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Abstract
Film and material have been confused in the current theory of microwave absorption, which has led to
some specific problems in publications and common errors in current theories. These specific problems
and errors have been identified and corrected by using wave mechanics to develop new theories to
describe the physics of microwave absorption in film.
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1. Introduction
Current theories of microwave absorption have confused film with material [1, 2] though the two are
distinctively different. This confusion has resulted in the film parameter reflection loss RL being used to
characterize the absorption of material [1-26] while it should be used to characterize the absorption
from metal-backed film other than from material [27-29]. The confusion is caused by a misinterpretation
of transmission line theory, though, when correctly used, it can provide the correct electromagnetic
theory for microwaves.

This confusion has caused many problems with the interpretation of experimental data, but in order to
solve these problems, research has been directed into developing wrong concepts such as those
involving impedance matching theory, the quarter wavelength theory, and the wrong absorption
mechanism for film [27, 28, 30-34]. A large number of papers have been published in which
experimental data has been used unconvincingly to support these wrong theories. Only recently have
the problems been identified and solved by the establishment of the new wave mechanics theories for
microwave absorption [27, 31, 33, 35], which has been shown to interpret experimental data more
accurately than current theories [27-29, 31, 36].

In this work, exemplified from recent publications [37-44] the problems from confusing characteristic
and input impedances [36], and interface and film [30] have been addressed. The absorption of metal-
backed film can be characterized by the reflection coefficient of the film RL in units of dB. However, by
confusing film with material, the reflection coefficient of interface Ry has been used in publications to
characterize the absorption in film. This is incorrect since the interface does not absorb microwaves [45].
It should be noted that the absorption mechanism of the film involves wave mechanics rather than
impedance matching theory [27-30, 32, 33].
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2. Discussions

2.1 Theoretical background
Figure 1 shows a film without a metal back with thickness d.
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Fig. 1 Film with thickness d from material with relative electric permittivity & and

magnetic permeability 14; g0 and o are the permeability and permittivity in open space. i is the incident
beam for the microwave signal; rl and f1 are the reflected and transmitted beams from beam i for the
interface at x;. Beam f1 is reflected back and forth in the film, and (f1 + f2) is the total forward beam,
while b is the total backward beam. The reflected beam r2 from the rear interface at x; is transmitted
from beam b; beam r represents the superposition of beams rl and r2. Beam t is transmitted from beam
(f1 + f2). There are no incident microwaves from the interface at x..

The voltages for beams i, rl, and r2 at time t and position x < x; are [46]:
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V(k, t, x) is the voltage amplitude at time t and position x for beam k, and V(k, x) is its maximum
amplitude. vis frequency, and A is the wavelength in open space. c is the velocity of light in vacuum. For
the beams within the film:
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Am is the wavelength within the film; o is the power attenuation coefficient and ¢;is the wave
propagation coefficient. For beam t:

V(tt,x>x,)=V(t, xz)eznvj[t,m(kxz)]
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The microwave absorption A(v) from a device at frequencyvcan be expressed by Eq. (8) if the
microwaves are incident only from the front end of the device.

A(v)=1-R(v)-T(v) (8)



For a film without a metal back, as shown in Fig. 1, the microwave powers reflected R(v) and transmitted
T(v) from the film of thickness d are related to the s parameters [45].
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For a film with a metal back, s21(v, d) =0, and s11(v, d) is defined as reflection loss RL(v, d) in the field of
microwave absorption material.
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Zin(V, d) is the input impedance of the film, and Z, is the characteristic impedance of open space. The
interface can be regarded as a film with d = 0. The reflection Ru( V) and transmission jyu( V) coefficients of
an interface are defined as
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Rm(v) and yu( V) are respectively the s;; and sz; parameters for an interface [45, 47]. Zu is the
characteristic impedance for a device [33, 46, 48], and it is also the characteristic impedance for the
material of the normal film.

The relationships of the voltages between the different beams shown in Fig. 1 are:
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The input impedance is associated with the s;; parameter whether the device is a film or refers to an
interface.
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2.2 The confusion between Zj, and Zu

This section is concerned with errors found in specific papers [37, 38, 40] which are related to common
errors in current theories. For an interface, Zin(v, d) is reduced to Zy [36]. The film parameters RL and Zi,
are related to film thickness. However, their values have been quoted in ref. [38] without reference to
the thickness of the film at which these values were obtained, as if they were the properties of the
material.

In many papers [2, 37, 38, 41, 49-52] the input and the characteristic impedances are only vaguely
defined as impedance. In addition, Z, is sometimes wrongly defined as input impedance [53-55]. It
should be noted that the characteristic impedance Zy and Z, are distributive properties which are only
related to the forward or backward signal, while Zj, is a circuit parameter that is related to the total of
the forward and backward signals and thus is associated with film thickness [36].

This specific mistake regarding Z, and Zy is related to the common confusion between film and material
in impedance matching theory [27, 29, 36, 56]. However, such confusion has been used to claim that the
confusion did not occurr in the current theory of impedance matching [42].

Specific problems associated with Eqgs. (8) and (14) can be identified in publications. Equation (14) can
only be applied to an interface rather than to a film. However, Singh et al. [38] specified Ry in Eq. (14) as
being equivalent to RL, thus confusing Ry of an interface with s;; or RL of a film. Hardianto et al. [39]
have also used Ry/dB in place of RL/dB, a problem associated with the common error of confusing Zi,
with Zy, as found in impedance matching theory [30, 34, 47]. It should be noted that Ry is the reflection
coefficient of an interface, which is unrelated to absorption because an interface does not absorb
microwaves [34, 45], while RL is the reflection coefficient of a metal-backed film, and its value in dB is
obtained from |RL|?, which is directly related to microwave absorption, so RL/dB represents reflection
loss. Ry was also used in place of RL in other references [39] to characterize microwave absorption,
which is incorrect because an interface does not absorb microwaves [34, 45]. Although RL/dB can be
used to characterize the absorption of a metal-backed film, Ry/dB cannot be used similarly.

Similar problems can be identified concerning Eq. (8), even though the equation can be applied to both
film and interface. When using Eq. (8), Saikia et al. [37] have specified that T(v) = 0 for metal-backed film
and applied the equation R(v) =| Rum( V)| associated with the interface, which is incorrect not only because



parameters for the interface and film have been mixed up, but also because, although y is the s; for
the interface, the interface does not absorb microwaves, and therefore Eq. (22) should be used rather
than Eq. (10) [34, 45] even if R(V) =| Rm(V)|? was used.

Z
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The above errors are related to the common confusion between interface and film, which has led to the
establishment of the mistaken impedance matching theory and wrong absorption mechanism for film
[30, 47]. These mistakes led to the wrong conclusion, as stated in [57], that “A further benefit afforded by
MMs (metamaterials) is the ability to construct a single unit cell with g(®) = &(@) over an extended
frequency range. Thus, this unit cell can achieve zero R(w) since it can have an impedance equal to the

free space value Z= [t/ & =1 This claim, however, cannot be justified because the two conditions Z,
=Zp and Zy = Zp are confused [36].

For material, the amplitude of microwaves is a monotonic decaying function without absorption peaks as
the waves travel further into the material. For metal-backed film shown in Fig. 1, beam r1 vanishes when
& = I In such a case, the film behaves as a material, and the amplitude of beam r2 is a monotonic
decaying function without absorption peaks as the film thickness d increases [30, 32, 58]. Thus, the
conclusion quoted above from ref. [57] cannot be justified.

The confusion between Z, of the film and Zy, of the material [36] represents the confusion between film
and material [27] which leads to the wrong impedance matching theory [30]. However, the confusion
between Zi, — Zp and Zy — Zp has been used wrongly to assert that impedance matching theory has taken
account of the difference between film and material [42]. Although the predictions from impedance
matching theory can sometimes appear consistent with experimental results, predictions can be
completely different in other circumstances [32]. Even in those rare cases where the predictions from
impedance matching theory are consistent with experimental results, the logic underlying the reasoning
is still wrong [27, 34].

2.3 Common errors

Despite the specific errors discussed above, common problems in the current theories occur. It is
commonly believed that absorption from a film is caused by the attenuation power of its constituent
material along the zig-zag optical path traveled in the film. Thus, absorption of the film is attributed to
microwave penetration and material attenuation [38, 50] where first and second reflection losses have
been defined from beams r1 and r2, respectively [40]. Thus, the disappearance of both beams r1 and r2
simultaneously is attributed to maximum absorption from the film [40-43] though the actual absorption
mechanism for absorption peaks should be described by the cancellation of the two beams [31-33, 59,
60] since microwave absorption from the film is defined from the amplitude of beam r from wave
superposition rather than from that of either beam rl or r2 based on impedance matching theory [27,
28, 33, 47]. When all the incident microwave enters the film, as required by impedance matching theory
as a condition for the absorption peak, rl disappears and absorption is only determined by the
amplitude of beam r2. When the film thickness d approaches infinity, r2 indeed disappears by the
attenuation power of the material. However, in such conditions, the film behaves as a material, and the



amplitude of beam r2 is a monotonic decaying function of d from which no absorption peak can be
obtained, thus showing that the logic of impedance matching theory is flawed.

Related to the definitions of first and second reflection loss [40] are the definitions of energy for beams
rl and r2 as “it was concluded that the intensity of the reflection loss peak is determined by the energy
difference of the two waves” [44] and “the RL peak value is determined by the energy difference of the
two waves reflected from the air—absorber interface and the absorber—metal plate interface” [61]. The
mistakes originate from the confusion between film and material since the energies of beams r1 and r2
cannot be defined for a film [30, 62]. The reflection coefficient of a metal-backed film is defined as
reflection loss since its value in units of dB is related to |RL|? and thus is related to the energy loss of the
film [45].

Indeed, the absorption of the film is related to the energy of beam r rather than the energies of beams
rl and r2 [30] and is a result of wave superposition rather than the attenuation power of the material
from the zig-zag optical path traveled by microwaves [27, 31]. It should be noted that the effect of
material attenuation on film absorption has already been considered by including the parameter o in
the wave mechanics theory. When beams r1 and r2 are in phase, the absorption apparently originates
from a property unique to the film, which is related in some extent to a». The amplitude of beam rl is
not related to the attenuation power of the material since it is only related to & and g, but not to o, as
the interface does not absorb microwaves [45]. Although the amplitude of beam r2 is related to a» [31,
60], it is not solely determined by the attenuation power of the material since the amplitude of beam r2
is mainly determined by energy conservation unique to the film, since beam r2 [45] results from the
microwaves being reflected back-and-forth in the film [27, 29].

As a result of the confusion between film and material, research efforts have been directed wrongly to
explore the interface structure effect of the nano-particles from the material on absorption [1, 4-26].
Thus, properties of the material such as dielectric and magnetic loss tangents, conductivity, and
polarization have been inappropriately attributed as the reasons for absorption peaks in the film [38],
which in fact are due to the properties of the film that force its constituent material to absorb the
required amount of microwaves rather than the attenuation power of the material. In other words, it is
the film forcing the absorbed energy to be distributed among the various absorption mechanisms of the
material rather than the absorption mechanisms of the material forcing the film to absorb the required
amount of microwaves [27, 31]. The correct research strategy therefore needs to be based on first, how
the structures of the material affect the values of & and x4, and second, how the values of & and g affect
the absorption of the film, characterized by RL/dB by wave cancellation from beams r1 and r2, rather
than directly on how the structures of the material affect the absorption of the film [47].

In current theory, impedance matching is used to explain the experimental results from absorption of
film. The experimental data provided in ref. [38] were used to support the impedance matching theory.
By contrast, the data, when used properly, disprove the theory but were still used to support it, a
situation representative of current publications. In fact, all the published data support the new theory of
microwave absorption based on wave mechanics [27, 28, 30, 31, 59, 60].

For metal-backed film, V(f1, x;) can be larger than V(i, x;) [45]. The penetrated beam f1 is reflected back-
and-forth in the film and returned to open space as beam r2. However, V(r2, x;) can be larger than V(f1,
x:1) and even larger than V(i, x;), which seems contrary to common sense. What is surprising is that,



contrary to the current theory, V(r2, x;) achieves its maxima when absorption reaches its maxima [28,
33]. It is wrongly believed that V(r2, x;) is minimized when the absorption of the film reaches its maxima
[40, 41, 43]. In fact, the expressions of energy conservation for the film, interface, and material are all
different [30, 33, 45] and the above correct results have been identified by theoretical research [28, 33]
and verified by experimental data. In fact, all the relevant experimental data reported in the literature
are consistent with these results. These data have been available for a considerable time and should
have provided a source for the development of a more consistent theory before now. However, it is only
now, with the application of wave mechanics, that a successful theory has been established and
confirmed by experimental data.

3. Conclusions
Film and material have been confused in the current theory of microwave absorption, which led to many
problems and errors with the establishment of the wrong theories of impedance matching, the quarter
wavelength, and the wrong absorption mechanism of the film. Some of the specific problems and
common errors have been analyzed in this work based on the new theory of wave mechanics for
microwave absorption film.
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