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invariant properties of the Maxwell's equa-
tions under coordinate transformations. [ 4 ]  
While it is very diffi cult to realize an ideal 
spherical cloak due to the inhomogeneity 
and extreme anisotropy of the required 
material properties, several simplifi cations 
have been employed to facilitate realizable 
cloaks with small residual scattering. Such 
examples include the single polarization 
free space cloaks, [ 10,11 ]  broadband carpet 
cloaks, [ 12–14 ]  unidirectional and multiple 
directional cloaks, [ 15–18 ]  broadband non-
Euclidian cloaks, [ 19 ]  surface-wave cloaks, [ 20 ]  
complementary medium cloaks, [ 21 ]  
and cloaks for DC electric or magnetic 
fi elds. [ 22,23 ]  Scattering cancellation is an 
alternative approach where the dominant 
scattering terms present in the multipole 
expansion of the scattered fi elds are 
negated, greatly suppressing the overall 
scattering signature of an object. [ 6,24,25 ]  In 
contrast to the complicated material prop-
erties required by transformation optics 
based cloaks, these coatings consisting 
of simple inhomogeneous and isotropic 

materials are suffi cient to signifi cantly reduce the scattered 
fi elds. [ 25–28 ]  In the microwave and terahertz regimes, ultrathin 
metasurfaces can be used to replace bulk 3D metamaterial coat-
ings for achieving the cloaking effect. This has been demon-
strated to be effective for both dielectric and conducting objects, 
providing an ultralow-profi le and lightweight alternative. [ 29–33 ]  
Apart from these two main categories of cloaking techniques, 
transmission-line networks and tapered parallel plates can 
also be utilized to achieve electromagnetic transparency. [ 34,35 ]  
At the same time, the concept of an invisibility cloak has also 
been extended to other realms of physics including acoustic 
cloaks, [ 36 ]  thermal cloaks, [ 37–40 ]  seismic cloaks, [ 41 ]  and matter 
wave cloaks. [ 42 ]  Despite these increasingly abundant examples 
of realizable cloaks, designs which incorporate this new tech-
nology into a real-world device have so far been elusive. While 
it has been suggested that cloaks could be used to create invis-
ible receiving antennas and sensors, [ 43,44 ]  demonstrations have 
only been reported for cylindrical obstacles placed in front of 
antennas [ 45 ]  and sensors when operating in a receiving mode. [ 46 ]  

 As wireless technology continues to evolve at a rapid pace, 
a growing number of communication systems, each operating 
in a different frequency band, are being deployed on the same 
physical platform, resulting in signifi cantly increased spatial 
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  1.     Introduction 

 Cloaks of invisibility and electromagnetic transparency have 
intrigued humans for centuries but realization of such devices 
has remained elusive until this past decade. With the recent 
advent of metamaterials, [ 1–4 ]  a class of artifi cially engineered 
functional materials with exotic electromagnetic behaviors 
not present in natural materials, the concept of cloaking has 
emerged from the realm of imagination to become a physical 
reality. Over the past decade, various techniques have been 
proposed and subsequently demonstrated to achieve such 
physical phenomena under certain limitations throughout the 
electromagnetic spectrum. [ 5,6 ]  The most well-known approach 
is based on transformation optics, [ 7–9 ]  which exploits the form 
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and spectral densities. [ 47 ]  An immediate consequence is that 
multiple antennas, each one designed independently for a dif-
ferent system, are required to operate in close proximity to 
one another, inherently causing two correlated issues—mutual 
coupling (a near-fi eld effect) and mutual radiation blockage (a 
far-fi eld effect), [ 48 ]  also referred to as “cosite interference.” [ 49 ]  
Mutual coupling manifests itself when an electromagnetic 
wave from one radiator induces currents on another radiator, 
resulting in crosstalk and interference between the two sys-
tems. Additionally, mutual radiation blockage is attributed to 
the scattering of a radiated fi eld due to the presence of addi-
tional radiators which, in turn, degrades the total radiation pat-
tern. Recent efforts to reduce the mutual coupling effects in 
antenna systems have primarily focused on employing electro-
magnetic bandgap (EBG) materials to suppress bounded sur-
face waves propagating in grounded dielectric substrates. [ 50,51 ]  
While these concepts are effective for microstrip and cavity-
based planar radiators, they are not applicable for the more 
commonly used wire antennas where coupling occurs through 
unbounded waves propagating in free space. Single negative 
metamaterials have also been proposed to suppress the mutual 
coupling; however, due to the inherent impedance mismatch 
between the metamaterials and free space, the radiation wave 
front is still adversely impacted. [ 52 ]  In order to compensate for 
mutual radiation blockage, transformation optics based cloaks 
have been proposed as a means of theoretically eliminating the 
performance degradation experienced when 2D radiators are 
placed in close proximity to each other. [ 53 ]  However, for prac-
tical 3D radiators, the required material parameters involve 
inhomogeneity and extreme anisotropy. Hence, it would be 
exceedingly diffi cult to realize such complex coatings within the 
subwavelength volume required for most practical applications 
involving closely positioned sources. More recently, single-layer 
impedance surfaces that suppress the mutual blockage of wire 
radiators with ideal feeds have been reported and numerically 
validated. [ 54 ]  While the proposed engineered surfaces are low 
profi le and low loss, they often lead to stronger induced cur-
rents on the coated object, which in turn will produce stronger 
mutual coupling. [ 43,44,46 ]  Thus, a single low-profi le solution 
which simultaneously addresses both critical issues of mutual 
coupling and blockage does not currently exist. Such a tech-
nique, were it to be found, could have a profound impact by 
facilitating new possibilities in high density deployment of elec-
tromagnetic radiating systems, spanning from the microwave, 
through the terahertz, to possibly even the optical regimes. It 
may also pave the way for application to radiators in other phys-
ical forms such as acoustic transducers and thermal sources. 

 In this paper, for the fi rst time, a unifi ed approach is pro-
posed which is capable of suppressing both the mutual cou-
pling and mutual blockage caused by closely spaced real-world 
electromagnetic radiators using low-profi le, ultralightweight 
integrated cloaking coatings. By tailoring the distinct aniso-
tropic and dispersive properties of all metasurface layers com-
prising a composite coating, we demonstrate that the intrinsic 
properties of an enclosed radiator can be fully restored, oper-
ating as if there are no other radiators nearby. Based on the 2D 
theoretical analysis, the functional metasurface coatings, which 
are realized by arrays of subwavelength composite electric 
and magnetic unit cells, are designed and integrated with 3D 

monopole radiators. Both single-band and dual-band metasur-
face coatings are implemented, experimentally demonstrating 
practical cloaked electromagnetic radiators exhibiting not only 
greatly reduced mutual coupling but also near fully restored 
isotropic radiation patterns.  

  2.     Restoration of Electromagnetic Radiator 
Properties Using Metasurfaces 

 The concept of simultaneous reduction of mutual coupling and 
mutual blockage between electromagnetic radiators is illus-
trated in  Figure    1  . Without loss of generality, we approach this 
problem by considering two conducting cylindrical electromag-
netic radiators ( R  1  and  R  2 ), each emitting azimuthally omnidi-
rectional waves into the surrounding free space, with  R  1  and 
 R  2  radiating at frequencies  f  1  and  f  2 , respectively. When the 
two bare radiators are in close proximity (see Figure  1 a), the 
electromagnetic radiation from  R  1  induces current on the sur-
face of  R  2  at  f  1 , resulting in mutual coupling. This induced cur-
rent, denoted as  J  1 , reradiates into the surrounding space at  f  1 , 
resulting in a distorted radiation pattern for  R  1 . Moreover, the 
scattered fi eld produced by  J  1  on  R  2  will further induce current 
on  R  1  at  f  1 , which changes the input impedance of  R  1 , thereby 
degrading the overall effi ciency of the radiator. The same pro-
cess happens when  R  2  is radiating at  f  2 . For radiators with a 
subwavelength distance between one another, the analytically 
calculated electric fi eld ( E  z ) distribution due to the radiation 
from each source is depicted in Figure  1 c. As expected, strong 
induced currents are present on the surface of each radiator at 
the operating frequency of the other source, creating a signifi -
cant amount of mutual coupling. Simultaneously, the scattered 
fi elds, originated from these induced currents, distort the origi-
nally omnidirectional radiation pattern, resulting in a strong 
angularly dependent distribution of outgoing radiated energy. 
Specifi cally, the mutual blockage greatly reduces the signal 
fl ow in the forward direction and results in peaks/nulls in the 
adjacent directions, greatly affecting the signal coverage and 
causing undesired crosstalk and shadow regions.  

 In order to simultaneously reduce the induced currents on 
the radiators and recover the omnidirectional wave front, com-
posite coatings formed by two concentric metasurface layers are 
employed. Conceptually, as shown in Figure  1 b, the composite 
coating for  R i   ( i  = 1, 2) is transparent at  f i  , whereas it has dual 
functionalities at  f j   ( j ≠ i )—isolating  R i   from the outside world 
and cloaking  R i   to make the entire coated radiator completely 
invisible to waves emitted from  R j  . The fi rst function prevents 
waves from passing through the coating and in turn prevents 
them from interacting with the central radiator. The second 
function directs the waves around the coating, allowing the 
waves to follow their original trajectories unaltered. It should 
be noted that, in theory, these two functionalities can also be 
achieved by a transformation optics based cloak coating. How-
ever, to implement the required bulk spatially varying aniso-
tropic material properties within a subwavelength volume would 
prove extremely diffi cult when compared to the inherently low-
profi le scattering cancellation approach enabled by the ultrathin 
metasurface coatings. Due to the fact that the metasurface has 
a near-zero electric thickness and is made from nonmagnetic 
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materials, its electromagnetic properties can be described 
by the surface electric and magnetic polarizability density 
tensors diag 0, ,E E Ezα α α[ ]= φ  and diag ,0,0M Mα α= ⎡⎣ ⎤⎦ρ . [ 55 ]  The 
Mie scattering coeffi cients for all the modes under a cylindrical 
wave expansion and, in turn, the associated fi eld distribu-
tion can be analytically calculated by solving the second order 
boundary conditions at both metasurface layers and the surface 
of the coated radiator (see the Supporting Information). [ 56,57 ]  
To achieve the two aforementioned goals simultaneously, the 
inner metasurface layer for each radiator is chosen to be either 
strongly capacitive or inductive. Consequently, this large shunt 
admittance results in a frequency-selective electromagnetic 
insulator. However, it also behaves as a strong scatterer as the 
induced currents are located at a larger radius, which deterio-
rates the radiation pattern of the nearby radiator. To mitigate 
this, an electrically complementary outer metasurface is uti-
lized which cooperatively functions with the inner metasurface 
layer to minimize the scattering. The radii and the electrical 
properties of both metasurfaces are conjunctively tuned to 
enforce electromagnetic isolation between the inside and out-
side regions as well as a near-perfect cancellation of the dipole 
moments induced on the two metasurfaces and the central 
radiator. 

 The distributions of the analytically calculated electric fi eld 
( E  z ) radiated from each source, when integrated with the 

metasurfaces, are presented in Figure  1 d. It can be seen that 
in contrast to the bare radiators, the metasurface coatings 
render the radiators invisible to the waves emitted from their 
neighboring elements. In addition to the recovered omnidirec-
tional wave fronts, the total induced currents are reduced by 
more than one order of magnitude, directly corresponding to 
signifi cant reduction in mutual coupling. While a single-layer 
metasurface can also achieve the cloaking effect, it does so at 
the expense of signifi cantly increasing the induced currents 
(see Figure S2 in the Supporting Information). These 2D ana-
lytical results demonstrate the concept of using metasurfaces to 
simultaneously reduce both the mutual coupling and mutual 
blockage between multiple radiators operating at different fre-
quencies, without adversely affecting their intended function-
ality. This method can be readily extended to the analysis of 
more general and complex cases where the number of radiators 
is greater than two and/or the number of nonoverlapping oper-
ational frequency bands of each radiator is greater than one.  

  3.     Dispersive Metasurface Coatings for Practical 
3D Radiators 

 To verify the concept proposed in the previous section, two 
quarter-wavelength monopole antennas fed by 50 Ω coax cables 
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 Figure 1.    Functional metasurface coatings for restoring properties of electromagnetic radiators. a) Two bare closely spaced electromagnetic radiators 
operating at different frequencies induce current on each other due to mutual coupling and have distorted radiation patterns due to mutual blockage. 
b) Compact multilayer metasurface coatings with tailored dispersion enable near-zero induced current and recovered omnidirectional patterns for 
both radiators. c) Snapshots of the analytically calculated electric fi eld distributions due to the radiation of each radiator, one at  f  1  and the other at 
 f  2  ( f  2  = 2 f  1 ), and corresponding induced current on the surface of the other radiator when both radiators are uncoated. The radius of the radiators is 
0.02 λ  1  and the interradiator distance is 0.3 λ  1 . d) Snapshots of the analytically calculated electric fi eld distributions due to the radiation of each radiator 
and corresponding induced current on the surface of the other radiator when the metasurface coatings are present. At  f  2 , the inner metasurface for 
 R  1  at a radius of 0.08 λ  2  has a  α Ez  /λ 2  = 20 and the outer metasurface at a radius of 0.16 λ  2  has a  α Ez  /λ 2  = 0.3 and a M / 0.172α λ = −ρ . At  f  1 , the inner 
metasurface of  R  2  at a radius of 0.04 λ  1  has a Ez 201α λ = −  and the outer metasurface of  R  2  at a radius of 0.08 λ  1  has a Ez = 0.461α λ .
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are employed, which are commonly found in various wireless 
systems. [ 58 ]  These vertical monopoles radiate signals omnidi-
rectionally in the horizontal ( x – y ) plane into the surrounding 
free space, providing a 360° angular coverage. Although the 
operational frequencies of the two monopole radiators can be 
chosen arbitrarily, for this proof-of-concept demonstration they 
are selected to be 2.4 and 5.2 GHz which correspond to the 
wireless local area network (WLAN) bands used throughout the 
world. The confi guration of the metasurface coated monopole 
radiators is shown in  Figure    2  a. The 2.4 GHz monopole  R  1  
and the 5.2 GHz monopole  R  2 , both with a radius of 2 mm, are 
positioned with a distance  d  s  apart from each other on a fi nite 
sized ground plane. Each radiator is surrounded by a coating 
containing two fi nite concentric layers of ultrathin metasur-
faces comprised of a fi nite array of periodic subwavelength 
anisotropic electric and/or magnetic resonators. The metallic 
patterns are printed on an ultrathin liquid crystal polymer die-
lectric substrate (Rogers Ultralam 3850) with a thickness of only 
100 μm (<0.001 λ  0  at 2.4 GHz). As the insets of Figure  2 a show, 
without the coatings the two antennas interfere with each other 
as a result of mutual coupling. However, with the coatings, the 
magnitude of the transmission coeffi cient, characterized by  S  21  
(= S  12 ), can be greatly suppressed. The dispersive properties of 
the metasurface layers are jointly tailored to provide a maximal 
scattering reduction (i.e., cloaking) at the operational frequency 
of the other nearby radiator, while having a negligible impact 
on the input impedance of the enclosed radiator in its intended 
band of operation.  

 The unit cells of each metasurface layer for both radiators 
are shown in  Figure    3  a–d. During the unit cell design process, 
a fi nite element method solver, high frequency structure simu-
lator (HFSS), was employed to perform the full-wave scattering 
calculations for a plane-wave at different angles of incidence. 
The relevant effective surface polarizability tensor parameters 
( eff

Ezα  and eff
Mα ρ) were then retrieved from the complex refl ection 

and transmission coeffi cients. [ 59 ]  The radius values of the inner 
and outer metasurfaces for both radiators are 3.6 and 7.9 mm, 
which are only 0.029 λ  0  and 0.063 λ  0  at 2.4 GHz, respectively. For 
monopole  R  1 , the inner layer has a dispersive α λ λ/eff

0 0Ez  with a 
near-zero value at its operational frequency of 2.4 GHz and a 

large value corresponding to the operational frequency of  R  2 , 
which is 5.2 GHz (see Figure  3 a), indicating a strong capacitive 
response. This metasurface is therefore transparent at the oper-
ational frequency of  R  1  and opaque at the working frequency of 
 R  2 . The outer metasurface of  R  1  consists of a composite array 
of I-shaped electric resonators and broadside-coupled spiral 
magnetic resonators (see Figure  3 b). [ 59 ]  In order to work col-
lectively with the inner metasurface to reduce the scattering 
caused by the coated monopole  R  1  at the operational frequency 
of  R  2 , the values of α λ/eff

0Ez  and α α λρ ρ/eff eff
0M M  were required to 

be 0.29 and −0.13, respectively, at around 5.2 GHz. They both 
have very small values at 2.4 GHz, which permits the near- 
perfect transmission of signals emitted from  R  1 . For the metas-
urface coating of monopole  R  2 , a similar design procedure can 
be adopted to control the dispersive response of each layer. The 
inner metasurface comprised of a meandered slot array has 
a near-zero α λ/eff

0Ez  at around 5.2 GHz and a strongly induc-
tive response at 2.4 GHz with a α λ = −/ 12eff

0Ez  (see Figure  3 c). 
To collectively work with the inner metasurface for scattering 
reduction of  R  2  at around 2.4 GHz, a second outer metasur-
face composed of an array of meandered dipoles [ 60 ]  is included 
(see Figure  3 d), which exhibits a Lorentzian-shaped electric 
response with α λ =/ 0.47eff

0Ez  at 2.4 GHz and α λ = −/ 0.12eff
0Ez  

at around 5.2 GHz. In contrast to the coating for  R  2 , the meta-
surface coating for  R  1  requires a nonvanishing radial magnetic 
response to suppress the contribution of both the zeroth and 
fi rst orders Mie scattering modes due to the fact that the size 
of its outer metasurface is beyond the quasi-static limit. [ 32,59 ]  
whereas the requirement on the radial magnetic response of 
the coating for  R  2  can be relaxed.   

  4.     Full-Wave Simulation Results of Coated 
Monopole Radiators 

 Once the metasurface designs were determined based on their 
responses in a 2D planar infi nite array, fi nite versions of the 
structures were incorporated with the monopole radiators. The 
metasurfaces have an ultracompact subwavelength footprint, 
i.e., ≈0.013 λ  2  0  at 2.4 GHz, and the same height as that of the 
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 Figure 2.    Functional metasurface coatings for real-world 3D monopole radiators. a) Confi guration showing two metasurface cloaks used to coat a 
pair of 3D monopole radiators operating at 2.4 ( R  1 ) and 5.2 ( R  2 ) GHz, respectively. The ground plane size is 300 by 300 mm. The insets show the side 
view of the two radiator system with and without the metasurface coatings along with the notation used to defi ne their associated S-parameters. The 
lengths of the two radiators  R  1  and  R  2  are 32 and 17.2 mm, respectively, for the case with coatings, while for the case without the coatings they are 29 
and 15 mm, respectively. All the metasurfaces have six unit cells in the  φ -direction. b) A photograph of the fabricated monopole radiators coated by 
the assembled metasurface cloaks. The inset shows a photograph of the uncoated radiators.
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corresponding monopole (see Figure  2 a). In contrast to most of 
the previously demonstrated cloaks for infi nitely long objects, 
here the geometrical dimensions of the metasurface unit cells 
were fi ne tuned to account for the truncation effect as well as 
the near-fi eld coupling with the radiators, which jointly deter-
mine both the scattering reduction and impedance matching of 
the coated radiators. [ 61 ]  

 The full-wave simulated scattering parameters (S-parameters) 
of the two monopole radiators with and without the fi nite meta-
surface coatings are reported in  Figure    4  a,b. The center-to-center 
distance of the radiators is 50 mm. It can be observed that the 
transmission ( S  21 ) between the two radiators is reduced by more 
than 25 dB around their operational frequencies, indicating a 
signifi cantly suppressed mutual coupling down to around 0.3% 
of the level for the case without the coating. Additionally, an 
improved impedance matching is achieved for both monopole 
radiators at their operational frequencies; where  S  11  decreases 
from −16 to −21 dB and  S  22  drops from −13 to −18 dB, corre-
sponding to reductions in the refl ection loss by 68.4%.  

 The radiated power variation (R P Var) in the  x – y  plane of radi-
ator  R  1 , quantifi ed as the difference between the maximum and 
minimum gain values in the horizontal plane, i.e., max(gain, 
 θ  = 90°) – min(gain,  θ  = 90°), as a function of frequency is 
shown in Figure  4 c. The R P Var for the case where monopole  R  2  
is completely removed is also displayed as a reference. It can be 
seen that, when the coatings are present, the R P Var of mono-
pole  R  1  is smaller than that of the case without the coatings 
within a range from 2.35 to 2.52 GHz. The best frequency is at 
2.42 GHz, where the R P Var drops from 32% down to only 8%, 
i.e., a relative reduction of 75%, which is almost the same as 
that of the monopole  R  1  alone case, i.e., when  R  2  is removed. 
These results indicate that the metasurface coatings are able to 

recover the wave front of the fi elds radiated from monopole  R  1  
by cloaking monopole  R  2 . The normalized radiation patterns 
in the  x – y  plane of monopole  R  1  operating at 2.42 GHz with 
and without the coatings are presented in Figure  4 e. Improved 
omnidirectionality is observed, demonstrating that the scat-
tering of the metasurface coated monopole  R  2  is indeed con-
siderably reduced. Simultaneously, the R P Var of radiator  R  2  in 
the  x – y  plane is also greatly suppressed over a wide frequency 
range spanning from 4.78 to 5.57 GHz (see Figure  4 d). At the 
optimal 5.22 GHz, the R P Var drops from 63% to 18%, i.e., a rel-
ative reduction of 71%, which is only 9% higher than that of the 
monopole  R  2  alone case, i.e., when  R  1  is removed. At 5.22 GHz, 
the normalized radiation patterns in the  x – y  plane of monopole 
 R  2  with and without the coatings are presented in Figure  4 f. 
Without the coatings, the patterns have two nulls at 20°/160° 
and exhibit a notably large contrast in the ± y -directions. With 
the coatings present, however, the nulls disappear and the 
radiation pattern becomes much more uniformly distributed. 
It should be emphasized that the antenna gain of  R  1  and  R  2  
at their respective operational frequencies is well maintained at 
4.7 and 5.5 dBi, respectively. In addition to the well matched 
input impedance, these results indicate that the metasurface 
coatings do not affect the radiation patterns produced by the 
monopole. The simultaneous suppression of both mutual cou-
pling and mutual blockage is well maintained even when the 
center-to-center distance between the two radiators is reduced 
to 20 mm, i.e., 0.16 λ  0  at 2.4 GHz, further demonstrating the 
robustness of the proposed metasurface coatings (see Figure S3, 
Supporting Information). 

 To directly observe the cloaking effects as well as the 
reduced mutual coupling, especially in the near-fi eld regions, 
the full-wave simulated electric fi eld distributions on the 
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 Figure 3.    Unit cell and dispersive surface electromagnetic properties of the metasurface coatings. Confi guration of the unit cells and retrieved effective 
surface electric and magnetic polarizability tensor parameters for a) the inner metasurface for radiator  R  1 , b) the outer metasurface for radiator  R  1 , c) 
the inner metasurface for radiator  R  2 , and d) the outer metasurface for radiator  R  2 . The geometrical dimensions are  a  z1  = 16,  a φ   1  = 3.77,  s  1  = 0.4,  a z   2  
= 8,  a φ   2  = 8.27,  c  2  = 6.5,  d  2  = 2,  e  2  = 2.6,  g  2  = 2.5,  w  2  = 0.35,  a z   3  = 8.6,  a φ   3  = 3.77,  s  3  = 0.4,  a z   4  = 17.2,  a φ   4  = 8.27,  d  2  = 6.2,  s  4  = 0.54, w  4  = 0.33, all in mil-
limeters. The substrate material for all the metasurfaces is Rogers Ultralam 3850 ( ε r   = 2.9 − j 0.007) with a thickness of 100 μm.
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ground plane at 2.42 and 5.2 GHz for the radiators with and 
without the metasurface coatings are reported in  Figure    5  . It 
can be seen from Figure  5 a,b that, without the coatings, the 
wave front of the radiated fi elds produced by monopoles  R  1  
and  R  2  are distorted as illustrated by the noncircular wave pat-
terns. In contrast, when the monopole radiators are coated 
by the custom designed metasurfaces, the wave patterns 
on the ground plane are restored to concentric circles (see 
Figure  5 c,d). Strong fi elds can be observed near the metasur-
faces due to the presence of the discrete electric and/or mag-
netic resonators; however, the fi eld strengths inside the inner 
metasurface are greatly reduced, verifying the low mutual 
coupling as previously indicated by the S-parameters. The 
recovered wave front in the near-fi eld region demonstrates the 
possibility that radiators belonging to different systems can be 
successfully placed in close proximity to each other, without 
affecting their signal coverage or inducing intersystem cross-
talk and interference. This allows for the placement of a 
greatly increased spatial density of systems on a single phys-
ical platform. Furthermore, the concept might also fi nd appli-
cation for reducing interference and coupling between com-
pact on-chip nanoantennas or quantum emitters belonging to 
different subsystems. [ 62,63 ]    

  5.     Experimental Verifi cation 

 In order to demonstrate and subsequently validate the pro-
posed design approach, the monopole radiators along with the 
custom designed metasurface coatings were fabricated and 
characterized. The fl exible metasurfaces were fi rst curled to 
form the concentric inner and outer layers. Next, thin Tefl on 
washers were used as a frame to provide mechanical support 
and ensure correct diameters for both the inner and outer 
metasurface layers. The fi nal fabricated ultralightweight coat-
ings weighed less than 1 g. Photographs of the fabricated 
prototypes are displayed in Figure  2 b. The measured S-param-
eters for the monopole radiators with and without the meta-
surface coatings were characterized by a network analyzer. 
The measured results are presented in Figure  4 a,b which, 
except for a slight frequency shift of the coated monopole  R  2  
from 5.2 to 5 GHz, show very good agreement with simula-
tion predictions. The measured  S  11  and  S  22  are both below 
−20 dB at the operational frequencies of  R  1  and  R  2 , respec-
tively, indicating a well-matched input impedance. The meas-
ured  S  21  between the coated monopoles is about 30 dB lower 
than that of the uncoated monopoles, i.e., ≈0.1% of the level 
for the case without the coating. The radiation properties of 
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 Figure 4.    Simulation and measurement of 3D monopole radiator with and without metasurface coatings. Simulated and measured S-parameters 
a) without and b) with metasurface coatings. Simulated and measured radiated power variations of c) monopole  R  1  and d) monopole  R  2  in the  x – y  plane 
as a function of frequency. Simulated and measured normalized radiation patterns of e) monopole  R  1  and f) monopole  R  2  in the  x – y  plane.
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the monopole were characterized in an anechoic chamber. 
The measured R P Var in the  x – y  plane of radiator  R  1  as a func-
tion of frequency is reported in Figure  4 c, which exhibits a 
slight redshift due to fabrication imperfections. The smallest 
R P Var is located at 2.35 GHz with a value of around 15%. The 
measured normalized radiation patterns at 2.35 GHz with and 
without the coatings are shown in Figure  4 e, with increased 
radiation in the forward (+ y ) direction when the coatings are 
added. Similarly, for monopole  R  2 , the measured R P Var also 
has a minor redshift which is again attributed to fabrication 
tolerances, with the lowest value of 23%, which is 5% higher 
than the simulated value, at 5.05 GHz (see Figure  4 d). The 
measured normalized patterns of monopole  R  2  for the cases 
with and without the coatings at 5.05 GHz are displayed in 
Figure  4 f. The measured curves clearly show that the metasur-
face coatings are able to restore the onmidirectional character-
istics of the patterns, corresponding well with the simulated 
patterns. The measured antenna gain values of  R  1  and  R  2  at 
their own operational frequencies are approximately 4.3 and 
5.2 dBi, respectively, indicating a high radiation effi ciency. In 
all, the experimental results confi rm that the proposed meta-
surface coatings are capable of restoring the properties of 
practical 3D electromagnetic radiators when placed in close 
proximity by simultaneously suppressing both mutual cou-
pling and mutual blockage effects.  

  6.     Demonstration of a Multispectral 
Metasurface Cloaking Coating for 
Monopoles 

 As mentioned in the previous sections, the 
idea of cloaking practical electromagnetic 
radiators along with greatly reduced mutual 
coupling is not only effective for single-band 
sources but can also be extended to multi-
band radiators. To demonstrate this, a dual-
band metasurface coating was designed 
and fabricated to cloak a 2.4 GHz mono-
pole radiator  R  1  at two separate frequen-
cies. As shown in  Figure    6  a, by only slightly 
increasing the overall footprint of the coated 
radiator, an additional third metasurface layer 
is employed to cloak the center monopole at 
both 3.5 and 5.2 GHz. The three layers are 
comprised of a meandered slot array, a com-
posite I-shaped dipole and spiral resonator 
array, and a composite meandered dipole and 
I-shaped short dipole array, respectively (see 
Figure S4 in the Supporting Information). 
The geometrical dimensions of the resona-
tors in each layer were optimized based on 
a similar design procedure as outlined pre-
viously by tailoring the values of the disper-
sive eff

Ezα  and eff
Mα ρ to satisfy the requirements 

at 2.4, 3.5, and 5.2 GHz (see the Supporting 
Information). The overall footprint of the 
coatings is 8.6 mm which is only ≈9% larger 
than the previously demonstrated single-
band coating. Next, an uncoated dual-band 

sleeve monopole radiator  R  2 , which radiates at 3.5 and 5.2 GHz, 
was placed at a distance of 50 mm away from  R  1  for testing 
the effectiveness of the dual-band metasurface coating designed 
for  R  1 . The simulated S-parameters of the two radiators with 
and without the coatings are reported in Figure  6 c,d. It can be 
seen that, without affecting the input impedance of the testing 
monopole  R  2 , the coating improves the impedance matching 
for  R  1 , showing a  S  11  reduction from −15 to −21 dB. At around 
3.5 and 5.2 GHz, the  S  21  is reduced by 12 and 32 dB, respec-
tively. Simultaneously, the R P Var in the  x – y  plane of radiator 
 R  2  is also greatly suppressed in the frequency ranges from 3.29 
to 3.64 GHz and from 4.82 to 5.47 GHz (see Figure  6 e,f). At 
the best frequencies in each band, the R P Var is reduced from 
62% to 17% at 3.55 GHz and from 65% to 23% at 5.22 GHz. 
The normalized radiation patterns in the  x–y  plane of  R  2  for the 
cases with and without the coating at 3.55 and 5.22 GHz are 
displayed in Figure  6 g,h, respectively. It can be seen that at 3.55 
GHz, the coating transforms the bidirectional pattern into an 
omnidirectional pattern, while at 5.22 GHz, the tridirectional 
pattern becomes much more uniformly distributed.  

 The dual-band metasurface coating was fabricated, assem-
bled, and characterized (see Figure  6 b). The measured 
S-parameters of the monopole radiator with and without the 
coating are reported in Figure  6 c,d, showing strong agreement 
with the simulated results. A reduction of more than 13 and 
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 Figure 5.    Full-wave simulated electric fi eld distributions on the ground plane for the 3D 
monopole radiators with and without the metasurface coatings. Simulated electric fi eld 
distributions on the ground plane when a)  R  1  and b)  R  2  is radiating, respectively, for the 
case without the metasurface coatings. Simulated electric fi eld distributions on the ground 
plane when c)  R  1  and d)  R  2  is radiating, respectively, for the case with the metasurface 
coatings.



FU
LL P

A
P
ER

4715wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2015, 25, 4708–4716

www.afm-journal.de
www.MaterialsViews.com

30 dB are achieved at the two radiating bands of  R  2 . The meas-
ured R P Var in the  x – y  plane of radiator  R  2  in the fi rst operational 
band is reported in Figure  6 e, which shows a slight blueshift. 
The smallest measured value of R P Var (around 22%) occurs at 
3.68 GHz, which is only 3.6% higher than the simulation pre-
diction, possibly due to the slight blueshift in the resonant fre-
quency of the meandered dipole array. In the second operational 
band, the measured R P Var in the  x – y  plane of radiator  R  2  is 
moved to the lower frequencies with its minimum at 5.04 GHz, 
which is 3.5% smaller than the best frequency predicted by 
the simulations (see Figure  6 f). This is attributed primarily 

to the redshift in the resonant frequency 
of the fabricated spiral magnetic resonator 
array. Higher fabrication precision and more 
accurate assembly of the triple-layer coating 
should provide better agreement between 
simulation prediction and experimental 
results. The value of R P Var at this minimum 
is around 27%, which is only 3% higher than 
the simulations predict. The measured nor-
malized radiation patterns in the  x – y  plane 
of  R  2  for the cases with and without the 
coating at 3.68 and 5.04 GHz are displayed in 
Figure  6 g,h, respectively. The measured pat-
terns correspond well with the simulations, 
showing signifi cantly improved uniform 
coverage of the radiated signal. This dual-
band example further demonstrates that the 
proposed idea can be generalized to accom-
plish metasurface enabled cloaking coatings 
for practical electromagnetic radiators at 
multiple frequencies, while maintaining a 
compact footprint and an ultralightweight.  

  7.     Conclusions 

 To summarize, a unifi ed approach for 
restoring the intrinsic properties of electro-
magnetic radiators using compact and ultra-
lightweight functional metasurface coatings 
was presented and experimentally demon-
strated for the fi rst time. It was demonstrated 
that by tailoring the dispersive properties 
of each metasurface layer of such coatings, 
the mutual coupling and mutual blockage 
between multiple radiators operating at 
multiple frequencies can be simultaneously 
reduced. Experiments performed on single-
band and dual-band cloaking coatings for 
3D electromagnetic monopole radiators have 
verifi ed the proposed concept, confi rming 
simultaneously suppressed mutual coupling 
and recovered radiation wave fronts. The 
resulting compact coatings, with a subwave-
length footprint and ultralight weight (<1 g), 
will fi nd potential applications in many types 
of microwave and millimeter-wave radiating 
systems. The general concept and design 

approach introduced here is expected to further pave the way 
for compact deployment of future on-chip terahertz/optical 
antennas as well as for a broader class of physical radiators 
including various acoustic and thermal sources.  

  8.     Experimental Section 
  Scattering Parameter and Radiation Pattern Measurement : The 

scattering parameters of the two radiator system were measured by 
connecting the feed terminals of the two radiators to two corresponding 
ports of a network analyzer. The refl ection magnitudes at each port 

 Figure 6.    Dual-band metasurface cloak coating for 3D monopole radiator. a) Confi guration of 
the dual-band metasurface cloak coated 3D monopole radiator ( R  1 ) operating at 2.4 GHz. The 
testing antenna radiates at 3.5 and 5.2 GHz. The ground plane size is 300 by 300 mm. b) Photo-
graph of the fabricated monopole radiator coated by the assembled metasurface cloak and the 
testing antenna. Simulated and measured S-parameters c) without and d) with metasurface 
coating. Simulated and measured radiated power variations of monopole  R  2  in the  x – y  plane at 
e) the lower band and f) the higher band. Simulated and measured normalized radiation pat-
terns of monopole  R  2  in the  x – y  plane at g) the lower band and h) the higher band.
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were recorded as  S  11  and  S  22 , respectively, while the transmission 
magnitude was recorded as  S  21 , which is equal to  S  12  due to reciprocity. 
The radiation patterns were measured in an anechoic chamber, where 
a standard horn antenna was used to transmit signals in the band of 
interest. Each radiator was used to receive the signal with the other 
radiator terminated by a matched load impedance of 50 Ω. The radiation 
pattern was obtained by recording the transmission amplitude between 
the horn and the radiator under test as the radiator was rotated in the 
horizontal plane, with a step size of 2°.  
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