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Metamaterial technology has provided us with new tools to explore fascinating 

applications and physical phenomena. Metamaterials have also inspired many scientists 

and engineers to think about concepts and ideas under a new light. In this work, we look 

at ways to use metamaterial technologies to solve modern-day challenges. In particular, 

we have realized covers enabled by metamaterials and metasurfaces that strongly 

suppress scattering at all angles, still allowing for field penetration inside the “cloaked” 

region. This important property opens great opportunities across a multitude of sensor 

applications. There are many current and forward-looking applications where a sensor 

with control over its presence to a given environment is of great interest. Advantages of 

our approach are simplicity of fabrication, resiliency to loss and manufacturing 

imperfections, extraordinarily low and conformal profile, and natural integration with 

electronics. In this work, we explore practical applications of our cloaking techniques 

including: low observability, interference reduction from closely spaced co-located 

antennas, and reduction or modulation of the scattering of receiving dipole antennas, 
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while maintaining any desired level of received power. With such designs, high-

performance sensing and measurement techniques, as well as commercial antenna 

applications, such as co-site antenna platforms and side-lobe level reduction can be 

envisioned. 
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Chapter I: Epsilon-Near-Zero Metamaterials 

1.1 INTRODUCTION 

Microwave metamaterials have shown exciting theoretical and experimental 

progress in recent years, leading to interesting advances in antennas, lenses, polarizers, 

microwave components and sensors. To date, metamaterial designs have generally 

focused on the use of double negative (DNG) [1]-[4], negative permittivity (ENG) [5], or 

negative permeability (MNG) [6]-[7] materials, which allow for size reduction in 

component dimensions due to their anomalous quasi-static resonant response, as well as 

the exciting quests for cloaking and invisibility, and “super-resolving” lenses.  

Another exotic range for the effective constitutive parameters of metamaterials, 

with fascinating wave propagation properties, resides in the range for which zero-index, 

near-zero-permittivity (ENZ), or near-zero-permeability (MNZ) are obtained, leading to 

near-infinite phase velocity and static field distributions over large electrical scales [8]-

[12].  -near-zero metamaterials have gained substantial interest in recent years, due to 

their exotic wave interaction across a broad frequency spectrum, ranging from 

microwaves to THz, IR and optical frequencies. ENZ media have been proposed to 

realize lenses with emphasis on its collimation [13], directivity enhancement [14]-[16], or 

efficient energy harvesting properties [17]. Flexible multiband antenna designs with 

omnidirectional coverage have benefited from the anomalous matching properties of 

narrow waveguide channels filled with ENZ media or with effective ENZ properties [18], 

of significant interest also in the context of self-tuning and optical nanocircuitry or 
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metatronics [19]-[21]. ENZ-based sensors have been envisioned in this context, 

exploiting the enhanced wave-matter interactions in channels filled with these materials 

[22]-[23]. The static and largely enhanced electric field induced in narrow ENZ channels 

connected to waveguides with larger cross-section enables strong uniform fields, as 

demonstrated in various setups, including rectangular waveguides and substrate-

integrated waveguides [11],[24]. Other application areas have benefited from ENZ 

metamaterials, including non-linear field enhancement [20], plasmonic cloaking [5], and 

Fourier optics [25].  

 

1.2 IMPEDANCE MATCHING FOR ENZ WAVEGUIDE CHANNELS 

W. Rotman championed the concept of using 2D and 3D rod-grid arrays and 

parallel-plate waveguide structures to emulate plasmas at microwave frequencies [26]. 

Inspired by his work, we can utilize the dispersion of a rectangular waveguide, or an 

array of such waveguides, operated near cutoff to yield an equivalent ENZ metamaterial 

structure. Directly derived from the propagation constant, the effective permittivity for 

the propagation of the dominant 10TE  mode in a rectangular waveguide of width a  can be 

modeled as [26] 

 

2

0 1 ,
2

eff

y r
a


  

  
   

   

  (1) 

where r  is the relative permittivity of the filling dielectric, 0  is the permittivity of free 

space, and 2 k   is the wavelength in a homogenous and isotropic dielectric medium, 



 3 

with k  being the wavenumber of that medium. Equation (1) implies that the dominant 

10TE  mode in a rectangular waveguide propagates as a plane wave in a Drude plasma 

with plasma frequency coincident with the waveguide cut-off. As long as the waveguide 

is monomodal, we do not need to consider spatial dispersion, except for any higher order 

modes that will be localized and non-propagating at any channel discontinuity. For 

completeness, we do note here that such a medium also has tensor permittivity 

components  
2

0 1 2eff

x r b     
 

 and 
eff

z j    . 

 

Figure 1: a) Cross-sectional view of an ENZ narrow channel section connected to two 

outer rectangular waveguides and fed by a coaxial cable. b) Transverse view 

of the same geometry. c) Transmission-line model for the proposed 

geometry [27]. 

 

 

As is well-known, the TL description of single conductor waveguides is not 

unique considering the spatial dependence on voltage and current for a given mode. We 

base our model on the power equality between the transverse fields in the rectangular 

waveguide and that of the TL model in Fig. 1c by the relation [28]: 
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e h S   (2) 

 

Equation (2) explicitly shows equivalence between the power in the TL model 

 TLP  and rectangular waveguide  WGP  is proportional to the power carried by the 

transverse modal distributions  ,t t

 
e h  for a given mode and cross-section S . The 

coefficients 1C  and 2C
 relate the TL to the electromagnetic field equations to those of the 

telegrapher’s equations. Choosing the integration paths along the center of the rectangular 

waveguide for the dominant 10TE  mode, the characteristic impedances in each section are 
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0

2 ,
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  (3) 

Solving for the reflection coefficient as defined in Fig. 1c, we find: 
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2 Tan
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where, 
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  (5) 

 

In the limit of negligible parasitic effects  0,B X  , we find to two 

options to achieve tunneling and zero reflection, as derived in Ref. [9]. This 

approximation is reasonable, as for small H-plane steps. The detuning is dominated by 

the shunt capacitance, which is marginal due to its small susceptance as compared to the 

line admittance. To consider rigorously the weak detuning effect from the E-plane step, a 

closed form solution of ch

y  for electrically short channels is given in Ref. [9]. First a 

length depend conventional Fabry-Pérot resonance is sustained in the connecting channel, 

for 2ch chl n , where 1,2,3,...n  , where ch  is the guided wavelength inside the 

channel. The second possibility for resonant tunneling arises around the anomalous ENZ 

matching condition, for which the line impedances of the outer waveguide sections and of 

the ENZ channel are equal, i.e., ch outZ Z .  

This unusual impedance matching regime is possible because the outer waveguide 

impedance, given by   02 out

out out yout
Z b a   , is typically much larger than the 

ENZ impedance given by   02 ch

ch ch ch yZ b a   , where 0  is the permeability of 

free space. However, around the ENZ frequency of the connecting channel, as 0ch

y  , 

the low permittivity compensates the small channel height 
chb  in the expression for chZ , 
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leading to an anomalous impedance matching at the two interfaces that is totally 

independent of the channel geometry in the channel segment for lossless devices [9]. It 

may be argued whether this tunneling may be considered a zero-th order Fabry-Pérot 

resonance, but these longitudinal resonances should be a function of the channel length, 

geometry and filling material, while this impedance matching mechanism is a based on a 

transverse or material resonance arising at the interface discontinuity. The clearer way of 

realizing the different between ENZ tunneling and a conventional Fabry-Pérot resonance 

resides in the fact that the former is sustained even in the case in which the output 

interface is removed, i.e., in the case of a semi-infinite ENZ channel or when significant 

losses are considered somewhere inside the channel [9]. 

A feature directly related to the ENZ tunneling and of particular importance for 

this work consists in the static-like and uniformly enhanced electric field distribution 

inside the channel, independent of its length and associated to the near-infinite phase 

velocity and infinite guided wavelength 0 0/ /ch

ch y     inside an ENZ material. The 

corresponding strong and uniform electric field enhancement 
ch out chE b b  along the 

channel is associated to the fact that the impinging energy from the outer waveguide 

needs to be squeezed in a much narrower transverse cross-section [9]. In the following, 

we experimentally verify the possibility of using this length-independent matching 

phenomenon and field enhancement to tailor and control the radiation from sources 

placed inside or near the ENZ channels. In this next section, we use these properties to 

impedance match coaxial cables to waveguides or antennas using an effective ENZ 
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metamaterial buffer, a possibility theoretically suggested in [18],[29] based on Lorentz 

reciprocity arguments. The results presented here also support the possibility of 

enhancing other forms of wave-matter interactions in a broad range of applications [23], 

[30]-[31]. 

 

1.3 COAXIAL-TO-WAVEGUIDE IMPEDANCE MATCHING BUFFER 

In this section, we show that a standard rigid 50   coaxial cable can be matched 

to an ultranarrow ENZ channel regardless of its longitudinal position. This property is 

directly related to the static-like field distribution in the ENZ channel mentioned above, 

and to Lorentz reciprocity. Applied to this context, reciprocity requires that, if anomalous 

tunneling and strong field enhancement can be induced between the outer waveguides 

and any point inside the channel, then it should be possible to efficiently emit from a 

localized point anywhere inside the ENZ channel towards the outer connecting 

waveguides. This matching technique is expected to allow matching small emitters, like 

the tip of a coaxial cable, to waveguides and antennas, regardless of their shape or 

potential discontinuities [18]. 
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Figure 2: Simulated reflection and transmission coefficients between a 50   cable 

connected to the ENZ channel and the outer connected waveguide, as a 

function of the transverse position of the feeding coaxial cable. (Inset) 

Frequency corresponding to the lowest reflection coefficient (maximum 

transmission) at each probe position [27]. 

 

 

Consider the geometric parameters 72outa mm , 61cha mm , 36outb mm , 

1chb mm , and 72chl mm  of the air-filled rectangular waveguides in Fig. 1. The 

corresponding cutoff of the outer waveguides is at , 2.08 GHzc outf  , while the ENZ 

design frequency is 2.46 GHzdf  . As proven in Ref. [29], a coaxial probe placed inside 

the ENZ channel will feel half of the wave impedance of the outer waveguide sections, 

since the outer waveguides are essentially connected in parallel through the DC short 

circuit constituted by the ENZ channel. For the geometry at hand, the modal 
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characteristic impedance of the outer waveguides is  0 0 102 354 match outZ      , where 

10

out  is the dominant-mode wavenumber in the outer waveguide sections, and   is the 

radian frequency. The local impedance t tE H  varies transversely along the channel 

width, being maximum at the center and zero on the side walls. Therefore, in order to 

match a standard 50   coaxial cable to the ENZ channel, the probe must be moved 

transversely to a position with suitable local impedance. In Fig. 2, we plot the matching 

and transmission characteristics for the 50   probe moved transversely along the ENZ 

channel in steps of 20cha , from the center of the channel [32]. Each of the waveguide 

sections is modeled as made of aluminum with conductivity  73.56 10  S m   . In 

Fig. 2 we see a narrow region where the probe is matched around 7.5  , and for an 

almost perfect match, the insertion loss is predicted to be around 0.94 dB. The inset in 

Fig. 2 shows the dispersion of the frequency dip with the probe position, showing a large 

degree of robustness in terms of ENZ operation. In Fig. 3, we plot the corresponding field 

distributions in the cross-section of the geometry of Fig. 1. In particular, we show a 

snapshot in time of the transverse electric yE  (a) and magnetic xH  (b), and the 

longitudinal magnetic zH  (c) fields, with the coaxial probe placed in the middle of the 

ultranarrow channel at  2, 7.5chz l   . For the given length 0.3ch gl  , we would 

expect a large phase variation across the channel; however, operating around the cut-off 

frequency makes the field distribution completely uniform across the channel, 

independent of its length. Here 
0   out

g y
 is the guided wavelength calculated with 
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(1) using the geometry of the outer waveguides. Due to the relatively close proximity of 

df  to ,c outf , the guided wavelength 01.9g   at df .  

In Fig. 3a, we also observe a strong electric field enhancement 36ch out chE b b 

, as expected. The field strength uniformly induced in the ENZ channel can be tailored by 

properly choosing the ratio of outer waveguide to channel heights. We use this uniformly 

enhanced electric field yE  distribution to match a vertical probe connected anywhere 

along the longitudinal direction of the ENZ channel. Figure 3b shows the corresponding 

xH  distribution, which is not enhanced at all in the channel, and it is indeed continuous 

across the interfaces between different waveguide sections, due the compensation in 

reduction of channel height with the increase in local wave impedance. As derived in Ref. 

[33], the moderate values of transverse magnetic fields implies that the associated 

currents on the waveguide walls are expected to be similar to the ones in the outer 

waveguide, implying moderate sensitivity to conduction loss. However, the longitudinal 

magnetic field distribution in Fig. 3c, enabled by the waveguide dispersion in the 

channel, is enhanced by approximately the same amount as the transverse electric field in 

the channel, being maximal along the sidewalls. This enhanced magnetic field 

component, absent in the TEM structures considered in [33], is expected to make ENZ 

experiments based on rectangular waveguides, as the ones presented in this paper, more 

prone to conduction losses in the waveguide walls. 

 



 11 

 

Figure 3: Normalized field distributions for (a) yE  (b) xH , and (c) zH  for the setup of 

Fig. 1 fed at the ENZ frequency by a coaxial cable positioned at the center 

of the channel [27]. 

 

 

 

Figure 4: Simulated and measured transmission/reflection coefficients for a 50   

cable connected to a single ENZ slot [27]. 
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The inset of Fig. 4 shows our experimental setup aimed at proving the anomalous 

matching features described in the previous subsection. Here, port 1 is a rigid 50   

coaxial cable, port 2 is one of the outer rectangular waveguide ports, while the other 

rectangular port is matched to a standard broadband load. The two outer sections are 

connected via an ENZ ultranarrow channel as in Fig. 2, considering for now the short 

length 18chl mm  and the coaxial probe cold soldered to the upper plate of the ENZ 

channel. The waveguide sections were fabricated using an unknown aluminum alloy with 

a conductivity clearly lower than that of the pure aluminum used in the previous 

simulations. We have experimentally estimated the conductivity of the WR-284 sections 

(without ENZ channel) using a perturbation method applicable to the low loss associated 

with conventional waveguide structure 

   2 3 2 3

,10 0 0 10 0 02 2 out

c out out out outb a k a b k        [28], yielding  71.5 10  S m   , 

in accordance with standard aluminum alloy tables [34]. 

 We compare here measured and simulated results: the measurements in Fig. 4 

confirm good transmission and impedance matching, around the ENZ frequency. The 

measured insertion loss is 0.91 dB higher than the ideal value of 3.00 dB  (half of the 

power is lost in the matched waveguide port), and 0.48 dB higher than in simulation. 

Considering Fig. 2, the matching and insertion loss are very sensitive to probe 

misalignments, due to the large electric field squeezed into the ultrathin channel. 

Therefore, we conclude that the measured differences are due to the misalignment of the 

realized probe. The insertion loss in both measured and simulated cases are associated to 
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losses in the aluminum alloy sidewalls (c.f. Fig. 3c) and to surface roughness inevitable 

in the machined sections [35]. Potential additional sources of losses are associated to 

waveguide misalignments and air gaps at the interfaces. Similar probe misalignment 

issues are the cause of the small frequency shift from the design operation, considering 

the inset of Fig. 2. Even with these minor differences, the ENZ matching phenomenon 

clearly shows adequate matching and transmission in this coaxial-to-waveguide 

transition, and suggests that the loss mechanism in ENZ channels depends on the 

waveguide geometry and type. It has also been shown systematically through simulation 

in Ref. [35] that the channel height has a noticeable impact on the loss in rectangular-

ENZ channels. These results confirm the physical mechanism of loss in ultranarrow 

rectangular channels is the enhancement of the surface current associated with the 

longitudinal component of the magnetic field. 

The ENZ channel was then increased to a length of 4 72 0.3ch slot gl l mm     by 

connecting four identical blocks, similar to the geometry considered in Fig. 4. This 

allowed us to verify the independence of the matching properties with the longitudinal 

position of the feeding probe. In order to achieve this, the single ENZ phase slot 

connected to the coaxial cable (c.f. Fig. 4) was moved longitudinally down the elongated 

ENZ channel. In this experiment, “pos. 1” is defined as the probe position closest to port 

2, the receiving waveguide, and “pos. 4” is defined as the probe position closest to the 

terminated waveguide port (c.f. Fig. 4). It is expected that, by increasing the length of the 

channel, the transmission and matching quality will be moderately affected due to losses 

and imperfections along the narrow channel, and connection imperfections among the 



 14 

different blocks. These effects may be somewhat minimized by using higher conductive 

metals and improved manufacturing of the ENZ blocks. Figures 5 and 6 show the 

measured transmission and reflection characteristics as we move the probe position along 

the ENZ channel. The matching frequency in all four cases is identical, as it depends 

solely on the cut-off frequency of the channel and it is based on an interface matching, 

independent of the channel length and geometry. The reported insertion loss along the 

channel was uniformly around 1.95 dB independent of the probe position. Again, this 

insertion loss is dependent on the accuracy of the probe alignment and thinness of the 

ENZ channel. As discussed in the following, we have found that the optimal matching 

position   is slightly different than that of the single ENZ channel. While this difference 

is slight, the matching and insertion performance is quite sensitive for this arrangement 

(c.f. Fig. 2). Still, with the aforementioned discrepancies, these results fully confirm that 

the ENZ channel supports a uniform field distribution, which, by reciprocity, allows 

matching a coaxial cable independent of its longitudinal position. As the relative probe 

position along the ENZ channel is increased, Fig. 5 clearly shows the onset of higher-

order Fabry-Pérot resonances in the higher frequency range. These are obviously 

dependent on the probe position and the channel length and geometry.  
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Figure 5: Transmission and matching invariance as the coaxial probe is moved from 

“pos. 1” to “pos. 4” along the ENZ channel. Only measured results are 

shown here for clarity [27]. 

 

 

 Importantly, we notice that the tunneling frequency is weakly affected by large 

variations in channel length, and that the measured transmission phase (Fig. 7) crosses a 

zero phase delay at the tunneling frequency. The test fixturing of the two outer WR-284 

waveguide sections and coaxial probe, in fact, contribute 78.3  electrical delay at 2.43 

GHz. As seen in Fig. 7, the presence of the ENZ channel, regardless of its length, has 

little effect on the total transmission delay. This lack of electrical delay is a crucial 

property of ENZ media, associated to their infinite phase velocity, allowing position-

independent matching. Quite interestingly, the measured relative phase delay between 

“pos. 1”  
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and “pos. 4” was maximally 5.0 , which is 22 times less than that of a guided mode at 

2.43 GHz propagating in a WR-284 rectangular waveguide of the same length. It is 

expected that for design frequencies further above ,c outf , the transmission delay can be 

even more remarkable. 

 

Figure 6: Matching invariance as the coaxial probe is moved from “pos. 1” to “pos. 4” 

along the ENZ channel [27]. 

 

 

Figure 7: Phase invariance as the coaxial probe moved from “pos. 1” to “pos. 4” along 

the ENZ channel. Only measured results are shown here for clarity [27]. 
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We found that ultranarrow rectangular ENZ channels strongly enhance both 

transverse electric and longitudinal magnetic fields. While the electric field enhancement 

is fundamental to attain the anomalous matching features discussed in this section, the 

magnetic field enhancement is associated to increased loss. Next, we consider a reduced 

ratio of channel heights to limit the increase in surface current density on the channel 

walls and reduce the overall insertion loss of the ENZ buffer. Specifically, in Fig. 8 we 

show a study similar to Fig. 2, but for a channel height 0.15ch outb b , leaving all other 

geometrical and electrical parameters the same as in the previous sections. A reduced 

ratio out chb b  has the effect of slightly detuning upwards the tunneling frequency, but 

makes the matching condition much less sensitive to the transverse position of the probe, 

due to the fact that, since the squeezing of energy is reduced, the transverse electric field 

has a reduced gradient from the center of the channel to the sidewalls. Clear in the figure 

is that the bandwidth of the ENZ resonance also increases, due to the reduced stored 

energy in the channel, and the insertion loss is now reduced to 0.07 dB, with an 

associated return loss larger than 40 dB for the position 6.2  . It is also important to 

point out that the insertion loss is maintained at 0.07 dB for probe positions 5.9 6.4  . 

Figure 9 shows the sidewall fields zH  at 2chx a  (maximum surface current) 

and xH  on the top wall at chy b  for the ENZ channel of Fig. 2 and the new structure in 

Fig. 8. We see that a small increase in the channel height is able to maintain the static-

like features of the ENZ channel, while significantly reducing side-wall losses and 

sensitivity to geometry, and improving the bandwidth. While the energy squeezing is less 
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impressive in this second design, the setup has better performance in terms of coaxial-to-

waveguide matching properties. In the following section, we exploit the ENZ features of 

these channels to manipulate and tailor radiation from sources placed outside the channel. 

 

Figure 8: Similar to Fig. 2 but for 0.15ch outb b  [27]. 

 

 

 

Figure 9: Channel height effect on the sidewall currents [27]. 
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1.4 ARBITRARY WAVE CONTROL WITH RECONFIGURABLE ENZ LENSES 

1.4.1 Introduction 

The fascinating properties of ENZ channels to guide waves across devices of 

arbitrary length and shape with nearly zero phase delay, as well as their anomalous 

matching features demonstrated in the previous sections, may be ideal not only for 

applications where the source is placed near the channel, but also for outside excitation. 

An impedance matched ENZ channel may be able to capture an impinging wave at its 

input and reproduce the information at its output, regardless of its electrical length or 

geometry [36].
 
When considering arrays of such channels, this may form a platform to 

realize ENZ lenses with unusual tailoring properties for nearby outside sources. In this 

section, we show that a cylindrical wavefront radiated by a simple monopole over a 

ground plane in free-space may be efficiently converted into an arbitrary wave pattern 

using a reconfigurable 2D ENZ lens (c.f. Fig. 10 and Fig. 11) formed by an array of ENZ 

channels similar to the one considered in the previous section. In this way, we are able to 

experimentally demonstrate the large degree of phase control enabled by ENZ media, 

allowing for arbitrary phase front patterning, simply tailored by the output geometry of 

the lens, as originally theoretically proposed in Ref. [36]. We demonstrate this pattern 

reconfigurability by simply changing the location of excitation, or by adding pixel blocks 

to the lens output, as shown in Fig. 11(c,d). Compact near-field testing ranges may 

benefit from such a reconfigurable lens device, thanks to its ability to quickly transform 

near-field excitations into arbitrary far-field patterns directed towards the desired region 
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of space in the far-field, and to realize light-weight reconfigurable microwave lenses. 

 

 

 

Figure 10: Conceptual schematic of arbitrary wavefront emerging from a monopole 

source in front of an ENZ lens [27],[37]. 

 

 

 

 

Figure 11: a) Lens input with monopole excitation (on ground plane), and E-field probe 

for field sampling. Prototype and dimensions of a 2D ENZ lens made of 

aluminum: b) uniform, c) converging and d) diverging [27],[37]. 
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Several numerical examples of ENZ phase patterning have been proposed using 

ideal homogenous ENZ slabs [36]. One of the main challenges of these concepts, 

however, is the large impedance mismatch of such materials to free-space, given their 

large characteristic impedance. Here, we leverage the ENZ impedance matching concept 

introduced in the previous section, but applied in the context of free-space radiation. In 

order to realize an effective ENZ medium impedance matched to free-space, we use an 

array of ultrathin rectangular waveguides carved in a metallic block and operated near 

cutoff. This material around the cut-off frequency of the slits has an effective permittivity 

proportional to (1), and carefully modeled, also in the case of finite conductivity and 

material dispersion in [20]. Due to the ultranarrow geometry of the rectangular slits, the 

coupling among them may be neglected, and each channel may be considered 

independently coupled to the free-space radiation at the input and output interface. The 

large mismatch between the small cross-section of each channel and the effective free-

space waveguide determined by the unit cell period of the metamaterial ensures that, for 

frequencies around the condition 0 2cha  , the line impedance is matched, and it is 

possible to efficiently couple energy into the slits without reflections, independent of the 

shape of the impinging wavefront. Locally, at the input interface of the lens (Fig. 11a) 

each slit receives the portion of wavefront impinging in one unit cell of the material 

without reflections and it essentially samples and squeezes it towards the output. The 

shape of the output interface will then determine the overall transmitted wavefront, 

independent of the different lengths of each ENZ channel. A similar concept has been 

explored numerically for TM polarized wavefronts [25] and to tailor flat lenses at THz 
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[13]. However, here we consider TE excitation, which forces us to use a much more 

limited number of sampling channels, given the constraint on the width of each, which 

should be around cut-off. We show in the following that, thanks to the long wavelength 

in the metamaterial, and to the fact that the width is still half wavelength in free-space, a 

limited number of channels still allows very efficient coupling and tailoring of the 

impinging wavefront. 

We have fabricated a versatile ENZ lens to demonstrate how complex wave 

information can be sampled and then patterned according to the output interface 

geometry of the lens. We have chosen a lens with channels of long electrical length and 

complex geometry in order to emphasize the static-like field distribution inside the ENZ 

channels, regardless of their length or geometry. While in principle the length of the lens 

can be extended even further, Fabry-Pérot resonances may begin to narrow down the 

bandwidth over which the lensing mechanism works. In addition, thin lens designs are 

better suited for microwave and THz applications, and can be equally designed to tailor 

the phase of electromagnetic waves following this proposed principle. 
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1.4.2 Near-field mapping system 

 

Figure 12: Schematic of near-field mapping system and robotic arm. 

 

Throughout this dissertation, we use our in-house near-field mapping system to 

experimentally verify several designs. We have completely developed this system in-

house, which is based on a Fanuc industrial robotic arm. Now we briefly discuss its 

configuration and operation for an understanding of the experiments relevant to its use. In 

Fig. 12, we show the system level abstraction of the near-field system. Coordination, 

interfacing, data storage, and post processing of the system are done through a LabVIEW 

wrapper/interface. Here the LabVIEW wrapper coordinates several different languages 

for the connected devices. The LabVIEW user interface is clear and simple and helps the 

user to setup resolution size  ,x y  , scan area  ,x yN N , probe jump height and other 

post-processing functions needed for the different measurements. 
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Karel is the language of the Fanuc industrial arm, which is a register-based 

programming language for physical movements of the arm. A set of programs for 

frequently used tests are stored on the iPendent, which is connected to the Fanuc 

controller. We will use a raster scan routine for all measurements in this work, which 

simply moves the E-field probe in the x y  plane for a given height that should jump in 

the z -direction to avoid hitting any objects under test, as we generally test in a plane 

centered at mid height of targets or devices. The movement of the robot is controlled by 

the operation complete (*OPC?) trigger from the vector network analyzer (VNA) through 

digital registers. The status of these digital registers (d[10], d[14]) controls if the robot is 

to stay at a location until the VNA has finished a frequency sweep, or move to the next 

sampling point. Throughout the raster scan, the E-field probe is moved to each location in 

steps ,x y   until 0xN   and 0yN   for decrementing counter registers in the iPendent 

routine. 

The VNA is initialized by a Visual Basic routine and Standard Commands for 

Programmable Instruments (SCPI) commands that set the frequency range, measurement 

format, or any other VNA setting. The 
21s  magnitude and 21s  phase are measured 

across the raster scan plane between the source antenna (P1) and the E-field probe (P2), 

which are phase locked by the VNA. For a time-domain representation of the sampled 

field pattern, we simply take   21

21 Re
j t s

s e
  . For the snapshot-in-time shown 

throughout this work, we consider 0t  . We note that the fields can be evolved over time 

by sweeping t . 
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1.4.3 Experimental verification 

First, consider the ENZ lens in Fig. 11b, with a uniform output interface. As 

discussed above, the lens is impedance matched to free-space, and each slit captures the 

energy locally impinging on the lens without reflections. As the power is squeezed 

through each channel, its ENZ properties force the wave to propagate, ideally with same 

amplitude and phase, to the output patterning of the lens. Having a concave input and a 

planar output interface, the lens of Fig. 11b can efficiently transform cylindrical 

wavefronts, from a very simple monopole source, into uniform plane waves, due to the 

simultaneous excitation of each channel. 

The lens is designed to operate at 3 GHz, and is machined from an 6061 

Aluminum block of total height 4 cmb  . The ultrathin channels each have height 

1 mmchb   0 100  and width 0 2cha  . Each of the ENZ channels are spaced 

approximately 00.8D   (center to center), providing a total aperture width of 03.7 .  

Finally, the 2D lens is fed by a coaxial monopole placed 13.8 cmL  from the inside 

entrance of the lens. Full-wave simulations [32] are compared against near-field 

measurements in Figs. 13-16 for several configurations. In each simulated case, a 

snapshot in time of the transverse electric field (V/m), relative to monopole source 

amplitude, is shown on the cross-sectional plane at height 2b . The measured results are 

relative measurements (a.u.) using a non-resonant E-field probe, which is moved as a 

raster scan at height 2b . We have used the conductivity of 6061 (  72.55 10  S m   ) 

in simulation. 
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Figure 13: (Left) Full-wave snapshot in time of the complex transverse electric field 

polarized along ẑ  for the device in Fig. 11b. (Right) Measured results for 

the uniform-phase scenario.  

 

 

In Fig. 13, we compare the simulated and measured results for at the lens output 

for the baseline uniform phase scenario. Clear in the measured case is a near-uniform 

output. The wave tapers off more for the outer channels, which is due to a slightly larger 

phase accumulation than at the center. As well, the amplitude is slightly imbalanced, due 

to the increased loss over the additional outer lengths. The inner channels are 

00.8 1.4 g   and the outer channels are 01.9 2.6 g   long at 3 GHz. Additionally, the 

outer input channels have a sharp 45
°
 bend necessary to collect the wavefront at off 

angles. Even with these discrepancies, a clear near-uniform phase front is observed 

regardless of the contrasting channel lengths and geometries. 
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Figure 14: Similar to Fig. 13, but for the geometry in Fig. 11c.  

 

The converging geometry in Fig. 11c is compared next by simply increasing the 

length of the outer channels by 3 cmpL using the pixels. Here we see the simulated 

and measured results agree very well, with a slight difference in optimal design 

frequency. We measured focusing between 2.97–3.03 GHz and have chosen the best 

results here. The aperture of 03.7  for this proof of concept is quite small and is clearly 

not expected to produce a highly resolved focal point; however, microwave focusing is 

clear in both images. As is seen, the phase conforms very well to the course output 

geometry with a slight amplitude imbalance. Comparison between phasing of the lenses 

in Figs. 13 and 14 demonstrates the potential of such a lens, owing to the ultra-fast phase 

velocity. 
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Next in Fig. 15 we place the two pixels together in the center of the lens for a 

simple diverging wavefront pattern. Again we see that the output phase and amplitude 

conform very well to this new configuration. As in the previous cases, additional Ohmic 

losses, pixel misalignments, and small positioning with respect to the monopole source 

also account for some of the discrepancies. Yet, the agreement between the simulated and 

measurements shown here are quite good. 

As was shown in [37]-[39], oblique wavefront patterns may be demonstrated 

simply by changing the relative phasing on the input of the lens. This mechanical means 

of beam-steering may be beneficial over electronic means for high frequencies. Here we 

show a scan which captures this phasing at both input and the output in the very near 

field. In Fig. 16, we have a maximum relative offset of 4.1 cm in the x  direction, due to 

the onset of grating lobes. Clear in the simulation, we see the effects of the energy 

squeezing and ultra-fast phase velocity in each of the channels and the lens input. Due to 

our choice of excitation, the center-to-center spacing limits the scanning range. Still, for 

this same excitation, we have the option of decreasing the spacing with low loss 

dielectrics. Even inexpensive PTFE filled channels may reduce the spacing by 30%. 
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Figure 15: Similar to Fig. 13, but for the geometry in Fig. 11d [27],[37]. 

 

Figure 16: Similar to Fig. 13, but for a probe offset. 

 

 

In this work, we experimentally verified the anomalous matching properties of 

ENZ channels to coaxial sources and free-space radiation. The matching invariance 

across the ENZ channel was demonstrated for coaxial probes feeding the channel. Very 

low phase delay measurements and a stable matching frequency were shown for different 

positions along the channel, confirming the static-like properties of this anomalous 
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propagation phenomenon. The losses in typical metals affect matching and transmission 

across longer ENZ channels, due to the enhancement of the sidewall currents inside the 

channel, which may become much larger in higher frequency regimes. However, these 

losses may be addressed by using metals with higher conductivity and decreasing the 

ratio between the outer waveguide and the ENZ channel. Our presented experimental 

demonstration is expected to further extend the application of ENZ channels, with 

applications that are not limited to radio-frequencies, but may be also extended to the 

optical and quantum regimes [23],[30]. In addition, extension to antenna matching, 

complex waveguide structures, integration with monolithic microwave circuits, and high-

precision permittivity measurements can be envisioned. In this context, it is worth 

highlighting that Eq. (1) implies that the ENZ matching frequency depends solely on the 

permittivity filling for a fixed channel width. Therefore, this setup can be used not only to 

efficiently match a coaxial cable to a waveguide or an antenna, but also to efficiently 

detect the permittivity of a sample by tracking the matching frequency for a given 

dielectric sample [22],[24]. 

We have also used the anomalous matching and ultra-fast phase velocity features 

of ENZ channels to realize phase patterning of electromagnetic signals produced by 

nearby sources, obtained by simply tailoring the input and exit faces of an array of ENZ 

channels forming a 2D lens. We have verified uniform, converging, diverging, and 

oblique patterns by simply changing the lens output, or the source position. The operation 

frequency of the realized devices was stable around 3 GHz, at the cut-off frequency of the 

channels, around which impedance matching with free-space is expected. We observed 
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an operational bandwidth between 2.97–3.03 GHz, very stable with changes in the lens 

geometry. Some limitations observed due to the length of the lens and the coarse spacing 

of the ENZ sampling channels can be easily overcome with thinner designs and possibly 

slightly wider ENZ lens apertures, which was not the focus of the present work. Here we 

considered thicker geometries to demonstrate the quasi-static propagation features of 

ENZ media for electrical distances up to
02 . We believe that these experiments shed 

interesting light into the exciting properties of ENZ media and their potential in several 

fields of interest. These functionalities may be extended to optical frequencies, as 

theoretically envisioned in Ref. [20], with interesting implications in sensing, imaging, 

wave patterning, and quantum optics [31]. 

 

1.5 OMNIDIRECTIONAL MULTIBAND ANTENNA 

The electromagnetic features demonstrated in the previous sections with 

rectangular ENZ waveguides are not constrained by geometry. Here we summarize the 

work in Ref. [18] for radial waveguides. Consider first Fig. 17, where a cross-section of a 

radial waveguide is shown. Perfectly-matched layers (PML) surround the radial 

waveguide to prevent reflections at the edges. An ideal homogenous ENZ disc of height 

g  and radius cR  is inserted inside a perfectly conducting post connected between the top 

and bottom plates of the outer parallel-plate waveguide of height h . This radial ENZ 

channel is thinner than the height of the radial post between the waveguide. In Fig.17 the 
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black region is the cross-section of the radial ENZ channel filled with an ideal Drude-

model material: 
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  (6) 

In (6), 1  , 2p pf  , where pf  is the plasma frequency such that   0eff p    , 

and 310 p   is the collision frequency associated with damping losses and absorption, 

with an j te   time convention. Please note this time convention is used throughout this 

work. 

 

 

Figure 17: (a,b) Electric field distribution (snapshot in time) and (c,d) amplitude of the 

electric field distribution at pf  (a,c) and 1.53 pf  (b,d). Here the feeding probe 

is placed at 0.5 cR  [18]. 
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Figure 18: Full-wave simulations of the reflection coefficient for an input probe 

feeding the metamaterial channel, varying its position along the ENZ radial 

channel [18]. 

A matched coaxial source is placed inside the channel and moved to the edge of 

the ENZ region at cR  , as shown in Fig. 17. Similar to the rectangular waveguide, the 

matching is preserved with changing positions in the ENZ channel, while the Fabry-Pérot 

match varies drastically. Figure 18 demonstrates this matching invariance, where the 

reflection coefficient seen at the coaxial source with radial changes in position, is 

completely independent on its location in the channel. Evident in Fig.18, the electric field 

distribution is both enhanced and static, which leads to a unique omnidirectional far-field 

radiation pattern as opposed to the dipolar Fabry-Pérot resonance. We have compared our 

radial transmission line model in Ref. [18] with full-wave simulations in Fig.19, which 

show very good agreement.  Here we can clearly see the ENZ compensation effect, where 
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the channel characteristic impedance crosses that of the outer waveguide leading to an 

anomalous match between the two regions. 

 

Figure 19: Analytical value of characteristic resistance for the outer radial waveguide 

and for the ENZ-filled metamaterial disc evaluated at cR  , compared to 

full-wave simulations. Here 0.25c pR  , 0.0028 pg  , and 0.15 ph   [18]. 

 

Figure 20: The ENZ antenna fed by a realistic coaxial cable [18]. 

 

 



 35 

To realize ENZ channels for antenna applications, we may design multiple 

channels for different frequency bands with metamaterial technologies [40]: 
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    (7) 

 

Equation (7) realizes the homogenous Drude model given in (6) by implanting N

metallic fins inside a dielectric  diel  host shell of thickness cR R ; additionally in (7), 

0  is the free-space wavenumber. In designing such channels, the thickness t  of the 

metallic implants should be as thin as possible, and the gaps between each of the 

interfaces must be optimized according to    2 10N     [40]. We have shown that 

these metamaterial discs match very well the characteristics of an isotropic and 

homogenous disc [18]. Figure 20 illustrates an optimized ENZ antenna designed to 

operate in the UHF band and its radiation pattern is shown in Fig. 21 

 

Figure 21: Gain pattern in the principal planes of the antenna [18]. 
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Due to the ultrathin ENZ metamaterial discs shown in Fig.20, we have also shown 

this same antenna may be loaded with several discs tuned for different frequencies, 

creating multiple narrowband channels. Here in Figs. 22-23 we show the multiband 

antenna and its matching properties. Each channel radiates similar to Fig. 21. 

 

 

 

Figure 22: Triple band ENZ 

antenna [18]. 

 

 

Figure 23: Triple band ENZ matching 

[18]. 
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Chapter II: Cloaking and Invisibility 

 2.1 INTRODUCTION 

Cloaking and invisibility have gained significant attention in the engineering and 

scientific communities, as well as in the general press. This excitement is in part fueled 

by inspiring the human imagination, supposing that human beings or large-scale vehicles 

may become concealed by simply covering oneself with a cloak. While such fantasies 

have certainly fostered engineers and scientists to develop and obtain such devices, the 

real science behind these discoveries is certainly a long way off, in fact important bounds 

associated with causality are expected to forbid these operations, at least in the ideal case 

of full scattering suppression at all angles over a broad bandwidth. For a review of the 

most notable cloaking technologies, please consider Ref. [41] and the references there 

within. However, there are many exciting applications to cloaking and invisibility that are 

very practical and currently realizable. While many focus on creating cloaking covers for 

electrically large objects at optical frequencies, we suggest here that there are many 

important applications for objects of small to moderate electrical size. For instance, take a 

simple thin dipole antenna. Cloaking technologies allow us a means of adding degrees of 

freedom to this simple antenna geometry to increase its functionality [42]-[45]. By 

adding a cloaking cover, we may introduce a means of modulating the antenna’s 

scattering signature by practically adjusting the load resistance of the antenna, and 

without the need of re-adjusting its tuning reactance. Due to fundamental limits between 

the scattering and absorption of sensors imposed by power conservation [46], we may 
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make an antenna invisible, or radio-transparent, highly efficient receiver (conjugate 

matched), superscattering device, or any region in-between by adjusting the load 

resistance in real-time. With such a device, antennas on aircraft or ships may 

continuously operate along these regions, depending on the desired operation. Microwave 

tomography may also benefit from such a device, owing to the covered antenna’s 

increased flexibility of modulated scattering efficiency (ratio of absorbed to scattered 

power). Equally interesting is the ability to closely pack antennas on a dense 

communications platform without each antenna being adversely affected by the others’ 

presence [47]. In this context, cloaking and invisibility may be extended from popular 

science fiction and be put to use in many exciting practical engineering and scientific 

applications. 

2.2 SCATTERING CANCELLATION 

The best known scattering cancellation techniques are plasmonic [5] and mantle 

cloaking [48]. These two methods are based on similar phenomena, i.e., the design of a 

suitable cover that, when paired with the target object, produces a net overall scattering 

reduction by the means of interference effects. Since this cancellation occurs in the very 

near-field of the object/cover interface, the far-field radar cross-section (RCS) is 

necessarily significantly reduced. A considerable advantage of scattering cancellation 

methods are the conformability and low profile of the engineered metamaterial 

(plasmonic) or metascreen (mantle). Other noteworthy advantages include its low cost, 

light weight, moderate bandwidth, ease of fabrication, and resiliency to losses and 
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manufacturing imperfections. When compared to other cloaking techniques, namely 

transformation based approaches, current scattering cancellation cloaking methods 

exceed them in nearly every aspect. Figure 24 shows three examples of realized 3D 

scattering cancellation cloaks designed for microwave frequencies in free-space [49]- 

[51].  

 

 

Figure 24: Examples of fabricated plasmonic [49] (a) and mantle cloaks [50]-[51] (b). 

The plasmonic cloak is realized by a Drude dispersive cover to achieve low 

permittivity values. The ultrathin mantle cloaks are shown for dielectric 

(left) and aluminum (right) finite-length cylinders. Notice these two mantle 

designs are duals of one another. 

 

We will leave the discussion of mantle cloaking for later, since it will be 

discussed in great detail. Plasmonic cloaking (Fig. 24a) may be achieved by designing a 

metamaterial cover with an effective permittivity that produces a polarizability that is 
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opposite in phase to that of the bare object. For typical dielectric objects at radio 

frequencies, the condition for scattering suppression usually takes the form of an 

effective negative or low-permittivity cover, i.e., 0  , where eff j     , 0   due 

to energy conservation and causality. Metamaterial technologies are available to us to 

design such an unusual plasmonic cover at radio frequencies, according to (7). While 

nearly any effective permittivity may be designed using (7) to significantly reduce the 

scattering of dielectric objects, the bandwidth is somewhat limited by the frequency 

dispersion of the cover. It is also emphasized that conductive objects can be cloaked 

using this method, but with an effective permeability [52]. Other exciting possibilities 

exist by combining both an anomalous effective permittivity and permeability 

simultaneously.  

This metamaterial cover has been experimentally tested for cylindrical objects at 

microwave frequencies and requires some finite thickness for proper operation. Even 

still, the plasmonic cover thickness may be significantly thinner than that of other current 

cloaking technologies and has shown a moderate bandwidth of suppression. Examples 

confirmed by numerical full-wave simulation have shown that this same cover may also 

be effectively used at THz frequencies, and the use of plasmonic coatings at IR and 

optical frequencies has shown exciting applications in cloaking and optical tagging [53].  
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2.3 MANTLE CLOAKING 

Mantle cloaking is an ultrathin scattering cancellation technique, which is realized 

by a patterned surface of conductive material etched on a flexible substrate [48]. 

Generally, the goal of a mantle cloak, or metascreen, is produce an equivalent surface 

impedance tailored to produce scattering that is opposite to that of the bare object under 

consideration. Here it is important to point out that the cover is not invisible by itself, but 

when paired with the target object, the combination of the cover and object yield a much 

reduced total scattering signature. Mantle cloaking has been demonstrated to suppress the 

dominant scattering contribution of dielectric and conductive cylindrical objects, and 

over large viewing angles, leading to large suppression of the total scattering cross-

section over a moderate bandwidth [50]-[51]. 

Here we derive the boundary value problem of mantle cloaking for general 2D 

cylindrical objects. We also consider how the required surface impedance values interact 

with other scattering modes for quasi-static, moderate, and electrically large cylindrical 

objects. By understanding the interplay between the required surface impedance for each 

scattering mode, we find a method to increase the bandwidth of the mantle cloaking 

technique, or make an object nearly invisible by targeting multiple scattering orders. We 

also show here how reconfigurability is naturally realized with electronics. 
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Figure 25: 2D model of a general magnetodielectric core rod covered by N concentric 

metasurfaces. 

 

 

Consider a general 2D magneto-dielectric rod surrounded by N  concentric 

metasurfaces and illuminated by a TM-polarized plane wave at normal incidence as 

illustrated in Fig. 25. The wavenumbers and wave impedances in each layer are ,l lk  , 

where l  indicates each region. We consider an air background medium represented by 

0 0,k  , and the 2D cylindrical obstacle is generally defined by ,k  . The surface 

impedances are assumed to be scalar.  

The total fields in each region may be generally expressed for both dielectric and 

conductive rods as  
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In (8)-(9),  nJ  and  nY are Bessel and Neumann functions of scattering order 

n , and the Hankel function is defined as      (2)    n n nH J jY , and 

          n nd d [54]. At each interface, we apply the continuity of the tangential 

electric fields and the scalar double-sided impedance boundary conditions, yielding a 

   2 1 2 1  N N  system of equations, where N  is the number of layers, such that 

 1 1 1 1l l l l l l

z z zE E Z H H a         . Equations (8)-(9) form a complete description of 

the fields for arbitrary 2D cylindrical targets, covered by N  scalar metasurfaces 

illuminated by normally incident TM-polarized plane waves. Of particular importance is 

the case of perfect electric conducting (PEC) targets, for which j   , 0  ; 

perfect magnetic conductors (PMC) are also straightforwardly included using duality. 
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2.3.1 Dielectric cylinders 

2.3.1.1 Theory and design 

 

Consider first an example of a single-layer metasurface applied to a dielectric 

cylindrical target (c.f. Fig. 24b).  Applying Cramer’s rule to (8)-(9), with the proper 

double-sided impedance boundary conditions, for the scattering coefficients  ,TM TE

nc , we 

may rewrite the system of equations for the fields in each region compactly as a ratio of 

determinates: 
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where, 
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and 



 45 

     

     

     

         

     

     

     

0 0

0

0 0

0

0
,

0

0

0

0

0

0

n t n c n c

t n c n c c n cTE
n

c n c c c n c c n c

s n c c c n c c s n c c c n c c s n c

n t n c n c

t n t c n c c n cTE
n

c n c c c n c c n c

s n

J k a J k a Y k a

J ka J k a Y k a
U

J k a Y k a J k a

Z J k a j J k a Z Y k a j Y k a Z J k a

J k a J k a Y k a

J k a J k a Y k a
V

J k a Y k a Y k a

Z J

  

  

 

  

  

  


  

  

  


  

         0

.

c c c n c c s n c c c n c c s n ck a j J k a Z Y k a j Y k a Z Y k a   

  (12) 

 

We have included the solutions for a TE excitation, which may be derived by the 

duality theorem. Here,  ,l lk  are the material parameters for the c  : cover and t : target. 

We may quantify the multipole scattering contributions for each polarization for any 2D 

cylindrical object by the scattering width (SW) [55]: 
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where, ,0n  is the Kronecker delta, which is used here due the symmetry of the scattering 

terms. Notice here the upper summation is up to maxN , since we only need to consider 

terms up to max 0 cN k a  [55]. The SW explicitly quantifies the contribution of each 

scattering coefficient for each polarization. For targets of moderate cross-section, the TE 

contributions are negligible for TM excitations. However we must keep in mind that, by 

adding a metascreen prescribed with particular surface impedance dispersion, we might 

also excite other scattering modes. From (10), we see that scattering suppression is 
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achieved for surface impedance values that force 
TM,TE 0nU  ; however, scattering 

resonances may occur when 
TM,TE 0nV  . 

We plot in Fig. 26 the required surface reactance values over frequency needed to 

suppressed the dominant mode of a dielectric rod  3t   of cross-section 02 0.31a  , 

where 0   is the wavelength at 0 3.73 GHzf  . It is noticed here that for the lower 

frequency range, the reactance has significant dispersion, while in the higher frequency 

range, it is nearly linear. A fishnet metascreen may realize an inductive surface targeted 

for 0f , as shown in the inset of Fig. 26. The metasurface may be designed by tailoring 

the period D  and trace width w by [56]: 
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In (14), 0 cosTM

eff eff    , 0eff effk k  ,  1 2eff r   , and   is measured 

from the normal of the surface. Figure 27 gives an example of the realizable grid surface 

impedances from (14) for normally incident TM-pol wavefronts for a grid period of 

0 10D  , thus keeping the unit cell deeply subwavelength. 
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Figure 26: The required surface 

impedance for the dominant 

scattering term over a large 

bandwidth calculated by Mie 

theory. 

 

 
Figure 27: Realizable surface 

impedance space for a grid 

period of 2D a . 

 

Our metascreen design is optimized for 195 TM

SX    at 0f ; however, it is 

important to study how this cover affects the scattering contributions from the most 

relevant scattering modes at and around 0f  (c.f. Fig. 28). In Fig. 28, the left column is the 

scattering contributions of the bare dielectric cylinder, and the right column is the 

influence of the cover. It is clear that the targeted 0

TMc  is almost completely annihilated, 

and remarkably the cover also reduces the scattering of many other modes, especially, for 

higher frequencies. However, the odd TE modes are significantly enhanced near 0f , 

hence 
1,3 0TEV  . The explanation for this is due to the symmetric fishnet pattern. We 

notice that 195 TM

SX    is seen for both polarizations, and this limits the bandwidth of 

the cloak, since 340 TE

SX    at 0f . A way to overcome these non-idealities is to use a 
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cover which either targets both polarizations simultaneously, or only for the TM 

polarization (simplified cloak).  

Figure 29 illustrates the total integrated scattering cross-section (SCS) of both the 

bare and covered dielectric cylinder using finite-difference-time domain (FDTD) [32]. 

Here we have simulated a finite-length dielectric rod covered by the optimized surface 

for normal incidence. By noticing the scales in each case (linear), we can see a significant 

scattering suppression (better than 10 dB) all around the covered rod. An important 

observation is that the dominant scattering contribution is almost completely cancelled, 

leaving only higher-order scattering modes. This remarkable effect leads to a significant 

scattering reduction of the total scattering cross-section. It is also interesting to note that 

the shadow is significantly reduced, which by the optical theorem, indicates the total SCS 

is also much reduced [55]. The truncated 3D case is seen work very well with our 2D 

analytical design, showing the end effects are negligible. Due to the subwavelength 

apertures of the metascreen, we expect the surface impedance to behave according to our 

simple analytical models, since the effective surface impedance is governed by local 

contributions of each unit cell nearest neighbors [56]. 
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Figure 28: Symmetric single-layer metasurface effects on the first four scattering 

coefficients [50]. 

 

 

Figure 29: (a) H-plane and (c) E-plane scattering cross-section cuts. 3D far-field 

scattering cross-sections without (b) and with (d) the mantle metasurface 

[50]. 

2.3.1.2 Far-field experimental methods and verification 

We have experimentally realized and verified the proposed ultrathin design and 

summarize the results of our far-field measurement campaign in the following. Far-field 

bistatic measurements were performed to extract the radar cross-section (RCS) of the 
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uncloaked and cloaked objects, and the extracted RCS was compared to full-wave 

simulations. Equal distances between the transmitter  ,tx tx   and receiver  ,rx rx   to 

the target were maintained at 017.5R   while scanning over principal elevation and 

azimuthal planes as in Fig. 29, using calibrated ETS-Lindgren 3115 ultra-wideband horn 

antennas, shown in Fig. 30. Transmission data were acquired through an Agilent E5071C 

vector network analyzer (VNA), which measured the raw complex scattering response 

between the two antennas as the scattering parameter 21S . In Fig. 31, as an example, we 

show the azimuthal bistatic measurement when the transmitter is located at 

 0 , 90tx tx    and the receiving antenna is moved in the azimuth plane 

 90 , 90rx rx   .   

Repositioning the antennas around the target at a constant target distance achieved 

the desired monostatic or bistatic measurements. Our non-anechoic laboratory 

environment necessitated vector background subtraction and software-based time gating 

steps in post-processing to remove background clutter. Background subtraction required 

two measurements: one with the target in place, yielding 21,TS , and another with only the 

target removed, yielding 21,BS . The quantity 21,S 21,T 21,BS = S -S  closely corresponds to the 

response of the target with most environmental effects removed. Software-based time 

gating further reduces clutter. This processing step is expressed as: 

 

   ,fft ifft   
'

21,S 21,SS W S   (15) 
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where  fft  and  ifft  are the fast Fourier transform and its inverse, and W  is a 

rectangular window function used to gate out returns due to the background clutter. 

Post-processed S-parameter measurements were converted to RCS values using 

the radar range equation [58]: 
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where rP  and  tP   are the received and (transmitted) power, rG  and  tG are the receive 

and  (transmit) gain, and rR  and  tR  are the distances from the cloaked dielectric 

cylinder to the receive and (transmit) antennas. Substituting measured and known values 

(including antenna gain calibration values), one can solve for the RCS   . 

To achieve high temporal resolution in the time gating step, measurements were 

performed over a wide frequency band of 1 to 5 GHz. The difference in '

21,SS  between the 

two measurements yields the metric scattering gain, which quantifies the scattering 

reduction by normalizing the cloaked RCS to the uncloaked RCS. To demonstrate and 

validate the time-gating and background procedure, Fig. 31 overlays the raw RCS data 

with the post-processed time-gated data for a sample measurement in the forward 

direction. Panel (a) shows the raw measurements of the object along with the covered 

object, and (b) shows the scattering gain, both with and without time-gating. It is clear 

that the forward scattering is significantly reduced, even beyond our measurement 

bandwidth, and the scattering gain shows more than 10 dB reduction over a moderate 
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bandwidth. The optical theorem ensures that the total scattering is similarly reduced, in 

agreement with our full-wave simulations of Fig. 29. Additionally, it is seen that the 

time-gating matches the raw response extremely well. We note that some error is 

inevitably introduced by filtering out the unintended returns in the time domain. The most 

significant errors are introduced near the edges of the data acquisition bandwidth, but 

these regions are far outside the designed bandwidth. 

Figure 32 shows the measured and simulated scattering gains in the azimuthal 

plane, where the transmit antenna was held constant at  0 , 90tx tx   , while the 

receive antenna was moved throughout the range  ,30 180 , 90rx rx tx    . We can 

see that the strongest scattering contribution at normal incidence is significantly reduced 

by applying the cloak around the design frequency. The frequency of maximum 

scattering reduction is seen to move up in frequency from boresight to the forward 

scattering direction, consistent with our simulations. As will be shown in the near-field 

maps in the next section, this varying azimuthal scattering dip leads to an increased 

bandwidth of overall total SCS reduction. Moreover, we may observe a 13 dB reduction 

in forward scattering, which is typically the most difficult to suppress in cloaking 

experiments.  
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Figure 30: Far-field bistatic measurement setup. As shown in the schematic, the 

transmitter  ,tx tx   and the receiver  ,rx rx  are both at distance 017.5R   

from the objects under test, i.e. background, uncloaked cylinder, and 

cloaked cylinder [50]. 

 

 

Figure 31: (Top) Raw RCS data measured in the forward direction of the uncovered 

(dashed) and covered (solid) cylinder; (Bottom) Comparison of the 

computed scattering gain in the same direction obtained from raw RCS data 

and time-gated (TG) data [50]. 
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Figure 32: Normalized RCS measurements compared against simulation along the H-

plane [50]. 
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2.3.2 Conductive cylinders 

2.3.2.1 Theory and design 

 

 

Figure 33: The realized cloak surrounding an aluminum rod. Here 0  3 GHzf  .  For this 

design, the patch array has patch side 00.2D  , gap space 00.01w  , and the 

cloak thickness is 00.01ca a    [51]. 

 
 

Conducting cylinders are interesting for the radar and antenna communities, due 

to their common use in radio platforms and infrastructure as well as other obstacles and 

clutter. In dielectric and magnetic materials, fields are able to penetrate into the target, 

even when covered by a mantle cloak. At radio frequencies, metallic objects are highly 

conductive and are impenetrable to electromagnetic fields. To study the possibilities of 

mantle cloaking for conducting cylinders, we again consider the boundary-value problem 

in Eqns. (8)-(9), but with the introduction extreme losses to the cylindrical target, i.e., 

j j      , 0  .  
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Figure 34: Required surface impedance 

of the mantle cloak to 

suppress the scattering of an 

infinite PEC cylinder [51]. 

 

 

 

Figure 35: Calculated scattering width 

per unit length of the bare 

and covered 2D cylinder 

[51],[59]. 

Consider an infinite conductive rod with cross-section 02 4a   at 3 GHz 

covered by a dielectric substrate ( 04c  ) of thickness 1 mmca a   in Fig. 33. Figure 

34 shows the surface reactance (black line) required to cancel the dominant scattering 

order, calculated using Eqns. (8)-(9). A suitably designed metasurface can synthesize the 

required surface impedance at the frequency of interest, but it can meet the required 

reactance only at a single frequency, given the negative dispersion of the required 

impedance that would violate Foster’s reactance theorem. This is consistent with the 

discussion in [60], which shows the necessity of non-Foster (active) metasurfaces to be 

able to track the required surface reactance dispersion over a broad bandwidth. In the 

figure we also show an ideal dispersionless cover that meets the required reactance at the 

figure of interest (red dotted line) and the one of a realistic patch array (blue dashed line) 
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for an infinite (2D) cylinder, which synthesizes the required surface reactance at the 

design frequency, but that has a positive dispersion. The corresponding scattering widths 

for these three scenarios are shown in Fig. 35. Specifically, the figure shows the SW of 

the bare cylinder (solid black line) and of the same object after applying the ideal 

isotropic cover with dispersionless surface reactance 25 Mie

SX    , tailored to meet the 

condition 0 0TM
nc   . Scattering resonances are visible at higher frequencies, when 0TM

nV 

. These resonances are somewhat intensified since losses are not considered in this figure, 

but they are consistent with the general theorem derived in [61] that requires the overall 

scattering of a cloaked object, when integrated over all frequencies, to be necessarily 

larger than the uncovered object. This implies that, while we are able to suppress the 

scattering at the target frequency, we are necessarily forced to distribute it at other 

frequencies. We also show in Fig. 35 the response of an ideal non-Foster surface  NIC

SX  

that tracks the required surface reactance and significantly reduces the scattering across 

our band of interest.  Such an active surface was first envisioned for dielectric rods in 

[60] and may be synthesized by loading the metasurface with negative impedance 

converter elements (NIC). 

Any of the proposed metasurfaces produce a clear scattering dip at 3 GHz in Fig. 

35, at which the omnidirectional scattering term is nullified by the capacitive surface. The 

required reactance may be realized with different metasurface geometries, such as 

Jerusalem crosses, cross dipoles, horizontal strips, or patch [62]. A passive patch array is 

chosen here for its simplicity, bandwidth performance, and design flexibility, with the 
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possibility of using asymmetric patches for dual-polarization operation [63] and the 

possibility of easily loading it with circuit elements to potentially realize a non-Foster 

response. As a starting point for the design, the required capacitive value 25 Mie

SX     

is synthesized based on an analytical model available in the planar case, with patch 

periodicity D  separated by gaps w , and dielectric backing c [56]  
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It is important to notice in (17) that there is no angle dependence for this averaged 

description of the dielectric-backed patch array for TM polarized wavefronts, since this 

model is based on a simplified dominant Floquet analysis. When applied to the cylinder, 

the curvature and presence of a close-by ground plane modifies this surface response.  

The blue dashed curves in Figs. 34-35 show the calculated dispersion of the 

corresponding surface impedance and scattering width for this metasurface. Not 

surprisingly, the scattering reduction in this realistic scenario is narrower in bandwidth 

than in the dispersionless scenario (red dotted curve), due to the fact that its reactance 

diverges more quickly from the required value for frequencies different than 0f . 

However, the possibility of actively loading such a surface is expected to dramatically 

extend the bandwidth of such passive covers, as shown in the non-Foster case. 
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Figure 36: H-plane RCS cut comparison for different levels of dielectric loss at 

 2.9 GHzf  . Realistic low-loss covers are found to only marginally affect 

the cloaking all around the covered cylinder, while large dielectric 

absorption (losses) create a larger, but still reduced, shadow behind the 

covered finite length cylinder [51]. 

 

We have calculated the SCS for a finite-length aluminum rod of length 

23.1 cmL   at the optimized frequency 2.9 GHz. By integrating the calculated patterns 

we obtain a total 3D SCS respectively of: (a) 3
bare
D = 17.2 dBm

2
, (b) 3

lossless
D = 31.3 dBm

2
. 

In the lossy examples, the scattering reduction is slightly worsened to 3
high loss
D  = 24.9 

dBm
2
, with larger contributions in the shadow region. This is fully consistent with the 

forward scattering theorem and power conservation, as the presence of absorption 
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inherently requires an increase in forward scattering. These effects are illustrated in Fig. 

36 which considers the most relevant H-plane cut. For low-loss covers, the scattering 

suppression all around the cloak is excellent, even in the forward direction, i.e., the cloak 

allows restoring the impinging field distribution even in the back of the obstacle. In the 

case of larger dielectric loss in the cloak spacer, the shadow is increased due to 

absorption, while the mono-static cross-section decreases. Nevertheless, even with this 

lossy dielectric spacer we achieve an overall scattering suppression of nearly 8 dB, 

further showing the mantle cloak’s resiliency to loss. This is due to the inherent 

robustness of scattering cancellation techniques, which are inherently non-resonant in 

their operation. 

2.3.2.2 Near-field experimental verification for normal and oblique angles 

Our near-field measurements show strong scattering suppression and near-

complete restoration of non-uniform incident wavefronts excited by a 10 dB standard 

gain horn antenna placed close to the target 01.5 . These measurements were 

conducted by raster scanning the transverse electric field throughout a plane at the central 

height of the cylindrical target. The near-field spatial sampling resolution is 00.06 , and 

with a scan area of 0 02.5 4.8  . Figures 37 and 38 show the measurements of three 

different test scenarios (free space, bare, and covered) at 2.98 GHz and 2.84 GHz for 

normal ( 0  ) and oblique ( 30  ) incidence, respectively. Normal incidence is 

chosen as our original excitation geometry, which ensures maximum scattering signature 

for the bare cylinder. We also show results for 30   incidence to show the robustness 
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of the cloaking mechanism to variations in excitation. Our E-field probe samples the total 

field around the cloaked and uncloaked object, showing excellent restoration of the 

impinging fields and shadow suppression, even in very close proximity to the object. In 

the boxed regions of each panel the probe scans the field directly above the device, 

explaining why these measurements appear out of phase with respect to the rest of each 

image. Raw complex transverse electric field data are imaged with arbitrary units in Figs. 

37 and 38 to highlight the differences of the fields for each of the test scenarios. To 

illustrate this cloaking effect, a free space measurement is shown in the left column, with 

the bare (center) and covered (right) cases. It is clear that the incident field is well 

restored all around the cloaked object, making the device much less detectable, even in its 

very near field. It is particularly impressive to realize that the cloak was designed for a 

far-field plane-wave at normal incidence, and yet it performs well in our near-field 

experiments, despite the change in excitation. 

 

Figure 37: Snapshot in time of the measured transverse electric field distribution for 

each scattering scenario (free space, uncloaked cylinder, cloaked cylinder) 

for a normally ( 0  ) incident Gaussian wave from the left [51]. 
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Figure 38: Snap-shot in time of the measured transverse electric field distribution for 

each scattering scenario (free space, uncloaked cylinder, cloaked cylinder) 

for an obliquely incident ( 30  ) Gaussian wave from the left [51]. 

 

2.3.3 Dual polarized cloaks 

In our previous cloak designs, we have primarily focused on cancelling only the 

dominant 
TM

0c  scattering term. For moderately sized targets, this is appropriate, since an 

overall scattering reduction of over 10 dB may be achieved by targeting this dominant 

mode. We now consider the scattering contributions from both TM and TE-polarized 

wavefronts [63]. Consider the scattering of a cylindrical aluminium rod of dimensions 

2 19.05 mma   and 1.2ca a   at 3 GHz. In Fig. 39 we plot the 2D scattering 

contributions of the first four modes for TM and TE polarizations, using the model in 

Eqns. (8)-(9). Here we verify that the contributions for TE wavefronts are much less than 

those for TM for the chosen cross-section, and the omnidirectional and dipolar TE modes 

have nearly the same strength across the frequency band of interest. In Fig. 40 we target 

the TM omnidirectional mode and the TE dipolar mode 47.2TM

sX     and 

61.1TE

sX   . In this case, we are able to more strongly reduce the SW for both 
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polarizations, but at the cost of bandwidth. We have chosen the design that maximizes the 

scattering suppression for both polarizations using the dual single layer capacitive-

inductive cover, and we plot for both polarizations, yielding a 4 dB (60%) TE 

suppression and 9 dB (87%)  

 

Figure 39: Contributions of scattering modes for both polarizations from a bare 2D rod. 

 

 

Figure 40: Effects of a capacitive (TM)-inductive (TE) anisotropic cover. 
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We compare the 2D analytical SW to the one of the 3D SCS in Fig. 41. Similar to 

Fig. 35, the analytical results using a cover with no dispersion show a larger bandwidth 

than the realized cover, which have frequency dispersion as those of spatial capacitors 

(TM) and inductors (TE). To fully demonstrate the possibilities of the anisotropic cover, 

Fig. 42 illustrates a covered cross, which is target of interest in several applications. It’s 

also important to point out in Fig. 42 the cover is low profile, simple and is completely 

conformal to the cross design, simply by merging the two cloaks in Fig. 41 together, and 

without further optimization. 

 

 

Figure 41: Simulated SCS gain for both 

TM and TE polarization 

compared to the one derived 

from Mie theory for a cloaked 

infinitely long metallic 

cylinder. In the inset of picture 

it is depicted a portion of the 

cloaked metallic cylinder [63]. 

 

 

 

Figure 42: Simulated SCS of the 

uncloaked (solid line) and 

cloaked (dashed line) cross 

structure for both TM and TE 

incidence [63]. 
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Figure 43: Testing scenarios: (Top left: TM-pol array), (Top right: TE-pol array), 

(Bottom left: TM-pol triangle), and (Bottom right: ultraconformal cover) 

[63]. 

 

We have experimentally demonstrated in three different geometries arrays of 

dual-polarized cloaked cylinders (c.f. Fig. 43), with results shown in the following figures 

for: TM-polarized excitation (Fig. 44), TE-polarized excitation (Fig 45) and a TM-

polarized triangular array (Fig. 46). The arrays are formed by optimized individual cloaks 

covering finite length conductive rods. In this case, we built each of the covers using a 

vinyl cutter with conventional 1 oz. copper foil with a non-conductive adhesive. The 

copper foil is attached to ultrathin polycarbonate sheets using transfer tape, which adds 

more structural stability to the cloaks. The optimized cloaks have TM-polarized gaps of 
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0.7 mm and TE-polarized gaps of 0.4 mm to operate at 3 GHz, with an air gap separation 

between the cover and conductive rod of 1.905 mm. 

To test each case, a robotic arm is programmed to measure the relative total 

electric field tE  with a non-resonant E-field probe. In each of the scans, a snapshot-in-

time of the real part of the measured total electric field is presented along with a 

comparison of the matching seen by the standard gain horn antenna.  

 

 

Figure 44: A dense TM-polarized array. (Top) Snapshot in time of the transverse 

electric field distribution (bare, covered, free-space) at 3.1 GHz. (Bottom) 

Input impedance improvement as seen by the S-band microwave horn used 

in the near field images. The inset also shows the polarization and testing 

geometry in the measurements [63]. 

 

First, we consider the most challenging case in Fig. 44, where a densely packed 

array of finite length cylinders is aligned with the incoming electric field and placed 
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directly in front of the microwave horn. The field distribution (first column image) and 

antenna mismatch (bottom row) antenna blockage for this polarization is dramatic. By 

applying simple passive covers to each of the rods (second column), we see that, quite 

astonishingly, the radiation pattern is nearly restored to the one of the horn radiating in 

free space (last column). We show the measured near field at 3.1 GHz. Not shown here 

for brevity, the field was shown to be restored across the entire antenna band between 

2.6-3.95 GHz. We also show here the matching at the microwave horn feed, and its 

improvement is apparent and centered in the same frequency range. Excellent near field 

restoration is clearly seen in the measurements, and the deployment of these ultrathin 

cloaks is easily foreseen in many practical antenna configurations.  

 

Figure 45: A dense TE-pol array. (Top) Snapshot in time of the transverse electric field 

distribution (bare, covered, free-space) at 3.2 GHz. (Bottom) Input 

impedance improvement as seen by the S-band microwave horn used in the 

near field images [63]. 

Next we consider an array of finite length rods aligned to the incoming TE 

polarization in Fig. 45. Even for an array of three rods the near field is shown to be nearly 
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identical in all three cases (bare, covered, and free space), expected due to the moderate 

cross section of each of the rods. However, here the antenna matching improvement is 

clearly seen between 3.0-3.4 GHz. It should be noted that the slight detuning can be 

decreased by simply making the TE slits slightly larger. This has not been experimentally 

verified, but confirmed with numerical simulation. As a final example, in Fig. 46 we 

show the field restoration and matching improvement for other conducting finite length 

blocking geometries. As it can be seen in the figure, the field restoration is clear even in 

the very near field of the array configuration shown in the inset, indicating that the 

cloaking performance is highly resilient to non-uniform field excitations.  

 

Figure 46: A dense TM-polarized triangular array. (Top) Snapshot in time of the 

transverse electric field distribution (bare, covered, free-space) at 3.0 GHz. 

(Bottom) Input impedance improvement as seen by the S-band microwave 

horn used in the near field images [63]. 
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2.3.4 Reconfigurable metasurfaces 

The proposed metasurface technology is an ideal platform to introduce 

reconfigurability using electronic components (for a comprehensive review on 

reconfigurable devices at microwaves and THz, please see Ref. [64]). Electronically 

assisted cloaks using ideal varactor diodes have been recently explored in basic terms; 

however, the applicability of these concepts needs to consider realistic issues, such as 

parasitic effects and realizability constraints, since the cloaking effect is expected to be 

severely limited by these factors for large multi-layered cloaks [65]-[66]. In this context, 

tunable plasmonic covers have been proposed using either electronic [67] or magnetic 

field biasing [68]. One benefit of the mantle cloak design considered here is its ability to 

easily integrate passive or active loads, due to its inherent compatibility with 

conventional circuit components [59]-[60]. In the following, we analyze the possibility of 

actively controlling the cloaking effect in frequency by loading the proposed metasurface 

cover with varactor diodes. 

In general, a loaded patch (or horizontal strip) array is given by the parallel 

combination of the infinite sheet impedance in (13) and a given load impedance per unit 

length [56]. In particular, the equivalent impedance of a varactor diode is 
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In Eqn. (18), consistent with the inset of Fig. 47, a realistic varactor contributes 

packaging and die parasitics , ,  and s p sL C R , which de-tune the ideal junction capacitance 

jC  and introduce a voltage dependent absorption (or loss). The realistic loaded surface 

impedance may be drastically simplified by considering an ideal model for a tunable 

capacitive sheet: 
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where 0jC  is the zero bias junction capacitance, M  is the gradient coefficient, RV  is the 

reverse bias and jV  is the junction potential, dependent on fabrication and doping [69]. 

As expected, this effective sheet model shows that we may tune the sheet reactance in 

real time by controlling the applied voltage on the varactors. Considering Fig. 48, this has 

the effect of sweeping the cloaking frequency for which the dominant-mode scattering is 

cancelled.  

In the following, we consider realistic varactor diodes, to tune the cloaking effect 

across a 1 GHz band centered at 3 GHz using the same cover as in our experiment (c.f. 

Fig. 33). For simplicity, we consider an air substrate for these simulations, to set the 

highest frequency of this sweeping range at our frequency of interest 0f . For this cloak 

design, we found that the SVM 1231 varactor with an SC-79 package provides the 

correct capacitance values 0.466 to 2.35 pF from 15 to 0 V applied voltage, respectively. 
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Figure 47: (a) Varactor-loaded patch or horizontal strip surface, and equivalent circuit 

model [51],[59]. 

 

 

Figure 48: SCS reduction with bias voltage for the tunable cloak conceptual design of 

Fig. 47 [51],[59]. 

We have verified by full-wave simulations the tunability of the cloaking effect in 

this configuration, considering realistic parasitic effects, as shown in Fig. 48. Shown in 

the figure is the total SCS reduction with applied reverse bias RV . Across the band of 2.4-
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3.4 GHz a strong SCS suppression of approximately 6 dB is reported.  Simply adjusting 

the bias voltage, a significant reduction of over 75% is observed across a 1 GHz 

bandwidth. We are able to fully exploit the voltage range of the varactor diode (0 to 15 

V) in order to reduce the scattering well below 2 GHz; however, for low reverse biases, 

diode losses reduce the suppression to around 3 dB. 

In order to fully appreciate the level of scattering suppression all around the 

electronically controlled cloak with reverse bias, we plot the patterns at the low (2.4 

GHz), mid (3.0 GHz), and high (3.4 GHz) bands in Fig.49, comparing in each case the 

bare and cloaked objects. We find that in the high-band the residual radiation pattern is 

mainly directed in the back direction (towards the observer), while the forward-directed 

(4 dB lower than in the back) scattering is almost completely cancelled. At midband the 

opposite is true, with strong suppression all around, but with a small forward directed 

residual pattern. In the lowband, an interesting Huygens-like directive radiation pattern is 

observed, indicating a combination of residual electric and magnetic scattering modes of 

comparable strength. Therefore, what is very appealing here is the ability to reconfigure 

the scattering profile by balancing the scattering contributions. For instance, for a reverse 

bias of 2.3 V in Fig. 49, we have a scenario where there are almost equal electric and 

magnetic contributions. Under this condition, we have a very low backscattering target, 

with reduced scattering at all other angles. 
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Figure 49: Azimuthal radiation patterns with bias adjustment for the tunable cloak 

conceptual design of Fig. 47 [51],[59]. 

 

2.3.5 Bilayer metasurfaces 

In the following, we focus on the possibilities offered by bilayer cloaks, which 

can already provide significant advantages compared to the single layer configurations 

analyzed to date, and suggest interesting insights into the role of multiple mantle layers. 

Unlike single layer covers, we show here that a bilayer cloak enables several phenomena, 

including near-perfect invisibility by suppressing more than one scattering channel at a 

given frequency, multiband cloaking, broadening of the cloaking bandwidth, and ultra-

narrow Fano-like resonant responses. More in general, bilayer configurations allow 

tailoring the scattering of our target and its dispersion in frequency, enabling the 

extension of the concepts introduced in [70] to radio-frequencies. 
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2.3.5.1 Multiband cloaking and tunability 

Multiband cloaking is naturally enabled using bilayer cloaks. We show here a 

large degree of flexibility of scattering dynamics across a wide bandwidth, which may be 

practically implemented with electronics for tunability. Throughout this work, we 

consider a conductive target of cross-section 02 5a  , where 0  is the wavelength a 3 

GHz, as this represents a target of practical interest. We have calculated the required 

surface impedance ( ,1 1.6 sX   , ,2 113.7 sX   , note here the surfaces are lossless) 

values to simultaneously reduce the scattering at 2 GHz and 3 GHz with conformal aspect 

ratios 1 ,1 1.01ca a    and 2 ,2 1.50ca a   , such that the overall covered object is 

still ,2 02 0.3ca  . In this case, we consider in particular the effect of cancelling the 

monopolar term (
0,0 0TMU  ) at both frequencies. We first study the effects of the inner and 

outer aspect ratios in Fig. 50, and define here the scattering efficiency 

2 ,cov 2 ,s D D bareQ   .  A sharp hyperbolic suppression is seen across the band which 

allows for dual-band operation for 11.005 1.02   . The curve for which the scattering 

is minimum defines a dual-band region, and for aspect ratios away from it the bilayer 

cover acts as a single layer cover around 2.3 GHz. The second cover shows a more exotic 

behavior with a Fano-like response near 2.1 GHz. This line-shape is peculiar of the close 

occurrence of 0TM

nU   and 0TM

nV  , and it arises because two scattering nulls need 

necessarily to be separated by a scattering resonance, consistent with Foster’s reactance 

theorem applied to the scattering coefficients of moderately sized objects [70]. The sharp 
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scattering enhancement is associated with the scattering pole  0TM

nV   in between two 

closely spaced zeros  0TM

nU   created by the two covers, and it clearly becomes sharper 

as the zeroes are placed closer. Therefore, staggering zeros will not necessarily lead to an 

increased cloaking bandwidth, unless losses are considered to suppress the scattering 

peaks arising in between the zeros [71]. Clearly the solutions presented in Fig. 50 

represent particular examples of Eqns. (8)-(9), aiming at demonstrating some of the 

interesting possibilities enabled by bilayer covers. As an additional possibility, the 

suitable alignment of scattering poles and zeros at the same frequency, an extreme design 

goal that may be achieved by properly engineering the available degrees of freedom in 

bilayer mantle cloaks, may enable the possibility to induce very sharp resonant features 

and embedded scattering eigen-states [72]. 

 

 

Figure 50: Scattering efficiency across a large frequency band for bilayer cloaks 

tailored to sustain two zeros for the monopolar scattering, while varying the 

inner (left) and outer (right) aspect ratios with ,1 1.6 sX    , ,2 113.7 sX     

[73]. 
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Figure 51: Scattering efficiency across a large frequency band for bilayer cloaks 

tailored to sustain two zeros for the monopolar scattering, while varying the 

inner aspect ratio and first impedance (left) with ,2 113.7 sX    , and outer 

aspect ratio and second impedance (right), with ,1 1.6 sX     surface 

impedances [73]. 

 

Figure 51 sweeps the inner (left) and outer (right) surface impedances over 

relevant values for this design. Several interesting features are apparent: dual-band 

cloaking is only noticed for double capacitive covers and, similar to a single layer, the 

required surface impedance has the frequency dispersion of a negative inductor [51]. This 

linear dispersion lends itself well to reconfigurability for well-behaved band selection. 

Here we see that a single band can be held relatively stable ( 2.3 GHz in this example), 

while another high-band notch can be tuned at will. The inclusion of electronics, such as 

varactor diodes, may be able to change the surface impedance electronically in real-time, 

which is clearly of great interest for reconfigurability and real-time tunability. 
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The solution space of ,2sX  in Fig. 51 shows much more possibilities, which can 

be generally split into dual-band and large scattering suppression regions, depending on 

the pairing of the two covers. Similar to the Bode-Fano theorem, the dual-band solutions 

are generally shallower and wider, and the invisibility solutions are much more 

narrowband [74]. Additionally, the required surface impedance for scattering reduction is 

seen to increase for the second band with increasing frequency, or equally, electrical 

cross-section of the target. 

2.3.5.2 Cloaking multiple scattering orders 

We consider the possibility of solutions to the dynamic equations in (8)-(9)  that 

may suppress at the same frequency more than one scattering order. Considering Fig. 51, 

we show here that by pairing capacitive and inductive covers together, we are able to 

approach near invisibility for conductive cylindrical targets of moderate cross-sections. A 

single mantle cloak has been shown to be effective at suppressing one scattering order of 

choice. Yet, a single cover may also adversely affect, or have no effect at all on HOMs, 

which may limit the cloaking bandwidth and the overall suppression level. Here we show 

that, by targeting the two most relevant terms at a given frequency, we may achieve 

scattering suppressions levels over 15 dB better than in previous designs for moderately 

sized objects. Solving 
0,1 0TMU   simultaneously at 0f  3 GHz, we find surface reactances 

,1 11.2 sX     and ,2 348.4 sX   , with aspect ratios 1 1.05   and 2 2  , increasing 

the overall cover to ,2 02 0.4ca  . Figure 52 shows the contribution of each mode over 

frequency calculated using (10). We have considered up to max 30N   and have found 
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max 3N   is more than sufficient in our work around 3 GHz. Over a narrow range of 

frequencies, we are able to suppress all but the residual quadrapolar term. The effect of 

suppressing multiple terms is clear in the level of SW reduction in Fig. 53, in which we 

also compare our analytical model in (13) to a full-wave commercial solver [75], and the 

inset of Fig. 53 shows that only the residual quadrapolar term dominates the scattering of 

the cloaked object, after applying the bilayer cover. A third layer may be used to suppress 

this residual term, but here the quadrapolar term is 30 dB less than that of the bare object. 

 

 

Figure 52: Effect of a suitably designed bilayer cover on the relevant scattering terms 

[73]. 
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Figure 53: Comparison of SW between (13) and [75].  (Inset) Bistatic 2D SW at 3 GHz 

with excitation impinging from x̂  [73]. 

 

In order to further emphasize the level of scattering reduction, in Fig. 54 and Fig. 

55 we plot the total and scattered electric field distributions for the bare conductive rod 

and the bilayer cloak. This level of scattering suppression is remarkable, and not 

available with single-layer scalar covers applied to targets of moderate cross-section. The 

covers chosen here are isotropic impedance surfaces, and we do not consider for the 

moment frequency dispersion. In order to meet the required surface impedance values, 

the designer has several options. Stacked surfaces of inductive meshes and patches may 

be tailored to meet these requirements, which is generally the simplest approach for 

radio-frequency applications. More complex patterns, such as Jerusalem crosses and 

cross arrays, may add more flexibility to the design [62]. 
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Figure 54: Snapshot in time of the total (a) and scattered (b) TM electric field for the 

bare geometry at 3 GHz with 1V/m excitation impinging from x̂  [73]. 

 

 

 

 

 

Figure 55: Snapshot in time of the total (a) and scattered (b) TM electric field for the 

covered geometry at 3 GHz with 1V/m excitation impinging from x̂  [73]. 
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It is also interesting to exploit the linearity of the inner surface impedance for 

wideband tunability, as shown in Fig. 55. Using aspect ratios 1 1.05   and 2 1.5  , we 

find ,2 694.3 sX   , with ,14 45 sX      for 01 12 GHzf   to suppress 
1,2 0TMU   at 

the center of the band. Different from the dual-band operation in Fig. 51, we may now 

suppress the scattering even for larger electrical cross-sections. We target these scattering 

modes as they are more relevant for 02 0.6a  , which was can be simply verified by Mie 

theory. As we linearly change ,1sX , we are able to dynamically change the required 

cloaking conditions across an ultra-wide bandwidth. 

 

 

Figure 56: Ultra-wideband tunability (left) with linear inner surface (right) [73]. 

 

 

We also characterize how well a bilayer cloak cancels the scattering of various 

conductor cross-sections. In Fig. 57 we show the suppression levels for quasi-static 

through much larger cross-sections with the same aspect ratio 1 1.05   and 2 1.5  . 
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Notice here that the overall cross-section now ranges from 0 ,2 00.15 2 1.2ca    across 

the band, and it is noted that a more conformal cover can achieve stronger scattering 

suppression, while a thicker cover improves with bandwidth. However, here we simply 

consider the suppression levels with electrical size for a constant aspect ratio. Table 1 

gives the solutions 
1 2, 0TM

n nU  . We point out here that large dielectric rods have also been 

considered in Ref. [76], and intuitively we find here the signs of the ,1sX  and ,2sX  for the 

dielectric and conductive cases are duals of each other. We expect that even larger targets 

may be made nearly invisible with multiple layers by proper pairs to nullify as many 

terms as needed and for both polarizations by utilizing anisotropic surfaces [63],[77]. 

 

 

Figure 57: Level of total SW with target electrical diameter 2a  [73]. 
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2a    ( 1 2,n n )                    ( ,1 ,2,s sX X )                                        ( ,minsQ ) 

00.8      2,3          46.8 ,1672.8                            -3.1 dB 

00.6      1,2            33.6 ,541.4                             -4.7 dB
 

00.4      0,1            21.4 ,96.5                            -10.8 dB 

00.2      0,1
 

         10.8 ,102.2                            -33.2 dB 

00.1      0,1             5.4 ,59.4                             -54.3  dB 

Table 1: Performance metrics and design parameters for increasingly larger targets. 

 

2.3.5.3 Finite-length covers and non-canonical targets 

3D conductive cylindrical rods present a more difficult task than those of 2D 

structures. This is due to well-known axial resonances and edge effects, which introduce 

more complex HOMs interactions than those of 2D structures. Building on the theoretical 

results presented in the previous subsection, we now consider realistic bilayer mantle 

cloaks to suppress the scattering from the finite-length conductive rod in Fig. 58, with 

length 180L mm  and cross-section 2 19.05a mm  [32]. The rod is covered by two 

ultrathin patterned surfaces tailored to suppress the scattering signature of the object in 

different frequency bands. In general, consistent with the previous discussion, a more 

conformal capacitive surface, closer to the surface of the conductive rod to be cloaked, 

leads to stronger scattering suppression at the cost of bandwidth, while larger separation 

between the cloak and the object leads to a smoother scattering profile with a broader 
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cloaking bandwidth. Using a bilayer mantle cloak, made of two capacitive impedances 

with optimal values, provides further degrees of freedom compared to the single layer 

case, based on which we may be able to push down the overall scattering suppression, at 

the same time broadening the bandwidth around the central frequency. Bilayer mantle 

cloaks may also be optimized to produce dual-band cloaking operation with significant 

scattering suppression over two moderate bandwidth ranges, as highlighted in the 

previous section. 

 

Figure 58: (Left) Geometry of a conducting cylinder covered by a bilayer mantle cloak 

under  0

0
ˆ

j t k z

inc E e
 

E y  illumination. (Top) dual band operation and (bottom) 

wideband [73]. 

 

For dual-band operation (top panel in Fig. 58), each of the covers are chosen to be 

very low profile, with small spacers 1 2 1.2    . To realize the two required capacitive 

surfaces, we implement simple air-backed horizontal strip surfaces, with effective shunt 

surface impedances (17). However, we note the surface impedance is in general more 

complex, by noting the proximity of the layers to each other and the rod itself. 
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As shown in Fig. 58, D  is the period of conductive horizontal strips of width w . 

We denote the surfaces as ,,x xD w  and ,s xX , where 1x   is the inner surface and 2x   is 

the outer. Using horizontal strip metasurfaces shown in the inset of Fig. 58, dual-band 

operation is shown across a large band with 1 37D mm , 1 0.8w mm  ,1 72.1sX   ; 

2 36.2D mm , 2 10w mm  ,2 185.7sX    . We see in Fig. 58 a scattering suppression 

of approximately 76% at frequencies 1 3.13 GHzf   and 2 4.85 GHzf  , with moderate 

bandwidths. The bandwidth at each design frequency is below 6%, measured at a 5 dB 

total scattering suppression level, which is competitive compared to other passive 3D 

cloaking strategies. Consistent with the analytical results in the previous section, we see 

that the two bands are separated by a region of overall increased scattering. This simple 

cloak design can be easily reconfigured for a desired set of bands, either physically or 

electronically [51],[68]. We have verified in a numerical campaign of simulations that, by 

tailoring the distance between each layer relative to the bare rod and the capacitive values 

of each of the surfaces, we may successfully tune the dual band response across the band 

2.5-5.5 GHz. 

By optimizing the cloaks, we can realize the response shown in the bottom panel 

of Fig. 58, for which we find 87% total SCS suppression at 3.3 GHz and a 5 dB fractional 

bandwidth of over 30%. As shown in the previous sections, we may match the 

nullification condition for multiple dominant scattering terms better using this 

combination of capacitive covers. In this case, the innermost cover is separated by the rod 

with an aspect ratio 1 1.18  , and the second with 2 1.68  . The period and gap of the 
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innermost cloak are 1 45.4D mm  and 1 19.3w mm   ,1 393.4sX    , while the second 

layer has 2 41.2D mm  and 2 10.9w mm   ,1 229.1sX    . The outermost cover is 

responsible for the majority of the cloaking bandwidth and suppression, but by itself 

would show larger 2 dB scattering ripples above 3.5 GHz. However, in this design, the 

innermost conformal impedance surface flattens out these deviations to increase the 5 dB 

bandwidth by an additional 400 MHz. Compared to previous single-layer mantle cloak 

designs, these results show a substantially improved bandwidth, of over nine times the 5 

dB fractional bandwidth in Ref. [51]. These findings are also fully consistent with the 

cloaking limits in Ref. [74], where stronger scattering suppression of targets of moderate 

cross section necessarily limits the bandwidth. In this optimized design, we are able to 

merge both characteristics of good scattering suppression with a shallower wideband 

response. 

We next show that this ultra-low profile cloaking technique may be also extended 

to collections of objects or complex objects with larger cross-sections obtained by 

merging the cloaked rods discussed previously. Since the designed cloaks appear to 

operate well also in the very near-field of the object, it is expected that their functionality 

may be preserved after combining together multiple objects covered with the proposed 

cloaks [78]-[79]. The inset of Fig. 59 demonstrates such a concept for the case of an 

object of transverse length 00.6  at 3.3 GHz, formed by combining three rods as the ones 

analyzed in the previous section. The conformal cover for each rod is exactly the same as 

the one optimized in the previous section for a single rod, but obviously merged with the 
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other cloaks in the regions in which the covers intersect. Despite the lack of a new 

optimization for this more complex scenario, and despite the size of the object, with an 

overall cross-sectional area of 
2

01.25  at 3.3 GHz, a 4.6 dB suppression of the SCS at 3.3 

GHz is measured, with a 3 dB bandwidth of 18%. In order to show the robustness of the 

cloaking performance, we also consider a different arrangement of the rods, to form the 

triangular object shown in Fig. 59. Again the cloaking performance is fairly well 

maintained in this complex scenario, but now the strong coupling among objects, which 

are touching each other and positioned in an asymmetric configuration compared to the 

impinging wave, slightly shifts the cloaking effect up in frequency to 3.6 GHz and with a 

slightly deeper (5 dB) and wider 3 dB fractional bandwidth (22%) suppression band 

compared to the adjacent geometry. 

 

Figure 59: Total scattering suppression versus frequency the two complex geometries 

[73]. 
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Chapter III: Cloaked Sensors 

3.1 INTRODUCTION 

In this chapter, we discuss the use of metasurfaces to minimize the scattering from 

receiving antennas and sensors, with the goal of maximizing their absorption efficiency. 

We first analytically study and highlight the potential of this approach to realize 

optimized sensors with the desired level of efficiency, being able to minimize the 

electrical presence of a receiving antenna for a chosen level of overall absorption. 

Realistic cloak designs, investigated using full-wave simulations, verify the behavior 

analytically predicted by Mie theory. These optimized cloaks offer a practical way to 

flexibly tailor the scattering of receiving antennas, with great benefits in the design and 

optimization of near-field sensors, remote communication systems, spoof targets and 

improved antenna blockage resiliency. Optimized covers may also provide other 

interesting features for the same receiving antenna by just tuning its resistive load, such 

as optimal wireless power harvesting or high-to-low tunable absorption efficiency. 

The quest for reliable low interference/low observability measurement and 

communication systems has a long tradition [80]-[85], which dates back to the concept of 

minimum-scattering receiving antennas [81]. These ideas have been interestingly revived 

in recent years by new theoretical findings and recent needs for novel applications [86]-

[97]. For example, the demand for high-fidelity receiving systems at radio frequencies is 

of great interest for remote communications, near-field measurements, tomography, 

overcrowded co-site communication platforms and antenna blockage. At infrared and 
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optical frequencies, non-invasive sensing techniques may largely benefit near-field 

microscopy, biosensing, optical communication links, nanoantennas and medical 

imaging. Several authors have proposed interesting ways to reduce or tune the scattering 

of receiving antennas and sensors, most commonly, optimizing the antenna load or 

geometry to suitably tailor its current distribution [80]-[83],[91]. Minimizing the 

scattering in a given direction may be successfully achieved by redirecting the scattering 

pattern [82]-[83]. ENZ metamaterials have been indeed explored in this context to realize 

low-observable microstrip antennas [93], in connection with the idea of using plasmonic 

cloaks as a way to minimize the overall scattering of a receiving antenna [90]. 

Proposed in 2009, the concept of “cloaking a sensor” to maintain its ability to 

absorb power while significantly reducing its scattering was originally based on a low-

permittivity, ENZ plasmonic cover [90]. Following similar venues, the reduction of 

interference and mutual coupling of co-located antennas using cloaks has been proposed 

also using transformation-optics cloaks [98], transmission-line cloaks [99], hard-soft 

boundaries [100]-[101], metascreen covers [47]. Some of the limitations and potentials of 

these approaches in comparison to more conventional minimum-scattering antennas has 

been in part discussed in [91]. Related to these efforts, the general physical bounds on 

absorption and scattering from arbitrary passive absorptive objects have been derived and 

discussed in [102]. 
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3.2 SCATTERING AND ABSORPTION 

3.2.1 Mantle cloaking for dipole antennas in receive mode 

 

 

Figure 60: Geometry of interest: a loaded dipole antenna surrounded by a mantle cloak 

[44]. 

 

 

Consider the geometries in Fig. 60, in which a loaded dipole oriented along x̂  is 

excited by a plane wave with electric field 0E  polarized in the same direction, traveling 

along ẑ  in free-space, with permeability and permittivity ( 0 0,  ). When the antenna is 

not covered, the absorbed and scattered powers are fully determined by the current 

distribution induced along the antenna, which may be controlled to a large degree by the 

antenna load LZ , as rigorously modeled in [91]. We consider the practical scenarios in 

which the loaded dipole is immersed in air and covered by a lossless ultrathin metascreen 

(Fig. 60). Due to the orthogonality of electric (TM) and magnetic (TE) modes, we may 
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express the total fields in terms of magnetic A  and electric vector potentials F  
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where A  and F  are solutions to the Helmholtz equation for spherical harmonics centered 

at the origin  , ,r   . Due to the electrical nature of the problem, we are mostly 

interested in TM waves, associated with ˆ
rAA r , which dominate the scattering in Fig. 

60. We may write the vector potential in each region using the spherical harmonic 

expansion [54]  
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In each region, spherical Bessel functions of the first ( )nj z  and second ( )ny z  

kind, or their superposition 
(2) ( ) ( ) ( )n n nh z j z j y z  , are weighted by unknown 

coefficients. Each spherical Bessel function is related to the cylindrical Bessel functions 

as  1 2( ) 2n nz x x Z x 
    [54], where n  is the scattering order, and 

1

nP  are the 

associated Legendre polynomials of first degree and order n . 

We assume that the scattered fields are only due to the impinging field iE , i.e., 

the dipole is passive and in receiving mode. The small dipole in the inner region may be 

modeled by its quasi-static inverse electric polarizability [91] 
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where inX  is the input reactance of the antenna of total length 2l . Notice that this 

polarizability expression satisfies power conservation [91], since in the lossless limit 

 1 3

0 0Im / 6k     . The induced dipole moment is ,locp E  where locE  is the 

electric field induced on the dipole location when the dipole is removed. We therefore 

obtain an equation linking the coefficient describing the fields radiated by the dipole 
TM

ng   

and the one describing the local field 
TM

na , i.e., 
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where 1n  is the Kronecker delta function, and we assumed that the only nonzero 

scattering contribution from the loaded dipole is the electric dipole TM1 harmonic.  
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Here, 
TM

nU  and 
TM

nV  are determinants and the derivatives in (25) are defined as 
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. For TE waves, the scattering coefficients 
TE

nc  may be obtained 

by electromagnetic duality with 0TM

ng  . The scattering, extinction and absorption cross-

sections of the covered sensors are then expressed as [55] 
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In (26), the index max 0 cN k a  gives an upper bound on the maximum number of 

terms to be considered given the electrical size of the cover, where the scattering 

amplitude contribution is of order  
2 1

0

n

co k a


 [55]. In the following, we consider 

electrically small cloaked sensors, for which the dipolar term dominates and max 1N  . 

These and the following results may be easily extended to arbitrary scattering harmonics 

for larger objects or more complex receiving antenna systems, as they obey orthogonality 

under the present assumptions, as their power contributions are additive. 

 

3.2.2 Absorption efficiency bounds of loaded dipoles 

We now use the results derived in the previous section to study the scattering and 

absorption properties of bare loaded dipole antennas. This section briefly reviews the 

most important features of loaded dipole antennas, in order to serve as a reference case 

for comparison with cloaked antennas. More details may be found in previous works, 

especially Refs. [91] and [102]. For wire antennas with length 2 2l   we may safely 

consider only the electric dipole contribution to the total scattering. We further assume 

the quasi-static condition 0 1ck a  . In this limit the dipolar scattering coefficient reduces 

to 
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Analyzing (27) for fixed LR , we notice that it is possible to minimize the 

scattering for 4L inZ j X  , an anti-resonance condition originally envisioned in [103], 

while absorption is maximized for L inZ jX  , i.e., at resonance. This is also consistent 

with the results derived in [91],[102]. It may also be easily shown that maximum power 

absorption is obtained under conjugate matching ( L in inZ R jX  ), and in this case 

necessarily 
2

1 1 03 8scat abs     . As discussed in [102], scattering and absorption 

features of an arbitrary passive scatterer, for any harmonic n , are fundamentally 

bounded. If we define the absorption efficiency as the ratio 
abs scat

abs /   , this bound 

may be represented in the efficiency versus total absorption plane shown in Fig. 61. The 

shaded region of the plot is forbidden for any passive dipolar scatterer, while any point 

inside the white area is allowed. It is particularly instructive to look at the conditions 

under which a loaded dipole antenna may reach the physical bound, i.e., the boundary 

between the grey and white regions. These are the most interesting operating points for a 

receiving antenna, as they ensure maximized absorption, and/or maximum or minimum 

absorption efficiency for a given absorption level. It is easy to show that we lie on the 

boundary line under the condition  /Im 2 1 0TM TE

nc    [102]. Applying this condition to 

(27), we obtain two distinct solutions provided that the load resistance is within 

 

 0 1.5L inR X  , (28) 
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and, assuming 
L inR X , these solutions simplify into 
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Interestingly, these conditions are precisely the ones discussed above for minimizing 

scattering and maximizing absorption. This means that, close to its resonance or anti-

resonance, the antenna reaches the physical bound. 

As a practical example, consider a bare dipole with dimensions 2 4l  , where 

30 cm  , a feed-gap 2.34 mmg   and diameter 0.47 mmd  , yielding an input 

impedance 14.6 454.8 inZ j   , calculated by the finite-element method (FEM) using 

Comsol Multiphysics [75]. Several key contours are plotted and compared against full-

wave simulations in Fig. 61. The black (darker) contours are generated keeping LX  

constant while sweeping LR  over all positive values (solid black: L inX X  ; dashed 

black: 4L inX X  ). The blue (lighter) contours are generated keeping LR  constant and 

sweeping LX  over all real values (blue dots: L inR R ; dashed blue: 100L inR R ). The 

grey shaded area is forbidden to passive dipolar scatterers. Full-wave simulations are 

shown in circles, validating our model. Consider first the high and low absorption 

efficiency regions, which are reached by the outermost black dashed and solid lines, 



 97 

respectively. The dashed black line is generated by sweeping LR  while 4L L inX X X    

, and the solid black line is generated by sweeping LR  while L L inX X X   . All the 

LX -constant contours tend to the same asymptote when LR   [102], which 

corresponds to the open-circuit asymptote. This inevitable asymptotic behavior prevents 

the L LX X   contour to reach the high efficiency or low-visibility region, inherently 

forbidding a resonant antenna to scatter little. Indeed, it is observed that this contour falls 

off the fundamental bound when 1.5L inR X . In addition, in the limit 0LR  , we 

obtain different behavior depending on the chosen reactive loading, spanning the high-

visibility, or nearly invisible response. In the figure, the circular markers represent the 

result of full-wave simulations changing the load resistance for LX 
, while the solid 

circles correspond to LX 
. The agreement with the analytical contours is excellent, 

validating our quasi-static model. Also shown in the figure are dashed blue (lighter) 

curves generated keeping LR  constant, while sweeping the load reactance. For L inR R , 

two clear points hit the bound, one when L inX X   and the other for 4L inX X  , 

obtaining a conjugate match and an anti-resonant peak in efficiency, respectively. The 

other constant load resistance curve is shown for 100L inR R , obtaining similar behavior 

and also hitting the bound twice under resonant and anti-resonant conditions, but at 

different locations. As predicted by our quasi-static considerations, by sweeping the load 

resistance, the bound is reached for two load reactances, corresponding to the conditions 

for minimizing scattering and maximizing absorption. 
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Figure 61: Absorption efficiency versus absorption for a bare 4  receiving dipole 

[44].  

 

3.2.3 Absorption efficiency for covered dipoles 

Mantle cloaks lend themselves well to radio-frequency sensors, due to their 

simple, conformal realization with readily available materials. By properly tailoring a 

metasurface to cloak the open-circuit dipole antenna, i.e., cancelling the structural 

scattering of these dipole sensors, we may easily tune the antennas to achieve a large 

range of absorption efficiencies, spanning from highly visible to invisible sensors, all by 

simply adjusting the load resistance. Our analytical model (25) may be used to find the 
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required value of surface impedance: the condition is the one yielding 1 0TMU   for 

LZ  , which yields in the quasi-static limit 
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where we have assumed 0inX   for small electric dipoles. In most practical cases, the 

quasi-static expression is only a starting design point, and the determinants in (25) should 

be used to find the precise, required value of surface impedance to cloak the open-circuit 

loaded dipole. Such a design rule may be used for remote communications, radio-

frequency tagging, measurement techniques, scattering modulation or dynamic 

electromagnetic beacons, which can be realistically tuned in real-time, depending on the 

requirements of the system [90],[104]-[106].  
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Figure 62: Variation of the absorption efficiency at resonance with the load resistance, 

comparing the bare (black line, white dots) and cloaked (blue line, blue 

dots) 4  sensor of Fig. 61. Solid lines show the analytical results, dots 

indicate full-wave simulations. The inset shows the corresponding 

dispersion on a plot consistent with Fig. 61 [44]. 

 

3.2.4 Quarter wavelength cloaked sensor 

Consider again the 2 4l   antenna described in the previous section. We 

choose a small spherical metasurface shell with 1.25 4.68 cma l   to maintain a small 

dimension of the overall structure, reducing the influence of higher-order scattering 

harmonics. Our formulation indicates that a surface reactance 11.7 kopen

sX    may be 
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able to suppress the 1

TMc  scattering coefficient for an open-circuit load. In our full-wave 

model, the quarter-wavelength dipole is surrounded by a mathematical sphere with 

boundary condition tan

open

s sJ E jX , where tanE  is the tangential electric field. We have 

solved the problem using [75]. Figure 62 shows the absorption efficiency dispersion 

varying the load resistance at resonance, as calculated by our analytical formulas (solid 

lines), which agree well with full-wave simulations (dots). The resistance is swept over 

all positive values for each curve using the load reactance L inX X  . This is done for the 

bare case (white dots and black line) and repeated for the covered case (blue dots and 

blue line). In the inset we show the same curves in the absorption efficiency vs. 

absorption plot, consistent Fig. 61. 

 It is seen that the mantle cloak is able to reduce by over 10 dB the structural 

scattering of the bare dipole for large load resistance values, and push the oblique 

asymptote to large absorption efficiencies. This is reflected in a significantly larger 

absorption efficiency along the tail of the cloaked geometry, and a significant increase in 

peak absorption efficiency for 5 kLR   . It is remarkable how the cloaked sensor may 

boost the absorption efficiency at resonance up to a value of 200 for the proper value of 

load resistance. Similar efficiency values may be achieved in the bare case only off-

resonance by suitably mismatching LX .  
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3.2.4 Half wavelength cloaked antenna 

 

 

Figure 63: Geometry of the proposed inductive metascreen over the two arms of the 

dipole antenna, leaving the small gap open to free space (a). Comparison of 

the open circuit far-field scattering of the bare (b) and covered dipole (c) 

[44]. 

 

An example of special interest is represented by half-wavelength dipole antennas, 

which are widely used due to their self-resonant nature and low input reactance. In 

receiving mode, these antennas are known to generally scatter more than they receive 

[106], regardless of their resistive loading. We now apply our cloaking technique to a 

half-wavelength wire antenna to increase its absorption efficiency at resonance. The low 

input reactance can greatly facilitate the mantle cloak design, and therefore in this section 
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we explore a realistic mantle cloak applicable to half-wavelength dipoles. In this regard, 

instead of considering a spherical shape, which was a preferred geometry to analytically 

solve the problem, here we consider a conformal cylindrical geometry ideal to suppress 

the scattering for the polarization of interest, consistent with some of our earlier designs 

for passive cloaks. A conductive patterned surface may be printed on a thin dielectric 

layer with the goal of significantly reducing the scattering of the open-circuit half-

wavelength dipole, in line with the previous discussion. 

Figure 63a illustrates the schematic of our designed mantle cloak, applied to an 

open-circuit half-wavelength dipole. The bare antenna of length 2 2 43.8 mml    and 

diameter 4 mmd   is loaded by a small inductor 28 nHL   to tune it at its resonance, 

and a variable resistor at its feed-gap 1 mmg  . The inductive surface is realized using 

thin conductive vertical strips over a dielectric cover of relative permittivity 6c   

(Rogers TMM6) and thickness 400 mca a   . Here, a trace period 1.426 mmD   and 

width 606 mw   is chosen to realize an inductive surface with s 11 openX   . 

Obviously this metasurface design is not isotropic, but it is sufficient to provide the 

desired reactive impedance for the polarization of interest (parallel to the wires and the 

dipole). We have checked using full-wave simulations [32] that indeed this realized cover 

can significantly suppress the open-circuit dipole antenna scattering by 18.5 dB at 3 GHz. 

We stress here that, while our analytical model assumes a homogeneous surface 

impedance, in realizing these structures the near-field interactions with the dipole antenna 

can introduce significant effects associated with higher-order Floquet harmonics. Yet, it 
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is possible to fine tune our designs based on the analytical model to take these corrections 

into account and, as shown in the following figures, our full-wave simulations 

considering all near-field effects agree well with the analytical model. 

The reduction of structural scattering is evident in the far-field scattering patterns 

shown in Fig. 63(b,c). The cover almost completely cancels the dipolar scattering 

contribution from the open-circuit antenna, leaving only a forward, highly directive 

scattering pattern, due to higher-order modes. It is important to stress the scale difference 

in Fig. 63(b,c).to see how strongly the scattering of the open-circuit antenna is reduced by 

the metascreen.  

Next in Fig. 64 we sweep the load resistance for the bare and cloaked antennas to 

demonstrate how the metascreen enables much larger absorption efficiencies, lying on the 

optimal bound, whereas the bare antenna intrinsically limits the absorption efficiency to 

values below 1abs  . A significant increase in absorption efficiency is accomplished 

using a simple metascreen cover with moderate values of surface reactance. To 

emphasize the additional range of absorption efficiency enabled by the metascreen, Fig. 

63 compares in linear scale abs  of the two antennas for different values of load 

resistance. The difference is remarkable, highlighting the possibilities unveiled by the 

proposed mantle cover while operating the dipole antenna at resonance. It is clear that, by 

canceling the structural scattering, it is possible to broaden quite significantly the range in 

which absorption efficiency and maximum absorption are optimally achieved at 

resonance.  
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Figure 64: Absorption efficiencies versus absorption of the bare and covered 2  

dipole antennas at 3 GHz [44]. 

 

It may be noticed Fig. 64 that absorption and absorption efficiency go slightly 

outside the dipolar bound: this is due to the contribution of higher-order modes to the 

total scattering and absorption, as seen in the residual scattering pattern of the cloaked 

antenna in Fig. 63. Obviously this is associated with the size of the antenna, which is not 

electrically small, and it suggests that, with proper use of various scattering channels, we 

may be able to go well beyond the bounds discussed in this paper with the suitable 

superposition of different scattering harmonics. In a different context, this problem has 

been recently analyzed in [45]. 

Yet, in our design, focused on the dominant dipolar contribution, we have been 

able to extend the absorption efficiency well beyond the one of a bare dipole. This may 
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be used to tune the dipole antenna to operate as a large scatterer for 0LR , as an optimal 

conjugate-matched absorber, for 56 LR   , and as a low-visibility sensor for LR  in the 

range 1.5 k , lying on the physical bound throughout this operation without any need 

of adjustment to the reactive part of the loading circuit, and operating the antenna at 

resonance. The maximum absorption efficiency is only limited by how well the open-

circuit scattering is cancelled, and improved cloaking designs may yield even better 

performance (a good figure of merit may be represented by the length over which the 

contour follows with good approximation the bound, within a given margin). 

 

3.3 A HIDDEN SENSOR WITH OPTIMAL ABSORPTION AT RADIO FREQUENCIES 

3.3.1 Background and design 

In the previous section, we showed the structural scattering of a receiving dipole 

may be strongly reduced by a mantle metasurface. This allowed us to extend the 

maximum level of scattering efficiency of a given sensor, by pushing the open circuit 

asymptotes in (29) to higher levels. The advantages of such a technique were given in 

detail; however, in such a setup, some level of power absorption was sacrificed in order 

to minimize the scattering. As elegantly proven in Ref. [45], an invisible superabsorbent 

antenna may be designed across a large range of absorption efficiencies by properly 

pairing electric and magnetic modes. Here we show the case of Huygens’-like pair 

capable of reaching 5.8abs   at radio frequencies. We also establish that other two-
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antenna combinations of similar type cannot achieve the same level of absorption with a 

significant suppression regardless of their configuration. Due to our balanced 

combination of electric and magnetic dipoles, this linear polarized sensor requires the 

vast majority of scattering in the forward direction, which minimizes the backscattering 

of the sensor by over 10 dB when conjugate matched and over 21 dB for optimal resistive 

loading. In the conjugate matched case, the absorption is double that of a single conjugate 

matched dipole antenna (
23 4abs   ). The case of optimal resistive loading reduces 

the total SCS while maintaining the maximum available power from an incident 

wavefront (
23 8abs   ).   

 

Figure 65: Comparison of sensor configurations and their obtainable level absorption 

efficiency. The bounds (solid lines) are calculated from Mie theory. The 

dotted symbols are calculated by numerical simulation [32]. 
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Consider first Figure 65 where we compare several different sensor configurations 

against the dipolar (electric or magnetic dipolar contributions) and the electromagnetic 

bound (electric and magnetic contributions). The dipolar bound (solid black) is clearly 

the same as in the previous sections. The second elctromagnetic bound (solid blue) 

doubles the maximum available power received due to the superposition of orthogonal 

electric ( 1TE ) and magnetic ( 1TM ) modes. This is a very specific combination, as simply 

combining two similar receivers will not lead to such levels of absorption. We 

demonstrate the uniqueness of this combination with numerical examples in Figure 65. 

First we consider an Omega particle [56], which is chosen due to its interaction with a 

planewave shown in the inset. Here we see that while the antenna has a single feedpoint 

and has a somewhat simplified geometry, the polarizability coupling between each of the 

antenna elements is shown to limit the maximimum level of power absorption. Next we 

show the intuitive, but incorrect example of simply placing two dipoles (either electric or 

magnetic) together. Again, the coupling between the dipoles limits the maximum 

available power to that of a single dipole. In the final case, we show that the dipole-loop 

configuration follows the electromagnetic bound exactly as predicited from Mie theory 

[45]. The orthogonality of the two modes allows us to track this now extended bound 

simply by adjusting the load resistance of the two small antennas, where we may now hit 

the a maximum absorption of twice of a single dipole reciever when the pair is conjugate 

matched, or we may simply adjust the load resistance of each element to reach various 

levels of scattering. In order to reach the electromagnetic bound, we must first make the 

pair resonant (
/ /dip loop dip loop

L inX X  ), we then may sweep the bound by adjusting each load 
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resistance. We note here that we are purposly mismatching the load resistance, while 

keeping the pair resonant, to sweep various levels of absorption and scattering. We are 

not using any metasurface or metamaterial, but simply leveraging the orthogonality of 

each antenna element.  

In Fig. 66, we show several examples of the dipole-loop pair while tuning the load 

resistance. We normalize the absorbed and scattered powers by the power of a conjugate 

matched dipole max 23 8dipole   . For the conjugated matched case of the dipole-loop 

pair, we see that the scattering and absorption are both equal and equal to 

max 23 4dipole   . For 
.5.9 conj

L LR R , we reach the absorption level equal to a typical 

dipole, but now the scattered power is 8.3 dB less, with a 21 dB backscattering 

suppression. Also notice if some power may be sacrificed, even lower scattering may be 

achieved for higher resistive loading. 

 

Figure 66: Absorption and scattered power normalized by the maximum available 

power of a single dipole. (Inset) Bistatic scattering profile with .
5.9

conj
LR  

loading compared to that of a conjugate matched electric or magnetic dipole. 
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3.3.2 Experimental verification 

 

Figure 67: Transmission-line model of a pure electric and magnetic dipole inside a 

rectangular waveguide assuming only dominant mode propagation. 

 

To retrieve the power absorbed and scattered by our proposed particle, we have 

several methods available to us, generally characterized as free space [89] or waveguide 

techniques [107]. Free-space methods generally require expensive controlled 

environments such as shielded anechoic ranges. However, a rectangular waveguide 

provides us with an arguably more tightly controlled, compact and less expensive test 

environment. This is especially true with a high precision waveguide calibration set and 

good test cables at microwave frequencies. In addition, the small electrical size of our 

proposed cloaked sensor makes for a perfect candidate for such an experimental setup. 

Consider the case in Fig. 67 where a pair of pure electric and magnetic dipoles are 

placed at the center of a rectangular waveguide with dominant mode wave impedance 

10Z . The reference phase plane is shown here to be at the center of the particle under test. 

As is typically done in microwave network theory, the two port device may be fully 

characterized by the scattering parameters: 
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Then by using the relationship between the static non-bianisotropic particles and 

the measured s-parameters [107] 
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we now have a means to fully characterize the waveguide environment and the local 

interaction fields of each particle. In Eqn. (32), ,p mC C  characterize the electric and 

magnetic dipolar moment field conversions, respectively, and , , ,ee em me mmC C C C  

characterize the waveguide environment. To estimate the electric and magnetic static 

polarizabilities ee  and mm ,  we need at least two calibration particles, typically a high 

conductivity sphere or disc, as their analytical models are well known [108]. After 

retrieving the estimated polarizability of the superabsorbing pair, it is straightforward to 

related them to their free-space properties through: 
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Now, a clear connection is made between Eqn. (33) and Eqns. (26) to estimate the total 

scattering and absorption power. In Fig. 68, we show the schematics of the calibration 

particles used. The particles were cut from 1 oz. copper foil (35 um) with a non-

conductive adhesive backing. For stability, the particles were kept on their paper backing. 
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Before using the particles in Eqns. (32), the real and imaginary parts of the measured s-

parameters were checked against full-wave simulation.  

 

 

Figure 68: Calibration standards. All gaps are all equal to 1 mm for 0603 SMT 

components. 

 

The particle under test and its placement inside the WR-284 waveguide is shown 

in Fig. 69. The planar dipole and loop have been attached to either side of a Styrofoam 

fixture of thickness 05.8 0.05mm  . For electrically small particles, the pure dipolar 

patterns have low coupling and may be placed extremely close, while still hitting the 

fundamental bound, as in this case. The electric dipole is particularly forgiving in this 
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regard; however, care must be taken in the loop design. Pure magnetic dipoles are 

generally achieved for loop circumferences 00.1C  , and quickly have axial radiation 

for larger dimensions. The main challenges in realizing such small and simple magnetic 

dipolar loops is twofold, first the radiation resistance for small single turn loops decreases 

proportional to 4C , while small dipoles decrease at a rate 2l , where l  is the dipole length 

[58]. This small radiation resistance of loops also limits the bandwidth over which we 

may achieve pure magnetic dipoles for such simple single turn planar structures. Still, 

here we have designed two simple electrically small sensors with low polarization 

coupling, as can be seen by the small separation between the two. 

 

Figure 69: (a) WR-284 experimental apparatus with the superabsorber placed at its 

central length and width. (b) Planar dipole with SMT inductor and resistor 

loading. (c) Symmetrically loaded planar loop with SMT capacitors and 

resistors. Both particles are adhered to a 5.8 mm thick Styrofoam fixture on 

opposite sides. 
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Considering Fig. 69, the dimensions of the planar dipole are 11.71l mm  and 

width 5.11w mm . The dipole is loaded with a 0603 surface mount (SMT) inductor of 

15 nH and a 18   resistor. The dimensions of the planar loop are 10.5outd mm  and 

7.5ind mm , and is symmetrically loaded with two SMT 0.4 pF capacitors and two 0.56 

  resistors. In Fig. 70, we compare the retrieved absorbed and scattered powers to the 

dipolar bound. We see that superabsorbing particle reaches 96% absorption of the dipolar 

bound, with very low scattering, which gives an estimated scattering efficiency of 

6.1 abs . Clear from the broader retrieved lineshape is that more loss is present in our 

experimental setup than accounted for in simulation. This can also be seen by the 

retrieved scattering efficiency being 5.8 abs . There are three main contributors to this 

additional loss. First, the SMT resistors are guaranteed at DC and will still have 

tolerances, and it is well-known that resistance grows with frequency according to its 

self-resonant frequency. During the calibration we have estimated for this additional loss, 

as well as that from the low Q SMT inductors and capacitors, however, the calibration is 

still an estimate. We also assumed very low wall losses in the WR-284, which are non-

zero, but is still a fairly safe assumption. Finally, the Styrofoam fixture and non-

conductive adhesive are add some additional loss. While all of these factors are 

somewhat small, in such a narrow-band demonstration, their combined effects are 

apparent.  

Comparing our final superabsorbing prototype to full-wave simulation (in free 

space), we see very minor discrepancies. The resonant frequencies are very close, being 
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0.98meas simf f . This is impressive as we are comparing a free-space simulation to that of 

a particle inside a waveguide, which is still highly comparable to typical free-space 

measurements [89]. We also note here 4.5 abs  is obtained from full-wave simulation 

from the geometry of the fabricated sensor, which indicates there is more less loss 

accounted for in simulation than measurement. Still, the comparison is very close for this 

proof of principle, demonstrating the accuracy of the waveguide method and that of the 

superabsorbing antenna. 

 

Figure 70: Comparison between retrieved superabsorbing particle and the same 

geometry in simulation [32]. 
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Chapter IV: Antenna Blockage Reduction 

4. 1 INTRODUCTION 

In this chapter, we theoretically and experimentally explore the use of 

metasurface covers to cloak dipole antennas and reduce their blockage on nearby 

antennas. The proposed structures allow reducing in a given frequency range the 

observability and overall scattering of conventional dipole antennas operating in a 

different frequency band, ideally suited to reduce the mutual influence among antennas 

placed in close proximity to each other. We prove this concept in the case of a low-band 

(LB) dipole antenna placed in close proximity to a high-band (HB) dipole antenna, and 

study several thin cover designs that are shown to be effective in reducing the LB 

blockage, without disrupting the performance of both antennas in terms of radiation 

pattern and impedance matching. An optimized cover is proposed to strongly reduce the 

interference and shadowing over a large bandwidth targeted for one polarization, and we 

also experimentally demonstrate the operation of dual-polarized covers for near-field 

horn and log-periodic antenna excitation. 

 

4. 2 REDUCTION OF STRUCTURAL SCATTERING 

Let us consider the case of an antenna placed in close proximity to another 

antenna or scatterer. In this configuration, the antenna suffers from unwanted 

interference, impedance mismatch, perturbations on its radiation pattern, and detrimental 
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mutual coupling. In this section, we show that suitably designed cloaks may be used to 

minimize these effects. We focus on the problem in which a HB antenna is placed very 

close to a larger LB antenna. This is a situation of common interest in multi-band antenna 

arrays, e.g., for base stations of cellular communication systems. The need for compact 

antenna systems typically requires that the different radiating elements are placed in close 

proximity to each other, significantly affecting their radiation properties. 

In the scenario of interest, a HB antenna is placed very close to a LB antenna, and 

they both independently radiate in two different frequency bands. We expect that either 

antenna may act as a partial reflector in the other antenna band, thereby redirecting the 

radiation pattern of the antenna network. Here we show that, when the blocking LB 

antenna is covered by an optimal conformal mantle metasurface SZ , tailored to cancel 

the dominant scattering in the high-band, the HB antenna does not feel the presence of 

the neighboring element, and it radiates as if isolated. On the contrary, typically the LB 

antenna is weakly affected by the HB antenna presence, due to its smaller electrical size, 

being able to radiate well in the low-band. In particular, the larger is the separation 

between the two frequency bands of operation, the weaker is the blockage effect naturally 

caused by the smaller antenna on the larger one. 
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Figure 71: Total scattering for the open-circuit and loaded low-band (LB) dipole across 

the frequency range of interest. Both bare and covered dipoles are shown for 

a vertically polarized plane-wave excitation (  0

0
ˆ

j t k y

inc E e
 

E z ) [109]. 

 

 

To be sufficiently close to a real scenario, we consider here a typical case for 

cellular base stations, where the HB dipole antenna works, for instance, in the range 1.7-

2.7 GHz and is placed very close to a LB dipole antenna working, for instance, at 0.698-

0.968 GHz. This scenario is particularly interesting because the LB dipole is paired to a 

rather broadband HB antenna and, thus, should be radio-transparent to the latter over the 

same, quite large, frequency range. This is a nontrivial task, and it involves more 

complications compared to the idealized case of two narrowband dipoles numerically 

studied in [47]. 
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In order to match the LB bandwidth and beamwidth requirements, the longer 

dipole has length 2 0.72 ll  , diameter 2 0.04 la  , with a feed gap 0.08 lg  , where 

l  is the central LB wavelength at 833 MHz, as in the inset of Fig. 71. The figure shows 

the total SCS for a 50 loaded and an open-circuit LB dipole under plane-wave 

excitation. First, we compare the SCS between loaded and unloaded LB antennas across a 

broad bandwidth. A clear resonance is seen in Fig. 71 near 970 MHz, with no significant 

dependence on the loading condition. Therefore, only the structural scattering of the LB 

element needs to be considered for the cover design, and rigorous Mie theory may be 

applied to the obstructing open circuit LB dipole. This is an important preliminary step 

that allows us to dramatically reduce the design efforts. 

A horizontal-strip capacitive surface is first considered in order to reduce the 

scattering of the antenna, with dimensions 11.6 D mm , 0.3 w mm , and 18.0 ca mm

, which can provide an average surface impedance 247 SZ j   , able to suppress the 

scattering at the target frequency 2.7 GHz (as compared to 249 SZ j    calculated 

from Mie theory using the dominant omnidirectional electric scattering mode. After a 

first analytical design, we extract the effective surface impedance at normal incidence for 

both polarizations numerically using the simple extraction formula 
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Figure 72: Comparison of the extracted surface impedance for patch and strip 

metasurfaces at normal incidence. (Inset) Transmission-line equivalent used 

for the dual-polarized extraction at normal incidence [109]. 

 

 

In Fig. 72, we show the surface impedance extracted for each polarization to 

compare the different covers. The surface impedance extraction method is simply based 

on an infinite planar sheet model, using the finite element method (FEM) with high-

density adaptive meshing [32], where each of the surfaces are backed by a groundplane 

(electrical short circuit s.c.) separated by an air substrate of 9.6cl a a mm   . 

Obviously this extraction neglects the effects of curvature, but we show in the following 

that it can serve as a good starting point for the design optimization, and shows excellent 

agreement ( 2  difference) with our 2D analytical model, as we only consider normal 

incidence here, 0k  and 0  are the wavenumber and wave impedance in free-space  

In Fig. 71, we only consider excitation with vertical polarization (V-pol), which 

corresponds to an electric field polarized along the cylindrical dipole axis (
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 0

0
ˆ j t k yinc E e

 
E z ), while the horizontal polarization (H-pol) is orthogonal to it at normal 

incidence, and it has a smaller interaction with cylindrical dipole. The horizontal strip 

cover considered in this first geometry is formed by opening thin air gaps along the 

azimuthal direction (̂ ) in a uniform copper shell. In this design, no gaps are present in 

the longitudinal direction, as opposed to the patch array schematically shown in the inset 

of Fig. 71, which will be useful for dual-polarization designs, as it will be clear later. 

These thin slits cause an electric field discontinuity at the surface providing an effective 

capacitive response. As discussed in Ref. [73] for the case of cylindrical metallic rods 

without antenna functionality, the proposed radius of the cover, which is significantly 

larger than the rod, is ideal to increase the bandwidth of operation using a single-layer 

cover and is, thus, also useful in the case of antenna cloaking considered here. As seen in 

the figure, the scattering is indeed largely reduced in the HB window, without changing 

the scattering response of the LB antenna at its own operating frequency. This is a clear 

indication that, as it will be shown later, the LB antenna operation is not affected while 

it’s scattering is negligible, remaining radio-transparent over a large band at the HB 

frequencies. The fractional bandwidth for 10 dB scattering suppression is 14% in the HB 

band, with a maximum suppression of 13.5 dB at 2.56 GHz. 
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Figure 73: Total scattering for the open-circuit LB dipole. We compare the effects of 

the vertical-polarized (strips) and the dual-polarized (patches) cloaks on 

each polarization excitation [109]. 

 

In Fig. 73, we also consider the SCS variation with frequency, for excitation with 

both polarizations. As expected, in the bare case, we see the dominance of V-pol 

scattering, while the H-pol is lower at any frequency and, in particular, 20 dB (1.7 GHz) 

to 10 dB (2.7 GHz) lower across the HB band. Therefore, the low H-pol scattering of the 

bare LB dipole is in the order of the cloaked dipole residual scattering for V-pol 

excitation. However, when we cover the LB antenna with a horizontal strip metasurface, 

whose radius is quite larger than the one of the dipole, in order to achieve broadband SCS 

reduction within the HB window, the H-pol scattering significantly increases, since the 

whole object (antenna + cover) is now electrically larger, bringing the SCS up to the level 

of the bare LB dipole in the upper HB (black dots in Fig. 73). We next consider 



 123 

introducing vertical gaps in the cloak to add capacitive response to the surface also for 

the horizontal polarization, in order to mitigate this effect. 

Using metasurface covers consisting of rectangular patches, with slits both in the 

azimuthal and vertical directions, we can drastically improve the polarization 

performance of the considered broadband cloaks. We note here that more exotic 

metasurface patterns exist; however, the simple patterns considered here give better 

bandwidth and angular response, which are both critical in practical deployments. 

Considering the schematic geometry in Fig. 71, 12 vertical cuts of 1 mm were introduced 

every 30˚ in the original horizontal strip cover design, in order to reduce the H-pol 

scattering highlighted in Fig. 73. The figure shows the comparison between strip and 

patch covers, both for V- and H-pol scattering. The additional vertical slits provide a 

large reactance 565 SZ j    at 2.7 GHz for H-polarized waves, which substantially 

reduces the H-pol scattering, but increases the scattering for V-pol excitation. The effect 

of the vertical slits is clear in Fig. 72, where the surface impedance presents a high 

reactance across the entire band, which almost completely nullifies the cover presence to 

H-polarized wavefronts, leaving only the minimal residual scattering from the dipole 

itself. However the patch array increases polarization coupling and slightly decreases the 

bandwidth and more so the suppression level. The suppression level for the dual-

polarized cloak is now 8 dB at 2.52 GHz with a 5 dB fractional bandwidth of around 

18%.  
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Figure 74: SCS patterns for crossed LB dipoles under plane wave excitation [109]. 

 

 

In order to demonstrate the dual polarized cloaking effect in free-space Fig. 74 

shows different scattering profiles for a cross-dipole, obtained by combining two 

orthogonal dipoles as in Fig. 72 under plane-wave illumination. Due to the aspect ratio of 

the cloak, one row of patches at the antenna feed needs to be removed in this combined 

design. The effect of this removal slightly increases the SCS by 0.6 dB (not shown here 

for brevity). The top row in Fig. 74 shows the SCS patterns of the bare cross dipole at 

different target frequencies in the HB, and the bottom row shows the effect of the 

cloaking cover. Here a vertically polarized wavefront illuminates the structure from the x̂  

direction  0 , 90    with normalized electric field polarized along ẑ . Due to 

symmetry considerations, the crossed-dipoles have a quasi-isotropic response. The 

patterns highlight the significant scattering reduction at all angles and over a broad range 

of frequencies. We have chosen the upper HB frequencies, since they contribute the most 
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interference between antennas, and are the focus of the present work. In each case, it is 

clear that the omnidirectional scattering mode of the dipole is almost completely 

suppressed, leaving only higher- order scattering contributions. 

Our single-layer cover designs are indeed tailored to cancel the dominant 

scattering order over a broad bandwidth, achieving a significant performance without 

complex design schemes. Finally, we show in Fig. 71 and Fig. 72 the far-field gain 

patterns of the LB antenna with and without cloaks, highlighting how the patterns are 

nearly identical. Here we have used conventional lightweight/cost Aluminum in the LB 

dipole and for the cover. Due to the non-resonant nature of the metasurface, moderate 

conductive and dielectric losses have little effect on the performance of the cloaks across 

a broad bandwidth; highlighting a significant advantage of our methodology. Moreover, 

by using a subwavelength pattern of rectangular patches, we are assured to be far from 

the self-resonance of the cloaking cover. Figures 75 and 76 confirm that, due to the high 

reactance exhibited by the cover at the dipole resonance frequency for both polarizations 

(Fig. 72), the cloak has little effect on the radiation features of the LB antenna elements. 

The LB transparency of this cover is a key feature of our design, as there is no need to re-

design the LB element to be covered for matching or beamwidth specifications. We note 

that such a cover essentially de-couples the optimization of the cloak and of the antenna, 

significantly reducing the complexity in the overall design process of a complex 

communication system. 
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Figure 75: Gain of covered and bare LB dipoles at 698 MHz [109]. 

 

 

 

Figure 76: Same as Fig. 75 at 968 MHz [109]. 
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4.2.1 Experimental verification 

We have realized and tested the performance of the cloaked antenna system based 

on the previous theory, as described in the following subsections. We have analyzed both 

near-field distributions and the radiation properties of different antennas placed very 

close to the cloaked dipole to verify the impact of the designed cloak in a basic 

communication link.  

The optimized dual-polarized patch cloak described in the previous section, and 

tailored for a LB dipole antenna, was fabricated using 1 oz. copper foil cut using a 

Roland GX-24 vinyl cutter. Delrin spacers were placed on both ends of each dipole arm 

to provide the required air gap between the mantle cloak and the LB dipole arms. The 

illuminating microwave source is a Pasternack 10 dBi standard gain horn placed in close 

proximity to each testing scenario. In Fig. 77, we show the experimental setup, 

characterized by a distance from the center of each antenna to the horn aperture of only 

0.17 , where   is the free-space wavelength at 2.7 GHz. The antennas were essentially 

placed in such a way that their cover is nearly touching the horn (c.f. Fig. 77), to 

demonstrate that the scattering suppression works independent of the excitation, even in 

the very near-field of the source. 

In each experiment, we programmed a Fanuc robotic arm ending with an E-field 

probe to perform an accurate raster scan in the plane crossing the center of the LB dipole 

arm. The raster scans are taken over approximately a 3 3   scan area with sampling 

distances 0.05x y     . The LB dipole is loaded with standard 50   terminations in 

each testing scenario. 
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Figure 77: Bare and covered LB dipoles placed directly in front of a standard gain 

horn. The E-field probe is shown directly above each testing setup, 

illustrating the region where the probe skips to a different plane in each test 

[109]. 

 

 

 

Figure 78: Measured near-field scattering suppression achieved with the patch array 

cover for both polarizations [109]. 

 

 

Figure 78 shows the level of scattering suppression integrated throughout the 

raster scan. This figure of merit (FOM) used to quantify the agreement between the 

cloaked antenna case to the background measurement, without any device in front of the 

horn, is  
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In (35), cov 0,  ,  and bareE E E  are the time-harmonic fields measured pixel-by-pixel 

in the raster scan around the cover, bare, and free-space fields, respectively. This quantity 

provides a raw descriptive metric of how well the cover can reduce the overall near-field 

scattering, reflections and field distortion, compared to the bare antenna. We emphasize 

here that this FOM is not equivalent to the SW of the object, but it is directly related to it 

in the sense that a small far-field scattering necessarily corresponds to small field 

perturbations around the object under test. In Fig. 78, we see a strong reduction in near-

field scattering obtained by the patch array, with a 10 dB fractional bandwidth of 12%, 

and a maximum suppression of nearly 18 dB at 2.69 GHz. Even though direct 

comparison to the SCS of the simulated patch array could be misleading for the reasons 

outlined above, the suppression lineshape and level show excellent agreement. As 

expected, the H-pol scattering suppression is more limited (red dots in Fig. 78), due to the 

fact that the original scattering from the bare dipole is very small for this polarization. 

The fact that   stays around 0 dB over the frequency range of interest ensures that the 

cloak does not add significant scattering in the H-pol excitation. Please note that the use 

of the horizontal strip cloak would introduce significant additional H-pol scattering 

compared to the bare case. 

As a second experimental verification, we have compared the gain between two 

log-periodic antennas in the presence of the bare and covered LB antennas placed directly 
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within their line-of-sight path. This experiment demonstrates the gain restoration in a link 

connection by removing the shadow and scattering created by the bare LB antenna. First, 

we consider two log-periodic antennas separated by  1 m 9R  . Assuming the two 

antennas to be identical, the gain was calculated using the Friis transmission equation 

(Fig. 75, black dotted line) [57]: 
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Here in (36), 21s  is the measured transmission between the two antennas, 0  is 

the wavelength and Tx RxG G  are the gain of the transmitting and receiving antennas, 

respectively.  Next, the gain was measured using (36) when a bare LB antenna was 

placed at 0.3 from the transmitting log-periodic antenna, as shown in the inset of the 

figure, using the previously measured receiver gain RxG . The cloak was then placed over 

the blocking LB antenna, and the transmitting gain was again calculated using (36) with 

the same receiver gain RxG . Across a broad frequency range 2-4 GHz, we see strong 

improvement when the cloak is applied compared to the blocking LB antenna. 

Specifically at 2.69 GHz, an improvement of 3.65 dB was measured, which matches that 

of the log-log measurement of 4.94 dBi. This result shows that the cloak is effective to 

different forms of excitation, and allows realizing antennas capable of radiating in a low-
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frequency band, yet remaining essentially radio-transparent in the desired high-frequency 

band. 

 

Figure 79: Far-field gain measurement [109]. 

 

 

Figure 80: Input matching comparison between the covered and bare LB antenna [109]. 
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Finally, to further emphasize the radio-transparency of the cloak at the resonance 

frequency of the dipole on which it is applied, in Fig. 80, we show the comparison 

between the measured reflection coefficient with and without cloak across the LB 

frequency range. It is evident that the matching properties are not affected by the 

presence of the cloak, while, given the cloak isotropy, also the radiation patterns are not 

influenced, as shown above (c.f. Fig. 75 and Fig.76). Essentially the cloak does not 

influence the radiation properties in the LB, due to the high surface reactance values 

exhibited by the cover at the resonance frequency of the dipole. 

 

4.3 RADIO-FREQUENCY TRANSPARENT DIPOLE ANTENNAS 

4.3.1 Introduction 

The need for high density and integrated wireless and communication systems 

continues to grow at a very fast pace. In such scenarios, there is a large demand for 

operating co-located antennas or sensors in different frequency channels, which may be 

potentially overlapping or disjoint. Nearby antennas may essentially act as parasitic 

elements to each other, determined mainly by their electrical distance and geometry. 

These parasitic effects manifest causing beam-squinting or blockage (shadowing) of 

neighboring radiation patterns, and may simultaneously act as detuning elements on each 

other’s input impedance. Typically from an engineering perspective, one of the most 

straightforward ways to combat these effects is by proper antenna placement and 

arrangement. Here we present a novel method based on cloaking technologies to reduce 
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the size and complexity needed to obtain desired radiation and matching performance for 

closely-spaced radiators in high density communication platforms.  

In this section we introduce for the first time the concept of wideband radio-

transparent dual-polarized dipole antennas, based on suppressing the scattering of 

dielectric rods with suitably designed cloaks [110]. The antennas presented here show 

low scattering cross-sections at all angles for oblique plane wave incidence, and are 

demonstrated in a realistic, but simplified reflector-based setup. Simultaneously, the 

antennas are shown to have good transmitting properties, essentially mimicking the 

performance of conventional cylindrical dipoles in terms of bandwidth, beamwidth and 

beam squint. Recently, metamaterial design concepts have been applied to similar 

scenarios. In particular, cloaking approaches based on hard surface [101], scattering 

cancellation [47],[109]-[111], and transmission line [99],[112] techniques have been 

successfully applied to related antenna blockage reduction scenarios. We present here a 

completely different approach exploiting the already low scattering of dielectric targets, 

as compared to similar conventional conductive obstacles. As well, we demonstrate a 

significantly improved angular stability and scattering suppression bandwidth by 

immersing the metasurface inside a dielectric core. We emphasize here that previous 

cloaking designs focus on cancelling the scattering or rerouting impinging wavefronts 

around a conventional conductive target. While these techniques may produce moderate 

cloaking bandwidths, a drawback of such methods is the necessarily increased overall 

size (cloak plus antenna) and complexity to do so. In fact, previous designs presented in 

literature may only work for one polarization and over limited angles of incidence. These 
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two limitations may narrow their practical deployment to a limited arrangement of 

antenna or sensor configurations. We foresee three significant advantages offered by a 

dielectric-core metasurface antenna (DCMA):  

1) Dielectric rods of moderate permittivity generally scatter much less than 

conductive targets of the same geometry; especially for the TE-

polarization. Therefore, a proper design with this methodology presents a 

far less visible object for both polarizations. 

2) For dielectric rods, the bandwidth of scattering suppression generally 

increases for more conformal covers [50]. 

3) Polarization instability can be compensated by proper choice of dielectric, 

metasurface cover. 

To prove the practical applicability of our design, we test this DCMA under 

realistic specifications and with a commercial antenna base station panel. Under these 

testing conditions, we define clear radiation and matching metrics to prove the restoration 

potential rigorously. 
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4.3.2 Dielectric-core metasurface antennas 

 

Figure 81: (a) Realistic scenario of a much larger dual-polarized antenna placed in very 

close proximity to an array of dual-polarized highband antennas. (b) 

Schematic of the relevant sources considered. (c) Conceptual diagram of the 

DCMA in both operating modes. 

 

Figure 81a illustrates the DCMA concept applied to a realistic scenario where a 

cross-DCMA is placed directly in front of an array of dual-polarized highband (HB) 

antennas. Both the lowband (LB) and HB antennas are necessarily placed a quarter 

wavelength (taken near the center of each band) from the reflector to control the radiation 

pattern, and to a less degree the matching. Intuitively, we expect that a conventional 
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cylindrical dipole (CD) antenna used as the LB radiator in this scenario would produce 

significant perturbations to the HB fields radiating at hbf . The most relevant antenna 

blockage metrics to quantify these effects are the antenna gain, beam squint and 3 dB 

beamwidth, which are also used in general antenna specifications. The presence of a large 

blocking CD antenna can re-direct the HB radiation, while changing the 3dB beamwidth. 

In the worst case, the CD essentially becomes a reflector for the HB elements, which 

produces a large shadow at boresight. The testing condition in Fig. 81a is very 

challenging as the LB antenna is in the very near field of the HB elements, where the HB 

radiation in this simplified panel is also not ideal. Therefore, this setup is significantly 

more difficult than has been shown in literature for related cloaking applications. We 

consider here a finite-length panel with six HB elements a one LB element, as shown in 

Fig. 81b. From symmetry we consider only the LB and HB excitations shown in the 

schematic, and include the dual-polarized radiation and edge effects. As we will see, the 

elements along the corners of the finite panel in Fig. 81b cause the most difficulties, due 

to their asymmetry pattern and finite ground plane. 

Shown by the LB element in Fig. 81, we propose to replace the conventional CD 

with instead a dipole constructed from a dielectric rod with an immersed metasurface for 

the simultaneous purpose of strongly reducing the rod’s electrical presence in the HB, 

while the patterned conductive cover itself is used as an antenna in the LB when driven 

by a 50   source (c.f. Fig. 81c). For clarity, the white boxes at the antenna feeds in Fig. 

81c represent the required matching and balun needed to match each antenna to a single-

ended 50   source. 
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4.3.3 DCMA design examples 

Consider first a dielectric rod of the same diameter ( d ) as the conductive rod in 

the previous section, where we have chosen two readily available and low-loss dielectrics 

of relative permittivity 2.3,  4.5kD  . We plot the required surface impedance to nullify 

the dominant scattering term from Mie theory for various diameters at normal incidence 

(Eqns. (8)-(9)) in Fig. 82. We immediately see that some scattering is needed for simple 

and realizable covers (c.f. Fig. 27). The curves in Fig. 82 suggest that the bandwidth 

increases for objects of higher scattering, either by dielectric constant or cross-section. 

For these reasons, we have chosen a dielectric of 4.5kD   and diameter 1.5d . 

 

Figure 82: Required surface reactance for various electrical and geometric parameters. 

Please note here c kD   . 
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As an example of the significant scattering suppression offered by the DCMA 

concept, we compare the total SCS of a cross-dipole of d  to that of bare ( 2.3,  4.5kD  ) 

and covered ( 4.5kD  ) dielectric crosses of 1.5d  cross-sections. The conformal cover 

chosen here is implemented with simple thin inductive traces aligned with the incident 

electric field, similar to Fig. 26, but now with 11.8 mmD  , 0.08 mmw , which is 

183 sX    (Eqn. 10) at 0f  for normal incidence. Not shown here for brevity, the SCS of 

the covered dielectric rod here is 6 times lower than that of the conductive rod of the 

previous section, and has good suppression across a large band. In fact, this covered 

cross-dipole is now 8.5 dB lower than that of the bare dielectric cross of 2.3kD   and 

16.5 dB lower than the conductive cross-dipole of d .  

One compliancy with this simple cover placed on the outer face of the dielectric 

rod is the excitement of in-band resonances. These resonances are clearly seen in Fig. 83 

and limit the suppression bandwidth. In fact, the total SCS shown here characterizes well 

these resonances, which occur mainly at oblique angles of incidence. This subtlety is 

characteristic of dielectric rods and the covers used to suppress their scattering, which is 

far less relevant for conductive targets [50]-[52],[54].  In the following sections, we will 

introduce methods to overcome these unwanted in-band resonances. We will leave the 

LB transmit properties for the next designs, but show a few more examples of the 

possibilities with different covers. 
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Figure 83: Schematic of a general dielectric-core antenna. 

 

One possibility to decrease the cloaking frequency is to use loading, where [56] 
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Here the surface impedance of (14) now includes a series component of the periodic 

averaged loading LZ , which may be implemented with discrete or distributed elements. 

Adding these extra components gives more flexibility for designing more complex single 

layered covers. Figure 84 demonstrates an example of loadings which give low-band 

operation (significantly higher required surface impedance c.f. Fig. 82) and single layer 

dual-band functionality. 
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Figure 84: Loaded inductive surface for low frequency or dual-band operation. 

 

4.3.4 Double helix 

In order to achieve the large required surface impedance around 0f  using the 

same cross-section as the CD, we may also employ a double helix structure. A single 

helix design has very low SCS, but at the cost matching performance [113], which is a 

general tradeoff of this design concept. By properly tailoring the pitch angle  , trace 

width w  and total wire length  
22

0 0l N S d  , where N  is the number of turns (c.f. 

Fig. 85), we are able to achieve a broadband low-observable rod with efficient radiation. 

The twisted pattern of the double helix also provides a means to reduce the polarization 

coupling and in-band resonances as seen in the previous examples. This double helix will 
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also be shown to support good dipolar operation in the 0 00.26 0.36f f  band with a 50   

match. 

 

Figure 85: Schematic of higher frequency antenna placed directly below the transparent 

antenna. 

 

In Fig. 86, we show the SCS of the final layout, in which we combine four radio-

transparent rods to form a dual-polarized dipole antenna. In Fig. 86 the antenna is loaded 

with a standard 50   load, and the reduction in total integrated scattering compared to a 

baseline conductive cylindrical dipole of same geometry for plane-wave incidence 

 0

0
ˆ j t k yinc E e

 
E z  is substantial. A 10 dB suppression across the entire band of interest is 

shown, which far exceeds almost any other cloaking technique. Significant scattering 

suppression is observed across a large incident angular range (as noticed by the total 

SCS), but it is left out here for brevity. A cross parasitic element is placed directly in 

front of the LB cross-dipole for simple matching. We see the thin diameter of the 

parasitic only slightly raises the broadbroand SCS by 3 dB in Fig. 86, while presenting a 

simple narrowband match. 
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Figure 86: Total SCS of the CD and DCMA crosses at normal incidence. 

 

 

To demonstrate how the minimized scattering suppression may restore the gain of 

nearby blocked radiators, Fig. 85 shows the schematic of a difficult scenario. Here a 

blocked dual-band antenna operating in the band around 0 2.71 GHzf   is placed behind 

a much larger dual-polarized antenna operating at 883 MHzdf  . Figure 85 depicts a 

challenging scenario, as the angular spectra of near-field dipoles is much more difficult 

than for planar wavefront excitation, confirming the scattering suppression at all angles. 

In Fig. 87, we compare three cases around 0f : 1) the one labeled ‘isolated’ 

corresponds to the pattern without any blocker; 2) ‘baseline’ corresponds to the case of a 

typical cylindrical conductive dipole with same geometry, 3) ‘dielectric-core’ 

corresponds to the pattern with the proposed radio-transparent antenna. The figure shows 

nearly perfect restoration of the radiated fields when the transparent antenna is 
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considered, whereas the radiation is almost completely blocked at boresight due to the 

baseline. In Fig. 88 the same antenna is used in its transmit configuration, placed directly 

in front of the illuminating dipole, and the dielectric-core antenna is shown to radiate 

efficiently at df , impedance matched to a conventional coaxial feed with a small 

parasitic matching element. 

 

 

Figure 87: Comparison of the azimuthal plane gain patterns at 2.71 GHz  (left), 2.17 GHz  

(middle) and 1.71 GHz (right). 

 

 

Figure 88: Reflection coefficient in transmitting mode and radiation pattern of ẑ - 

oriented dipole. 
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4.3.5 Dual-polarized near-field panel integration 

In this final design, we present simulation and initial measurement results from a 

manufactured prototype. The exact details cannot be given as they are under patent 

review at current time. The design shown here has broadband matching and excellent 

radiation characteristics when used as an antenna. In commercial applications, many HB 

elements need to be placed compactly to reduce cost, while meeting specifications on 

bandwidth, beam squint and beamwidth. Such a realistic panel is far more challenging 

and complex than the designs presented previously, where only a single HB element was 

placed directly below the LB DCMA. In the panel, an array of dual-polarized HB 

elements are placed in very close proximity to the proposed LB cross, as illustrated in 

simplified panel in Fig. 81b. Additonally, other tuning, directing and structural elements 

are included inside the panel, further increasing the electrical clutter and complexity. 

4.3.5.1 Angular and dual-polarized scattering response 

Restoration of dipolar fields in the very near field requires that the proposed LB 

DCMA maintains its cloaking performance over a large angular range for both 

polarizations. This strict polarization insesitivity is required especially in light of the non-

ideal radiation presented by each of the six HB elements, incident upon the LB DCMA at 

multiple locations, and for both polarizations. In Fig. 89, we compare the total integrated 

SCS for a normally incident plane wave aligned along the cylinder axis for a single 

dipole. Again we see the CD has large scattering with a resonant peak  around 1.5 GHz. 

The bare host dielectric without the patterned surface applied shows weak scattering in 

the CD resonant region even without the metasurface applied and grows to surpass the 
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scattering of the CD, due to the chosen kD  and cross section. After applying the 

metasurface to the dielectric rod, we see strong scattering suppression across a large 

bandwidth. Some in-band resonant peaks are still noticed, but they are much lower than 

the previous designs. Here we see the functional DCMA concept, where we have reduced 

the scattering of the dielectric host and also exploited its already lower scattering in the 

lower bands, even where the dielectric rod is not cloaked in the strict sense, thereby 

producing a much lower total SCS than the CD across a very large bandwidth. 

 

Figure 89: Total SCS comparison between the baseline CD, bare host dielectric and 

DCMA.  
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Figure 90: Obliquely incident plane wave characteristics from the CD and DCMA.  

 

To clarify the in-band cloaking performance (1710-2710 MHz) at all angles, we 

plot in Fig. 90 the comparison between the CD and DCMA. The CD shows significant 

scattering up to 20   and a jump at  50  . However, our proposed DCMA design 

remains significantly lower at all angles. To be clear, this does not necessarily mean we 

have designed a cover that cloaks the dielectric rod at all angles and across a large 

bandwidth, but compared to the CD, we have effectively made a target which scatters 

much less than at all angles, which is not a trivial task given that it appears to be 

electrically the same as the CD at lower frequencies. 

4.3.5.2 Panel HB response 

Before we compare the typical antenna metrics needed for a successful design, we 

first plot the far-field radiation patterns of the realistic panel for each of the relevant 

cases, for the best cloaking frequency of 2.51 GHz predicted from our analytical and 

numerical studies in Fig. 91. Considering Fig. 81b, we plot here the most relevant HB 

port locations. As can be seen in in Fig. 91, P5 is the most difficult location to suppress. 
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First, the HB element is directly below the edge of each LB antenna, where the finite 

length of the LB arm becomes important. The port excitation at P5 is also parallel to the 

LB element, which has the strongest interaction between the LB dipole arm and the 

incident HB fields. As well, the panel under test is finite, which affects the isolated HB 

radiation through the asymmetry of its neighboring HB elements and a reduced corner 

groundplane. Here we see the CD essentially blocks the HB radiation, scattering the 

incident field in all directions away from boresight. However, the DCMA restores the HB 

radiation at this location, albeit with some beam squinting and a decreased beamwidth. 

Still, the field restoration is apparent and within commercial specifications.  

 

Figure 91: Far-field radiation patterns (realized gain) for each port location and for 

each of the test cases at 2.51 GHz.  
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Port 3 has more symmetry due to its location in the panel and the field restoration 

is clear. What’s more, due to the relative location of the LB element and the HB 

excitations, we see the dual-polarized performance of the DCMA under this excitation. 

Finally, at P7 we see the noticeable, but less apparent interaction between the HB 

excitations and the LB elements, due to the field orientation relative to the dipole arm. 

Again, a noticeable far-field restoration is seen at this location by the DCMA. 

Figures 92-94 characterize the improvements in the antenna metrics 3 dB 

beamwidth (BW), beam squint and HB realized gain across the whole HB. The sector 

considered here is the y z  plane; therefore, as seen in Fig. 91, the maximum beam 

squint in the CD cases is not fully accounted for and is generally much worse. When 

considering these metrics, they should not be considered independently, but holistically, 

as demonstrated in the far-field patterns in Fig. 91. Consider first Fig. 92, where we look 

at the symmetric case at P3. In this case, the most important metric to consider is the 

realized gain, which also includes the HB matching performance. Together with Fig. 91 

we see the field restoration in the boresight sector (squint 7 ) is greatly improved and 

also the BW across all frequencies, where it is noticeably more well-behaved than the CD 

case. 
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Figure 92: Far-field P3 metrics. Notice the same legend is used in Figs. 92-94. 

 

Figure 93: Far-field P5 metrics. 
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Next in Fig. 93, the more challenging edge case is considered at P5. Here we see 

very strong improvements across the entire HB, where the BW is flattened out, the squint 

is significantly reduced, and the gain is greatly improved. We note here the squint in this 

case reaches above the commercial specifications at several frequencies, but is still much 

better than the CD case. In fact, generally in a real base station panel, there are several of 

the unit cells considered here, as well, there are other tuning elements that can improve 

this even further, but the improvement is clear. 

We next consider the TE-pol response at P7 in Fig. 94. Here even with the edge 

effects of the panel, the DCMA performs very well, bringing all metrics in specification, 

especially above 2.3 GHz. This dual-pol feature of our proposed DCMA sets it apart from 

many other cloaking technologies in literature.  

 

Figure 94: Far-field P7 metrics. 
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4.3.5.3 DCMA LB response 

In this final study, we compare the LB response of the CD to the DCMA radiator. 

As can be seen in Fig. 95, the DCMA performs nearly the same as the conventional CD 

radiator. These essentially prove the DCMA is radio transparent from 170-2710 MHz and 

simultaneously mimics a CD element from 698-968 MHz. Additionally what sets this 

proposed antenna apart from simply placing an electrically small antenna in front of the 

HB elements is its ability to be well matched across a large bandwidth. In Figure 96, we 

plot the matching of the DCMA when connected to 4-stage matching circuit, which may 

be implemented with discrete or distributed circuits, using the required quarter-wave 

distance from the reflector. 

 

 

Figure 95: LB P1 metrics. 
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Figure 96: Matching characteristics of the DCMA antenna from 698-968 MHz. The 

VSWR circle here represents a return loss of 10 dB. 

 

4.3.5.4 Realized DCMA measurements 

Working with a commercial base station vendor, we have realized a prototype and 

present the initial measured results. Figure 97 shows the excellent matching of the LB 

and HB elements with the DCMA design, generally being better than 10 dB with the 

exception of the LB between 923-960 MHz, where the matching is still better than 7 dB. 
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Figure 97: Measured LB & HB with realized DCMA design. 

 

In Figure 98, we compare the far-field radiation patterns across the HB for a 

single unit cell panel. Clear in Fig. 98 is the radiation patterns are very similar when 

comparing the isolated HB elements and the DCMA+HB elements, which essentially 

proves the potential of the transparent dipole DCMA concept. Please note here that each 

colored trace represents the far-field patterns at different HB frequencies. What’s most 

striking here is the main beam direction and overall pattern for the DCMA+HB radiation 

is very similar to the isolated HB patterns. Finally in Fig. 99, we see the DCMA radiation 

patterns are excellent and give clear dipolar patterns. We reiterate, the field patterns in 

Fig. 99 along with the LB matching in Fig. 97, prove the DCMA works nearly the same 
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as a conventional CD in the lowband frequencies, while being radio transparent at higher 

frequencies. While these results are initial we are certain this new design strategy will 

pave the way for high density communication platforms and is the most promising route 

for low form factor and compact transparent dipoles. These concepts are envisioned to be 

used to help improve other technologies such as co-located MIMO antennas and systems 

in other frequency regimes. 

 

Figure 98: Measured HB patterns when isolated (left) and with realized the DCMA 

(right) design placed above them. 

 

Figure 99: Measured LB DCMA antenna radiation pattern. 
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Chapter V: Conclusions and Outlook 

In this work, we have presented and experimentally verified several applications 

of metamaterial and metasurface technologies. The fascinating wave control properties of 

ENZ materials were shown to support electrically long propagation with near-zero phase 

delay. The experiments shown here for ENZ media were obtained at radio-frequencies; 

however, they also support related ideas across a large range of frequencies and 

applications. As was shown in Chapter I, the enhancement of sidewall current increases 

the loss significantly through such channels. We have shown that simply relaxing the 

requirement of the ultranarrow channel height significantly reduces the losses incurred in 

the sidewalls, while still retaining the unique ENZ features. Still, other geometries may 

be less susceptible to wall losses while maintaining ultranarrow channel heights, as was 

originally shown for TEM waveguides. 

At radio frequencies, the proposed ultrathin mantle cloak shows exciting promises 

for practical applications. We have shown several important studies in this context, 

investigating and testing the full range of advantages and difficulties for this technology 

in antenna applications.  The mantle cloaking technique has several very important 

features as outlined in detail in this work. We have shown that, by increasing the number 

of passive layers, cloaking and even near perfect invisibility is possible for moderately 

large targets, multiple bands, and over extended bandwidths. Yet, we foresee that the 

most appealing applications of mantle cloaking covers are those applied to obstacles or 

devices of moderate cross-section, from which many applications may significantly 
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benefit. The main areas of future research are in improving the suppression-bandwidth 

product and decreasing the polarization sensitivity. We have generally shown that the 

most simple covers lead to the best results in this regard. However, there may be more 

complex passive and active designs that can improve upon this work. 

Electronically loaded metasurfaces were also demonstrated in this work. This is 

one of the most exciting areas of future research, as such PCB-like surfaces easily 

support such integration. Band reconfigurability was shown in detail as well as single-

layer dual band applications. There is still a wide scope of possibilities of creating 

active/passive loaded metasurfaces for wave control engineering.  

The application of metasurfaces applied to dipole antennas was investigated 

extensively in this work. We have shown here that a simple cover may significantly 

reduce the structural, or open-circuit, scattering of a dipole. By decreasing this scattering, 

we have introduced a scheme to modulate a sensor’s scattering and absorption properties 

by simply adjusting its load resistance. This technique allows for dynamic control of the 

sensor, which may potentially be applied to wide ranging applications, such as 

tomography, beam steering, and furtive sensing. Another exciting area possibility is the 

use of these metasurface covers to isolate HOMs. In this way, the possibility of HOM 

hidden sensors with giant absorption efficiencies and maximum absorption may be 

possible. 

We also introduced and validated a new concept of DCMAs. This approach is 

arguably the most promising route to create transparent antennas without sacrificing 

antenna gain or requiring a large form factor. The results of this work show that such a 
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concept may be applied to complex systems and meet stringent, multi-objective 

specifications. Again, the suppression-bandwidth product and polarization sensitivity are 

the most challenging aspects for this concept. In an ideal design, the DCMA would be 

completely transparent in a desired band, while acting as a conductor in another band. 

Therefore, further research is needed to improve upon and develop the proposed concept 

to bring it to full fruition for practical applications. 
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