pillars (Pins) are used to emulate the PMC boundary condi-
tions. It is found that if the pillars in the upper right wall are shifted in glide manner
also along the direction orthogonal to propagation gives larger unimodal band. Nu-
merical results show the backscattering protection and the ability to confine the EM
field in the proximity of the edge over a large bandwidth.

1.3.5 PTD-symmetric transverse electromagnetic (TEM) Square
Waveguide

This chapter investigates the reflection and transmission properties of the square
TEM waveguide constituted by two opposite perfect electric conductor and perfect
magnetic conductor walls. This waveguide exhibits a parity time-reversal duality
(PTD) symmetry with respect to both the diagonal axes. Furthermore, the active
impedance properties of an infinite array constituted by TEM waveguides open
ended in a checkerboard PEC-PMC ground plane is studied. In this case, contigu-
ous WGs are rotated of 90◦ to get dual polarization. The proposed waveguide array
exhibits wide angle (0◦-60◦) active impedance matching over a large bandwidth,
together with a good isolation between the cross-polarized ports.
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Chapter 2
Parity Time-reversal Duality
(PTD) Symmetric Protected
Edge Modes in Junctions

Recent discovery of topological insulators showed interfacial elec-

trons transport without dissipation, even in the presence of impuri-

ties. In fact, in a broad class of electromagnetic devices, one-way

power transfer that is immune to backscattering is very desirable. This

backscattering protection normally requires non-reciprocal materials.

However, new studies have revealed that it can also be produced by

materials that are reciprocal. Due to their chiral type features, the

edge modes in this instance are bidirectional but mostly immune to

backscattering. This offers a remarkable robustness to a wide class

of disorders, which could enable very prominent fabrication tolerance.

Similarly, their immunity to backscattering at sharp bends has the po-

tential to shrink device footprint by eliminating gradual bends or care-

ful engineering needed at the edge to overcome losses, or higher order

mode mixing when a turn is required in the waveguide.

7
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Junctions

2.1 Literature Review

Topological edge modes (TPEMs) [5] have recently attracted considerable atten-
tion, thanks to their robustness against scattering from discontinuities and capabil-
ity to travel in only one direction. It is shown that the electromagnetic counterpart
of the chiral edge states arising in two-dimensional electron systems subject to a
large magnetic field applied perpendicular to the plane in which the electrons re-
side (quantum Hall effect) [6]. A basic introduction of topological phenomena in
electromagnetic systems including geometric phase is given in [7]. TPEMs are
usually associated to non-reciprocal elements , [8], [9], [10], [11], [12].However,
the latest researches have revealed that they can also be supported by reciprocal
structures [3], [13], [14], [15]. Which reveals one of the startling effect in the
form of highly robust mode at the edge between reciprocal materials. This special
modes, called edge mode, exist within the bandgap of the material due to sudden
change in invariant across the boundaries. In this respect, the edge modes pro-
duced are bidirectional, but mainly (in the ideal cases) are immune from backscat-
tering. Especially, in [4] it is shown that this phenomenon arises in PTD sym-
metric structures. i.e. in structures which are invariant under the composition of
the parity, time reversal, and duality operators. This implies that PTD-symmetric
systems may support waves that are insensitive to any form of perturbation or dis-
continuity that satisfies the PTD symmetry. Moreover, when a PTD-symmetric
waveguide supports an odd number of propagating modes it is always possible to
define an excitation that also guarantees the absence of reflections due to modal
conversion [4]. In other words, it can be said that a bidirectional PTD-symmetric
N-port networks are characterized by a scattering matrix with vanishing diagonal
elements, i.e. S11 = ..... = SNN = 0. Thus, a PTD-invariant microwave network is
always matched at all ports. Quite remarkably, this property can also be achieved in
passive, lossless and reciprocal guiding structures, which implies a significant sim-
plification for practical realization with respect to active or non reciprocal solutions.
In fact, since passive, lossless and reciprocal structures are time reversal symmet-
ric, PTD symmetry in this case is achieved anytime an axis exists in the transverse
cross-section whose inversion produces dual boundary conditions (BCs) with re-
spect to the original ones (Fig. 2.1(a)). Propagation in such guiding structures will
be unaffected by any perturbation or defects that do not break the PTD symmetry.
It is noted that also the perturbation introduced by termination into free space be-
longs to this class. The topological insulators introduced in [16], [17] are particular
examples of reciprocal systems with an Ω -type bianisotropic coupling. Different
symmetry-protected waveguides (WGs) proposed in the literature can be cast in
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the bed of nails MTS is equivalent to the bare dielectric slab backed by a ground
plane.

The corresponding equivalent impedance is obtained from the analysis of the
equivalent transmission line shown in Fig. 2.10, where the ground plane is rep-
resented by a short circuit, the dielectric slab by a branch of transmission line

with propagation constant kzd =
√

k2 − k2
ρ , where kρ = k0 sinθ0, and characteris-

tic impedance ZT E
d = ξ0k/

√
εrkzd , and the free space by an indefinite transmission

line with propagation constant kz0 = k cosθ0 and characteristic impedance ZT E
0 =

ξ0(k0/kz0), Therefore, the equivalent impedance for the TE polarization is

ZT E
s = jZT E

d tan(kzdh) (2.4)

In case of TM polarization the electric field has a vertical component, and there-
fore it interacts with the pins. The scattering problem can be rigorously handled by
expanding the electromagnetic field in a proper set of modes in the artificial dielec-
tric. The wire medium supports three modes: a TEM mode, a transverse magnetic
(TM-z) mode and a transverse electric (TE-z) mode, with the following dispersion
equations

T EM mode : Kz = k (2.5)

T M mode : K2 = k2
ρ + k2

x + k2
y + k2

z (2.6)

T E mode : K2 = k2
x + k2

x + k2
y + k2

z (2.7)

An impinging TM polarized wave can excite the TM and TEM modes, not the
TE mode. By imposing the proper boundary conditions on the ground plane (n̂
x E|z=0= 0) and the continuity of the tangential electric and magnetic field plus
the additional boundary condition [37] εrE · n̂ |z=h− = εrE · n̂ |z=h+ at the interface
between the free space and wire medium (z=h), the closed expression of the total
field can be obtained, from which equivalent surface impedance is derived

ZT M
s = ZT M

0

kk2
p tan(kh)− k2

ρ γT M tanh(γT Mh)

εrγ0(k2
p + k2

ρ)
(2.8)

Here, γT M =
√

k2
p + k2

ρ − k2 and γ0 =
√

k2
ρ − k2. This is link to an inductive re-

actance for low frequencies (h ≪ λd , where λd is the dielectric wavelength). The
impedance become high when h approaches λd/4. This mimics the behaviour of a
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Where

α =
ake f f

π
ln [

1

sin(π(a−L)
2a

)
] (2.13)

ke f f = k0
√

εe f f

ηe f f is the wave impedance of the uniform host medium while εe f f is the relative
effective permittivity. α is called the grid parameter [41].

ηe f f =
ζ0√
εe f f

εe f f =
εe f f +1

2
While a and L are period and the patch side length, respectively. The impene-

trable equivalent impedance of the mushroom MTS can be calculated as the shunt
connection of the bed of nails MTS and of the equivalent impedance of the patch
layer

The high impedance metasurfaces are required to design practical structures that
can mimic the behavior of the ideal PMC. A necessary condition for the existence
of unimodal propagation supported by the edge mode is the existence of a bandgap
for the two halves of the structures. In fact, the unimodal bandwidth of the bifilar
edge waveguide is contained in the bandgap of the two constituent parts.

2.4 Propagation

The second step is to investigate propagation inside a rectilinear ideal bifilar edge
waveguide, to assess the degree of robustness against backscattering from PTD-
symmetric discontinuities. The geometry for this analysis is shown in Fig. 2.12.
Similar to the previous section, ªPerfect E" and ªPerfect H" boundaries are indi-
cated in blue and red color, respectively.

Wave ports have been assigned at terminations orthogonal to the x-axis. Dimen-
sions of the waveguide are: L1 = 6mm, L2 = 10mm, L3 = 6mm and L4 = 22mm.
Simulated scattering coefficients are reported in Fig. 2.13.

As it can be seen, there are negligible reflections (due to numerical issues), and
the power is practically completely transferred from one port to the other, despite
the abrupt discontinuity in the edge path. This is due to the PTD-symmetry of the
structure, combined with the fact that the bifilar edge waveguide is unimodal in
the considered frequency range. Fig. 2.14 shows the electric field distribution at
30 GHz for the structure of Fig. 2.12 excited at port 1.
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2.16. As it can be seen, in spite of the very small spacing between its walls (equal
to λ ÷ 30 at 10 GHz), the bifilar edge waveguide is well matched to free space
over the whole frequency range. In order to more accurately model the radiation
phenomenon, it is desirable to have air all around the structure.

2.6 Summary of the chapter

Bifilar edge waveguides consisting of only reciprocal materials and robust against
backscattering have been considered both theoretically and from the point of prac-
tical implementation. The study starts from the analysis of the ideal PEC-PMC
bifilar edge waveguide. It is shown that this waveguide support a TEM mode with
characteristic and wave impedance equal to the impedance of free space. Through
full wave simulations, it is also illustrated that this waveguide is backscattering free
in presence of discontinuity that preserves the PTD-symmetry, including its transi-
tion to free space. It has been also shown that the behavior of the PMC in bifilar
edge waveguide can be mimicked in practice, by using high impedance MTS. In
particular, bed of nails and mushroom MTS have been considered in detail, pro-
viding simple analytical models for their characterization. In conclusion, full wave
simulations on the real structure have shown the dispersion curve, demonstrating
the existence of a unimodal band, and very low backscattering in the presence of
curved propagation paths with sharp bends.
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Chapter 3
Backscattering Protection in
PTD-Symmetric Bifilar Edge
Waveguides

This chapter describes the design and experimental characterization of

microwave structures based on parity time-reversal duality symmetric

bifilar edge waveguides (PTD-BEWs) realized through a parallel plate

waveguide loaded by a metasurface. The analyzed structures include

transmission lines with bends and multiple line arrangements. Due to

their unique symmetry properties, these structures are robust against

backscattering, thus, resembling the behaviour of topological waveg-

uides, despite the fact they are reciprocal. This makes it possible to

guide the electromagnetic (EM) waves along the edge with low inser-

tion losses and unique matching properties. Measurements, performed

in the frequency range between 24 and 32 GHz, have confirmed the

feasibility of the theoretical concept. 1

1This chapter has been published as ªExperimental Verification of Backscattering Protection in PTD-
Symmetric Bifilar Edge Waveguidesº in IEEE Transaction on antennas and propagation, 2022 [42]
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3.1 Introduction

Use of parallel plate waveguide (PPW) as transmission lines by applying PTD
symmetric operator was first considered in [20]. PPW consist of ideal PEC and
PMC as explained in previous chapter, tells that ideal PMC does not exist there-
fore, high impedance mushroom MTS of certain dimensions are required to real-
ized the bandgap and unimodal region through dispersion analysis [43]. It shows
a supported unique mode strongly confined at the edges between PEC and mush-
room MTS. In the simulations, rectangular waveguides (RWG) have been used to
excite the structure. In the realization, the RWG is substituted by a grounded co-
planar (CPW) waveguide to benefit from the printed circuit board (PCB) technol-
ogy. Three layers of dielectric materials are glued together by means of two layers
of Astra MT77 Prepreg 1035LD of certain thickness each. The first dielectric layer
is Rogers RO3003, with a top and bottom metallization made by copper. The third
layer is also of the same material as the first one, with same metallization on the top
and in the bottom. Hence, this chapter thoroughly explain the evidence of robust
unidirectional propagation in it.

3.2 Dispersion of Bifilar-edge Waveguide

For the practical implementation of the waveguide in Fig. 3.1 is performed by using
a mushroom type metasurface to emulate PMC BC. The unit cell of this metasurface
consists of a square patch printed on a grounded dielectric substrate and connected
to the ground plane through a central via, as shown in the inset of Fig. 3.1. In the
ideal case of Fig. 2.1(b) each half of the structure consists of a PPW with PEC/PMC
BCs on the two plates; for separation distances between walls smaller than a quarter
of wavelength, such a waveguide does not support any modal propagation.

In the practical implementation, the PMC is substituted by a mushroom meta-
surface designed to exhibit high impedance in the desired frequency band. This
way, each half the PTD-BEW, which consists of the mushroom metasurface cov-
ered by a metal plate, individually exhibits a bandgap in the same frequency band.
A parametric study has been carried out in order to optimize the mushroom unit
cell. Finally, the following geometrical parameters have been selected: size of the
unit cell a = 1.6 mm, side of the square patch L = 1.45 mm, via radius r = 0.1 mm.
The space between the PEC wall and the top of the mushroom is filled by a dielec-
tric with relative permittivity εr = 2.33 and has a thickness d = 0.508 mm. The
resulting structure has been analyzed with Simulia CST. The dispersion diagram,
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is important to note that there is no physical separation between the various BEW
structures. The distance between the centers of adjacent line ports (and therefore
between adjacent edge junctions) is 8 mm which is approximately 0.8 free space
wavelengths. The simulated coupling coefficients among different ports are re-
ported in Fig. 3.15. It can be seen that the coupling is always lower than -30 dB
between ports located in the same side, and below -20 dB for ports located at op-
posite sites. At the same time, the matching of each channel appears unaffected by
the presence of the other channels.

Figure 3.15: Simulated coupling coefficients for the structure in Fig. 3.14

3.5 Experimental results

To verify the findings from the simulated results following different layouts has
been manufactured and measured in huawei research center for ka-band.

3.5.1 Straight PTD-BEW section

Fig. 3.16 shows a picture of the realized prototype of a straight PTD-BEW section
fed with a GCPW-to-SIW transition, according to the design presented in the pre-
vious section. Fig. 3.17 shows the measured scattering parameters in a range from
20 to 36 GHz.

It is seen that the structure presents a reflection coefficient smaller than -7.5 dB
across the whole band from 24 to 31 GHz, and smaller than -15 dB within the sub-
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Chapter 4
Switchable Bifilar Edge-line
Coupler

In this chapter, a four port broadband Edge-Line Coupler (ELC) based

on Parity Time-reversal Duality (PTD) symmetry has been designed,

constructed and measured. The PTD-BELs are constituted by a paral-

lel plate waveguide whose walls are formed by a junction between PEC

and PMC boundary conditions. The ELC presented here is constituted

by a 4-port junction in which each port is intrinsically matched due

to the PTD symmetry, strongly coupled with a second port, strongly

decoupled with a third port, and weakly coupled with a fourth port.

The ELC is designed by using mushroom for the PMC portion of the

device; the connection is based on a switch circuit which imposes open

and short conditions on the two opposite sides of the structure. Switch-

ing simultaneously the open and short circuits reroutes the signal in a

different port, while maintaining the same level of coupling with the

other ports. A static prototype has been built and its measurements

have confirmed the matching performance and the good directional-

ity of the coupler in a broadband frequency range between 24 and 30

GHz. 1

1This chapter has been published as ªSwitchable Edge-line Coupler Based on Parity Time-Reversal
Duality Symmetryº in Scientific Reports, 2022 [50]
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4.1 Introduction

PTD-BELs are used to design a switchable directional coupler suitable for PCB
technology realization. Directional couplers are fundamental components for sev-
eral microwave and millimeter-wave systems, and various solutions have been de-
veloped for their implementation [51]. Rectangular waveguide realizations are suit-
able for high-performance and high-power applications [52]. However, they are
bulky, rather expensive and difficult to integrate with other circuit components. On
the other hand, branch-line hybrid and coupled-line directional couplers in stripline
and microstrip technologies offer the advantages of compactness, planarity, low
fabrication cost, and integrability with active devices. In the recent years, substrate-
integrated waveguide (SIW) solutions have been developed as a compromise be-
tween the previous technologies. These include planar single [53, 54] and multi-
layer [55] structures, as well as three dimensional configurations [56]. They nor-
mally use slots (multiple apertures or a continuous one, depending on the desired
coupling level) in the common wall of two adjacent SIW waveguides. In all the
cases above, the couplers are static. However, some applications require the pos-
sibility to either reroute the signal towards a different port or change the coupling
level of the coupled port. Various approaches have been reported for low-frequency
(less than 5GHz) couplers with tunable power division ratio [57±59] and some other
also include direction switching capability [60, 61]. In this chapter, we present a
compact solution for a switchable directional coupler whose design is based on
PTD symmetry theory

4.2 Ideal PEC-PMC Case

Consider a geometry consisting of a parallel plate structure with distance h between
the two plates. Each plate has four quadrants alternating PEC and PMC BCs (Fig.
Fig. 4.1). In pairing the top and bottom walls, the PEC and PMC quadrants are
placed one on top of the other (see Fig.Fig. 4.1a and Fig. 4.1b). This structure is
PTD symmetric with respect to the axis z orthogonal to the plates ("parity axis"),
since changing z in -z makes the BCs dual.

This arrangement can also be seen as a 4-port junction constituted by the con-
fluence of four PTD-BELs, a kind of edge WG which has been theoretically studied
in [20] and experimentally verified in [28]. This transmission line is robust to back-
scattering for any PTD symmetric discontinuity, like the one at the central point of
the junctions. Therefore, according with the PTD theory, the Sii, i = 1..4 parame-
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bottom. The structure is illustrated in the inset of Fig. 4.4. The arrangement is
such that the directionality is from Port 1 to Port 3 and from Port 2 to Port 4. The
simulated scattering parameters for this structure are shown in Fig. 4.4. It can be
seen that in the considered frequency range almost all the power fed at Port 1 is
delivered to Port 3 with a good return loss. The coupling factor to Port 2 ranges
from 35 dB up to 20 dB in the bandwidth. Isolation of port 4 is almost constant
around 40 dB up to 29 GHz.

4.3.1 Switchable Edge-line Coupler

A second design is shown in Fig. 4.5(a). In order to realize a reconfigurable device
for signal routing it is necessary to switch the behavior of the central region from
PEC to PMC.

This is implemented by setting 2x2 mushroom unit cells in the central region
on both the top and the bottom walls, and by introducing switchable connections
(PIN diodes) among adjacent patches (see Fig. 4.5b and 4.6c).

When the diodes are on, they short-circuit the patches, thus emulating the PEC
behavior. When the diodes are off, they act as small capacitance, thus, leaving sub-
stantially unaffected the PMC-type mushroom behavior. In the full-wave analysis,
the diodes are first emulated with ideal short or open circuits; in practice, they can
be biased by using channels inside the pins of the mushroom [38]. Fig 4.5(b) and
4.6(a) shows two different configurations for the states of the diodes and Fig. 4.5(c)
presents the relevant scattering parameters as simulated by Ansys HFSS v2020 [1].

Rectangular waveguides (RWGs) have been used to feed the ports, and have
been included in the numerical simulation; the thickness of the RWGs has been
fixed equal to the distance between the mushroom surface and the PEC walls (i.e.,
0.508 mm), while their width is set to 4.3 mm, which is the value that provides
the best matching to the BEL. As expected, in both the configurations the power
supplied to Port 1 is delivered to Port 3, and the return loss is quite good. In the
case of Fig. 4.5(b), isolation of Port 4 is better than 25 dB in the frequency range
25− 29.5 GHz and the coupling level of Port 2 is constantly around 12 dB in the
same bandwidth. As a consequence, the directivity of this coupler is better than
13 dB, quite stable in the mentioned bandwidth. The configuration in Fig. 4.6(c)
exhibits a similar behaviour, but with a slightly increased coupling to port 2 and a
lower isolation. This shows how the switches can not only reroute the signal with
good matching, but also control the amount of power transmitted to the ports.

Comparison with the results of Fig. 4.4 shows essentially a different coupling
level of port 2, due to the different number of cells used in the central region. Fig.
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Figure 4.8: Simulated scattering parameters for the structure in Fig. 4.5(b) with a
realistic model for the PIN-diodes, accounting for the main parasitic effects.

4.4 Prototyping and measurements

A prototype of the four ports PTD-Symmetric ELC shown in Fig. 4.4 has been
realized in PCB technology. Three layers of dielectric materials are glued together
by means of two layers of Astra MT77 Prepreg 1035LD of thickness 0.126 mm
each. The first dielectric layer is a Rogers RO3003 of thickness 0.762 mm, with a
top metallization made by copper of 0.06 mm and a bottom one of 0.05 mm. The
third layer is made of the same substrate as the first one. In between these two
RO3003 slab layers (used for the realization of the mushroom metasurface) there is
a layer of Rogers RT5870, which has relative permittivity εr = 2.33 and loss tangent
equal to 0.0012. The central part consists of a square region with 3x3 mushroom
MTS unit cells on top and a PEC block in the bottom as shown in the layout of Fig.
4.9.

The examples discussed in the previous sections are with RWG feeding. In or-
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Figure 4.10: Picture of the realized prototype.

satisfactory return loss (around −10 dB) and slightly higher insertion loss, probably
due to imperfection in the fabrication.

Measured scattering parameters for excitation at port 2 are reported in Fig. 4.12
Since, the overall structure is PTD-invariant by swapping the vertical axis, Port 1 is
connected only with Port 3, and Port 2 only with Port 4. The measured scattering
parameters clearly show this symmetry.

4.5 Summary of the chapter

A PTD-invariant edge-line switchable coupler has been presented in this chapter. In
the ideal case of PEC and PMC boundary conditions, a couple of ideal synchronized
switches at the confluence among the bifilar edge-lines can re-route the signal from
one port to another with excellent matching isolation to one port and very small
spill-over to another port. This realizes a very good switch over an extremely large
bandwidth. Of course, the need to approximate PMC with practical metasurfaces
(like mushroom) imposes a certain dimensions to the central switching region. The
minimum dimension that one can realize in practice consists of 2x2 mushroom
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Figure 4.11: Simulated (continuous lines) and measured (dashed lines) scatter-
ing parameters of the PTD-Symmetric ELC using grounded-coplanar waveguide
substrate-integrated waveguide transition for excitation at Port 1.

cells. It is seen in this case that a combination of switches implies strong coupling
to one port, high isolation to the opposite port and a spill-over of power to the front
port to a level of −12 dB, thus realizing a large bandwidth switchable coupler.
Different combinations of switches can also modulate the power coupled to the
front port. If the central region is instead constituted by more cells (e.g., 4x4), the
structure emulates better the ideal case, and the spill-over of power to the front port
reduces drastically, as predicted by the PTD theory. However, rerouting the signal
in this case requires a higher number of switches and a control board. Although
the implementation of the device did not include switches, the experimental results
have not only demonstrated the applicability of the PTD-symmetry concept, but
also opened the path to the fabrication of microwave devices competitive in terms
of design flexibility and bandwidth performance.
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Figure 4.12: Measured scattering parameters of the PTD-Symmetric ELC using
grounded-coplanar waveguide substrate-integrated waveguide transition for excita-
tion at Port 2.
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Chapter 5
All Metal Bifilar Edge lines

This chapter demonstrates the practical feasibility of using the bed of

nails structure to construct a fully metallic parity (P), time-reversal

(T), duality (D) symmetric bifilar edge waveguide. The waveguide

design starts by considering first the ideal perfect electric condition

(PEC) and perfect magnetic condition (PMC) based parallel plate waveg-

uides (PPW). Then, metallic pillars (Pins) are used to emulate the

PMC boundary conditions. Three different kinds of PTD-symmetric

unit cells of PEC-pillar PPW are considered initially. The first case

has the pillars aligned on top and bottom walls, while in the second

case the pillars in the upper wall are shifted in glide manner along

the propagation direction with respect to the ones in the lower plate.

Finally, in the third case, the pillars in the upper right wall are shifted

in glide manner also along the direction orthogonal to propagation.

Numerical results show the backscattering protection and the ability

to confine the EM field in the proximity of the edge between comple-

mentary boundary over a large bandwidth. 1

1This work was conducted while the author was a visiting Ph.D. student at University Carlos III,
Madrid (Spain), from May to August 2022 (working with. Prof. Eva Rajo). Some part of the work is
submitted in upcoming EuCAP 2023 conference Florence (Italy).
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5.1 Introduction

Metallic waveguides are one of the earliest types of guiding structures implemented
by electromagnetic engineers. They have been broadly employed since they have
low losses and no leakage. Additionally, they can handle high power and have
cross-talk free characteristics. As we know that by using reciprocal structures par-
ity (P) time-reversal (T) duality (D) symmetry [3], [14] is achieved. The practical
realization of PEC-PMC bifilar edge Waveguides requires the implementation of a
high impedance metasurface [38], to mimic PMC boundary condition. However,
the selection of the periodic structure that provides the PMC boundary condition
affects the losses of the waveguide. In order to overcome these limitations metal-
lic gap waveguides as discussed in [63], [64], [65] are considered. In metallic gap
waveguide technology, the waves are guided in air, reducing the losses with re-
spect to artificial metasurfaces [66]. Additionally, these structures do not require
metallic contacts between upper and lower plates, which is a relevant advantage in
manufacturing process, and they can be used in packaging to minimize radiation
losses, unwanted coupling, and resonant mode influence [67]. Metallic Pin type
artificial materials [68] has been commonly used in gap waveguide technology to
block propagation of wave in undesired areas [69], [70]. Holly structures in gap
waveguide technology has valuable properties at high frequencies, it provides the
cost effective manufacturing of the designs.

5.2 PEC-Pillars Unit Cell

Consider the transverse cross-section of the canonical PTD-symmetric bifilar edge
waveguide (PTD-BEW) which consists of the parallel plate structure shown in Fig.
5.1(a). When the two plates are separated by a distance d < λ/4, the structure
supports only an edge mode, whose electric field distribution is sketched in the
XY − plane. The field is exponentially attenuated on both sides x > 0 and x < 0
with a penetration depth (inverse of the attenuation constant) approximately equal
to the separation distance between the plates, d. Since the field is confined between
the two edge lines, the structure resembles a bifilar transmission line. This structure
is PTD-symmetric with respect to the reflection along the y axis, since this operation
makes the BCs dual, as illustrated in Fig. 5.1(b).

The inset of Fig. 5.2 shows the basic unit cell used to implement the PTD-BEW,
which is analogous to the one used in [2]. It consists of two parallel plates each of
which composed by a PEC block of thickness PilLength = 4.42mm and metallic
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5.5 Summary of the chapter

The performance of a PTD-symmetric bifilar edge line based on metallic pillars has
been analyzed here. Inspired by the ideal PTD-symmetric structure consisting of
PEC-PMC boundary conditions, the proposed structure consists of a combination
of conducting plates and metallic pillars, arranged so as to exhibit PTD-symmetry
in all aspects. It is found that using the glide arrangement of the pillars along two
directions gives a larger unimodal bandwidth. Numerical results show that the input
reflection coefficient of this guiding structure is very good over a wide bandwidth,
even in presence of 90◦ bends. Consequently, the practical feasibility of a unidirec-
tional all-metal structure in the range between 23-29 GHz has been demonstrated.
The fabrication of the feeding by using holly structure is under progress. It is also
possible to design a four port junction. In which one port of the coupler and rest of
the ports could be decoupled. However, adding the reconfigurabilty in this case is
not very straight forward.
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Chapter 6
PTD Symmetric TEM square
Waveguides

In this chapter the transmission and reflection characteristics of a bent

square TEM waveguide constituted by two opposite perfect electric

conductor and perfect magnetic conductor walls are analyzed. This

waveguide exhibits a parity time-reversal duality (PTD) symmetry with

respect to both the diagonal axes. It is found that this property is main-

tained even when the structure is bent in a plane orthogonal to one of

the two PTD symmetry axes (PTD-bend). As a consequence, the TEM

mode propagation is protected against backscattering by this class of

discontinuities. The preservation of the PTD symmetry with respect to

a geometrical flexibility of the bend is also analyzed, thus introducing

a new class of bendable waveguides largely immune from backscat-

tering by bend discontinuities. Two dual-polarized arrays have been

considered. The first one is constituted by a square waveguide which

has perfect electric conducting (PEC) and perfect magnetic conduct-

ing (PMC) BC on opposite walls, and open ended in free-space with

side by side element rotated by 90◦. The second arrays, we refer to

say as checkerboard, is constituted by the same elements but disposed

in a diamond shape, with square patches of PEC and PMC BC im-

posed on the free-space interface in the complementary spaces w.r.t

the open ended waveguide terminations. This gives contiguous open
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ended waveguides rotated of 90◦ to get dual polarization. Both these

array structure exhibits PTD-symmetry along two diagonal axis. It is

also shown here that these arrays exhibits wide angle (0◦ - ±80◦) ac-

tive impedance matching over a large bandwidth together with a good

isolation between the cross-polarized ports. 1

6.1 Introduction

Planar radiating waveguide arrays are typically used both as direct radiating arrays
[78] and dense focal planar array in reflector antennas [79]. Wide band impedance
matching and low mutual coupling, togather with reduced size, constitute the ma-
jor requirements in waveguide array design. To this aim complex cross-section
waveguide has been presented through cross-sectional folding and bending. Some
examples are π (or rigid), H-waveguide and N-guides [80], [81]. Here, PTD sym-
metric theory has been used to design a simple cross-sectional waveguide. It has
capability of propagation a dominant TEM mode whose field distribution is similar
to that described in [20], [2] and also in the conventional dielectric loaded hard wall
rectangular waveguide [80], [82], [83]. PTD symmetric theory reveals that if an axis
exists in transverse cross-section of a guiding structure then its inversion produce
dual boundary conditions (BC) with respect to the original BC (x,y,z)→ (x,y,−z),
[shown in Figure 6.1] this structure supports a propagation immune from backscat-
tering [20]. Therefore, the resultant propagation is robust (i.e., it does not produce
any backscattering) against any defect that respect a PTD symmetry w.r.t the same
axis. Hence, an array of open-ended square PTD-symmetric waveguides has been
investigated in [28, 29]. This array with an ideal BCs fulfills the PTD-symmetry,
and it also allows wide angle beam scanning with good matching performance.

6.2 Square TEM waveguide

The geometrical configuration of a square TEM waveguide, PTD-symmetric with
respect to both the diagonal axes, is reported in the inset of Figure 6.2. This waveg-
uide can be realized by using printed metasurfaces on two opposite walls [80] to
mimic the PMC boundary conditions. It is well known that the ideal structure sup-
ports a TEM mode, namely a mode without cut-off [80]. However, in its practical

1Few part of the work presented in this chapter has been published as ªFlexible Unidirectional PTD-
Symmetric Waveguideº in URSI Radio Science Letters,vol. 3, p. 51 2021, [77] and rest is submitted to
IEEE Antennas and Wireless Propagation Letters (AWPL).
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Figure 6.7: Snapshot of E-Field inside the PTD-symmetric waveguide with non
PTD-bend.

sequence, on the same frequency range the transmission coefficient decrease from
−1 dB till −40 dB. This clearly shows that the field is mostly reflected back at the
bent discontinuity. A snapshot of the electric field distribution at f = 11 GHz on
the plane orthogonal to the PEC walls is reported in Fig. 6.7. It is found that the
field excited at one port does not reach the other port, due to the strong reflection at
the right-angle bend.

6.3.1 Flexible TEM Square waveguide

A PTD-symmetric bent TEM-waveguide, with an arbitrary bend angle, exhibits
an interesting geometrical (and mechanical) property: starting with an initial bent
configuration with a square cross-section, the bending angle can be increased con-
tinuously changing the cross-section from square to rhombus without breaking the
PTD-symmetry of the resulting waveguide. This realizes a flexible PTD-symmetric
waveguide. Let us consider the right-angle PTD-symmetric bent waveguide shown
in the left hand side of Fig. 6.8, which is the same as that in Fig. 6.8. Let us denote
with β the half-angle between PEC and PMC walls across the PTD-axis (z-axis).
Moreover, let us denote with α the half-angle between the symmetry axes of the
two straight waveguide sections, i.e. x-axis and η-axis in Fig. 6.8. The flexibility
of the PTD-symmetric waveguide is implemented by varying β between 45◦ and
0◦. The following relationship holds between the distance |P1P2| between the two
points P1 and P2 and the two angles α and β :
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6.7 Summary of the chapter

In this chapter the properties of a bent PTD-symmetric square waveguide consti-
tuted by PEC-PMC walls have been investigated. This waveguide supports uni-
modal TEM mode propagation protected against backscattering from deformations
and defects that preserve the PTD-symmetry. This property is also preserved when
folding the bent waveguide, thus obtaining a flexible waveguide. The characteris-
tic impedance of the TEM mode coincides with the wave impedance of the mode
and with the free-space, and this is obtained for all the folded configurations. Also
the wide angle impedance matching properties of an ideal PTD-symmetric square
and checkerboard waveguide array composed by cross-polarized TEM waveguides
are investigated. The mode supported by each waveguide is protected from the
backscattering arising from the class of discontinuities which does not break the
PTD-symmetry, including its free space transition. The assessment of the beam-
scanning capability of the PTD-symmetric square and checkerboard waveguide ar-
ray has shown quite satisfactory matching and coupling coefficients for different
scanning angles. A square TEM waveguide in which two PEC walls and PMC wall
with no of mushroom unit cells is used. its shows considerable matching for the
frequency between 4.15 to 4.18 GHz. The waveguides with such characteristic
have great potential to be used in many applications like communication and radar
systems.
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Chapter 7
Conclusion

This chapter summarizes the contribution of the thesis and discusses potential for
future research.

7.1 Summary of contribution

The increased interest in protected edge mode transmission line for scientific appli-
cations has opened many opportunities for researchers. PTD Symmetric structures
can provide backscattering protection even at large discontinuities when these lat-
ter respect this symmetry. A PTD-invariant structure consisting of a parallel PEC-
PMC plate waveguide, which theoretically supports a unimodal TEM propagation,
has been numerically analyzed. It is found that the fundamental propagating mode
in this waveguide is protected against backscattering from local perturbations that
satisfy the PTD-symmetry condition. A practical implementation of the waveg-
uide can be obtained by using a mushroom structure to emulate the PMC bound-
ary conditions. Despite the passivity and the absence of non-reciprocal elements,
the transmission line does not suffer from reflections for any PTD-symmetric dis-
continuity. The unimodal bandwidth obtained by mushroom-type PTD-symmetric
line is related to the modal bandgap associated with the mushroom structure, as
expected. This indicates that the unimodal bandwidth has a minimum and a max-
imum frequency, rather than starting at zero frequency. The propagating mode in
the unimodal bandwidth assumes the characteristics of a TEM mode only around
the point where the light line and mode dispersion curve intersects. The practical
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feasibility of the unidirectional structure has been demonstrated by experiments in
the range 20-30 GHz. Despite manufacturing challenges, experimental results have
been found completely satisfactory concerning for using the new PTD-symmetric
line as a quasi TEM transmission line.

A switchable coupler based on PTD-symmetric transmission line has been real-
ized in which each port is significantly coupled with only one other port (Chap 4).
The structure, with a central portion consisting of top and bottom mushroom MTS,
can be made reconfigurable by using pin diodes that short circuit to the ground
of the mushrooms surface, thus, emulating a ground plane. By acting on the pin
diodes it will then be possible to invert the coupled ports. This possibility has been
confirmed by a full wave analysis and verified by experimental results, the latter
obtained without the switches.

An all metal-gap waveguide in which metallic pins is used to emulate a PMC
surface has been also studied (Chap 5). It is found that an unimodal bandwidth
can be obtained where TEM propagation features is verified at the point where the
light line crossing and the modal dispersion curve intersect. By properly design-
ing the pins, the TEM bandwidth can be improved with respect to that employ-
ing mushroom-type MTS. Full wave simulation analysis have confirmed that PEC-
Pillars waveguide provides propagation protection from backscattering even if the
experimental feasibility of the unidirectional structure is still under manufacturing
phase.

According to PTD theory one possible discontinuity is opening to free space.
Hence, open-ended PTD-symmetric edge transmission lines can be used as reflec-
tionless antennas. In this case, an important issue is concerned with the boundary
conditions at the open-end of the line. The absence of internal reflections is en-
sured only if the boundary condition at the open end satisfies the PTD symmetry.
Although in principle this can be realized by using mushrooms also in the external
flange, it is difficult to create a reasonable approximation of PMC in the transition
from internal to external boundaries, namely in the practical termination. The addi-
tional difficulty is that any external PTD symmetric junction can create additional
allowable unidirectional paths along PEC-PMC junctions that redirect the power
along these lines more than in free space, thus subtracting power to the desired free
space radiation. The above phenomenon limits, if not prevents, the use of open
ended PTD line as radiating elements in arrays. As well as PTD-symmetric ele-
ments (such as a square element with two PEC and two PMC parallel walls), the
alternance of PTD-symmetric elements like the ones we have investigated (Chap 6),
seems to inevitably channel power in line-boundary along the free-space interface,
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creating undesired coupling paths. However, full wave simulation analysis shows
that the active reflection coefficient in infinite array configuration (made with ideal
PEC-PMC boundary conditions) for different scanning planes provides satisfactory
results.

7.2 Directions for future work

The research outcomes of this thesis work may open the possibility to design and
fabricate several types of reconfigurable devices at microwaves, up to 30 GHz,
such as directional switches, splitters, filters, and resonators. Alternative config-
urations, as PTD-symmetry protected edge mode with single layer complementary
impedance surfaces (capacitive and inductive) can provide easy solutions towards
flexible devices. The extension of PTD-symmetry protected edge mode to the non-
reciprocal materials could also be a future topic of interest. Similarly, this work
may also be complemented by the design an equivalent DB boundary that behaves
as a PEC for TE mode and as a PMC for a TM mode, and is therefore self-dual.
The use of DB boundary in the flange would allow to satisfy the PTD symmetry
thus, providing a well matched open ended PTD line. At the same time, since
the DB boundary prevents any propagation along the surface, it is also expected
to provide good decoupling among radiating elements when arranged in an array
configuration.
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Chapter 8
Publications

This research activity has led to several publications in international journals and
conferences. These are summarized below.

International Journals

1. I. Nadeem, V. Verri, E. Martini, F. Morgia, A. Toccofondi, M. Mattivi, S. Maci.
ªExperimental Verification of Backscattering Protection in PTD-Symmetric Bifilar
Edge Waveguidesº, IEEE Transaction on Antenna & Propagation, vol. in press,
2022. [DOI:10.1007/s11042-010-0643-7]

2. I. Nadeem, V. Verri, E. Martini, F. Morgia, A. Toccofondi, M. Mattivi, S. Maci.
ªSwitchable Edge-line Coupler Based on Parity Time-Reversal Duality Symmetryº,
Scientific Reports, vol. 48, iss. 2, pp. 313-337, 2022. [DOI: 10.1007/s11042-009-
0342-4]

3. I. Nadeem, E. Martini, A. Toccofondi, S. Maci. ªFlexible Unidirectional PTD-
Symmetric waveguideº, URSI Radio Science letters, vol. 3, iss. 1, p. 51, 2021.
[DOI: 10.46620/21-0051]

Submitted

1. I. Nadeem, E. Martini, A. Toccofondi, S. Maci. ªWide angle impedance matching
(WAIM) of PTD-symmetric open ended waveguide arraysº, IEEE Antenna & Wave

propagation letters, 2022. (Submitted)

2. I. Nadeem, E. Martini, A. Toccofondi, E. Rajo, S. Maci. ªImplementation of a Fully
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Metal PTD-Symmetric Bifilar Edge Waveguidº, in 17th European Conference on An-
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