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Abstract— A simple analytical model based on the transmission
matrix approach is proposed for equivalent wire medium (WM)
interfaces. The obtained ABCD matrices for equivalent interfaces
capture the non-local effects due to the evanescent transverse
magnetic (TM) WM mode and in part due to the propagating
transverse electromagnetic (TEM) WM mode. This enables one
to characterize the overall response of bounded WM structures
by cascading the ABCD matrices of equivalent WM interfaces
and WM slabs as transmission lines supporting only the propagating TEM WM mode, resulting in a simple circuit-model
formalism for bounded WM structures with arbitrary terminations, including the open-end, patch/slot arrays, and thin metal/
2-D material, among others. The individual ABCD matrices for
equivalent WM interfaces apparently violate the conservation of
energy and reciprocity, and therefore the equivalent interfaces
apparently behave as non-reciprocal lossy or active systems.
However, the overall response of a bounded WM structure is
consistent with the lossless property maintaining the conservation
of energy and reciprocity. These unusual features are explained
by the fact that in the non-local WM, the Poynting vector has
an additional correction term that takes into account a “hidden
power” due to non-local effects. Results are obtained for various
numerical examples demonstrating a rapid and efficient solution
for bounded WM structures, including the case of geometrically
complex multilayer configurations with arbitrary terminations,
subject to the condition that WM interfaces are decoupled by
the evanescent TM WM mode below the plasma frequency.
Index Terms— ABCD matrix, additional boundary condition (ABC), homogenization theory, metamaterials, spatial dispersion (SD), wire medium (WM).
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I. I NTRODUCTION

A

T MICROWAVE frequencies, wire media as an artificial
material has been known for a long time [1], [2], and it
has gained attention in the last two decades in metamaterials
research ranging from microwaves to optics in relation to
observed anomalous wave phenomena such as negative refraction [3]–[9], canalization, transport, and magnification of the
near field to distances of several wavelengths [10]–[14], subwavelength imaging of the near field [15]–[22], and radiative
heat transfer [23]–[25]. A broad range of applications of wiremedia metamaterials at terahertz (THz) and optical frequencies
are given in [26].
In addition, wire medium (WM) metamaterials have
been utilized in various applications at microwave frequencies, including high-impedance mushroom-type substrates
as electromagnetic band-gap surfaces for low-profile antennas [27]–[31], broadband high-impedance surface absorbers
with stable angle characteristics [32]–[34], epsilon near-zero
metamaterials [35]–[37], and gap waveguide technology
[38]–[43], among others.
It is already well known that at microwave frequencies, even
in the very long wavelength limit, wire media is characterized
by strong spatial dispersion (SD) effects [44], [45], such
that the constitutive relations between the macroscopic fields
and the electric dipole moment are non-local. The role of SD
in the analysis of electromagnetic interaction with wire media
has been addressed, resulting in the development of non-local
homogenization formalism [29], [30], [46], [47] which
necessitates the use of additional boundary conditions (ABCs)
at WM terminations [34], [48]–[52]. Various non-local
homogenization methods have been developed for excitation,
radiation, and scattering electromagnetic problems involving
wire media and WM-type structures [29], [34], [47], [53]–[61].
In the above publications, the importance of non-local homogenization for WM-type structures has been established,
unless the SD effects are suppressed or significantly reduced
as in the mushroom topologies (with electrically short wires)
where the local model formalism can provide physical
results [29], [30], [62].
The analysis proposed here concerns the development of
an equivalent transmission (ABCD) matrix approach for nonlocal WM interfaces. This article was triggered by recent
advancements in modeling of non-local material interfaces,
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wherein the smearing of surface charges due to non-local
effects was approximated by a local, finite-thickness layer
[63], [64]. In [63], it was shown that the spatial non-locality
in metals can be represented by a composite material comprising a thin local dielectric layer on top of a local metal.
Moreover, in [64], a local thickness-dependent permittivity
was derived in closed form for bounded non-local WM structures, which takes into account the SD effects as an average
per length of the wires and the effect of the boundary. In this
regard, we should point out [65] where metamaterial effective
parameters that depend on geometry have been discussed.
In [63]–[65], the non-local effects are captured in a subwavelength effective dielectric layer. In general, in WM, the SD
effects are not confined at the interface; they are distributed through the entire non-local material due to presence
of two extraordinary waves: the transverse magnetic (TM)
mode, which is evanescent below the plasma frequency of the
WM, and the transverse electromagnetic (TEM) mode, which
propagates in WM as in an uniaxial material with extreme
anisotropy.
We propose a simple analytical model based on the
ABCD-matrix approach for equivalent WM interfaces to capture the non-local effects due to the evanescent TM WM mode
and in part the non-local effects due to the propagating TEM
WM mode, with the rest of the material supporting only the
propagating TEM WM mode. Two semi-infinite structures are
considered with equivalent WM interfaces: 1) semi-infinite
local dielectric – non-local WM and 2) two semi-infinite
non-local WM. In both cases, the WM in general can be
terminated with an impedance surface (open-end, patch/slot
arrays, thin metal/2-D material, among others). It is observed
that in such approach with the equivalent interfaces (local –
non-local materials and two different non-local WM) leads
to a formalism that is apparently non-reciprocal due to the
unusual form of the Poynting vector in nonlocal media. This is
a critical point in developing an equivalent interface for a WM
used in modeling bounded WM structures with impedancesurface terminations and in the multilayered WM environment. The ABCD matrices for equivalent WM interfaces
are retrieved from the conventional boundary conditions and
ABCs depending on the WM termination. The response of
an entire bounded WM structure due to an obliquely incident
TM-polarized plane wave is modeled by cascading the ABCD
matrices at the equivalent WM interfaces and the WM slabs as
transmission lines supporting the only TEM WM propagating
mode. It is found that the ABCD matrix for an equivalent
WM interface seemingly violates the conservation of energy
and reciprocity, and therefore, apparently the interface behaves
as a non-reciprocal lossy or active system. The key point is
that there are always at least two interfaces in a bounded
WM, and so, if one of them provides loss (as the wave
enters the WM), the other interface provides gain (as the wave
exits the WM), such that the overall response is consistent
with the lossless property maintaining the conservation of
energy and reciprocity. The apparent “gain” and “loss” are
explained by the fact that in the non-local WM, the Poynting
vector has an additional correction term corresponding to the
“hidden power” due to non-local effects in the WM [57].

1787

Fig. 1. Semi-infinite uniaxial non-local WM terminated with an impedance
surface at an interface with a semi-infinite local dielectric material.

We should also point out that work, which is closely related
to the material of this article has been presented in [66];
however, in [66], the equivalent network analysis is carried
out for a three-port network, wherein the transmission lines
corresponding to the modes in the local dielectric material
and the non-local WM are coupled at the interface by the
ABC, with the aim of deriving the ABCD matrix for a nonlocal WM (supporting TM and TEM extraordinary modes).
This is different from the analysis of this article with the
goal of deriving the ABCD matrices for equivalent WM
interfaces.
Results are obtained for various WM configurations demonstrating excellent agreement with the non-local solution subject to the condition that the WM interfaces are decoupled by
the evanescent TM WM mode below the plasma frequency.
The proposed formalism of an equivalent transmission matrix
is generalized for a multilayered WM with arbitrary impedance
surface terminations at the WM interfaces, simplifying the
analysis of geometrically complex WM structures.
This article is organized as follows. In Section II, the
equivalent transmission network analysis is presented for WM
interfaces with the discussion of the additional correction
term in the Poynting vector in WM. In Section III, various numerical examples of single-layer and multi-layer WM
structures with different impedance surface terminations at
WM interfaces are presented based on the ABCD-matrix
formalism and compared with the non-local solution. The
conclusions are drawn in Section IV. Also, this article is
accompanied by two appendices with the analytical details
concerning the additional correction term in the Poynting
vector of WM, and derivation of the ABCD matrix for an
equivalent interface of two non-local WM connected by an
impedance surface. A time dependence of the form e j ωt is
assumed and suppressed.
II. ABCD-M ATRIX A PPROACH FOR
E QUIVALENT WM I NTERFACES
A. Semi-Infinite Local Dielectric—Non-Local
WM Equivalent Interface
Consider a semi-infinite uniaxial non-local WM (z < 0)
terminated with an impedance surface at an interface with a
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semi-infinite local dielectric material (z > 0) as shown in
Fig. 1. The host permittivity of WM is εh , the permittivity of
dielectric material is εd , the period of vias in the 2-D square
lattice is a, and the radius of vias is r0 . The TM-polarized
plane wave is characterized with H y , E x , E z homogenized
field components, and it can be incident either from the side of
the dielectric material as the usual TEM wave or from the side
of the WM as the extraordinary TEM WM mode. Note that for
long wavelengths, the TM WM mode is evanescent (with an
exponential decay), and thereby the interfaces of sufficiently
thick wire media structures are mainly coupled through the
TEM WM mode.
At the interface (z = 0), the fields satisfy the continuity
of the tangential electric field components, jump condition for
the tangential magnetic field components, and the generalized
ABC [51], [52] for the surface current density Jz,wm (z)
E x,d = E x,TEM + E x,TM
(1a)
H y,d = H y,TEM + H y,TM − Yg (E x,TEM + E x,TM ) (1b)
d Jz,wm (z)
= 0.
(1c)
Jz,wm (z) + α
dz
Here, Yg is the surface admittance of an impedance surface with the closed-form expressions for printed and slotted
inductive and capacitive grids given in [67]. The parameter α
depends on the material properties of the impedance surface,
and for metallic patches, α = C p /Cw , where Cw and C p are
given in [56], and for a thin metal/2-D material characterized
by the surface conductivity σs , α = σs /j ωε0εh [52]. The ABC
(1c) can be expressed in terms of the field components in the
WM as follows:
k x H y,wm + ωε0 εh E z,wm


∂ H y,wm
∂ E z,wm
= 0.
+ α kx
+ ωε0 εh
∂z
∂z

(2)

Taking into account E z,wm ≡ E z,TM = (1/j ωε0
TM )(∂ H
TM
2
2
2
εh εzz
y,TM/∂ x), where εzz = 1 − k p /(k p + k x ), and
(∂/∂ x) = − j k x , we obtain
E z,TM = −

1 k 2p + k x2
H y,TM.
ωε0 εh k x

(3)

Here, k p is the plasma wavenumber defined in [45, eq. (10)]
and k x is the x-component of the wave vector k =
(k x , 0, kz ). Then, from Maxwell’s equations, (∂ H y,wm/∂ z) =
− j ωε0εh (E x,TEM + E x,TM ), and with the assumption that
there is no incident TM mode on the WM interface and the
reflected TM mode from the WM interface is in the negative
z-direction (see Fig. 1)
E x,TM = −

1 ∂ H y,TM
j γTM
=
H y,TM
j ωε0εh ∂ z
ωε0 εh
⎛

(4)

and that (∂ E z,wm /∂ z) ≡ (∂ E z,TM /∂ z) = −(γTM /ωε0 εh )
((k 2p + k x2 )/k 2p )H y,TM, the ABC (2) can be written as follows:
k x (H y,TEM + H y,TM) −


k 2p + k x2
kx

H y,TM

+ α − j ωε0 εh k x (E x,TEM + E x,TM )−γTM

k 2p +k x2
kx


H y,TM = 0.
(5)

Substituting (4) in (5) and after simplifications, we obtain
H y,TM =

k x2 H y,TEM − j ωε0εh k x2 α E x,TEM
k 2p (1 + αγTM )

(6)


where γTM = k 2p + k x2 − kh2 is the propagation constant of
√
the TM WM mode, kh = k0 εh is the wavenumber of the host
medium, and k0 = ω/c is the wavenumber of free space. Next,
using (4) and (6) in the continuity equation for the tangential
electric field components (1a) results in


αγTM
k x2
E x,TEM
E x,d = 1 + 2
k p (1 + αγTM )
+

1
j ηh γTM k x2
H y,TEM
kh k 2p (1 + αγTM )

(7)

and with (4) and (6) substituted in the jump condition for the
tangential magnetic field components (1b), we obtain
H y,d




α
j ηh γTM
kh k x2
E x,TEM
= −Yg − j
1 − Yg
ηh k 2p (1 + αγTM )
kh



1
j ηh γTM
k x2
+ 1+ 2
H y,TEM (8)
1 − Yg
k p (1 + αγTM )
kh

where ηh is the intrinsic impedance of the host medium.
With (7) and (8), we can write for the WM interface at
z = 0 shown in Fig. 1




E x,d
E x,TEM
=M·
(9)
H y,TEM
H y,d
where M is the ABCD matrix for an equivalent WM interface (10), as shown at the bottom of this page.
The ABCD matrix M for an equivalent interface captures
the non-local effects due to the evanescent TM WM mode
and in part, the non-local effects due to the propagating TEM
WM mode, with the rest of a semi-infinite WM supporting
the only propagating TEM WM mode. Note that the theory is
exact within the assumption that there is no incident TM WM
mode. Because of the evanescent nature of the TM WM mode,
this assumption is typically very good in realistic structures
with a finite thickness.

k x2
αγTM
1
+
⎜
2
k p (1 + αγTM )
⎜


M=⎜
α
j ηh γTM
kh k x2
⎝
1 − Yg
−Yg − j
ηh k 2p (1 + αγTM )
kh

⎞−1
j ηh γTM k x2
1
⎟
kh k 2p (1 + αγTM )

⎟
⎟
2
k
1
j ηh γTM ⎠
1 − Yg
1 + 2x
k p (1 + αγTM )
kh

(10)
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The ABCD matrix M for a special case of an open-end WM
interface is obtained from (10) with Yg = 0 and α = 0,
⎛
⎜1
⎜
M=⎜
⎝
0

j ηh γTM k x2
kh k 2p
k 2p + k x2

⎞−1
⎟
⎟
⎟
⎠

.

(11)

k 2p

For a finite WM slab terminated with impedance surfaces
at both interfaces at z = 0 and z = L (shown in Fig. 2) with
the TM-polarized plane wave incident from the side of the
local dielectric material (z < 0), the ABCD matrix M1 at the
interface at z = 0 is obtained [(12) as shown at the bottom of
this page] as the inverse matrix of M and by changing α to
−α, γTM to −γTM , and Yg to −Yg in (10).
The ABCD matrix M2 for an equivalent WM interface at
z = L is given by (10), and the ABCD matrix Q of the WM
slab (non-local WM between the interfaces in Fig. 2) as the
transmission line supporting only the propagating TEM WM
mode with the wavenumber kh is given by [68]
⎛
⎞
cos(kh L)
j ηh sin(kh L)
⎠.
(13)
Q=⎝ j
sin(kh L)
cos(kh L)
ηh
Then, the global ABCD matrix Mg for a WM structure
shown in Fig. 2 is obtained by cascading the ABCD matrices
(10), (12), and (13)
Mg = M1 · Q · M2 .

(14)

The global ABCD matrix Mg for a WM slab without
impedance surfaces (Yg = 0 and α = 0) is particularly simple
⎞
⎛
j ηh γTM k x2
⎛
⎞
1
−
cos(kh L)
j ηh sin(kh L)
⎜
kh k 2p ⎟
⎟⎝ j
⎜
⎠
·
Mg = ⎜
k 2p + k x2 ⎟
sin(kh L)
cos(kh L)
⎠
⎝
ηh
0
k 2p
⎛
⎞−1
j ηh γTM k x2
1
⎜
kh k 2p ⎟
⎜
⎟
·⎜
⎟ . (15)
k 2p + k x2 ⎠
⎝
0
k 2p
It should be noted that the proposed ABCD-matrix approach
can be used for WM structures terminated with two different
impedance surfaces at the interfaces z = 0 and z = L corresponding to different conditions on α and different closed-form
expressions for Yg .
An interesting observation is that, although we consider
reciprocal and lossless media, the ABCD matrices M1 and M2
at both interfaces apparently violate reciprocity and seemingly
⎛

Fig. 2.
Scattering of the TM-polarized plane wave from the WM slab
terminated by impedance surfaces at both interfaces with the dielectric
material.

do not obey the conservation of energy [using (12), (10)] it
can be shown that det M1 = (k 2p + k x2 )/k 2p and det M2 =
k 2p /(k 2p + k x2 ), rather than unity). Moreover, it can be shown
∗ } = ((k 2 + k 2 )/k 2 )Re{E
∗
that Re{E x,d H y,d
x,TEM H y,TEM} at
p
x
p
the first interface at z = 0, which apparently corresponds to
∗
the loss in the system, and Re{E x,TEM H y,TEM
} = (k 2p /(k 2p +
∗
2
k x ))Re{E x,d H y,d} at the second interface at z = L (see Fig. 2),
which apparently corresponds to the gain in the system. The
same result is found for a WM slab without impedance surface
terminations, and it can be shown that in general, it does not
depend on the termination and it is a property of the WM.
To verify the above conclusions, we consider the matrix
equation (9) at the interface at z = 0 in Fig. 2 with the
ABCD matrix M1 = M−1 defined by (12). Then, for a lossless
reactive impedance surface, Yg = j Im{Yg } and α real-valued

∗
Re E x,d H y,d

⎫
⎧
⎪
⎪
k x2
αγTM
⎪
⎪
⎪
⎪ 1+
⎪
⎪
2
⎪
⎪
k
(1
+
αγ
)
⎪
⎪
TM
p
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
2
⎪
⎪
1
k
⎪
⎪
x
⎪
⎪
1+ 2
⎪
⎪
⎪
⎪
⎪
⎪
k
(1
+
αγ
)
TM
⎪
⎪
p
⎪
⎪


⎪
⎪
⎪
⎪
γ
(−
j
)η
⎪
⎪
h
TM
⎪
⎪ × 1 − (− j Im{Yg })
⎪
⎪
⎪
⎪
⎬
⎨
kh
∗
.
= Re ×E x,TEM H y,TEM

⎪
⎪
⎪
⎪
2
⎪
⎪
α
kh k x
⎪
⎪
⎪
⎪
⎪
⎪
+ (− j Im{Yg }) + (− j )
⎪
⎪
2 (1 + αγ
⎪
⎪
η
k
)
⎪
⎪
h
TM
p
⎪
⎪


⎪
⎪
⎪
⎪
γ
(−
j
)η
⎪
⎪
h TM
⎪
⎪
⎪
⎪
×
1
−
(−
j
Im{Y
})
g
⎪
⎪
⎪
⎪
k
⎪
⎪
h


⎪
⎪
⎪
⎪
2
⎪
⎪
j
η
γ
k
1
⎪
⎪
h
TM
x
⎪
⎪
∗
⎪
⎪
E
H
y,TEM
⎭
⎩× − k
x,TEM
2
k (1 + αγ )
h

p

TM

(16)
∗
∗
In (16), the terms E x,TEM E x,TEM
and H y,TEM H y,TEM
are not
considered because the coefficients with respect to these terms

αγTM
k2
1 + 2x
⎜
k
(1
+
αγTM )
⎜
p


M1 = ⎜
2
k
k
α
j ηh γTM
⎝
h x
Yg + j
1
−
Y
g
ηh k 2p (1 + αγTM )
kh

⎞
j ηh γTM k x2
1
−
⎟
kh k 2p (1 + αγTM )
⎟


⎟
k x2
1
j ηh γTM ⎠
1+ 2
1 − Yg
k p (1 + αγTM )
kh

(12)
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are imaginary. The result (16) can be simplified as follows:

∗
Re E x,d H y,d

k2
1
= Re
1 + 2x
k p (1 + αγTM )


αγTM
k x2
∗
E x,TEM H y,TEM
+ 2
k p (1 + αγTM )
⎞⎫
⎧⎛ 2
kx
1
ηh γTM
⎪
⎪
⎪
⎪
Im{Y
}
⎪
g
⎜ k 2 (1 + αγ )
⎟⎪
⎪
⎪
⎪
⎪
k
TM
h
⎜
⎟
⎪
⎪
p
⎪⎜
⎪


⎟
⎪
⎪
2
⎪
⎪
2
⎜
⎟
⎪
⎪
k
1
⎪
x
⎟⎪
⎨⎜ +αγTM
⎬
⎜
⎟
2
k p (1 + αγTM )
⎟
+ Re ⎜
⎜
⎟⎪
⎪

2
⎪
⎜
⎟⎪
⎪
⎪
2
⎪
k
1
γ
η
⎝
⎠⎪
h
TM
⎪
⎪
x
⎪
⎪
+αγ
Im{Y
}
⎪
⎪
TM
g
⎪
⎪
2 (1 + αγ
⎪
⎪
k
)
k
TM
h
⎪
⎪
p
⎪
⎪



⎩ 
⎭
∗
∗
∗
× E x,TEM H y,TEM − E x,TEM H y,TEM
=

k 2p + k x2
k 2p


∗
.
Re E x,TEM H y,TEM

(17)

A similar analysis can be done for the second interface
at z = L in Fig. 2 demonstrating the “apparent” gain in
the system. However, the overall response of a bounded WM
structure described by the global matrix Mg (14) (or (15) for a
WM slab) is consistent with the lossless property maintaining
conservation of energy and reciprocity.
The reason for these apparent violations of conservation
of energy is that in the non-local WM, the Poynting vector
has an additional correction term corresponding to a “hidden
power” [57], and in general, such a correction term is present
for any spatially dispersive material [69, Ch. 12, eq. (103-15)].
Specifically, the Poynting vector associated with the TEM
∗
}, but has
WM mode is not given by 1/2 Re{E x,TEM H y,TEM
rather an additional term due to the “additional potential” and
current associated with the WM structure [57]. As shown in
Appendix A, the additional term of the Poynting vector is
∗
}. Thereby, the relation
precisely (k x2 /2k 2p )Re{E x,TEM H y,TEM
∗
2
2
2
∗
Re{E x,d H y,d} = ((k p + k x )/k p )Re{E x,TEM H y,TEM
} discussed
earlier does not express a violation of the conservation of
energy, but rather the continuity of the normal component of
the Poynting vector across the interface. Similar arguments
can be used to justify the apparent violation of the reciprocity
at the WM interface. Specifically, the Lorentz reciprocity
theorem in the WM has additional terms associated with the
internal degrees of freedom of the material. The details can
be found in the appendix of [70]. Also, we should point out
that the usual theory of microwave networks [68] requires that
the equivalent voltages V and the equivalent currents I in
the two ports ensure that the power transported in the guide
is given by 1/2Re{V I ∗ } (eventually apart from an arbitrary
fixed multiplication factor), such that the reciprocity condition
Z 12 = Z 21 is satisfied resulting in a symmetric impedance
matrix Z. In the proposed equivalent transmission network
approach, the hypothesis that 1/2Re{V I ∗ } describes the power
transported in the guide holds true only in the air region,
where V = E x and I = H y . However, it does not hold true
in the WM because of the “hidden power” transported in the
medium. Thus, the usual theory of microwave networks cannot

Fig. 3. Two semi-infinite WM connected by an impedance surface at the
interface.

be applied in our formalism, and due to this reason, we obtain
the apparent non-reciprocity.
The proposed formalism of the equivalent ABCD matrix at
the WM interface captures the non-local effects at the interface
and in the WM material and correctly models the “hidden
power” in the non-local WM.
B. Equivalent Interface for Two-Sided
Non-Local Wire Media
Consider two identical semi-infinite wire media connected
through an impedance surface at the interface as shown
in Fig. 3. The host permittivity in both WM is εh , and it
is assumed that the TEM WM mode is the incident field on
the either side of the interface.
At the interface (z = 0), the fields satisfy the continuity
of the tangential electric field components, jump condition for
the tangential magnetic field components, and the generalized
ABCs for the surface current densities in the WM 1 and 2
[34], [51]
E x1,TEM + E x1,TM = E x2,TEM + E x2,TM

(18a)

H y1,TEM + H y1,TM = H y2,TEM + H y2,TM
+ Yg (E x2,TEM + E x2,TM )
(18b)

d Jz1,wm (z) d Jz2,wm (z)
+
+ Jz1,wm (z) − Jz2,wm (z) = 0
α
dz
dz
(18c)
d Jz2,wm (z)
d Jz1,wm (z)
=
.
(18d)
dz
dz


Here, Yg is the surface admittance of an impedance surface
and the parameter α depends on the material properties of
the impedance surface (α = C p /2Cw for periodic metallic
patches [56] and α = σs /2 j ωε0 εh for thin metal/2-D material
at the interface of two WM [34]). Following the procedure
for deriving the ABCD matrix presented in Section II-A,
the ABCD matrix for an equivalent interface of two WM
connected by an impedance surface can be obtained (with the
analytical details provided in Appendix B)




E x2,TEM
E x1,TEM
=M·
(19)
H y1,TEM
H y2,TEM
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where


M=

and
m 21

1
m 21

0
1





j γ Yg
kx2
2 − ωεTM
Yg + j ωε0 εh α k 2 (1+αγ
ε
)
0
h
TM
p


.
=
j γ Yg
kx2
1 + 2k 2 (1+αγ ) 2 − ωεTM
0 εh
p
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(20)

(21)

TM

It can be seen that in the limiting case of Yg = 0 and α = 0,
m 21 = 0.
The resulting ABCD matrix (20) is consistent with the usual
reciprocity constraint (det M = 1), and for a lossless reactive
impedance surface, Yg = j Im{Yg } and α real-valued, such
that m 21 = j Im{m 21 }, it also satisfies the usual condition of
conservation of energy

∗
Re E x1,TEM H y1,TEM


∗
∗
+ H y2,TEM
= Re E x2,TEM m ∗21 E x2,TEM

∗
= Re E x2,TEM H y2,TEM
.
(22)
It should be noted that both WM 1 and WM 2 (see Fig. 3)
have an additional correction term in the Poynting vector
representation as it has been proven in [57]. However, because
in the case presented here the wire media 1 and 2 are identical,
the additional Poynting vector terms turn out to be also
identical, and thereby cancel out. For two different wire media
(different geometrical and host material parameters) connected
at the interface by an impedance surface, the ABCD matrix
will apparently violate reciprocity and conservation of energy.
This case is omitted here because the generalized two-sided
ABCs (18c), (18d) have not been derived for a general case of
two wire media connected to an arbitrary impedance surface
and having different lattice periods, radii of the wires, and
host permittivities. The only case of generalized two-sided
ABCs has been considered in [34] with two wire media having
different host permittivities connected by a thin metal/2-D
material at the interface. Following the formulation presented
here to derive the ABCD matrix with the generalized ABCs
in [34] (with two different host permittivities), it can be shown
that the ABCD matrix will be seemingly non-reciprocal and
violate the conservation of energy. However, in all bounded
WM structures, there are at least two interfaces such that
if one of them provides apparent loss (as the wave enters
the WM), the other interface provides apparent gain (as the
wave exits the WM), so that the overall response is consistent
with the lossless property maintaining conservation of energy
and reciprocity.
Also, a special case of interest here is a continuous
impedance surface at the interface, Yg = σs , where in general
the surface conductivity σs can be complex-valued. Then with
α = σs /2 j ωε0 εh , it can be shown that (21) reduces to
m 21 = σs . In this case, there is no TM WM mode contribution
in the ABCD matrix for the equivalent interface and the
problem is completely described by the TEM WM mode only.
With the formalism of an equivalent transmission network
approach presented here for two cases of WM interfacing
a local dielectric material and two WM connected by an

Fig. 4.
Geometry of a WM slab in air with the obliquely incident
TM-polarized plane wave.

impedance surface enables to model various geometrically
complex multilayer WM structures (with in general different impedance surfaces at the interfaces) by cascading the
obtained above ABCD matrices of equivalent interfaces and
ABCD matrices of WM slabs as transmission lines supporting
the only propagating TEM WM mode.
In Section III, several representative numerical examples
will be given based on the proposed equivalent transmissionnetwork formulation with the results compared to the non-local
solution.
III. N UMERICAL R ESULTS AND D ISCUSSION
The numerical analysis is carried out based on the proposed
equivalent transmission network approach and the results are
compared to the non-local solution for several representative examples. The non-local homogenization model have
been extensively verified with full-wave numerical simulations
for various WM topologies [5]–[13], [15]–[18], [29], [30],
[46]–[53], and can be used for an adequate comparison with
the ABCD-matrix approach. In all the examples, the obliquely
incident TM-polarized plane wave is considered for excitation, where the reflection and transmission coefficients
(S-matrix) are retrieved from the ABCD-matrix parameters
with the known expressions from the microwave engineering
[68, p. 192; with Z 0 = ηh ].
In the first example, a WM slab in air is considered (with
the geometry shown in Fig. 4). The response of the structure
(reflection and transmission) is studied for the following
geometrical and material parameters of WM: k0 a = 1, r0 /a =
0.05, εh = 2, θi = 75◦. The global ABCD matrix (15) is used
for the calculation of the reflection coefficient S11 and transmission coefficient S21 at the WM interfaces, respectively, with
the results for the magnitudes shown in Fig. 5 and compared
with those based on the non-local solution. The non-local
homogenization model for a WM slab has been extensively
presented in the literature (see for example [15] with the
analytical details for reflection and transmission coefficients).
The results are shown versus L/a demonstrating nearly perfect
agreement with the non-local results for L/a > 2, when the

Authorized licensed use limited to: UNIV OF WISCONSIN - MILWAUKEE. Downloaded on March 05,2020 at 00:56:41 UTC from IEEE Xplore. Restrictions apply.

1792

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 68, NO. 3, MARCH 2020

Fig. 6. (a) Geometry of a two-sided mushroom structure in air with the patch
arrays at the WM interfaces excited by an obliquely incident TM-polarized
plane wave.(b) Top view of the patch array connected to wires.

Fig. 5. Magnitude of the (a) reflection coefficient |S11 | and (b) transmission
coefficient |S21 | versus L/a for a WM slab in air. The ABCD-matrix results
are compared with the non-local solution showing excellent agreement for
L/a > 2.

WM interfaces are decoupled by the evanescent TM WM
mode. In other words, the developed ABCD formalism yields
rather accurate results when it is possible to neglect the effects
of the “incident” evanescent TM waves inside the WM. Note
that the non-local effects due to the TM WM mode excited
by the TEM waves propagating inside the WM are captured
by the transmission matrices for equivalent WM interfaces.
In the second example, a two-sided mushroom topology is
considered with the wires terminated with patch arrays at the
WM interfaces (with the geometry shown in Fig. 6).
The following geometrical and material parameters are used
in the calculations: k0 a = 1, r0 /a = 0.05, g/a = 0.1,
εh = 2, θi = 75◦ . The global ABCD matrix (14) (with the
ABCD matrices for the equivalent interfaces (12) and (10)
and the ABCD matrix of the WM slab (13) supporting the
TEM WM mode) is used to determine the reflection and
transmission coefficients. The results for |S11 | and |S21 | versus
L/a are shown in Fig. 7. It can be seen that the agreement
between the ABCD results and non-local results (with the
analytical details for a non-local model given in [64]) is
even better than for a WM slab (previous example) for a
smaller ratio L/a. This is due to a stronger confinement of
the evanescent TM WM mode at the interface because of the
presence of the patch array.

Fig. 7. Magnitude of the (a) reflection coefficient |S11 | and (b) transmission
coefficient |S21 | versus L/a for a two-sided mushroom structure. The ABCDmatrix results are compared with the non-local solution showing excellent
agreement for L/a > 1.8.

In the final example (with the geometry shown in Fig. 8),
we consider a multilayer mushroom topology comprised of
four WM slabs and five patch arrays at the WM interfaces.
An obliquely incident TM-polarized plane at 75◦ from the
air region is used for the excitation. Each WM slab is airfilled with εh = 1, having thickness L = 2 mm with the
period of wires (and the patches) a = 1 mm, radius of wires
r0 = 0.05 mm, and gap between the patches g = 0.1 mm.
The global ABCD matrix is obtained by cascading the ABCD
matrices of the top equivalent interface (12), WM slabs (13),
two-sided equivalent interfaces (20), (21), and the bottom
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Fig. 8. (a) Geometry of a multilayered mushroom structure with an obliquely
incident TM-polarized plane wave. (b) Top view of the patch array connected
to wires.

equivalent interface (10). Then, the global ABCD matrix is
used to calculate the S-parameters at the top and bottom
interfaces. The results for the magnitudes of the reflection
coefficient |S11 | and transmission coefficient |S21 | versus frequency are shown in Fig. 9 and compared with the non-local
results (with the non-local formulation given in [6] and [7])
demonstrating perfect agreement in the entire frequency range.
Also, we have considered an infinite periodic structure
comprised of WM slabs with the patch arrays at the interfaces,
and studied Bloch waves propagating along the z-direction.
The dispersion equation is obtained as follows:
AD + e2γb L − (A + D)eγb L − BC = 0

(23)

where γb = αb + jβb is the propagation constant of Bloch
waves of the periodic WM structure, and the ABCD parameters are obtained by cascading the ABCD matrices of WM
slabs (of thickness L/2) and the equivalent interface for a
two-sided WM connected by an impedance surface (20), (21)



⎤
⎡
L
L



cos kh

j ηh sin kh
⎢
2
2 ⎥
0
A B
⎥· 1



=⎢

⎦ m 21 1
⎣ j
C D
L
L
cos kh
sin kh
ηh
2
2


⎤
⎡

L
L
j ηh sin kh
⎢ cos kh 2
2 ⎥
⎥ . (24)




·⎢
⎦
⎣ j
L
L
sin kh
cos kh
ηh
2
2
The solution of (23) with the reciprocity condition for the
ABCD matrix (24) ( AD − BC = 1) results in closed-form
expression for the phase constant of Bloch waves
$
%

−1 A + D
βb L = Im cosh
.
(25)
2
The numerical results of (25) are superimposed in Fig. 9(b)
as Brillouin diagram. It can be seen that transmission resonances of the finite multilayer structure correspond to the
passbands of the infinite structure, and the rejection band
in the finite structure is well approximated by the stopband of an infinite structure. This observation is consistent

Fig. 9. Magnitude of the (a) reflection coefficient |S11 | and (b) transmission
coefficient |S21 | versus frequency for a multilayer mushroom structure.
Brillouin diagram is also depicted for Bloch waves of an infinite periodic
structure of WM slabs connected to patch arrays at the interfaces.

with the results obtained previously for stacked periodic
2-D metallic meshes [71] and periodic 2-D conducting patches [72] at microwave frequencies, and in a graphene-dielectric
microstructure at low-THz frequencies [73].
IV. C ONCLUSION
We proposed a circuit-model formalism for non-local
bounded WM structures with arbitrary terminations. We introduced the idea of an equivalent interface and derived the
transmission network for a semi-infinite WM interfacing a
local dielectric material, and then generalized the formalism
for two non-local WM connected by an impedance surface.
It is observed that the ABCD matrix for the equivalent
interface apparently violates the conservation of energy and
reciprocity, which seemingly behaves as a non-reciprocal lossy
or active system. However, for a bounded WM structure having
at least two interfaces, the overall response is consistent with
the lossless property maintaining conservation of energy and
reciprocity. We demonstrated that these exotic features are
due to the non-standard expression of the Poynting vector
in the non-local material. It was shown that in the non-local
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WM, the Poynting vector has an additional correction term
corresponding to “hidden power” due to non-local effects, and
the results obtained here for the additional term are consistent
with previously published results.
The equivalent transmission network formalism presented
in this article enables to model multilayer WM configurations
with an arbitrary number of WM layers terminated with in
general arbitrary impedance surfaces. For such a general case,
there is no analytical model available in the literature, and the
approach presented in this article is the first attempt to solve
this problem.
The results presented in this article have been verified
with the non-local solution for several representative examples
showing nearly perfect agreement subject to the condition that
WM interfaces are decoupled by the evanescent TM WM
mode below the plasma frequency. Indeed, the model yields
nearly exact results when the WM interfaces are sufficiently
far apart so that the “incident” evanescent TM WM modes
have a negligible effect.
A PPENDIX A
A. Additional Correction Term in the
Poynting Vector for WM
According to [57, eq. (66)], the time-averaged Poynting
vector for the case of fields with a spatial dependence of the
form e− j k·r with k real-valued and for a lossless spatially
dispersive WM in the z-direction is given by the following
expression:
↔

Save,z =

 ω
1
∂ ε (ω, k)
∗
Re (Ewm × Hwm
)z − E∗wm ·
· Ewm
2
4
∂kz
(26)

where the effective dielectric function is defined as


k 2p
↔
↔
ε (ω, k) = ε0 εh I − ẑẑ 2
kh − kz2

(27)

and kz is the z-component of the wave vector k = (k x , 0, kz ).
The additional term in (26) can be written as follows:
↔

ω ∗
∂εzz (ω, k)
∂ ε (ω, k)
ω
Ewm ·
· Ewm = E z∗,TEM
E z,TEM .
4
∂kz
4
∂kz
(28)
The formula is evidently ill-defined for the TEM mode of a
WM with perfectly conducting wires because E z,TEM = 0 and
εzz (kz,TEM ) = ∞. Due to this reason, it will be implicit in the
following that the medium has some infinitesimal loss so that
E z,TEM is slightly different from zero and kz,TEM is slightly
↔
offset from kh . Then, using ∇ · Dwm = ∇ · ( ε · Ewm ) = 0,
2
2
2
we find that E z,TEM /(kh − k z ) = (k x /k p kh )E x,TEM. The
right-hand side is well-defined in the limit of vanishing loss.
With the derivative of (27), (∂εzz (ω, k)/∂kz ) = (ε0 εh k 2p
(−2kz )/(kh2 − kz2 )2 ), the additional term (28) results in
ω ∗
∂εzz (ω, k)
E
E z,TEM
4 z,TEM
∂kz

 kx
ω kx ∗
− 2ε0 εh k 2p kh 2 E x,TEM.
=
E
4 k 2p kh x,TEM
k p kh

By relating (E x,TEM/H y,TEM) = Z TEM = (kh /ωε0 εh ), we
obtain
ω ∗
∂εzz (ω, k)
1 k2
∗
E z,TEM
E z,TEM = − 2x E x,TEM H y,TEM
. (30)
4
∂kz
2 kp
All the singularities disappeared: the right-hand side of the
above equation is well-defined in the lossless limit.
Also, by considering the additional term in [57, eq. (65)]
with the Poynting vector in the z-direction and assuming only
the TEM WM mode results in
ϕw Iz∗,wm
Ac ∂ Jz,wm ∗
=−
Jz,wm
(31)
Ac
j ωCw ∂ z
where Jz∗,wm = (Iz∗,wm /Ac ) and (∂ Jz,wm /∂ z) = −( j ωCw /
Ac )ϕw . Here, Iz,wm is the net current in the WM square unit
cell of area Ac , ϕw is the additional potential, and Cw is the
self-capacitance of the wire. In terms of field components,
∗
and (∂ Jz,wm /∂ z) = −k x ωε0 εh E x,TEM.
Jz∗,wm = j k x H y,TEM
Then
ϕw Iz∗,wm
Ac
∗
=−
(−k x ωε0 εh ) E x,TEM( j k x )H y,TEM
Ac
j ωCw
k2
∗
= 2x E x,TEM H y,TEM
(32)
kp
where k 2p = (Cw /Ac ε0 εh ).
The results (30) and (32) for the additional term in the
Poynting vector expressions (65) and (66) in [57] are consistent with the power representation based on the equivalent
transmission-network analysis considered in this article.
A PPENDIX B
B. Derivation of the ABCD matrix for an Equivalent
Interface of Two WM Connected by an
Impedance Surface
The ABC (18c) can be expressed in terms of the field
components in the WM 1 and 2 as follows:


∂ H y1,wm
∂ E z1,wm
k x H y1,wm +ωε0 εh E z1,wm +α k x
+ωε0 εh
∂z
∂z
= k x H
y2,wm + ωε0 εh E z2,wm

∂ H y2,wm
∂ E z2,wm
− α kx
+ ωε0 εh
.
(33)
∂z
∂z
Taking into account (3) results in
1 k 2p + k x2
H y1,2,TM.
(34)
ωε0 εh k x
Then, from Maxwell’s equations and with the assumption that
there is no incident TM WM mode from either side on the
interface at z = 0 (see Fig. 3)
E z1,2,TM = −

E x2,TM

(29)

1 ∂ H y1,TM
j γTM
=
H y1,TM
j ωε0εh
∂z
ωε0 εh
1 ∂ H y2,TM
j γTM
=−
=−
H y2,TM (35)
j ωε0εh
∂z
ωε0 εh

E x1,TM = −

and that (∂ E z1,wm /∂ z) ≡ (∂ E z1,TM /∂ z) = −(γTM /ωε0 εh )
((k 2p + k x2 )/k 2p )H y1,TM, (∂ E z2,wm /∂ z) ≡ (∂ E z2,TM /∂ z) =
(γTM /ωε0 εh )((k 2p +k x2 )/k 2p )H y2,TM, the ABC (33) can be
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written as follows:
k x (H y1,TEM + H y1,TM) −


Substituting (41), (42) in (43) we obtain
k 2p

+

k x2

kx

H y1,TM

+ α − j ωε0εh k x (E x1,TEM + E x1,TM)−γTM
= k x (H y2,TEM + H y2,TM) −


k 2p

+ k x2
kx

k 2p +k x2
kx


H y1,TM

H y2,TM

− α −j ωε0εh k x (E x2,TEM + E x2,TM)+γTM

k 2p +k x2
kx


H y2,TM .
(36)

Substituting (35) in (36) and after simplifications we obtain
k x2 H y1,TEM − k 2p (1 + αγTM )H y1,TM − j ωε0εh αk x2 E x1,TEM

E x1,TEM +

j γTM
k x2
(H y1,TEM − H y2,TEM)
ωε0 εh 2k 2p (1 + αγTM )

j γTM j ωε0εh
k x2
ωε0 εh γTM 2k 2p (1 + αγTM )
× (E x1,TEM(1 + 2αγTM ) − E x2,TEM)
k x2
j γTM
(H y1,TEM − H y2,TEM)
= E x2,TEM +
2
ωε0 εh 2k p (1 + αγTM )
−

j γTM j ωε0εh
k x2
ωε0 εh γTM 2k 2p (1 + αγTM )
× (E x1,TEM − (1 + 2αγTM )E x2,TEM)
+

(37)
The ABC (18d) can be expressed in terms of the field
components in WM 1 and 2
∂ H y1,wm
∂ H y2,wm
∂ E z1,wm
∂ E z2,wm
+ωε0 εh
= kx
+ωε0 εh
∂z
∂z
∂z
∂z
(38)

and taking into account (34) and (35) the ABC (38) can be
written as


k 2p + k x2
j γTM
H y1,TM −γTM
H y1,TM
− j ωε0εh k x E x1,TEM +
ωε0 εh
kx
j γTM
= − j ωε0 εh k x (E x2,TEM −
H y2,TM)
ωε0 εh
k 2p + k x2
H y2,TM
(39)
+ γTM
kx
which results in
− j ωε0εh k x2 E x1,TEM − γTM k 2p H y1,TM
= − j ωε0εh k x2 E x2,TEM + γTM k 2p H y2,TM.

(40)

By solving the system of equations (37) and (40) for H y1,TM
and H y2,TM we obtain
H y1,TM =

k x2
(H y1,TEM − H y2,TEM)
2k 2p (1 + αγTM )

j ωε0 εh
k x2
γTM 2k 2p (1 + αγTM )
(41)
× (E x1,TEM(1 + 2αγTM ) − E x2,TEM )
k x2
(H y1,TEM − H y2,TEM)
=− 2
2k p (1 + αγTM )
−

H y2,TM

j ωε0 εh
k x2
γTM 2k 2p (1 + αγTM )
× (E x1,TEM − (1 + 2αγTM )E x2,TEM ).

−

(42)

The continuity condition (18a) for tangential electric field
components with the relation (35) can be written as
E x1,TEM +

j γTM
j γTM
H y1,TM = E x2,TEM −
H y2,TM.
ωε0 εh
ωε0 εh

(43)

(44)

which after simplifications results in
E x1,TEM = E x2,TEM .

= k x2 H y2,TEM −k 2p (1 + αγTM )H y2,TM + j ωε0 εh αk x2 E x2,TEM.

kx
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(45)

Thus, interestingly, the continuity of WM tangential electric
field components (TEM + TM) at the interface reduces to
the continuity of the TEM WM modes only, in other words,
the lumped loads do not lead to a modal coupling.
Next, substituting (41), (42) in the jump condition (18b)
for tangential magnetic field components gives the following
result:
k x2
(H y1,TEM −
2
2k p (1 + αγTM )
j ωε0εh
k x2
γTM 2k 2p (1 + αγTM )

H y1,TEM +
−

H y2,TEM)

× (E x1,TEM(1 + 2αγTM ) − E x2,TEM)
k x2
(H y1,TEM − H y2,TEM)
= H y2,TEM − 2
2k p (1 + αγTM )
j ωε0εh
k x2
γTM 2k 2p (1 + αγTM )
× (E x1,TEM − (1 + 2αγTM )E x2,TEM)
j γTMYg
k x2
+ Yg E x2,TEM +
ωε0 εh 2k 2p (1 + αγTM )
× (H y1,TEM − H y2,TEM)
j γTMYg j ωε0εh
k x2
+
ωε0 εh γTM 2k 2p (1 + αγTM )
× (E x1,TEM − (1 + 2αγTM )E x2,TEM)
−

(46)

which can be simplified further



j γTMYg
k x2
2−
H y1,TEM 1 + 2
2k p (1 + αγTM )
ωε0 εh


j γTM Yg
j ωε0εh
k x2
−
+ E x1,TEM
−2αγ
TM
γTM 2k 2p (1 + αγTM )
ωε0 εh




j γTMYg
k x2
= H y2,TEM 1 + 2
2−
2k p (1 + αγTM )
ωε0 εh

k x2
j ωε0εh
+ E x2,TEM Yg +
γTM 2k 2p (1 + αγTM )


j γTMYg
(1 + 2αγTM ) . (47)
× 2αγTM −
ωε0 εh
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The system of equations (45), (47) results in the ABCD
matrix (20), (21).
R EFERENCES
[1] J. Brown, “Artificial dielectrics,” in Prog Dielectric, vol. 2, J. B. Birks
and J. H. Schulman, London, U.K.: Heywood, 1960, pp. 195–225.
[2] W. Rotman, “Plasma simulation by artificial dielectrics and parallelplate media,” IRE Trans. Antennas Propag., vol. 10, no. 1, pp. 82–95,
Jan. 1962.
[3] J. Yao et al., “Optical negative refraction in bulk metamaterials of
nanowires,” Science, vol. 321, no. 5891, p. 930, Aug. 2008.
[4] Y. Liu, G. Bartal, and X. Zhang, “All-angle negative refraction and
imaging in a bulk medium made of metallic nanowires in the visible
region,” Opt. Express, vol. 16, pp. 15439–15448, Sep. 2008.
[5] M. G. Silveirinha, “Broadband negative refraction with a crossed
wire mesh,” Phys. Rev. B, Condens. Matter, vol. 79, Apr. 2009,
Art. no. 153109.
[6] M. G. Silveirinha and A. B. Yakovlev, “Negative refraction by a uniaxial
wire medium with suppressed spatial dispersion,” Phys. Rev. B, Condens.
Matter, vol. 81, no. 23, Jun. 2010, Art. no. 233105.
[7] C. S. R. Kaipa, A. B. Yakovlev, and M. G. Silveirinha, “Characterization
of negative refraction with multilayered mushroom-type metamaterials
at microwaves,” J. Appl. Phys., vol. 109, Feb. 2011, Art. no. 044901.
[8] C. S. R. Kaipa, A. B. Yakovlev, S. I. Maslovski, and M. G. Silveirinha,
“Indefinite dielectric response and all-angle negative refraction in a
structure with deeply-subwavelength inclusions,” Phys. Rev. B, Condens.
Matter, vol. 84, no. 16, Oct. 2011, Art. no. 165135.
[9] T. A. Morgado, J. S. Marcos, S. I. Maslovski, and M. G. Silveirinha,
“Negative refraction and partial focusing with a crossed wire mesh:
Physical insights and experimental verification,” Appl. Phys. Lett.,
vol. 101, Jun. 2012, Art. no. 021104.
[10] P. A. Belov, C. R. Simovski, and P. Ikonen, “Canalization of subwavelength images by electromagnetic crystals,” Phys. Rev. B, Condens.
Matter, vol. 71, May 2005, Art. no. 193105.
[11] P. Ikonen, C. Simovski, S. Tretyakov, P. Belov, and Y. Hao, “Magnification of subwavelength field distributions at microwave frequencies
using a wire medium slab operating in the canalization regime,” Appl.
Phys. Lett., vol. 91, no. 10, 2007, Art. no. 104102.
[12] P. A. Belov et al., “Transmission of images with subwavelength resolution to distances of several wavelengths in the microwave range,” Phys.
Rev. B, Condens. Matter, vol. 77, May 2008, Art. no. 193108.
[13] T. A. Morgado and M. G. Silveirinha, “Transport of an arbitrary nearfield component with an array of tilted wires,” J. Phys., vol. 11,
Aug. 2009, Art. no. 083023.
[14] Y. Zhao et al., “Magnification of subwavelength field distributions
using a tapered array of metallic wires with planar interfaces and an
embedded dielectric phase compensator,” J. Phys., vol. 12, Oct. 2010,
Art. no. 103045.
[15] P. A. Belov and M. G. Silveirinha, “Resolution of subwavelength
transmission devices formed by a wire medium,” Phys. Rev. E, Stat.
Phys. Plasmas Fluids Relat. Interdiscip. Top., vol. 73, May 2006,
Art. no. 056607.
[16] P. A. Belov, Y. Hao, and S. Sudhakaran, “Subwavelength microwave
imaging using an array of parallel conducting wires as a lens,” Phys.
Rev. B, Condens. Matter, vol. 73, Jan. 2006, Art. no. 033108.
[17] M. G. Silveirinha, P. A. Belov, and C. R. Simovski, “Subwavelength
imaging at infrared frequencies using an array of metallic nanorods,”
Phys. Rev. B, Condens. Matter, vol. 75, Jan. 2007, Art. no. 035108.
[18] M. G. Silveirinha, P. A. Belov, and C. R. Simovski, “Ultimate limit of
resolution of subwavelength imaging devices formed by metallic rods,”
Opt. Lett., vol. 33, no. 15, pp. 1726–1728, 2008.
[19] M. G. Silveirinha, C. R. Medeiros, C. A. Fernandes, and J. R. Costa,
“Experimental verification of broadband superlensing using a metamaterial with an extreme index of refraction,” Phys. Rev. B, Condens. Matter,
vol. 81, Jan. 2010, Art. no. 033101.
[20] T. A. Morgado, J. S. Marcos, M. G. Silveirinha, and S. I. Maslovski,
“Experimental verification of full reconstruction of the near-field
with a metamaterial lens,” Appl. Phys. Lett., vol. 97, no. 14, 2010,
Art. no. 144102.
[21] C. S. R. Kaipa, A. B. Yakovlev, M. G. Silveirinha, and S. I. Maslovski,
“Near-field imaging with a loaded wire medium,” Phys. Rev. B, Condens.
Matter, vol. 86, Oct. 2012, Art. no. 155103.
[22] A. Forouzmand, H. M. Bernety, and A. B. Yakovlev, “Graphene-loaded
wire medium for tunable broadband subwavelength imaging,” Phys. Rev.
B, Condens. Matter, vol. 92, Aug. 2015, Art. no. 085402.

[23] M. S. Mirmoosa, F. Rüting, I. S. Nefedov, and C. R. Simovski,
“Effective-medium model of wire metamaterials in the problems of
radiative heat transfer,” J. Appl. Phys., vol. 115, no. 23, 2014,
Art. no. 234905.
[24] M. S. Mirmoosa and C. Simovski, “Micron-gap thermophotovoltaic
systems enhanced by nanowires,” Photon. Nanostruct.—Fundamentals
Appl., vol. 13, pp. 20–30, Jan. 2015.
[25] M. S. Mirmoosa, M. Omelyanovich, and C. R. Simovski, “Microgap
thermophotovoltaic systems with low emission temperature and high
electric output,” J. Opt., vol. 18, no. 11, 2016, Art. no. 115104.
[26] C. R. Simovski, P. A. Belov, A. V. Atrashchenko, and Y. S. Kivshar,
“Wire metamaterials: Physics and applications,” Adv. Mater., vol. 24,
no. 31, pp. 4229–4248, Aug. 2012.
[27] D. Sievenpiper, L. Zhang, R. F. J. Broas, N. G. Alexopolous, and
E. Yablonovitch, “High-impedance electromagnetic surfaces with a
forbidden frequency band,” IEEE Trans. Microw. Theory Techn., vol. 47,
no. 11, pp. 2059–2074, Nov. 1999.
[28] F. Yang and Y. Rahmat-Samii, “Reflection phase characterizations of
the EBG ground plane for low profile wire antenna applications,” IEEE
Trans. Antennas Propag., vol. 51, no. 10, pp. 2691–2703, Oct. 2003.
[29] O. Luukkonen, M. G. Silveirinha, A. B. Yakovlev, C. R. Simovski,
I. S. Nefedov, and S. A. Tretyakov, “Effects of spatial dispersion on
reflection from mushroom-type artificial impedance surfaces,” IEEE
Trans. Microw. Theory Techn., vol. 57, no. 11, pp. 2692–2699,
Nov. 2009.
[30] A. B. Yakovlev, M. G. Silveirinha, O. Luukkonen, C. R. Simovski,
I. S. Nefedov, and S. A. Tretyakov, “Characterization of surface-wave
and leaky-wave propagation on wire-medium slabs and mushroom structures based on local and nonlocal homogenization models,” IEEE Trans.
Microw. Theory Techn., vol. 57, no. 11, pp. 2700–2714, Nov. 2009.
[31] C. S. R. Kaipa, A. B. Yakovlev, S. I. Maslovski, and M. G. Silveirinha,
“Mushroom-type high-impedance surface with loaded vias: Homogenization model and ultra-thin design,” IEEE Antennas Wireless Propag.
Lett., vol. 10, pp. 1503–1506, 2011.
[32] S. A. Tretyakov and S. I. Maslovski, “Thin absorbing structure for all
incidence angles based on the use of a high-impedance surface,” Microw.
Opt. Technol. Lett., vol. 38, no. 3, pp. 175–178, Aug. 2003.
[33] O. Luukkonen, F. Costa, C. R. Simovski, A. Monorchio, and
S. A. Tretyakov, “A thin electromagnetic absorber for wide incidence
angles and both polarizations,” IEEE Trans. Antennas Propag., vol. 57,
no. 10, pp. 3119–3125, Oct. 2009.
[34] Y. R. Padooru et al., “New absorbing boundary conditions and analytical
model for multilayered mushroom-type metamaterials: Applications to
wideband absorbers,” IEEE Trans. Antennas Propag., vol. 60, no. 12,
pp. 5727–5742, Dec. 2012.
[35] M. Silveirinha and N. Engheta, “Tunneling of electromagnetic energy
through subwavelength channels and bends using ε-near-zero materials,”
Phys. Rev. Lett., vol. 97, Oct. 2006, Art. no. 157403.
[36] E. Forati and G. W. Hanson, “On the epsilon near zero condition for spatially dispersive materials,” J. Phys., vol. 15, Dec. 2013, Art. no. 123027.
[37] E. Forati, G. W. Hanson, and D. F. Sievenpiper, “An epsilon-near-zero
total-internal-reflection metamaterial antenna,” IEEE Trans. Antennas
Propag., vol. 63, no. 5, pp. 1909–1916, May 2015.
[38] P.-S. Kildal, E. Alfonso, A. Valero-Nogueira, and E. Rajo-Iglesias,
“Local metamaterial-based waveguides in gaps between parallel metal
plates,” IEEE Antennas Wireless Propag. Lett., vol. 8, no. 4, pp. 84–87,
Apr. 2009.
[39] P.-S. Kildal, A. U. Zaman, E. Rajo-Iglesias, E. Alfonso, and
A. Valero-Nogueira, “Design and experimental verification of ridge gap
waveguide in bed of nails for parallel-plate mode suppression,” IET
Microw., Antennas Propag., vol. 5, no. 3, pp. 262–270, Mar. 2011.
[40] E. Rajo-Iglesias and P.-S. Kildal, “Numerical studies of bandwidth
of parallel-plate cut-off realised by a bed of nails, corrugations and
mushroom-type electromagnetic bandgap for use in gap waveguides,”
IET Microw., Antennas Propag., vol. 5, no. 3, pp. 282–289, Feb. 2011.
[41] A. Valero-Nogueira, M. Baquero, J. I. Herranz, J. Domenech, E. Alfonso,
and A. Vila, “Gap waveguides using a suspended strip on a bed of nails,”
IEEE Antennas Wireless Propag. Lett., vol. 10, pp. 1006–1009, 2011.
[42] A. U. Zaman, M. Alexanderson, T. Vukusic, and P.-S. Kildal, “Gap
waveguide PMC packaging for improved isolation of circuit components
in high-frequency microwave modules,” IEEE Trans. Compon., Packag.,
Manuf. Technol., vol. 4, no. 1, pp. 16–25, Jan. 2014.
[43] A. A. Brazález, E. Rajo-Iglesias, J. L. Vázquez-Roy, A. Vosoogh, and
P.-S. Kildal, “Design and validation of microstrip gap waveguides
and their transitions to rectangular waveguide, for millimeter-wave
applications,” IEEE Trans. Microw. Theory Techn., vol. 63, no. 12,
pp. 4035–4050, Dec. 2015.

Authorized licensed use limited to: UNIV OF WISCONSIN - MILWAUKEE. Downloaded on March 05,2020 at 00:56:41 UTC from IEEE Xplore. Restrictions apply.

YAKOVLEV et al.: EQUIVALENT ABCD-MATRIX FORMALISM FOR NON-LOCAL WIRE MEDIA WITH ARBITRARY TERMINATIONS

[44] G. Shvets, “Photonic approach to making a surface wave accelerator,” in
Proc. 10th Adv. Accel. Concepts Workshop, vol. 647, 2002, pp. 371–382.
[45] P. A. Belov et al., “Strong spatial dispersion in wire media in the
very large wavelength limit,” Phys. Rev. B, Condens. Matter, vol. 67,
Mar. 2003, Art. no. 113103.
[46] M. G. Silveirinha and C. A. Fernandes, “Homogenization of 3-Dconnected and nonconnected wire metamaterials,” IEEE Trans. Microw.
Theory Techn., vol. 53, no. 4, pp. 1418–1430, Apr. 2005.
[47] M. G. Silveirinha, C. A. Fernandes, and J. R. Costa, “Electromagnetic
characterization of textured surfaces formed by metallic pins,” IEEE
Trans. Antennas Propag., vol. 56, no. 2, pp. 405–415, Feb. 2008.
[48] M. G. Silveirinha, “Additional boundary condition for the wire medium,”
IEEE Trans. Antennas Propag., vol. 54, no. 6, pp. 1766–1780, Jun. 2006.
[49] M. G. Silveirinha, C. A. Fernandes, and J. R. Costa, “Additional
boundary condition for a wire medium connected to a metallic surface,”
J. Phys., vol. 10, May 2008, Art. no. 053011.
[50] M. G. Silveirinha, “Additional boundary conditions for nonconnected
wire media,” J. Phys., vol. 11, Nov. 2009, Art. no. 113016.
[51] S. I. Maslovski, T. A. Morgado, M. G. Silveirinha, C. S. R. Kaipa, and
A. B. Yakovlev, “Generalized additional boundary conditions for wire
media,” J. Phys., vol. 12, Nov. 2010, Art. no. 113047.
[52] A. B. Yakovlev, Y. R. Padooru, G. W. Hanson, A. Mafi, and S. Karbasi,
“A generalized additional boundary condition for mushroom-type and
bed-of-nails-type wire media,” IEEE Trans. Microw. Theory Techn.,
vol. 59, no. 3, pp. 527–532, Mar. 2011.
[53] M. G. Silveirinha, “Nonlocal homogenization model for a periodic array
of -negative rods,” Phys. Rev. E, Stat. Phys. Plasmas Fluids Relat.
Interdiscip. Top., vol. 73, 2006, Art. no. 046612.
[54] P. Burghignoli, G. Lovat, F. Capolino, D. R. Jackson, and D. R. Wilton,
“Modal propagation and excitation on a wire-medium slab,” IEEE Trans.
Microw. Theory Techn., vol. 56, no. 5, pp. 1112–1124, May 2008.
[55] P. Burghignoli, G. Lovat, F. Capolino, D. R. Jackson, and D. R. Wilton,
“Directive leaky-wave radiation from a dipole source in a wire-medium
slab,” IEEE Trans. Antennas Propag., vol. 56, no. 5, pp. 1329–1339,
May 2008.
[56] S. I. Maslovski and M. G. Silveirinha, “Nonlocal permittivity from a
quasistatic model for a class of wire media,” Phys. Rev. B, Condens.
Matter, vol. 80, Dec. 2009, Art. no. 245101.
[57] M. G. Silveirinha and S. I. Maslovski, “Radiation from elementary
sources in a uniaxial wire medium,” Phys. Rev. B, Condens. Matter,
vol. 85, Apr. 2012, Art. no. 155125.
[58] G. W. Hanson, E. Forati, and M. G. Silveirinha, “Modeling of spatiallydispersive wire media: Transport representation, comparison with natural
materials, and additional boundary conditions,” IEEE Trans. Antennas
Propag., vol. 60, no. 9, pp. 4219–4232, Sep. 2012.
[59] E. Forati and G. W. Hanson, “Scattering from isotropic connected wire
medium metamaterials: Three-, two-, and one-dimensional cases,” IEEE
Trans. Antennas Propag., vol. 61, no. 7, pp. 3564–3574, Jul. 2013.
[60] E. Forati and G. W. Hanson, “Transport model for homogenized uniaxial
wire media: Three-dimensional scattering problems and homogenized
model limits,” Phys. Rev. B, Condens. Matter, vol. 88, Sep. 2013,
Art. no. 125125.
[61] G. W. Hanson, M. G. Silveirinha, P. Burghignoli, and A. B. Yakovlev,
“Non-local susceptibility of the wire medium in the spatial domain
considering material boundaries,” J. Phys., vol. 15, Aug. 2013,
Art. no. 083018.
[62] A. Demetriadou and J. B. Pendry, “Taming spatial dispersion in
wire metamaterial,” J. Phys. Condens. Matter, vol. 20, no. 29, 2008,
Art. no. 295222.
[63] Y. Luo, A. I. Fernandez-Dominguez, A. Wiener, S. A. Maier, and
J. B. Pendry, “Surface plasmons and nonlocality: A simple model,” Phys.
Rev. Lett., vol. 111, Aug. 2013, Art. no. 093901.
[64] A. B. Yakovlev, M. Hedayati, M. G. Silveirinha, and G. W. Hanson,
“Local thickness-dependent permittivity model for nonlocal bounded
wire-medium structures,” Phys. Rev. B, Condens. Matter, vol. 94,
Oct. 2016, Art. no. 155442.
[65] C. R. Simovski, “On electromagnetic characterization and homogenization of nanostructured metamaterials,” J. Opt., vol. 13, no. 1, 2011,
Art. no. 013001.
[66] D. Comite, P. Burghignoli, P. Baccarelli, D. Di Ruscio, and A. Galli,
“Equivalent-network analysis of propagation and radiation features in
wire-medium loaded planar structures,” IEEE Trans. Antennas Propag.,
vol. 63, no. 12, pp. 5573–5585, Dec. 2015.
[67] O. Luukkonen et al., “Simple and accurate analytical model of planar
grids and high-impedance surfaces comprising metal strips or patches,”
IEEE Trans. Antennas Propag., vol. 56, no. 6, pp. 1624–1632, Jun. 2008.

1797

[68] D. M. Pozar, Microwave Engineering, 4th ed. Hoboken, NJ, USA: Wiley,
2011.
[69] L. D. Landau, E. M. Lifshitz, and L. P. Pitaevskii, Electrodynamics Of
Continuous Media, vol. 8, 2nd ed. Oxford, U.K.: Elsevier, 1984.
[70] D. E. Fernandes, S. I. Maslovski, and M. G. Silveirinha, “Asymmetric
mushroom-type metamaterials,” IEEE Trans. Microw. Theory Techn.,
vol. 62, no. 1, pp. 8–17, Jan. 2014.
[71] C. S. R. Kaipa, A. B. Yakovlev, F. Medina, F. Mesa, C. A. M. Butler,
and A. P. Hibbins, “Circuit modeling of the transmissivity of stacked
two-dimensional metallic meshes,” Opt. Express, vol. 18, no. 13,
pp. 13309–13320, Jun. 2010.
[72] C. S. R. Kaipa, A. B. Yakovlev, F. Medina, and F. Mesa, “Transmission
through stacked 2D periodic distributions of square conducting patches,”
J. Appl. Phys., vol. 112, Aug. 2012, Art. no. 033101.
[73] C. S. R. Kaipa, A. B. Yakovlev, G. W. Hanson, Y. R. Padooru,
F. Medina, and F. Mesa, “Enhanced transmission with a graphenedielectric microstructure at low-terahertz frequencies,” Phys. Rev. B,
Condens. Matter, vol. 85, no. 24, Jun. 2012, Art. no. 245407.

Alexander B. Yakovlev (S’94–M’97–SM’01)
received the Ph.D. degree in radiophysics from the
Institute of Radiophysics and Electronics, National
Academy of Sciences of Ukraine, Kharkiv, Ukraine,
in 1992, and the Ph.D. degree in electrical engineering from the University of Wisconsin–Milwaukee,
Milwaukee, WI, USA, in 1997.
In summer 2000, he joined the Department of
Electrical Engineering, University of Mississippi,
University, MS, USA, as an Assistant Professor
and became an Associate Professor in 2004. Since
July 2013, he has been a Full Professor of Electrical Engineering. He is the
coauthor of the book Operator Theory for Electromagnetics: An Introduction,
Springer, New York, NY, USA, 2002. His current research interests include
mathematical methods in applied electromagnetics, homogenization theory,
high-impedance surfaces for antenna applications, electromagnetic band-gap
structures, metamaterial structures, wire media, graphene, cloaking, theory of
leaky waves, transient fields in layered media, catastrophe, and bifurcation
theories.
Dr. Yakovlev is a member of the URSI Commission B. received the
Young Scientist Award at the 1992 URSI International Symposium on
Electromagnetic Theory, Sydney, Australia, and the Young Scientist Award
at the 1996 International Symposium on Antennas and Propagation, Chiba,
Japan. In 2003, he received the Junior Faculty Research Award, the Faculty
Teaching Award in 2017, the Senior Faculty Research Award in 2018, and an
Outstanding Faculty Member of the Year Award by the School of Engineering,
University of Mississippi, in 2019. From 2003 to 2006, he was an Associate
Editor-in-Chief of the ACES Journal. He was an Associate Editor of the
IEEE Transactions on Microwave Theory and Techniques from 2005 to
2008. Since August 2017, he has been an Associate Editor of the IEEE
Antennas and Wireless Propagation Letters. Since October 2019, he has also
been an Associate Editor of the IEEE T RANSACTIONS ON A NTENNAS AND
P ROPAGATION.

Mário G. Silveirinha (S’99–M’03–SM’13–F’14)
received the Licenciado degree in electrical engineering from the University of Coimbra, Coimbra,
Portugal, in 1998, and the Ph.D. degree in electrical
and computer engineering (with a minor in applied
mathematics) from the Instituto Superior Técnico
(IST), Technical University of Lisbon, Lisbon,
Portugal, in 2003.
He is currently a Professor with the Instituto
Superior Técnico, University of Lisbon, Lisbon, and
a Senior Researcher with the Instituto de Telecomunicações, Lisbon. His current research interests include electromagnetism,
plasmonics and metamaterials, quantum optics, and topological effects.
Dr. Silveirinha is a Fellow of IEEE with the citation “for contributions to
the electrodynamics of metamaterials” in 2014. He is a Junior Member of
the Academy of Sciences of Lisbon. He was a recipient of the 2018 IET
Harvey Engineering Research Prize “for contributions to electrodynamics of
metamaterials and its applications to microwave components and devices.”

Authorized licensed use limited to: UNIV OF WISCONSIN - MILWAUKEE. Downloaded on March 05,2020 at 00:56:41 UTC from IEEE Xplore. Restrictions apply.

1798

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 68, NO. 3, MARCH 2020

George W. Hanson (S’85–M’91–SM’98–F’09) was
born in Glen Ridge, NJ, USA, in 1963. He received
the B.S.E.E. degree from Lehigh University, Bethlehem, PA, USA, in 1986, the M.S.E.E. degree from
Southern Methodist University, Dallas, TX, USA,
in 1988, and the Ph.D. degree from Michigan State
University, East Lansing, MI, USA, in 1991.
From 1986 to 1988, he was a Development Engineer with General Dynamics, Fort Worth, TX, USA,
where he worked on radar simulators. From 1988 to
1991, he was a Research and Teaching Assistant
with the Department of Electrical Engineering, Michigan State University.
He is currently a Professor of electrical engineering and computer science
with the University of Wisconsin–Milwaukee, Milwaukee, WI, USA. He is
the coauthor of the book Operator Theory for Electromagnetics: An Introduction, Springer, New York, 2002, and the author of the Fundamentals of
Nanoelectronics, Prentice-Hall, New Jersey, 2007. His current research interests include nanoelectromagnetics, quantum optics, mathematical methods in
electromagnetics, and electromagnetic wave phenomena in layered media.
Dr. Hanson is a member of the URSI Commission B, Sigma Xi, and Eta
Kappa Nu. He was an Associate Editor of the IEEE T RANSACTIONS ON
A NTENNAS AND P ROPAGATION from 2002 to 2007. In 2006, he received the
S. A. Schelkunoff Best Paper Award from the IEEE Antennas and Propagation
Society.

Chandra S. R. Kaipa was born in Hyderabad,
India, in 1984. He received the bachelor’s degree
in electronics and communication engineering from
Visvesvaraya Technological University, Belgaum,
India, in 2005, the M.S.E.E. and Ph.D. degrees from
the University of Mississippi, University, MS, USA,
in 2009 and 2012, respectively.
From 2009 to 2012, he was a Research Assistant
with the Department of Electrical Engineering, University of Mississippi. In 2014, he joined TDK Inc.,
San Diego, CA, USA, as a Design Engineer, working
on surface acoustic wave filters. Since 2017, he has been with Qualcomm
Technologies Inc., San Diego, where he is currently a Staff Engineer in
RFFE business unit. His current research interests include electromagnetic
wave interaction with complex media, metamaterials, periodic structures, and
layered media.

Authorized licensed use limited to: UNIV OF WISCONSIN - MILWAUKEE. Downloaded on March 05,2020 at 00:56:41 UTC from IEEE Xplore. Restrictions apply.

