
Received: Added at production Revised: Added at production Accepted: Added at production

DOI: xxx/xxxx

RESEARCH PAPER

Design of substrate integrated waveguides based on nanowires:
numerical guidelines

Vivien Van Kerckhoven1,2 | Luc Piraux1 | Isabelle Huynen2

1IMCN Institute, Université catholique
de Louvain, 1348 Louvain-la-Neuve,
Belgium

2ICTEAM Institute, Université
catholique de Louvain, 1348
Louvain-la-Neuve, Belgium

Correspondence
*Isabelle Huynen. Email:
isabelle.huynen@uclouvain.be

Present Address
ICTEAM Institute, ELEN division, box
L5.03.02 , 1348 Louvain-la-Neuve,
Belgium

Summary

A thorough study of the parameters influencing the operation of devices based on nanowired

alumina substrate is presented. The basic structures are realised by growing metallic

nanowires inside alumina porous substrate. The control of the areas wherein growth occurs

allows to build various microwave devices supported on the filled template. The perfor-

mances of these devices depend on the material parameters and topology/geometry in

presence. These devices have the particularity to combine nanoscale, through the use of

nanowires, and millimeter scale that is characteristic of microwave devices and their asso-

ciated operating wavelength. The gap between the two-scale ranges implies that analytical

models and numerical simulation tools have to be combined to modelize and design per-

formant microwave devices, such as Nanowired Substrate Integrated Waveguides (NSIWs)

devices that are the subject of the paper. A deep parametric analysis of the properties and

operation of the basic NSIW is presented and is followed by the illustration of two designs:

a simple NSIW line, and an EBG NSIW filter.
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1 INTRODUCTION

Nanowires embedded in porous templates have been extensively used to fabricate monolithic planar devices, taking advantage of the interaction
between microwave signals and nanowires.

The insertion of nanowires in microwave devices yields various advantages over classical ones: larger range of operational frequencies, better
stability over temperature, higher compacity through integration into a single substrate. Compared to classical ferrites, arrays of ferromagnetic
nanowires have higher saturation magnetization and ferromagnetic resonance (FMR) and can operate at higher frequencies, due to their large
aspect ratio.

Thanks to those properties, noise suppressors 4, absorbers 1,2, inductors 3 or filters based on electromagnetic band-gap effect 5 have been devel-
oped, together with non-reciprocal devices, such as phase shifters 8, isolators 7 and circulators 6. More recently slow-wave transmission lines were
designed exploiting the high permittivity of metallic nanowire arrays 10, while a filter was designed using the double ferromagnetic resonance effect
in magnetic nanowires 11. Finally, microstrip and coplanar topologies combining different nanowire materials have been designed.

0Abbreviations: RW, rectangular waveguide; SIW, Substrate Integrated Waveguide; AAO, Anodized Aluminum Oxide; NW, nanowire; EBG, Electromag-netic Band Gap; MS, Microstrip; FEM, Finite-Element Method; CPWG, Coplanar Waveguide With Ground; RW: Rectangular Waveguide
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As outlined in 22, high-quality transmission lines are necessary to match the constraints of low cost and consumption, high density, high opera-
tional frequency, ... Above 30 GHz, interferences and radiation losses degrade the performances of classical planar topologies such as microstrip
and coplanar lines. Hence, the substrate integrated waveguide (SIW) concept 12 is an interesting solution. A rectangular section of shielded line,
allowing to reduce radiation, is obtained by drilling two rows of vertical metallic wires or metallized vias throughout the entire height of a substrate.
The presence of wires also prevents spurious interferences by crosstalk due to electromagnetic coupling between adjacent devices in a same cir-
cuit. Crosstalk as low as -20 dB 28, -39 dB 30, or even -50 dB 29 are reported for SIW technology. Antennas, filters, couplers, power suppliers, can
be integrated into the same substrate, for operation up to 180 GHz, and using different kinds of substrates (PCB, paper, polymers or alumina) 13,14.
In 53 an original architecture of hollow SIW was proposed, allowing to reduce insertion losses. On the other hand, a review and recent develop-
ments on SIW antennas can be found in 31,32,33. In 52 an architecture dual to nanowire-based EBG is proposed; the contrast in dielectric constant
inducing the bandgap is created by drilling holes in perioding areas of a dielectric substrate; the air filling the holes contrasts with the dielectric
constant of the substrate.

Taking into account the respective advantages of nanowires and Substrate Integrated Waveguide (SIW) devices 15,16,22, their combination is a
promising approach. Indeed metallic nanowire arrays are deposited in a porous alumina template to form the waveguide walls. Then, Cu layers
deposited on the top and bottom surfaces of the alumina substrate form a simple rectangular waveguide (RW). Competitive devices can be obtained
by inserting in the waveguide cavity various nanowire arrays, combining different heights, shapes and materials (magnetic or not). Their fabrication
requires the growth of nanowires inside the template in dedicated locations with good precision and accuracy. In 39 we compared two different
laser processes set up for the precise positioning of areas hosting the growth of nanowires in a porous alumina membrane.

In this paper, we present a detailed numerical study that can serve as guidelines for the design of novel microwave devices based on nanoporous
templates. A parametric analysis is performed involving various parameters affecting the operation and performances of the so-called Nanowired
Substrate Integrated (NSIW) devices. Due to the two-scale ranges in presence, nano- and millimeter, analytical simulations are combined with FEM
simulations using the COMSOL software. The established guidelines are applied as an example of the design of two NSIW devices.

2 THE NANOWIRED SUBSTRATE INTEGRATED WAVEGUIDE (NSIW)

Figure 1 shows a schematic of the porous template supporting the Nanowired Substrate Integrated Waveguide. Some regions of the alumina
template are filled through electrodeposition of nanowire arrays. The procedure of electrodeposition described in 18 allows fine control of the
height of deposited nanowires (NWs), while their diameter is fixed by the pore diameter of the membrane, shown in Figure 2.

The porous templates used for this work are anodized aluminium oxide (AAO) membranes from Smart Membranes GmbH (Figure 2). The pore
diameter is 40 nm, the distance between pores is 125 nm, and the thickness is 100 µm.

FIGURE 1 Schematic view of the NSIW in the alumina template, and different possible profile sections: (a) empty waveguide (b) homogeneous
filling (c) asymmetric filling used for the isolator device 39.
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FIGURE 2 SEM images of a self-supported AAO templates with a pore diameter of 40 nm, an interpore distance of 125 nm, and a thickness of 100
µm.

In order to form the NSIW, two parallel rows of nanowire arrays separated by a distance a are electro-deposited into the nanoporous template.
Next, the template is covered on both faces by 3 µm thick copper layer (see Figure 1). The result is a shielded rectangular waveguide having metallic
walls formed by the rows of nanowires, and through which precise modes of the signal defined by the classical RW theory 17 can propagate. As
will be explained in Section 3.3, modes can only propagate above a cut-off frequency fc which depends on the width a and height b of the NSIW,
on the medium relative permittivity and permeability and on the type of mode propagating in the NSIW.

The NSIW has the following advantages:
• Size and compactness. One of the main advantages of the NSIW is related to its size. All the components of a device are embedded inside

an AAOmembrane which thickness is about 100 µm.Moreover, as explained in 6,7,8,15,16, no magnets are required to produce non-reciprocal
effects. Thesemagnets significantly increase the size of the devices. For the purpose of miniaturization, it is therefore interesting to dispense
with them.

• Tunable permittivity and permeability. The ability to insert additional nanowire arrays in the waveguide cavity is also a strong potentiality
of this technique as it allows to tune precisely the permittivity and permeability of the substrate. The effective permittivity of a metallic
nanowire array is directly related to its height while the permeability of a magnetic array is also related to its constitutive material.

• Low losses. Given the architecture of the NSIW, low losses rates are expected. Radiation losses should be almost zero: given the density
of the wires constituting the vertical walls, no leakage should pass through. However, the substrates used are usually very thin such that
conductive losses could become important.

The following sections are dedicated to the theoretical analysis of the assertionsmentioned above. Applying the theory of rectangular waveguide
(RW), SIW and NWs, we will try to confirm or invalidate the expected properties of nanowires combined with SIW. The influence of the following
factors on the performances of the NSIW will be investigated:

• width of the NSIW
• nanowired walls
• modes of propagation
• effective medium filling the NSIW
• geometry of the transitions
• losses

All these parameters are involved in the operation of the NSIW shown in Figure 1. The main parameters considered throughout this study are
reported in Table 1.
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TABLE 1 Values of the geometrical and physical parameters considered in this study.
Parameter Notation Value

Width of NSIW a 6 mm
Height of NSIW = height of AAO template b 100 µm
Pore diameter of AAO d 40 nm
Interpore distance of AAO s 125 nm
Dielectric constant of alumina Al2O3 εr 9.8
Loss tangent factor of Al2O3 tan δ 1.5× 10−2

Permeability of Al2O3 µr 1
Operational frequency f0 12.5 GHz or 25 GHz

3 PARAMETRIC ANALYSIS

3.1 Waveguide width

The most important dimension of a waveguide is its width: the distance a between the two vertical vias rows. This width determines directly the
cut-off frequency (see Section 3.3) and influences the evolution of the propagation beyond the cut-off. We will see how to determine the width a
that an NSIW device should have if this device is aimed to work around an operational frequency f0. Given the particularities of the NSIW, different
approaches will be explored.

One of the objectives of the SIW geometry is to reproduce the characteristic propagation modes of the rectangular waveguide (RW) inside
a thin template. In the typical SIW geometry, a is the distance between the two vias rows from center-to-center (see Figure 1). Due to the vias
geometry, this distance cannot be utilized directly in the same way as for the classical RW. Indeed, because of the distance between the successive
vias and because of their circular shape, the signal inside the guide does not behave exactly like in a perfect RW whose width is also a. To apply
the RW theory to the SIW, an effective width can be used. It has to take into account the shape of the vias and the space s in-between. Obviously,
its value has to be between a - d and a + d. Its common definition is given by equation (1) provided in 41,42

aeff = a−
d2

0.95 s
(1)

Using this effective width, the propagation constant of a SIW will be similar to that of a classical RW whose width is aeff.
In the case of nanowire-based devices, the vias diameter is the diameter of the template nanopores and their longitudinal spacing is the inter-

pore distance. If a is the center-to-center distance between the two closest rows of nanowires, the effective width can be determined from the
morphological characteristics of the template (see Table 1). Since the distance a is in the order of few millimetres, the width and the effective width
are almost equal. Indeed, in the case of 100 µm-thick membrane, we obtain from equation (2) and the data of Table 1 :

aeff = a−
(40 nm)2

0.95× 125 nm
= a− 13.97nm ≈ a (2)

since, as will be verified later, the width a of the designed NSIW is in the millimetric range.

3.2 Nanowired walls

The two vertical walls of the NSIW are made with metallic nanowires electrodeposited in the nanoporous alumina. The purpose of these walls is to
ensure a proper electrical connection between the two horizontal metallic conductors to induce cancellation of the electric field tangential to the
vertical walls, as in a classical microwave metallic RW. Thus, they must be constituted of good electrical conductors. If the wall conductivity is not
good enough, some conductive losses will emerge as will be seen in Section 3.6. If they are not thick enough, some radiation losses will appear: the
electric field will not cancel in the wall and will radiate outside of the waveguide. On the other hand, we could use unnecessary space by making
these walls too wide. An intermediate value must therefore be estimated. Since reducing the volume of microwave devices is always interesting,
we will look for the minimal value of the wall thickness. For that purpose, it is appropriate to use the concept of skin depth. If an electric current
flows with an angular frequency ω through a conductor having a permeability µ and a conductivity σ, the skin depth δ is defined by equation (3)

δ =

√
2

ωµσ
(3)
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such that the attenuation of the EM fields through the conductor depth will be described by e−x/δ where x = 0 is located on the surface of the
conductor. Over a length of one skin depth, the attenuation of the amplitude of the field inside the conductor will be e−1 = 1/e = 36%. To block
properly an incident signal, the thickness of a conductor must be at least equal to five times the skin depth of this signal passing through. Such a
layer will guarantee a field attenuation higher than 95 %. The skin depth of a microwave signal through nanowire arrays has to be determined. The
conductivity is dominated by the contribution of the wires and will evolve linearly with the packing factor p of the wires: the larger the density
of nanowires in a given section, the more metal will be present in that area and the best its conductivity. This is equivalent to consider that the
walls of the NSIW are made of a homogeneous material whose conductivity is given by pσ, applying a usual volumetric law. The skin depth of this
homogeneous material is given by equation (4)

δ =

√
2

ωµpσ
(4)

FIGURE 3 Skin depth according to Equation (4) as a function of porosity p of AAO template and for two different operation frequencies f0.

Figure 3 shows the skin depth calculated using (4) for Copper nanowires and for the two operating frequencies considered in this work. Con-
sidering the porosity of the AAO template used in this work, i.e p around 10 %, it can be concluded that the thickness of the walls of the NSIW has
to be superior to 5 × 2 = 10 µm to act as efficient shielding wall for the equivalent RW. It is worth mentioning that it is sufficient for us to verify
that the walls of the NSIW act as real shields for it. Also, the diameter of our nanowires is 100 nm. For this value the current distribution in a single
nanowire is almost uniform as can be obtained using the formalism discussed in our previous publication 10; the variation is less than 10% if the
diameter is less or equal to 100 nm and it has thus no significant influence on the operation of our NSIW devices.

3.3 Modes of propagation

An interesting approach to determine the optimal waveguide width a is to adjust it to the chosen operational frequency f0. Two criteria must be
taken into account to operate this optimization.

First, only the dominant mode TE10 should be able to propagate through the waveguide at the operational frequency f0. The second propagation
mode TE20 and the followingsmust not appear because theymay create interferences, disturb the propagation and degrade it. Thewaveguidemust
therefore be designed so that the operating frequency is sufficiently below the cut-off frequency of the second mode fc20 to avoid its appearance.

Secondly, for an efficient use of a transmission line, it is necessary to use it at frequencies where the line is non-dispersive: the phase velocity
must be independent of the frequency. This ensures that the signal is not distorted during its propagation because all frequencies will travel along
the line at the same speed. This condition is met if the imaginary part β of the propagation constant γ= α + j β changes linearly with the frequency
and if the real part α is independent of it. The phase velocity is given by equation (5)

vp =
ω

β
=

2πf

β
(5)

We observe that if β depends linearly on f, vp will be independent of it. A non-dispersive transmission is also characterized by α independent of
f. The attenuation will be identical at all the frequencies: a signal that contains more than one frequency component will not be distorted 17. We can
check easily if this condition is respected in the NSIW. For any TEmn mode propagating in a RW, the propagation constant given by equation (6)

γ =

√
(
mπ

a
)
2

+ (
nπ

b
)
2
− ω2µε (6)
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with attenuation and propagation constant given by expressions (7)
α = <(γ) (7a)

β = =(γ) (7b)
Each TEmn mode propagates when β > 0, i.e above a cut-off frequency noted fcmn given by expression (8)

fcmn =
1

2π
√
µε

√(
mπ

a
)
2

+ (
nπ

b
)
2
)

(8)
For the NSIW topology of Figure 1, representing typical devices under scope, owing to the low thickness of the alumina template b << a, so that
the lowest cut-off frequencies will be fc10, fc20 and fc30. Below these frequencies, no propagation of the considered mode occurs (β = 0), it is
attenuated (α > 0). Figure 4 shows the evolution of α and β with f for the TE10 mode and two values of width a. It is obvious that β will only
evolve linearly with f = ω/2π far enough from the cut-off and that α is independent of f in the same frequency range.

(a) Dispersion relation for an NSIW whose width is 3mm. (b)Dispersion relation for anNSIWwhosewidthis 6 mm.
FIGURE 4 Dispersion relation of the NSIW integrated into a nanoporous alumina membrane whose properties are given in Table 1.

The operational frequency must be sufficiently higher than the cut-off frequency fc10 in order to induce non-dispersive propagation, and rel-
atively below the cut-off frequency of the second mode fc20 to avoid the appearance of this mode. Therefore, we assume that f0 must be in the
middle of this interval, which allows us to write the rule (9):

f0 =
fc10 + fc20

2
=

1

4π
√
µε

(
π

a
+

2π

a
) (9)

where a is the width of the NSIW, µ = µrµ0 is the permeability and ε = εrε0, with ε0 the permittivity of vacuum.
There is therefore a direct link between the frequency of use f0 and the width of the waveguide. The optimal width a as a function of the

operational frequency f0 is given in Figure 5 for an NSIW embedded into a nanoporous alumina membrane. In particular, if the operating frequency
f0 is set at 25 GHz, the optimal width is 3 mm. Similarly, if f0 = 12.5 GHz, we find a = 6 mm.

FIGURE 5Optimal width of an NSIW in a nanoporous alumina membrane whose properties are given in Table 1 (Smart Membranes type). There is
no variation induced on a by the height b of the membrane. If the operational frequency f0 is set to 12.5 GHz, the optimal width will be 6 mm.
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3.4 Effective medium filling the NSIW

In an NSIW, the inner medium is neither homogeneous nor isotropic. Amaterial is homogeneous if it has the same properties everywhere. In porous
alumina, the air-filled pores are not electrically identical to the bulk alumina situated in-between. Likewise, porous alumina is nor isotropic: it does
not have the same properties in all the directions (Figure 6). Because of the vertical pores, the y direction has different properties than the x and
z directions. Thus, the permittivity εAAO of the nanoporous alumina should be a tensor mixture of the permittivities of air and alumina, while the
permeability µ is not affected because both relative permeabilities of air and alumina are equal to 1. However, the TEmn modes in a rectangular
waveguide have only a component of the electric field oriented along the vertical y axis of the nanowires (Figure 6), and will only interact with the
tensor component in this direction. In this direction, the composite medium can be replaced by an effective homogeneous medium because the
inclusions have scale lengths much smaller than the wavelength of the EM signal: from the point of view of the fields, the medium is continuous.

(a) Horizontal cross-section of a nanowirearray in an XY plane. (b) Vertical cross-section of a nanowire arrayin a plane aligned with the y axis..
FIGURE 6 Schematic drawings of two cross-sectional views of a nanowire array in a horizontal (a) and vertical (b) directions. Dark grey is for bulk
alumina Al2O3. Light color represents empty nanopores aligned with the y axis.

The relative permittivity of nanoporous AAO is hence given by the volumetric law (10)
εr,AAO = pεr,air + (1− p) εr,Al2O3

(10)
with p the porosity of the alumina template, εr,air = 1 the permittivity of the empty pores, εr,Al2O3

= εa (1− j tan δa) the permittivity of bulk
alumina, εa = 9.8 the dielectric constant of bulk alumina and tan δa = 1.5× 10−2 its loss tangent factor, as given in Table 1.

Figures 7a and 7b depict the evolution of the permittivity (10) with respect to the NW volume fraction p. The volume fraction of the NWs
corresponds to the porosity of the porous AAO membrane. The real part ε′r and the imaginary part ε′′r are drawn separately.

Figure 7c gives the evolution with the porosity of the first cut-off frequency fc10 obtained for a 6 mm-wide SIW integrated on such substrates.
The evolution of the difference between the first fc10 and third fc30 cut-off frequencies is depicted in Figure 7d.

3.5 Geometry of the transitions

When designing a microwave device, one has always to be sure that it is matched to its surrounding network: their respective characteristic
impedances have to be equal. For practical purpose, the impedance of 50 Ω is usually taken as reference for microwave networks. Hence, the
point is to find a way to build our NSIW devices so that they have a characteristic impedance of 50 Ω in the operational frequency range. All the
transmission line topologies are associated with two different impedances: wave impedance Zw and characteristic impedance Zc. The first one is
a characteristic of a kind of wave (TM, TE, or TEM) but is always defined by the ratio of the fields transverse to the direction of propagation. For
TE waves in a RW, Zw is defined by (11) reported in 17

Zw =
ωµ

β
(11)

The characteristic impedance Zc is defined by the ratio of the voltage to the current induced by the traveling wave. In the case of the RW, this
definition leads to the relationship (12) reported in 17

Zc = 2
b

a
Zw (12)

The evolution of Zw and Zc are depicted in Figure 8 for an NSIW whose properties are given in Table 1. The real and imaginary parts have been
separated. Of course, a large variation around the cut-off is observed as well as a stabilization above 15 GHz.
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We can introduce definition (11) into (12) and replace β with its expression depending on a. This leads to equation (13)
zc = 2

b

a
η

1√
1−

(
λ0
2a

)2 (13)

where λ0 = 2π/ω
√
µε is the wavelength of a wave in the considered medium. Then, we can isolate a in the previous expression in order to find

equation (14)
am =

√(
2bη

Zc

)2

+

(
λ0

2

)2 (14)
This expression gives the width am at which the guide is be matched to Zc according to the frequency (or wavelength) at which this matching is
desired.

However, in the case of the NSIW, b is extremely small: around 100 µm. Then, the first term of the right-hand member of Equation (14) is almost
zero and the expression of the width no longer depends on Zc. At very low height, we obtain expression (15)

am =
λ0

2
(15)

Figure 9 depicts the evolution of am with b as given by Equation (14), for three values of Zc and at two frequencies. It can be seen that below
100 µm, the desired characteristic impedance no longer influences the value of am, which converges to λ0/2. However, around this wavelength,
a singularity exists in the wave impedance due to the cut-off, as shown in Figure 8. This prevents the use of a waveguide around that frequency.
We can conclude that it is not possible to use a waveguide matched to 50 Ω because it will only be matched near the cut-off frequency, i.e. at
frequencies that are difficult to exploit.

Therefore the concept of transitions enabling to match the low characteristic impedance of the NSIW to 50 Ω is the most relevant solution.
Indeed we don’t have a simple and efficient mean of directly exciting the propagation modes in the NSIW, either in a development and character-
ization context or for possible practical uses in a complete circuit. It is thus necessary to use another type of line to feed the guide. The choice
is naturally made for microstrip and coplanar architecture, which easily allow integration on a single substrate. We opted for a tapered transition
(Figure 10), going from coplanar to microstrip, then from microstrip to NSIW. This allows a slow transition for the electromagnetic fields, which
minimizes losses, reflections, and evanescent modes.

A large numerical study was conducted to optimize the transition from the coplanar pads to the NSIW. A waveguide and its transitions were
simulated by the COMSOL software, for a set of different values of the geometric transition parameters. All the concerned parameters are described
in Figure 10. It was demonstrated that among all the parameters, only the length and width of the taper play an important role. The geometry of
the very short section of a coplanar waveguide having a ground formed by the back metallisation of the alumina substrate, noted CPWG, as well

FIGURE 7 Evolution with the substrate porosity of the real part (a) and imaginary part (b) of the effective permittivity given by (10) and Table 1. (c)
Evolution with the substrate porosity of the first cut-off frequency fc,TE10 for a 6mmwide NSIW synthesized in a AAOmembranewith permittivity
given by (10). (d) Evolution with the substrate porosity of the difference between the first fc,TE10 and third fc,TE30 cut-off frequencies, i.e. |fc,TE30- fc,TE10 |.
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(a)Wave impedance Zw (b) Characteristic impedance Zc

FIGURE 8 Frequency dependence of the wave impedance Zw (a) and the characteristic impedance Zc (b) in an NSIW embedded in a porous alumina
substrate. The morphological properties of the NSIW are given in Table 1.

FIGURE 9 Evolution of the waveguide width am that will induce a characteristic impedance Zc with respect to the height of the guide b. This
evolution is described by Equation (14). The curves are drawn for three values of Zc and two frequencies, 25 GHz (solid lines) and 10 GHz (dashed
lines).

as the width of the microstrip (MS) line, are determined by the need to be matched to 50 Ω. It is interesting to work with taper lengths that are
multiples of a quarter wavelength of the signal at the operational frequency of the considered waveguide. Similarly, it is useful to express the taper
widths as fractions of the waveguide width. To discriminate between bad and good transitions, different quality parameters have been defined,
linked first to the flatness and the mean level of the insertion losses in the dominant mode frequency range, and secondly to the mean level of
return losses in the same range. The insertion losses, noted S21, correspond to the ratio of the transmitted signal at the output of the device to the
incoming signal. The return losses, noted S11, corresponds to the ratio of the reflected signal at the input of the device by the incoming signal.

With those quality criteria, it appears that the ideal width of a tapered connection between a microstrip line and an NSIW whose width is a is
always situated between 0.20× a and 0.30× a. To optimize the transmission, the length of the taper should be as long as possible. In the simulated
range (from 0.1 to 2 times a quarter wavelength), increasing the taper length leads always to better transmission quality. However, after 1, the
improvement has no more a crucial impact. Moreover, it increases substantially the size of the device.

A sample of the above results is depicted in Figure 11 for a waveguide whose width is a = 6 mm. We observe that the crucial parameter is the
width of the tapered transition, while its length has not a lot of influence while longer than a quarter wavelength. The final values resulting from
the optimization are given in Table 2.

3.6 Losses in NSIW

As for all microwave devices, several types of losses may coexist in NSIWs. They are analyzed below.
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FIGURE 10 Configuration of the transition from coplanar to microstrip and from microstrip to NSIW. The names of all the optimised parameters
given correspond to Table 2. The two main parameters are the length and width of the taper.

FIGURE 11 Evolution of the insertion losses S21 (up) and return losses S11 (down) simulated via COMSOL for an NSIW whose width is 6 mm and
for a small subset of geometric parameters of the tapered transition. The simulations were conducted on a complete waveguide: a first transition,
a 20 mm long NSIW waveguide and the final transition. Left: sweep on the taper length for a fixed taper width of 0.3× a = 1.8 mm. The lengths
are given as multiples of a quarter wavelength at the operational frequency of 12.5 GHz. Right: sweep on the taper width of a fixed taper length
of λ/4× 1.3 = 3.2 mm. The taper widths are given as multiples of the waveguide width a. The two horizontal conductive planes of the NSIW are
supposed to be perfect electrical conductors.

3.6.1 Radiation losses

Because the vertical walls of the NSIW are not continuous, radiation leakage may flow between the vias. This leakage can significantly affect the
global transmission quality if the vias geometry is not chosen carefully. Some studies have been conducted to describe, predict and reduce the radi-
ation losses in classical SIW. They have resulted in simple geometric rules that have to be complied with to reduce the radiation losses 12,43,44,45,46,47.
The geometric parameters of interest are the diameter d of the wires, the spacing s between them and the waveguide width a. They must be tuned
in such a way to approximate the behavior of a continuous metallic wall: the spacing s of the vias has to remain small compared to their diameter
d, while the diameter must be small compared to the waveguide width (or waveguide wavelength). To keep the radiation losses reasonably small,
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TABLE 2 Values of the geometrical parameters for the optimized transition from 50 Ω coplanar line to a 6 mm wide NSIW, as shown in Figure 10.
Parameter Dimension

CPWG ground width 500 µm
CPWG gap width 146 µm
CPWG track width 106 µm
CPWG length 500 µm
Taper length 3.1 mm
Taper width 1.8 mm
MS length 200 µm

the recommended values are given by(16)
s ≤ 2d ; b ≤

a

5
(16)

For a specific travelingmode, the leakage decreaseswith the increasing frequency and ismaximal at the cut-off frequency of themode. The radiation
leakage factor αR is independent of the substrate properties and independent of the height of the guide. In the end, the SIW shows comparable
or lower losses as the other traditional planar structures like microstrip or coplanar lines especially at high frequencies 13. If the substrate is thick
enough, the losses are dominated by the dielectric behavior of the substrate. The condition (16) is not satisfied in the case of nanowired SIW.
Indeed, typical values are s = 100 nm and d = 40 nm. However, it does not mean that we will observe a lot of leakage through the side walls.
Indeed, the second rule, which recommends a vias diameter five times smaller than the guide width, is largely respected. But those geometric
rules are empirical and were established for completely different SIW geometries where the vias diameter is of the same order of magnitude as
the waveguide width. In the case of our NSIW, there are five orders of magnitude between these two dimensions. Hence, we can conclude that
the two rules (16) do not apply to the NSIW case. Here, we have to keep in mind the discussion of the previous section: from the point of view of
the EM wave, the walls are continuous (see Section 3.2). And, if their thickness is much higher than the skin depth, we will not get any radiation
loss through the walls. It is worth to specify here that we will nonetheless observe radiation loss in the transition as the microstrip and coplanar
topologies are unavoidably subject to such leakage radiation.

3.6.2 Dielectric losses

Besides the radiation leakage which is almost non-existent in NSIW, other sources of losses exist: dielectric and conductive losses. The dielectric
loss along a transmission line is given by expression (17) reported in 17

αd =
k2tanδ

2β
(17)

where tan δ is the loss tangent of the dielectric, k =ω/c0 with c0 light velocity is the wave vector, β the propagation constant. The dielectric loss
increases linearly with the frequency once the cut-off frequency has been overpassed. For a 6 mm wide NSIW in nanoporous alumina membranes
whose loss tangent is 1.5× 10−2, the dielectric is responsible for a loss of 0.68 dB/cm at 12.5 GHz. The only solution to decrease it would consist
in changing the substrate itself.

3.6.3 Conduction losses in NSIW

Obviously, conduction losses occur in the four metallic walls of the guide, namely the top and bottom horizontal metallic plates, and the two
nanowired vertical walls. For a classical metallic rectangular waveguide, the attenuation due to conductor losses has the expression (18) reported
in 17

αc =
1

βkη
(Rsh

2π2

a3
+Rsv

k2

b
) (18)

where Rsh is the sheet resistance of the horizontal metallic planes of the waveguide while Rsv is for the two vertical metallic walls, and η =
√

ε
µ
.

Although the vertical walls are not fully metallic, their conductivity can be expressed as p σ where p is the porosity of the template and σ is the
conductivity of metal, so that we can write expression (19) reported in 17

Rsh =

√
ωµ

2σ
Rsv =

√
ωµ

2pσ
=
Rsh√
p

(19)
The conductor losses can be expressed for convenience by expression (20)

αc = Th + Tv =
1

βkη
(Rsh

2π2

a3
+Rsh

k2
√
pb

) (20)
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The evolutions with the frequency of Th, associated with horizontal walls and Tv , associated with vertical walls, for a 6 mm wide NSIW are drawn
in Figure 12a for three substrate thicknesses. We observe that Tv is 20 times lower than Th: their values are respectively 0.0045 dB/cm and 0.092
dB/cm at 12.5 GHz with b = 100 µm. The conduction losses in the horizontal metallic plates are much higher than in the walls. In order to decrease
Th, a solution is to increase b. Indeed, given Equation (20), Th is proportional to 1 / b. However, this solution is difficult to realize as it is conditioned
by the availability of a suitable nanoporous substrate. The two terms Th and Tv are also linked to the width of the guide a through the propagation
constant: their evolutions with a are given in Figure 12b. To realize that figure, the terms have been evaluated at the operational frequency f0 of
the waveguide whose width is a. The conclusion for a is the same than for b: increasing the size of the NSIW decreases the losses. Tv stays smaller
than Th for all the concerned dimensions, excepted when a becomes smaller than 500 µm.

(a) Evolution of Th and Tv with the frequency in a 6 mmwide NSIW. (b) Evolution of Th and Tv with the guide width atthe operational frequency f0.
FIGURE 12 Evolution of the two terms of the conductive losses Th and Tv in an NSIW for three various substrate heights. (a) Evolution with the
frequency determined in a 6 mm wide NSIW. The first term of the conductive loss Tv is much lower than the second Th. Given the definitions
in Equation (20), increasing the substrate height b decreases Th with 1/b. (b) Evolution with the waveguide width a of Th and Tv . The losses are
calculated at the operational frequency f0 given with Equation (9). Th is also depending on b through β in (20). Tv becomes important only when
a� 5 mm and is rapidly decaying when a becomes higher. Th decreases with increasing a.

3.6.4 Influence of roughness

The RF sheet resistance Rs describes the resistance at high frequencies of a thin metallic layer. For the study of NSIW, this concept is useful
to characterize the loss due to surface currents in the Cu layers deposited onto both faces of the membrane. Rs is defined for a uniform layer
and is largely depending on the conductivity of the material. It is obvious that if this conductivity is lower, the resistance will be higher and the
conductive loss will be higher as well. This conductivity can be directly affected in different ways. For example, the microstructure, the density or
the purity of the electroplated copper may not be optimal so that the properties of the layer are not as expected 48,49. Another reason for reduction
in conductivity is the roughness that the Cu layer may have. Due to skin effect, the roughness affects directly the sheet resistance, and the effect
is important at RF frequencies.

This is inconvenient because the steps of the experimental process, which include the use of the laser, make the nanoporous substrate highly
rough. This is especially true in the case of the laser-patterningmethod based on the porosity destruction. It is doubtful that the laser, which crushes
the top of the substrate to clog the pores, can leave a clean, flat, and smooth surface behind it. Therefore, when the copper layer is deposited
onto the surface, it follows the shape of the surface. The roughness of the substrate is transferred to the copper layer. This transfer has not been
studied in depth but three cases can be considered (see Figure 13).

Although intuitively unlikely, it is possible that the copper layer perfectly matches the profile of the membrane and properly reproduces it (see
Figure 13a). In the same way, it is also possible that the copper layer completely cancels the roughness so that the top of the copper layer is smooth
(see Figure 13b). These two situations are extreme and unlikely cases. A more credible situation is that the deposited copper partially smoothes
the surface (see Figure 13c). The layer does not perfectly follow the shape of the surface because its thickness is similar to the RMS roughness of
the surface.

In any case, the roughness of the copper layer cannot be higher than that of the template. The roughness in question here is that of the underside
of the 5 µm thick copper layer, i.e. between copper and alumina. Measuring it is a complicated matter and will not be discussed here. But, if we
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measure the roughness of the AAO, we can deduce an approximation of the one of copper. In the following, it is assumed that the roughness of
the copper layer is within the same range of values as the template itself.

The roughness of the template after the etching was characterized using profilometers. RMS roughnesses between 1 µm and 5 µm were mea-
sured. This roughness is not constant and varies from one sample to another given the variations in the laser process. Given these considerations,
it seems appropriate to study how transmission within the waveguide is affected by the roughness of the copper layer. This is the purpose of the
following section.

To take it into account, the definition of Rs (19) can be modified by a factor depending on the roughness. Two approaches are described below.

Hammerstad model

The simplest way to characterize the transmission through rough structures is the Hammerstad’s model introduced by Hammerstad and Bekkadal
in 1975 50,51. It proposes a modification (21) of the definition of the sheet resistance Rs (19) by a factor depending on ∆, the root mean square
(RMS) roughness of the metallic layer:

Rs(∆) = Rs

(
1 +

2

π
arctan

(
1.4

(
∆

δ

)2
))

(21)
where δ is the skin depth. According to that model, when the RMS roughness reaches the skin depth, the conduction losses are increased by 60
%. If the RMS roughness is much larger than the skin depth, losses are at most doubled. Moreover, when the frequency becomes important, δ
decreases subsequently and Rs also converges towards 2. This convergence of the sheet resistance for high roughness and/or high frequencies is
one of the disadvantages of the Hammerstad model.

Gradient model

Another recently introduced model, the Gradient Model 40, proposes a definition of three parameters of a rough surface: its effective conductivity
σeff, its effective permeability µeff and its surface impedance Zs. The surface of metal is described by a cumulated density function of the matter
at its border. The DC conductivity becomes depending on the depth into the metal, decreasing from its bulk value to zero at a rate similar to the
evolution of the density of matter. This location-dependent conductivity σ(x) is then used to solve Maxwell’s equation to obtain the evolution of
the magnetic field near the surface. The effective conductivity σeff is obtained by equalizing the loss power density of the rough surface with the
location-dependent conductivity σ(x) and the loss power density of a perfectly smooth surface with the effective conductivity σeff. The surface
impedance Zs (which real part corresponds to the surface resistance Rs) is determined by dividing the electric and magnetic fields obtained from
Maxwell’s equation solved with σ(x) and time-harmonic fields. In the end, all the proposed parameters depend only on the RMS surface roughness
∆ and its bulk conductivity σ.

It may be recalled that the real part of the surface impedance Re ( Zs) is equal to its sheet resistance Rs. The sheet resistance computed with the
classical formula (see Equation (18)) using the effective conductivity σeff obtained from the Gradient Model matches perfectly with the real part of
the proposed surface impedance Zs while these two quantities are calculated with different methods.

The evolutions with the frequency of the effective conductivity σeff and the sheet resistance Rs are given in Figure 14 for a copper surface
whose DC conductivity is 56 106 S/m. The influence of the roughnesses on both parameters is important. According to the Gradient Model, the
conductivity of the copper surface at 10 GHz is reduced to 22.48 106 S/m for ∆ = 500 nm, 9.82 106 S/m for ∆ = 1000 nm, and to 0.87MS 106
S/m for ∆ = 5000 nm. The sheet resistance increases with increasing ∆. At 10 GHz, Rs is multiplied by 2 if ∆ = 1000 nm and by nearly 10 if ∆ =
5000 nm.

(a) Conformal reproduction of thesubstrate roughness. (b) Total attenuation of the sub-strate roughness. (c) Modulated reproduction andreduction of the substrate rough-ness.
FIGURE 13 Three scenarios of the deposition of a copper layer onto a rough substrate. In orange, the copper layer. In grey, the AAO substrate. A
copper seed layer is first deposited onto the alumina. This is then thickened by electrodeposition. The roughness of the substrate comes from the
laser treatment that clogs the nanopores, but also strongly affects the surface.
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Once the sheet resistance of the rough surface copper has been determined, it can be inserted into Equations (19) and (20) to describe the
losses into the NSIWs. However, this must be done carefully because, as already mentioned, the four walls of an NSIW are not identical. The
modified sheet resistance RGMs

S can only be inserted into the second term Th standing for the loss in the two horizontal copper plates of the
NSIW. The term Tv is not modified by the roughness. At least two reasons explain this. First, to obtain its results, the Gradient Model assumed a
translational invariance in the two basis directions of the studied surface. But the walls are made with nanowires which are elongated structures,
and a translational symmetry can only be assumed in the vertical y direction. Secondly, given the laser patterning method, the walls are precisely
defined. Their roughness is much lower than the roughness of the horizontal plates. In any case, this distinction is not very relevant in this present
situation. Indeed, we could also increase the resistance of the Tv term, it would not change the result because it is much lower than Th.

It has been shown that this model accurately predicts the propagation characteristics (attenuation and phase delay) along various transmission
lines and for high roughnesses. As this model handles directly the conductivity of the metallic layer, it is independent of the structure of the
transmission line. The effective conductivity is used in place of the bulk one and is inserted in the definition of sheet resistance (18). Hence, the
Gradient Model can be used to characterize the conductive loss in the NSIWs.

(a) Evolution with the frequency of the effective con-ductivity σeff.
(b) Evolution with the frequency of the sheet resis-tance Rs.

FIGURE 14 Evolution with the frequency of the effective conductivity σeff (a) and the sheet resistance Rs (b) given by the Gradient Model for three
RMS roughnesses ∆. The values of the DC conductivity of a smooth copper surface and its associated sheet resistance are given for comparison.
The sheet resistance computed with the classical formula (19) using the effective conductivity σeff is identical to the real part of the surface
impedance given by the Gradient Model. According to that model, the conductivity of a rough surface decreases drastically when ∆ increases.
Subsequently, its sheet resistance (or surface impedance) increases with ∆.

Comparison

The conductive loss as a function of the frequency is depicted in Figure 15. The perfectly smooth case, the Hammerstad’s model and the Gradient
Model are compared. The shown losses are the sum of the two terms Tv and Th defined in Equation (20). Hence, the lowest curve αC is the sum
of the blue and green curves of Figure 12a. The modified definition of Hammerstad (21) of the sheet resistance gives rise to a modified conductive
loss depending on the roughness denoted αHc . The Gradient Model has also been implemented to deduce the sheet resistance so as to finally give
a corrected definition of the conductive loss designated by αGMc . The classical definition (20) of conductive loss αc. without any modification due
to roughness is also drawn as a reference. The curves are plotted for a 6 mm wide NSIW embedded in a 100 µm thick AAO membrane. Two
different roughnesses have been considered. The dashed line stands for ∆ = 1 ∆ while the solid line is for ∆ = 5 ∆. As expected, the difference
between the two models increases when the roughness reaches high values while αc is unchanged. When the RMS roughness is about 5 µm,
αGMc is at least multiplied by six. As for the uncorrected loss αc, αGMc decreases rapidly after the cut-off frequency. However, a few gigahertz
further on, it reaches a minimum and begins to increase. An important observation is that, according to the Gradient Model, the minimum of the
conductive loss is reached around 12.5 GHz, which is the operational frequency of the considered nanowired waveguide. This observation was
confirmed for a range of NSIW widths going from 1 mm up to 20 mm and for a wide range of roughnesses.
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FIGURE 15 Evolution with the frequency of the conductive loss for various implementation of the impact of the roughness: αGM
c , αH

c and αc stand
for, respectively, the Gradient Model 39, Hammerstad’s model given in (21) and the unmodified conductive loss given by (20). The curves are drawn
for a 6 mm wide NSIW and two different RMS roughnesses: 1 µm (dashed line) and 5 µm (solid line). The loss drawn here is the sum of the two
terms Tv and Th defined in (20). The Gradient Model predicts a significant rise of the conductive loss as the RMS roughness increases and this rise
is higher at higher frequencies. The Hammerstad’s model predicts a convergence of the loss at high roughness and high frequency.

3.7 Losses in transitions

The loss mechanisms discussed in the previous section only concern the NSIW waveguides guide themselves, while these devices are always
connected with two transitions as discussed before. Below, we will examine the losses in these transitions. The problem, seen from an analytical
point of view, is not easy to deal with. The transitions are composed of different sections of different line topologies, along which various modes
can propagate. It is therefore complicated, if not impossible, to deduce analytical formulas similar to Equation (20). Indeed, this formula is only
valid for TE10 mode in a rectangular cavity. Though, in transitions, various modes are propagating along with various topologies. To circumvent this
issue, it is convenient to use FEM simulations to deduce the losses in the transitions. Indeed, this kind of simulation does not require to assume
that the wave is a sum of particular modes.

As seen in the previous paragraphs, the conductivity of the metallic layers can be lowered because of the roughness. Moreover, the microstruc-
ture or the density of the metal may also affect the conductivity of the electroplated copper. Finally, all of this can be modeled by modifying directly
the conductivity of the copper layer. In Figure 16, the transmission evaluated through NSIW structure, noted S21, is given for various roughnesses,
implemented in the FEM model through the conductivity of the horizontal metallic layers. Those results were produced by full-wave FEM simula-
tions using COMSOL. The horizontal metallic layers are 5 µm thick. In continuous line, S21 is simulated for a 20 mm long NSIW cavity only while
the dashed line gives S21 for an NSIW with its transitions. In the case of the NSIW without its transitions, the propagating modes are excited with
the appropriate boundary conditions. We observe that the transmission is lowered when the roughness is increasing, i.e. when the conductivity
of the layer is decreasing. The loss of power in the transitions is increasing faster than the conductivity decreases. For PEC layers, there are only
0.71 dB lost at 12.5 GHz because of the transitions, while they are 1 dB at the same frequency when ∆ = 500 nm, 1.26 dB when ∆ = 1000 nm
and 3.31 dB when ∆ = 5000 nm. Hence, if the conductivity of the metallic layer becomes very poor, the loss in the transition will be very high and
will increase rapidly with the frequency.

Another important observation from Figure 16 is related to the cut-off frequency. The dashed lines (corresponding to NSIW devices with
transitions) start to decrease at a frequency which is difficult to identify precisely: the cut-off effect is less clear when transitions are present. In
addition, the increasing roughness accentuates this difficulty. Hence, while the cut-off of the PEC waveguide without the transitions appears near
8.3 GHz which is the theoretical value, it becomes close to 10 GHz for the waveguide with transition and high RMS roughness (∆ = 5000 nm).

From the S parameters measured along any waveguide of length L, the losses per unit length α can be deduced through the formula (22)
α = −

1

L

(
|S21|2

1− |S11|2

)
(22)

where α takes into account all kind of losses: radiation, dielectric and conduction losses. This formula allows creating Figure 17 where α has been
deduced from the data of Figure 16 in the case of the NSIW without its transitions. In addition, the theoretical dielectric losses have been plotted.
As seen previously, there are no radiation leakages along an NSIW. Then, when the conduction loss is very low (i.e. when the conductivity is very
high), only the dielectric loss is important. As expected, the dielectric loss is equivalent to the total loss that is induced along the line with PEC
conductive layers. These losses are 0.68 dB/cm: even if the copper layers are perfect, measuring losses lower than this value is impossible. The
total loss increases rapidly if the conductivity of the metallic layer is not at its optimal value. The conductivity of these layers is decreased by their
roughness. The losses increase until 3 dB/cm for very high roughness. To keep the transmission as good as possible, it is therefore important to
pay attention to keep the Cu layers as smooth and as conductive as possible.
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FIGURE 16 Evolution with the frequency of the transmission parameter S21 simulated through a 6 mm wide NSIW without (continuous line) and
with (dashed line) its connecting transitions. The transmission through both structures were simulated for three values of ∆, the RMS roughness
of the 5 µm thick horizontal copper layers situated on both sides of the membrane. The implementation of the roughness is made by varying
the effective conductivity of the copper layer, according to the Gradient Model (see in the text). The values of the three frequency-dependent
conductivities of the copper layer are given in Figure 15. According to thatmodel, the conductivity of a rough surface decayswith the frequency. The
transmission through an NSIW with perfectly smooth and perfect electrical conductor (PEC) copper layer is given for comparison. The difference
between the transmissions through an NSIW with or without its transitions increases with ∆ and with the frequency. Hence, optimizing the
transitions is more and more important when the roughness increases.

FIGURE17 Evolutionwith the frequency of losses per unit length in a 6mmwideNSIW. The theoretical dielectric lossαd is given aswell as the total
loss for PEC copper layers and three roughnesses, corresponding to three conductivities. The total loss is evaluated with FEM simulation. Those
data are taken from Figure 16 (without the transitions) and α is obtained with Equation (20). For PEC metallic layers, the total loss (evaluated by
FEM simulations) is equivalent to the dielectric loss given by Equation (17). Though, this total loss increases drastically for decreasing conductivity,
i.e. increasing roughness.

4 EXAMPLES OF DESIGNS

The parametric study presented in the previous section serves as a basis for our design and fabrication of numerous NSIW devices, including
transmission lines, filters and non-reciprocal isolators. Two examples are illustrated in the following: an NSIW line and an EBG (Electromagnetic
Band Gap) filter.
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4.1 NSIW line

The geometry of theNSIW line is illustrated in Figure 1. Its realization including two tapermicrostrip lines for itsmeasurement, and themeasurement
itself, is shown in Figure 18 and fully described in 39. Three cut-off frequencies can be observed. The first one located at 8.4 GHz can be successfully
compared with the prediction of cut-off frequencies fc10 = 8.33 GHz using Equation (8), as well as the third one at 24.5 GHz. They are obtained
considering in Equation (10) the porosity p of the membrane equal to 9.08 %, which fixes the value of dielectric constant: ε = 9. Also, the center
frequency predicted by Equation (9) is very close to the experimental observation, i.e f0 = 12.5 GHz. This illustrates that the nanowired walls
discussed in Section 3.2 act as efficient shielding generating the expected behavior of the metallic RW. Indeed the width of the realised walls is 1
mm, well above the 10 microns expected in Section 3.2.

(a) Measured transmission through a 12mm long substrate integrated nanowiredwaveg-uide. Two walls made of nanowires define a 6 mm wide cavity guiding the signal andinducing a cut-off effect at 9.5 GHz, as predicted by the theory.

(b) Photograph of a fabricated nanowired substrate integrated waveguide embedded in an alu-mina template. The cavity is 12 mm long and is embedded between two triangular taperedmicrostrip transitions, each connected to rectangular contact pads for the CPWG measuringprobes. The nanowire arrays have been grown in the template using the laser-patterning methodbased on the clogging of the pores by porosity destruction. The copper layer on top of the tem-plate is also etched using the laser.
FIGURE 18

Meanwhile, the insertion loss observed is - 8 dB. Although being important, they are closely related to the rugosity effect observed in Figure
16. A similar level is observed for a simulated RMS rugosity equal to 5000 nm. Such a rugosity can be easily explained by the porosity of the
membrane. As explained before, during the electrodeposition of metal on top and bottom faces of the membrane in order to fabricate the device
of Figure 1, some metal enters the pores, causing the formation of metallic layers that have a non-uniform thickness.
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4.2 NSIW EBG filter

The EBG filtering effect is generated by an arrangement of transmission lines sections having periodical alternations of dielectric constants. In the
case of NSIW devices, the alternations are created by exploiting the effect described in 19. Compared with that of porous alumina, the dielectric
constant of the alumina template can be increased drastically when the porous membrane is filled by conductive nanowires over a portion hf of
the membrane height hAAO= b, according to Figure 19a. In our previous works 54,55,56 we discussed the influence of partially filled pores on the
design and performances of microwave devices based on nanowires. Here we illustrate that the partially filled pores can be used as an advantage
for the design of microwaves devices.

The principle illustrated in Figure 19b is based on Equation (23). It provides the complex dielectric constant of the AAO template having a
porosity p = 11 % and partially filled with nickel nanowires.

1

εrNW
=

h

εrw
+

1− h
εrAAO

(23)
where h = hf/hAAO is the ratio of wire height hf to AAO thickness, εrAAO is the dielectric constant of porous alumina template given by Equation
(10) and εrw is the dielectric constant of the AAO filled with nanowires, obtained by replacing in Equation (10) εrair by the dielectric constant of
nanowires, namely εrw = 1− σ/ω/ε0, with ω = 2πf and ε0 is the permittivity of vacuum.

Figure 19a shows the corresponding dielectric constant noted εrNW as a function of the filling factor h. For h = 0.75, the dielectric constant
of the filled area, noted εrNW is equal to 34, while those of the porous anodic alumina, noted εrAAO is equal to 8.8, as provided from the value
at zero h in Figure 19a. The NSIW filter is built by posting 3 rectangular areas of length LNW , that are filled with Ni nanowires over 75% of AAO
thickness hAAO and are separated by a distance LAAO , corresponding to porous AAO areas (Figure 20). The cascade of dielectric constants over
the length of the EBG device is given by expression (24):

εrNW = 34; εrAAO = 8.8; εrNW = 34; εrAAO = 8.8; εrNW = 34 (24)
denoting a high contrast between dielectric constants. The EBG effect is induced due to this contrast at frequency f0 = 20 GHz if the length of
each section LAAO or LNW is equal to a quarter wavelength at f0, i.e expressions (25):

LAA0 =
λa

4
=

c0

f0
√
εrAAO

= 5.1 mm ; LWN =
λNW

4
=

c0

f0
√
εrNW

= 2.6 mm (25)
where c0 is the light velocity in air.

(a) Dielectric constant of AAO template filled with nanowires havinga relative height h = hf/hAAO . (b) Measured transmission through an NSIW loaded with three EBGstrips. The two walls of nanowires define a 3 mm wide cavity guidingthe signal and inducing a cut-off effect. The length of the strips andtheir spacing have been determined to create a reflection at 20 GHz.
FIGURE 19

Figure 19b demonstrates the validity of the above design for an NSIW having a width a equal to 3 mm. This value moves the operational
bandwidth in the 16-32 GHz range. A deep in transmission S21 is observed exactly at 20 GHz, as expected from the design, denoting the blocking
of the signal, which is characteristic of a bandgap effect.
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FIGURE 20 Schematic top-view of a nanowired substrate integrated filter based on electromagnetic band-gap effect. In blue, the overfilled
nanowire arrays short cut the top and bottom faces of the waveguide. In green, the metallic nanowires placed along the guide induce successive
reflections. The distance LAAO between the transverse strips and the length LNW of those strips are tuned to induce reflections and a filtering
effect at a precise frequency. The first strip is placed at a distance d of the beginning of the waveguide, whose width is a.

5 CONCLUSIONS

The paper presented a parametric study of the factors influencing the behavior and performances of NSIW devices. Various physical and geometri-
cal parameters were investigated, using analytical models combined with FEM simulations. This allowed establishing guidelines for NSIW devices.
The approach was illustrated by the design of two NSIW devices: an NSIW line, and an EBG NSIW filter.

The first conclusion of our work is that transitions are sources of losses. They considerably affect the propagation of signals. It is theoretically
possible to remove their influence by de-embedding methods. These methods are based on the measurement of different identical lines but of
different lengths. But this is complicated due to reproducibility problems. However, it should be noted that the ultimate goal of ourwork is the design
of a complete platform of integrated circuits in NSIW topology, combining filters, antennas, lines, isolators or circulators, etc. In this perspective,
transitions between different topologies should be limited or even absent. Artifacts associated with these transitions will then also disappear.

Secondly, the roughness of the alumina membrane is pointed out. This is directly created by the experimental process. It is indeed difficult to
imagine that the laser would leave a smooth membrane behind it. Switching to conventional lithography techniques would be a good alternative.
This makes the process longer, more complex, and more expensive. However, it seems to be the right way to reach performances that rival the
state-of-the-art. Some practical problems will have to be solved beforehand, such as the compatibility between the alumina membranes and the
lithography setup built for silicon wafers. But this is not a blocking issue on the principle.

Finally, an architecture of hollow waveguide would allow reducing insertion losses; we have thought about such a solution but in our case
nanowires are necessary inside the waveguide to achieve microwave functions. Alumina should be etched in areas where nanowires are not
necessary, which is not an easy task. Besides, a top metal cover must be reconstructed after etching alumina, which is not evident.
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