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A theoretical and numerical approach for
selecting miniaturized antenna topologies on
magneto-dielectric substrates
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An increasing interest is arising in developing miniaturized antennas in the microwave range. However, even when the
adopted antennas dimensions are small compared with the wavelength, radiation performances have to be preserved to
keep the system-operating conditions. For this purpose, magneto-dielectric materials are currently exploited as promising sub-
strates, which allows us to reduce antenna dimensions by exploiting both relative permittivity and permeability. In this paper,
we address generic antennas in resonant conditions and we develop a general theoretical approach, not based on simplified
equivalent models, to establish topologies most suitable for exploiting high permeability and/or high-permittivity substrates,
for miniaturization purposes. A novel definition of the region pertaining to the antenna near-field and of the associated field
strength is proposed. It is then showed that radiation efficiency and bandwidth can be preserved only by a selected combina-
tions of antenna topologies and substrate characteristics. Indeed, by the proposed independent approach, we confirm that
non-dispersive magneto-dielectric materials with relative permeability greater than unit, can be efficiently adopted only by
antennas that are mainly represented by equivalent magnetic sources. Conversely, if equivalent electric sources are involved,
the antenna performances are significantly degraded. The theoretical results are validated by full-wave numerical simulations
of reference topologies.
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I . I N T R O D U C T I O N

There are a variety of new application areas in which it is
needed to achieve ultra-small wireless systems, such that
they can be worn [1], and/or implanted under the tissues
[2] (e.g., in the case of biomedical devices). To accomplish
this, it is required that the antenna system provides extremely
reduced dimensions while preserving the best radiation per-
formance to minimize the power consumption. This is a chal-
lenging task since it is well known that for best antenna
operation its dimensions need to be proportionally related
to the wavelength. In the ultra high frequency (UHF) band,
where the majority of these applications are developed,
the latter is of the order of hundred millimeters. For this
purpose, in the last few years, a significant research effort
has been dedicated to the strategic use of design techniques
and materials enabling the miniaturization of the components
while maintaining the best possible performance. A highly
exploited solution to build miniaturized and non-invasive
antennas is the patch antenna mounted on dense dielectric

substrate. The reduced effective wavelength lg is obtained at
the expense of an increased patch-ground plane coupling,
thus reducing the field fringing effect: in this way, the radiating
properties of the antenna may be degraded and the patch
behaves more as a microstrip resonator. Indeed a significant
reduction of the radiation resistance is observed, which causes
a decay in radiation efficiency. At the same time, a too
low antenna impedance is obtained, which is difficult to be
matched. An emerging alternative to dense dielectrics is
provided by the recent realization of materials characterized
by relative magnetic permeability mr greater than unit [3–6].
They could overcome the above-mentioned limitations since,
for a given relative permittivity and permeability 1r and mr,
they could simultaneously guarantee the required guided-
wavelength reduction while controlling the medium impedance.

Previously, theoretical models were proposed [7] to choose
the best substrate material according to a certain resonating
antenna topology. The simplest approach was to use the RLC
resonator equivalent circuit as representative of the behavior
of the antenna at resonance. If the antenna behaves as a parallel
resonator an Only Magnetic (OM) is convenient, while as a series
resonator an Only Dielectric (OD) is better suited. This model
can be successfully adopted for simple topologies but can be
inaccurate in more complex antenna layouts, such as Planar
Inverted L-Antenna [7]. The qualitative explanation lays
on inaccuracies when modeling a true three-dimensional struc-
ture with a one-dimensional lumped circuits representation.
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Moreover, the energy stored in the field cannot be represented as
the energy stored in an RLC circuit, given its complex structure
[8], and the radiation resistance can vary (thus the RLC quality
factor).

Another possible model is based on the transmission line
theory [7]. This approach was used in a previous attempt in
[9] to analytically provide a proof for the patch antenna.
Again, given a generic antenna topology, its geometry and
radiation properties are not accurately derivable from the
transmission line parameters, as for example, the transmission
line characteristic impedance.

A very interesting theoretical approach has been conjec-
tured in [7]. It is based on the antenna equivalent current
sources for establishing a set of design rules for antennas on
magneto-dielectric substrates.

The aim of this work is to validate these rules. For this
purpose, for the first time, we are able to theoretically demon-
strate a general method for resonant antennas suitable for a
generic source distribution in a volume that is a generic reson-
ant antenna layout. This is obtained by subsequently consid-
ering these sources surrounded by the empty space (ES) and
by a non-dispersive magneto-dielectric medium. We then the-
oretically develop the relations between the fields in the two
different media. A straightforward application of the Love’s
principle of equivalence [10], allows us to compute the asso-
ciated equivalent current sources, confirming by an independ-
ent and general way the surface current relation as in [7].

The main validation results were proposed in [11], but in
this paper we develop a complete rigorous and detailed analyt-
ical solution to obtain the relation between the fields. Such pro-
cedure is based on the Wilcox series [12] and on the uniqueness
theorem in spite of a simple functions product, to represent the
electromagnetic fields in the computation of the energy inte-
grals. This allows us to provide a rigorous evaluation of the
antenna radiation characteristics. In particular, we provide
general analytical expressions for the radiated power, the
energy stored, the quality factor, the losses, and thus the radi-
ation efficiency and the bandwidth (BW). An extension of
the theory to a more general hypothesis between the fields is
provided.

An extensive validation procedure based on full-wave
numerical simulations [13] is also provided.

We selected a patch antenna topology, which can be
modeled by magnetic sources, to validate the proposed fields
relations by using different substrate, namely the OM and
the ES, and far-field predictions are included. Furthermore,
we considered two printed loop antennas on OD and OM
materials, which can be modeled by electric sources, and
their BW characteristics are compared with those belonging
to the patch antennas on the same materials. It is noteworthy
that the antennas geometries have been tuned in such a way
that they provide the same resonance frequency. In practice,
this is equivalent to consider the dimensions related to the
guided wavelength, accounting for the effective media consti-
tutive parameters instead of the relative ones.

I I . T H E O R E T I C A L F O R M U L A T I O N

Let us analyze the behavior of resonant antennas, surrounded
by different isotropic media, in terms of their equivalent
current sources and volumes involved. Resonant antennas
are chosen since they guarantee the best radiation efficiency,

which is mandatory when only ultra-low-power excitations
are available. For the sake of simplicity, we neglect both dielec-
tric and magnetic losses and assume that the materials are
non-dispersive. The former assumption can be easily
removed by the application of the perturbation theory [14].
The latter is verified by the material considered in [5], such
as hexaferrites that must operate well below the ferro-
magnetic resonance, thus providing a fairly constant perme-
ability all over the operative BW.

A) Computation of the equivalent antenna
current sources
First let us consider an antenna immersed in ES satisfying the
resonance conditions. The magnetic energy at resonance can
be computed in a defined volume Vn2f, which includes the
whole near-field generated by the antenna, thus the energy
stored satisfies the following equality:

∫
Vn−f

m0 H(r, u,w)| |2 dV =
∫

Vn−f

10 E(r, u,w)| |2 dV . (1)

It is noteworthy that the integration volume should be careful-
ly selected to be large enough to include the entire near-field
region, but limited to avoid divergence in (1) due to the far-
field contribution. Its exact definition is dependent on the par-
ticular circumstances, theoretical or practical, but it is not an
issue and is stated case by case in the following. Let us now
substitute the ES with another isotropic medium: in this
case we adopt an OM material with permeability mrm0 and
permittivity 10. We can reasonably suppose that the volume
containing the OM material-antenna near-field (V (m)

n−f ) is
reduced, with respect to the ES case, according to the rule
relating the guided wavelength to the relative electromagnetic
constants. Accordingly, we assume that the same energy
balance computed by (1) can be obtained in the reduced
volume:

V (m)
n−f =

Vn−f���
m3

r

√ , (2)

where it will be:

∫
V (m)

n−f

m0mr Hm(rm, u,w)
∣∣ ∣∣2 dVm

=
∫

V (m)
n−f

10 Em(rm, u,w)
∣∣ ∣∣2 dVm. (3)

Now, as a hypothesis, we can adopt the following relationship
between the corresponding electric field in the ES (E) and in
the OM (Em):

E(r, u,w)b| | = m
−1

2
r Em(rm, u,w)
∣∣ ∣∣, (4)

where

rm = rm
−1

2
r . (5)

These relationships rely on the condition of obtaining the
same radiated power in the far field with a reduced
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wavelength, due to the adopted substrate, for a patch antenna
without losses (4). These results are also validated in the next
section by the numerical simulation for two patch antennas.
Notice mr should be thought as an effective value.

Let us now adopt the variable substitutions (2), for dVm,
and (5) for rm, and the hypothesis (4) and (1) to compute
equation (3) which becomes:

∫
V (m)

n−f

10 Em(rm, u,w)
∣∣ ∣∣2 dVm = m

−1
2

r

∫
Vn−f

m0 H(r, u,w)| | dV .

(6)

The left-hand side (LHS) of (3) by substitutions can also be
cast:

∫
V (m)

n−f

m0mr Hm(rm, u,w)
∣∣ ∣∣2 dVm = m

−1
2

r

∫
Vn−f

m0 Hm(rm, u,w)
∣∣ ∣∣ dV .

(7)

Thus we can write:

∫
Vn−f

H(r, u,w)| |2 dV =
∫

Vn−f

Hm(rm, u,w)
∣∣ ∣∣2 dV, (8)

where Hm is the magnetic field in the OM case.
The magnetic fields relation satisfying (8) can be obtained

by resorting to a modified Wilcox expansion [12]:

Hm(rm, u,w)
∣∣ ∣∣ = ∑1

n=0

cn,m
Bn(u,w)

rn+1
m

∣∣∣∣∣
∣∣∣∣∣, (9)

H(r, u,w)| | =
∑1
n=0

cn
Bn(u,w)

rn+1

∣∣∣∣∣
∣∣∣∣∣. (10)

This representation is addressed as modified due to the pres-
ence of the cn,m and cn terms, which are dependent only on
the substrate material; it is noteworthy that the vector function
Bn(u, f), representing the dependence on the elevation and
azimuth variables, is the same for both expansions, i.e. when
n ¼ 0 the two antennas share the same shape of the radiation
functions.

Now it is possible to represent (8) using (8); its right-hand
side (RHS), considering (5) and (9), becomes:

∫
Vn−f

Hm rm, u,w
( )∣∣ ∣∣2 dV

= m
m+n+2

2
r

∫
Vn−f

∑1
m=0

∑1
n=0

cm,mc∗n,m
Bm(u,w) · B∗

n(u,w)
rm+n+2

dV .

(11)

Similarly, using (10) in the LHS of (8), (8) becomes:

∫
Vn−f

∑1
m=0

∑1
n=0

Bm(u,w) · B∗
n(u,w)

rm+n+2

( )

×
cm,mc∗n,m

m
−{[m+n+2]/2}
r

− cmc∗n

( )
dV = 0.

(12)

The LHS and RHS integrals in (1), and thus in (8), are sin-
gularly divergent due to the radiated power in the far field
[8]. Since a difference is computed inside (12) and the far-
field radiated powers were forced to be the same for both
materials, the integral in (12) is not divergent anymore.
Mathematically, given the above consideration, the volume
can be thought as going to infinite. This removes the ambi-
guity in its definition for this theoretical case, but for com-
pleteness and easiness of notation, in what follows is still
specified as Vn2f.

Furthermore, since the Poynting vector is not divergent, it
is also possible to swap the integral and sums [8] to get:

∑1
m=0

∑1
n=0

∫
Vn−f

Bm(u,w) · B∗
n(u,w)

rm+n+2
dV

⎛
⎜⎝

⎞
⎟⎠

×
cm,mc∗n,m

m
−{[m+n+2]/2}
r

− cmc∗n

( )
= 0.

(13)

Considering the same boundary conditions, equation (13)
has multiple solutions. There are different relations regarding
the various c coefficients and thus the field within the OM.
Using the uniqueness theorem the field has to be unique.
Here we consider the solution by zeroing all the terms of
the series:

cm,mc∗n,m = m−{[m+n+2]/2}
r cmc∗n. (14)

Using (5) and (14) to (9), the relationship between Hm and H
becomes:

Hm rm, u,w
( )∣∣ ∣∣2= H r, u,w

( )∣∣ ∣∣2⇒ Hm rm, u,w
( )∣∣ ∣∣

= H r, u,w
( )∣∣ ∣∣. (15)

The solution for the OM material is validated by solving the
homogeneous Helmholtz equation in the domain (rm):

∇2
m Hm(rm, u,w) = m10

∂2

∂t2
Hm(rm, u,w), (16)

which by substituting (5) results in:

∇2H(r, u,w) = m010
∂2

∂t2
H(r, u,w), (17)

Hence, if H(r, u, f) is a valid solution to the homogeneous
Maxwell equations, Hm(rm, u, f) is also valid, in particular
it is the same solution in the corresponding spatial domain.
Relation (15) will be numerically validated later.
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It is known that the far field has transverse electromagnetic
(TEM) properties, it is thus easy to express the relation in (4)
and (15) as the components tangent to the contour sphere of
the volume (V1 2 Vn2f):

Et| | = m
−1

2
r E(m)

t

∣∣ ∣∣, Ht| | = H(m)
t

∣∣ ∣∣. (18)

Note that the relations (4) and (15) have been extended to be
valid outside the Vn2f, since the term in the Wilcox expansion
(8) with n ¼ 0 is present even in the near field and the near-
field volume could be theoretically extended to r � 1, as also
said in [8].

We can now make use of the Love’s field equivalence prin-
ciple [10] to get the corresponding electric and magnetic mag-
nitudes of surface equivalent currents JS, J(m)S and MS, M(m)

S :

J(m)S

∣∣∣ ∣∣∣ = JS

∣∣ ∣∣ = n̂ × Ht| |,

M(m)
S

∣∣∣ ∣∣∣ = ���
mr

√
MS| | = Et × n̂| |,

(19)

where n̂ is the versor normal to the surface.
From (19) is noteworthy that the equivalent electric

sources are not affected by the introduction of a magnetic
material, while the equivalent magnetic sources are increased
by a factor

���
mr

√
, in the respective domain.

By means of the duality principle an OD material can be
described following the same steps, thus providing results
similar to (19), with the superscript (1) indicating the
vectors in the OD case:

Et| | = E(1)
t

∣∣ ∣∣, Ht| | = 1
−1

2
r H(1)

t

∣∣ ∣∣,
J(1)S

∣∣ ∣∣ = ���
1r

√
JS

∣∣ ∣∣ = n̂ × Ht| |, M(1)
S

∣∣ ∣∣ = MS| | = Et × n̂| |.
(20)

It is noteworthy that, differently from the OM case, the dual
hypothesis on H in (20) does not provide a constant radiated
power in the far field for a patch antenna, but it is a purely
mathematical assumption derived from the duality theorem.

B) Computation of the antenna radiation
characteristics
The near-field properties provided by (4), (15), and (19) can
also be adopted for the far-field vectors, thus we can evaluate
the active radiated power, the energy stored and the losses of
antennas exploiting an OM material and ES as substrates; it is
then possible to obtain the relations for BW and efficiency.

By referring to the Poynting vector dependence in the far
field, the domain dependence can be removed. The absolute
value of the Poynting vector for ES and OM in the domain
r results as:

S(m)JS
(r, u,w) =m−1

r SJS (r, u,w),

S(m)MS
(r, u,w) =SMS (r, u,w).

(21)

According to the results described in the previous subsection,
it is clear that the miniaturization by means of an OM material
is not convenient in case of an antenna exploiting electrical
equivalent currents JS. Conversely, for antennas exploiting

magnetic equivalent currents MS, an OM substrate allows a
suitable antenna dimensions reduction since it preserves the
radiation performances without affecting the active radiated
power density with respect to ES.

The power density (21) allows us to straightforwardly cal-
culate the radiated power (P):

P(m)
JS

= m−1
r PJS , P(m)

MS
= PMS , (22)

while using (4) for the stored energy (W ) we can write:

W(m)
E = m

−1
2

r WE ⇒ W(m)
TOT = m

−1
2

r WTOT. (23)

Note that (21)–(23) are strictly dependent on the initial
hypothesis (4).

It is now immediate to get the quality factor and thus
approximately the BW:

Q(m)
JS

= 2pfr
m
−1

2
r WTOT

PJS m
−1
r

= m
1
2
r QJS ⇒ BW(m)

JS
� BWJS

m
(1/2)
r

,

Q(m)
MS

= 2pfr
m−(1/2)

r WTOT

PMS

= m
−1

2
r QMS ⇒ BW(m)

MS
� m

1
2
r BWMS .

(24)

As regard the efficiency, firstly we define the losses in the
materials. The following expression can be used for the dielec-
tric losses:

Ld = v1′′

2

∫
Vsub

E(r, u,w)| |2 dV (25)

and similarly for the magnetic losses:

Lm = vm′′

2

∫
Vsub

H r, u,w
( )∣∣ ∣∣2dV, (26)

where 1′′ ¼ se/(10v) and m′′ ¼ sm/(m0v). The total losses are
therefore:

LTOT = Lm + Ld. (27)

Considering an OM material with relations (4) and (15), it is
immediate to write:

L(m)
d = m

−1
2

r Ld, L(m)
m = m

−3
2

r Lm, (28)

where is supposed, for the sake of simplicity, the ES and OM to
have the same loss-tangent; obviously this represents a “fake”
ES with losses. In the losses definition (28), we use the mathem-

atical substitution V (m)
sub = Vsub m

−3
2

r ; hence outside that volume
there are no losses.

The radiation efficiency, defined as d ¼ P/(P + LTOT), can
be now computed for ES and OM:

dJS =
PJS

PJS + Ld + Lm
, dMS =

PMS

PMS + Ld + Lm
, (29)
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d
(m)
JS

= PJS

PJS + m
1
2
rLd + m

−1
2

r Lm

,

d
(m)
MS

= PMS

PMS + m
−1

2
r Ld + m

−3
2

r Lm

.

(30)

The efficiencies in (29) and (30) are quite different compared
with previous works, as [15]. Since this is a perturbation
theory with a zero-order approximation model of the
antenna (i.e. losses introduced by perturbation and no refer-
ence to a specific antenna geometry, but only to the stored
energy) some differences were expected.

The obtained relations on the radiation properties (24),
(29), and (30) allow us to straightforwardly predict the advan-
tage in using an OM material in presence of magnetic equiva-
lent currents and the disadvantage with electric equivalent
currents.

Starting from (20) dual relationships hold for antennas on
OD (1) materials:

BW(1)
JS

� 11/2 BWJS , BW(1)
MS

� BWMS

1
1
2

, (31)

d
(1)
JS

= PJS

PJS + 1−(3/2)Ld + 1−(1/2)Lm
,

d(1)MS
= PMS

PMS + 1−(1/2)Ld + 1(1/2)Lm
.

(32)

C) BW and efficiency extension to a general
domains relationship
Let us re-write the previous resonance energy-based theory
with a general relationship between the E-fields in the form:

E(r, u,w)| | = m−x
r Em(rm, u,w)
∣∣ ∣∣ (33)

the solution for Hm would have the same relation as (33) but
scaled by a factor of m1/2

r :

H(r, u,w)| | = m−x+(1/2)
r Hm(rm, u,w)

∣∣ ∣∣. (34)

Relations (33) and (34) directly affect the absolute value of the
Poynting vector:

S(m)JS
(r, u,w) =m2x−2

r SJS (r, u,w),

S(m)MS
(r, u,w) =m2x−1

r SMS (r, u,w).
(35)

By computing the BW and efficiency, as in (24) and (30), the
relations are exactly the same. This means that the relations on
BW and efficiency (d) for an OM material compared to the ES,
are invariant to an initial hypothesis on the OM material of
the kind m−x

r . Dual relations developed for an OD show the
same invariance. Therefore it is now possible to extend the
theory to a wider set of antennas.

To give an example of its usefulness, we again consider two
patch antennas, one with an OD material as substrate, the
other in ES. The physical initial hypothesis of a constant
radiated power (thus on E) in the far-field without losses

(differently from the dual case in (20)) will be:

E(r, u,w)| | = 1−(1/2)
r E1(r1, u,w)| |, (36)

hence on H:

H(r, u,w)| | = 1−1
r H1(r1, u,w)| | (37)

Using the aforementioned invariance it is possible to say that
the relations on BW and efficiency will be again exactly the
dual version of (31) and (32).

I I I . N U M E R I C A L V A L I D A T I O N

The conclusions of the previous section are now validated by
full-wave numerical simulation. For this purpose, CST
Microwave Studio [13] is adopted.

A) Validation of fields inside a square patch
To validate the field relations, as a first example of application,
we analyze a square patch, optimized to be resonant at
2.4 GHz by forcing the imaginary part of the impedance for
both structures to be zero at the same frequency.

Two different patch configurations are compared:

(i) the space between the patch and the ground plane consists
of ES;

(ii) the space between the patch and the ground plane consists
of an OM material (with 1r ¼ 1 and mr ¼ 4).

The resulting patch lengths were computed to be (Fig. 1): La ¼

54 mm and Lb ¼ 29.5 mm. These dimensions approximately
agree with the results obtainable from (5): it is noteworthy
that the dimensions scaling is related to the effective perme-
ability and not to the relative one.

First of all, let us discuss the numerical results obtained
with the two configurations in terms of the near-field
regions of the two antennas. In Fig. 2, the simulated electric
and magnetic near-fields of the two patch antennas are
shown. The field values are taken on a cut plane in the
middle of the substrate brick. These numerical results validate
the relationships (4) and (15).

The E-field of the patch, exploiting the OM substrate, is
approximately twice the one on the ES material, whereas the

Fig. 1. Top views of the analyzed patch antennas: these antenna types are
described mainly by magnetic current sources.
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H-fields are approximately the same, considering for both
fields evaluations a size compression by a factor of about two.

Figure 2 lets also to address the ambiguity when defining
the volume Vn2f for the practical case. This can be done by
interpreting Vn2f as the reactive region volume, thus “that
portion of the near-field region immediately surrounding
the antenna wherein the reactive field predominates”. A
common approximation for the boundary is a distance dn−f ≃
0.62

������
D3/l

√
from the antenna surface, where l is the guided

wavelength [16]. In Fig. 2, the fields are shown to be well con-
fined inside that region, where dn2f is approximately 40 and
22 mm for the ES and the OM materials, respectively.

A difference of about 15% in terms of far-field radiated in
the broadside direction is observed in Fig. 3. The reasons of
this small discrepancy with respect to the previously devel-
oped theory can be ascribed to different spacings between
the two radiating slots, which the patch antenna radiation
mechanism is based on, in the OM and ES situations. From
the far-field point of view the reduction of this distance in

the OM case is a direct consequence of the corresponding
directivity reduction, since the two slots-array has a shorter
step. This is also confirmed by the further widening of the
radiation surface of a more miniaturized square patch exploit-
ing a denser OM material, as confirmed by simulation.

B) Validation of BW relations
As a further test we compare different antenna layouts from
the operating BW point of view: the same miniaturized
patch antenna (thus exploiting magnetic equivalent surface
currents) and a single full-wavelength loop antenna (exploit-
ing electric equivalent surface currents) embedded in the sub-
strate. In these cases two substrates are considered: the same
OM as before and the dual OD substrate (1r ¼ 4, mr ¼ 1),
in order to validate the previous theoretical results. The
patch antenna keeps the same size for both substrates, since
the field is well confined between the conductors; hence the
effective parameters have a negligible variation. The loop

Fig. 2. E and H near-field numerical simulation results of the two patches: the E-field for the antenna on the OM substrate is twice stronger and compressed in size
than that on the ES.

Fig. 3. E far-field numerical simulation results of the two patches: the
E(m)

FF -field maximum value for the antenna on the OM substrate is different
than that on the empty space.

Fig. 4. Top views of the analyzed loop antennas: these antenna types are
described mainly by electric current sources.
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antennas, whose layouts are shown in Fig. 4, have slightly
different sizes, since the fringing of the field in these open
structures significantly depends on the electromagnetic char-
acteristics of the substrates: the loop line width is 1 mm,
while the inner radius length provides a full-wavelength
behavior at 2.4 GHz.

In Fig. 5 the reflection coefficients for the patch on OM and
OD are shown. It is clear the advantage in terms of BW using
the OM with respect to the OD: it is increased approximately
by a factor of 4, as predicted by our theory.

Once again in Fig. 6 the reflection coefficients are shown,
this time for two loop antennas on the same OD and OM as
before. In this case, it is clear the advantage in using the OD
instead of the OM: the BWs are again approximately related
by a factor of 4.

C) Simulations with realistic losses and
dispersion
Today’s available magneto-dielectric materials have relevant
losses and are subject to permeability dispersion.

As an example regarding the losses, in [5] the loss tangent
is about 0.38 at 900 MHz and it is significantly higher than
available OD materials. This obviously results in lower effi-
ciency when using a real MD; in particular the relations (29)
and (30) will have heavily different Lm and Ld inside. It is
thus still disadvantageous to use present MD materials if the
application interest is purely on the efficiency. On the other
hand, in this case the BW is obviously further increased due
to the increased losses when compared to the energy stored.

An extensive work on frequency dispersion is provided in
[17]. Most materials containing magnetic inclusions are
subject to the ferro-magnetic resonance, which brings a
strong dispersion in its vicinity. As a result, there could be a
huge difference in terms of radiation properties.

I V C O N C L U S I O N

We have provided an analytical method for demonstrating
the relationship between the antenna topologies and high-
permeability and/or high-permittivity substrates, for miniatur-
ization purposes. We have proposed a novel definition for the

Fig. 5. S11 for the patch antennas. It is normalized to the antennas impedance at resonance (250 and 325 V for the OM and OD patches, respectively).

Fig. 6. S11 for the loop antennas. It is normalized to the antennas impedance at resonance (60 versus 66 V for the OM and OD loop, respectively).
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region pertaining to the antenna near-field and for the associated
field strength. On the surface of this region we have computed
the equivalent magnetic and electric current sources and we
have shown that the radiation performances and the operating
frequency BW of an antenna, which is mainly based on magnetic
sources, are improved by the introduction of high-permeability
materials. Dually, high-permittivity materials allow us to
improve the same performances in case of an antenna which is
mainly based on electric sources.

The results have been validated by full-wave numerical
simulations of some reference topologies. These are consistent
with previous dedicated approaches, based on approximated
models suitable for selected topologies, and confirm, by an
independent theoretical and general way, the surface current
relation conjectured in [7].

Being based on a resonance condition, the method is
limited to this class of antennas. Other limitations are due
to the simplifications introduced to the medium, as isotropy,
non-dispersion, and loss-free. These can be partly addressed
using a perturbation theory.

The rule of thumb in designing the antenna, is to first
choose a topology on the ES and find its main sources to
immediately choose the loading material. It is then possible
to proceed on a normal process of design and optimization,
but performed on the selected magneto-dielectric medium,
whose size should be enough to keep inside the major part
of the reactive near field.
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The supplementary material for this article can be found at
http://www.journals.cambridge.org/MRF
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