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Abstract—We develop a homogenization model to characterize
textured surfaces formed by a periodic arrangement of thin
metallic pins attached to a conducting ground plane: the “Fakir’s
bed of nails” substrate. It is demonstrated that the textured surface
can be accurately modeled using a dielectric function, provided
spatial dispersion effects are considered as well as additional
boundary conditions. We derive closed analytical formulas for the
reflection coefficient, and for the dispersion characteristic of the
surfaces waves. In addition, it is demonstrated that the artificial
substrate may mimic almost exactly the behavior of an ideal
impedance surface boundary, and that the only physical factor
that may limit this remarkable property is the skin depth of the
metal. The reported results are supported by full wave simulations
as well as by experimental data.

Index Terms—Additional boundary conditions (ABC), high
impedance surfaces, metamaterials, surface impedance, wire
media.

I. INTRODUCTION

THE possibility of designing microstructured materials that
interact with electromagnetic waves in a controlled and

desired way opens new research avenues that may enable the
realization of novel compact resonators, and waveguides that
may overcome diffraction limits [1]–[4], which were thought
insurmountable. Some interesting and promising opportunities
include the realization of imaging devices with super-resolution
[5]–[7], or the transmission of waves through very narrow chan-
nels with great electric field enhancement [8].

The design of compact textured surfaces with desired char-
acteristics, (e.g. realization of surface impedances or tailoring
the properties of surface waves), is also an important and ma-
ture field of research [9]–[12]. Recently, it was suggested that
by corrugating the surface of a metallic wire it may be pos-
sible to excite highly localized modes which may open the way
for applications such as energy concentration and superfocusing
using conical structures at terahertz or microwaves [13]. An-
other stimulating field of research at microwaves is the realiza-
tion of artificial ground planes that may enhance the radiation
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properties of low-profile antennas [14]–[24]. Textured surfaces
may be used to change the surface impedance, control the re-
flection characteristic, and tailor the propagation properties of
surfaces waves. In [15] it was demonstrated that a properly de-
signed textured surface formed by mushroom-shaped metal im-
plants may behave as a compact high-impedance boundary, and
may inhibit the propagation of surface waves for both polariza-
tions. This type of artificial substrates may have important ap-
plications in wireless communications because they are light-
weight, low cost, and very compact, being a good solution for
the design low profile antennas with a good return loss over a
relatively wide bandwidth, or to eliminate the mutual coupling
in a microstrip antenna array sharing the same ground plane, just
to mention a few possibilities [14]–[24].

The objective of this work is to study the properties of tex-
tured surfaces formed by metallic pins embedded in a dielectric
substrate and attached to a conducting plane, in a topology re-
sembling a “Fakir’s bed of nails.” Even though some of the basic
properties of such artificial surface have been known for some
time [25], and have been revisited recently [24, p. 231], [26],
we believe that some important points remain unaddressed or
are not completely well understood. In fact, in previous works
the Fakir’s bed substrate was identified with a wire medium slab
following a local permittivity model [25], [26], and the spatial
dispersion effects were neglected. However, it has been recently
demonstrated [27]–[29] that wire media formed by continuous
wires are strongly spatially dispersive, and thus it may be nec-
essary to take into account the non-locality of these media to
properly describe the interaction of electromagnetic waves with
the artificial substrate. In this work, we derive a new homog-
enization model for the “Fakir’s bed substrate” that takes into
account these nonlocal effects and provides a correction to the
results reported in [25]. It is shown that the new model can
predict accurately the reflection of propagating and evanescent
plane waves, as well as the dispersion characteristic of surface
waves. We study the conditions that are necessary to suppress
the propagation of surfaces waves in the artificial substrate, and
investigate when the textured surface can be characterized by
an equivalent surface reactance. Our theoretical model suggests
that provided losses are negligible and one is able to fabricate
very dense arrays of metallic wires, there is no physical limit
on how well the Fakir’s bed substrate may mimic the behavior
of a desired surface reactance. Moreover, the effect of metallic
losses is also investigated and it is shown that the performance
of the artificial impedance boundary is only limited by the skin
depth of the metal pins. The presented theory is validated using
numerical simulations, and with experimental results obtained
for a closed metallic waveguide configuration in which one of
the waveguide walls is the textured surface under study.
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Fig. 1. Geometry of the “Fakir’s bed of nails” substrate (Panel (a): side view;
Panel (b): top view). The textured surface is formed by a square lattice of
metallic pins, embedded in a dielectric substrate with permittivity " and
height L. The pins are connected to the PEC ground plane and the spacing
between the pins is a.

This paper is organized as follows. In Section II, we examine
the reflection properties of the Fakir’s bed of nails substrate and
the propagation of surface waves. We study in which conditions
the artificial substrate may be approximated by an equivalent
impedance boundary. In Section III, the effect of metal losses is
examined and a simple criterion to assess its relative importance
is proposed. In Section IV, we report experimental results that
validate our theory in a realistic setup. Finally, in Section V the
conclusions are drawn.

II. HOMOGENIZATION OF THE TEXTURED SURFACE

The geometry of the textured substrate under study is de-
picted in Fig. 1. It consists of a square array of cylindrical
metallic pins with radius , embedded in a dielectric sub-
strate with (relative) permittivity and height . The spacing
between the pins (lattice constant) is . Note that the metallic
pins are connected to a perfect electric conductor (PEC) ground
plane.

As discussed in [25], the “Fakir’s bed of nails” may be used
to synthesize an artificial impedance reactance. A recent study
about the characterization and design of impedance boundaries
can be found in [30]. It is well known that metallic pins (vias)
allow for the suppression of surface waves in the Sievenpiper
mushroom structure [15], [23], [26]. It is also interesting to note
that the mushroom surface proposed in [15], can be regarded as
a “Fakir’s bed” substrate in which the corrugations have been
folded up into lumped-circuit elements, in order to save space
along the -direction and obtain a low-profile characteristic.

Next we propose an approximate analytical method to char-
acterize the Fakir’s bed of nails using homogenization theory.

A. Reflection Characteristic

The objective is to calculate the reflection coefficient when
the textured surface is illuminated by an incoming plane wave
with wave vector , as illustrated in Fig. 1. In order to ob-
tain an analytical model that may simplify an otherwise very
complex problem, we will regard the array of metallic pins as
a truncated wire medium. In [25] and [26] a similar approxi-
mation was used, however the novelty of our treatment is that
it fully considers and takes into account the effects of spatial
dispersion using the ideas proposed in our previous work [31].
Spatial dispersion is intrinsic to artificial media formed by long

metallic inclusions [27], [28]. Next, the basic properties of wire
media are briefly reviewed.

Following [27], the wire medium is a microstructured mate-
rial formed by infinitely long thin metallic rods. For long wave-
lengths it may be characterized by the dielectric function

(1)

where is the relative permittivity of the host material,
is the wave number in the host material, is the

wave number in free-space, is the -component of the wave
vector of a plane wave, and is the plasma
wave number, which only the depends on the geometrical prop-
erties of the lattice [27]

(2)

The homogenization model predicts that the wire medium sup-
ports three different families of plane wave solutions: transverse
electromagnetic (TEM) modes, transverse magnetic (TM-z)
modes, and transverse electric (TE-z) modes. The dispersion
characteristic of these modes is

(3a)

(3b)

(3c)

where .
Consider that a plane wave illuminates a wire medium slab

(the textured surface), as depicted in Fig. 1. The wave vector of
the incoming wave can be written as , where

is the component of the wave vector parallel
to the interface (for a propagating wave , where

and is the angle of incidence), and .

When the polarization of the incoming wave is TE, with electric
field parallel to the ground plane, it does not interact with the
metallic wires and thus, for TE polarization, the textured sub-
strate is equivalent to a dielectric slab backed by a PEC plane.

Consider now that the incoming wave is TM-polarized, with
magnetic field horizontal with respect to the ground plane (see
Fig. 1). For this polarization, the incident wave can induce an
electric current along the metallic pins, and thus excite the TEM
and TM modes in the wire medium slab (the TE-mode is not ex-
cited). It is assumed without loss of generality that the incoming
wave has normalized amplitude with magnetic field along the

-direction, , but the final formulas pre-
sented below are valid in the general case. Since the transverse
component of the wave vector is preserved, the magnetic
field in all space can be written as [31]

(4a)

(4b)
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where is the propagation (attenuation)

constant along the -direction of the TM mode, is the reflec-
tion coefficient, and and are the amplitudes of the
excited TEM and TM waves, respectively. To determine the
unknown coefficients it is necessary to impose boundary condi-
tions at the interfaces and . The classic boundary
conditions impose that the tangential electric and magnetic
fields are continuous at (interface with air), and that the
tangential electric field vanishes at (interface with
PEC plane). However, it is easy to verify that such boundary
conditions are insufficient to calculate the unknown coeffi-
cients. In fact, there are five unknowns, ( and and

), and only three independent equations. Indeed, as discussed
in [31] the classical boundary conditions are insufficient to
solve scattering problems in wire media (or more generally in
spatially dispersive media [32]). To circumvent this difficulty,
in [31] we introduced an additional boundary condition (ABC)
that removes the extra degrees of freedom. We demonstrated
that at an interface between the wire medium and air we have

(5)

where is the normal to the interface ( in Fig. 1). Note
that the above condition is not equivalent to the continuity of the
electric displacement vector, since the effective permittivity of
the wire medium is not . This new boundary condition was
successfully validated in the study of the imaging properties of
wire medium slabs at microwaves [33], terahertz, and infrared
frequencies [7]. As mentioned in [31], the continuity of , the
continuity of the tangential electric field , and the ABC (5),
are ensured by the conditions

(6)

respectively, where represents the jump discontinuity of
the function inside rectangular brackets at the interface, i.e., the
function evaluated at the air side minus the function evaluated
at the wire medium side. We define in such a way that

at the air side, and (permittivity of the
substrate) at the wire medium side.

Imposing the ABC at the interface between the wire medium
and air, we remove one degree of freedom of the scattering
problem. However, the problem is still underdetermined be-
cause there are five unknowns and only four equations (three
equations at the interface with air, as suggested by (6), and a
single equation, , at the PEC interface,

, which is equivalent to impose that the tangential
electric field vanishes at the PEC plane). In fact, to obtain a

definite system we also need to impose an ABC at the interface
between the PEC ground plane and the wire medium. However,
the ABC given by (5), cannot be applied at . In fact,
(5) was derived in [31] based on the hypothesis that the current
that flows along the thin metallic pins is approximately zero at
the pertinent interface. This is certainly true when the material
adjacent to the wire medium slab is non-conductive (e.g., a
regular dielectric). However, if the pins are connected to a PEC
ground plane (as in Fig. 1), it is obvious that the current along
the pins may be non trivial at the interface, and thus (5) is not
applicable in such conditions.

Even though it is possible to formulate a general ABC appro-
priate to characterize the electromagnetic fields at an interface
between a wire medium slab and a PEC ground plane (this will
be discussed in a future publication), next we will follow a sim-
pler and more direct approach to solve the scattering problem.
In fact, it is enough to notice that because of the symmetry of
the Fakir’s bed substrate, the tangential electric fields associ-
ated with the TE, TM, and TEM electromagnetic modes must
vanish independently at the PEC ground plane. The situation
is somehow analogous to what happens in a 3D rectangular
metallic waveguide terminated by a standard short-circuit (PEC
wall). Indeed, also in such case when a wave impinges on the
short-circuit load, the tangential electric field associated with
each waveguide mode vanishes independently at the PEC wall.
This happens because the transverse electric field distributions
of the waveguide modes are orthogonal at the PEC wall. Sim-
ilarly, it can be proved that for the Fakir’s bed substrate de-
picted in Fig. 1 (with vertical pins), the electric field distribu-
tions of the (non-homogenized) TE, TM, and TEM electromag-
netic modes supported by the wire medium are orthogonal in
each plane, and thus the tangential component of
the electric field associated with each mode must vanish inde-
pendently at .

The previous discussion implies that the magnetic field given
by (4b) can be rewritten as

(7)

where and are unknown coefficients. Notice that
the first term in the right-hand side of the above equation is as-
sociated with the TEM mode, whereas the second term is asso-
ciated with the TM mode. Thus, since the electric field inside
the wire medium slab is given by ,
it is clear that (7) imposes that the -component of the electric
field associated with the TEM and TM modes vanish indepen-
dently at .

Using now the boundary conditions (6), and the proposed
field distributions (4a) and (7), we can easily obtain the fol-
lowing definite linear system shown in (8) at the bottom of the

(8)
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Fig. 2. Phase of the reflection coefficient as a function of the normalized fre-
quency. Solid lines: our analytical model. Discrete symbols: numerical results
obtained with a full wave simulator. The permittivity of the dielectric substrate
is " = 2:2. The parameters of the problem are: (a) radius of the wires: r =

0:05a; height of the substrate: L = 5:0a; angle of incidence: � = 45 , (b)
r = 0:05a, L = 2:0a, � = 80 , (c) r = 0:01a, L = 1:0a, � = 45 .

previous page. Solving for the reflection coefficient , we obtain
the result

(9)
In order to validate the theory, we have numerically calculated

the reflection coefficient as a function of frequency using a home
made code that implements the method of moments (MoM) (the
results were also double-checked using a commercial FDTD
electromagnetic simulator). The computed results are depicted
in Fig. 2 (discrete symbols) superimposed on the result yielded
by our approximate theory (9). As seen, the agreement is very
good for a relatively broad range of frequencies even for wide
incident angles and relatively short pins. The results of an ex-
tensive set of simulations (not reported here for brevity) suggest
that the proposed theory is accurate until is comparable with

. This is exactly the scope of validity of the homogenization
model (1) for the wire medium. Note that as defined in (4) is
the reflection coefficient for the magnetic field (not the electric
field) and thus for low frequencies the phase of is zero (rather
than 180 ). In the next sub-sections, the proposed theory is fur-
ther validated, and we will discuss the possibility of character-
izing the textured surface using an impedance boundary condi-
tion.

B. Equivalent Surface Impedance Reactance

In what follows, we study the case where the metallic pins
are densely packed, so that the lattice spacing is extremely
small and . It is shown that only in these conditions
the theory of [25] can be applied, and the artificial substrate
described by an impedance boundary condition. Moreover, we
prove that in these circumstances the effects of spatial disper-
sion are negligible and that the wire medium can be described
using a local permittivity model and ,
consistently with the suggestion of [30] to fabricate artificial
impedance boundaries. We numerically assess when such sim-
plified impedance reactance model is accurate, and we find that

in certain cases it may fail even for moderately small values of
the lattice constant, while the general theory proposed in the
previous subsection remains valid.

To begin with, we study the limit case in which (for a fixed
frequency and thickness ) the spacing between the pins ap-
proaches zero, , and the metal filling fraction is kept con-
stant, or equivalently is kept constant. The only parame-
ters in (9) that depend on or , are and . A simple
inspection of (2) and of the definition of shows that when

(10)

Thus, using these results in (9), we find that for dense arrays of
wires the reflection coefficient is given by

(11)
Quite interestingly, the above formula is exactly the result that
one obtains when the effect of the TM-mode in the wire medium
slab is neglected, i.e., it is the solution of the scattering problem
when the term associated with the coefficient in (7) is dis-
carded (i.e. only the TEM mode is considered), and the classical
boundary conditions are enforced at the interface with air. Thus,
when the pins are densely packed, the wire medium slab behaves
approximately as an anisotropic material with
and (as described in [27] the TEM mode sees an infi-
nite permittivity along the direction). Hence, for very densely
packed wires the effects of spatial dispersion are negligible.
This is understandable because is very large when the
spacing between the wires is small, and thus the TM-mode is
strongly attenuated for propagation along . However, in prac-
tical designs the effect of the TM-mode may be important, since
it may be difficult to fabricate textured surfaces with the required
density of wires. This will be discussed ahead with more de-
tail. It is also interesting to mention that in an array of densely
packed wires it is expected that for long wavelengths the spe-
cific wire arrangement is irrelevant, provided the wires remain
aligned along the -direction, Indeed, the extreme anisotropy
of the wire medium is not the result of a resonant phenomenon
dependent on the properties of the lattice, but is rather a conse-
quence of the high concentration of wires, more specifically of
the fact that .

Next, we verify that (11) is compatible with the impedance
boundary condition proposed in [25]. An ideal isotropic surface
impedance is characterized by the following boundary condition
[24, p. 233], [30]:

(12)

where is the surface impedance, and is the unit normal
vector oriented to the air side ( in Fig. 1). The con-
cept of surface impedance is very convenient because it allows
describing in a simplified and intuitive manner the interaction
of waves with the artificial substrate. For the geometry under-
study, (12) is equivalent to , which evaluated at
the air side of the interface yields

where is the free-space impedance and
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is the reflection coefficient for the magnetic field. For densely
packed wires, using (11), we find that

(13)

This result is completely consistent with the theory of [25] (see
also [24, p. 231]), as we wanted to prove. Notice that the ex-
pression of is independent of the angle of incidence due to
the effect of the metallic wires. It is important to underline that
such remarkable property is only valid for densely packed wires
verifying the conditions implicit in the derivation of the formula
(11). Otherwise, one needs to consider spatial dispersion effects,
and the surface impedance becomes a function of the angle of
incidence (or equivalently of ). Hence, our theoretical anal-
ysis predicts that, provided one has the means to fabricate very
dense arrays of wires so that (10) holds, then there is no phys-
ical limit (for PEC wires) on how well the artificial surface may
mimic the behavior of an ideal surface impedance given by (13).
The effect of metallic losses will be examined in Section III.

The key property of the wire medium that enables the real-
ization of a surface impedance is the fact that the phase velocity
(along ) of the TEM mode is independent [see (3a)]. This
is possible due to the extreme anisotropy of the wire medium,
which, under TEM-propagation, effectively behaves as a mate-
rial with and , consistently with our
previous discussion (a medium with such characteristics was
named in [30] a “wave-guiding medium”). In fact, for dense
arrays of wires, the metallic wires behave as tiny waveguides
whose propagation constant along is independent of the in-
cidence angle. The value of at a given frequency can be
tuned at will, by controlling the thickness and permittivity of
the substrate. It is important to underline that (13) is only valid
for TM-polarized incoming waves, since, as referred to before,
TE-waves do not interact with the metallic pins.

In order to study the possibilities suggested by our theory,
next we examine the properties of a surface impedance charac-
terized by . For simplicity, we consider that the wires
stand in air, . The radius of the wires is ,
where is the lattice constant. Using (13) it is immediate that the
required wire length is (or equivalently ),
where is the free-space wavelength at the design frequency.
In Fig. 3 the phase of the reflection coefficient is depicted as
a function of the transverse wave vector for different values of

. The solid lines were computed using (9), whereas the dis-
crete symbols were obtained using the MoM. As mentioned be-
fore, when the incoming wave is an evanescent plane
wave, whereas for we can write where

is the angle of incidence. The results of Fig. 3 confirm the
general good agreement between our theory and the full wave
MoM simulations, and demonstrate that the reflection charac-
teristic of the textured surface may depend appreciably on the
spacing between the wires. The textured surface is described ac-
curately by the impedance boundary , only when the
wires are closely packed (curve with ; this curve is
practically coincident with that obtained for an ideal impedance
surface , which, as proved earlier, corresponds to the
case and to the theory of [25]). When the wires are
not sufficiently close (roughly for ), the impedance

Fig. 3. Phase of the reflection coefficient as a function of the normalized trans-
verse wave vector k , for different values of the lattice constant a. Solid lines:
our analytical model. Discrete symbols: numerical results obtained with a full
wave simulator. The length of the wires, if not indicated explicitly in the insets,
is L = � =8. The wires stand in air and have radius r = 0:05a.

boundary description is not valid and spatial dispersion effects
become important. Notice that the phase of the reflection coef-
ficient (in the region ) changes abruptly from
to 0 . This occurs at the value of corresponding to the wave
number of the surface wave mode supported by the textured sur-
face.

In a second example, reported also in Fig. 3, we study the pos-
sibility of synthesizing an impedance surface that behaves as a
perfect magnetic conductor (PMC), , for TM-polar-
ized waves. As is well-known, the required substrate thickness
is (we still assume that ). In Fig. 3 the re-
flection characteristic is shown for the cases and

, assuming that . It is seen that phase
of the reflection coefficient is nearly independent
of the incident angle, even for evanescent waves. This confirms
that the textured surface mimics, in fact, the behavior of a PMC
ground plane for the considered polarization (as mentioned be-
fore, is the reflection coefficient for the magnetic field and so

for an ideal PMC ground plane).
It is also interesting to characterize the amplitude of the re-

flection coefficient. For (propagating incoming wave)
it is obvious that conservation of energy requires that ,
since all materials are assumed lossless. However, for ,
when the incoming wave is evanescent, the amplitude of the
reflection coefficient can have any positive value, and in par-
ticular at the surface wave poles. This is illustrated in
Fig. 4 where is depicted as a function of normalized for
the PMC example under study. It is seen that when the wire’s
length is slightly smaller than the reflection coefficient has
a pole for a value of . This indicates that the corre-
sponding surface wave mode is closely bounded to the textured
interface. Our analytical theory (9) is able to predict fairly well
the behavior of for evanescent waves, even though for values
of the agreement may not be so good. This happens
for two reasons. The first reason is related with the scope of
validity of the homogenization model of the wire medium (1),
which requires that both and . It is clear
that the latter condition may not be fulfilled for large values of

. Consistently with this observation it is seen in Fig. 4 that
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Fig. 4. Amplitude of the reflection coefficient as a function of the normalized
transverse wave vector k , for L = 0:95� =4 or L = 1:05� =4, r = 0:05a
and different values of the lattice spacing a. Solid lines: our analytical model.
Discrete symbols: numerical results obtained with a full wave simulator. The
curve associated with a = 0:01L is practically coincident with the response of
an ideal impedance boundary.

the agreement between our analytical result and the full wave
simulation improves when is decreased from 0.1 down to
0.01. The second reason for the deterioration of agreement is
related to the fact that the surface wave pole corresponds to a
resonance of the physical system (which is a phenomenon sen-
sitive to small variations of the parameters of the problem), and
thus it is not surprising that our approximate model fails to pre-
dict exactly the value of at the resonance. Nevertheless, (9)
is able to describe fairly well the general behavior of . In par-
ticular, it is seen that when the wire length is slightly larger than

, , the reflection coefficient does not have
a pole, and consequently the substrate does not support surface
waves. This will be discussed with more detail in the next sub-
section. Another important result that follows from Fig. 4 is that
the properties of surface waves may depend appreciably on the
spacing between the wires. In fact, it is seen that when is de-
creased from 0.1 down to 0.01 the position of the pole varies no-
ticeably, clearly indicating that even when the den-
sity of wires may not be sufficiently high, and that (11) cannot
be used to predict the dispersion characteristic of surface waves
(the case approximates very closely the response of
an ideal impedance boundary). This shows that the description
of the textured surface as an impedance boundary given by (13)
and the theory of [25] may fail even for values of reason-
ably small, and underlines the importance of the more accurate
model (9) proposed in this work.

C. Suppression of TM-Surface Waves

An important application of the microstructured surface
under study is the suppression of surface waves in dielectric
substrates. In fact, in many antenna problems the excitation of
surface waves is undesired, since it may reduce the antenna
efficiency and distort the radiation pattern. It is well-known
[34, p. 712], that a conventional grounded dielectric substrate
supports TM-surface waves for an arbitrary substrate thickness.
On the other hand, TE-surface waves may propagate only when

, with such that .

Fig. 5. Normalized wavenumber of the TM-surface wave modes as a function
of the normalized thickness of the substrate for different values of the lattice
constant. The permittivity of the substrate is " = 2:2 and the radius of the
wires is r = 0:05a.

In what follows, we study the properties of the surface wave
modes supported by the “Fakir’s bed of nails” substrate. As re-
ferred to in Section II-A, since TE-waves do not interact with
the metallic pins the dispersion characteristic of the TE-trapped
modes is the same as that in the dielectric substrate without the
metallic pins (see for example [34, p. 712]). On the other hand,
since the poles of correspond to the surface wave modes, the
dispersion characteristic of the TM-surface wave modes is ob-
tained by equating the denominator of (9) to zero. Thus, we find
that a surface wave mode with wave number veri-
fies

(14)

Remember that both and are functions of frequency.
We solved numerically the modal equation (14), to obtain

(wave number of the trapped mode along the interface) as a
function of frequency. In Fig. 5 we plot the calculated (nor-
malized to the free-space wavenumber) as a function of (the nor-
malized) substrate thickness. As expected, for thin substrates
we obtain which indicates that the surface wave mode
is loosely bound to the textured surface. However, when the
substrate thickness is comparable to (but still slightly
smaller), the wavenumber of the surface wave mode may be-
come large, , and thus the mode becomes closely at-
tached to the interface. For a substrate thickness slightly larger
than the propagation of the TM surface wave modes
is suppressed. The propagation is resumed for some value of

such that , and a second
stopband occurs when .

Our theoretical model predicts that the stopband lower fre-
quency is nearly independent of the spacing between the wires
(of course, in order that the theoretical model is meaningful it
is always necessary that ). From Fig. 5 it is seen that
when is decreased (keeping constant) the value of

increases, and thus the theory suggests that when the wires
are densely packed the guided modes become more confined
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to the surface. On the other hand, the upper frequency of the
stopband is notoriously more sensitive to the specific value of

. The bandwidth of the stopband is slightly narrower when
the wire density is very high. As discussed in Section II-B, very
dense arrays of wires may be characterized by the impedance
boundary (13). In such circumstances, it is well-known that
TM-surface waves propagate when is inductive, and are
suppressed when is capacitive [15], [23], [24].

To conclude this section, we analyze the possibility of de-
signing a textured surface with a stopband for both TE- and
TM-polarizations (i.e., with a complete band gap). Since, as dis-
cussed above, TE-modes are cutoff for , it is clear that
typically a grounded dielectric substrate with metallic pins has
a complete surface wave band gap for the range of wavelengths
such that . The bandwidth of the
complete band gap may be narrow when , but may be
acceptable for substrates with moderate .

III. EFFECT OF METAL LOSSES

In the previous section, the effect of metal losses was ne-
glected and the metals were assumed to be perfect conductors.
In general, this is a good approximation at microwaves. In par-
ticular, it was shown that a textured surface formed by a densely
packed array of PEC pins may mimic almost exactly (apart from
technological limitations in the fabrication of the microstruc-
tured surface) the behavior of an impedance surface. However,
intuitively it is expected that the effect of losses may become
increasingly important when the cross-section of the metallic
wires is small, i.e., in the limit with constant. The
physical reason is clear: the electric current along a wire with
small radius is very large, and thus the effect of losses may be-
come significant. The objective of this section is to discuss in a
quantitative manner how losses affect and may limit the perfor-
mance of the textured surface.

At microwaves, it is a good approximation to consider that
metals are described by an electric conductivity . The corre-
sponding (relative) permittivity model is

(15)

where is the skin-depth of the metal, and
. In our previous work [28], we investigated the prop-

erties of a wire medium formed by “non-ideal” metallic rods,
with finite conductivity. In particular, we found out that such
metamaterial may be described to a good approximation by a
dielectric function defined as in (1), with

(16)

where is the volume fraction of the rods.
Note that defined as in (1) is the particular case
of the above formula when the wires are PEC, i.e., when

. As discussed in [7], [28] when the rods have fi-
nite conductivity the wire medium supports a quasi-TEM mode.
The dispersion characteristic of the quasi-TEM mode can be
written in the general form (see [7],

[28] for the detailed expression). As proven in Section II-B,
for very densely packed arrays of wires the effect of the TM
mode can be neglected, and the properties of the textured
surface can be predicted using only the quasi-TEM mode and
classical boundary conditions. Straightforward calculations
show that in these conditions the reflection coefficient is to a
first approximation [(compare with (11)]

(17)

Following [7], [28], we have that

(18a)

(18b)

Thus, unlike the case of PEC rods (for which defined as
above vanishes) the quasi-TEM is not dispersionless, i.e.,

is not independent of , or in other words the
phase velocity along depends on the transverse phase shift .
It is evident that the textured surface is equivalent to a surface
impedance only when the dependence of on

can be neglected. Thus the parameter can be
used to assess the effect of the finite conductivity of the rods.
If is close to unity the effect of losses may be
considered negligible, otherwise it may completely modify the
properties of the textured surface.

Using (15) and (18) we obtain after straightforward calcula-
tions (it is assumed that is not very different from unity) that

(19)

For typical designs given by (2) is in the range
(this parameter cannot be made too small because

the plasma frequency varies with the logarithm of ). Thus,
(19) demonstrates that can be close to unity if
and only if , i.e., the effect of metallic losses is
negligible provided the skin depth of the metal is significantly
smaller than the radius of the wires.

To give an idea of the suggested possibilities, let us consider
that the rods are made of copper with around

. The corresponding metal skin depth is such that
, where the subscript “cm” in-

dicates that is specified in centimeters. Choosing the crit-
ical value and assuming that , we
conclude that the minimum spacing between the metallic wires
that may still allow neglecting losses is such that

around . Thus, this result sug-
gests that at centimeter waves the effect of losses may be ne-
glected even for arrays of wires with as small as ,
and thus we conclude that apart from technological limitations
it is possible in fact to synthesize artificial textured surfaces that
follow almost exactly (13).
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Fig. 6. Geometry of the experimental setup: a standard X-band rectangular
waveguide fed by a coaxial probe is loaded with a test device. One of the walls
of the test device is perforated with metallic pins. (a) E-plane cut. (b) H-plane
cut.

IV. EXPERIMENTAL VALIDATION

In the previous sections, we studied the properties of the
“Fakir’s bed of nails” substrate, assuming always that the
substrate is unbounded and periodic along the and direc-
tions. However, in a realistic setup the textured surface has
necessarily finite dimensions and a finite number of pins. In
the following, the objective is to examine the properties of
a finite sized textured surface, and verify if it may still be
characterized using the proposed analytical models. The idea is
to test the response of the “Fakir’s bed of nails” substrate in a
closed metallic waveguide environment, as illustrated in Fig. 6.
The setup consists of a standard X-band metallic waveguide
with rectangular cross-section connected to a second
waveguide (test device) in which one of the walls is a textured
surface corrugated with metallic pins of height . The test
device has length and is terminated in short-circuit. The
test device is illuminated with the fundamental mode.

To begin with, we characterize some basic properties of the
waveguide modes supported by the test device. The structure
under study may be regarded as a metallic waveguide partially
filled with a wire medium slab ( and )
and partially filled with air ( and ). Note
that the metallic pins are oriented along the -direction, and that
the direction propagation in the metallic waveguide is along . It
is well known that the normal modes of propagation in partially
filled waveguides are not, in general, either TE or TM modes
[34]. Instead the modes can be classified as longitudinal-section
electric (LSE) and longitudinal-section magnetic (LSM) modes
[34]. In our notations, the LSE modes are such that
(derives from a magnetic-type Hertzian potential directed along

), and the LSM modes are such that (derives from
an electric-type Hertzian potential directed along ). It is not
our objective to present an exhaustive study of the properties
of the normal modes of propagation. We are mainly interested
in the properties of the fundamental waveguide mode, which is
an LSM mode. In Appendix A, we derive the field distributions
and modal equation of the LSM modes. The main result, (A6),
relates the propagation constant of the waveguide modes,

, with the geometrical parameters of the structure and
with frequency. In case the metallic pins are densely packed
so that the interface can be regarded as an impedance
surface, the modal equation is given by (A7).

When the fundamental mode (that propagates in the
standard waveguide section; see Fig. 6) impinges on the de-
vice under test, it will excite many waveguide modes. In fact,
(A2) and (A3) show that the transverse electromagnetic field
distribution of the standard mode is different from the
field distribution of the LSM modes supported by the device
under test. Thus, rigorously speaking, an infinite numerable set
of modes may be excited to enforce the mode matching at the
interface. Nevertheless, for relatively low frequencies, it may
be a good approximation to consider that only the fundamental
LSM mode is excited, and that the effect of higher order modes
is negligible. We will use this approximation to obtain an esti-
mate of the reflection coefficient at the interface. Since the
metallic waveguide is terminated by a short-circuit wall (placed
at ), it is straightforward to verify that the reflection
coefficient for the electric field at the input plane
is given by

(20)

where is the transverse
impedance of the mode, is the propagation
constant of the fundamental LSM mode (obtained from the
numerical solution of (A6) with respect to and using ),
and is the transverse impedance of the fundamental LSM
mode.

In order to test the proposed theory, we fabricated a Fakir’s
bed substrate formed by an array of 9 20 pins standing in air

. The cross-section of the metallic waveguide is
. The number of pins in the transverse

-direction is 9 and along the -direction the number is 20. The
waveguide walls are away from the adjacent row of pins.
Thus, the spacing between the metallic pins is

and the length of the device under test is
. The height of the metallic pins is and

its diameter is . A photo of the
fabricated prototype is shown in Fig. 7.

In Fig. 8 we depict the phase of the s11-parameter measured
using the Agilet 8361A vector network analyzer (curve ), su-
perimposed on the result obtained with our analytical model
(20), using equation (A6) to obtain (curve ). It
is seen that despite the several approximations that were made,
the two curves are nearly coincident through the whole X-band
8-12GHz, apart from some fluctuations mainly resulting from
imperfections of the experimental setup. This further validates
our theory, and confirms that it may be useful and accurate even
when the textured surface has finite dimensions. In this configu-
ration, the effect of the textured surface on the wave propagation
is to some extent equivalent to that of filling the waveguide with
a dielectric material. Indeed, in the frequency interval 8-12GHz,
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Fig. 7. Photo of the fabricated prototype.

Fig. 8. Phase of the S parameter as a function of frequency. (a) Experimental
result obtained with a vector network analyzer. (b) Analytical model taking into
account the effects of spatial dispersion [see (20) and (A6)]. (c) Analytical model
assuming that the textured substrate is equivalent to a surface impedance [see
(20) and (A7)].

is such that (inside the test de-
vice). If a PEC wall is placed at one would obtain instead

.
It is also worth noting that for this example, the approxi-

mation that describes the textured surface as an impedance
boundary is too coarse to yield accurate results (curve in
Fig. 8). In fact, the fabricated prototype has , and
thus the density of pins is insufficient to make (13) accurate.
This further underlines that only densely packed wires are
accurately described by the theory of [25], and that otherwise
spatial dispersion effects need to be considered.

V. CONCLUSION

In this work, it was proved that a textured surface formed by
metallic wires connected to a ground plane can be accurately
characterized using homogenization techniques. It was shown
that the textured surface is equivalent to a wire medium slab,
and that its reflection properties and guided mode characteris-
tics may be accurately predicted by taking into account spatial
dispersion effects. Our results demonstrate that nonlocal effects

may be neglected only if the wires are very densely packed
. A key result of this paper establishes that it may

be possible to create a textured surface that behaves exactly
as an ideal impedance surface (for TM-polarization), provided
one has the ability to fabricate a substrate with densely packed
metallic wires. The value of the surface reactance can be tuned
at will by varying the thickness or the dielectric constant of the
substrate. Furthermore, we have shown that in principle the ef-
fect of metallic losses may be neglected at microwaves, even for
wires with very thin radius. Finally, we presented experimental
data that further validates the proposed analytical models, in
a waveguide configuration where the textured surface has fi-
nite-size and a finite number of pins. The considered substrates
may have interesting applications in the design of surface im-
pedances, and may in principle be fabricated using standard
printed circuit techniques (by drilling holes in a dielectric sub-
strate that are afterwards plated with copper), or alternatively
using low temperature co-fired ceramic (LTCC) technology.

APPENDIX A

In this Appendix, we derive the modal equation for the LSM
modes supported by a waveguide partially filled with wire
medium (test device in Fig. 6). The simplest way to obtain the
field distribution of the LSM modes is to use the results of
Section II-A, where we studied the reflection of plane waves
by a Fakir’s bed of nails substrate standing in free-space. In
particular, the results of Section II-A imply that in the air
region, , the following family of electromagnetic modes
satisfies Maxwell’s Equations:

(A1a)

(A1b)

where , , and is given by (9).

We underline that the magnetic field distribution given by (A1)
satisfies the Maxwell-equations in the air region for arbitrary

, and in addition satisfies the proper boundary conditions at
the textured surface at . Next, the idea is to judiciously
combine solutions of the form (A1), in order to obtain wave-
guide modes that also satisfy the correct boundary conditions at
the metallic walls , , and (see Fig. 6). More
specifically, an anti-symmetric linear combination of solutions
with wave vectors and yields the fol-
lowing generic family of solutions

(A2)
where is an arbitrary constant that defines the amplitude of
the magnetic field. The corresponding electric field

is

(A3)
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In order that the tangential electric field vanishes at the PEC
walls , , and , it is necessary that

(A4)

Hence, using (A1b), we conclude that the LSM modes are char-
acterized by , , and have propagation
constant such that

(A5)
where is given by (9). Simplifying the above equation we ob-
tain the following modal equation for the LSM modes:

(A6)

where and

. Note that when the height of the pins is zero,
, the modal equation is equivalent to ,

which gives the classical formula for the propagation con-
stant in a metallic waveguide with rectangular cross-section

, with and integers. In
case the metallic pins are densely packed so that formula (10)
is valid and the textured surface is equivalent to the surface
impedance (13), the modal equation simplifies to

(A7)
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