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Abstract: We examine several ways to manipulate the loss in electromagnetic cloaks, based on transformation electromagnetics. It is found
that, by utilizing inherent electric and magnetic losses of metamaterials,
perfect wave absorption can be achieved based on several popular designs
of electromagnetic cloaks. A practical implementation of the absorber,
consisting of ten discrete layers of metamaterials, is proposed. The new
devices demonstrate super-absorptivity over a moderate wideband range,
suitable for both microwave and optical applications. It is corroborated
that the device is functional with a subwavelength thickness and, hence,
advantageous compared to the conventional absorbers.
© 2009 Optical Society of America
OCIS codes: (230.3205) Invisibility cloaks; (160.3918) Metamaterials; (50.6624) Subwavelength structures; (000.4430) Numerical approximation and analysis.

References and links
1. R. A. Shelby, D. R. Smith, and S. Schultz, “Experimental Verification of a Negative Index of Refraction,” Science
292, 7779 (2001).
2. J. B. Pendry, “Negative refraction makes a perfect lens,” Phys. Rev. Lett. 85, 3966-3969 (2000).
3. D. Schurig, J. J. Mock, B. J. Justice, S. A. Cummer, J. B. Pendry, A. F. Starr, and D. R. Smith, “Metamaterial
electromagnetic cloak at microwave frequencies,” Science 314, 977980 (2006).
4. J. B. Pendry, D. Schurig, and D. R. Smith, “Controlling electromagnetic fields,” Science 312, 1780-1782 (2006).
5. D. R. Smith, and J. B. Pendry, “Homogenization of metamaterials by field averaging (invited paper),” J. Opt.
Soc. Am. B 23, 391-403 (2006).
6. D. R. Smith, J. B. Pendry, and M. C. K. Wiltshire, “Metamaterials and Negative Refractive Index,” Science 305,
788 - 792 (2004).
7. V. A. Podolskiy and E. E. Narimanov, “Near-sighted superlens,” Opt. Lett. 30, 75–77 (2005).
8. M. Yan, Z. Ruan, and M. Qiu, “Scattering characteristics of simplified cylindrical invisibility cloaks,” Opt.
Express 15, 17772-17782 (2007).
9. S. A. Cummer, B. -I. Popa, D. Schurig, D. R. Smith, and J. B. Pendry, “Full-wave simulations of electromagnetic
cloaking structures,” Phys. Rev. E 74, 036621 (2006).
10. H. Chen, B. -I. Wu, B. Zhang, and J. A. Kong, “Electromagnetic Wave Interactions with a Metamaterial Cloak,”
Phys. Rev. Lett. 99, 063903 (2007).
11. Z. Ruan, M. Yan, C. W. Neff, and M. Qiu, “Ideal Cylindrical Cloak: Perfect but Sensitive to Tiny Perturbations,”
Phys. Rev. Lett. 99, 113903 (2007).
12. N. I. Landy, S. Sajuyigbe, J. J. Mock, D. R. Smith, and W. J. Padilla, “Perfect metamaterial absorber,” Phys. Rev.
Lett. 100, 207402 (2008).
13. F. Bilotti, L. Nucci, and L. Vegni, “An SRR based microwave absorber,” Microw. Opt. Tech. Lett. 48, 2171-2175
(2006).
14. Y. Zou, L. Jiang, S. Wen, W. Shu, Y. Qing, Z. Tang, H. Luo, and D. Fan, “Enhancing and tuning absorption
properties of microwave absorbing materials using metamaterials,” Appl. Phys. Lett. 93, 261115 (2008).
15. H. Tao, N. I. Landy, C. M. Bingham, X. Zhang, R. D. Averitt, and W. J. Padilla, “A metamaterial absorber for the
terahertz regime: Design, fabrication and characterization,” Opt. Express 16, 7181-7188 (2008).

#108186 - $15.00 USD

(C) 2009 OSA

Received 2 Mar 2009; revised 1 May 2009; accepted 1 May 2009; published 5 May 2009

11 May 2009 / Vol. 17, No. 10 / OPTICS EXPRESS 8467

16. H. Tao, C. M. Bingham, A. C. Strikwerda, D. Pilon, D. Shrekenhamer, N. I. Landy, K. Fan, X. Zhang, W. J.
Padilla, and R. D. Averitt, “Highly flexible wide angle of incidence terahertz metamaterial absorber: Design,
fabrication, and characterization,” Phys. Rev. B 78, 241103 (2008).
17. J. Ng, H. Chen, and C. T. Chan, “Metamaterial frequency-selective superabsorber,” Opt. Lett. 34, 644–646
(2009).
18. Y. Zhao, C. Argyropoulos, and Y. Hao, “Full-wave finite-difference time-domain simulation of electromagnetic
cloaking structures,” Opt. Express 16, 6717-6730 (2008).
19. C. Argyropoulos, Y. Zhao, and Y. Hao, “A Radially-Dependent Dispersive Finite-Difference Time-Domain
Method for the Evaluation of Electromagnetic Cloaks,” IEEE Trans. Antennas Propag. (to be published),
ArXiv.org:0805.2050v1, (2009).
20. N. A. Zharova, I. V. Shadrivov, and Y. S. Kivshar, “Inside-out electromagnetic cloaking,” Opt. Express 16,
4615-4620 (2008).
21. W. Cai, U. K. Chettiar, A. V. Kildishev, V. M. Shalaev, and G. W. Milton, “Nonmagnetic cloak with minimized
scattering,” Appl. Phys. Lett. 91, 111105 (2007).
22. J. B. Andersen and A. Frandsen, “Absorption efficiency of receiving antennas,” IEEE Trans. Antennas Propag.
53, 2843–2849 (2005).
23. J. S. McGuirk and P. J. Collins, “Controlling the transmitted field into a cylindrical cloaks hidden region,” Opt.
Express 16, 17560–17573 (2008).
24. W. Cai, U. K. Chettiar, A. V. Kildishev, and V. M. Shalaev, “Optical cloaking with metamaterials,” Nat. Photonics
1, 224-227 (2007).
25. J. E. Raynolds, B. A. Munk, J. B. Pryor, and R. J. Marhefka, “Ohmic loss in frequency-selective surfaces,” J.
Appl. Phys. 93, 5346 (2003).
26. H. Tamura, “Microwave dielectric losses caused by lattice defects,” J. Eur. Ceram. Soc. 26, 1775 (2006).
27. S. A. Cummer, B. -I. Popa, and T. H. Hand, “Q-Based Design Equations and Loss Limits for Resonant Metamaterials and Experimental Validation,” IEEE Trans. Antennas Propag. 56, 127 (2008).

1.

Introduction

Metamaterials can be generally defined as a class of “artificial” media that exhibit extraordinary electromagnetic properties not found in nature. For example, materials with negative refractive index can be designed [1], which can theoretically achieve infinite subwavelength resolution [2]. Recently, a dispersive electromagnetic cloak was experimentally demonstrated [3]
by achieving the required material anisotropy [4]. Such structures, typically constructed from
periodically-placed subwavelength unit cells based on highly conductive metals over dielectric
substrates, can be analyzed with the effective medium theory [5]. They are defined by complex
electromagnetic parameters: the frequency dependent permittivity ε (ω ) = ε1 (ω ) + jε2 (ω ) and
permeability μ (ω ) = μ1 (ω ) + j μ2 (ω ). So far, metamaterial research has mainly focused on
the real parts (ε1 , μ1 ) of the material parameters in order to design negative-index and cloaking
devices. However, the imaginary parts (ε2 , μ2 ) of the material parameters (which characterize
the losses of the medium) can also have interesting potential applications, such as the design
of more efficient thermal imagers and novel absorbers. In this paper, we take advantage of the
lossy properties of metamaterials, which are widely regarded as a drawback in the design of
these exotic devices [6, 7].
Three absorber designs are proposed, by manipulating both electric and magnetic losses of
subwavelength cylindrical electromagnetic cloaking coatings. The first two designs utilize the
material parameter sets of the matched reduced [8] and ideal [9] electromagnetic cloaks. The
losses in the originally proposed structures are either set to zero or are minimum, in order for the
device to operate as an invisibility cloak. The two new designs presented here utilize different
material parameter sets that include the previously ignored loss tangents, aiming at high absorption. The third proposed design consists of a more realistic discrete ten-layer structure, based
on the approach presented in [3], where only one material parameter is radially-dependent and
the others have constant and non-dispersive values. The experimentally verified structure in [3]
is generally regarded as an imperfect cloaking device; however, as we demonstrate below, with
a proper manipulation of material losses a perfect absorber can be constructed. Specifically,
by calculating the field patterns and analyzing the scattering coefficients, we demonstrate that
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these new devices can achieve perfect wave absorption over a narrow bandwidth and moderate performance over a broad bandwidth. Additionally, they are matched to free space without
further parameter tuning and they are found to perform significantly better when compared to
conventional dielectric absorbers. The effects are analyzed using a radially-dependent dispersive Finite-Difference Time-Domain (FDTD) method and scrutinized with existing analytical
solutions of the cloaks [10, 11].
The proposed absorbers are based on a different concept from those used in the recentlydemonstrated perfect microwave metamaterial [12, 13, 14] and terahertz metamaterial [15, 16]
absorbers. The latter devices operate correctly only when there is strong coupling at the appropriate resonant mode of each metamaterial unit cell. As a result, careful tuning of the complex
parameters in the device is essential, in order to achieve zero backscattering and maximum
absorptivity. A different technique to increase the absorption efficiency is to surround a lossy
material with a negative refractive index shield [17]. However, the proposed absorbers are independent from resonant modes [9] and, hence, can operate over a relatively wide frequency
range.
2.

Derivation of loss functions

For the two-dimensional (2-D) FDTD simulations presented here, a perfect electric conductor
(PEC) cylinder is surrounded by a sub-wavelength absorption coating. Without loss of generality, a TE plane wave is incident and only three field components are non-zero: Ex , Ey and
Hz . Moreover, all the cloaks are characterized with three radially-dependent parameters given
in cylindrical coordinates: εr , εφ and μz . The computational domain of the infinite (towards zdirection) cylindrical “cloaking” absorber can be seen in Fig. 1(a). When the parameters have
values 0 ≤ ε < 1 (where ε is used throughout the derivations as an example), they are mapped
with the Drude dispersion model:

ε̂ (ω ) = 1 −

ω p2
ω 2 − jωγ

(1)

where ω p is the plasma frequency and γ is the collision frequency characterizing the losses of
the dispersive material. The material parameters, denoted with a hat ( ˆ ), are the ones implemented in the FDTD algorithm. Furthermore, the parameters can have non-dispersive values
(ε ≥ 1) and are simulated with a conventional dielectric/magnetic model:

ε̂ (ω ) = ε +

σ
jω

(2)

where ε is the radially-dependent parameter and σ measures the conductive/magnetic losses. A
thorough description of the radially-dependent dispersive FDTD algorithm employed to simulate the proposed absorber can be found in [18, 19].
In the case of Drude model mapping -Eq. (1)- of the material parameter (ε < 1), the lossy
parameter can be presented in an alternative way: ε̂ = ε (1 − j tan δ ), where the parameter ε is
dependent to the radius of the device and tan δ is the loss tangent of the lossy material. If the
previous formula is substituted in the Drude model -Eq. (1)- and tan δ is assumed constant, the
radially-dependent plasma and collision frequency are obtained:

ω p (r) = (1 − ε )ω 2 + εωγ tan δ
(3)

γ (r) =
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Fig. 1. (a) 2-D FDTD computation domain of the “cloaking” absorber for the case of plane
wave incidence. (b) Normalized magnetic field distribution of a subwavelength metamaterial absorber with tan δ = 0.5. The object placed inside the absorption coating is composed
of PEC.

Similarly, the conductivity of the conventional dielectric/magnetic model is given by (using ε
as an example):

σ (r) = εω tan δ

(5)

which is again function of the radially-dependent parameter ε . Note that, the concept of artificial
loss functions was also introduced in [20], but for a different coordinate transformation function. It was used to create an absorbing boundary condition (like perfectly matched layers) in
computational electromagnetics, whereas the aim of our proposed device is to be implemented
in practice for engineering applications.
3.

Absorber designs and simulation results

The performance of the absorber can be characterized by its absorptivity A = 1 − |S11 |2 − |S21 |2 ,
where S11 and S21 are the reflection and transmission coefficients of the device, respectively.
An ideal absorber is characterized by an absorptivity equal to unity, which directly leads to no
reflection (S11 = 0) and no transmission (S21 = 0) through the device. In addition, the scattering
coefficient σS of an absorber can be calculated with reference to free space, with no obstacles
present. It is given by the formula:
 |H | − |H f r | 
 z
z 
(6)
σS = 

fr
|Hz |
where Hz is the complex magnetic field distribution recorded on a circular curve surrounding the
“cloaking” absorber and Hzf r is the complex magnetic field distribution in the free space. When
σS = 0, the surrounding field of the absorber is equal to the field in free space, i.e. the structure
is totally reflectionless. When σS = 1, the field is entirely dissipated inside the device (Hz = 0)
and the radiation is not transmitted through the absorber. This last condition that S21 → 0 in
the transmitted region of the absorber (y > 0 in Fig. 1(a)), combined with the reflectionless
property S11 → 0 of the cloaking material in the reflected region (y < 0 in Fig. 1(a)), is the ideal
condition in order to achieve a perfect absorber with A → 100%. The “cloaking” absorbing
structures proposed in this paper can easily achieve A > 80%, which is rapidly enhanced by
increasing the loss factor in some suitable way.
The first design (reduced “cloaking” absorber) utilizes the material parameters of the
matched (to free space) reduced cloak [8]:


r − R1 2
R2
R2
R2
εr (r) =
, εφ (r) =
, μz (r) =
(7)
R2 − R1
r
R2 − R1
R2 − R1
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Fig. 2. (a) Scattering coefficient pattern as a function of the loss tangent for the reduced
“cloaking” absorber, along with the scattering coefficient pattern of a bare PEC cylinder.
(b) Scattering coefficient pattern as a function of the loss tangent for the ideal “cloaking”
absorber, along with the scattering coefficient pattern of a bare PEC cylinder.

where R1 and R2 are the inner and outer radii of the absorber, respectively, with R1 < r < R2 .
Only, the permittivity value in Eq. (7) is gradually changing with the radius r of the device and
it can be obtained that 0 ≤ εr < 1 and εφ , μz > 1 for all values of r. Hence, only the electric
collision frequency - Eq. (4)- is radially-dependent and the electric/magnetic conductivity - Eq.
(5)- is constant.
The device is tested at a frequency of 2 GHz, which is used throughout the paper. Other
operating frequencies can also be chosen by simply adjusting the material parameters due to the
frequency-independent nature of coordinate transformation functions [4]. The dimensions of
the device, in terms of the free-space wavelength λ , are R1 = λ and R2 = 43λ . Hence, the device
has a subwavelength thickness of λ3 . The results of the normalized real part of the magnetic
field amplitude distribution when the steady-state is reached are shown in Fig. 1(b), for a device
with tan δ = 0.5. The computed scattering coefficients of the device as a function of the loss
tangent tan δ can be seen in Fig. 2(a), where the scattering coefficient of a bare PEC cylinder is
also shown. It is observed that the backscattering of the “cloaking” absorber - i.e. angle equal
to 180◦ - goes to zero for all loss tangents; simultaneously, the reflection coefficients approach
zero (S11 → 0) as tan δ increases. It should also be mentioned that the backscattering coefficient
of the reduced “cloaking” absorber utilized here is at least 20 and 10 dB lower, when compared
to absorbers based on the simple reduced set [3] and the higher-order transformation set [21],
respectively (both not shown here).
We further verify this absorber concept by introducing a second design, which is based on
the material parameter set of an ideal electromagnetic cloak [9] (ideal “cloaking” absorber),
without altering the geometry. All the parameters are now radially-dependent:

2
R2
r − R1
r − R1
r
, εφ =
(8)
εr =
, μz =
r
r − R1
R2 − R1
r
The scattering coefficients of the device, varying with the losses, can be seen in Fig. 2(b).
The backscattering of the ideal set device has slightly improved values, compared with the
reduced “cloaking” absorber in Fig. 2(a). Note that, when the losses are increased, the exact
backscattering is still low, but there are weak backward reflections at the sides of both absorbers,
which will be discussed later in this paper.
A big shadow, which tends to increase with the loss tangent, is casted at the back of both
the proposed devices (especially between the angles −30◦ to 30◦ ), as can be seen in Figs. 2(a),
(b), which is the ideal scattering pattern for an efficient absorber [22]. It is interesting that, for
the low loss tangent of tan δ = 0.05, the absorption of the reduced “cloaking” absorber (Fig.
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Fig. 3. Different scattering coefficients of the reduced, ten layer discrete reduced and ideal
“cloaking” absorbers, along with the scattering coefficient of a bare PEC cylinder.
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2(a)) is better than the absorption of the ideal “cloaking” absorber (Fig. 2(b)). For higher losses
(tan δ = 0.5), it is observed that the scattering coefficients tend to one, especially inside the
window −30◦ to 30◦ .
In the previous design both conductivities and collision frequencies are required to be continuously radially-dependent, which makes a practical implementation of this metamaterial structure challenging. In order to check the performance of a more realistic absorber, the device is
designed with a discrete ten layered structure (discrete reduced “cloaking” absorber), similar to
the cloak constructed in [3]. Again the reduced parameter set is used [8] and only the radiallydependent parameter is discretized to ten different values, one for each layer. The other parameters are kept constant, as before, and the loss tangent is chosen tan δ = 0.1. The scattering
pattern of the device is then computed, it is given in Fig. 3 and is compared with the continuous
reduced and ideal parameter set “cloaking” absorbers. It is seen that the patterns of the three absorbers are following a similar trend, especially at the angles between 0◦ -90◦ (shadow). There
is only a difference in the backscattering coefficient (angle of 180◦ ), which is less in the case of
ideal “cloaking” absorber. However, all the absorbers have similar good performances, despite
the increased backscattering of the simplified designs. This fact, combined with the easier practical implementation of the discrete structure, makes the 10-layer reduced “cloaking” absorber
advantageous compared with the continuous structures. For tan δ = 0.1, it is calculated that the
10-layer structure achieves an absorptivity of at least A = 80% within a frequency bandwidth of
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Fig. 4. (a) The electric and magnetic losses of reduced and ten layer discrete reduced
“cloaking” absorbers, as a function of the device’s radius. (b) The electric and magnetic
losses of the ideal “cloaking” absorber, as a function of the device’s radius.
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reduced absorber.

400 MHz, , centered at the frequency of 2 GHz. If the losses are increased, absorptivity values
of A > 90% can be easily obtained, which suggests that the proposed structure can be utilized
as a perfect metamaterial absorber.
Next, we demonstrate the absorber’s performance for different coating thicknesses, with
R1 = 23λ and R2 = 43λ . The loss parameters for these structures are graphically depicted in
Figs. 4(a), (b), assuming tan δ = 0.1. Note that at the inner surface of both absorbers (r = R1 ),
the electric collision frequency γe = 0, because εr = 0 at r = R1 . It can be seen that there are no
infinite loss values for the reduced “cloaking” absorbers, which makes it easier to be practically
implemented. Moreover, the conductivities of this particular absorber are constant, which directly simplifies the types of dielectric material required as the substrate to fabricate split-ring
resonators (SRRs), in order to achieve the required losses. The bandwidth response of the ideal
and reduced “cloaking” absorbers can be seen in Fig. 5. The lowest backscattering is obtained
for both sets at the central frequency of 2 GHz, while the backscattering is stronger at other
frequencies due to the dispersive nature of the absorber. Based on this behavior, the proposed
devices can also have moderate wideband applications, e.g. reducing the radar cross section
(RCS) of an object.
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Fig. 6. The scattering coefficient patterns of a conventional dielectric absorber, a metamaterial discrete reduced “cloaking” absorber and a matched conventional absorber (tan δ = 0.1
for all devices), along with the scattering coefficient of a bare PEC cylinder.
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The next step is to replace the “cloaking” absorber coating (Fig. 1(a)) with conventional absorbing materials, in order to evaluate their individual performances. A conventional dielectric
absorber with ε = 2 and a matched conventional absorber with ε = 1 are compared to the discrete reduced “cloaking” absorber. All the devices have identical loss tangents of tan δ = 0.1
and the same dimensions (R1 = 23λ , R2 = 43λ ). The obtained scattering coefficient patterns of
these absorption coatings are shown in Fig. 6, where it is observed that the proposed metamaterial device performs better when compared to the conventional ones. Firstly, minimal backscattering is only achieved with the proposed “cloaking” structure, which is not the case even
for the matched conventional absorber. In addition, the absorption (shadow) of the “cloaking”
absorber is more uniform and more solid than the other two cases. Furthermore, when compared with the absorption of the matched dielectric absorber, the shadow is notably larger in a
broader angle range (between −90◦ to 90◦ ).
4.

Discussion

One of the main physical reasons that explains the superior performance of the metamaterial
absorber designs is the bending of the field wavefronts within the absorption coating. Due to
the anisotropy of the material parameters, the impinging field energy is guided over longer
distances around the cloaked object, thus, dissipating gradually inside the thin sub-wavelength
coating. The proposed ‘cloaking” absorbers inherit this unique property from the electromagnetic cloaks, an effect that is not possible in conventional absorbers of the same thickness, since
the field energy is limited to straight line propagation. Similar reasoning explains the slightly
improved scattering coefficient of the ideal ‘cloaking” absorber compared to the reduced ones
(Fig. 3). The reduced parameter sets allow imperfect field bending and, thus, some energy scatters off the inner core of the absorption coating [23].
The proposed absorber designs also inherit the reflectionless property of the cloaks with both
ideal and reduced parameter sets. The characteristic impedance of the absorbers at the outer
boundary is:


μ0 μz (1 − j tan δ )
μ0
=
(9)
Z|r=R2 =
ε0 εφ (1 − j tan δ )
ε0
which is the free space wave impedance. As a result, the absorbers are matched to the surrounding free space and there is minimal backscattering. This is indeed observed in Fig. 2(a),
(b), where the field at the backscattering angle of 180◦ remains low as the losses are being
increased, which is advantageous for the efficient use of the devices.
Finally, we would like to address the weak omnidirectional scattering that was previously
observed in Figs. 2(a), (b) as the losses are increased, especially between the angles of 90◦ to
120◦ and 240◦ to 270◦ . In order to explain this particular response of the device, the cylindrical
wave expansion is used [11]. The total magnetic field inside and outside of the cylindrical 2-D
“cloaking” absorber is given, respectively, by:
Hzin = ∑[a1l Jl (k1 (r − R1 )) exp( jl φ ) + a2l Hl (k1 (r − R1 )) exp( jl φ )]

(10)

sc
Hzout = ∑[ainc
l Jl (k0 r) exp( jl φ ) + al Hl (k0 r) exp( jl φ )]

(11)

l

l

Here Jl , Hl are the l th -order Bessel and Hankel functions of the first kind, respectively. In order
sc 1 2
to computer the fields, the expansion coefficients ainc
l , al , al , al in Eqs. (10), (11) need to be
calculated by applying the proper boundary conditions at the inner and outer surfaces of the
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absorption coating. It was obtained in [11] that a2l = 0 for both the ideal and reduced parameter
sets, which also holds true in the proposed absorbers.
Nevertheless, for the scattering expansion coefficients in the current “cloaking” absorber
2
asc
l = al = 0. This is a direct result from the differences existing between the phase variations
in the arguments of the Bessel and Hankel functions in the above expansions. More precisely,
at the outer surface r = R2 of the device, the phase variation of the total incident wave is k0 R2 ,
whilst the phase variation of the total field inside the absorber is equal to k1 (R2 − R1 ). However,
unlike the case of the ideal and reduced cylindrical lossless cloaks, these two quantities are not
equal when losses are introduced. The phase variation of the field inside the absorber is:

(12)
k1 (R2 − R1 ) = ε0 εφ (1 − j tan δ )μ0 μz (1 − j tan δ ) = k0 R2 (1 − j tan δ )
which is directly derived from the ideal and reduced parameters. Meanwhile, the phase variation
√
of the field outside the absorber, in free space, is k0 R2 = ε0 μ0 R2 . This phase mismatch which
occurs as the loss tangent is increased from zero, gives rise to the weak scattering observed at
the sides of the absorber in Figs. 2(a), (b). Nevertheless, this scattering is compensated by the
bigger shadow achieved when more losses are introduced and the overall performance of the
“cloaking” absorber is mostly unaffected by this slight imperfection.
The proposed discrete reduced set absorbing device can be constructed with ten concentric arrays of split-ring resonators or electric ring resonators printed on a dielectric substrate,
as was firstly demonstrated in [3]. Moreover, it can be constructed with concentric layers of
metal wires embedded inside a dielectric host medium [24]. The loss tangent values of the
“cloaking” absorber can be controlled with different practical techniques, depending on the desired frequency of operation. For the microwave frequency regime, where the dielectric losses
are dominant [25], different substrate dielectric materials can be chosen. Alternatively, metal
nanowires can be introduced into the substrate, which can lead to a loss tangent on the order of
0.1 [24]. Another approach is to introduce lattice defects by doping the crystalline structure of
the dielectric substrate [26]. For higher frequencies, such as infrared, the ohmic losses are more
significant [25], which leads to the solution of changing the metallic material of the resonator
particles (for example, gold is more lossy than silver at infrared frequencies). In addition, the
loss tangent can be enhanced by increasing the density of the metamaterial elements, through
simultaneously reducing their electrical dimensions [27].
5.

Conclusions

To conclude, a set of novel metamaterial absorbers is proposed based on the manipulation of
losses inside electromagnetic cloaks, yielding absorptivity values larger than 80%. It is explained that a discrete reduced “cloaking” absorber can be constructed with existing metamaterial technologies. These devices could be used as narrow-band bolometers, due to their dispersive nature; they also exhibit a moderate wideband response, which is ideal for RCS reduction.
Another useful application is the total isolation of an antenna placed inside the absorber from
low-frequency surrounding noise. It is demonstrated that the devices are reflectionless and efficient in terms of absorption. Moreover, they have subwavelength thickness, which is highly
desirable for absorbers operating in VHF or UHF bands. Finally, such absorbers consist one
more useful addition to the impact of metamaterials to absorbing technology.
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