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1. Introduction

All microwave devices and antennas are made of materials, like metals or

dielectrics, which need to be carefully chosen in order to ensure the best

possible performance of a particular device. However, the choice of nat-

urally available of chemically synthesizable materials is limited, and in

many instances the engineer has to use materials with suboptimal prop-

erties or even discard possibilities of creating new devices because mate-

rials with desired properties do not exist. This problem can be at least

partially overcome using the metamaterials paradigm - creating artificial

materials with on-demand electromagnetic properties.

Metamaterials (MMs) are presently defined as effectively homogeneous

artificial materials with unusual (not realized for any natural medium)

and useful electromagnetic properties [1].

Electrically dense arrays of thin metal wires have been used in mi-

crowave engineering since 1950s as artificial dielectrics [2]. These struc-

tures can be considered as precursors of metamaterials, because the ef-

fective permittivity of wire media can take values smaller than unity and

even negative ones, so that these artificial materials offer a possibility

to create materials with unusual and useful electromagnetic properties,

emulating the response of free-electron plasma.

Since recently, this classical concept of wire media (WM) as an artifi-

cial dielectric has seen a lot of interest, following the creation of artificial

negative-index materials and the discovery of strong spatial dispersion

effects in wire lattices. Understanding of strong spatial dispersion of wire

media lead to new exciting applications in super- and hyper-lenses [1],

radiation enhancement, sensing, and thermal radiation management.

In this thesis, one opens exactly the potential for wire media appli-

cations in view of enhancement of the power radiation. This issue is

in strong correlation with the mentioned property of strong spatial dis-
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persion of WM metamaterials. This property was studied in details in

works [3], where authors demonstrated both theoretically and experimen-

tally, that whole spatial spectrum of radiated harmonics is converted in-

side the WM into propagating ones, including evanescent waves.

Particularly, if one considers the problem of subwavelength imaging, it

is widely known, that source field distribution with less than wavelength

details effectively transfers through the optically thick WM slab [4]. Fur-

thermore, the effect of the subwavelength image magnification is also

widely studied, using the WM-based structures, which are called WM hy-

perlenses. Here, the subwavelength features of the imaged object (source)

are kept due to evanescent waves. These waves are smoothly converted

into propagating waves inside the divergent WM. These propagating spa-

tial harmonics are radiated from the outer surface of the WM structure,

keeping the features of the imaged source.

Nevertheless, described effects of super-resolution imaging always were

strongly limited in view of the frequency range. The effect always exists

only at the frequencies of the Fabry-Perot resonances of the considered

final size structures [5].

The present research is focused on the efficient extracting of the radi-

ated energy, without the requirement for saving the information about

the phase. Our goal is efficient radiation of the source energy into free

space in ultra-wide wavelength spectrum.

Desired property is primarily interesting for purposes of efficient heat

energy absorption. Naturally, the heat radiation is a quite broadband ef-

fect. Moreover, in previous works by C.R. Simovski with colleagues [6–9]

possible improvements for operating of thermophotovoltaic devices using

metallic nanowires were theoretically discussed, also covering other tasks

on efficient radiative energy transfer. An important theoretical assump-

tion in all these works was as follows: wires, free-standing in the vacuum

gap and partially submerged either into the radiating body or into the

receiving body, enable broadband and efficient radiative power transfer.

This broadband transmittance theoretically proved in these works con-

tradicted to all results previously obtained for finite-size WM slabs. As it

is mentioned above, a WM slab is a resonant structure. At frequencies,

different from its Fabry-Perot resonances, it is not able to transfer elec-

tromagnetic energy. Really, if the source to be imaged is located in front

of a WM slab, its field (both evanescent and propagating spatial spectra)

will be reflected by the WM slab at any frequency (except the Fabry-Perot
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resonances). If the source is embedded into the WM slab, its image is dis-

torted due to internal reflections and is not transmitted outside (except

the Fabry-Perot resonances). Therefore, the claims of broadband radiative

energy enhancement and transfer were not enthusiastically supported by

the scientific community. Thus, the main target became a conceptual val-

idation of the theoretical claims [6–9] about broadband energy transfer

and broadband enhancement of radiation by slabs of WM. These two prop-

erties are critical for prospective thermophotovoltaic systems, enhanced

with nanostructured WM slabs.

WM structures called hyperlenses are also quite interesting objects to be

studied in view of the radiation enhancement property. Here, the aperiod-

icity of the structure offers increase of transmission of radiation into free

space. However, until recent time it was unclear, could these structures

also increase the radiation from embedded sources in a wide frequency

range? In paper [10] the authors started to study this topic. They exam-

ined analytically and numerically a WM hyperlensing structure, consist-

ing of radially diverging metallic wires in a transparent hemispherical

dielectric matrix. However, from that initial paper it was not clear, what

was the exact part of the enhanced energy radiation, granted by wires.

Another unclear point was the role of the dielectric hemispherical matrix

(lens), as far as some other fundamental and applied questions. All these

questions will be discussed and clarified in the present work.

Every day it becomes more and more clear that metamaterials paradigm

is a quite promising field, its potential is still not fully discovered. A lot

of scientific groups work on fundamental problems, which could be solved

with proper manufacturing of certain types of metamaterials, others lead

the view to certain applications in enhancement of already existing de-

vices. Results and solutions presented in this work combine answers for

both of the mentioned areas of the titled problem.

*****

The thesis consists of six parts, including: this Introduction, four chap-

ters with explanations of the theoretical background and major results

obtained during doctoral studies work, and Conclusion.

Four chapters comprising scientific results of my research are written

with respect to the author’s contribution publications, and also the initial

paper [10], laid the foundation of the titled research. A short summary of

every section is as follows:

In Chapter 2 a possibility to strongly enhance the thermal radiation of
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hot bodies using an infrared wire-medium hyperlens is explored theoreti-

cally. Hyperbolic metamaterial of the hyperlens converts the near field of

an embedded emitter into propagating waves. These waves are efficiently

radiated from the hyperlens surface into free space. Thus, with the hyper-

lens, the thermal spectral radiance goes well above the black-body limit

for the same emitter in free space. It is proved that a wire-medium hyper-

lens can be used for more significant (and very broadband) enhancement

of the radiation of small sources than the previously known thermal lens.

However, the matching on the surface of such the hyperlens is imperfect

and implies a strong impact of dimensional resonances of the wires.

In Chapter 3 sight is focused on the impact of these resonances and

on the possibility to enhance the thermal radiation also at the resonant

minima. The frequency-averaged enhancement of dipole radiation in the

wire-medium hyperlens is studied. In addition, an investigation on how

the divergence of metal wires modifies the radiated power of a dipole is

provided, comparing with an array of parallel wires, and also with the

impact of other design parameters. The optimized hyperlens is studied

experimentally in the microwave range, and these measurements confirm

our theoretical estimations.

Chapter 4 overturns the previously adopted opinion that the effective

energy transfer across a WM slab takes place only at its Fabry-Perot res-

onances, and the broadband power transfer in WM samples is impossi-

ble. Two rectangular waveguides represent here a specific test-bed sys-

tem serving for a qualitative imitation of two media hosting the ends of

the wires from both sides of the WM slab. It is shown that a properly

designed WM slab transfers the power of waveguide modes of both polar-

izations from the input to the output waveguides over the whole band of

their operation.

The last chapter reporting my scientific results – Chapter 5 – shows that

broadband enhancement of radiation from subwavelength sources can be

achieved by using a new type of metamaterials – irregular random wire

media. This metamaterial at the same time allows a broadband enhance-

ment of radiation, and, in contrast to hyperlenses, offers this enhance-

ment without enlargement of the radiating aperture.
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2. Super-Planckian thermal emission
from wire metamaterials

2.1 Thermal radiation

Every natural material body with temperature T different from that of the

ambient or located in free space (having no temperature) has an ability

to emit thermal energy as outward electromagnetic radiation. Thermal

radiation is electromagnetic radiation generated by the thermal motion

of charged particles in matter. All matter with a temperature greater

than absolute zero emits thermal radiation. If a radiation-emitting ob-

ject meets the physical characteristics of a black body in thermodynamic

equilibrium, the radiation is called blackbody radiation [11].

The classical model, describing thermal radiation power spectrum from

a unit area of a heated body, was developed by M. Plank more than 100

years ago [12]. It can be formulated as:

PFS
ω = πes(ω)Bω =

�ω3es(ω)

4π2c2

[
e�ω/kBT − 1

]−1
(2.1)

Here kB and � are Boltzmann’s and Planck’s constants, respectively, T

is the temperature of the body surface and es(ω) < 1 is the spectral emis-

sivity of body’s material.

The so-called black body represents an idealized physical body that ab-

sorbs all incident electromagnetic radiation, regardless of frequency, po-

larization, or angle of incidence. The radiation is emitted according to

Planck’s law mentioned above, meaning that it has a spectrum that is

determined by the temperature alone, not by the body’s shape or composi-

tion. So black body in the model obtains the maximal possible theoretical

emissivity es(ω) ≡ 1 [10].

For any body constructed with realistic materials es(ω) < 1. At the same

time this model proves the absence of thermal emission for transparent
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on corresponding frequencies materials: es(ω) = 0 [10].

In a classical view, thermal radiation always supposed to be non-coherent,

with the isotropic spatial distribution – the process of radiation is abso-

lutely disordered and chaotic. However it is very important to mention

already here some recent investigations, which changed this view and

proved possibilities for generating the partial coherence and directional-

ity of the thermal emission [13–16]. Moreover, there were some works,

demonstrating the potential of metamaterials for these purposes, and,

particularly, the so-called hyperbolic metamaterial promising for the en-

hancement of thermal emission [17–21].

Since the classical works by Kirchhoff and Planck, the black body has

been considered as a perfect thermal emitter whose spectral radiance can-

not be exceeded in the far-field zone (so-called black-body limit). Despite

that the photonic density of states and, consequently, the rate of spon-

taneous emission responsible for thermal radiation from a metamaterial

may be enhanced considerably (e.g., in Ref. [22], by one order of magni-

tude) there is a belief that the photons that occupy the extra available

states cannot be emitted out of a macroscopic area of a medium with a

high photonic density of states [23]. In accordance to this belief total in-

ternal reflection (TIR) prevents the far-field radiation and only the near-

field thermal radiation at the interface of a metamaterial is enhanced.

However, it is not generally true as will be explained below.

2.2 Concept of hyperlensing

Long ago, in Ref. [24], a possibility to exceed the black-body limit for a hot

particle having resonant sizes at infrared was pointed out. For optically

large but finite size objects, which are considered here, the general belief

is that it is not possible to go beyond the black-body limit [25]. Neverthe-

less, it can be shown that even for macroscopic bodies there is a possibil-

ity to overcome this limit at a given wavelength by a process of resonant

photon tunneling. As to the super-Planckian radiative heat transfer due

to photon tunneling through a vacuum gap between hot and cold bodies,

this effect was known long ago. Recently, it was shown that the resonant

photon tunneling can enhance the far-field emissivity of an effective sur-

face of a macroscopic metamaterial body [26]. This amazing effect grants

the super-Planckian far-field radiation from a macroscopic area in a very

narrow frequency band. In this chapter of my thesis I focus on a different
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regime that offers broadband enhancement to thermal radiation. I find

arguments in favour of the possibility to strongly overcome the Planckian

limit also for broadband radiation.

Figure 2.1. Two hemispherical structures which offer super-Planckian thermal radiation
from a finite emitter (just a half of each structure is shown for comparison).
Left portion: Thermal lens analogous to the one considered in Ref. [27]. Right
portion: Thermal hyperlens comprising radially diverging nanowires. The
lens and hyperlens’ host are made of transparent glass with permittivity ε2 ≡
εh. The emitter is formed by a hemisphere of lossy medium with complex
permittivity ε1, filled with nanowires (except for a small core of radius r1

where the thermal radiation is not enhanced). The emitter is set under high
temperature T1 � T2, where T2 is the ambient temperature.

In fact, super-Planckian thermal radiation from a macroscopic hot area

has been already known. It was obtained with a simple transparent

dome [27] called the thermal lens. On Fig. 2.1 the left part of the picture

illustrates this concept. If one substitutes in Eq. 2.1 c for c/n, implying

higher refraction of thermal radiation to the medium of the dome than

to free space, thermal emission of a hemispherical source into dielectric

can be enhanced by n2 compared to the emission into free space. This

enhancement holds if es(ω) does not decrease in presence of the dome.

In [27] it was shown that the emissivity of the source does not suffer from

the presence of the dome if the source medium is either a metal or a lossy

dielectric with higher refractive index than that of the dome. The dome

does not radiate itself – it is lossless. However, due to its spherical geom-

etry it successfully transmits this enhanced thermal radiation into free

space. So, due to the presence of the dome the effective emissivity of the

source into free space exceeds unity. This increment can be alternatively

treated as an effective increase of the emitter radius. In both interpre-

tations thermal radiation of the emitter exceeds that of the black body of

22



Super-Planckian thermal emission from wire metamaterials

the same area i.e. is super-Planckian.

This effect results from the spherical surface of the dome strongly re-

ducing the internal reflection of thermal radiation. If the dome has a

radius R, and the emitting object – r, so that R � r, from geometrical

optics (GO) it follows that TIR occurs only for a small part of the angular

spectrum of thermal radiation. Adopting the Lambertian law for ther-

mal radiation and involving GO one can deduce the following relation for

the integral (over the angular spectrum of the source radiation) transmit-

tance of power through the dome surface: tGO = 4n/(n+1)2. The total gain

in power radiated by the heat source to free space due to the presence of

the hemispherical dome is equal (on condition that the hot medium has a

higher refractive index) G = n2 × tGO = 4n3/(n+ 1)2.

From here it may seem that one can achieve very high gains when both

refractive indices of the hot medium and the dome increase. However, this

is not so, because the GO approach is valid only if n � R/r. When n �
R/r, an important part of the radiated spatial spectrum will experience

the TIR. TIR also ensures that the apparent diameter of the emitter as

is seen from outside of the dome never exceeds the diameter of the dome,

which sets an obvious upper bound for the gain of thermal radiation in

this structure (in the case when R � λ and there are no dimensional

resonances): G < R2/r2. The whole structure may not radiate more than

a black body with the radius equal to the outer radius of the dome. This

limit is, however, not even approached in a real thermal lens [27]. In this

work an experimental gain compared to the black body is equal to 3, and

it is shown that the best natural materials may grant maximum 7.

Here, we show that involving hyperbolic metamaterials (HMM) – namely,

wire media – we may really approach the theoretical limit G = R2/r2.

HMMs are uniaxial dielectric composites with the permittivity tensor de-

fined by two components: transverse ε⊥ and axial ε||, such that

Re(ε||)Re(ε⊥) < 0, Re(ε||,⊥) � Im(ε||,⊥). The isofrequency surfaces (also

called wave-dispersion surfaces) for HMM represent hyperboloids. A hot

unit volume inside a HMM sample emits much more electromagnetic en-

ergy than a unit volume of a conventional lossy medium at the same tem-

perature. This effect can be expressed in terms of the so-called Purcell

factors for dipole sources located inside HMM.

Historically, Purcell’s effect is the enhancement of spontaneous emission

rate of a quantum emitter (such as a fluorescent molecule or an atom in

a direct current magnetic field) by its environment. In the 1940s Edward
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Mills Purcell discovered the enhancement of spontaneous emission rates

of magnetized atoms when they precess around the direct current field in

a resonant cavity. The magnitude of the emission rate enhancement is

called the Purcell factor [28].

For a long time the concept of Purcell’s factor referred only to the case

when the emission was quantum and was enhanced by a resonator (see,

e.g., Ref. [29]). However, in Ref. [30] the notion of Purcell’s factor was

extended to any dipoles which radiate in an environment different from

free space. This is possible because the Purcell effect turned out to be a

purely classical effect, it is simply more efficient extraction of radiation

from the source granted by an environment. It is assumed that the dipole

moment of the source is fixed and is not modified by the environment. In

the quantum case it is a dipole moment of the quantum transition in a

two-level system. However, the enhancement of radiation from a short

active dipole by a properly located resonant passive dipole is, basically,

the same effect.

Nowadays, there is a body of literature where Purcell’s factor is defined

simply as the gain in the radiated power achieved due to a modified envi-

ronment, even simply a dielectric medium replacing free space around the

radiation source (see, e.g., Refs. [31–33]). Here the definition of Purcell’s

factor as the gain (granted by the environment) in the power radiated

by a monochromatic dipole with a fixed dipole moment is used. It can be

proven that in this definition Purcell’s factor coincides with the gain in the

radiation resistance of the dipole achieved due to the modification of the

environment. The same definition was used in the relevant work Ref. [31]

studying the Purcell factor of a HMM formed by parallel metal wires. A

rather close problem – gain in the power emitted by a dipole located in a

cold magnetized plasma – was considered in the classical book [34].

Therefore, possible enhancement of radiation granted by HMM can be

much greater in comparison to the dielectric dome. For a point source, em-

bedded inside a lossless HMM without internal granularity FP,HMM →∞.

In Ref. [34] it was shown that the radiation resistance of a point dipole

oriented orthogonally to the optical axis of a hypothetical medium such

that Re(ε||)Re(ε⊥) < 0 and Im(ε||,⊥) = 0 is singular. This fact was pointed

out for magnetized plasmas where low electromagnetic losses and the in-

definite tensor of the effective permittivity offer a strong enhancement to

the radiation of a short dipole. Physically, this huge Purcell factor results

from the fact that there is no clear distinction between the near and far
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zones in the dipole field in a HMM. In the dipole field propagating waves

dominate even at subwavelength distances from the source. Therefore,

the balance between the stored and radiated power of a dipole source in

a HMM is more favorable than that in free space. Moreover, the radia-

tion resistance of an idealized Hertzian dipole in a lossless HMM is in-

finite [34]. Respectively, the thermal radiation of an elementary heated

volume located in the ideal HMM should be infinite. For a realistic (lossy

and granular) HMM the thermal radiation of a unit hot volume is finite

but can be done strongly super-Planckian as compared to the radiation of

the same thermal emitter in free space [18,19].

Nevertheless in HMM there is a huge problem of the transmission of

super-Planckian dipole radiation from the metamaterial into free space

[10]. As the whole spatial spectrum of the dipole radiation inside the

HMM is converted to spatial harmonics with high transverse wavenum-

bers q = 2π/Λtr ≥ ω/c, in a regular (uniaxial) HMM the radiation pattern

of a dipole represents a directional wave beam of conical shape with ulti-

mate directionality. The energy propagates in this wave beam under the

large angle to both the transversal plane and to the optical axis. There-

fore, almost all this radiation experiences TIR at the interfaces of the

HMM layer with free space. In fact, the dipole radiation generated inside

a HMM slab whose interfaces are parallel to the optical axis is completely

internally reflected. As to the slab, whose interfaces are orthogonal to the

optical axis, the dipole transmittance into free space is either the same as

if the dipole was located in free space (if the HMM is lossless) or smaller

(if there are losses). Respectively, a HMM layer completely filled in with

the heat sources emits the thermal radiation into free space which does

not exceed the black-body limit. However, it is very close to this limit if

the layer interfaces are transversal with respect to the optical axis [17] –

such the layer emulates the black body in the frequency range where it is

a HMM.

On the other hand, in a radially uniaxial spherical HMM sample the

eigenmodes of HMM which are characterized by high local wavenumbers

q(r) � ω/c (here r is the radius of the internal spherical surface of the

hyperlens), experience the gradual spectral transformation along with the

propagation towards the external surface because in these modes, roughly

speaking, q(ρ) ∝ 1/ρ. Therefore, at enough large radial distances ρ � r

the eigenmodes may attain q(ρ) < ω/c. Then on the external surface

of the sufficiently large spherical sample of radially anisotropic HMM,
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these modes efficiently couple to the waves propagating in free space. This

regime is called hyperlensing and the corresponding structure is called

hyperlens [35].

Our hyperlens can operate at infrared frequencies [5]. It extracts the

excessive super-Planckian heat conventionally confined in the emitter be-

ing stored by the modes with high transverse wavenumbers q > k0 = ω/c

that cannot propagate in free space. An implementation of HMM in the

infrared range can be, for example, an optically dense array of aligned

metal nanowires called wire medium (WM). WM is a spatially dispersive

implementation of HMM. This spatial dispersion is rarely a harmful fac-

tor, for many applications it is an advantageous feature [5]. Strong spa-

tial dispersion inherent to WM is not a harmful factor also for our present

purpose. Really, in accordance with [36], spatial dispersion helps to better

match the WM to free space for p-polarized (TM-polarized) waves. Due

to spatial dispersion, a WM layer has the surface impedance depending

on the angle of the wave incidence so that this dependence grants better

matching to free space for large angles compared to a usual HMM – that

performed as a stack of metallic and dielectric nanolayers.

The new concept of super-Planckian effective emitter is demonstrated on

Fig. 2.1 (right part). It is very important to pay attention here for correct

divergence angle φ between the neighbouring wires of the system, their

thickness and period. More detailed analysis is going to be presented in

the next chapter of the thesis, but originally it is possible to presume that

φ should be optimized – small enough for keeping the HMM properties

of the structure, and large enough for the efficient matching of the HMM

sample surface to free-space.

While it is critical that the nanowires are radially oriented in the whole

structure and that their density decreases with the radial coordinate, it is

not strictly necessary for the nanowires to be solid (continuous) through

the whole structure which can have the radius dozens of micrometers. A

radially diverging WM sample can be performed by several arrays of non-

connected wires mutually overlapping along the radial directions. In this

way the conductive heating of the dome surface can be decreased.

2.3 Analytical estimations

For our analytical model of the WM effective dome we used the smallness

of φ and calculating the effective permittivity of the radially diverging
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WM we replaced it with a sample of parallel nanowires. Of course the

distance between the nanowires in the effective dome grows versus the

radius. Therefore, we calculate the effective permittivity tensor for dif-

ferent radial distances from the core, and our HMM hyperlens is not only

radially anisotropic, but also a medium with a radial gradient of permit-

tivity.

This simplification allows us to use the model of [37] in calculations re-

ported in [10]. Our radially anisotropic and non-uniform WM is still a

low-loss HMM, in which Re(ε⊥) > 0,Re(ε||) < 0, |ε||| � |ε⊥|. Moreover,

such a sample of HMM is a hyperlens. Therefore, the energy of all spatial

harmonics radiated by the hot core propagates practically in the radial

directions, independently on the magnitude of the wavenumber q like it

holds for a dipole source located in the center of a usual hyperlens (see

Ref. [38]). This propagation of radiation prevents TIR – only a partial

reflection of thermal radiation occurs on the dome surface for the most

part of the radiated spatial spectrum. Of course, there are also modes

with transverse wave numbers q(R) ≥ k0. They still experience TIR at

the dome–air interface and for these modes the transmittance through

the outer interface of the hyperlens is zero: tHL = 0. However, the contri-

bution of these modes is small, because the angular spectrum is squeezed

in a hyperlens compared to a flat layer of HMM (see Ref. [38]).

Calculating the different effective permittivity near the inner interface

of the hyperlens (period a) and near the outer one (period A) we obtain

very different results. Near the core, the nanowires determine the effec-

tive permittivity and the host dielectric is not significant. Each elemen-

tary hot volume within the emitter radiates a wave beam with a sub-

wavelength beam width of the order of the WM period a in the emitter.

The spatial spectra of these beams comprise spatial harmonics with very

high transverse wavenumbers q ≈ π/a � ω/c. However, at the surface of

the hyperlens, the transverse wavenumbers of spatial harmonics reduce

so that the angular spectrum width approaches ω/c. It means that the

TIR is negligibly small and the power transmission of the surface to free

space can be estimated in the GO approximation.

At the external interface (surface) the medium is not truly a HMM be-

cause A is too large, and the WM is dilute. Directive wave-beam inside

HMM WM cannot exceed two periods of the structure, thus for quali-

tative matching of our HMM surface to free space the divergence an-

gle of wires should be sufficient, so that A ≈ λ/2 (or larger), and φ �
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λ/(2R). Of course, in this case of the divergence of wires the effective

medium model becomes generally inadequate, but still can satisfy the

estimations on enhancement level. The refractive index of a radially

propagating wave n⊥ near the surface is more determined by the dome

than by the wires which influence only on the radial component. How-

ever, the most part of radiated waves propagate in this domain radi-

ally, and we can estimate the transmittance of our hyperlens surface as

tHL = 4Re(n⊥, out)/|n⊥, out + 1|2, where n⊥ is close to the refractive index

of the dielectric.

Purcell’s factor granted by parallel nanowires was calculated in Ref. [31].

For a transversely oriented electric dipole (with respect to the nanowires)

this factor F tr
P,NW, after averaging over all possible locations of the dipole

within a unit cell, equals [31,39]

F tr
P,NW ≈ 3k2p

8k2h
log

[
1 +

K2
m

k2p

]
(2.2)

where kh =
√
εhω/c and kp =

√
2π/ log[a2/4r0(a− r0)]/a are the wave

number in the host medium and the plasma wavenumber in the wire

medium [40], respectively, a is the wire medium period, and r0 is the wire

radius. In Eq. 2.2, Km is the spatial spectrum cut-off parameter, which

equals 2
√
π/a in unbounded uniaxial wire medium [31]. Since the emitter

is much smaller than the dome, Eq. 2.2 still can be applied, as the pe-

riod variation due to the wires divergence is quite insignificant inside the

emitter.

Because only the modes with q < ω/c are radiated from the outer sur-

face of the hyperlens, here one must limit this parameter by

Km = min[2
√
π/a, (ω/c)(R/r)]. Strictly speaking, Eq. 2.2 refers to the case

when the wires are perfectly conducting, however in Ref. [31] the esti-

mates were done also for lossy wires and it was shown that Eq. 2.2 was

applicable to realistic metal nanowires if they were thick enough (prac-

tically, their radius r0 should be twice as larger as the skin depth of the

metal). This is possible to implement at infrared for nanowires of gold or

aluminium.

Skin depth expresses the field penetration inside a realistic conductor.

It is the depth at which the amplitude of a travelling plane wave decreases

by factor e−1 ≈ 0.368 [41]. At high frequencies it can play an important

role – in the visible range our nanowires have the thickness comparable to

it. However, in our infrared simulations it is taken into account that the
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skin depth is much smaller than the radius of a wire. Therefore, the simu-

lations of the original structure can be simplified assuming the nanowires

performed of a perfect electric conductor [5]. To validate this assumption

the obtained results are compared with the analytical estimations taking

into account the finite conductivity of the wires and assuming that the

radiation is produced by a dipole source. The dipole source mimics an el-

ementary volume of the hot core. At a given frequency a small volume

of the hot medium can be modelled by a set of three identical mutually

orthogonal dipoles.

For dipoles parallel to the wires the Purcell factor is much smaller than

F tr
P,NW and can be neglected, and we must use the average

F av
P,NW = 2F tr

P,NW/3, where F tr
P,NW is given by Eq. 2.2. Here we again use

the averaged wire medium period a inside the emitter.

Under these conditions, the total gain due to the effect of the metama-

terial dome can be estimated as follows:

GHL ≈ F av
P,NW × Re(n⊥,core)

2 × tHL × e−2αatt(R−r)

≈ 8F tr
P,NW × Re(n⊥,core)

2Re(n⊥,out)

3|n⊥,out + 1|2 e−2αatt(R−r) (2.3)

where n⊥,core is the effective refractive index of the hyperlens core (emit-

ter) and αatt is the average attenuation coefficient for the p-polarized

waves in the hyperlens, calculated from the transverse permittivity ε⊥
of the hyperlens metamaterial as follows:

αatt =
ω

c(R− r)

∫ R

r
Im[

√
ε⊥(ρ)]dρ (2.4)

where ε⊥ depends on the radial coordinate ρ because the period of the wire

medium grows linearly versus ρ and the metal volume fraction in the wire

medium quadratically decreases.

Note, that the imaginary part of
√
ε⊥(ρ) in Eq. 2.4 is almost linearly de-

pendent on ρ, and αatt in Eq. 2.3 can be calculated with a reasonable accu-

racy as an arithmetic mean value of that inside the core (the wire-medium

period a) and that near the outer surface (the wire-medium period A).

The gain GHL [Eq. 2.3] expresses the average enhancement of the power

spectrum of radiation into free space produced by an elementary hot vol-

ume located in the emitter. The averaging is done over all possible po-

sitions of this unit volume in the emitter. Much like the enhancement

granted by a simple dielectric dome, the gain GHL results from Purcell’s

factor of the whole hyperlens and the increase in the magnitude of the
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effective thermal fluctuating currents within a unit volume of the emit-

ting core. The latter effect is accounted for by the factor Re(n⊥, core) in

Eq. 2.3. On the other hand, Purcell’s factor of the whole hyperlens is de-

termined by the product of the Purcell factor of emitter’s HMM: FP,core =

FP,NWRe(n⊥, core), and the power transmission coefficient through the hy-

perlens to free space: tHL exp[−2αatt(R − r)]. Multiplying all these factors

we arrive at Eq. 2.3. Evidently, in the absence of nanowires this result

coincides with the one obtained earlier for the simple dielectric dome.

Let us note that from the above discussion it is also clear that besides

the effect of loss in the material of the hyperlens and the mismatch at

the output interface which results in tHL < 1, the only factor which limits

the gain GHL is the TIR for the modes with high q within the hyperlens.

Therefore, it is clear that a non-resonant structure cannot radiate into

free space more than the Kirchhoff black body with the same size as that

of the dome and the same temperature as that of the emitter.

Moreover, because the wire medium-based hyperlens interacts only with

p-polarized waves, the actual upper bound for the gain is twice smaller

than the initial target value, i.e., Gmax
HL ∼ 0.5R2/r2. Note that Eq. 2.3

does not take into account the thermal radiation of heated wires inside

the hyperlens. This additional emission can significantly increase GHL as

compared to Eq. 2.3. However, in this chapter we do not consider this

effect.

Estimations of the gain factor GHL have been done using Eq. 2.3 and

the effective-medium model of infrared wire medium presented in Ref.

[37]. Material parameters for gold have been taken from Ref. [42]. A part

of considered hemispherical HMM is presented in Fig. 2.1 (right side).

Here the concentric hemispherical emitter is placed on the perfect mirror

surface.

The hyperlens is performed of non-tapered gold nanowires with the di-

ameter dwire = 50 nm. located in a matrix with ε2 = 3.16 (chalcogenide

glass, transparent in the range 50-150 THz). We calculate the gain GHL

in the range 100–140 THz, where d > 2δ0 (δ0 is the skin-depth of gold), and

the local fields in between the wires are close to those in the medium of

perfectly conducting wires. In this case Eq. 2.2 for Purcell’s factor is appli-

cable [31]. Internal ends of the nanowires are located at r1 = 0.5 μm from

the geometrical center of the structure. An emitter is a hemispherical

layer r1 < ρ < r = 0.75 μm comprising nanowires. The emitting medium

is assumed to be a low-loss dielectric which is impedance-matched with
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the hyperlens: ε2 = 3.16 + iδ0, where δ0 � 1. In this case there is no

reflection at the boundary ρ = r.

The distance between the centers of nanowires at the inner surface r1 =

0.5 μm equals 100 nm and inside the emitter the averaged period of the

wire medium equals a = 125 nm. Nanowires diverge with the angle φ ≈
10◦. This angle is small enough to neglect the divergence of nanowires

when calculating the effective permittivity of HMM in the domain of the

emitter and its Purcell factor for the transverse dipole F tr
P . However, it is

large enough to offer good matching of the hyperlens to free space, because

for φ ≈ 7.5◦ the distance A = 2R sin(φ/2) between the axes of nanowires

at the outer surface of the hyperlens exceeds λ/2 at frequencies 100–140

THz.

As follows from Eq. 2.2, Purcell’s factor due to the effect of parallel

nanowires with the period a = 125 nm decreases from F tr
P,NW ≈ 36 to

F tr
P,NW ≈ 15 over the range 100–140 THz.

Notice that the range 100–140 THz is probably the most high-frequency

one attainable by our hyperlens because this band is centered at the fre-

quency corresponding to the maximum of thermal emission for a black

body with the temperature T1 = 1600 ◦K. At higher temperatures Au

or Al nanowires will melt. Tungsten and other refractory metals are very

lossy (recall that the necessary condition of the hyperlens regime is a high

figure of merit for the effective permittivity).

2.4 Numerical study of a hemispherical hyperlens

In order to confirm analytical estimations presented above, extended nu-

merical simulations were performed using CST Microwave Studio soft-

ware. A hemispherical WM structure of perfectly conducting (see above)

nanowires is hosted by glass and excited by an optically short dipole source

(ldip = 50 nm) located at the center of the dome. Such a source represents

the Hertzian dipole behaviour. Enhancement of the radiation was pro-

vided in accordance with comparison between the levels of radiated power

in presence and in absence of the HMM structure.

Two ways of dipole feeding were used in order to exclude a numerical

error. In the first case the dipole was fed by a current generator, and

radiated power was found by integration of the flux in the far zone. In

the second case it was a lumped voltage source, that made possible to

express the radiated power through the input resistance. If there are no
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losses the radiation resistance and input resistance of the dipole fed by

a voltage source are equivalent. Then the Purcell factor is equal to the

increment of the input resistance.

Hemispherical WM hyperlens is centered by a concentric (i.e. also hemi-

spherical) hole with radius r1 = 500 nm. The dipole source is located in

this hole. Three mutually orthogonal orientations of the dipole were taken

into account, and simulations were done in a broad frequency range and

the location of the dipole center was varied. This way we emulate the

thermal radiation of a unit hot volume at a certain frequency. The repro-

duction of the thermal radiation spectrum is not important for us because

we concentrate on the enhancement – compare the radiated power with

that produced by the same dipole in free space. Parameters of the WM in

these simulations were kept the same as in the previous section, with an

important simplification – wires are now made of perfect electric conduc-

tor.

Figure 2.2. Electric field amplitude distribution in the H-plane produced by a dipole lo-
cated in between the internal ends of perfect nanowires of radius r0 = 25 nm
forming the hyperlens. Its host material (between r1 = 0.5 μm and R = 10

μm) is glass.

Fig. 2.2 – color map of the electric field amplitude – illustrates the hyper-

lensing regime in the H-plane (orthogonal to the dipole, oriented in this

example horizontally). The frequency 120 THz is intentionally chosen in

between the closest Fabry-Perot maximum (124 THz) and minimum (116

THz) detected from the frequency plot of radiated power.

Fig. 2.3 demonstrates the gain in the radiated power due to the pres-

ence of the structure (in other words – Purcell’s factor) in the frequency

domain of our interest. We see a good agreement between two calculation

methods, except frequencies close to the boundary of the calculated range,

where time domain solver (red curve) can lead to relatively inaccurate re-

sults, comparing to frequency domain solver (green curve). Blue dashed
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Figure 2.3. Relative enhancement of radiation of a transverse electric dipole due to the
presence of a hyperlens formed by perfectly conducting wires calculated (1)
directly via the radiated power spectrum (green curve) and (2) through the
input resistance of a short wire dipole (red curve). The structure is the same
as in Fig. 2.2. The blue dashed curve corresponds to formula (3) with removed
factor (2/3) exp[−2αatt(R−r)]. The green dotted line presents the theoretical
black body limit for the gain in thermal radiation.

curve passes in between the Fabry-Perot maxima and minima (closer to

the minima). This blue curve represents our analytical Purcell factor cal-

culated without taking into account the Fabry-Perot resonances. It can be

identified with the frequency smoothed curve of the Purcell factor. This

result means the qualitative applicability of our analytical model. The

broadband Purcell effect for thermal radiation in presence of our hyper-

lens is theoretically predicted and confirmed by simulations.

2.5 Discussion

This chapter describes a structure which theoretically enhances the far-

field thermal radiation produced by a subwavelength emitter. The sug-

gested structure comprises a microscopic thermal emitter at the center

of an infrared wire medium hyperlens. The hyperlens converts the emit-

ted near fields into propagating waves which are matched well with free

space and are efficiently radiated from the outer interface of the hyper-

lens. Hence, the far-field thermal radiation of a small emitter placed in-

side a spherical hyperlens may go far beyond the limit imposed by the
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Planck law for the same emitter located in free space. Thus, the myth

that TIR prevents the far-field radiation and only the near-field thermal

radiation at the interface of a metamaterial is enhanced was destroyed.

The considered effect is not a simple increase of the emitter volume be-

cause our hyperlens as well as the dome in the generic paper [27] are cold

and do not produce thermal radiation themselves. They only help to ex-

tract more radiation from the source. This is nothing but the high and

broadband Purcell effect for thermal radiation. This effect may find ap-

plications in radiative cooling of microlasers and microscopic photovoltaic

cells, and also in micro-thermophotovoltaic systems [10].
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3. Enhancement of dipole radiation with
a wire-medium hyperlens

In the previous chapter of the thesis the ability for high and broadband

enhancement of the subwavelength source radiation into free space using

a hemispherical WM hyperlens was conceptually confirmed. The hyper-

lens was a complex device, consisting of diverging nanowires, prepared

in a dome of lossless glass. The source, modelled as a Hertzian dipole,

was placed inside a hemispherical notch formed by the WM structure on

its bottom side. The whole structure was installed upon a metallic PEC

plate with a tiny vacuum gap. The granted enhancement of the radiation

was calculated by simulations of the far-field radiation from the structure

with further integration. The result for the gain in radiated power was

compared with the increment of the input resistance in absence of losses.

Though in our simulations the losses were neglected, the structure is still

too complex for a more detailed analysis.

In this chapter we abstain from discussing the thermal implications of

the Purcell effect (super-Planckian radiation of heat sources embedded

into the structure) and try to deeper focus on the physical mechanisms

and conditions of the enhancement itself. Here, we study the radiative

Purcell factor granted by the wire-medium hyperlens so that the reader

could find the answers to a number of questions about the impact of the

structure components. The first part of the investigation presented in this

chapter corresponds to the frequency range of a realistic thermal radia-

tion. Here we analyse the Fabry-Perot maxima and minima. By Fabry-

Perot maxima here one assumes the regime, when the size of the res-

onator equals to the integer number of half-wavelengths inside the struc-

ture. Besides the fact that TIR effect exists in all frequencies, at Fabry-

Perot maxima the constructive interference condition for radiation trans-

mission appears. Simultaneously, the frequency intervals in between two

adjacent maxima correspond to minima. The band of the minima is wider
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than that of the maxima peak. The value of the Purcell factor at the

central frequency between two maxima is minimal. Thus by Fabry-Perot

minima we imply the central frequency between two maxima. In the sec-

ond part, in order to concentrate on a more detailed analysis of underlying

physics, we perform the optimization of the structure at lower frequencies.

A detailed discussion of this frequency scaling is presented below.

3.1 Truncated hyperlens, its applications and operation

The radiative Purcell factor is an effective quantitative and qualitative

measure of the radiation enhancement effect into free space from the

weak sources due to the modification of the ambient. If there are no losses

in the structure the radiative Purcell factor is equivalent to the total Pur-

cell factor FP. Maximal FP for the dipole, inserted into a WM achieves for

the orthogonal orientation of this dipole to the wires. It is explained by

the efficient excitation of the WM by primarily p-polarized (TM-polarized)

dipole radiation. TE-polarized radiation of the dipole at the same time al-

most does not interact with the WM. As we have mentioned for a flat WM

sample the Purcell effect is not significant, except perhaps Fabry-Perot

maxima due to the TIR of the most part of radiation.

In lossy structures one has to distinguish the so-called radiative (F rad
P )

and non-radiative (F non
P ) Purcell effects, in accordance to terminology of

Ref. [43]. F rad
P is related to the enhancement of the radiation from the

whole gaining structure. F non
P is caused by the internal losses of the source

covering material, although it affects the growth of picking up the source

energy, still this enhancement is not accompanied by radiation to the sur-

rounding free space. The total Purcell factor includes both these values

and for lossy material structures we have FP = F rad
P + F non

P .

Our study is focused on the design of the structure, which can enhance

the radiation to the far-field zone. For us it is important to keep the regime

of the minimal F non
P . Therefore, we get rid of losses in our simulations.

This approximation turned out to be successful when we compared the

numerical results with the theory and it will be not critical for our con-

ceptual experiment because it will be done at microwaves.

In the initial structure designed with the purpose of higher gain in ther-

mal radiation several generic effects were mixed up even in absence of

losses. First, it is the effect of a macroscopic dielectric dome. The effect

of the dome is difficult to separate from the effect of nanowires. More-
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over, for better matching to free space their 500 nm long outer ends were

free-standing from the dome. The second irrelevant effect is that of the

bottom mirror, since the main goal of its application was for the design

of the weakest possible source. Thus, in the current study effect of the

underestimation of the natural source radiation ability would distort the

real radiation enhancement granted by the WM sample. Third, the hemi-

spherical void may affect the Fabry-Perot resonances having its own res-

onances.

That is why it was decided to study the dimensional resonances of the

WM hyperlens getting rid of these unnecessary factors. A very important

parameter, offering the broadband radiation for finite size WM structure,

is divergence angle α of the wires, whose proper choice allows us to de-

crease the impact of the Fabry-Perot resonances and to obtain the far-field

radiation component behaviour, relatively similar to the radiation of the

source into an infinite WM. We will first analyse the impact of this factor

and will study the Fabry-Perot resonances.

Our new and strongly simplified structure for numerical modelling is

presented in Fig. 3.1. We have eliminated the dielectric dome and the

PEC mirror plane. The internal interface of the WM sample is now a

plane surface. Thus, there is no hemispherical hole anymore. The struc-

ture consists only of divergent metallic wires and a subwavelength dipole

near the center of the bottom interface. Moreover, our hyperlens is not

hemispherical, it is truncated.

Figure 3.1. Scheme of (a) block of WM without divergence of wires and (b) its generaliza-
tion — a structure with divergence described by the angle α ≥ 0◦. Varying α,
it is possible to keep the amount of wires and their length. As shown in (b),
the dipole antenna takes several positions within the central gap. The dipole
radiates at many frequencies.

A numerical analysis of this truncation was done, in order to understand
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how much it is possible to decrease the overall hemispherical shape. For

a given divergence angle the structure operates as a WM hyperlens un-

til the array of 6 × 6 wires. The further decrease of the amount of wires

amount still enables the radiation enhancement at the Fabry-Perot reso-

nances, however, in between them the enhancement reduces. As a result,

for 4 × 4 and, moreover, for 2 × 2 wires the frequency-averaged Purcell

factor is noticeably smaller than that for 6× 6 wires.

Further analysis was done for two lengths of the wires in the WM (10

μm and 20 μm), varying the divergence angle from 0◦ to 36◦. In the last

case the angle is maximal allowed, since the wires form a hemispherical

shape.

Wires in our simulations were modelled as made of PEC material. For

better matching with real prospective experiments, accuracy and effec-

tive speed of the simulations, initial FP calculations were still performed

in two ways: through the radiated power enhancement in far-field (when

the dipole is fed by a current source), and through the dipole resistance

increment (when the dipole is fed by a voltage source with the 50 Ω out-

put).

In those simulations where the antenna is fed by a current source gen-

erator and the radiated powers are compared the CST Microwave studio

package was used. In the alternative simulations we used both FEKO and

CST simulators. So, our simulations are based on three different simula-

tion solvers (two frequency-domain solvers, based on finite differences and

on the method of moments, and finite-difference time-domain solver).

The dipole antenna located in the central gap between two wires of the

hyperlens, as shown in Fig. 3.1(b), is a perfectly conducting cylinder of

length ldip = 100 nm and diameter δdip = 5 nm. Since the antenna is

very short ((ldip/λ) ≤ 0.05) its input impedance is almost reactive, i.e.

Xin � Rin. Since the antenna is sufficiently distanced from the wires of

the hyperlens and is orthogonal to them the presence of the WM should

not change this input reactance. Then the absolute value of the input cur-

rent in the antenna fed by the voltage source should be practically equal

to |Iin| ≈ V/|Xin| and not affected by the WM. The assumption of the un-

changed dipole moment of an antenna fed by a voltage source was checked

numerically and will be demonstrated later in the rescaled microwave in-

vestigations.
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3.2 Fabry-Perot resonances in the wire-medium hyperlens

In paper [44] one numerically and experimentally investigated the Purcell

factor of a flat WM sample, excited by a subwavelength loop radiating at

microwaves. It was found that the losses in the structure of copper wires

are negligibly small and FP ≈ F rad
P . A detailed analysis has shown that

the TIR at frequencies, beyond very narrow frequency bands of Fabry-

Perot resonant maxima prevents the radiation. At all frequencies except

those of maxima FP ≈ F rad
P ≈ 1, but at Fabry-Perot resonances the Purcell

factor becomes significant: FP ≈ F rad
P � 1.

Figure 3.2. The frequency dependence of the Purcell factor for the case α = 10◦, L = 10

μm, x = a, obtained using CST (F rad
P ) and FEKO (F tot

P ) packages. Free space
simulations where done using FEKO.

Fig. 3.2 shows the results for the Purcell factor in our case where FP is

calculated using two methods described above – using CST Microwave

Studio and FEKO software. For better visibility we show the Purcell

factor between the Fabry-Perot maxima. In these simulations the wire

length L = 10 μm, and the divergence angle α = 10◦. The source was

installed into central gap with distance x = a from the bottom interface

inside the structure, in accordance with Fig. 3.1(b).

One can see slight a certain shift in two curves presenting F tot
P (cal-

culated through the input resistance) and F rad
P (calculated through the

far fields). Since there are no losses they must be equal, however, there

are no software without numerical errors. The difference appears due to

computational errors and both curves sufficiently match except the region

130-140 THz. In this range FEKO software loses the accuracy around the
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Fabry-Perot maximum (and at higher frequencies this method becomes

not applicable). It is clearly seen, that the Purcell factor even at the min-

ima strongly exceeds unity. This is the main result of this study.

3.3 Optimization of the hyperlens

Results for the structure with initial parameters are presented in Fig. 3.3.

They were obtained by CST Microwave Studio simulations in the range 50

– 100 THz. The blue curve shows here the theoretical prediction for the

Purcell factor of an infinite regular WM of PEC nanowires of the radius

rwire = 25 nm and period a = 100 nm. The last parameter corresponds to

the averaged inter-wire distance for our hyperlens. Namely, in accordance

to [31]

F IWM
P =

3λ2

16πa2
log [1 + π/3 + 2 log(a/πdwire)]

π/6 + log(a/πdwire)
. (3.1)

This parameter implies that the WM increases the radiation compared

to the radiation to free space. Factor F IWM
P describes the enhancement

of radiation that does not suffer of reflections from any boundary. There-

fore, it must be (in the non-resonant) case larger than the Purcell factor

a hyperlens, where at least partial internal reflection occurs. However, at

the Fabry-Perot maxima our hyperlens can have the Purcell factor higher

than F IWM
P . In our hyperlens the divergence angle is α = 10◦ and the

studies were done for two values of the wire length: 9.5 μm – present in

Fig. 3.3(a) and 19.5 μm – in Fig. 3.3(b).

It is clearly seen, that at lower frequencies 50-60 THz, the variant L =

9.5 μm is not good. In this case L ≈ 1.5λ at 50-60 THz. One may think that

so optically small structure does not offer the desired operational regime

because the distances between the ends of the wires are not sufficient

(near λ/8). Above 60 THz the ends of the wires are sufficiently distant

and the matching with free space at the outer interface becomes good.

Therefore, at frequencies higher than 60 THz the picture of Fabry-Perot

resonances is like that in our previous calculations. However, the choice

L = 19.5 μm is better. For longer wires the hyperlensing regime starts

from lower frequencies. While for L = 9.5 μm it starts from 60 THz, for

L = 19.5 μm the hyperlensing regime starts nearly from 20 THz.

Fig. 3.4 demonstrates the effect of a smooth evolution of our hyperlens

from a set of parallel wires (α = 0◦) to a well-operating hyperlens (5◦) in a

wide frequency range for the case L = 10 μm. In this case even a minimal
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(a)

(b)

Figure 3.3. The frequency dependence of the Purcell factor for the case α = 10◦, x = a,
obtained using CST (both F rad

P and F tot
P ). (a) – L = 9.5 μm, (b) — L = 19.5

μm.

divergence – α = 1◦ – already grants the hyperlensing though at 50 THz

we also have L ≈ 1.5λ and the distance A between the external ends of the

diverging wires of the order of λ/8 is anyway sufficient for hyperlensing.

This qualitative difference of the result for l = 10 μm from the result

for the case l = 9.5 μm shows, in fact, that the reliable hyperlensing at

frequencies 50-60 THz requires the minimal wire length L ≥ 10 μm. For

a given wire length the hyperlensing regime is a threshold effect of the

frequency. For a given frequency the hyperlensing is a threshold effect of

the wire length.

The second important result of this analysis is the optimization of the

divergence angle on the level α = 4 − 5◦. Further increment of the diver-

gence angle does not provide a noticeable enhancement.

Fig. 3.5 shows a similar curve for L = 20 μm. Here also the theoreti-

cal curve for the Purcell factor of an infinite regular WM is shown. The

evolution of the enhancement with the divergence angle α continues until

36 ◦, when the structure becomes hemispherical. The frequency-averaged

Purcell factor decreases after 10 ◦, so the band of optimal angles here is
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Figure 3.4. The Purcell factor over a broad frequency range (50–200 THz) for the same
parameters as in Fig. 3.2 but the divergence angle which takes six values:
α = 0◦, 1◦, 2◦, 3◦, 4◦, and 5◦. The results are obtained with FEKO.

Figure 3.5. The Purcell factor in the range 100–200 THz for the same parameters
as in Fig. 3.3(b) and divergence angle which takes five values: α =

0◦, 5◦, 10◦, 20◦, 36◦. The results are obtained with FEKO.

α = 5− 10◦ that intersects with the optimal range of the divergence angle

for shorter wires.

The impact of the divergence on the Purcell factor was studied at the

minima centered in between the Fabry-Perot resonances. Frequencies of

the Fabry-Perot minima were selected simply because the computational

errors turned out to be minimal namely at these frequencies (all three nu-

merical simulators give at these frequencies practically the same results

at all frequencies up to 200 THz).

Fig. 3.6 shows the values of the Purcell factor calculated at these min-

ima (solid curves). Every dashed line corresponds to F IWM
P – value of the

Purcell factor for the infinite regular WM at the frequency of the corre-

sponding Fabry-Perot minimum (every solid line corresponds to an appro-
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priately simulated value FP versus divergence angle α). Colours of the

solid and dashed lines for similar frequencies are the same, but also every

pair is connected by an arrow for the convenience of the reader.

Figure 3.6. The Purcell factor at frequencies of Fabry-Perot resonant minima versus the
divergence angle α, L = 20 μm, FEKO. Straight dashed lines shows corre-
sponding values of F IWM

P .

First, we see that the optimal band of the divergence angles is nearly

α = 2 − 20◦. Second, for this range of angles the distance between the

Purcell factor of a hyperlens and the Purcell factor of an infinite WM is

nearly the same and it holds for all frequency minima. So, when the

wire length exceeds the minimal allowed value for hyperlensing in the

frequency range of interest the optimal band of divergence angle is rather

broad.

And this study shows that the expectation of [10] on the required for

hyperlensing distance A between the ends of two adjacent nanowires A =

λ/2 is incorrect. At 50 THz α = 4◦ for L = 10 μm and α = 2◦ for L = 20 μm

correspond to the distance A between the ends of two adjacent nanowires

A = λ/8. And the hyperlensing regime is implemented. Further analysis

of numerical data shows that A ≥ λ/8 is the correct necessary condition of

hyperlensing for any length of the wires (over the minimal required) and

for any operating frequency.

Next, we analyse the impact of the source position in accordance with

the geometry of Fig. 3.1(b). Here the possible positions of the dipole are
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marked with red. Fig. 3.7 shows the results of these investigations for the

case, when L = 20 μm and α = 10◦. Here only two Fabry-Perot maxima

are shown for clarity. In this range (as well as at the other frequencies

where the hyperlensing holds), “best” position of the dipole corresponds to

the dipole depth x = a/2 from the internal interface, other curves show

the impact of the larger shift of the dipole into the structure. Notice that

if x < −a the structure is not excited at all, and the Purcell factor does

not exceed unity. If x > 3.5a the structure is also poorly excited by the

dipole. This is due to a large transverse distance between the dipole and

the nearest wires. The optimal source location is the interval 0 < x < a,

and significant averaged enhancement (FP > 10) holds if 0 < x < 3a .

Figure 3.7. The Purcell factor in the range 100–115 THz for several positions of the
source embedded into the hyperlens. The best position corresponds to x =

a/2. The results are obtained with FEKO.

Figs. 3.8 and 3.9 show the color maps of the electrical field amplitude

distributions for corresponding Fabry-Perot maxima and minima as it is

marked in the figure. Fig. 3.8(a) shows the color map in the H-plane

(transverse to the dipole), and Fig. 3.8(b) field in the E-plane. It is seen,

that in both cases (maximum and minimum) one achieves high values for

the electric field intensity near the external interface through which the

radiation occurs. Also it is clear that the beam is guided in between four

wires surrounding the source, and the peripheral wires are seemingly not

included into the process. However, these wires are also very important

– they prevent the lateral leakage of radiation and allow us to treat the

hyperlens as a sample of WM.

Figs. 3.10 and 3.11 depict the averaged values of the Purcell factor for

the frequency region of our interest. The frequency band 50 – 100 THz

was divided here to 6 equal segments, also marked in Fig. 3.10. For every

segment a histogram in Fig. 3.11) shows the comparison of the Purcell
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Figure 3.8. The electric intensity color maps illustrating the hyperlensing at a frequency
(115.5 THz) of a Fabry-Perot minimum, FEKO. (a) – plane (y− z), transverse
to the antenna, (b) – plane (x−z), comprising the antenna. The Purcell factor
in this regime is FP ≈ 23.

Figure 3.9. The electric intensity color maps illustrating the hyperlensing at a frequency
(104 THz) of a Fabry-Perot maximum, FEKO. (a) – plane (y − z), transverse
to the antenna, (b) – plane (x−z), comprising the antenna. The Purcell factor
in this regime is FP ≈ 170.

factor of our hyperlens averaged over this segment with the Purcell factor

of the infinite regular WM 〈F IWM
P 〉 averaged over the same segment. From

Fig. 3.11 it is clear, that these values very strongly correlate. So, if we

consider the action of our hyperlens averaged over a proper frequency

band its action is roughly speaking to erase the boundary between the

WM and free space making the radiation basically the same as in the

infinite WM.

Finally, Fig. 3.12 demonstrates a comparison of the results for the cases

L = 10 and L = 20 μm through the averaged values of the Purcell factor

for a very broad frequency band 50 – 200 THz and the optimal source

location x = a/2. Also the averaged for the same frequency interval value

〈F IWM
P 〉 is shown by a dashed line. Due to Fabry-perot resonances even in

case α = 0◦ the frequency averaged Purcell factor exceeds unity. It is not

surprising – in between Fabry-Perot resonances FP ≈ 1, and though the

resonance bands are narrow the gain at these resonances is huge.
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Figure 3.10. The frequency dependence of the Purcell factor for the case α = 10◦, L = 20

μm, x = a/2, obtained using CST and split onto six frequency intervals.

Figure 3.11. Averaged values 〈FP〉 in these intervals calculated for the hyperlens (CST)
and for the infinite regular WM (theory).

In fact, if the final goal were to engineer a rather high frequency-averaged

Purcell factor at microwaves one could really use a flat sample of a regu-

lar WM. However, our final goal is to obtain the broadband Purcell factor

for infrared structures. Infrared nanowires have losses and the Fabry-

Perot maxima in this case will be not as pronounced as there are in our

simulations. For infrared WM samples the divergence of nanowires will

be necessary in order to obtain a high frequency-averaged Purcell factor.

However, for microwaves or mm waves the divergence is also useful – it

gives a higher frequency-averaged Purcell factor compared to the sample

of aligned wires.
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Figure 3.12. The averaged Purcell factor 〈FP〉 versus the divergence angle for a source
embedded to the depth x = a/2 (L = 10 μm and L = 20 μm, FEKO).

3.4 Simulations in the range of millimeter waves

In the previous sections the answers were obtained to conceptual ques-

tions about the WM hyperlens radiative operation. The broadband en-

hancement of radiation was confirmed using only a WM sample without

a dielectric dome, and with sectoral shape of the structure instead of a

hemispherical shape. These simplifications allowed us to keep the same

effect. The structure was optimized for the operation in the THz range.

However, the main features (divergence of wires, location of the source,

minimal length) definitely keep valid for the mm-wave and microwave

implementations of the hyperlens.

In this section the most important results will be confirmed by scaled

simulations of the structure for the mm-wave range. Later, we consider

the microwave hyperlens and will perform the microwave simulations

that will be supported by the experimental investigation. Optimized, sim-

plified and truncated hyperlenses in these studies have a similar geome-

try as it was presented above in Fig. 3.1.

In the mm-wave simulations the wires have the diameter d = 20 μm and

the array period on the internal interface is a = 100 μm.

In Fig. 3.13 a possible microwave or mm-wave application of our hyper-

lens is illustrated. This is remote sensing of noise sources. Two types of

sources – a set of dipoles and an open area, both generating noises – can

be sensed. In both cases the hyperlens will capture the near fields and

transform them into radiation received by a movable probe located near

its outer interface. Such a WM endoscope will not only enhance the noises,

it will also magnify the subwavelength distribution of them [5]. The map
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Figure 3.13. Sketch of a possible microwave application of a WM hyperlens. (a) Arrayed
wires decouple and enhance the radiation of the noise sources. (b) Hyper-
lens allows the efficient radiation of noises toward a broadband receiving
antenna connected to a spectral analyzer.

of the subwavelength distribution of the noise sources in a certain area is

reproduced at the outer surface of the hyperlens and can be, alternatively

to a movable antenna, also recorded by an array of probes connected to a

spectral analyzer.

Two cases were studied for the hyperlenses with wire length L = 10

mm and L = 20 mm. In these simulations the dipole source is located

similarly – in the central gap of the internal interface, the dipole length

is ldip = 100 μm, and the diameter is 5 μm. Simulations are done in

the range 50 – 200 GHz. The Purcell factor was again calculated in two

ways – via the radiated power and via the input resistance. Here we have

checked the assumption of unchanged dipole moment of an antenna fed by

a voltage source. This means that we really deal with the Purcell effect –

the current in the dipole keeps the same and only its radiation resistance

is modified by the passive structure.

In Fig. 3.14 the absolute value of the current along the antenna wire

is presented at frequency 100 GHz using the commercial FEKO software

calculated in the absence and in the presence of the WM structure. No

visible impact of the WM means that the dipole moment keeps the same
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as if the dipole antenna was in free space. This is so because we place

our dipole at the center of the gap between the wires. In principle, it is

possible to locate the dipole inside the WM, so that its dipole moment will

be affected by the capacitive coupling or even by an ohmic contact with the

wires. In this case we may obtain even higher enhancement of radiation,

but this enhancement will be not the Purcell effect but the modification of

the source.

Figure 3.14. Current distribution along the dipole antenna located in free space and sub-
merged into the WM to the depth x = a. The dipole is excited by a voltage
source.

Thus, the formula FP = Rin/R
(0)
in where the antenna input resistance is

calculated (for the case of the voltage generator), gives the same result as

the formula FP = Prad/P
(0)
rad (for the case of the current source). And the

Purcell factor calculated for the infinite WM is really relevant for compar-

ison.

Results of the comparison for different methods of calculation are pre-

sented in Fig. 3.15. Curves for two different implementations of CST Mi-

crowave studio (time and frequency domain solvers) are in good agree-

ment, and the result of the FEKO model only slightly differs from these

curves. There is a frequency shift that arises due to the thin wire approx-

imation that makes FEKO not so accurate but this error is very stable

versus frequency, does not depend on the divergence angle and the wire

length, and can be simply taken into account when our FEKO simulations

are used in the preparation of the experiment. Meanwhile, FEKO allows

us to significantly reduce the simulation time compared to CST.

In Fig. 3.15 the dashed line as it was above corresponds to the infinite

WM. Again, we may see that the frequency-averaged Purcell factor 〈FP〉
for the hyperlens with optimal divergence angle (e.g. α = 10◦) is very

close to the corresponding averaged value of the Purcell factor 〈F IWM
P 〉 of

a regular infinite WM.
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GHz

Figure 3.15. Purcell factor for the case α = 10◦, L = 20 mm, x = a, obtained using both
CST (FDTD) and FEKO (MoM). 1 – Theory for an infinite WM; 2 – CST,
current generator option, radiated power ratio; 3 – CST, voltage generator,
input resistance ratio; 4 – FEKO (voltage generator, input resistance ratio).

In Fig. 3.16 the hyperlensing regime is demonstrated via a color map of

the electric field amplitude for the Fabry-Perot minimum of the structure.

It basically repeats the previous results obtained for the THz range. Si-

multaneously, we have calculated the effective internal reflectance of the

radiated wave beam by the outer interface. For the Fabry-Perot minimum

it is equal Γ ≈ 0.7, and for the Fabry-Perrot maximum Γ � 1. It is clear

that the hyperlens is a broadband matching device allowing the efficient

transfer of power from the dipole source to free space through the outer

interface.

Further analysis contains the optimization of the structure similarly to

the previous THz hyperlens. Fig. 3.17 shows the Purcell factor depen-

dence calculated with FEKO in range 50 – 200 GHz and the overall range

is now divided to 19 intervals, that allows us to compare in a more detail

the Purcell factor of the infinite WM with the smoothed Purcell factor of

the hyperlens.

The divergence angles α = 5 − 20◦ are optimal also in this case and

again the hyperlensing at a given frequency starts from a certain min-

imal length of the wire. The study of the impact of the source position

results in the same conclusions for the optimal positions. The minimal

distance between the ends of the wires on the outer interface needed for

hyperlensing is also A = λ/8.
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Figure 3.16. Electric intensity color maps illustrating the hyperlensing at a frequency
(108.5 GHz) of a Fabry-Perot minimum, FEKO. (a) Plane (y−x), transverse
to the antenna. (b) Plane (x−z), comprising the antenna. The Purcell factor
in this regime is FP ≈ 30.

GHz

Figure 3.17. Purcell factor at 50-200 GHz for different α, L = 20 mm, FEKO.

In the sample of parallel wires there are two equivalent dipole locations

inside the sample: points x = a/2 and x = L−a/2. For both these locations

the frequency-averaged Purcell factor is maximal – 〈FP〉 = 22. Though

for the alignment of wires the averaged Purcell factor is also enhanced

strongly, the sufficient divergence of wires offers a significant ascending –

〈FP〉 > 100.

3.5 Microwave experiment

In order to experimentally confirm the hyperlensing effect the WM struc-

ture with brass wires α = 5.7◦ and L = 200 mm was prepared. The other

parameters are as follows: d = 2 mm, a = 1 cm, the structure comprised

13× 13 wires fixed in hollowed plates of foam (and easily removable). The

reference structure of parallel wires with the same parameters L, d, and

a was also manufactured. Both hyperlens and the reference regular WM

sample ("lens") are depicted in Fig. 3.18.

51



Enhancement of dipole radiation with a wire-medium hyperlens

Figure 3.18. WM “lens” of parallel wires (a) and the WM hyperlens (b) with a dipole
inside.

Dipole antenna was prepared using a copper wire of full length 23 mm,

whereas the arm length is 10 mm and the gap between the arms is 3

mm. In this case a single cable feeding is inapplicable for broadband mea-

surement due to strong capacitive coupling (dipole moment is strongly

affected by the cable and a special matching technique is required, e.g. a

balun. However all such simple devices have usually narrow-band opera-

tion. Therefore, in our measurements, we preferred a symmetric feeding

method. We use the vector network analyzer Rohde & Schwarz ZVB 20

with four 50 Ω coaxial ports. It is possible to combine a pair of these ports

into a single symmetric port used for feeding the dipole antenna. In this

case, two inner coaxial conductors are used as a symmetric double-wire

line. The coaxial shields are soldered together at the end of the feed and

produce a common shield for this double-wire line. In such a cable com-

bination, the differential mode of two original ports is employed. This

mode has the characteristic impedance of 100 Ω. This measurement tech-

nique is not new, it is described, e.g., in Ref. [45] and is widely used in

measurements of small symmetric antennas. We made a fixture of two

coaxial cables with shields soldered to each other and the inner conduc-

tors connected to the dipole arms. On the other end, two fixture cables

are connected to two receiving ports through two calibrated cables. To

measure the antenna input impedance directly at its feeding point, the

reference plane is shifted to the end of the fixture by the offset function of

the analyzer in the open-end regime (this was done before connecting the

antenna). Two experimental structures with the dipole source installed

inside the WM samples are presented in Fig. 3.19. The Purcell factor was
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calculated for the frequency range from 2 to 4 GHz for 6 possible positions

of the dipole. In both structures shown in Fig. 3.19 the dipole has position

No 5. The positions of the dipole were selected in accordance to Fig. 3.1

and varied from x = −1.5a to x = a with the step a/2. So, position No 5

corresponds to x = a/2.

The input impedance of the dipole was measured in the absence of our

WM structures and for six positions of the antenna in presence of both

– aligned and divergent – WM structures. From these measurements,

the Purcell factor of both strictures was found as the ratio of the input

resistances FP = Rin/R
(0)
in . The measurements were done in an anechoic

chamber.

Figure 3.19. Position number 5 of the dipole in both (a) parallel and (b) divergent lenses.

Since the total length of the source ldip = 23 mm, it is clear that the

dipole is subwavelength only at frequencies below 4 GHz. Though the

measurements were provided for broader frequency range, the analysis in

terms of the Purcell factor is valid only below 4 GHz. Furthermore, even

in the claimed range the Purcell effect is not as strong as it would be for a

point dipole. The dipole length is the value of the same order as the inter-

wire distance in the place of the dipole location. In accordance with [46]

the Purcell factor for a finite emitter decreases versus the emitter size sig-

nificantly, and it is not a surprise that the measured Purcell factor should

be lower than that of a point source. Unfortunately, the minimization of

the dipole is restricted by the available experimental equipment capabil-

ities. Namely, its radiation must be much higher than radiation from the

feeding line. In our case, parasitic radiation is produced by the unshielded

part of the two-wire line. Though this radiation is very weak, in the case

of shorter dipoles, this parasitic radiation becomes sufficient to produce a

noticeable probe calibration error. This is why we made our dipole as long

as ldip = 2 cm.

Fig. 3.20 and Fig. 3.21 show the results of the experimental investiga-

tion. Enhancement of radiation versus frequency in Fig. 3.20 – WM "lens"
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– and in Fig. 3.21 – WM hyperlens – is presented. Effect of the broadband

enhancement is clearly seen, and at frequencies of the Fabry-Perot min-

ima the Purcell factor of the WM "lens" is unity whereas for the hyperlens

it is several times higher. The qualitative agreement with the simulations

is obtained.

Figure 3.20. Experimental values of FP for a parallel WM lens in comparison with the
theory for a point dipole in an infinite WM. Data are presented for six posi-
tions of the dipole.

In order to compare the measurements with the theory quantitatively,

we performed the full-wave simulations of both WM structures using CST

Microwave Studio. In that simulation the real geometry of the source

was also taken into account. It represented an antenna with parts of the

double-line addition, that affects the input resistance of the dipole and

makes the electrical size of the antenna larger by 3 mm.

Fig. 3.22 shows the enlarged photo of the manufactured experimental

dipole and geometry of the identical simulated antenna with double-line

inclusion. The length and shape of the double line transition segment

from 1 to 0.5 mm width was parametrized in order to achieve similar

input resistance of the source in free space as for the experimental dipole.

From Fig. 3.22 it is clear that the theoretical and experimental results

are in a very good agreement, especially in the range 2-3 GHz, where the

dipole is essentially subwavelength.

As to the frequency-averaged Purcell factors, the experimental and sim-

ulated values averaged over the frequency range 2–4 GHz are equal to the
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Figure 3.21. Experimental values of FP for divergent WM lens in comparison with the
theory for a point dipole in an infinite WM. Data are presented for six posi-
tions of the dipole.

following:

1. For the parallel WM lens, 〈F exp
P 〉 = 3.0 and 〈F sim

P 〉 = 3.8, respectively.

2. For the hyperlens, 〈F exp
P 〉 = 5.7 and 〈F sim

P 〉 = 4.4, respectively.

3.6 Discussion

Hereby a set of WM hyperlenses operating in the infrared range, in the

mm wave range, and at microwaves, excited by a subwavelength dipole

located near their bottom interfaces were studied in details. The most

relevant parameter was defined as the Purcell factor. On condition of

the dipole moment of the source unchanged in the presence of the WM

structure and in the absence of noticeable losses it describes two effects

– local radiation enhancement of the dipole radiation due to its location

inside WM (instead of free space) and high transmission of this enhanced

radiation into free space due to good matching of the wave impedances

on the interfaces of the WM sample. In the case of aligned wires this

matching is a resonant effect – it occurs at two interfaces orthogonal to

the wires in the narrow frequency bands of the Fabry-Perot resonances of
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Figure 3.22. Experimental data for the Purcell factor (both parallel and divergent WM
lenses, x = a) in comparison with the numerical simulations. The theoret-
ical data for a point dipole in an infinite WM is also shown. On the insets,
the picture of the antenna and its idealized model reproduced in the simu-
lations is presented.

the sample. Also, at these resonances additional power is extracted from

the dipole source compared to the case of the inifnite wire medium. In the

resonant case the WM sample is a resonator for which the conventional

insight of the Purcell effect is valid.

As to the sample with diverging wires, Fabry-Perot resonances remain,

however, good matching occurs beyond them at the top interface (at the

bottom interface the radiation is confined). The radiation propagates to-

wards the top interface and transmits to free space. The combination of

two effects – enhancement of radiation and matching at the top interface

– is called in this chapter hyperlensing.

The impact of the dimensional resonances to the Purcell factor is thor-

oughly investigated in this chapter. In the absence of wire divergence,

the Purcell factor in between the narrow-band maxima is unity. The op-

timal divergence of the wires increases this value significantly keeping

the Purcell factor at the maxima. In this chapter it was proved, that a

WM hyperlens, formed by divergent metallic wires can operate in a trun-

cated version and with a flat bottom interface. For it the divergence an-

gle should be within a certain range of angles. At a given frequency the

hyperlensing starts when the length of wires is sufficient and when the

divergence angle is sufficient. For hyperlensing the distance between the
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outer ends of the wires should exceed λ/8.

The investigations of the field distributions inside the WM hyperlenses

confirmed the theoretical model and all our expectations about the hyper-

lensing regime. Strong correlation with the Purcell effect for an infinite

WM was shown. For the properly smoothed frequency dependence of the

Purcell factor the optimized hyperlens operates like an infinite regular

WM. Smoothing of the frequency dependence eliminates the impact of the

internal reflections from the Purcell factor of the hyperlens. As to the

structure of parallel wires, it can be also applied for broadband radiation

enhancement: the Purcell factor is high at the Fabry-Perot maxima and

equal to unity at the minima. Therefore, the frequency-averaged value is

larger than unity. However, this structure is not promising in the cases

when the resonances are suppressed e.g. due to losses in the wires.

In this chapter a thorough experimental investigation of the Purcell fac-

tor granted by a WM hyperlens in comparison to a sample of aligned wires

has been done. Experimental data were compared to simulations. These

studies fully confirmed our theoretical expectations and predictions.
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We have seen that a finite WM block can efficiently enhance the radia-

tion of an embedded dipole into free space averaged over a very broad

frequency range. This enhancement is especially significant if the WM

block is prepared as a hyperlens of diverging wires and the dipole is lo-

cated where the wires converge. The block of parallel wires – when the

distances between the ends of the adjacent wires are equivalent – is a very

frequency selective radiation enhancer. Only in the very narrow bands –

Fabry-Perot dimensional resonances of the structure – the enhancement

occurs.

This result is in line with the studies of the transfer of optical / electro-

magnetic images though a WM slab. The image at a certain frequency

is represented by a spectrum of spatial harmonics produced by the im-

aged object. Evanescent waves in this spectrum are responsible for the

subwavelength details of the image, and propagating waves are respon-

sible for the general shape of the image. It is known that the imaging

is performed due to the effect of so-called electromagnetic canalization.

This theory confirmed by a set of experiments was developed more than

a decade ago (see e.g. in [47–50]). Canalization means that the inci-

dent TM-polarized waves convert inside the effective layer of WM (with

wires orthogonal to the interfaces) into TEM-waves. In fact, TEM waves

arise if the wires are perfect conductors. If the wires possess realistic

losses, the image is transferred by the quasi-TEM-waves. Due to the ex-

treme anisotropy of the regular WM (in another terminology, due to strong

spatial dispersion) these TEM (quasi-TEM) harmonics all have the same

phase and group velocities inside the WM block. Therefore, the spatial

spectrum of TEM waves (function of the transverse wave vector) keeps

the same during the conversion and the last one does not distort the ob-

ject near fields. On the rear interface of the WM block these TEM waves
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convert back into TM-polarized waves reproducing the object near field.

The most important condition of this regime, called electromagnetic canal-

ization, is the Fabry-Perot resonance of the WM block. It was proved the-

oretically, numerically and experimentally for different frequency ranges.

Besides the resonances the canalization is prevented by strong reflections

of the TM-waves from the front interface of the WM block. Roughly speak-

ing, this boundary operates like a metal wall for TM waves carrying the

information on the object. As to TE-polarized waves that can also carry

this information, they practically do not interact with the wires. Seem-

ingly, there is no way to transmit a broadband signal carried by TM-waves

through the WM block. Only frequency components of the signal corre-

sponding to the Fabry-Perot resonances will be transmitted. This refers

to both propagating and evanescent TM waves.

However, in recent works [51, 52] it was predicted, that infrared ther-

mal radiation can strongly excite the aligned WM block in an ultra-broad

range of frequencies. This results in the rather uniform radiative heat

transfer inside and outside the bands of the dimensional resonances. This

ultra-broadband power transfer theoretically occurs, if the wires ends

are immersed into the volume of the hot body (thermal emitter) and the

cold body (thermal receiver) or, at least, touch them. These studies were

mainly focused on thermophotovoltaic applications (see e.g. in [52–55]),

were the arrays of nanowires offer the transfer of near fields to rather far

distances towards the photovoltaic panel, enhancing the electric output of

the device. The claimed effect is based on the conversion of propagating

and evanescent TM-polarized waves, which are produced by the emitter,

into quasi-TEM modes, that can efficiently transfer along the wires. Ba-

sically, it is nothing but the electromagnetic canalization beyond Fabry-

Perot resonances. Here, the strong reflection from the WM interface is

damped because the ends of nanowires interact with the thermal emitter.

This near-field interaction forms on an interface of a WM sample a thin

transition layer that matches the WM and the medium (does not matter,

hot or cold).

These theoretical expectations were confirmed by a set of numerical sim-

ulations but never checked experimentally. In this chapter we will report

a conceptual experiment confirming these expectations on a microwave

model.
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4.1 Governing idea of the experiment and its discussion

An example of prospective thermophotovoltaic devices enhanced by WM

layer is presented in Fig. 4.1. It is clear that direct investigations of such

an experimental device are difficult and expensive. Thus it was suggested

to test experimentally a modelling setup, that would mimic the energy

transfer processes and would confirm the formation of the matching tran-

sition layers on the WM interfaces. Such the setup in the microwave range

can be realized with two open-end metallic waveguides. The WM block is

located in the gap between them so the wires ends either touch the aper-

tures of both waveguides or slightly embedded into them to a depth d.

These waveguides mimic the hot and cold media and the apertures mimic

their interfaces.

In absence of the WM block the two halves of the waveguide are coupled

through the radiation from one open end received by another one, but

this coupling is weak. If the air-gap length is sufficient – L > λ/4 – the

near-field coupling is negligible and the waveguides are coupled weakly.

In case of the broadband electromagnetic connection of the radiating

and receiving waveguides through the WM sample the radiation trans-

fer will be enhanced in a broad band compared to the case of the empty

gap. This result will confirm one of two main claim of works [51, 52] –

broadband power transfer through the aligned WM slab. Another claim

of these works to be confirmed experimentally is broadband conversion of

TM-polarized evanescent waves into quasi-TEM propagating eigenmodes

on the interfaces of the WM slab. For this purpose we have to reject the

propagating waves from the aperture of the radiating waveguide allowing

only the TM evanescent waves to interact with the WM slab. This will

be done in the second stage of the experiment when we insert the metal

mesh near the open end of the waveguide.

In order to validate both these claims in our model our hollow metal

waveguide should operate as an analogue of an infinite isotropic medium.

An isotropic medium supports TEM-waves, and the evanescent TM-waves

are generated at its interface due to TIR. Then these waves are converted

into quasi-TEM waves of the WM slab. The problem is that the single-

mode finite-length rectangular waveguide supports only the TE10-mode.

If we operate at frequencies where also TM-modes are allowed, the inter-

ference of the modes will be strong and will mask tiny effects. Though

in the last stage of our experimental study we will perform the broad-
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(a) (b)

Figure 4.1. (a) Example of a micron-gap thermophotovoltaic system enhanced by a meta-
material. The zoom insert shows the location of nanowires between emitter
and photovoltaic cell. (b) A model structure of two rectangular waveguides
(input port 1 and output port 2) separated by a free-space gap of length l

either empty or filled by a copper WM slab of thickness L = l + 2d (see the
inset).

band measurements, in the first stage we have to operate in the one-mode

regime. How to obtain the needed TM-waves if the waveguide supports

the TE-wave?

Fortunately, from the exact solution of the problem of a semi-infinite

rectangular waveguide [56] it is known that at its termination the spatial

spectrum of the electromagnetic field is rich. Near the waveguide open

end there are evanescent spatial harmonics with both TE and TM polar-

izations. Moreover, there is no domination of TE-waves among them [56].

So, the waveguide open end enables the partial conversion of the TE-mode

into TM-modes which are further converted into the TEM-modes of the

WM block. The conversion of the TE-wave into TM-waves and back that

occurs at the open ends of the waveguide is an only possible explanation

of the enhanced power transfer because the wires are directed orthogo-

nally to the electric field of the fundamental waveguide mode and do not

interact with it.

Enlarged insert in Fig. 4.1(b) shows the scheme with submerged wires

into the waveguide open ends at subwavelength depth d. Thus wires can

be efficiently excited by multi-modal fields, formed at the radiating waveg-

uide aperture. Electromagnetically, this aperture is not a sharp boundary:

the high-order modal fields (evanescent waves) exist near the open end.

In other words the part of the WM inserted into the radiating waveguide

should be a transition layer, and similarly in the receiving waveguide the

second transition layer should be formed. Will these layers really serve to

matching?

It is difficult to answer via an analytical model. Since the WM is a
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spatially dispersive material, Maxwell’s boundary conditions are not suf-

ficient to calculate the power transfer and additional boundary conditions

(ABC) are necessary. ABC on the surface of a WM slab do not prohibit

conversion of the incident TE-wave into TM-waves if the environment of

the slab is inhomogeneous [57]. Though for a WM slab located in free

space this conversion does not occur [58], it becomes possible in our case

when the WM slab overlaps with the open waveguide edges. We did not

manage to derive ABC for this difficult case. Instead, we have numeri-

cally simulated the electric field distributions which confirmed the mode

conversion effect. We saw this effect in a vector color map and expect that

it will result in a noticeable enhancement of power transfer (which should

be broadband, because is not resonant). In this regime, the WM slab will

be efficiently excited by the incident TE10-mode of the input waveguide

and will symmetrically excite the TE10-mode in the output one.

4.2 Preliminary simulations

A series of numerical simulations are presented below in order to define

the optimal depth d. Simulations were provided using CST Microwave

Studio. Material properties of the waveguide walls (Al) and WM (copper)

were defined through the program database models in order to take real-

istic losses into account. Waveguide is realized with Al walls and internal

size of the waveguiding aperture is aWG = 164 mm and bWG = 82 mm

correspondingly. Cut of frequency λc ≈ 0.9 can be easily calculated using

widely known formula for rectangular waveguide fundamental mode as

(fc)TE10 = 1/(2a
√
με) or ((λc)TE10 = 2a) for air-filled waveguide [41].

Single mode regime in this case is supported in region 0.9 - 2 GHz. Sam-

ple of WM is constructed as an array of parallel wires with wire diameter

dwire = 1.5 mm and the array period is 6 mm (distance between the cen-

ters of the wire ends), thus the filling factor is 0.125, that corresponds to

optimal parameters of the WM development in [59].

Fig. 4.2 shows the results of the preliminary simulations for fixed air-

gap parameter L = 90 mm, varying the depth d inside both waveguides

simultaneously. Interesting, that the variation of the immersion depth

d does not affect significantly the power transmission. The difference is

almost unnoticeable, and in all considered cases WM provides the efficient

coupling between the waveguide halves – the transferred energy is only

3.5 times smaller than the incident one. This result is in line with the

62



Wire-medium slab for broadband power transfer

Figure 4.2. S21-parameter, simulated for the gap l = 90 mm, empty or filled with the WM
for different values of d = 0, 5, 15 mm.

ideas of [51, 52], where the transition layer was formed automatically for

whatever immersion of the wires into the medium.

However, if the wires do not touch the media the broadband power trans-

fer disappears and is replaced by the frequency-selective one [52]. This

case is equivalent to the so-called canalization regime, granted by super-

lens (broadly discussed e.g. in works [4, 5]). For that case incident beam

is fully reflected at any frequency outside the Fabry-Perrot resonances of

the system, at interface of the WM metamaterial reacts similarly to PEC

wall, due to subwavelength wire ends distribution and strong filling fac-

tor. However, in case of even very small immersion of wire end inside the

waveguide open end mechanism changes totally.

Similarly, we obtained no enhancement of power transfer with respect

to the empty gap if d < 0. In our further studies, we adopted d = 5 mm for

certainty.

In the case of the empty gap the power transmittance is nearly 0.12 in

the range 1.1-2 GHz. Our WM block enhances the power transfer approx-

imately 2.5 times in this band. Fig. 4.3(a) shows that the increment of the

air gap (we studied the cases for l = 50, 70, 90 and 110 mm) slightly de-

teriorates the power transfer at 1.4-2 GHz when the corresponding WM

samples are inserted. Longer WM sample corresponds to lower level of

transmittance due to extra losses in the wires. Simultaneously far-field

coupling between two open ends of the waveguide still exists and also de-

creases versus the gap size. Overall decrement is low, however can be

detected in presented dB scale. The more important information is pre-

sented in Fig. 4.3(b), where the enhancement of the transmittance due

to the WM block is presented. The WM block enhances the transfer 2-3

times, and higher enhancement corresponds namely to larger gaps.
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(a)

(b)

Figure 4.3. Simulation results, obtained for the model with WM slab with d = 5 mm and
l = 50, 70, 90 and 110 mm: (a) absolute value of the power transmittance; (b)
gain in power transmittance due to WM SWM

21 /Sempty
21 (f).

4.3 Experimental study

In order to validate these theoretical predictions experimentally the WM

sample with L = 100 mm was built. Wires are fixed in a plastic foam,

which does not affect the radiation at operational frequencies. In accor-

dance with previous results, optimized parameters l = 90 mm and d = 5

mm were fixed.

Fig. 4.4 shows the experimental setup, containing both parts of the dis-

connected waveguide with its two open ends and the WM sample inserted

in this air gap. Also, an additional metallic mesh is shown inside the ra-

diating waveguide. This grid was used in the 2d stage of the experiment.

It reflects the propagating part of the spatial spectrum and the TE-waves.

A more detailed view of the grid is presented in Fig. 4.5.

In absence of the WM sample grid blocks the propagating harmonics

and creates a strong evanescent field. These evanescent modes decay at a

distance approximately equal to the grid period p = 1 cm. Therefore, the
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(a) (b) (c)

Figure 4.4. The experimental setup: (a) our wire medium slab; (b) the external view of
our setup; (c) the grid near the edge of the input waveguide.

(a) (b)

Figure 4.5. The WM slab inserted between the input and output waveguides is comple-
mented by the wire grid with square cells. The structure is shown in the
longitudinal (a) and transverse (b) cross-sections of the waveguide.

distance between the grid and the open end of the waveguide δ + d is not

sufficiently larger than p (here δ is the distance between the grid and the

interface of the WM sample). Thus, radiation, exciting the WM sample is

not weak but is a package of evanescent waves only.

In the canalization regime at the rear interface of the WM sample the

excited TEM modes would convert to the evanescent modes back. How-

ever, our regime which is experimentally studied here is not the canal-

ization. In the present case there is an effective transition layer at the

rear interface of the WM slab. It should offer the matching and the TEM

eigenwaves of the WM slab should convert into the TE modes of the out-

put waveguide. Therefore, though the propagation of the power is blocked

before the WM slab, it still has to allow the power transfer. And it should

be observed in the broad band.

Fig. 4.6 shows the comparison between the transmission coefficient ob-

tained both in simulations and experiment, without the grid insertion.

From Fig. 4.6(a) and Fig. 4.6(c) it is clear that experimentally measured
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(a) (b)

(c) (d)

Figure 4.6. Results for the power transmittance through the gap l = 90 mm between two
waveguides either filled with the WM or empty, and for the gain in the power
transfer due to the WM slab: (a) simulated S21; (b) simulated SWM

21 /Sempty
21 ;

(c) measured S21; (d) measured SWM
21 /Sempty

21 .

results are very similar to simulated ones, except the resonance region at

1.9 GHz. This is probably related to the change of the waveguide modal

structure due to provided modifications, i.e. the single mode regime is

shifted to lower frequencies. Fig. 4.6(b) and Fig. 4.6(d) presents the en-

hancement level, obtained by the insertion of the WM sample. Again ex-

perimental investigation demonstrates the cut-off peak below 0.9 GHz.

Both simulated and experimental values of the transfer enhancement

are very broadband. The simulated enhancement is approximately 2.5,

whereas the experimental value is nearly 2.

On the 2d stage we inserted the mesh. Fig. 4.7 shows the results for

this case. The difference between simulated and experimentally mea-

sured transmission coefficients is more noticeable. From Fig. 4.7(a) and

Fig. 4.7(c) we see that simulations greatly underestimate the power trans-

mission both with our WM sample and without it. That is so because the

fine structure of the grid reduces the accuracy and results in a high com-

putational error. Our attempts to improve the accuracy did not provide

any adequate final view, and the general belief here is in favor of our ex-

perimental data, since we have repeated these measurements. As to the

gain in the power transfer due to the WM block the agreement with sim-

ulations is good. It is seen in Fig. 4.7(b) and Fig. 4.7(d) that the WM block

in the range 0.9 - 2 GHz, in accordance to simulations grants nearly triple
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(a) (b)

(c) (d)

Figure 4.7. The same plots as in 4.6 for the case when the wire mesh is inserted at the
distance δ = d = 5 mm from the interface of the WM slab.

enhancement, while the experimental investigations give 2.24.

Our next investigations refers to the enlarged range 0.9 - 12 GHz. If

the waveguide operates in the multi-modal regime, the spatial spectrum

becomes richer. This also refers to the aperture and corresponding high

order modes. Here, the transition layer should work even better and the

WM slab should provide a more efficient coupling of two waveguides.

Numerical simulations for a so wide band would require huge compu-

tational resources, and we skipped them. Figs. 4.8 and 4.9 shows experi-

mental results analogous to those presented in Fig. 4.6 and Fig. 4.7. Note

that this frequency curve is smoothed. In the original picture of mea-

surements the Fabry-Perot resonances of the gap (which are present at

high frequencies even in absence of the WM) make the picture not very

relevant for the analysis. When the WM slab is inserted Fabry-Perot reso-

nances shift but do not disappear. The effect of transition layers decreases

these resonances very significantly at frequencies below 2-3 GHz. How-

ever, at higher frequencies the Fabry-Perot resonances of the gap become

stronger and the frequency smoothing of the transmittance is needed also

for the WM slab. Smoothing was done using the cubic spline method. The

experiment shows the averaged enhancement 3.78 (if the subwavelength

grid is absent).

In presence of the grid the evanescent component dominates in the spec-

trum of the radiating waveguide aperture and impact of the WM sample

becomes more noticeable. It can be seen from Fig. 4.9(b), that the aver-
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(a) (b)

Figure 4.8. The smoothed experimental transmittance with WM, without WM and the
gain due to the WM in the frequency range from 0.9 to 12 GHz: (a) S21 (loga-
rithmic scale); (b) SWM

21 /Sempty
21 .

(a) (b)

Figure 4.9. The same plots as in Fig. 4.8 for the case when the grid is inserted at the
distance δ + d from the end of the input waveguide.

aged enhancement in this case is close to 4.44. These results fully con-

firms our expectations.

4.4 Discussion

The main purpose of this chapter was to prove experimentally the con-

cept of the broadband energy transfer through the WM sample of parallel

wires. Two stages of the experiment were implemented: when the WM

is excited generally by propagating harmonics and when it is excited by

evanescent modes. The experimental investigation confirmed the claimed

effect. The near-field interaction of the WM interfaces with the open ends

of both radiating and receiving waveguides really enables the good match-

ing in the effective transition layers formed at the open ends. Besides of

the simple matching these transition layers also allow the conversion of

TE-modes into TM-modes and finally into TEM-modes of the WM block.

These transition layers partially suppress the Fabry-Perot resonances, es-

pecially at low frequencies. Thus, it is proved that a finite-thickness layer

of WM can transfer the electromagnetic energy in a broad band – that is

our main scientifically new result.
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5. Irregular wire medium for
enhancement of radiation

In previous chapters it was shown that the blocks of regular WM can

be used for the broadband enhancement of radiation and electromagnetic

power transfer. Our WM hyperlens, though aperiodic, is still a regular

block of WM. It is a structure with a uniform gradient of the period in

the radial direction along the divergent wires. In chapters 2 and 3 we

have shown that the divergent – hemispheric or sectoral – block of WM

grants a much more broadband enhancement of radiation from an em-

bedded source than that granted by a block of periodic aligned WM, and,

consequently, the frequency-averaged enhancement is higher.

However, how large is the spatial domain for which our hyperlens offers

this strong enhancement? In the case of a WM block of parallel N × N

wires the area of this domain is the central part of the block cross section.

The width is this area is Ma, where a is the period of WM and M can be

estimated as N − 2. For dipole sources located in this area at whatever

distance from the interface the certain frequency-averaged enhancement

of radiation is granted by the Purcell effect and Fabry-Perot resonances.

For a hyperlens the situation is different. The frequency-averaged en-

hancement is higher but it is granted only to the sources located in the

(a) (b) (c)

Figure 5.1. Perspective view of considered finite-sized structures with marked source lo-
cation. (a) – RWMS; (b) – hyperlens and (c) – IRWMS with flat boundaries.
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central part of the hyperlens near its bottom interface i.e. in the narrow

part of the WM block. The height of the source should not be larger than

3a if we want to noticeably enhance its radiation. This is so because in

the upper part of the hyperlens the WM is not sufficiently optically dense.

If we consider the situation when the whole bottom part of the WM hy-

perlens is filled with the radiation sources the hyperlensing requires the

effective increase of the radiating aperture – the domain filled with the

sources corresponds to the WM period a, whereas on top of the hyperlens

this period is equal A = a+ Lα.

If one concerns the problem of radiation enhancement into free space

without enlarging the radiating aperture, some unanswered questions

arise. The most important one is the first question: is it possible in princi-

ple to enhance the radiation of the embedded sources beyond the dimen-

sional resonances if the top surface of the sample is not larger than the

bottom one?

For a hyperlens even with a small divergence angle such as α = 5◦ still

the top interface is noticeably larger than the bottom one because L � a.

Thus, the conceptual question about physical possibility for enhancement

of radiation into free space without enlarging of the radiating aperture is

not formal.

This question is very important for understanding the thermal radia-

tion. It is commonly believed that a unit area of a flat surface cannot

have the emissivity higher than that of the black body es = 1. The super-

Planckian enhancement of the emissivity in the case of the dielectric ther-

mal lens and our WM hyperlens is accompanied by the enlargement of ra-

diating aperture. The super-Planckian effect due to the resonant photon

tunneling to free space in work [26] is accompanied by the curvature of

the metamaterial sample surface (cylindrical or spherical). If we obtain

the broadband enhancement of the radiation produced by a substantially

flat area without any effective increase of this area by our structure this

result may have implications for the existing theory of thermal radiation.

In any case such a study will open a new door to the enhancement of ther-

mal radiation. In this chapter we show that a metamaterial sample whose

bottom surface is not larger than the top surface, nevertheless, grants the

enhancement to the radiation into free space to any dipole located at its

bottom surface and even to a radiating aperture that equals to its bottom

(or top) surface. However, we will also see that the flat boundary of our

metamaterial cannot be treated as a piece of an infinitely large planar
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surface, and the super-Planckian radiation per unit area is not implied.

However, the new type of metamaterial combines the advantages of both

hyperlens (broadband matching) and WM block of parallel wires (large

area of radiation enhancement). Basically, it is a WM sample with parallel

and flat boundaries, but the internal structure as an array of irregularly

oriented wires.

5.1 Concept of irregular wire-medium brush: local hyperlensing

Fig. 5.1 represents the three structures proposed here for investigation

and further comparative analysis. Fig. 5.1(a) shows a block of parallel-

oriented wires, in Fig. 5.1(b) the hyperlens is demonstrated and Fig. 5.1(c)

shows the newly suggested structure. All three structures have equiva-

lent maximal dimensions, in order to make the comparison of their per-

formance really relevant. The detailed comparison of the parallel WM

sample and the hyperlens was already done in Chapters 3 and 4.

In the irregular wire media sample (IRWMS) the ends of the wires on

the bottom interface form a square array of period a, as in the parallel WM

sample in Fig. 5.1(a). Here and further the parallel WM sample will be

called as regular WM sample (RWMS). IRWMS is designed by randomized

tilt of the wires of RWMS out of the normal (z-direction in accordance to

Fig. 5.1), however such tilt should not be too large, in order to keep the

general direction of the enhanced radiation toward the top interface of the

layer. Also it is important to prevent the ohmic contact of the wires in the

structure.

We want to prove that the enhancement of radiation occurs for a sub-

stantial area. This would require a significant increase of the number N

in the array of N ×N wires. However, in order to reduce the simulations

time, we decided to increase the number of wires in the structure not sig-

nificantly – only up to 10×10. Similarly in RWMS 10×10 wires were used.

The original structure of RWMS is shown in Fig. 5.1(a), whereas the pe-

riod of the array is a = 10 mm, the total length of the wires is L = 300

mm, which is also equal to the overall height other investigated samples

h, the radius of the applied wires is rwire = 0.5 mm.

The source is a wire dipole antenna of the overall length ldip = 10 mm,

which is oriented along x - axis. The dipole wire radius is rdip = 0.25

mm. Parameters ldip and rdip are chosen so that to exclude the capacitive

coupling of the dipole source with the wires of the WM block.
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The Purcell factor was simulated in accordance with chapters 2-4 as the

“total Purcell factor” investigation – increment of the input resistance of

the dipole source in presence of the WM samples, due to the presence

of the WM structure: FP = Rin/R
(0)
in , where Rin is the real part of the

dipole input impedance in presence of the WM structure and R
(0)
in is this

value without the structure. Since in the simulations all wires are made

of perfect electric conductor, there are only radiation power losses, and

FP ≡ F rad
P .

In our first simulations the source was installed inside the WM sample

at a distance a from the internal interface, located at the center of the gap

between four neighbouring wires. Of course this location corresponds to

the maximal Purcell factor. Therefore, in order to support our claim we

have also studied the Purcell factor for the whole aperture – locating the

dipole source in different places of the area covered by the WM sample.

In case of the hyperlens, presented in Fig. 5.1(b), the dipole was also

located in the middle of the central gap, and the overall structure repre-

sented a set of 4×4 wires, in order to keep the same maximal dimensions of

the block for nearly optimal divergence angle. Above we mentioned that

N = 6 is a minimal amount for a hyperlens, meaning that the increase

N > 6 does not give a further increase of the Purcell factor. Well, the

choice N = 4 implies a lower Purcell factor than N = 6 even for a dipole

located at the center of the structure, but the last one still qualitatively

operates as a hyperlens. Therefore, the comparison with the IRWMS is

still correct.

IRWMS presented in Fig. 5.1(c) was obtained by the next modification

of the RWMS: every wire was tilted by angle α = 20◦ out of the normal z,

and then was rotated by a random angle in the azimuthal direction. Next,

the wires protruded out of the sample were truncated in order to keep

the external dimensions equal to 10.5a × 10.5a. Thus, the averaged wires

length is still close to initial L = 300 mm. Finally if some wires turned out

to be mutually touching they were randomly turned once more.
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5.2 Dipole source in the irregular wire-medium sample

5.2.1 Simulations

Simulations were provided using commercial software FEKO. Results are

presented in Fig. 5.2, whereas it is clearly seen that all three investigated

structures support sufficient enhancement at frequencies, corresponding

to structural Fabry-Perot resonances. Also, the dashed line shows the

theoretical prediction for the Purcell factor of the corresponding infinite

regular WM environment with the same radius and period of the wires,

given by Eq. 3.1.

As above, for the RWMS the enhancement at the Fabry-Perot maxima

greatly exceeds the values on the theoretical curve for an infinite WM, as

above in between these maxima the enhancement is close to unity, and the

frequency-averaged value of the Purcell factor is nearly triply as smaller

as that for the infinite WM. In case of considered hyperlens structure FP >

1 for overall investigated range, and the frequency-smoothed curve (see

above) would be nearly twice lower than that of the infinite WM.

Figure 5.2. The Purcell factor versus frequency. Theory for an infinite regular WM and
simulations for finite structures: RWMS, hyperlens, and IRWMS (averaged
for 9 positions of the source).

The most interesting result corresponds to the new structure. FP was

calculated as an averaged value for 9 positions of the source location –

with horizontal shift from the center m1a and m2a in respectively x- and

y-directions. The curve for the IRWMS in Fig. 5.2 shows the frequency

dispersion of FP over all studied source positions.

In order to show the impact of the source location more accurately Fig. 5.3

depicts the Purcell factor for two slightly shifted positions in comparison

73



Irregular wire medium for enhancement of radiation

with the averaged curve. Namely, in one case m1 = 0 and m2 = −1 we

have the position of the strong frequency-averaged enhancement 〈FP 〉 ≈
50 for the range 0.5-2.5 GHz. In the other case, when m1 = −1, m2 = +1,

the position corresponds to the lower enhancement 〈FP 〉 ≈ 20. Nearly the

same result holds for the position-averaged Purcell factor. This means

that for all positions of the source distanced more than 2a from the lateral

boundaries of the sample the radiation enhancement is strong enough

and, roughly speaking, identical.

Figure 5.3. The Purcell factor versus frequency for the IRWMS: poor-radiation position
of the source, strong-radiation position, and averaged.

The next important observation is an increment of the local resonances

number, which can be associated with different wires lengths in a rather

small investigated sample.

The third important observation is the fact that, in general, IRWMS en-

hancement curve is the closest to the theoretical one for an infinite regular

WM, both in the regions of local maxima and minima.

In order to explain the non-resonant enhancement in the IRWMS the

electric field distributions of two structures under study are depicted and

compared. Fig. 5.4 shows the field distribution at one Fabry-Perot maxi-

mum and minimum respectively for the RWMS. Fig. 5.5 shows the electric

field distribution for the IRWMS, the case of the favourable location, cor-

responding to the magenta curve in Fig. 5.3. Fig. 5.6 depicts the case of

the comparatively low enhancement, corresponding to the rose curve in

Fig. 5.3. The white dashed outline is the contour of the WM sample.

In Fig. 5.4(a) the near fields are concentrated near the source, and the

internal field pattern corresponding to the TIR is not favorable for irradi-

ation into the surrounding free space. In Fig. 5.4(b) the radiation notice-

ably leaks through the structure boundary. The difference between the
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(a) (b)

Figure 5.4. Color map of the electric field (absolute value) in RWMS. Cross section in the
plane (x − z) (the dipole is in the picture plane). (a) 1.70 GHz (Fabry-Perot
minimum). (b) 1.99 GHz (Fabry-Perot maximum).

resonant and non-resonant regimes is very strong for the RWMS.

For an irregular structure, a different picture holds. If the source is po-

sitioned in the place of rather poor radiation as presented in Fig. 5.5, the

difference between the local minimum and the local maximum is practi-

cally absent. Fabry-Perot resonances are damped for this location of the

source. Relatively strong near fields can be seen in both spatial distri-

butions. However, there is something like local hyperlensing in bunches

of diverging waves that results in the efficient leakage of the radiation

through the lateral boundary.

(a) (b)

Figure 5.5. Color map of the electric field in IRWMS. Poor-radiation position of the
source. Cross section in the plane (x − z). (a) 1.89 GHz (local minimum).
(b) 1.96 GHz (local maximum).

In Fig. 5.6 the radiation efficiently leaves the structure, at the frequency

of the Fabry-Perot minimum – through the lateral boundary and at the

frequency of the Fabry-Perot maximum – through the whole boundary of
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(a) (b)

Figure 5.6. Color map of the electric field in IRWMS. Strong-radiation position of the
source. Cross section in the plane (x− z). (a) 1.36 GHz (local minimum). (b)
1.54 GHz (local maximum).

the sample.

It is important that for both Fig. 5.5 and Fig. 5.6 the radiated electrical

field – that surrounding the WM sample – is higher than that radiated

in the case of the RWMS operating at the frequency of the Fabry-Perot

minimum, that is shown in Fig. 5.4(a).

We have calculated the frequency-averaged (over 0.2–5 GHz) values

of the Purcell factor for different WM structures with the same aver-

aged distance between the wires and the wire radius. It is relevant to

compare them: for infinite RWMS F IWM
P = 46.98, for RWMS FRWMS

P =

12.72, for hyperlens FHL
P = 16.31, for IRWMS with the best position of

the source F IRWMS
P = 54.42, for IRWMS with worst position of the source

F IRWMS
P = 11.38, and for IRWMS with averaging also over all possible

positions F IRWMS
P = 28.51.

Finally, the frequency-averaged values of the Purcell factor for different

WM structures are given in Table 5.1.

FP - averaged over [0.2-5] GHz Value

< F IWM
P > 46.98

< F IRWMS
P >, strong radiation position 54.42

< F IRWMS
P >, poor radiation position 11.38

< F IRWMS
P(aver.pos.) > 28.51

< FRWMS
P > 12.72

< FHL
P > 16.31

Table 5.1. Frequency-averaged Purcell’s factor for the infinite WM, IRWMS (best, worst
and averaged positions), RWMS and hyperlens.
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It is clear now that our investigation though establishes the non-resonant

Purcell effect for a flat sample of an effective medium has no revolutionary

implication for the existing theory of thermal radiation. Our sample can-

not be treated as a unit area of the infinite surface with super-Planckian

emissivity. Not only its top and bottom surfaces efficiently pass the en-

hanced radiation. The radiation leaves from the sample also through the

lateral boundaries. Therefore, the enhancement of the radiation by our ir-

regular WM is, though not resonant, possible only for samples with finite

horizontal size. Naturally, the enhancement decreases when the area of

the sample increases strongly and becomes much larger than its height,

and for the infinite area we will have no enhancement. The Kirchhoff

law for thermal radiation from the unit area of an infinite surface is not

violated.

As to our finite-size sample, the random tilt of the wires in it can be

treated as a reason of the local hyperlensing effect in a bunch of diverg-

ing wires between which the source is located. This allows the enhanced

radiation to spread over the whole sample and to leave from it to free

space through the lateral, bottom and top interfaces. Alternatively, it

can be treated as the enhanced density of states in the random medium

compared to the regular one. Due to randomness there are many excited

states (eigenmodes) whose wave vector has the tangential component to

a surface of the sample smaller than k0. Such eigenmodes do not experi-

ence the TIR and leave the sample. In the case of the hyperlens all excited

modes can radiate only from the top interface – modes of WM are TEM

and propagate strictly along the wires. In the case of the RWMS they can

radiate from top and bottom interface (and even there they experience

the TIR which can be destroyed only by a Fabry-Perot resonance). But in

the IRWMS the enhanced density of states with low spatial frequencies

implies that there are many modes for which the lateral boundary of the

sample is also penetrable.

Basically, both interpretations of the broadband enhancement of radia-

tion from the IRWMS are equivalent: a rather small internal irregularity

of the medium serves for better matching of all medium interfaces with

free space. Meanwhile, the smallness of this irregularity allows us to keep

the strong Purcell effect inherent to a regular WM. Therefore the IRWMS

gives nearly the same Purcell factor as that of a hyperlens and for much

larger area for the enhanced sources. In comparison with the strongly

truncated hyperlens of 4 × 4 wires the frequency-averaged Purcell factor
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(a)

(b)

Figure 5.7. (a) – realized IRWMS and (b) – realized subwavelength dipole antenna.

offered by our IRWMS turns out to be twice higher (see in Fig. 5.2). This

is so because N = 4 is not sufficient for a good hyperlensing. For an opti-

mal hyperlens (larger than our IRWMS) the Purcell factor will be higher.

Meanwhile, the directionality of the radiation for the IRWMS is lower

than that for the hyperlens.

5.2.2 Experiment

For the experimental study, two samples were prepared: RWMS and IR-

WMS respectively. RWMS of parallel wires was constructed of Al wires of

radius rwire = 0.5 mm, the square array period a = 10 mm, length of the

wires L = 100 mm, and dimension of the array was 15× 7 wires. IRWMS

had similar external dimensions and the array parameters of the internal

interface wire ends and represented in Fig. 5.7(a).

In IRWMS every wire was tilted by angle α = 20◦, and then turned

around this normal for random angle, excluding an electrical contact with

other wires. Our dipole was done of a copper wire of the overall length

ldip = 25 mm and the central gap gdip = 2.5 mm between the dipole arms.

Experimental dipole photo is presented in Fig. 5.7(b). To avoid parasitic
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(a)

(b)

Figure 5.8. (a) – Gray area shows the domain of FP versus frequency for all possible posi-
tions and orientations of the source in the horizontal section of the RWMS at
the depth 5 mm, dashed line - theory of infinite WM. (b) – Averaged values of
experimentally measured FP versus frequency for both RWMS and IRWMS.

capacitive coupling to the WM and to drive the dipole in a broad frequency

range, in our measurements we used the same feeding method as in Chap-

ter 3. The vector network analyzer Rohde & Schwarz ZVB 20 allows us

to use a pair of physical coaxial ports as a single logical symmetrical port.

Two inner coaxial conductors are used as a symmetric double-wire line

feeding the dipole, whereas the outer conductors are soldered together

and produce a common shield for this transmission line [45]. Therefore,

the dipole is properly fed without a balun. FP was retrieved in the same

way as in Chapter 3.

The dipole was located close to the dielectric plate which fixed the wires

near the input interface of the structures (this solution is used in both

cases of RWMS and IRWMS). Thus, the depth of the dipole immersion
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into WM was always fixed as x = 5 mm. Its position and orientation were

changed with a small shift and a number of the experimental curves for

its input impedance vs. frequency were obtained – corresponding to every

position. Respectively, a number of frequency curves for the Purcell factor

was obtained.

In Fig. 5.8(a) the gray area corresponds to all obtained curves for FP

granted by the RWMS. Here one can observe two broad Fabry-Perot res-

onances with central frequencies at 2.7 and 4.3 GHz respectively, that is

roughly corresponds to the dimensional resonances of the wires at L = λ

at 3 GHz and L = 1.5λ at 4.5 GHz. Those broad resonances include also

small maxima and minima, corresponding to the Fabry-Perot resonances

of the horizontal dimensions of the WM slab. Outside of these resonances

FP is close to unity, that is in agreement with all results above.

A similar study was done for the IRWMS. For both cases – RWMS and

IRWMS we shared out an effective central curve corresponding to the mid-

dle of the gray area. Fig. 5.8(b) shows the comparison of Purcell factor for

the RWMS and IRWMS. The bands of the Fabry-Perot resonances are

broader and the resonance magnitudes are much higher for IRWMS. This

can be treated as a consequence of the higher density of states for the

random sample.

Finally, the fully (frequency-, location-, and orientation-) averaged value

of the Purcell factor was calculated: < FRWMS
P >= 1.37 and < F IRWMS

P >=

2.88. This difference is a clear confirmation of the advantage of the IR-

WMS compared with the RWMS. The gain is nearly the same as that

granted by a WM hyperlens compared with the RWMS. So, IRWMS may

really perform the same functionality as a hyperlens in spite of the flat-

ness of its overall shape.

5.3 Irregular wire-medium brush in an aperture excited by
evanescent waves

The next step was to investigate the radiation enhancement not for a sin-

gle point source, but for an area, a radiating aperture, e.g. that filled with

the electromagnetic noise. The experimental study partially repeats the

method presented in previous Chapter 4, when the excitation of the wires

was obtained via the immersion of the WM sample into the volume of the

radiating waveguide. To better mimic the noises the propagating mode in

this waveguide is blocked by a reactive load at a distance from the open
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(a)

(b)

Figure 5.9. Experimental setup in our waveguide measurements: (a) – RWMS and (b) –
IRWMS, both installed in the aperture of the waveguide.

end. In the present experiment such a load is a diaphragm and it is suffi-

ciently distanced from the open end. It is not a mesh because here we do

not need to maintain the effect of two transition layers for the WM. Our

goal here is to enhance and radiate the mimicked noise into free space,

thus in order to excite the WM slab it was immersed into waveguide for

8 mm. This parameter assumed to be one of the optimal choices from the

previous chapter, where it was shown, that transition layer thickness does

not affect strongly to the energy transfer. However, immersion should be

presented for efficient coupling. On another hand, we should keep small

distance between the aperture (at depth 10 mm) and the WM sample.

This is why the depth is 8 mm, and not 10 mm.

An overall view of the structures as the WM samples inserted into the

open end of the waveguide is shown in Fig. 5.9(a) for the RWMS and in

Fig. 5.9(b) for the developed IRWMS. The total length of the waveguide

in this experimental study was LWG = 1124 mm. The waveguide was

fed by a broadband-matched monopole. The internal parameters of the

waveguiding structure are a = 164 and b = 82 mm respectively.

A diaphragm was inserted at a distance dD = 10 mm from the open end.

This parameter corresponds to λ/40 − λ/20 in terms of the waveguiding
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structure for our frequency range. The depth of the immersion of the WM

sample was 8 mm. In the absence of the WM samples impedance of the

load referred to the diaphragm plane is periodically resonant.

Figure 5.10. Experimental frequency dependencies. (a) – Reflection coefficient in three
cases (open end, RWMS applied to the end, and IRWMS applied to the end),
in all cases the diaphragm is inserted at 3 mm from the waveguide end; (b)
– input resistance of the loaded waveguide for these three cases; (c) – input
reactance.

This behavior is explained by a parallel connection of the diaphragm

reactance jXd and the input impedance of the open-circuit part which is

approximately equal to jZ0 cotβdD, where Z0 and β are the main mode

impedance and wavenumber, respectively.

In this way, it is possible to determine the real part of the output impedance

of the waveguide at the open end. It is expected that the WM should in-

crease the resistance at the open end, which will correspond to the en-

hancement of the radiation, at least outside the resonances between the

aperture and waveguide open end. Fig. 5.10 shows the experimentally

measured results. The complex reflection coefficient S11 of the calibrated

waveguide is presented in Fig. 5.10(a) for three investigated cases:

1. air-filled gap between the open ends of the waveguide;

2. RWMS insertion;

3. IRWMS insertion.

In the absence of WM samples, it can be seen that S11 parameter is close

to -5 dB, slightly oscillating over the entire frequency range.
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Figure 5.11. Load radiation resistance and reactance (both in the logarithmic scale) re-
trieved versus frequency.

RWMS insertion leads to the appearance of two main resonances at a

frequency of 1.04 and 1.17 GHz, related to the hybridized Fabry-Perot

resonance due to the presence of the diaphragm. IRWMS leads to broad-

ening and shift of this resonance to 1.08 and to 1.46 GHz respectively.

The input impedance can be found using the commonly known expres-

sion as:

Zin = Z0
(S11 + 1)

(S11 − 1)
, (5.1)

The effective load impedance referred to the diaphragm plane is defined

by:

ZLoad = Z0
Zin − jZ0 tan (βl)

Z0 − jZin tan (βl)
. (5.2)

Here lD = LWG − d is the distance from the waveguide end to the di-

aphragm, and relations for Z0 and β can be found in textbooks (see e.g. in

Ref. [60]). This effective load is the radiation impedance of the open end

in the case of the open waveguide. In the case when the WM sample is

inserted it is the impedance due to the inserted load, which modifies both

radiated power and stored power by the waveguide termination. The first

modification is expressed by the change of Rload. The second modification

is expressed by the change of Xload.
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The results of calculation for the real and imaginary parts of the impedance

into the plane of the load are shown in Fig. 5.11. Here the areas related

to the self-resonances of the diaphragm with the piece of the waveguide

between the diaphragm and the open end of the waveguide are covered

with the gray color in order to simplify the perception of the overall result.

Inside these resonance bands the resistance Rload cannot be accurately re-

calculated – the resonant dissipation losses and the higher modes excited

in the vicinity of the termination destroy the accuracy of the transmission-

line model [45].

At higher frequencies outside of the gray areas (1.5 GHz and higher)

WM sample does not support as many modes, as in the lower half of the

range. This can be detected through additional peaks in radiation resis-

tance. At the same time, reactance is negligible, as it is seen in Fig. 5.11.

Thus, one can conclude that the WM sample is not as efficient for higher

frequency band, and the Purcell effect is detected only in the range 1–1.5

GHz.

Outside of the gray areas the relation between the resistances in pres-

ence and in absence of the WM samples shows an estimation of the en-

hancement, granted by the WM sample insertion.

Frequency-averaged Purcell factor granted by the RWMS is less than

1.1, whereas the IRWMS provides the enhancement nearly equal to 2.5.

Similar gains for RWMS and IRWMS were obtained for other values of

the diaphragm width (2 mm and 20 mm).

5.4 Discussion

It is proved that the broadband enhancement of radiation from a sub-

wavelength sources is possible with an irregular wire medium structure,

performed as a brush of tilted wires truncated so that to form flat inter-

faces of the sample. This structure allows us to obtain broadband and

strong enhancement for the sources covering the area that nearly equals

to its top or bottom surface. The local hyperlensing and the enhanced

number of structural resonances are two possible explanations of the en-

hancement effect. Both these explanations are nearly equivalent: the

existence of several local hyperlenses in our IRWMS is a prerequisite of

a larger number of eigenmodes compared to a single hyperlens. Numeri-

cal analysis confirms that the enhancement holds for all positions of the

source sufficiently distanced from the lateral boundary of the sample. The
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directionality of the radiation from our IRWMS is lower than that for a

hyperlens, and the enhancement effect cannot be expanded to an infinite

surface of such an irregular wire medium.

Our IRWMS as well as the object of comparison – a regular WM block –

were manufactured for experimental investigations. Our measurements

fully confirmed the results of our theoretical investigations. We have stud-

ied the enhancement of the dipole radiation for different locations of the

dipole and the enhancement of the radiation from an aperture impinged

by evanescent waves. An open end of a microwave rectangular waveg-

uide was used for this purpose, and a narrow diaphragm reflecting almost

completely the propagating mode and creating in its vicinity the strong

evanescent field was used. The effective Purcell factor was retrieved from

the real part of the effective loading impedance created by our WM sam-

ples for the waveguide open end.
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6. Conclusions

This thesis is focused on developing a new direction of application regard-

ing wire media. Firstly, as one of the co-authors of work [10] it is very

important for me to emphasize the contribution of this paper, based on

the initial idea of Prof. Const. Simovski. It was the governing idea of

the whole thesis as it is discussed in Chapter 2. In that paper we theo-

retically explored infrared WM hyperlens that can be used for broadband

enhancement of thermal radiation from small hot bodies. The hyperlens

converts near fields of the emitter into propagating waves and transmits

them into free space. It was proved by a theoretical analysis and full-wave

3D simulations confirming it.

Thus, the spectral radiance produced by the emitter in presence of this

passive and non-radiating structure goes well beyond the black-body limit

calculated for the same emitter in free space. However, a numerous set

of both engineering and physical questions immediately appeared after

this initial study. They should be answered for the better understanding

of the physical mechanisms and conditions of that broadband enhance-

ment. The purpose of the doctoral study was the subsequent approbation

of these mechanisms and conditions. Further, it was understood that this

study makes sense also for other prospective applications – at lower fre-

quencies than that of thermal radiation.

In the next stages of the research, I focused specifically on the investi-

gation on the radiation enhancement after some relevant modifications of

the hyperlens structure. Chapter 3 explained the dimensional (Fabry-

Perot) resonances impact for the overall picture of the broadband en-

hancement and clarified completely the role of the wire divergence and

the source position. This allowed me to determine the optimal parame-

ters for the whole structure. An important result was also obtained for a

regular sample of parallel wires behaving as a strong frequency selective

86



Conclusions

device, but with much lower frequency-averaged Purcell factor. Another

important result was the determination of minimal array dimensions –

bounds for the truncation of the amount of wires and reduction of their

length. The directionality of the enhanced radiation was also studied.

Briefly, the features of broadband hyperlensing were thoroughly studied.

Implementation of the optimized hyperlens in the microwave range and

successful verification of the theory in the experiment reported in this

chapter opens the door to the development of new devices, from new ther-

mal emitters for thermophotovoltaics and new radiative cooling struc-

tures to new sensors of electromagnetic noises.

Another important result is the experimental proof of the broadband

power transform in a layer of aligned wires. Previously, such WM slabs

were considered as a structure almost completely reflecting the TM waves

beyond the Fabry-Perot resonances and not interacting with TE waves.

However, the results presented in Chapter 4 show that it is not always

so. If the interfaces of the WM slab are slightly immersed into two waveg-

uides, the effective transition layers are formed in which the evanescent

and even TE-polarized waves are converted into the TEM modes of the

WM. This conversion occurs independently on the Fabry-Perot resonances

and it even suppresses them, especially at low frequencies.

This result with the replacement of the open-end waveguides by dielec-

tric half-spaces means that the WM slab inserted in gaps between two

media really offers broadband power transfer. This conceptual result

may have importance for prospective micro- and nano-scale thermopho-

tovoltaics.

The last important study concerns a new metamaterial – irregular wire-

medium structure – and is presented in Chapter 5. This is a certain ana-

logue of the WM hyperlens but without the dramatic difference between

the bottom and top interfaces. This study has shown that the overall di-

verging conical hyperlens shape is not necessary to obtain basically the

same effect. A hyperlens can enhance the radiation only from small ar-

eas where the wires converge, which is always much smaller than its top

surface area. In the new metamaterial sample both top and bottom sur-

faces have equivalent areas. Thus, it is possible to efficiently enhance the

radiation similarly to a hyperlens but for the sources occupying a larger

area.

Everything claimed above allows me to underline a high importance of

the obtained results both for fundamental physics, such as the theory of
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the Purcell effect and the theory of thermal radiation, and for topical en-

gineering problems, related with prospective improvement of existing de-

vices.

In the nearest future, I am going to concentrate on the possibility to

homogenize irregular WM samples in terms of local material parameters.
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