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Abstract 

It has been proved theoretically that in the field of microwave absorption, film and material are 

confused, and that the impedance matching theory (IM) which is usually applied to metal-backed film 

is inadequate. Before the scientific community accepts any new theories, it is necessary to validate 

them from different perspectives with a variety of experimental data such as those obtained from films 

of different materials. By analysis of experimental data, it is elaborated here from new perspectives 

that the problems with IM cannot be solved even if different criteria such as the value of |Zin - Z0| or the 

phase difference between Zin and Z0 are used and therefore it needs to be replaced by wave cancellation 

theory. The analysis in this work applies to published data and supports the following conclusions. The 

value of reflection loss RL is determined by energy conservation, specific to film since it is related to 

the amplitude of the resultant of the two beams reflected from the two interfaces in the film, and the 

angular effect from the phase difference between the two beams is vital for understanding microwave 

absorption from film.  
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1. Introduction 

The microwave absorption properties of material and film are 

completely different. However, in microwave absorption research the 

properties of “layered material” or “material with thickness d” are often 

referred to as the properties of material and it is concluded that the property 

of reflection loss RL, which is a property of device, can be used to identify 

the best absorption material [1-5]. Layered material should be classified as 

film which is a device composed of a portion of material with two parallel 

interfaces as shown in Fig A1. These two interfaces introduce back-and-forth 

reflections within film, and result in beam t together with beam 1r reflected 

from the front interface of the film. These features are unique to film and they 

are responsible for the different absorption properties of film and material. 

Uniform material behaves as a single phase even if it is composed of nano-

particles [6].  

When microwaves are incident on a metal-backed film (MB) from the 

open space as beam i, some will be reflected from the front interface at x1 as 

beam 1r while others will enter the film as beam 1f which is subsequently 

reflected back-and-forth between the two interfaces in the film to provide the 

total forward beam fM shown in Fig. A1. As a result, a number of beams are 

reflected back into the open space from the rear interface at x2 = x1 + d as 2r, 

3r, 4r, etc. (not indicated in Fig. A1) which can be summed as beam t 

transmitted from the total backward beam bM.  
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The main difference between the properties of material and film are 

that the absorption of the former is a monotonic function of the distance 

traveled by microwaves while of the latter gives rise to absorption peaks as a 

function of film thickness d. Attenuation power of material is a constant 

anywhere in the material and its accumulative effect along the traveling path 

results in monotonic decay of the intensity as microwaves travel further into 

the material [6]. The permittivity r and permeability r of open space are 

real numbers and thus their imaginary parts are zero. Open space does not 

absorb and therefore microwave absorption of film can be determined from 

reflection loss RL(x1
-) which is evaluated from beams 1r and t at x1

- (the 

position immediately before x1). However, RL(x1
-)/dB is not a monotonic 

function of d thus it cannot be used to characterize the absorption of material. 

The multi-peaks RL(x1
-)/dB originate from the fact that the phase of beam t 

is a function of d and thus the peaks of RL(x1
-)/dB are due to the fact that the 

phase difference  of beams t and 1r is periodically out of phase by  as d 

increases [7, 8]. This provides a good example of the observation that the 

property of a portion of material is different from that of the material itself 

while it is believed in current theory that absorption peaks of layed material 

originate from the material [9] or from its resonances [5, 10-12]. Layered 

material behaves as film because it can be viewed as a portion of material 

which has front and back interfaces. 



4 

 

Relevant expressions are fully derived in the Appendix. It is first 

demonstrated from numerical calculations [7] and then proved theoretically 

from angular effects [8] that the most efficient absorption takes place when 

 = (2n + 1) resulting in full wave cancellation and the least absorption takes 

place where  = 2n, where n is an integer. The absorption from film has 

nothing to do with the resonance of material. Since the absorption of film is 

characterized by the cancellation of beams 1r and t, films providing efficient 

absorption can be composed of poor absorption material and at absorption 

peaks, films can absorb more microwaves than can the material alone. 

The confusion between film and material has led to the wrong 

absorption mechanism that it is wrongly believed that the multi-absorption 

peaks represented by RL(x1
-)/dB originate from material or the resonance of 

material [9]. Even though the minima of |RL(x1
-)| can be predicted precisely 

using a formula derived from transmission-line theory based on wave 

superposition, the real absorption mechanism concerning beams t and 1r has 

never been identified previously in the field of material research as crucial. 

Instead, it is wrongly believed, based on impedance matching theory (IM), 

that to increase absorption, it is necessary to allow more microwaves to enter 

the film and in addition to use suitable material with large attenuation power, 

a concept established in the accepted theory by the confusion of film and 

material. As a result, it is commonly speculated that a weaker beam t provides 
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greater absorption [13]. But these arguments are flawed, being a result of 

confusion between a film and the material [7, 14, 15].  

The cancelation of beams 1r and t provides the key to differentiate the 

mechanism of absorption of film from that of material. In fact, for most 

materials, the imaginary parts of permittivity r
" and permeability r" are 

small, and the strongest beam t provides the most efficient absorptions at  = 

(2n + 1) and the weakest provides the least absorption at  = 2n [7, 8].  

This can be easily understood by considering energy conservation for a film 

that does not absorb microwaves [8, 14], which involves returning the 

required energy to the open space by beam t when it is  canceled or enhanced 

by beam 1r [7, 8]. The more reflections required by the strongest beam t 

ensure that film can absorb more than material alone. The small values of r
" 

and r" prevalent in often-used materials cannot change this result. The 

amplitude of beam t can be weaker at  = 0 and then fewer back-and-forth 

reflections in the film are needed since beam 1r has already returned some 

energy to the open space. Only in the case where r = r does a film behave 

like material since then the front interface disappears and the back-and-forth 

reflections no longer occur. The back-and-forth reflections are the 

characteristic of film different from material even when  = 0. Although the 

optical path produced by back-and-forth reflections is related to absorption, 

the final response of film is determined by the wave superposition of beams 

1r and t. The absorption in film can be less than that in material when  = 0 
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where all the individual beams (2r, 3r, 4r, etc.) represented by t are in phase 

with beam 1r.  

The back-and-forth reflection cycles within film are related to energy 

conservation and the wave superposition of beams 1r and t. Thus, in contrast 

to material, the number of reflection cycles in film are responsible for its 

unique absorption property [7, 14]. These new results are derived from 

physics and can be proved by numerical calculations on the amplitude of 

beam t [8, 14, 15], which contrasts with the commonly accepted previous 

proposals [13] based on speculation where film and material have not been 

distinguished.  

One of the reasons that this new theory has not yet been accepted is that 

researchers are unwilling to accept that material is different from film. They 

consider a block of material making up a film to have the same properties as 

the material in general. However, while permittivity r and permeability r 

can be properties of material [16],  scattering parameters such as reflection 

loss RL are parameters for devices and not for material [7, 8, 14, 16]. Film, 

which has thickness, is a device made of material but thickness obviously 

cannot be a general property of material. Similarly, RL can be the property of 

a specific block of material but it is not a general property of material. Thus, 

properties unique for the block cannot be attributed to the material. There is 

much evidence showing that many wrong theories in this field have been 

developed by overlooking this basic tenet [8, 14, 15].  
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IM was developed by confusing film and material. Although IM is 

widely used to “predict” the absorption behavior of different materials, 

comprehensive theoretical support has not yet been provided as shown by the 

recent statement: “the relationship between impedance matching and material 

parameters has not been accurately described so far” [17]. Similarly, no 

theoretical proof exists for the related quarter-wavelength theory (QWM) as 

shown by the recently published statement [18]: “In the research and 

applications on microwave absorption materials and electromagnetic 

absorbers, the quarter-wavelength model is widely used in describing the 

dependence of the reflection loss (RL) peak frequency on electromagnetic 

parameters and thickness, and in the preparation and design of microwave 

absorption materials. However, strict proof regarding this model based on 

transmission line theory is lacking. Moreover, a deviation between the 

absorption peaks obtained from the RL results and those from the quarter-

wavelength model is observed in some materials, for which a universal and 

reasonable theoretical explanation is also lacking.” Despite correctly 

emphasizing this crucial omission, these authors  [17, 18] were unable to 

provide a suitable proof [15]. 

The IM theory is characterized by |Zin(x1
-)| = |Z0| [17] where Zin is the 

input impedance of film and Z0 is the characteristic impedance of open space. 

We have shown previously that the minima of |RL(x1
-)| cannot be correctly 

obtained using IM [7], a fact which can be readily confirmed using published 
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data. For example, considering data for the film of Ni0.6Zn0.4Fe2O4 with film 

thickness d = 1.8 mm [19], it is found that |Zin(x1
-)| is much nearer to |Z0| in 

the frequency range from 7 – 18 GHz than when the material is replaced by 

its composites with different amounts of SrFe12O19. However, the relative 

values of |RL(x1
-)| for the films with different materials are quite different 

from those predicated by IM. Even though these results from the films of the 

compound and its composites contradict predictions from IM in the whole 

frequency range from 0.5 – 18 GHz, the data were still used to support IM 

[19]. It should be noted that in publications it is common practice to claim a 

correlation between IM of the film and the power absorption coefficient P 

of material [12, 20-22] but in fact, such correlation does not exist because 

film and material are different. 

It will be further shown here that replacing the common criterion of IM 

by |Zin(x1
-) = Z0| [23, 24] cannot fix the problems. Even though the minima of 

|RL(x1
-)| can be correctly predicted by the phase difference of beams t and 1r 

at  = (2n + 1) [7, 8], this condition cannot be taken to be equivalent to, and 

therefore replaced by the requirement that Zin(x1
-) and Z0 are in phase because 

the value of RL(x1
-) cannot always be predicted by |Zin - Z0| while the effect 

of |Zin + Z0| in the expression of RL(x1
-) is ignored [7]. In addition, ignoring 

the relevance of wave superposition in film has led to the development of the 

QWM which is flawed because a film contains interfaces whose phase effects 

are ignored [7, 15, 25]. The shortcomings in IM and the QWM have been 
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highlighted previously using rigorous theoretical arguments from 

transmission-line theory. Here those conclusions will be verified explicitly, 

from a different theoretical perspective shown in section 2.1, using 

experimental data obtained from films with a material not previously studied. 

The polar presentation used in section 2.7 is a novel persuasive vehicle. 

It is sometimes argued that there are numerous sets of experimental data 

published that “support” the accepted theories [26] and by contrast that only 

a few examples have been provided for the new theory [7, 27]. For that reason, 

further experimental evidence needs to be accumulated and this work 

provides another example. Such analyses can be applied to all published data 

and by using our new theory based on wave superposition, it can be easily 

seen such data were inconsistent with the previously accepted theories. In 

history, wrong theories were always "supported" by experiments until the 

theories were proved wrong [28, 29]. Although only a few sets of data from 

various compounds have been used to support our conclusions [6, 7, 16, 27, 

30], their variety and the principles used for the analyses suggest that all 

experimental data published previously in the literature will support our 

conclusions. The experimental supports provided in this work are convincing 

and the theoretical arguments are easily accessible by experimentalists since 

the theoretical background is not beyond college physics. 

2. A quantitative verification of the theoretical results from 

experimental data 
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We have previously shown that the minima of |RL(x1
-)| can be described 

accurately using wave cancellation theory WCT [7, 8] and as a consequence, 

we qualitatively identified the flaws in the QWM [7, 15, 25]. Based on 

quantitative mathematics shown in section 2.1, here, we verify the results of 

WCT using our own experimental data obtained from the film of composite 

BaFe11.8Ce0.2O19/polypyrene [31], as shown in Fig. 1 [32]. We would have 

preferred to use experimental data from other research groups. However, for our 

purpose, raw experimental data are required which are difficult to obtain being 

rarely available online. Nevertheless, the analysis presented are generally 

applicable. 

 

Fig. 1 The minima and maxima of |s11(d)| for MB at different values of  indicated by letters a, 

b, c, etc. The two-dimensional curves of |RL(x1
-)|-d were sampled at specific values of  from the inset 

of the three-dimensional graph of |RL(x1
-)|--d for MB of composite BaFe11.8Ce0.2O19/polypyrene 

synthesized in our laboratory. The measurements were conducted by a vector network analyzer (VNA) 
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using E85071C with Keysight Technologies 85055AR03-FG Airline Type N,  50  Ohm  Replacement  Kit. 

The film was prepared using a weight ratio of the composite to paraffin wax of 3:7 and was in a donut 

shape with inner and outer diameters of 3 and 7 mm respectively. The projection of |RL(x1
-)| from the 

inset shows the inverse relationship between d and  for associated |RL(x1
-)| at different positions 

obtained by varying both d and . The values of RL (or s11) are calculated from the measurements of εr 

and μr. 

2.1 The effects specific to film revealed by mathematics 

Principles behind the data illustrated in Figs. 1 – 4 can be revealed from 

fundamental principles in physics and related mathematical reasoning. First, 

the main effect represented by the 
4 r r

j d
ce

 
−

 term in |RL(x1
-)| (Eq. A5 in 

Appendix A1) on forming its peaks will be discussed. The main factor 

responsible for the formation of peaks is the phase (angular) effect [8] 

represented by Eq. 1.  is frequency; M is the wavelength within film; and c 

is the speed of light in vacuum. 

44 r r

jP P M

d
jj d j dd dce e e e e

     
−− −− −= =                               (1) 
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Fig. 2 The correlation between positions of the minima and maxima amplitudes of |RL(x1
-)| with beam 2r (Eq. 

3) at  = 13.58 GHz for the MB of BaFe11.8Ce0.2O19/polypyrene. The curve of |RL(x1
-)| values is repeated 

from Fig. 1. The effect of Eq. 1 on the peak positions of |RL(x1
-)|  is revealed by the curve of exp(-

Pd)cos(jd). The arrows show that the maxima of |RL(x1
-)| are achieved if beams 1r and t are in phase  and 

the minima  are achieved if they are out of phase by . These parameters are presented in the insets with d = 

10 mm and abscissa . |RM| is 0.488, a value which is independent of d. RM(x1
--) is the reflection 

coefficient of the front interface of MB at x1. 
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Fig. 3 A plot of |Zin/Z0| (dashed lines) and |RL(x1
-)| (solid lines) at x1

- in Fig. 1 versus d with 

frequency 1.51 (black) and 13.58 (purple) GHz for the MB film of BaFe11.8Ce0.2O19/polypyrene. 

The arrows indicate which ordinate axis is used for the curve (only one points to the right). 

Labels a and h indicate the minimum peaks of |RL(x1
-)|. |RL(x1

-)| curves are repeated from Fig. 

1. 

2.00 4.00 6.00 8.00 10.00 12.00

-0.50

0.00

0.50

1.00

1.50

2.00

2.50

3.00

2.00 4.00 6.00 8.00 10.00 12.00

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

ta
n
h

d/mm

tanh|( P
+j j)d

/2|

|tanh[(P+jj)d/2]|

d/mm


r
 = 3 - 0.4j, 

r
 = 1 - 0.2j,  = 13.58 GHz

e -
P d
cos(

j d)

|RL(x1
-)|

|Zin/Z0|

|(Zin/Z0)-1|

|Z
in

/Z
0
+1|

 



14 

 

Fig. 4 Comparison of different criterions of IM and wave cancellation for the minima of |RL(x1
-)|. 

Values for r, r and  used for the calculations of |RL(x1
-)| and |Zin/Z0| are indicated. The inset shows plots 

of tanh(y) and |tanh(y)| against d, y = (P + jj)d. The incorrect criteria used in developing IM have arisen 

from confusing real and complex numbers and neglecting the effect of |Zin/Z0 + 1|. 

 

Considering the product  
4

P M

d
j

d
e e


 

−
− in Eq. 1, the term 

4

| |P P M

d
j

d d
e e e


  

−
− −=  

which is related to the attenuation of material, while the phase factor 
4

M

d
j

e



−

 

is related to the angular effect specific for film [8] and is responsible for the 

peak formation of |RL(x1
-)| as shown in Figs. 2 and 4. The sine term of 

4
M

d
j

e



−

 

vanishes when jd is a multiple of  or is very small when jd is close to 

being a multiple of . Thus, the origin of the peak positions of |RL(x1
-)| can 

be illustrated by ignoring the imaginary part represented by the sine term. 

The measurable values for |
4

M

d
j

e



−

| fall between the limits of -1 and +1 which 

is consistent with Eq. 2. 

cos( ) cos(4 )P Pd d

j

M

d
Ae d Ae

  


− −=                  (2) 

The peak positions of |RL(x1
-)| are related to the phase effect 

represented by cos(jd) [7, 8, 15]. The effect of Eq. 2 on RL(x1
-) may be much 

larger than 1 since complex numbers are involved in Eq. A5. The cos term 

in Eq. 2 can be used to predict that peaks a, b, c, and e in Fig. 1 occur at d = 
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/4, which is consistent with the QWM, and peaks h and k occur at d = /2, 

which do not conform since they [7, 25].  

The results from Fig. 1 are summarized in Table 1. As shown by Figs. 

2 and 4, the peaks of |RL(x1
-)| are formed when |Zin|  |Z0|, a fact which cannot 

be accounted for by IM where the phase of Zin is not invoked.  

Table 1 The quantities at the minima and maxima of |s11| for MB extracted from Fig. 1 for 

the film of composite BaFe11.8Ce0.2O19/polypyrene. Frequency   is in units of GHz, wavelength 

M and film thickness d in mm. |s11| is the same as |RL(x1
-)|. 
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IM requires that beam t completely cancels beam 1r if Zin = Z0. But it 

should be noted that Zin ≠ Z0 for all the peaks of |RL(x1
-)| shown in Figs. 1 – 

4. Only the phase condition based on Eq. 1 functioning as an angular effect 
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is responsible for peak formation [8]. The peaks are broad, since the 

condition that |Zin - Z0| = 0 [6] is not obligatory. As shown by Fig. 2, the 

monotonic function Pd
e

−  in Eq. 2 is not a factor for the formation of |RL(x1
-)| 

peaks. Examples are presented in Figs. 3 and 4 showing that |RL(x1
-)| peaks 

do not occur at positions with the optimum IM  specified by |Zin/Z0| = 1. 

When Pd is sufficiently large, the main beam among 2r, 3r, 4r, etc. in 

beam t is beam 2r which is demonstrated by Eq. 3 for MB 

1 r 1 r 1 r 1

4
2

1
1

4

1

4
2

1 1

4 8
2

1 1

2
1 1

(t, ) (2 , ) (3 , ) (4 , ) ...

[1 ( )]
(i, )

1 ( )

(i, )[1 ( )] [1

( ) ( )] ...]

(i, )[1 (

r r

r r

r r

r r r r

j d
c

M

j d
c

M

j d
c

M

j d j d
c c

M M

M

V x V x V x V x

R x e
V x

R x e

V x R x e

R x e R x e

V x R x

 


 


 


   
 

− − − −

−−
−

−−

−− −

− −− −

−

= + + + +

−
= −

−

= − −

+ + +

 − −
4

r 1

4

)] (2 , )
r r

P M

j d
c

d
j

d

e V x

Ae e

 



 

−− −

−
−

=

=

                (3) 

where for fixed , A is a constant with respect to d. V(k, x) is the voltage of 

beam k at x. Equation 3 describes the amplitude effect [7] of film and is 

responsible for the deformed spiral shape of the |V(t, x1
-)| curve plotted with 

respect to jd in the polar coordinate system. From Eq. 3, beams t and 1r are 

out of phase by  if d = M/4 when ZM < Z0 and if d = M/2 when ZM > Z0. 

The results conform to the inverse relationship needed to replace QWM [7, 

15, 25, 33]. If Pd is small, beams 3r, 4r, 5r, etc. cannot be neglected and thus 

the denominator in Eq. 3 might make |V(t, x1
-)|  > |V(i, x1

-)| [8, 14]. 
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Equation 3 also shows that Eq. 1 or 2 are only approximate for the case 

where Zin  Z0 since they only account for beam 2r, which is the main beam 

in beam t. Even in Eq. 3, the imaginary part of RM in A will cause the 

minimum position of |RL(x1
-)| to deviate from that predicted by the 

4
M

d
j

e



−

 

term. As shown by Figs. 2 and 4, the minima of |RL(x1
-)| do not occur exactly 

at positions predicted by cos(4 )
M

d


 in Eq. 2 since a small additional phase 

from the imaginary parts of RM and 
4

11 ( )
r r

j d
c

MR x e

 
−−−   in RL(x1

-) also 

contributes to peak formation which confirms the fact that peaks a, b, c and 

e in Fig. 1 do not occur exactly at d = M/4 as predicted by the QWM and by 

IM. 

The angular effect [8] is demonstrated by Eqs. 2 and 3. The minimum 

peaks of |RL(x1
-)| are achieved when beams 1r and t are out of phase at  = 

(2n + 1) and the maximum peaks are achieved when the two beams are in 

phase at  = 2n where  is the phase difference of the two beams. |RL(x1
-)| 

is determined by energy conservation specific to film, since its value is 

related to the amplitude of the resultant beam from 1r and t [8, 14]. When  

= (2n + 1), more back-and-forth reflections in the film are necessary to 

return the required microwave energy to open space since beam 1r should be 

canceled by beam t. It should be noted that the energy returning to the open 
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space from the film cannot be calculated from the respective squared 

amplitudes of beams 1r and t, a mistake commonly made [34, 35]. 

Thus, as required by energy conservation, the amplitude of beam t 

reaches its maxima when the minima of |RL(x1
-)| are attained, a result 

contrary to the common belief that maximum absorption occurs when beam 

t is the weakest possible [13]. This wrong belief is the basis for the argument 

that the most efficient absorption represented by RL/dB can be achieved by 

increasing the dispatching power of material and the amount of microwaves 

that penetrates the film [36-41]. However, such arguments are invalid 

because they confuse film with material. For film, beam 1r is in phase with 

beam t at  = 2n. Thus, to return the required energy by energy conservation, 

a weak beam t is sufficient since beam 1r is in phase with beam t. When  = 

(2n + 1), beam t is canceled by beam 1r. To return the required energy to the 

open space, beam t must be stronger which is achieved by increasing the 

amount of back-and-forth reflections in the film [8, 14]. For a film that does 

not dispatch microwaves, any number of reflections will not enable 

absorption, and the number of reflections in film is determined by energy 

conservation. For an absorbing film, the number of reflections in the film is 

also related to absorption efficiency.  

2.2 Verification of the new theory from experimental data 
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For MB made from BaFe11.8Ce0.2O19/polypyrene, beam 1r is out of 

phase with beam i at x1
- by approximately  for frequencies below 8.48 GHz, 

as shown by the values of RM(x1
-) or ZM/Z0 in Table 1 for the frequencies of 1.51, 

2.19, 3.21, and 5.08 GHz and the small value of the imaginary part of RM(x1
-) 

does not result in a significant deviation from a phase difference of . This 

relationship between beams 1r and i is validated by the reflection coefficient 

of the front interface at x1 and can be simplified if the imaginary part of RM(x1
-) 

is ignored. 

The first minimum of |RL(x1
-)| for each of the frequencies 1.51, 2.19, 

3.21, and 5.08 GHz (Fig. 1) occurs at film thicknesses [indicated by dmin(1) in 

Table 1] of 10.25, 7.80, 5.90, and 4.00 mm, respectively. As indicated in the 

fourth column of Table 1, these values of dmin(1) are close to, but not equal to, 

M/4 of the microwaves at their respective frequencies. It should be noted 

therefore that these values are only accurate to 2 figures of decimals.  

For each of the peaks a, b, c, and e, in order to obtain a minimum peak 

of |RL(x1
-)|, it is necessary for beam t or the sum of beams 2r, 3r, 4r, etc. to be 

out of phase by  with beam 1r. In other words, cos(4 ) 1
M

d


= −  when d = 

M/4. Since A in Eq. 3 is negative, then 1(t, )V x
−   and 1(i, )V x

−   will have the 

same sign when ZM < Z0. Thus, in MB a minimum peak of |s11| (or |RL(x1
-)|) 

is formed since beams t and 1r are out of phase by  where both 4 r r
j d

ce

 
−  

and RM(x1
-) in the formula for RL given in Eq. A5 have the same sign but 
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different values. The same analysis applies to the second minimum of 

|RL(x1
-)| when d = 3M/4 as indicated by columns 7 and 8 in Table 1 for the 

curve of frequency 5.08 GHz in Fig. 1 where dmin(2) = 11.6 mm. The first 

maximum for curves of frequencies 3.21 and 5.08 GHz occurs at dmax(1) = 

11.6 and 7.7 mm, respectively, where d = M/2. Here, the resultant beam from 

beams 2r, 3r, 4r, etc. is in phase with beam 1r so that |RL(x1
-)| achieves its 

maximum value. From Eq. 2, cos(4 ) 1
M

d


=   when d = M/2. 1(t, )V x
−   and 

1(i, )V x
−   have opposite signs which ensures a maximum for |RL(x1

-)| since 

beams t and 1r are then in phase. 

2.3 The precise positions of the peaks of |RL(x1
-)| 

As shown by the verifications, the principle introduced in section 2.1 

has identified the main factor that determines the peak positions of |RL(x1
-)|. 

However, it must be said that there are other factors which cause these peak 

positions to deviate from those predicated by Eq. 2. The vertical line at d = 5.7 

mm in Fig. 2 shows the deviation of the phase correlation between peak 

positions of |RL(x1
-)| and cos(jd) which occurs because the phase difference 

between beams t and 1r in Fig. 1 cannot be exactly defined by cos(jd). This is 

because the minimum position of |RL(x1
-)| is not only affected by beam 2r 

characterized in Eq. 3, but also by the terms in the formula for  RL(x1
-), namely 

RM(x1
-) in the numerator and 

4

11 ( )
r r

j d
c

MR x e

 
−−−  in the denominator  as they are 
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both complex numbers and their imaginary parts make a small contribution. 

RM(x1
-) is related to beam 1r and 

4

11 ( )
r r

j d
c

MR x e

 
−−−  is related to the sum of 

the individual beams in t. 

The minima positions of |RL(x1
-)| deviate slightly from d = M/4 but these 

deviations are necessary to keep the phase difference between beams t and 1r at . 

Two effects contribute to the deviations. The small imaginary part of RM(x1
-) 

contributes to the numerator in RL(x1
-) which affects the phase of beam 1r directly. 

The second effect emanates from the small imaginary part of the denominator 

of |RL(x1
-)| which is a cumulative effect from RM(x1

+) for beams 2f, 3f, etc., and 

from ZM in the transmission coefficients (x1
+) which includes the effect of (x1

+) 

on beam 1f and the effect of (x1
-) on beams 2r, 3r, 4r, etc. All these factors affect 

the phase of beam t. Thus, to ensure that the phase difference between beams 1r 

and t is , d needs to be adjusted so that the phases of the two beams are shifted 

as required by the two effects. 

The requirement that the phase difference between beams 1r and t is (2n + 

1) for the minima of |RL| is only a first approximation. In fact, the above effects 

will produce minima of |RL| that do not occur exactly at either d = (2n + 1)M/4 

or nM/2, or   = (2n + 1). The shifts in these positions can be understood from 

the absorption mechanism of film by considering the balance between the 

angular effect of film represented by jd and the attenuation effect of material 

represented by Pd [8]. Results revealed by this balance are that the maxima of 
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|R2| and |RL| occur at  < (2n + 1) and  < 2n, respectively, while their minima 

occur at  > 2n and  > (2n + 1), respectively, if r" and r" are not too large. 

R2(x1
-) = V(t, x1

-)/V(i, x1
-). It can also be proved that the shifts in these maximum 

positions are larger than in their corresponding minimum positions. It should be 

noted that the amplitudes of individual beams also affect the phase of the 

resultant beam in wave superposition and this effect shifts the maximum and 

minimum positions of |t| and |RL| from  = n. This effect of amplitude has 

already been included in the derivation of the formula of RL. 

2.4 The inverse relationship between frequency and film 

thickness 

It has been proposed that the theory of QWM is valid in all 

circumstances but it has been shown that it cannot be applied to magnetic 

materials at high frequencies because then the minima of |RL(x1
-)| occur at d 

= n/2 instead of (2n + 1)/4 [7, 25]. Using data from 

BaFe11.8Ce0.2O19/polypyrene in MB, beam 1r is approximately in phase with 

beam i at x1
- for frequencies higher than 8.65 GHz (the step  used in the 

measurement is 170 MHz), as exemplified by the values of RM(x1
-) or ZM/Z0 in 

Table 1 for frequencies of 13.58 and 15.11 GHz. In such a case, beam t needs 

to be out of phase with 1r by  to minimize |RL(x1
-)| when d is approximately 

M/2 and in phase to maximize |RL(x1
-)| when d is approximately 3M/4. These 

results can also be verified from Eq. 2 and are illustrated in Fig. 1 and Table 
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1 with data from frequencies of 13.58 and 15.11 GHz. These quantitative 

results cannot be explained by the QWM.  

Peak a for the curve with  = 1.51 GHz in Fig. 1 is achieved at d = 

10.25 mm with d = 15.48 (mmGHz). The value of jd (rad) in Eq. 2 for this 

peak is 3.19 ( ) and keeps its value in peak b where d is reduced to 7.80 mm 

and  is increased to 2.19 GHz where d = 17.10. The small difference 

between the values of d occurs because r and r are functions of frequency. 

As indicated by Table 1, the values of jd are also approximately the same for 

peaks a, b, c, and e, and equal to ~2 for peaks f and g. Similarly results from 

high-frequency curves given in Table 1 show that pairs, (h, k), (o, q), (u, v), and 

(w, y) have similar values of jd [15] . The correlation between the phases of 

|RL(x1
-)| and cos(jd) is shown in Fig. 2. 

As shown in Table 1, the values of exp(-Pd) are approximately the same 

for different peaks of each group, e.g. (a, b, c and e); (f and g); (h and k); (o and 

q), (u and v) and (w and y) in Fig. 1. Therefore, the inverse relationship [15, 30, 

33] between d and  for |RL(x1
-)| is indicated from the projection of |RL(x1

-)| on 

the - d plane in the inset of Fig. 1 and thus in this specific case there is some 

validity for the discredited QWM when r r   can be considered as a constant 

when ZM < Z0 for MB. Contrary to the claim in the QWM, it can be said that an 

inverse relationship exists between d and  for a series of related minima of 

|RL(x1
-)|, and the relationship does indeed exist for a series of related |RL(x1

-)| 
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with the same value of (P + jj)d. But this inverse relationship is not only valid 

for the minima of |RL(x1
-)| since it can also be applied to the maxima [15]. 

If the values of RM and r r   are somewhat insensitive to frequency, then 

|RL(x1
-)| as well as Zin should have the same value on an inverse curve of d and . 

Indeed, such a curve with the same value of |RL(x1
-)| = 0 will then be possible. 

However, the minima of |RL(x1
-)| reported in the literature on the inverse curve 

have different values even when (P + jj)d is approximately constant. As shown 

from Table 1, jd as well as Pd is approximately constant for peaks a, b, c, e in 

Fig. 1 which become successively stronger from peaks a to e, even though values 

of Pd do not differ significantly. The fact that peaks on a reverse curve have 

different values is commonly reported in the literature. This is because r, r, 

and RM cannot take the same value at different frequencies. jd determines the 

phase and peak formation for the |RL(x1
-)| which oscillates asymmetrically 

around |RM|. The magnitude of the oscillation becomes smaller when the values 

of Pd and jd increase and |RL(x1
-)| converges to |RM|. At high frequency, P is 

relatively large, and thus the values of RM have a greater influence on the peak 

values of RL/dB. The value of |RM| at frequency 13.58 GHz in Fig. 1 is smaller 

than that at frequency 15.11 GHz, thus the values of the h, o, u, w peaks on the 

curve with frequency 13.58 GHz are smaller than their counterparts with 

frequency 15.11 GHz. 
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Peaks a – e occur on the same reverse curve in Fig. 1 and the values of 

both Pd and jd change little from peak to peak (Table 1). Thus, the 

amplitudes of the oscillations of |RL(x1
-)| have similar peak values at all four 

frequencies. The values of RM become less negative (Table 1) but their peak 

values become progressively smaller since the amplitude of beam t is 

changed. Thus, at lower frequency, the peak values will be influenced more 

by the value of jd, or by the angular effect. 

The QWM should be based on the inverse relationship between d and 

 for the minimum values of |RL(x1
-)|, but this inverse relationship can be 

generally valid for any value of |RL(x1
-)| with constant Pd and jd.  

2.5 The flaws in the impedance matching theory 

In current theory, all minima of |RL(x1
-)| have been attributed [9, 42-49] 

to the effects of IM, even though there is only one minimum position defined 

by IM, which occurs when Zin = Z0. However, the peak determined by Zin(x1
-) 

= Z0 is very narrow [6] and thus wider peaks cannot be attributed to that 

equality. The reported peaks do not represent the narrow peaks at Zin(x1
-) = 

Z0 but rather are the wide peaks caused by WCT at Zin(x1
-)  Z0 [7, 8], which 

suggests that the narrow peak has not been detected either because the 

frequency step used is too large or it does not exist at all because the amplitude 

and phase conditions required by Zin(x1
-) = Z0 cannot be satisfied 

simultaneously. Indeed, it cannot be demonstrated using IM why the reported 

peaks do not occur exactly at |Zin(x1
-)| = |Z0| or at Zin(x1

-) = Z0. This 
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inconsistency between the data and IM apparent in published reports has not 

been remarked upon in the literature, presumably because of a lack of 

theoretical knowledge. What is more, there are many valleys illustrated in the 

inset in Fig. 1 and each represents a group of minima of |RL(x1
-)|. At most, 

there is only one group of minima that meets the condition that Zin(x1
-) = Z0, 

while for all other groups, the values of |Zin(x1
-)| are far removed from that of 

|Z0|.  

It should also be noted that the |RL(x1
-)| peak at Zin(x1

-) = Z0 is different 

from peaks occurring where |Zin(x1
-)|  |Z0|. Contrary to common belief, the 

minimum values of |RL(x1
-)| are not determined by how close |Zin(x1

-)| is to 

|Z0| as it can be seen from  Fig. 4 that intense peaks can be achieved at 

positions where the difference is significant [7]. For example, the positions of 

peaks a and h at  = 1.51, 13.58 GHz respectively in Fig. 3 do not occur where 

|Zin/Z0| is closest to 1. Furthermore, peak h is stronger than peak a, but occurs 

at a position where |Zin/Z0| deviates significantly more from 1. The minimum 

value of |RL(x1
-)| is not just determined by the condition |Zin(x1

-)| = |Z0| as its 

value is also affected by the phase of Zin(x1
-) in |Zin(x1

-) - Z0|,  and as shown in 

Fig. 4, the effect of Zin(x1
-) + Z0 on |RL(x1

-)| cannot be neglected.  

It should be noted that Zin(x1
-) is a complex number so that the values 

of Zin(x1
-) - Z0 and |Zin(x1

-)| - |Z0| are not the same. |Zin| is a function of  and a 

periodic function of jd and the curves of |Zin/Z0| are shown by Figs. 3 and 4. 

In current theory, the peak values of |RL(x1
-)| have often been related to 
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|Zin/Z0| or |Zin/Z0 -1| without precise numerical proof. Even when numerical 

values were calculated, the evidence contrary to IM was still claimed as 

providing support for it [10, 43-45, 50]. The correlation between the peak 

values of |RL(x1
-)| and IM is not valid as shown by Figs. 3 and 4, and only WCT 

can provide the correct results [7, 8]. The effect of phase on peak formation 

also affects peak value. Thus, the value and width of the |RL(x1
-)| peak [51] 

cannot be attributed to IM, since the peak is caused by the phase differences 

described in WCT.  

At 3.21 GHz, r = 13.97 - 9.78j and r = 1.06 - 0.01j. As shown in Table 

1, the characteristic impedance of the material ZM/Z0 is 0.24 + 0.07j, ZM  Z0, 

and the reflection coefficient of the interface at x1 RM(x1
-) is - 0.61 + 0.10j. 

From the real part [14] of 
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Z Z
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Z Z

−  −
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                                                      (4) 

it can be calculated that 36.2% of the incident energy has been reflected 

from the interface in its isolated state, and from the transmitted coefficient 

M(x1
+) or the real part [14] of  
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That 63.8% of the incident energy has penetrated the interface in its 

isolated state [14]. Since IM has not differentiated between interfaces in its 

isolated state and in film, it is assumed [52, 53] that the same amount of 
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microwaves penetrates films with different d represented by the curve of 3.21 

GHz in Fig. 1. Thus, it is clear that IM cannot explain why different 

absorptions occur at the same amount of penetration.  

Since RL(x1
-) = 0.3332 for the MB with d = 5.90 mm and  = 3.21 GHz 

as shown in Fig. 1, 1 - RL(x1
-)2 = 88.90% of the incident energy has been 

absorbed by the film. This is a natural result from transmission-line theory. 

However, IM cannot explain this result since 88.90% of the incident energy 

has been absorbed while only 63.8% of the incident energy entered the 

material. The explanation for this result given by IM is convoluted in that it 

seems to be that the energy reflected by beam 1r has been retaken into the 

film by the back-and-forth reflections within the film. But this is 

unreasonable since the energy entering the film cannot be defined by the 

amplitude of the beam penetrating the interface. The properties of the 

interface in film are different from those in its isolated state. By energy 

conservation, the energy entering MB is the amount absorbed by the film and 

that returned to the open space by beam t. However, the energy returned by 

beam t cannot be determined and thus the energy entering the film cannot be 

defined for film. By differentiating  between the interfaces in its isolated state 

and film, this amount of absorption can be successfully explained via WCT 

bythe cancellation of beams 1r and t, involving energy conservation for film. 

         The above results for the differences between film and material, and 

between interfaces in film and its isolated state, are considered surprising by 
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many experimentalists from a superficial understanding of energy 

conservation. However, the results are consistently obtained from 

experimental data using formulae that are generally accepted in both old and 

new theories. The evidence is beyond dispute, otherwise, the wave 

superposition theory and the fundamental formulae from transmission-line 

theory would be both wrong. The simple explanation is that the absorption 

mechanism for film is different from that of material though there might be 

additional reasons arising from quantum theory. 

When the same portion of the above material with the same thickness d 

= 5.90 mm forms a film without metal-back (WMB), |s11| = 0.7425 and |s21| 

= 0.3441. This WMB absorbs 1 – |s11
2| – |s21

2| = 1 – 0.5513 – 0.1184 = 33.03% 

of the incident energy while, as shown above, a MB absorbs 88.90% thus 

showing that these two devices have different properties [14]. It also provides 

clear evidence that RL and s11 are properties of devices and that material and 

films (devices) are different.  

2.6 Examples related to impedance matching and quarter-

wavelength theories 

From the absorption mechanism involving WCT, it can be seen that 

|RL(x1
-)| is the correct parameter to use for characterizing microwave 

absorption for metal-backed film since only a small amount of microwave 

energy has been leaked out of the film if |RL(x1
-)| is a minimum. The 

remaining energy has been absorbed by the film. However, it is wrong to use 

|RL(x1
-)| to characterize material as its value is dependent upon the thickness 
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of the film d which is not a property of a material. When Zin = Z0, beam 1r is 

still present since this condition for absorption is not the same as the 

condition ZM = Z0 for penetration [30], a fact which shows that while all 

microwaves have been absorbed, not all have penetrated the material [14]. 

This fact shows the flaws in IM that arise from confusing material and film. 

Thus, the fact that all the microwaves are consumed by the film when Zin = 

Z0 cannot be used to explain why the minima of |RL| occur at Zin  Z0.  

The errors in IM arise not only from the fact that the phase effect of Zin 

has been ignored but also because both the criteria of |Zin| approaching |Z0| 

and of Zin approaching Z0 for the minima of |RL| are wrong because to 

calculate the minima of |RL(x1
-)| when Zin  Z0, the effect of |Zin + Z0| should 

not be neglected and |Zin| must be considered as a periodic function other than 

a constant. 

The criterion that |(Zin/Z0) - 1| = 0 is based on the expression for |RL(x1
-)| 

which shows that |RL(x1
-)| = 0 when Zin = Z0. But this does not signify that 

the condition Zin = Z0 can be achieved at d = (2n + 1)M/4 as claimed by the 

QWM. For example, when the imaginary parts of r and r are both zero, we 

RL(x1
-) is a constant of 1 [7]. |RL(x1

-)| is monotonic decay function of d at 

fixed  when r = r. Both QWM and IM fail in these cases of 1 = 0 since 

there is no absorption peak at all. Zhang et al [18] proposed a “strict proof” 

of the QWM based on the phase angle 1 of ZM, i.e., based on the formula 

for |Zin(x1
-)| with the condition that 1 = 0. However, it is illogical to apply 
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the result from |Zin(x1
-)| to the minimum positions of |RL(x1

-)|. What is 

important is that 1 = 0 can be achieved only when the imaginary or real parts 

of both r" and r" are zero, or r = kr. The flaw in the proof is exemplified 

above where there is no minimum of |RL(x1
-)| at d =  (2n + 1)/4 when 1 = 

0 [7, 15]. It can be proved that the minima of |RL(x1
-)| do not occur exactly at 

d =  (2n + 1)M/4 or nM/2 when k  1 when r and r are complex. 

A formula (Eq. 9 in the paper [18]) for the deviation of the minimum 

positions of |RL(x1
-)| from d = (2n + 1)M/4 was obtained from Eq. 4c in that 

paper [18] involving the condition that 1  0. However, while Eq. 4c 

provides a formula for the phase angle of Zin(x1
-) it has been shown previously 

[15] that the derivation of that Eq. 9 is wrong. 

It has proved incorrect to define IM for the minima of |RL| in terms of 

the difference between |Zin(x1
-)| and |Z0|. As a result, two different criteria 

have been proposed [23, 24] with either |Zin - Z0| or |Zin| - |Z0| approaching 0 

but neither solution is satisfactory. As shown by Fig. 3, |RL(x1
-)| achieves its 

minima around the minimum positions of |Zin(x1
-)| when |ZM| > |Z0| and around 

the maximum positions of |Zin(x1
-)| when |ZM| < |Z0| [7]. Thus, when |ZM| < |Z0|, 

as shown by Fig. 4, |RL(x1
-)| is a minimum near the maximum position of 

|Zin(x1
-)|, where |Zin(x1

-) - Z0| achieves its maximum value when |Zin(x1
-)| > |Z0| 

and its minimum when |Zin(x1
-)| < |Z0|.  
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Thus, the first minimum |RL(x1
-)| peak in Fig. 4 shows that the problems 

of IM cannot be solved if it is defined by |Zin(x1
-) - Z0| and it cannot ensure a 

minimum |RL(x1
-)| peak even if Zin(x1

-) and Z0 are in phase. Zin is complex 

and so is a periodic function related to the phase angle jd and the term |Zin 

+ Z0| cannot be neglected when calculating |RL(x1
-)|. Thus the true condition 

for the minima |RL(x1
-)| is that beams 1r and t are out of phase by  and not 

that Zin(x1
-) and Z0 are in phase. 

All these problems with IM have been caused by assuming that the 

relevant parameters are real rather than complex [7]. Thus the periodicity of 

|Zin| has not been explicitly dealt with since its phase has not been considered 

and the term |Zin + Z0| in the equation for |RL(x1
-)| has been ignored. As 

pointed out previously [15] |Zin| was wrongly taken to be a constant in the 

proof of the QWM [18]. The problems can be further identified from Fig. 4 

which clearly shows that |Zin/Z0| = 1 at d = 2.20 and 4.20 mm, but that |(Zin/Z0) 

- 1| and |RL(x1
-)| are not zero at those positions. Indeed, |(Zin/Z0) – 1| is a 

maximum with a value far larger than zero at d = 3.2 mm. But near this 

position |RL(x1
-)| achieves its local minimum. The criterion of IM fails here 

because the effect of |(Zin/Z0) + 1| has been neglected [7]. |RL(x1
-)| has 

achieved its minimum because |(Zin/Z0) + 1| is larger than |(Zin/Z0) - 1|. 

However, WCT correctly predicts the positions of the minima of |RL(x1
-)| by 

applying the minima (in Fig. 4 for ZM < Z0) and the maxima (in Fig. 2 for ZM > 

Z0) of exp(-Pd)cos(jd).  
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The difference between analyses involving real and complex numbers 

is apparent in the inset in Fig. 4 which shows that tanh|(P + jj)d/2| is 

different from |tanh[(P + jj)d/2]| as the latter oscillates around 1 and 

approaches it when Pd is large. Its maximum amplitudes are greater than 1 

and its minima are less than 1. Its maxima and minima occur at d = mM/4 

and d = nM/2 respectively, as indeed do values of |Zin|. For MB, when ZM > 

Z0, the minima of |RL(x1
-)| occur near the positions of the minima of |tanh[(P 

+ jj)d/2]|, but when ZM < Z0, they occur near the positions at its maxima. 

In IM it is assumed that Zin is a monotonic real function of d or . 

However, this is only true when (P + jj)d/2 in the tanh[(P + jj)d/2] term 

is real. In such a case there is only one infinite minimum for RL/dB which 

occurs when Zin = Z0 where the effect of Zin + Z0 can indeed be neglected. 

When (P + jj)d/2 is complex, then the logic of IM fails since Zin is complex 

and thus a periodic function, and as a consequence RL/dB can have multi-

absorption peaks at Zin  Z0 and because of the effect of Zin + Z0, the minima 

of RL/dB can occur when Zin deviates the most from Z0. In Fig. 4, |RL(x1
-)| 

reaches its minima when |Zin (x1
-)| reaches its maxima, approximately, where 

|Zin(x1
-) – Z0| are maximum when |Zin(x1

-)| > |Z0| and  minimum when |Zin(x1
-)| 

< |Z0|. This is the reason that the criterion of IM fails for the first |RL(x1
-)| 

minimum in Fig. 4. 

2.7 An example presented by the polar coordinate system 
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Figure 4 shows an example where the minimum of RL/dB is achieved 

when Zin deviates significantly from Z0 and this has been attributed to the effect 

of |Zin + Z0| on the value of RL [7]. If the value of Zin is much larger than Z0 when 

beams 1r and t are out of phase by  = (2n + 1), then the minima of RL/dB can 

be achieved at a large difference between Zin and Z0. Such cases can be achieved 

under three conditions, namely that jd is relatively small, while ZM < Z0, and 

|RM| has a significant value. Alternatively, these three conditions are equivalent 

to a large |R2| shown by Fig. 5 for the case with ZM < Z0. 
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Fig. 5 The curves of |RL|, |R2|, and |Zin/Z0 – 1| referenced to x1
- at the front interface for MB 

of Cu@ZnFe2O4 with fixed  = 4.74 GHz where r = 2.62 – 0.0075j and r = 1.20 – 0.072j [7].  

is the phase difference between beams 1r and t. Beam 1r is related to RM. which equals - 0.193 – 
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0.014j. The relevant positions are indicated by A, B, C, and D. Point P moves from point A on 

the curves as d increases from zero. Polar coordinate system has been used for (a – c). 

 

It should be noted that the amplitude of individual beam also contributes an 

phase effect in wave superposition and such phase contributions have already 

included in the derivations of the formulae of RL and R2. jd is not the phase 

of RL and R2.  

In Fig. 5, RL(x1
-, , d) =  RM(x1

-, ) + R2(x1
-, , d) where R2 =V(t, x1

-)/V(i, 

x1
-), V(k, x) is the voltage of beam k at x. It should be noted that in Fig. 5a, O1P  

= |RL(jd)|exp(jjd)  RL(x1
-, , d) since jd is not the phase of R2(jd) and 

RL(jd) eventhough |R2(x1
-, , d)| = |O2P| = |R2(jd)|. Thus, |R2(jd)| = |RL(jd) 

- RM()| = |O1P - O1O2| where  is the phase of RM. In Fig. 5b, O2P 

=|R2(jd)|exp(jjd)  R2(x1
-, , d) eventhough |RL(x1

-, , d)| = |O1P| = |RL(jd)| 

[54]. Thus, |RL(jd)| = |RM() + R2(jd)| = |O1O2 + O2P|. Similarly, the origin of 

the multi-absorption peaks from the phase effects can be easily seen in Fig. 5. 

The maxima of |RL| occur when d = nM/2 (or  = 2n) where beams 1r and t are 

in phase [7]. R2 is always negative when d = 0. |RL| achieves its minima when d 

= (2n + 1)M/4 or  = (2n + 1) where RM is negative when ZM < Z0. Similarly, 

the minima of |RL| occur when d = nM/2 or  = (2n + 1) where RM will be 

positive if ZM > Z0. The minima of |RL| are thus ensured by the fact that beams 

1r and t are out of phase  [7] rather than by IM or the resonances of material.  
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The significance of the three conditions mentioned above for the 

minima of |RL| when |Zin| deviates the most from |Z0| is demonstrated in Fig. 

5 with data from the film of Cu@ZnFe2O4 [7]. The three curves in Figs. 5a – 

5c start from d = 0 at point A. When d = M/4 and 3M/4, point P arrives at 

points B and D, and beams 1r and t are out of phase by  = 1 =  and 3 

where |RL| reaches its minima, but |R2| and |Zin/Z0 – 1| reach their maxima. 

When d = M/2, point P arrives at point C and beams 1r and t are in phase 

with  = 1 = 2. By comparison |RL|, |R2|, and |Zin| from Figs. 5a – 5c with 

those in Fig. 5d, it is seen that full wave cancellations periodically occurred 

at  = (2n + 1) are responsible for the multi-absorptions in film and the 

absorption mechanism for film is different from that for material. The angular 

(or phase) effects on beams 1r, t, and b from film are responsible for the 

origination of the multi-absorption peaks while the attenuation effect from 

material [8] only reduces |R2| monotonically as d increases and ensures that 

the curve |R2(jd)| in Fig. 5b is a deformed inward spiral. The properties of 

the material can shift the maximum and minimum positions of |RL| and |R2| 

but these shifts can be neglected here for simplicity.  

Zin(x1
-) is large if the voltage V(x1

-) is large and the current I(x1
-) is small. 

As shown by Eqs. 6 - 8, beam t with a large amplitude can ensure a large Zin(x1
-) 

when ZM < Z0. A strong beam t is required since at the minimum position of 

|RL(x1
-)|, beam t is in phase with beam i and out of phase by  with beams 1r 
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when ZM < Z0, i.e., A strong beam t ensures a large V(x1
-) from Eq. 6 and a small 

I(x1
-) from Eq. 7, thus a large Zin(x1

-) from Eq. 8. 
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The reason that IM can usually apply to WMB [7] is that the effect from 

s21 reduces the amplitude of beam t. Three conditions apply to the data shown 

in Fig. 5 for MB. First, a small value of jd ensures that beam t can achieve 

a large amplitude. Second, ZM > Z0 is usually achieved at high frequency 

which makes jd large. Thus, the low frequency for ZM < Z0 can ensure a 

small value of jd at a small value of n in d = (2n + 1)M/4. Third, if |RM| = 

0, |RL| is a monotonic decay function of d when  is fixed or of  when d is 

fixed. Thus, significant absorption peaks are ensured with a significant value 

of |RM|. 

For uniform material, P is a constant everywhere within. Thus, the 

amplitude of the microwaves traveling in material with a distance of x is a 

monotonic decay function of exp(-Px) which does not initiate an absorption 

peak. Thus, because of this material effect |R2| forms an inward spiral curve 
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in Fig. 5b.  However, as shown by Fig. 5d, |RL| can have minimum peaks 

which signifies that film can absorb more than material. Such absorptions are 

possible for a small amount of microwave penetration characterized by the 

amplitude of the penetrating beam and weak attenuation power of material 

characterized by P since the absorption mechanism for film involves the 

cancellation of beams 1r and t, and larger cancelation can be achieved by a 

large number of back-and-forth reflections required by energy conservation. 

By contrast, the large penetration required by IM results in a weak beam 1r 

and a small |RM| which gives only a shallow |RL| minimum. 

|RL| can have minimum peaks as long as wave cancellation is ensured 

which is achieved when RM  0. As shown by Fig. 5c, |Zin(x1
-) – Z0| can still 

be at its maximum even though Zin(x1
-) is in phase with Z0 when point P 

moves to points B and D. Thus, the minimum values of |RL(x1
-)| are ensured 

by the fact that beams t and 1r are out of phase by  rather than by whether 

Zin(x1
-) and Z0 are in phase. 

|Zin(jd)/Z0|

NiFe1.98Sm0.02O4,  = 15.11 GHz, r =1.00 - 0.017j

r = 2.55 - 0.06j,RM = 0.23 - 0.002j
O

B

A

jd

 

Fig. 6 The curve of |Zin(jd)| in the polar coordinate system starts from point O with d = 0 

and the first maximum of |Zin(jd)| is at point B. The information for the curve has been indicated. 

Line AO shows the direction of vector 1r. The maxima of Zin(x1
-) occur on the dotted line OB. At 

point B, Zin(x1
-) is significantly larger than Z0. 
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In Fig. 6, the maximum positions of |Zin(jd)| occur when jd < (2n + 

1). The maximum positions of |RL(x1
-)|, in this case, should be at jd = (2n 

+ 1) where beams t and 1r are in phase. Similarly, beams t and 1r being out 

of phase by  is not always equivalent to Zin(x1
-) being in phase with Z0. 

In absorption analysis, it is important to note that there is a significant 

difference between calculations using real and complex numbers. When ZM > 

Z0 > 0, then RM > 0 and |RM + R2| reaches its maximum value of |RM| when 

|R2| approaches 0 if R2 < 0. However, if  R2 is complex and non-zero, |RM + 

R2| can reach its minimum when |R2| approaches 0 as  approaches  where 

|R2|  0. This is a result of the addition of two vectors in opposite directions 

and one example was provided by Fig. 5a in ref. [7] for the condition of ZM > 

Z0. 

3. Conclusions 

All the problems in the mainstream theory are caused by applying the 

results of RL for film to material. It has been proved from theoretical methods 

that many concepts such as IM and QWM should be replaced by WCT. In 

this work, the results obtained previously have been further verified from a 

different perspective base on the principle presented in section 2.1 with 

experimental data from a different material, which confirm that film and 

material must be treated differently. The amplitude of microwaves traveling 

a distance x in a material can be represented using exp(-Px). The absorption 
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of film is not determined by the number of cycles of back-and-forth 

reflections even though it is a feature unique to film but the number of cycles 

determines the amplitude and phase of beam t. The angular effect from exp(-

jjd) and the amplitude effect of beam t on the value of |RL(x1
-)| are unique 

for film and absorption peaks from film are determined by the cancellation 

of beam 1r and t. The most efficient absorption occurs when the two beams 

cancel being out of phase by (2n + 1). Beam t must be the strongest at the 

minima of |RL(x1
-)| since it needs to cancel beam 1r to return the energy to 

the open space as required by energy conservation. In addition to the 

absorption effect is contributed by the angular effect of film, which also 

requires the maximum number of reflections to occur in the film to achieve 

the maximum amplitude of beam t. The effect of the phase difference 

between beams 1r and t on |RL(x1
-)| is different from that between Zin and Z0 

when |Zin|  |Z0|. It can be concluded that the QWM should be replaced by the 

more accurate inverse relationship found in WCT. 

Appendices The expressions for input impedance and the 

relevant scattering parameters 

Appendix A1 Expressions for the metal-backed film 

Superscripts – and + indicate positions immediately before and after a 

position, respectively. Since the voltages and currents are continuous 

immediately before and after x1, from Fig. A1 we obtain 
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− − + +− = −                                                         (A2). 

 

 

Fig. A1 Metal-backed film with thickness d. i is the incident beam; fM and bM are the total forward 

and backward beams in the film, respectively; 1r is the reflected beam from the interface at x1; the 

transmitted beam t is from beam bM reflected from the interface at x1 + d; b is the total beam from 

1r and t. 

 

The input impedance Zin for MB is 



42 

 

M 1 M, 11 1
1 0 1

1 1 M 1 M, 1

M, 11

1 M 1
0

1 M, 1

1 M 1

1
0

(f , ) (b )(i, ) (b, )
( ) ( )

(i, ) (b, ) (f , ) (b )

(b )(b, )
1 1

(i, ) (f , )

(b, ) (b )
1 1

(i, ) (f , )

1 ( )

1

in M in

M

V x V xV x V x
Z x Z Z Z x

V x V x V x V x

V xV x

V x V x
Z Z

V x V x

V x V x

RL x
Z

R

+ +− −
− +

− − + +

+−

− +

− +

− +

−

++
= = =

− −

+ +
= =

− −

+
=

−

2

M, 1

2

M 1

21

M, 1

2

M 1

4 4

1

4 4

1

2

(b )
1

(f , )

( )
(b )

1

(f , )

1 ( ) 1

1 ( ) 1

r r

r r

r r

r r

r r r r

r r r r

r r

j d
c

j d
c

M
j d

c

j d
c

j d j d
c c

M
M M

j d j d
c c

M

j d
c

M

V x d e

V x d e
Z

L x
V x d e

V x d e

R x d e e
Z Z

R x d e e

e e
Z

 


 


 


 


   
 

   
 

 


−−

−

−
−−

−

− −−

− −−

−

+
+

+
=

+
−

+

+ + −
= =

− + +

−
=

2

2 2

tan(2 )

tanh( 2 ) tan(2 )

r r

r r r r

j d
c

r r

M
j d j d

c c

r r r r

M M

Z j d
c

e e

Z j d jZ d
c c

 


   
 

 


   
 

−
= −

+

= = −

                    (A3). 

From Eq. A3 we obtain 
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Reflection loss RL(x1
-) can be obtained from Eq. A4. 
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Appendix A2 Expressions for the film without metal-back 

The input impedance Zin for WMB from Fig. A2 is 
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Zin in Eq. A4 for MB is different from that in Eq. A6 for WMB, even 

though they are related [6]. However, the misuse of transmission-line 

theory is demonstrated by the fact that Eq. A3 is often wrongly used 

instead of Eq. A6 for the middle layers in a multi-layered film [55].  

 

 

 

Fig. A2 Film without metal-back. t2 is the transmitted beam from fM. 
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From Eq. A6, we obtain 
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s11 can be obtained from Eq. A7. 

4

1 1
11

41 2
1

(b, ) ( )(1 )

(i, )
1 ( )

r r

r r

j d
c

M

j d
c

M

V x R x e
s

V x
R x e

 


 


−− −

−
−−

−
= =

−

                                                                  (A8)  

From the voltage continuous condition at x1 of Fig. A2, we obtain  
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Equation A10 can be obtained from Eq. A9. 
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From Eqs. A8 and A10, we obtain 
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