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Determination of Generalized Permeability Function
and Field Energy Density in Artificial Magnetics
Using the Equivalent-Circuit Method

Pekka M. T. Ikonen, Student Member, IEEE, and Sergei A. Tretyakov, Senior Member, IEEE

Abstract—The equivalent-circuit model for artificial magnetic
materials based on various arrangements of broken loops is
generalized by taking into account losses in the substrate or
matrix material. It is shown that a modification is needed to
the known macroscopic permeability function in order to cor-
rectly describe these materials. Depending on the dominating
loss mechanism (conductive losses in metal parts or dielectric
losses in the substrate), the permeability function has different
forms. The proposed circuit model and permeability function
are experimentally validated. Furthermore, starting from the
generalized circuit model, we derive an explicit expression for the
electromagnetic field energy density in artificial magnetic media.
This expression is valid at low frequencies and in the vicinity of
the resonance also when dispersion and losses in the material are
strong. The currently obtained results for the energy density are
compared with the results obtained using different methods. As a
practical application example, we calculate the quality factor of a
microwave resonator made of an artificial magnetic material using
the proposed equivalent-circuit method and compare the result
with a formula derived for a special case by a different method
known from the literature.

Index Terms—Artificial magnetic materials, circuit model, en-
ergy density, permeability function.

I. INTRODUCTION

RTIFICIAL electromagnetic media with extraordinary

properties (often called metamaterials) attract increasing
attention in the microwave community. One of the widely
studied subclasses of metamaterials are artificial magnetic
materials operating in the microwave regime, e.g., [1]-[8]. For
example, broken loops have been used as one of the building
blocks to implement double-negative (DNG) media [9], [10],
artificial magneto-dielectric substrates are today considered
as one of the most promising ways to miniaturize microstrip
antennas [11]-[17], and several suggestions have lately been
proposed to use artificial magnetic resonators, e.g., in filter
design (see, e.g., [18] and [19]).
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The extraordinary features of metamaterials call for careful
analysis when studying the fundamental electromagnetic quan-
tities in these materials. Recently, a lot of research has been de-
voted to the definition of field energy density in DNG media
[20]-[23]. The authors of [20], [21], and [23] derived the en-
ergy density expression starting from the macroscopic media
model and writing down the equation of motion for polarization
(electric charge) or magnetization density in the medium. Fur-
thermore, the complex Poynting theorem was used to search for
expressions having the mathematically correct form to be iden-
tified as energy densities. Following the terminology presented
in [23], we call this method the “electrodynamic method.” In
[22], one of the authors of this paper used another method.
Starting from the material microstructure, an equivalent-circuit
representation was derived for the unit cell constituting specific
artificial dielectric and magnetic media. Lattices of thin wires
and arrays of split-ring resonators were considered in [22]. The
stored reactive energy and, furthermore, the field energy density,
were calculated using the classical circuit theory. The authors
of [23] later called this method the “equivalent-circuit method.”
Though these two methods apply to media with the same macro-
scopic permeabilities and permittivities, they are fundamentally
very different, as will be clarified later in more detail. More-
over, the final expressions for the field energy density in artificial
magnetic media given in [22] and [23] differ from each other.
One of the motivations of this study is to clarify the reasons for
this difference.

Here we concentrate only on artificial magnetic media and set
two main goals for our work, which are as follows.

* To understand the differences and assumptions behind the
electrodynamic and equivalent-circuit methods when de-
riving the field energy density expressions. We verify using
a specific example (magnetic material unit cell) that, in the
presence of nonnegligible losses, one should always calcu-
late the stored energy at the microscopic level.

* To generalize the previously reported equivalent-circuit
representation for artificial magnetic media [22].

The generalized circuit model takes into account losses in the
matrix material. It is shown that this generalization forces a
modification to the widely accepted permeability function used
to macroscopically describe artificial magnetic media. The gen-
eralization has a significant importance, as it is shown that, in
a practical situation, matrix losses strongly dominate over con-
ductive losses. The proposed circuit representation and perme-
ability function are experimentally validated. We measure the
magnetic polarizability of a small magnetic material sample and
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compare the results with those given by the proposed analyt-
ical model and the previously used model. The results given by
the proposed model agree very well with the measured results,
whereas the old model leads to dramatic overestimation for the
polarizability. Using the generalized circuit model, we derive
an expression for the field energy density in artificial magnetic
media. This expression is compared with the results obtained
using the electrodynamic method in [23], and reasons for the
differences are discussed. As a practical application example,
we calculate the quality factor of a microwave resonator made
of artificial magnetic material using the equivalent-circuit and
electrodynamic methods. The differences between the final ex-
pressions are discussed.

II. ELECTRODYNAMIC METHOD VERSUS
EQUIVALENT-CIRCUIT METHOD

It is well explained in reference books (e.g., [24] and [25])
that, for the definition of field energy density in a material
having nonnegligible losses, one always needs to know the
material microstructure. First of all, the reactive energy stored
in any material sample is a quantity that can be measured. When
the material is lossless, no information is needed about the
material microstructure for this measurement. Indeed, we can
measure the total power flux through the surface of the sample
volume! and, since there is no power loss inside, we can use the
Poynting theorem to determine the change in the stored energy.
This is the reason why the field energy density in a dispersive
media with negligible losses can be expressed through the
frequency derivative of macroscopic material parameters. In
the circuit theory, the same conclusion is true for circuits that
contain only reactive elements. It is possible to find the stored
reactive energy in the whole circuit knowing only the input
impedance of a two-port [26].

Simple reasoning reveals that in the presence of nonnegligible
material losses, the above described “black box” representation
and direct measurement are not possible. Without knowing the
material microstructure or the circuit topology, we do not know
which portion of the input power is dissipated and which is
stored in the reactive elements. Thus, the energy stored in lossy
media cannot be uniquely defined by only utilizing the knowl-
edge about the macroscopic behavior of the media [24], [25].

When defining the energy density in a certain material
using the electrodynamic method, one first writes down the
equation of motion for charge density or for magnetization in
the medium using the macroscopic media model [21], [23]. We
stress that this equation is the macroscopic equation of motion,
containing the same physical information as the macroscopic
permittivity and permeability. Further, the complex Poynting
theorem is used to identify the mathematical form of the general
macroscopic energy density expressions. Having the form of
these expressions in mind, one searches for similar expressions
in the equation of motion and defines them as energy densities.
The problem of the electrodynamic method is the fact that it
only utilizes the knowledge about the macroscopic behavior
of the media, which, as explained above, in not enough. The

Tn practice, this measurement can be done, for example, by positioning a
material sample inside a closed waveguide and measuring the S11 and S>; pa-
rameters.

Fig. 1. Broken loop loaded with an infinitesimally small lumped circuit.

aforementioned difficulty is avoided in the equivalent-circuit
method [22]. Based on the known microscopic medium struc-
ture, one constructs the equivalent circuit for the unit cell of the
medium. Careful analysis is needed to make sure that the cir-
cuit physically corresponds to the analyzed unit cell. After this
check, the stored reactive energy and the corresponding field
energy density can be uniquely calculated using the classical
circuit theory.

Next, we illustrate the difference between the electrodynamic
and equivalent-circuit methods using a specific case of broken-
loop composites. Consider the broken loop shown in Fig. 1. Fol-
lowing an example given in [25], we load the loop with an elec-
trically infinitesimally small circuit consisting of lumped ele-
ments. Let us assume that the additional inductance and capaci-
tance are chosen to have values L* = 7R*, C* = 7/R*, 7 > 0.
A simple check reveals that, in this case, the input impedance of
the load circuit is frequency independent and purely resistive:
Zin = R®. When the loop is electrically small, it can be repre-
sented as a resonant contour and the total loss resistance reads
Riot = R+ R, where R is the loss resistance due to the finite
conductivity of the loop material. Next, we consider two dif-
ferent broken loops. The first loop is made of silver and loaded
with the circuit shown in Fig. 1. The second loop has no loading
circuit and is made of copper, thus, it has much higher conduc-
tive losses, as compared to the silver ring. If the load resistor
for the silver loop R” is chosen so that the total resistance Ry
equals R of the unloaded loop made of copper, the macroscopic
descriptions of media formed by these two different loops are
exactly the same. Thus, the electrodynamic method predicts the
same value for the reactive energy stored in these two media.
Inspection of Fig. 1 clearly indicates, however, that this is not
the case. There is some additional energy stored in the load in-
ductance and capacitance, which is invisible on the level of the
macroscopic permeability description. Proper definition of the
stored energy must be done at the microscopic level, which is
possible with the equivalent-circuit method.

III. EQUIVALENT-CIRCUIT METHOD: BRIEF REVIEW
OF EARLIER RESULTS

A commonly accepted permeability model as an effective
medium description of dense (in terms of the wavelength) arrays
of broken loops, split-ring resonators, and other similar struc-
tures reads

Aw?
= - = 1 - 5 . = 1
p(w) = popur(w) = po < T +Jwr) (D

(see, e.g., [1], [2], [4], and [8].) In (1), A is the amplitude factor
(0 < A < 1),wyq is the undamped angular frequency of the
zeroth pole pair (the resonant frequency of the array), and T’
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Fig. 2. (a) Magnetic material sample in the probe magnetic field of a tightly
wound long solenoid. (b) Equivalent-circuit model (losses in the matrix material
are not taken into account).

is the loss factor. The model is obviously applicable only in
the quasi-static regime since, in the limit w — oo, the per-
meability does not tend to 1. At extremely high frequencies,
materials cannot be polarized due to inertia of electrons, thus, a
physically sound high-frequency limit is po [24]. However, (1)
gives correct results at low frequencies and in the vicinity of the
resonance. This is the typical frequency range of interest, e.g.,
when utilizing artificial magneto-dielectric substrates in antenna
miniaturization [13], [16], [17]. The other relevant restriction on
the permeability function is the inequality [24]

O(wp(w))

o Mo 2

valid in the frequency regions with negligible losses. Physi-
cally, the last restriction means that the stored energy density
in a passive linear lossless medium must always be larger than
the energy density of the same field in vacuum. Macroscopic
model (1) violates restriction (2) at high frequencies, which is
another manifestation of the quasi-static nature of the model. In
the vicinity of the magnetic resonance, the effective permittivity
of a dense array of split-ring resonators is weakly dispersive, and
can be assumed to be constant.

In [22], the energy density in dispersive and lossy magnetic
materials was introduced via a thought experiment. A small
(in terms of the wavelength or the decay length in the mate-
rial) sample of a magnetic material [described by (1)] was posi-
tioned in the magnetic field created by a tightly wound long so-
lenoid having inductance Ly, Fig. 2(a). The inclusion changes
the impedance of the solenoid to

ijLoA

A = jwLqu, = jwL —_— .
(w) = jwlopr(w) = jw 0+w§—w2+jwr

3)
The equivalent circuit with the same impedance was found to
be that shown in Fig. 2(b), [22] with the impedance seen by the
source

jw3M?2/L
Z(w) = juoly + — M) @)
2 P
Lo Y ey
which is the same as (3) if
M? 1 » R
oy 4 == p=h )

The aforementioned equivalent-circuit model is correct from the
microscopic point-of-view since the modeled material is a col-
lection of capacitively loaded loops magnetically coupled to the

v
R
Lop@ 1 Ly L C Ry
‘ (¢
b)

a)

Fig. 3. (a) Magnetic material sample in the probe magnetic field of a tightly
wound long solenoid. (b) Equivalent-circuit model taking into account losses in
the matrix material.

incident magnetic field. The electromagnetic field energy den-
sity in the material was found to be [22]

A 2 2+ 2
w =10 (14 2 (w°2 <) \ime @
2 (W — w?)” + w22

An important assumption in [22] and in this paper is that the
current distribution is nearly uniform over the loop. This means
that the electric dipole moment created by the excitation field
is negligible as compared to the magnetic moment. The afore-
mentioned assumption also sets the validity range for the equiv-
alent-circuit method. The inclusions must be small compared to
the wavelength so that higher order modes are not induced in the
loops and the medium can be described using a single resonant
circuit.

In [22], only losses due to nonideally conducting metal of
loops were taken into account, and losses in the matrix material
(substrate material on which metal loops are printed) were ne-
glected. It will be shown below that neglecting the matrix losses
can lead to severe overestimation of the achievable permeability
values.

IV. GENERALIZED EQUIVALENT-CIRCUIT MODEL
AND PERMEABILITY FUNCTION

Losses in the matrix material (typically a lossy dielectric lam-
inate) can be modeled by an additional resistor in parallel with
the capacitor. Indeed, if a capacitor is filled with a lossy dielec-
tric material, the admittance reads

Y = jwC(¢ — je') = jwCe + wCe” 7

where the latter expression denotes a loss conductance. Thus,
the microscopically correct equivalent-circuit model is as shown
in Fig. 3(b). The impedance seen by the source can be readily
solved as follows:

Jw3M? /L + w?M?/(LCRy)
e BN L (BT
R,) LC Y TIU\T T CR,

The macroscopic permeability function corresponding to this
model reads

o s
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Comparing (1) and (9), we immediately notice that (1) is an
insufficient macroscopic model for the artificial material if the
losses in the host matrix are not negligible. A proper macro-
scopic model correctly representing the composite from the mi-
croscopic point-of-view is

Aw? — jwB )

= r = 1 ~ .
p(w) = proper (W) Mo( o e+ T

(10)
Equation (9) is the same as (10) if
M2
= A
LLg
M2
=B
LLyCRy
R ~
Q+E>%:g
R
b
L
L _ T (11D
CrR; "

Above we have denoted w3 = 1/(LC). The macroscopic
permeability function of different artificial magnetic materials
can be conveniently estimated using (10), as several results are
known in the literature for the effective circuit parameter values
for different unit cells, e.g., [2], [6], and [8].

For the use of (10), it is important to know the physical nature
of the equivalent loss resistor ;. If losses in the matrix material
are due to a finite conductivity of the dielectric material, the
complex permittivity reads

e=¢ —je" =¢ — ;2 (12)
w

where ¢ is the conductivity of the matrix material. Thus, we
see from (7) that the loss resistor is independent from the fre-
quency and can be interpreted as a “true” resistor. Moreover, in
this case, the permeability function is that given by (10). How-
ever, depending on the nature of the dielectric material, the loss
mechanism can be very different from (12), and in other situa-
tions, the macroscopic permeability function needs other modi-
fications. For example, let us assume that the permittivity obeys
the Lorentzian type dispersion law

14 1T
€E = € —_—
W — w? + jwA

where w{ is the angular frequency of the electric resonance, 11
is the amplitude factor, and A is the loss factor. Moreover, we
assume that the material is utilized well below the electric res-
onance, thus, w < w{. With this assumption, the permittivity
becomes

(13)

er e (1+1) — jweTIA /W (14)
We notice from (7) that, in this case, the equivalent loss resistor
R4 becomes frequency dependent as follows:

1

Ry — (15)
w

f‘,(,’,’f’ 2,

7 A
MR
h L

a) b)

<

Fig. 4. (a) Schematic illustration of the metasolenoid. (b) Finite-size meta-
solenoid approximated as a magnetic ellipsoid.

and the permeability function takes the form
Aw? — jw3B’
wi — Kw? + jw (T + w?TY)
(16)

p(w) = popr(w) = po (1 +

where K is a real-valued coefficient depending on the dielectric
material. For other dispersion characteristics of the matrix ma-
terial, the permeability function can have other forms.

V. EXPERIMENTAL VALIDATION OF THE PROPOSED CIRCUIT
MODEL AND PERMEABILITY FUNCTION

Here, we present experimental results that validate the gen-
eralized equivalent-circuit model and the corresponding macro-
scopic permeability function. The measurement campaign and
the experimental results are described in detail in [8]. For the
convenience of the reader, we briefly outline the main steps of
the measurement procedure.

The measured artificial magnetic particle, metasolenoid, is
schematically presented in Fig. 4(a). In that figure, a and b de-
note the cross-sectional dimensions of the broken loops, d is the
separation between the loops, w is the strip width, and g is the
width of the gap in the loops. In [8], the effective permeability
of a medium densely filled with infinitely long metasolenoids
was derived in the form

JwpoS
off = 1 — Vr
fleft Zrord

7)

where V. is the volume filling ratio, S = a X b is the cross section
area of the broken loop, and the total effective impedance was
presented in the form

Ztot = jWLeﬁ' + + Reﬂ- (18)

j wCeff
For the experimental validation, a finite-size metasolenoid was
approximated as an ellipsoid cutoff from a magnetic medium de-
scribed by (17) [see Fig. 4(b)], where h is the longitudinal length
of the metasolenoid sample. The magnetic polarizability of the
ellipsoid oy, and the effective permeability of the medium are
related using the classical formula for the polarizability of an
ellipsoid (e.g., [27]). On the other hand, permeability is defined
using the equivalent circuit [see Fig. 3(b)]. Thus, the magnetic
polarizablity of the measured sample contains all the relevant
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data for validating both the proposed equivalent circuit and the
permeability function.

The field amplitude scattered by an electrically small mate-
rial sample was measured by positioning the sample inside a
standard rectangular waveguide. In addition to this, the scat-
tered field amplitude was analytically calculated enabling the
extraction of ay,,;, from the measured results [8]. Though it
is not explicitly mentioned in [8], substrate losses were taken
into account when analytically calculating the magnetic polar-
izability of the sample. The authors used (18) to define the total
impedance of the metasolenoid unit cell, however, complex per-
mittivity was used when calculating the effective capacitance.
Thus, the equivalent circuit of the unit cell used to analyze the
measured sample is the proposed circuit shown in Fig. 3(b).2
It can easily be verified using the data presented in [8] that the
following expression for the effective impedance [derived using
the circuit in Fig. 3(b)] exactly repeats the analytical estimation
for the magnetic polarizability of the sample:

Ry

Z! . = jwle R _
tor = JWheft + H+1+]wceffRd

19)

where Ry = €'/(¢’wCeg). The analytically calculated [Zot
given by (19) is used in (17)] and measured magnetic polariz-
abilities are shown in Fig. 5. The measured and calculated key
parameters are gathered in Table I. The polarizability and per-
meability values in Table I are the maximum values.

The measured results agree rather closely with the analytical
calculations when the proposed model is used. The slight differ-
ence in the resonant frequencies, and the slightly lowered polar-
izability values in the measurement case are most likely caused
by limitations in the accuracy of the manufacturing process. The
implemented separation between the rings is probably slightly
larger than the design value. This lowers the effective capaci-
tance and is seen as a weakened magnetic response and a higher
resonant frequency. Moreover, the measured Im{ay,, } clearly
indicates that the effect of the lossy glue used to stack the rings
is underestimated in the analytical calculations. In the analyt-
ical calculations, tan § = 0.002 was used for the total loss tan-
gent [8]. A loss-tangent value tan 6 = 0.0025 would accurately
produce the measured polarizability values, and the bandwidths
(defined from the Im{ @y, } curve) would visually coincide.

If the matrix losses are neglected in the circuit model [Ry; —
o0 in (19)], the analytical calculations lead to dramatically over-
estimated polarizability and permeability values. It is, therefore,
evident that the proposed generalization of the circuit model
and the permeability function have a significant practical im-
portance. Though the model has been validated using a specific
example, we can conclude that matrix losses can strongly domi-
nate over conductive losses in structures where the unit cells are
closely spaced. This is physically well understandable since, in
this case, the electric field is strongly concentrated inside the
substrate.

2Please note that the unit cell of the metasolenoid contains two broken loops
[8]. In the quasi-static regime the structure can be described using the total ef-
fective current (the sum of the currents in two adjacent loops) flowing in the unit
cell. Thus, the use of the equivalent circuit in Fig. 3(b) is justified, just like for
a “double split-ring particle” [3] in the fundamental mode.

— Refa
mm

—— Re{a
mm
lm{amm} (measured)

1 (calculated)
=== Im{o_}(calculated)
} (measured)

1.15 1.2 1.25

1 [GHZ]

Fig. 5. Analytically calculated (proposed model) and measured magnetic po-
larizabilities.

TABLE 1

ANALYTICALLY CALCULATED AND MEASURED PROPERTIES
OF THE METASOLENOID SAMPLE

fres Re{”mm} |()/mm‘ Re{/‘/c[[}
GHz H-m? H-m?
Analyticall | 1.09 | 1.7x10~T" | 3.3x10~ " 230
Measured | 1.21 | 1.4x10~11 2.7x10~1 —
Analytical® | 1.09 | 19.9x1071! | 60.1x10~ | 4000

prroposcd model, fold model

VI. ELECTROMAGNETIC FIELD ENERGY DENSITY

Following the approach introduced in [22], we will next gen-
eralize the expression for the energy density in artificial mag-
netics using the experimentally validated circuit model. In the
time—harmonic regime, the total stored energy reads [notations
are clear from Fig. 3(b)]

1
W= 5(L0|I|2 + L|IL|? + C|Ve )
1 1
=5 | LolIP + [ IL* | L+
2 , . 1
C(w + C2R§>
(20)
2 > 2 1
> i <‘” +C2R2> )
|IL| = D) y 2|I| .
L ] Y -
Ry ) LC L  CRy
21

Using the notations in (11), the stored energy can be written as
Aw? (w2 + w? +T72
— ( 20 d) . (22)
(@§ —w?)” +w?(I'+Tq)?

The inductance per unit length of a tightly wound long solenoid
is Ly = pon?S, where n is the number of turns per unit length

1
W= 5L0|I|2 (1 +
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and S is the cross-sectional area. The relation between the cur-
rent I and magnetic field H inside the solenoid is I = H/n.
Thus, the stored energy in one unit-length section of the sole-
noid reads

W =w,,S
1 HI|2 Aw? (W2 + w2 + T2
:_M0n25| 2| 1+ — (20 d)
2 n (@2 — w?)” + w2(I' +Tg)2

(23)

from which we obtain the expression for the electromagnetic
field energy density in the artificial material sample

N Aw? (wg + w? +13)
2 (@2 - w?)” + w2 (T +T)’

) |H|?. (24)

We immediately notice that if there is no loss in the matrix ma-
terial (Ry — oo and I'y — 0), then &5 — wp, and (24) reduces
to (6).

A. Comparison with the Results Obtained Using the
Electrodynamic Method

The above derived result differs from the result found in [23]
and obtained using the electrodynamic method
Aw? [w3 (3wd — w?) + w?T?]

T 2 2 2\2 212
wo[(wo—w) —I—wF}

|H*.

Wy = —
2
(25)

The procedure and the underlying assumptions to obtain (25)
have been briefly reviewed in Section II. The classical expres-
sion for the magnetic field energy density in media where ab-
sorption due to losses can be neglected reads [24], [25]

_ 1o e ()

m H?.
2 ow |

(26)
It is seen that in the presence of negligible losses [I' — 0 in
(1)] the energy density result given by (25) is the same as the
result predicted by the classical expression (26). However, (24)
predicts a different result. The authors of [23] use this fact to
state that the result obtained using the electrodynamic method
is more inherently consistent than the result obtained using the
equivalent-circuit method.

The equivalent-circuit method is known to give a perfectly
inherently consistent result for the energy density in dielectrics
obeying the general Lorentzian type dispersion law [22]. The
general Lorentz model is a strictly causal model. This is, how-
ever, not the case with the modified Lorentz model (1). As is
speculated already in [22], the reason for the difference in the
results obtained using (24) and (26) in the small-loss limit is re-
lated to the physical limitations of the quasi-static permeability
model (1). Thus, when (1) is used as the macroscopic medium
description, (24) should be also used in the presence of vanish-
ingly small losses. The electrodynamic method, though being
inherently consistent with the classical expression, predicts non-
physical behavior at high frequencies. At high frequencies, the
energy density given by the electrodynamic method is smaller

10

L
=
<
2
g
E
(V]
0 — EC [eq. (24)] \\
10 --- ED [eq. (25)] .\

0.5 1 1.5 2

a)/mo

Fig. 6. Magnetic field energy density given by different expressions. wy is the
resonant frequency of the metasolenoid medium.

than the energy density in vacuum (when there are no losses,
this nonphysical behavior takes place at frequencies w > v/3wp,
where the quasi-static model is still valid, but restriction (2) is
violated) [23, Fig. 1(a) and (b)]. This behavior is avoided with
the result obtained using the equivalent-circuit method since
that approach is based on the microscopic description of the
medium, which is always in harmony with the causality prin-
ciple.

Fig. 6 depicts the normalized magnetic field energy density
in a medium formed by the metasolenoids introduced in Sec-
tion V (in Fig. 6, “EC” denotes the equivalent-circuit method
and “ED” denotes the electrodynamic method). The amplitude
factor A = 1 and the loss factors have been estimated using
(11) and the data presented in [8]. In this particular example,
the energy densities given by (6) and (24) are practically the
same over the whole studied frequency range (the result given
by (6) is not plotted in Fig. 6 since that curve visually coincides
with that given by the equivalent-circuit method). This is due
to the fact that large values of w and wy mask the effect of I'
and I'y in (6) and (24). The results given by the electrodynamic
method and the classical expression (26) also visually coincide.
However, as was mentioned above, the energy density expres-
sion given by the electrodynamic method predicts the same non-
physical behavior as the classical expression. The field energy
density is smaller than the energy density in vacuum at frequen-
cies w > 3wy.

VII. PRACTICAL APPLICATION EXAMPLE

Here, we present a specific application example for the es-
tablished theory and study the differences between the equiv-
alent-circuit method and the electrodynamic method using this
example. We consider an electrically small microwave resonator
made of an artificial magnetic material, and calculate the quality
factor of the resonator using the two methods. The quality-factor
estimation of artificial magnetic resonators has a strong prac-
tical importance as several suggestions have been recently made
to use such resonators, e.g., in filter design (see, e.g., [18] and

[19]).
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To be able to compare the results from the two methods, we
first consider (1) as the macroscopic medium description since
substrate losses are not taken into account in [23]. After the com-
parison, we use (10) as the medium description, and calculate
the quality factor for the case when the substrate losses are taken
into account.

A. Quality Factor Using the Equivalent-Circuit Method

The power lost in the unit volume of a medium described by
(1) can be derived based on the circuit presented in Fig. 2(b) and
the result reads
Mo Aw*T

2 (wE - w2)2 + w22

Py |H|?. 27)

Above we have assumed that radiation losses in the quasi-static
regime are negligible compared to the ohmic losses. The energy
stored in the same unit volume of the medium reads

o Aw? (w% + wz)

= HJ? (28)
2 (w2 - w?)” + w22 |H]
and for the quality factor we get
wW wo
= =2 29
Q Pr o T (29)

which, as expected, is the quality factor of a series resonant cir-
cuit.
B. Quality Factor Using the Electrodynamic Method

The electrodynamic method also yields (27) when calculating
the power loss (see [23, eqs. (26) and (27)]). However, the stored
energy in this case reads

po [ Aw? [wd (3wi — w?) + w?T?]

w="L - [HI*  (30)
2 w? [(wg —w?)" + wQFZ}
leading to the following expression for the quality factor:
wW wo r
= — =2—=4+ —. 31
Q T s + o (€2

When comparing the quality factors obtained using the two
methods, we notice that both of them behave in a physically
sound manner when losses in the medium are low and further
decrease. We remind here that in the low-loss limit (26) can also
be used to determine the energy stored in the resonator. Fur-
ther, if we use (27) to calculate the dissipated power [now I is
small in (27)], the resulting quality factor coincides with (29).
However, if losses become significant, (26) is not valid anymore,
but the quality factor obtained using the electrodynamic method
also behaves in a nonphysical manner. The quality factor in-
creases with increasing strong losses. This nonphysical behavior
is avoided with the result obtained using the equivalent-circuit
method.

It is interesting to note that when the general (causal) Lorentz
model [wy replaces w in the nominator of (1)] is used, the quality
factor, obtained using the electrodynamic method, is given by
(29) [23, egs. (25) and (28)]. Thus, for instance, for artificial

dielectrics that are modeled by the general Lorentz dispersion
model, both macroscopic electrodynamic method and the mi-
croscopic circuit method give the same correct result for the
quality factor. This shows that the problem of the electrody-
namic method is indeed in the noncausal nature of the quasi-
static model of broken loop composites.

C. Quality Factor Taking Into Account Substrate Losses

When substrate losses are taken into account, the equivalent-
circuit method yields the following expression for the power
dissipated in the medium:

2
2(,,2 2 wpl'a
Aw (w —|—Fd) <T+ 7W2+F3)

1o 2
P === HI|. (32)
2 (@R -w?)’ 4w (2412 1]
Furthermore, the stored energy reads
Aw? (w2 + w? + T2
_ Mo AW (“’20 S gp e
2 (@ —w?)” +w2(T2+12)
and for the quality factor we get
o= W]  _ B+l @ ruitrd) o
o Py, wew N (&g + F?l) (w%F + w%Fd + FF%) '

We immediately notice that if there is no loss in the matrix ma-
terial, (34) reduces to (29).

VIII. CONCLUSION

In this paper, we have explained differences between recent
approaches used to derive field energy density expressions for
artificial lossy and dispersive magnetic media. The equivalent-
circuit model of broken loops and other similar structures has
been generalized to take into account losses in the dielectric ma-
trix material. It has been shown that a modification is needed
to the macroscopic permeability function commonly used to
model these materials in the quasi-static regime. Moreover, de-
pending on the nature of the dominating loss mechanism in the
matrix material, the permeability function has different forms.
The proposed circuit model and the modified permeability func-
tion have been experimentally validated, and it has been shown
that, in a practical situation, matrix losses can dramatically dom-
inate over conduction losses. Using the validated circuit model,
we have derived an expression for the electromagnetic field en-
ergy density in artificial magnetic media. This expression is also
valid when losses in the material cannot be neglected and when
the medium is strongly dispersive. The results have been com-
pared to recently reported alternative approaches. As a practical
application example, we have calculated the quality factor of
a microwave resonator made of an artificial magnetic material
using the proposed method and a different method introduced
in the literature.
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