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ABSTRACT

The most basic approach to confining electromagnetic waves is to place mirrors along their path, yet achieving confinement
without conventional mirrors remains a major challenge. Here, we demonstrate theoretically and numerically an open-geometry
cavity that enables electromagnetic field confinement without physical mirrors. This mirrorless confinement arises from a
mode gap induced by incompatible boundary conditions at the interface between perfeci electric conductor (PEC) and perfect
magnetic conductor (PMC) parallel-plate waveguides. By employing a metallic-groove artificial magnetic conductor to emulate
PMC behavior, we realize open PEC-PMC cavities that exhibit strong field localization and an enhanced magnetic-dipole
Purcell factor. Waveguide-coupling simulations reveal a sharp transmission resonarice with a quality factor of Q ~ 102, even in
the presence of realistic Ohmic and dielectric losses. These mirrorless cpen cavities remove the physical boundaries imposed
by conventional mirrors, allowing atoms, molecules, quantum dots, and biological nanoparticles to freely access and strongly
couple to confined modes, thereby providing a versatile platform for exploring electromagnetic-wave phenomena in open
geometries.

Introduction

The control of electromagnetic (EM) wave propagation through the utilization of frequency regions in which propagation is
prohibited, referred to as mode gaps. is fundamental to a broad range of photonic systems. For example, in photonic crystals,
periodic modulation of the refractive index gives rise to Bragg scattering and the formation of photonic band gaps, within which
no Bloch modes can propagate.! In waveguides, cutoff conditions dictated by geometrical or material parameters suppress
higher-order modes, resulting in waveguide mode gaps.” Metamaterials, on the other hand, employ subwavelength resonators
to tailor the dispersion relation and introduce engineered gaps in the modal spectrum.? In all these systems, mode gaps emerge
from structural periodicity, material dispersion, or geometrical design.

In contrast, the interface between semi-infinite perfect electric conductor (PEC) and perfect magnetic conductor (PMC)
parallel-plate waveguides (PPWs) separated by an air gap / gives rise to a fundamentally distinct type of mode gap.* This
effect originates solely from the incompatibility of boundary conditions. A PEC surface enforces the vanishing of the tangential
electric field and reflects incident waves with a phase shift of 7, whereas a PMC surface enforces the vanishing of the tangential
magnetic field and reflects with zero phase shift.> For time-harmonic fields (¢ 7'®"), these boundary conditions are expressed
as i x E = 0 for a PEC surface and fi x H = 0 for a PMC surface, where E and H denote the electric and magnetic fields,
respectively, and f is the unit normal vector perpendicular to the surface.

When two PEC plates form a parallel-plate waveguide (PPW) with separation & < A /2, only the TEM mode can propagate.
In contrast, a PMC PPW supports a complementary TEM mode in which the roles of the electric and magnetic fields are
interchanged. If a PEC PPW and a PMC PPW are connected side by side, the interface between them imposes mutually
incompatible constraints on the tangential field components for any TEM-like solution across the junction. As a consequence,
propagating transmission is suppressed below the first cutoff frequency, feuoff = ¢/2h and the interface effectively behaves as a
reflecting boundary. This reflection does not arise from material index contrast but from boundary-condition incompatibility,
forming a virtual electric wall even in the absence of a physical mirror.

Building on this boundary incompatibility, a rich variety of unconventional electromagnetic phenomena has been revealed.
PEC-PMC interfaces can sustain surface waves even in media with positive permittivity and permeability, defying the



conventional requirement for negative material parameters and exhibiting plasmon-like resonances in cylindrical geometries.®

A circular PMC patch embedded in a PEC PPW behaves as a virtual pillar, completely shielding an enclosed object while
allowing controlled field penetration determined by pillar height.” Periodic arrays of such virtual pillars reproduce the band
structures of metallic photonic crystals, exhibiting photonic band gaps, double Dirac cones, and effective zero-index behavior.®
Likewise, alternating PEC and PMC PPWs filled with dielectric layers support hyperbolic dispersion and negative refraction,
analogous to metal-dielectric multilayers,” although similar phenomena can also be realized using PEC PPWs alone in the
absence of the PMC boundary.'%-!? Interfacing Weyl photonic metamaterials with PEC or PMC boundaries enables all-angle
reflectionless negative refraction,'® and a finite-thickness photonic meta-crystal subjected to these boundary conditions exhibits
opposite chiral bulk transport.'* The EM field enhancement for the scattering of a plane wave by a subwavelength rectangular
cavity formed by PEC walls and a PMC bottom has been reported.'>

This boundary incompatibility enables the formation of mirrorless open EM cavities confined not by physical walls but by
virtual electric or magnetic barriers at the PEC-PMC interfaces. The term “mirrorless” emphasizes that no material mirrors
enclose the cavity volume, even though reflection arises from the induced virtual electric or magnetic barriers. Although an
ideal PMC does not exist in nature, its boundary behavior can be emulated by an artificial magnetic conductor (AMC), such as
a high-impedance or frequency-selective surface, that reflects EM waves with near-zero phase shift over a narrow frequency
band.'®'8 When integrated into PPW geometries, these engineered structures enable the realization of open EM cavities based
on the mode gap arising from incompatible boundary conditions at the interface between PEC and PMC PPWs separated by an
air gap.

In this paper, we theoretically and numerically demonstrate that EM waves can be confined by virtual electric or magnetic
barriers formed by enclosing a PEC-PMC interface. To validate this confinement mechanism, rectangular PEC patches were
implemented on the top and bottom plates of an AMC PPW separated by an air gap, where the AMC—realized using metallic
grooves—emulates the behavior of a PMC. This configuration forms virtual electric walls via closed PEC-AMC interfaces,
trapping EM energy within the air region between the patches. The quality factor ¢ of the lossless open cavity increases
markedly as the gap i decreases, whereas in the presence of Ohmic and dielectric losses, Q is strongly suppressed and becomes
nearly independent of /4. Full-wave simulations based on evanescent-wave coupling confirm strong EM energy localization
within the air region, despite the absence of any physical enclosure

Results
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Figure 1. Schematic of an open EM cavity formed by virtual electric walls at the interfaces between two rectangular PEC
patches of size L x d and a PMC parallel-plate waveguide separated by an air gap s, with the patches embedded in the top and
bottom plates.

Figure 1 schematically illustrates an open EM cavity formed by virtual electric walls at the interfaces between two
rectangular PEC patches of size L xd (—L/2 <x < L/2, —d/2 <y <d/2) and a PMC PPW separated by an air gap h
(0 <z < h), with the patches embedded in the top and bottom plates. An equivalent structure with PMC patches in a PEC PPW
supports identical mode solutions when the electric and magnetic field components are interchanged.

For PEC patches of size L x d embedded in an ideal PMC PPW separated by an air gap &, the frequencies of the cavity
modes confined within the air gap between the top and bottom patches are given by f. = c+/(p/L)*+ (q/d)?*/2, where p and
q are integers below the first cutoff frequency feuoft = ¢/2h. The fundamental cavity mode corresponds to p = 1 and ¢ =0,
yielding f, = ¢/2L for d < L, and supports only the z-component of the electric field, E, = Eysin(7x/L), and the y-component
of the magnetic field, H, = Hycos(mx/L).

Figures 2(a) and 2(b) show the spatial distributions of the electric field component E, and magnetic field component Hy,
respectively. For each field component, the upper panel displays the xy-plane distribution at z = /1/2, and the lower panel shows
the xz-plane distribution at y = 0. The cavity mode at f. = 25.33 GHz is confined in the air region between PEC patches of
size 6a x 2a embedded in the PMC PPW with 4 = a = 1.0 mm. The simulated field profiles of E;, and H, agree well with the
analytical solutions, E, = Eqysin(mx/L) and Hy, = Hycos(mx/L) and clearly demonstrate strong EM energy confinement in the
air region, even without any physical enclosure.

In practical implementation, a PMC can be emulated by an AMC, which requires a sufficient number of unit cells to
reproduce PMC-like behavior; AMC patches with too few unit cells deviate from the ideal. Here, we study the PEC-patch/ AMC
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Figure 2. Spatial distributions of the electric field component E in the xy plane at z = &/2 (upper panel) and the xz plane at
y = 0 (lower panel) (a), and of the magnetic field component H, in the xy plane at z = /2 (upper panel) and the xz plane at

y = 0 (lower panel) (b), for the cavity mode (f, = 25.33 GHz) confined in the air region between PEC patches of size 6a x 2a
embedded in the PMC PPW with h = a = 1.0 mm.

PPW configuration, where virtual electric walls confine the fields in the air gap between the patches. Figure 3(a) shows the
schematic of a metallic-groove AMC, composed of a two-dimensional array of square metal rods on a flat metal surface within
a dielectric background of refractive index n,. The array period is a, while b and ¢ denote the rod width and height, respectively.
This AMC design is employed because it integrates seamlessly with PEC patches and establishes a well-defined PEC-AMC

boundary interface.®
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Figure 3. (a) Schematic of a metallic-groove AMC, consisting of a two-dimensional array of square metal rods on a flat metal
surface within a dielectric background of refractive index n;. The array period is a, while b and ¢ denote the rod width and
height, respectively. (b) Reflection phase of normally incident EM waves on the metallic groove structure for @ = 1.0 mm,

b =0.8a, and ny = 1.5, with ¢ varied from 1.5 to 3.0 mm. The structure functions as an AMC within the frequency range
where the reflection phase lies between +90° and —90°, highlighted in gray.

Figure 3(b) shows the reflection phase of normally incident EM waves on the artificial structure, with ¢ varied from 1.5 to
3.0 mm, a = 1.0 mm, b = 0.8a, and ny; = 1.5. The structure acts as a magnetic conductor within the frequency range where the
reflection phase lies between +90° and —90°, highlighted in gray.'® An approximate expression for the zero-phase frequency,
fo—0,is ¢/ (4tn¢:0) , where c is the speed of light in free space and ny—g is the effective refractive index at the zero-phase
frequency. The EM field confinement within the PEC—patch/AMC PPW is examined at this zero-phase frequency.

At the boundary of semi-infinite PEC/PMC PPWs, the virtual electric wall enforces incompatible boundary conditions that
yield perfect reflection. In a PEC—patch/PMC PPW cavity, however, the finite dimensions of the PEC patches and the PMC
PPW lead to imperfect reflection, allowing the cavity mode to leak through evanescent field tails beyond the patch region. As &
decreases, the reflectivity of the virtual electric wall increases;’-® thus, larger & effectively extends the cavity length and lowers
the cavity frequency below ¢/2L. When PEC patches of the same size are embedded in a metallic-groove AMC PPW, the
fundamental cavity frequency can be tuned to match the zero-phase frequency by adjusting ¢. In this configuration, the AMC
effectively mimics a PMC, and the spatial distributions of E, and Hy, closely resemble those of the PEC—patch/PMC PPW case.
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Figure 4. Spatial distributions of the electric field component E; in the xy plane at z = h/2 (upper panel) and the xz plane at
y = 0.5a (lower panel) (a), and of the magnetic field component Hy, in the xy plane at z = //2 (upper panel) and the xz plane at
y = 0.5a (lower panel) (b), for the cavity mode (f. = 25.47 GHz) confined in the air region between PEC patches of size

6a x 2a embedded in the metallic-groove AMC PPW of size 18a x 14a, with t = 2.0 mm and 2 = a = 1.0 mm. The fields
resemble the PEC—patch/PMC PPW fundamental mode, confirming open-geometry confinement in the xy plane.

Figures 4(a) and 4(b) show the spatial distributions of the electric field component £, and the magnetic field component H,,
respectively, in the xy plane at z = h/2 (upper panels) and in the xz plane at y = 0 (lower panels) for the cavity mode confined in
the air region between PEC patches (6a x 2a) embedded in a metallic-groove AIMC PPW of size 18a x 14a, with = 2.0 mm
and 2 = a = 1.0 mm. The simulated field patterns closely resemble those of the fundamental mode in the PEC-patch/PMC PPW
case shown in Figs. 2(a) and 2(b), confirming that the virtual electric walis formed by the boundary-incompatibility-induced
mode gap effectively confine the EM field without physical enclosures. These results verify that the PEC-patch/ AMC PPW
operates as an open EM cavity.

A key implication of the open cavity formed by PEC-patch/AMC PPWs is its ability to enhance light-matter interactions
through the Purcell effect.!® The virtual electric wall created by incompatible boundary conditions enables strong confinement
of the cavity mode within the air region between the PEC patches, resulting in a small effective mode volume. When combined
with the high quality factor achievable in the absence of significant material losses, this confinement leads to a substantial
enhancement of the spontaneous emission rate of a magnetic dipole emitter placed inside the cavity.

In a PEC-patch/PMC PPW open cavity with H = Hycos(mx/L)¥, the magnetic-dipole Purcell factor is given by Fpymp =
(3/47*)(A/n)*Q/Vmp Tpos Mori Nspec> Where A is the free-space wavelength, n is the refractive index, Q is the cavity quality
factor, and the effective mode volume is defined as Vip = [ |H|*d®r/max |H|? = Ldh/2. The correction factors Tpos =
cos?(mxo /L), Nori = (- H)?, and Nspec describe the emitter position, dipole orientation, and spectral detuning, respectively,
where xo denotes the position of a magnetic dipole emitter and 1 its magnetic dipole moment.?%-2!

For an optimally placed emitter at the antinode (xp = 0) and aligned on resonance, the Purcell factor reduces to Fpyp =
(12/7%)(L*/dh)Q for A = 2L and n = 1, demonstrating strong spontaneous-emission enhancement that scales quadratically
with L, inversely with d and k, and linearly with Q. In the PEC—patch/AMC PPW open cavity, where the field profile closely
resembles that of the ideal PEC—patch/PMC PPW case, the Purcell factor is given by Fpvp = (12/7%)(L?/ydh)Q for an
optimally placed emitter, with ¥ > 1 accounting for finite field leakage.

The quality factor (Q) is determined by the reflectivity R of the virtual electric walls, with Q ~ 1/(1 — R). Consequently, Q
increases as h decreases or as the relative size of the AMC PPW compared to the PEC patch increases, since the reflectivity R
rises under these conditions.”® Therefore, / is a key parameter for enhancing the Purcell factor of the fundamental cavity mode
in the PEC-patch/AMC PPW open cavity. As h is reduced, Fpmp increases significantly.

Figure 5 shows the dependence of Q of the PEC—patch/AMC PPW open cavity on 4. Under lossless conditions, Q rises
rapidly with decreasing & due to stronger field confinement. In the presence of Ohmic dissipation in copper with conductivity
0 = 5.813 x 107 S/m and dielectric losses with a loss tangent of 0.0009, however, Q is strongly suppressed and becomes
nearly independent of /, saturating at values of order 10%. The total loss ¢ is the sum of radiative loss ¢, and material loss o,
(o = o + o), with Q inversely proportional to loss (1/0; = 1/Q,+ 1/Q,). In the lossy case, &, < @, so that o ~ o, and
Q; ~ Q,,, independent of A. This limitation caps the magnetic-dipole Purcell factor at ~ 10° and highlights the critical role of
loss mitigation in practical implementations.

The Ohmic loss in the metal is governed by the surface resistance /@uy/20, which follows from the skin-depth
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Figure 5. Dependence of the quality factor on .

approximation for good conductors.’ Since the Ohmic-loss-limited quality factor scales inversely with the surface resistance,
Q = /0, a metal with higher conductivity yields a modest increase in Q. For example, Ag, having slightly higher conductivity
than Cu, would therefore provide a somewhat larger Q.

To examine the device potential of the PEC—patch/AMC PPW open cavity, we perform a numerical waveguide-coupling
experiment by placing two finite PEC PPWs adjacent to the cavity, as schematically illustrated in the inset of Fig. 6(a). In a
waveguide—resonator system with two parallel waveguides, the output response is governed by the resonator mode: a single
even mode produces bidirectional outputs in both waveguides irrespective of the input port, whereas a single odd mode yields
output characteristics determined by the waveguide configuration®”. The input—output configuration is optimized to ensure
sufficient transmission by efficiently coupling the odd-parity electric field to the waveguide modes.
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Figure 6. (a) Simulated transmission spectrum of TEM modes in the side-coupled PEC PPW of width a within the AMC PPW
of size 22a x 16a containing a PEC—patch/AMC PPW open cavity of size 6a x 2a. The waveguide—cavity separation is g = 2a.
The inset shows a schematic of the numerical waveguide-coupling experiment. (b) Spatial distribution of E, in the xy plane at
z = h/2 for the peak frequency of the transmission spectrum.

Figure 6(a) shows the simulated transmission spectra of TEM modes in the side-coupled PEC PPW of width a embedded
in an AMC PPW of size 22a x 16a containing a PEC—patch/AMC PPW open cavity of size 6a x 2a. The waveguide—cavity
separation is g = 2a, with an air-gap height of 4 = a = 1.0 mm. The spectrum exhibits a sharp peak at the fundamental
frequency near 25.4 GHz. The estimated Q = f,, /A frwhwm is on the order of 102, in good agreement with the calculated Q for
the lossy case in Fig. 5, where f}, is the peak frequency and A frwam is the full width at half maximum.

The low peak transmission originates from the fact that the cavity operates in the regime, where intrinsic material loss
dominates over external waveguide coupling. Within temporal coupled-mode theory,?? the cavity amplitude a(t) satisfies
da/dt = (i — ¥ — Ye) @+ /2% sin, Where ¥; denotes the intrinsic loss rate (Ohmic and dielectric losses), and ¥, denotes the
external coupling rate to the waveguide. Here s;, denotes the incoming wave amplitude from the excitation port, normalized
such that |s;,|> corresponds to the input power. The transmission spectrum is given by 7' (@) = 472 /[(® — wo)* + (1 + 7.)?].
At resonance (@ = @), the peak transmission reduces to Tyax = 47/ (% + %)?. In the present configuration, strong field
confinement enhances Ohmic dissipation, leading to % > ¥, (¢t > @,). Consequently, Trax =~ 4¥2/¥? < 1, which explains
the low transmission peak observed in Fig. 6(a). In addition to the intrinsic material loss discussed above, another factor



contributing to the low transmission is the mode mismatch between the plane waves incident from (and radiating to) the external
region and the guided modes of the input and output PEC waveguides. This mismatch reduces the coupling efficiency between
the external excitation and the waveguide modes, leading to additional input and output losses and consequently lowering the
overall transmission.

Figure 6(b) displays the spatial distribution of E, in the xy plane at z = h/2 for the peak frequency. The side-coupled PEC
PPWs act as open waveguides, with virtual electric walls induced by boundary incompatibility confining the EM field in the air
region without physical enclosure, analogous to an open cavity. Since the coupling properties between an open cavity and an
open waveguide are essentially the same as those of a conventional resonator—waveguide system, a variety of conventional
devices can be implemented within an AMC PPW by replacing the resonators and waveguides with open cavities and open
waveguides.

In practical microwave implementations, the challenges are predominantly technical rather than conceptual. The AMC
exhibits PMC-like behavior only within a finite bandwidth around its zero-phase frequency, which requires precise control of
structural parameters, particularly the groove height ¢. Fabrication tolerances can shift the zero-phase frequency and weaken the
effective magnetic-boundary response. In addition, intrinsic material losses-including Ohmic loss in the metal and dielectric
loss in the substrate-significantly limit the achievable quality factor, as confirmed by our lossy simulations. A sufficiently
large number of AMC unit cells is also necessary to approximate ideal PMC behavior, since finite-size effects reduce effective
reflectivity and thereby weaken field confinement.

Beyond the microwave regime, scaling the present concept to terahertz frequencies is, in principle, feasible through
geometric scaling of the AMC structure. However, at higher frequencies, metal dispersion and increased loss become
increasingly significant, potentially reducing the attainable quality factor. In the optical regime, realizing low-loss PMC-
like boundary conditions becomes more challenging due to plasmonic dissipation in metals and the limited bandwidth of
artificial magnetic responses. Nevertheless, alternative implementations based on dielectric resonator arrays or all-dielectric
metamaterials may provide viable pathways for extending boundary-incompatibility-induced confinement beyond microwave
frequencies. These considerations suggest that while practical performance is presently loss-limited, the underlying confinement
mechanism remains broadly applicable across frequency scales.

A distinctive advantage of the proposed open cavity is the absence of physical boundaries imposed by conventional
mirrors. This geometry allows atoms, molecules, magnetic quanturi dots only a few nanometers in size, and even biological
species such as viruses to freely enter the cavity region and strongly interact with the confined electromagnetic fields. Such
accessibility creates unprecedented opportunities for exploring strong light—matter coupling, magnetically mediated interactions,
and cavity quantum electrodynamics in open environinents that are difficult to realize with conventional closed cavities. This
boundary-incompatibility-induced mirrorless confinement is expected to stimulate new interdisciplinary research in photonics,
quantum science, and bio-integrated cavity systems.

Conclusion

In summary, we have introduced a new confinement mechanism for EM waves based on boundary-incompatibility-induced
mode gaps at PEC-PMC interfaces, enabling open cavities bounded by virtual electric or magnetic walls without physical
mirrors. By implementing metallic-groove AMCs, we demonstrated PEC—patch/AMC PPW open cavities and verified their
confinement properties through full-wave simulations and a numerical waveguide-coupling experiment. The simulations reveal
strong localization with an enhanced magnetic-dipole Purcell factor, while the experiment confirms a sharp transmission peak
with Q ~ 10? under realistic Ohmic and dielectric losses. These results establish a general strategy for mirrorless EM field
confinement and open new avenues for photonic, quantum, and bio-integrated cavity systems.

Numerical method

All simulations were performed using the finite-element method implemented in COMSOL Multiphysics. For resonators
surrounded by PMC (AMC), complex eigenfrequencies were obtained using the eigenfrequency study with a tetrahedral mesh.
The maximum mesh element size was set to approximately A /20, providing reliable numerical convergence while maintaining
a reasonable computational cost. Perfectly matched layers were applied at the boundaries to model open radiation conditions.
Transmission spectra for waveguide coupling were calculated using the frequency-domain solver with a frequency sweep.
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