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Preface

A rigorous model based on classic electromagnetism to characterize the thermal radiation
of real ohmic media is presented in this thesis. This model explains the available energy
due to thermal agitation inside ohmic material based on Johnson’s theory of thermal noise
in electric circuits. The field is expanded in a finite number of modes (degrees of freedom
per unit of volume), which are all independent and orthogonal from each other and are
eigenvectors of Maxwell’s Equations. The minimum distance for two eigenvectors to be
independent is found as A5/2 (where Ag is the real effective wavelength in the medium),
based on which an analytical expression of the total energy available by thermal agitation
in the finite volume is given. Integrating Poynting vectors of sources over the entire object
volume, an analytical expression to estimate the total spectral power radiated out by a real
ohmic material body is derived, which does not utilize Planck’s law of black body radiation
as an intermediary. Finally, a measurement campaign is proposed aiming at providing ac-
curate measurements of the thermal radiation from silicon samples of small dimensions in
the mm and sub-mm wave range.
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Introduction

1.1. Background

The universal absorption of solar energy, whether through natural processes like photo-
synthesis or artificial systems like photovoltaics, is undeniably one of the fundamental el-
ements for the very existence of our human civilization. The absorbed electromagnetic
(EM) energy by a certain medium, in the absence of other mechanisms, is then transformed
into thermal energy, resulting in the rising of the temperature of the medium. The mech-
anism of thermal emission, on the other hand, indicates the radiating EM energy from the
medium to counteract the continuous energy absorption[1]. This energy radiation is also
universal, from the thermal noises in electronic systems to the intensifying global warm-
ing. Radiometry is a field of science and engineering focused on modelling and measuring
this type of energy thermally radiated by material bodies.

The theoretical foundation of thermal radiation dates back to 1860, when Kirchhoff first
established the famous Kirchhoff’s law of thermal radiation [2], claiming the equality of ab-
sorptivity and emissivity of material bodies under thermal equilibrium. He also proposed
the idea of the black body, which is an ideal body that absorbs all the EM radiation incident
upon it. It is noteworthy that black bodies do not naturally exist and can only be artificially
synthesised. Nonetheless, the idea of the black body has become an intermediate agent to
characterize the emissivity of real bodies in this field of science ever since. Decades later,
based on thermodynamics and statistical physics, i.e. equipartition theorem, the empiri-
cally derived Rayleigh-Jeans [3], [4] law was established around the 1900s to describe the
spectral radiation of the black body. However, this model had a lethal problem in that the
brightness it predicted kept rising with respect to frequency, which contradicted the en-
ergy conservation law. Also, with the development of instrumentation, Rayleigh-Jeans law
failed to predict the experimental results of radiation of the artificially engineered black
bodies at high frequency, leading to the ultraviolet catastrophe. Groundbreakingly, Planck
[5] solved this crisis by establishing the famous Planck’s law of radiation. The brightness
of black bodies predicted by Planck’s law is shown in Figure 1.1 for various temperatures.
Instead of treating the EM radiation as a continuous quantity from a classic point of view,
he heuristically assumed that EM energy can be radiated in a discrete way. These discrete
packets of energy, called quanta by Planck and later photons by Einstein [6], set the very
basis for today’s soaring skyscraper of quantum physics.

1
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Figure 1.1: Planck’s law of black body brightness at different temperatures.

In 1928, Johnson [7] successfully characterised the thermal noises in electrical circuits
caused by the thermal agitation of charge carriers. His colleague Nyquist [8] demonstrated
Jonson’s discovery in a theoretical way, which was later called Fluctuation Dissipation The-
orem (FDT). Without any EM argument or experimental results, Nyquist replaced the clas-
sically derived average energy of one degree of freedom with a quantum correction term.
This noise model is generally referred to as the Johnson-Nyquist noise nowadays and is
widely used by the microwave community.

The relationship between classic Maxwell’s equations and quantum field theory has
kept puzzling electrical engineers. The first and most widely accepted tool to connect the
two fields is represented by Rytov’s current model. Based on Nyquist’s model, Rytov [9]
in 1953 first tried to model thermal radiation from an emissive perspective. He proposed
a hybrid classic-quantum model, computing the thermal radiation by solving Maxwell’s
equations with a set of impressed current sources which are forced by a quantum oscil-
lator (same as Nyquist’s correction term). However, by taking a closer look, there are two
problems with Rytov’s currents. On one side, the demonstration of this hybrid model [10]
presents some mathematical criticalities. On the other side, the entire procedure is much
less experimentally verified than one would think [11], given how long it has been accepted.
Some of these aspects will be discussed in detail in Section 2.3. Another important draw-
back of Rytov’s currents is that it was not clear how to mathematically implement them in
a simulation tool. [12] is possibly the only numerical attempt at calculating the radiation
directly from Rytov’s currents, but without presenting any experimental verification. In-
deed, the majority of work regarding emissivity in the radiometry community is achieved
by evaluating absorptivity, which is equal to emissivity after the establishment of thermal
equilibrium according to generalized Kirchhoff’s law [10].
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1.2. Motivation

Thermal noise has long been impacting the electrical engineering community, since it is
often the dominant term in the signal-to-noise ratio of communication and sensing sys-
tems. With the trend in the industry going towards higher and higher frequencies due to
the scarcity of spectrum resources, there is an interest in figuring out if the thermal radi-
ation remains well represented by Planck’s law or Rytov’s currents in the THz bands. This
is important especially because of the near availability of very sensitive, thousands of pix-
els thermal cameras in the THz range [13]-[15] that will fulfil the requirements of passive
imaging. However, the availability of such cameras does not correspond to a wealth of
information about the thermal radiation from known real material bodies kept at certain
temperatures. Actually, there are no measurements of thermal radiation from known ma-
terials at known temperatures in the sub-THz frequency range. As [11](page 1) suggests
the only strong evidence of Plank’s law in the mm-wave range is from the satellite-based
campaign, to investigate cosmic background [16]. However, by definition, we do not know
what is the radiation source of the cosmic background.

Another specific issue of interest to microelectronic engineers is the Drude model’s
impacts on the conductivities of semi-conductors, rendering their imaginary part non-
negligible already in the sub-THz range [17], where the advanced front-ends for commu-
nications and sensing are being developed. However, the impact of the Drude model on
thermal radiation has not been investigated in the literature. It is our conviction that in-
cluding the frequency-dependent properties of the Drude model for the conductivity of
the radiating materials will provide a decrease of the radiated spectral energy at frequen-
cies above the inverse of the scattering time of the free electrons. It is worth noticing that
this is not an exotic far-fetched phenomenon, but depending on the doping levels of the
materials, this frequency transition could already be occurring at 100 GHz.

Motivated by the lack of experimental evidence of thermal radiation and the prospects
of identifying a big role for Drude-like dispersion characteristics, this thesis aims to model
the thermal radiation of real material bodies electromagnetically in a rigorous way. The
model should be purely based on classic EM theory so that its consequences and termi-
nologies can be well-understood by electric engineers. Thermal radiation energy predicted
by this model should directly come from the characteristics of the ohmic material of the
real body, without the need of introducing black bodies as an intermediary reference. Af-
ter the establishment of the model, a measurement campaign should also be proposed in
order to fill the blank of thermal radiated power by real bodies at certain temperatures and
frequency bands, as well as to test the validity of our model.

1.3. Outline of the Thesis

The main part of this thesis is divided into seven chapters.

Some fundamental concepts of modern radiometry are explained in Chapter 2. First,
some radiometric quantities are introduced. Then, the hybrid classic-quantum model de-
veloped by Rytov is presented in Section 2.2. Some of its inherent problems are then dis-
cussed. Some works regarding coherence theory and radiometry are introduced in Sec-
tion 2.4, pointing out that the general assumption of incoherent sources of radiometry is
not always true.

Next, Drude model is explained in Chapter 3 as a tool to characterize the behaviour of
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plane waves interacting with ohmic media. Then, Johson-Nyquist noise caused by ther-
mally agitated electrons in electrical circuits is explained. A Norton-type and a Thevenin-
type equivalent circuit are presented and analysed.

In Chapter 4, our EM model to characterize the thermal radiation of real ohmic media
is proposed. Degrees of freedom in the EM field, each being the eigenvectors of Maxwell’s
equation and orthogonal to each other, comprise the total EM field in the emissive body.
The eigenvectors and their corresponding eigen-currents are given in an explicit way. The
total number of degrees of freedom inside a certain volume is given in Section 4.3. A
Johnson-like circuit is established in Section 4.4 to estimate the amount of energy each
of the degrees of freedom can deliver.

In the proceeding Chapter 5, two important issues are resolved. Self-impedance of
the eigenvector is derived analytically to serve as internal impedance and the load in the
Johnson-like circuit. Then, the mutual impedance of two eigenvectors is also asymptoti-
cally derived. The minimum distance for two eigenvectors to be uncoupled is found. Based
on these two findings, the total energy available within the medium is expressed analyti-
cally in Section 5.3.

Subsequently, by calculating the Poynting vectors from every independent generating
source, Chapter 6 addresses the power that actually leaves the radiating body. An analyt-
ical expression is derived and verified by numerical results as a quick tool to estimate the
spectral power radiated by a real finite ohmic body.

Based on the model introduced in previous chapters, Chapter 7 proposed an experi-
ment campaign to accurately measure the radiated power from real material bodies in the
mm and sub-mm wave range. The material selection process is introduced in Section 7.1
along with its characterization process in Section 7.2. The detectors are then introduced in
Section 7.3. A cavity on the waveguide short is designed to host the measurement samples.
Finally, possible measurement set-ups are described in Section 7.6.

Chapter 8 concludes the work of this thesis and discusses possible future works on this
project.

This thesis is supplemented by several appendices to provide some additional informa-
tion regarding each topic.



Basics of Radiometry

Radiometry is a school of science intended to measure incoherent radiant EM energy from
all kinds of media [1]. Some basic knowledge of radiometry is introduced and explained
in this chapter. Section 2.1 first introduces some basic radiometric quantities, including
brightness, radiation intensity, absorptivity and emissivity. Then, a hybrid classic-quantum
model proposed by Rytovin 1953 [9] explaining the thermal radiation from material objects
is presented in Section 2.2. This model proposed a set of current basis that can be used as
current sources in Maxwell’s equations. Based on this model, Kirchhoff’s radiation law can
also be generalized, which allows scientists ever since to study the emission of thermal
energy in a reciprocal way: from energy absorption. Using this reciprocity, the total power
radiated by a bulk object over a certain bandwidth can be calculated. However, Rytov’s
current falls on several problems, some of which are quite fundamental, as explained in
Section 2.3. Finally, Section 2.4 presents some work on the coherence of the field in thermal
radiating sources, which are traditionally considered as incoherent.

2.1. Radiometric Quantities

A basic quantity in radiometry is brightness B(Q, A), also known as radiance, which repre-
sents the radiated power per unit solid angle per unit area (Wsr~!m™2 for example). It is
calculated from dividing the radiation intensity 1(Q2) (radiated power per unit solid angle)
by the effective area of the source normal to the radiation. In intensity I(2), the sources
are treated as point sources [1]. Brightness provides us with a tool to describe the radia-
tion from an extended incoherent source, which is a common assumption for sources in
radiometric applications.

Absorptivity ay, is defined as the ratio of the power absorbed by the entire volume of the
object and the total power going through the surface of the object. Ideally, the absorptivity
of a black body is 1, which means all the power impinging on it will be absorbed. According
to Kirchhoft’s law of thermal radiation [2], absorptivity ay; is equal to emissivity e,s; after
the establishment of thermal equilibrium. Emissivity reflects how much energy is radiated
by a real body with respect to the black body under the same temperature:

B(T)
Bpp(T)’
where B (T) represents the brightness of the real body, Bgg (T) represents the brightness of
the black body, both under the same temperature T. The spectral brightness of the black

emsi (T) =

(2.1)
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body, considering two polarizations, is given by Planck [5] as:

2hf3 1
Bngk (f’ T) = 2f h ’ (22)
“ veT -1

where kg is the Boltzmann constant (1.38 x 10723 - K1), T is the temperature in Kalvin, h
is Planck constant (6.626 x 10734J- Hz™!), hf indicates the energy of single photon at fre-
quency f, and ¢y is the propagation speed in free space. At low frequencies, this brightness
can be approximated by Rayleigh-Jeans [3], [4] Law:

2kpTf?

> .

By (£T)=—
0

(2.3)

2.2. The Hybrid Classic-Quantum Model

Rytov [9] in 1953 first extend the Johnson-Nyquist noise model (which will be explained in
detail in Section 3.2) to the thermal radiation of large dissipative systems. He proposed a
set of current densities that can be used as impressed current in Maxwell’s equations. This
is given by the conjugate correlation function of one elementary current density Jz (7;) and
its neighbouring element Jx (7;):

- - 4h
<Jr (@), J5(7j)>= i / Re{o}6 (7 —T7j). (2.4)
efsT —1

hf
Notice that the frequency-dependent term 4k f/(e*s” —1) is inherited from the quantum

correction of the noise model proposed by Nyquist [8]. In (2.4), o represents the complex
conductivity of the medium hosting these currents (see (3.3)). Here, only the real part of o
is considered. & (7; —7;) indicates the orthogonality of these current. In other words, the
cross-correlation between any two of these neighbouring elementary currents is always
zero, no matter how they are close to each other physically. The problem of this counter-
intuitive postulation will be analysed in the next section.

Based on the proposed current (2.4), Rytov also generalized [9], [10], [18], [19] the Kirch-
hoff’s law, stating that the local absorptivity and emissivity is equal after the establishment
of thermal equilibrium. The absorptivity per unit of solid angle Q and per frequency can

be written as:
Paps(Q, f, Volume)

s Q; = y 2.5
s (2 f) Pin(Q, f, Area) (2:5)

with P;, (Q, f, Area) indicates the power going through the surface area of the object and
Paps(Q, f, Volume) indicates the power absorbed by the volume of the object, per unit
of solid angle Q2 and per frequency. Based on generalized Kirchhoff’s law, we can have
aps (Q, f) = emis (Q, f), as shown in Figure 2.1.

Bekefi [20] first introduced Rytov’s work to the Western scientific community in a clear
manner. He pointed out that, although in theory using Rytov’s current and Maxwell’s equa-
tions, together with appropriate boundary conditions applied on the surface of the object,
leads to a complete solution of the thermal emission of the object by calculating all the
Poynting vectors, the calculation itself is rather cumbersome for that one should sum up
the contributions from all the elementary currents. Bekefi suggested using the absorptivity
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~
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absorptivity (2 f) emissitivity(Q f)

Figure 2.1: Generalized Kirchhoff’s law: Reciprocity between local absorptivity and emissivity.

of the object to calculate the emissivity, which is the reciprocity property given by general-
ized Kirchhoff’s law. Using spectral brightness given by Planck in (2.2), the spectral power
radiated by material objects can be written analytically as:

hf3 1 _
PPlk(f):—j; - [1—|r|2][1—e Zk“L]-SA, 2.6)
0 ekpT —1

where L represents the total path the Poynting vector traversed in the object, |T'|? refers to
the power reflection coefficient, k, is the imaginary part of the propagation constant (see
(3.11)), and SA refers to the surface area of the radiating object. Then the power radiated
over a certain bandwidth BW can be represented as:

3
P:[1—|F|2][1—e_2k“L]-SAf hE_ 1 gy 2.7)
BW C§ veT—l

The details of this derivation process are given in Appendix A.

2.3. The Problems of Rytov’s Current

Thanks to the reciprocity between the absorptivity and emissivity given by generalized
Kirchhoff’s law, scientists over the years, to name a few [21]-[23], have bypassed the prob-
lem caused by Rytov’s ill-posted currents. Only recently, [12] has attempted to use Rytov’s
current in emission mode to evaluate the power radiated outside an ideal silicon cube, with
a relative permittivity of £, = (12 — j) and no dispersion. The result was later verified in our
group [24] using the tool of volumetric method of moments [25]. In [12], the finite body
(the bulk cube with side length L) has been discretized into N small cubes, each with side
length A, as shown in Figure 2.2. Rytov’s current is flowing volumetrically over the entire
small cube. The total current inside the body can be represented by the summation of all
volumetric currents as:

N
- .1
>\ 13 1 = = 3\ 4.
]Rtot(r) _ilnolizziIR 92 rect(r_rl’A )plr (28)

where the current amplitude ;'? is expressed as:

I
ek —1

IE:J Ahf Re{o}Ae/?i. (2.9)
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This volumetric current is essentially the same as the elementary current given in (2.4) and
also obeys the orthogonality proposed by Rytov [10], i.e. each of the elementary volumetric
currents is uncoupled from its neighbouring element. p; in (2.8) represents the polariza-
tion of the current and 7; represent the centre of the i’" elementary cube. The term é isto
compensate for the 3D volumetric distribution of rect (7 — 7;, A), to ensure the unity of the
current amplitude fq. Re{o} in (2.9) can also be represented by the frequency-dependent
conductivity of Drude’s model, which will be introduced in Chapter 3. Notice that the phase
term e/%i in (2.9) can be considered as random, consistent with the assumption of orthog-
onality and can be summed up when we consider the energy it radiates out. However, as
suggested by the limitation A — 0, the side length A of the elementary cube can be in-
finitesimally small. This essentially means that an infinite number of elementary currents
can exist in a finite object. In this way, the amount of energy inside the object is then infi-
nite, which, of course, contradicts the energy conservation law. Rytov[10], along with fellow
Soviet scientists like Landau[18], was aware of this problem, arguing that the model is still
valid as long as the radiated power is calculated outside the object from a macroscopic
sense.

N N N N N N N

NN N TN NN NN

NIEENTENEIENTIENTENTEN]
NUENCENTENTENTEN TN TN
NCENEENTENTEN TN TN TN

L

Figure 2.2: Discretization of a bulk object from Rytov’s current.

As mentioned before, the correlation in Rytov’s current (2.4) only exists when two ele-
ment coincide, 7; = ¥;. To prove this, Rytov gave a demonstration in his 1989 book [10] by
proposing a set of orthogonal basis functions ¢ (), which is uncorrelated to each other
and should be the solution of Maxwell’s equations. He used this set of functions to expand
the field as (eq.(3.12) of [10]):

e(® =) a;(f, 7P} (@, (2.10)
j

where a (f,7) is an infinite set of the expansion coefficients applied to the orthogonal basis
functions (bf('r'). This essentially represents the field by an infinite superstition of modal
functions. Then Rytov shows that the cross conjugate correlation of two field positions 7
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and 7’ could be represented as (eq.(3.19) of [10]):
<e(®),e* (7)) > o Y ¢F (P} (F) o §(7-7), (2.11)
j

using properties of the orthonormal modal expansions. However, Rytov failed to give the
exact form of these modal functions, simply suggesting their existence. However, their ex-
istence is highly arguable [26].

Furthermore, as inherited from Nyquist’s correction of Johnson’s current in FDT, the
Plank-like frequency dependence term in Rytov’s current (2.9) also lacks EM arguments.

2.4. Coherence and Radiometry

The fairly puzzling relationship between classic radiometry theory (i.e. the EM theory
based on Maxwell’s equations) and modern theories of radiation (Planck’s radiation law
and quantum radiation theory) had induced some critics by scientists [27], pointing out
that the energy transfer mechanism within the thermal radiative body remains an open
question. Wolf [27] tried to connect classic radiometry with the coherence theory of phys-
ical optics, in order to see to what extent can traditional radiometry concepts and laws,
which are based on the assumption of incoherence of the thermal sources, can be applied
to highly coherent optic sources such as lasers.

In [27], Wolf pointed out that for a planar Lambertian source, which is typically regarded
as spatially incoherent (see Appendix A), the spectral degree of spatial coherence for two
points 7; and 7, of the field in the source plane can be expressed as a sinc function, if the
non-radiating (reactive) part is ignored, as:

sin (k|7
p ()= M =sinc(k|7), (2.12)
k|7
where k is the propagation constant and 7’ = 7; — 7». This spatial coherence function is
defined as the conjugate spatial correlation of the electric (or magnetic) field in the afore-
mentioned two points normalized by the average intensity at these two points as [27], [28]:

_<E@),E* (7)) >
VI(F) (7o)

where < E (1), E* (2) > denotes the spatial correlation and I (7) denotes the intensity dis-
tribution across the planar source. As we can see from (2.12) that Lambertian sources are
not completely spatially incoherent as assumed by classic radiometry, but rather corre-
lated as suggested by the sinc function over the distance in terms of wavelength A within
the medium. Only when |#'| = n4, where 7 is a positive integer, the two points 7; and 7
are then uncorrelated. The sincrelation is in agreement with correlation properties of black
body radiation [28]. Similar results of this sincrelation can also be seen in EM compatibility
theories to describe the correlation of the field in a reverberation chamber [29], [30].

It is worth noticing that the field correlation (coherence) mentioned above is derived
outside the source region, assuming a plane wave expansion of the field.

p ()

(2.13)



The Medium and the Thermal Noise

From a classic point of view, the thermal radiation of an ohmic medium comes from the
agitation of electrons by heat, which causes a fluctuation of electric charges [8]. In order
to study this thermal radiation, one fundamental thing is to have knowledge of the EM
characteristics of this medium, e.g. conductivity and permittivity. At high frequencies, the
traditional quasi-static model for conductivity is not accurate anymore due to the lack of
frequency dependence. In this chapter, Drude model [31], a classic EM model used for
material characterization, is introduced in Section 3.1, which will be used throughout this
thesis.

The fluctuation dissipation theorem (FDT) is then introduced in Section 3.2 to calcu-
late the observed current generated by thermal agitation of electric charges in conductors.
Instead of tracking the behaviour of each microscopic particle, this theorem provides us
with a method to analyse the thermal noise in electric circuits from a macroscopic point of
view.

3.1. Drude Model

Drude Model [17], [31] is a classic EM model to characterize the behaviour of plane waves
interacting with ohmic media. It describes the interactions between electrons and ions
with the presence of an external electric field. In Drude model, the conductive behaviour
of the material is frequency dependent. This frequency dependence is modelled via the
electrons in the material body, which are treated as classical point charges, accelerated
by the presence of an electric field and randomly hitting ions which, being much heavier
than electrons, can be assumed as stand still, as shown in Figure 3.1. Kinetic energy is then
transferred from the jittering electrons to the ions, which then creates heat. To characterize
this phenomenon, 7 is defined as the average time between two consecutive hits, which is
called the scattering time. This is an intrinsic property of the material and is not subjected
to change by the variation of the external electric field.

The classical quasi-static limit of the conductivity relates the electric field E (w) and
electric current density f(w) at low frequencies as:

i |J)| _

——— =0ygs. 3.1)
0=0|E ()| q

10
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Figure 3.1: Kinetic energy is transferred from the accelerated electrons to the ions, which then creates heat.

This quasi-static limit can be represented as:

ne’t

Ogs = , 3.2
as= 3.2)

e

where m, = 9.1 x 1073! kg is the mass of an electron, e = 1.6 x 10~ C is the charge of an
electron and n is the number of free electrons per cubic meter in the material.

Drude upgraded this quasi-static model to include frequency dependencies. In Drude
model, the frequency-dependent conductivity is given as:

o (w) = = — , 3.3
(@) 1+ jot 1+w?t? I ¥ w2 5-3)
where w is the angular frequency. Hence, the frequency-dependent resistivity is:
1
pw)=— (3.4)

o)’

To define the permittivity of the material, we can start from Maxwell’s equations, which in
frequency domain [32] can be written as:

Vx E(w) = —jouH ) - M (), (3.5a)
V x H(w) = jweE () + ] (w), (3.5b)
V-E@w="2 e;‘”), (3.50)

V- H) = me(“’), (3.5d)

where E (0) and H (w) are the frequency domain electric and magnetic field, J (w) and M (w)
are electric and magnetic current sources, € and pu are the permittivity and permeability of
the medium, and p. (w) and p;, (w) are the electric and magnetic charge densities, respec-
tively. Notice that J (w) and M () in (3.5) are current densities with units A/ m? and V/m?.
In an ideal lossless medium, the permittivity € is purely real. While a real lossy medium has
a complex permittivity, € = (&' — je”), where the imaginary part accounts for the losses in
the medium. The imaginary part of the permittivity should always be negative to guaran-
tee energy conservation. This loss in the dielectric medium can also be considered as an
equivalent conductor loss, and can be represented by Ohm’s law:

J() =0 () E (0). (3.6)
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In the absence of sources or out of the source region, J (w) in (3.5b) can be replaced by (3.6):

V x H(w) = jweE (w) + 0 (w) E () = jo (.e —~ %(w)) E(w) = jweerf (@) E (). (3.7)

From (3.7), the effective permittivity of the material can be represented as:

jo (w) )

WENEroo

jo (w)

Eeff(w):(g_ ):Eogr,effZEOEroo(l_ (3.8)
where £y = 8.854 x 107'2 F/m is the permittivity constant in free space and ¢, is the rel-
ative permittivity saturation of the material at a very high frequency. The characteristic

impedance and the propagation constant can then be expressed as:

((w) = L, (3.9)

VeEreff ()
k(w)=koy/€rerf(w). (3.10)

Notice that we can express the complex propagation constant k with its real and imaginary
part as:
k=kg— jkq. (3.11)

There are two noteworthy frequencies in this frequency-dependent model. One is the tran-
sitional frequency:

Wy =—, (3.12)

T

which depends on the scattering time 7. At this frequency, the real and imaginary part of
the resistivity are the same. After this frequency point, the imaginary part becomes dom-
inant. This means that now the scattering time 7 is longer than the period of which the
electric field changes sign. Under this circumstance the electrons are forced to change sign
with the electric field before reaching to the ions, thus causing the free electrons to keep
oscillating, as shown in Figure 3.2, and not to transfer their kinetic energy to the ions.
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Figure 3.2: Electrons are forced to change sign with the electric field before reaching to the ions, thus causing
the free electrons to keep oscillating.

Another frequency of interest is the plasma frequency, which corresponds to the plasma
oscillations:
ne?

Wp =\ ———. (3.13)
Eroo€0Me
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After introducing the plasma frequency, we can then rewrite the effective permittivity (3.8)

as:
— 2.2 1 . 2 Tz 1
Fref 1 )= Eroo | Lm0\ || T\t ) B
The plasma frequency is usually a lot higher than the transition frequency for metals. For

frequencies lower than the plasma frequency, where w%,‘rz > w?7?, itis apparent that the real

part of the effective permittivity is negative. The distance between each electron is small
compared to the wavelength. As the frequency increases, the size of the electrons becomes
larger compared with the wavelength. They thus become more reluctant to the change
of the external field and radiate less scattered field. When the frequency is high enough,
specifically after the plasma frequency, the medium begins to behave as "transparent" to
the incoming wave, meaning that the wave can propagate through the material without
any obstruction.

Using the representation of effective permittivity in (3.14), we can write characteristic

impedance in (3.9) as:
(@ =k [How [1reT (3.15)
B ogs || 1+ jy (@)’ '

where we define the variable y (w) as:

Y (w) :w%ﬂ(l+(w2—w2)rz). (3.16)

At low frequencies, (3.16) is negligible and can be viewed as 0. Then, the characteristic
impedance is simplified as:

How
20 gs

{(w<wpy)= (1+]), (3.17)

where the real and imaginary part are more or less the same. This corresponds to Leon-
tovich [33] method, an approximation widely used in the microwave community for good
conductors. For frequencies much higher than the plasma frequency, y (w) can be ex-
pressed as:

w
(1+w?7?). (3.18)
This results in the characteristic impedance to have an asymptotic behaviour as:

v (w) =

Ho

. (3.19)
€0€r,00

{(w>w,)=

3.1.1. Metal
Drude model accurately describes the dispersion of EM waves in materials with low re-
sistivities [17], namely metals. To give a specific example, consider gold, whose electron
density is 7 = 5.9 x 10?8 electrons/ m?, and scattering time is 7 = 27 f s. The relative permit-
tivity at high frequency €, is 1 for gold. Using (3.12) and (3.13), the transition frequency is
calculated as 5.89 THz, and the plasma frequency is around 2180 THz.

Figure 3.3 shows the resistivity of gold, with the transition frequency marked in a black
dashed line. As we can see from the figure, it is clear that for the frequencies lower than
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Figure 3.3: Frequency dependent resistivity of gold, with the transition frequency marked in black dashed
line.

fr the imaginary part of resistivity is smaller than the real part. It continues to rise until
intersecting with the real part at f; and becomes larger than the real part for frequencies
higher than f;.
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Figure 3.4: (a)The absolute value of the effective permittivity (b)The propagation constant

Figure 3.4 shows the absolute value of the effective permittivity and the propagation
constant, with frequency in logarithmic scale. Two frequencies of interest: the transition
frequency f; and the plasma frequency f), are marked in black dashed lines. The two fre-
quencies can be clearly seen in the figure from the transition of the curves. As we can see
from Figure 3.4b that for frequencies higher than f,, the imaginary part of k is 0, which
means the wave can propagate through the medium without any attenuation. The real
part of the propagation constant continues to grow until f;. Between f; and f,, when the
electrons in the material are excited by the external wave, they also radiate a scattered field.
This field is opposite to the direction of the external field, thus causing destructive effects
on the propagation of the wave in the medium, similar to the scenario of waveguide cut-off
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Figure 3.5: The characteristic impedance of gold, with low frequencies from 0 to 10 THz zoomed in in the left.

Figure 3.5 shows the characteristic impedance of gold, with low frequencies from 0 to 10
THz zoomed-in on the left. For frequencies higher than f,, the characteristic impedance
tends to be the free space impedance {y, which corresponds to the fact that €, is 1 for
gold. As it can be seen from the zoomed-in figure for low frequencies on the left, the real
and imaginary part are the same for frequencies below 1 THz, which corresponds to the
Lenotovich method introduced before.

The properties of the dispersion curves are highly dependent on the electron density n.
Metals can be ground into powder to lower their electron density. Metallic powder, or bad
metal (bad in terms of conductivity), is widely used in the microwave community to fabri-
cate absorbers [34]. Consider a kind of gold powder to which Drude model can be applied.
The electron density of the metallic powder is 7 = 4.32 x 10?4 electrons/m? and scattering
time remains the same as gold 7 = 27 f's. One thing that is peculiar about this case is that,
the transition frequency and the plasma frequency overlap, f; = f, = 5.9 THz, marked in
Figure 3.6. Figure 3.6 shows the propagation constant and characteristic impedance of this
material. It is clear that the material is more dispersive at low frequencies. For frequencies
much higher than f; = f,, the material becomes "fransparent” to the incoming wave, with
the propagation constant and impedance both similar to free space ones.

3.1.2. Semiconductors
Semiconductors are arguably the most important material in modern days microelectron-
ics industry. Mildly doped semiconductors generally have resistivity between 0.1 ~ 100Qcm,
much higher than metals in the GHz range. Thus, the dispersion characteristics of semi-
conductors have been of interest. Drude model played an important role to help scientists
and engineers understand the high-frequency response of diodes [35], [36], and to provide
fairly accurate results for describing the conduction results of semiconductors like silicon,
at GHz and THz range [37], [38].

For semiconductors, an equivalent electron mass in Drude model can be applied to
compensate for the loss of inertia due to the lattice structure and the bandgap structure of
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Figure 3.6: (a)The propagation constant of bad metal (b)The characteristic impedance of bad metal

the semiconductor material, m; = 0.26m, for silicon [37] for example. The scattering time

in this case can be found as: Mo
= e“ u, (3.20)

with p representing the mobility of the electrons, which can be represented as [39]:

Hmax — Kmin M1

aq N, ay
n ref,2
R

Table 3.1: Parameters in (3.21)

(L= fhmin + (3.21)

Umin || 6.85x103m? V1571
Umax 0.1414m?v 1571
I 5.61x103m?V 151

Nyefa 9.20 x 10%*m=3
Nyef,2 3.41x10%m=3
a 0.711
ar 1.98

Several parameters in (3.21) are given in Table 3.1, based on experimental data. Using
(3.20) and (3.21), the dielectric parameters of silicon can be calculated from the previously-
given formulas. Generally for semiconductors, both the transitional frequency and the
plasma frequency, as defined in (3.12) and (3.13), are in the range of hundred GHz, de-
pending on the doping level.

To give a specific example, consider a type of doped silicon, whose electron density
is n = 10%? electrons/m?, with £,o, = 11.7. The transition frequency is 909 GHz and the
plasma frequency is 514 GHz, both in the GHz range. The resistivity of this silicon is shown
in Figure 3.7, with f; marked in dashed lines.

We now compare the characteristic impedance of the silicon mentioned above along
with two other doped silicon: n = 5 x 10%'electrons/m? (f, = 852 GHz, fp =364 GHz), and
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Figure 3.7: The resistivity of the silicon.
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Figure 3.8: Comparison of the characteristic impedance of three silicon .

n = 5x 10%2electrons/ m? (f; = 1216 GHz, fp = 1150 GHz), as shown in Figure 3.8. As we
can see, lower doping results in lower dispersion. Higher doping, on the other hand, has
strong frequency dependence. This allows us the freedom to properly select the doping of
the silicon to achieve the desired dispersion characteristics.

The dispersion properties of silicon are similar to the ones of metallic powder as studied
in the previous section. However, depending on the doping level, the transition frequencies
of silicon usually happen in the GHz range, instead of the THz range for metallic powders,
which gives us the opportunity to use existing detectors to measure the thermal radiation
of silicon at this frequency range.

3.2. Johnson-Nyquist Noise
In the year 1928, Johnson [7], along with his colleague Nyquist [8], successfully charac-
terised the thermal noises in electrical circuits caused by thermal agitation, now widely
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known as Johnson-Nyquist noise. Johnson experimentally determined that, in thermody-
namic equilibrium, the motion of free electrons agitated by heat will cause a fluctuation
of differences in potentials between impedances in the electric circuit, resulting in an ob-
served current. Nyquist theoretically demonstrated this discovery, which was later called
Fluctuation Dissipation Theorem (FDT) [40].
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Figure 3.9: (a)Basic circuit with only two resistors in series (b)Norton equivalent circuit (c)Thevenin
equivalent circuit.

Consider a basic electric circuit with only 2 impedance Z; and Z;, as shown in Fig-
ure 3.9(a). According to Johnson’s discovery, the square of the current flowing from Z; to Z;
can be expressed as:

© R

i :4kBTf &df, (3.22)
0 |Zt0t (f )|

where R (f) = Re{Z(f)} represents the real part of the source impedance and Zo(f)

represents the total transfer impedance of the network, both at each frequency point of f.

Thus, we can represent this spectral current as:

i =V .
| Ztor (f)]
This thermal agitated current can be represented by a Norton-type equivalent circuit shown
in Figure 3.9(b). The impedance Z can be regarded as the internal impedance of the cur-
rent source ig, transferring energy to Z;. The amplitude of the current source is given as:

4kpTR; (f)
|Zs (f)|

Equivalently, the circuit can also be represented in Thevenin-type, as shown in Figure 3.9(c),
with a voltage source vy connected in series with two impedances. The amplitude of the

voltage source is:
vg (f) =1\/4ks TRs(f). (3.25)

In both cases, the current i flowing over the load impedance Z; in the circuit is the same
as (3.23). The current generated by the thermal agitation of electrons in Z; is divided by
both impedance in the circuit, Z; and Z;. The amount of power absorbed by Z; represents

ig(f) = (3.24)
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the power transferred from Z; to Z;. The situation is the same for the current generated by
Z;. When the two impedance are under the same temperature T, after the establishment
of thermal equilibrium, the amount of the power flowing in one direction should be exactly
the same as the power flowing in the other direction. In this situation, we can write the
power transferred from Z; to Z; as:

v 4kp TR
p(f)=—=L5Reizj}= 5 TR () SR (f). (3.26)
| Ztotl |Zs (f) + Zi1 (f)]
And the power transferred from Z; to Z; is:
v 4kpTR
p(f) = =2 Re(zy = —2 16} SR (f), (3.27)
| Ztotl |Zs(f)+Zl(f)|

where vg; stands for the equivalent voltage source of Z;. Consider that two impedances are
equal and all purely real, i.e. Z; = Z; = Z = R, the power transferred in one direction is then:

Vg 4k TR(f)
= —gRe {Z } — B—
Ziotl2 T 4RE(f)

Nyquist, on the other hand, explained the experiment result of Johnson on a theoretical
basis. Consider the circuit in Figure 3.10 with two resistors R which are purely real. The
length of the conducting line connecting the two resistors is [. When the equilibrium is
established, short the two resistors at the end of the circuit, trapping the energy generated
by the two resistors. In this case, it can be also viewed as a set of waves existing in the line
with length 2/, vibrating at its natural frequencies. The lowest frequency of the wave that
can exist is when the wavelength A is equal to 2/. In this mode, the frequency is f = c/2,
where c represents the propagation speed of the wave. In total, the number of these vibrat-
ing modes, also known as the degrees of freedom that can exist in this natural oscillator, in
certain frequency interval d f can be represented as:

p(f) R(f)=kaT. (3.28)

N= %ld f. (3.29)

As suggested by the classic equipartition theorem, the average energy of each degree of
freedom is kg T. Then, the total energy of all the degrees of freedom is:

2lkpT

Eprdf = df. (3.30)

In this case, the average power transferred from one end to the other end over the distance
[ in this electric circuit is just half of the total energy available:

_lEtot(f) lE(f)
2t _2%

P(f) =kpT, (3.31)

which verifies the result of Johnson in (3.28). The same reasoning can also be applied to
the impedance network shown in Figure 3.9(a).
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Figure 3.10: Nyquist’s demonstration.

At the end of his paper [8], Nyquist pointed out, without giving any justification, that
the average energy of one degree of freedom per frequency can be taken in accordance
with Planck’s law: hy

Eplk(f):T. (332)
efsT —1

In this way, the current source in the circuit of Figure 3.9(b) is:

iRy (f)

()= (3.33)
i = , .
) 12 (/)]
and the amplitude of the voltage source in Figure 3.9(c) can be represented by:
4hf
vg(f) = | —7——Rs(f)- (3.34)
efsT —1

As stated in the paper [8] by Nyquist himself, at low frequencies and temperatures, the
two kinds of expressions (kg T and (3.32)) produce the same results. For high frequencies
and temperatures, however, experimental proof was lacking.

It is noteworthy that, since in Johnson-Nyquist representation we are only interested
in the energy transferred from one degree of freedom to another, the phase of the current
source (3.24) and the voltage source (3.25) are not defined.



Degrees of Freedoms in Infinite Media

In this chapter, a classic EM model [41], which sets the basis for this thesis, is introduced.
Aiming at explaining the thermal radiation from ohmic media in a rigorous way, this model
explains the available energy due to thermally agitation inside ohmic material from the
perspective of EM theory. The available energy inside the thermal agitated radiating body
in this new model is calculated from the characteristics of the medium of the real body
itself, without using the reciprocity and Planck’s law of black body radiation.

The total electric field in a certain medium at a certain frequency can be expanded in a
finitenumber of modes (degrees of freedom) expressed as:

ot (T, f)= ). P (7, f), 4.1)

n=1

where Np,r is the number of possible degrees of freedom inside the electric field, and
é™P (7, f) is one degree of freedom (mode) located at 7, with polarization p, as shall be
explained in detail in Section 4.1. These modes are all independent of and orthogonal to
each other. If we are considering an ideal infinite medium, the Np,r in this case is also infi-
nite. In this case, Npor can be represented by the number of degrees of freedom per unit of
volume. Each of these modes of the electric field is associated with a modal current. Then,
we can represent the summation of all these modal currents as the total current j;o; (7, f)

inside the electric field:
Npor

jtot (7. f) = Zl iy (f) jn'p (7. f), (4.2)
n=

where j"7 (F, f) represent the modal electric current density and i}, () are the current am-
plitudes. All the degrees of freedom represent the same energy and consequently, the am-
plitudes of the currents are all the same for all these degrees of freedom. And the phases
for these currents are considered as random. Thus the phase term could be dropped in
(4.2) since we are only interested in the energy it delivers. In this sense, (4.1) and (4.2) are
a macroscopic energy-wise description of the electric field, for the fact that we are unable
to track the evolution of the field in the time domain. Notice that the frequency-dependent
notion in both (4.1) and (4.2) does not represent the Fourier-transformed time-domain cur-
rents. Instead, they are in the unit of the square root of the spectral energy, as suggested by
FDT.

21
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This chapter first introduces the essence of the modes in the expansion of the electric
field, as shown in (4.1). Each of these modes, being the lowest-order spherical wave, is a
solution of Maxwell’s equations either without the presence of the source or outside the
source region.

Next in Section 4.2, the eigenvectors of Maxwell’s equations are given, along with its
corresponding eigenvalues. Based on this, an eigen-current, being the modal current in
(4.2), is given in an explicit form in (4.5).

Then, the finite number of independent degrees of freedom in a certain volume is given
in Section 4.3. The criterion of these degrees of freedom being decoupled from each other
is given.

Finally, a Johnson-like circuit is introduced in Section 4.4 to estimate the amount of
energy available inside the medium of a certain volume, rendering by each of these ele-
mentary sources.

4.1. Modal Solutions of Maxwell’s Equations

We now consider a homogeneous media with infinite boundary, characterized by electric
permittivity € = g€, free space permeability u = o, and frequency-dependent conductiv-
ity defined by Drude model in (3.3). In a source-free region, either without the presence
of the source or out of the source region, the general solution of Maxwell’s equation can
be represented by a summation of elementary wave functions [42]. We can thus choose to
represent the field with the lowest-order spherical waves, which is suitable for represent-
ing the solutions in our case, where Maxwell’s equations are associated with specific spatial
points 7.

Internal Source RegionVs

Figure 4.1: An elementary current located in the origin of the coordinate system, oriented along Z direction.
Electric (red arrows) and Magnetic (blue circles with dots and crossed) field lines, in the presence of a dipole
radiating an outward wave. The detail of the source region with the superposition of an inward and an
outward wave

The sources of these lowest-order spherical waves are elementary current sources [42].
Consider an elementary current located in the origin of the coordinate system, oriented
along Z direction, as shown in the left of Figure 1. The lowest-order spherical wave gen-
erated by the source propagates outward. Figure 4.1 only shows an example of the TM
(transverse magnetic with respect to propagation direction 7) field generated by an ele-
mentary electric current. The figure in the middle shows the field configuration, with red
arrows showing the electric field lines and blue dots and crosses showing the magnetic field
lines. The length of the current source is 6 and the outward current amplitude is i,,;. The
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source itself, as shown in the zoomed-in figure at the right of Figure 4.1, can be interpreted
as the superposition of the inward and outward waves with the same amplitude. Outside
the source region Vj (the region in yellow in Figure 1), only outward propagating waves re-
main. According to duality [42], [43], there is also a dual TE (transverse electric with respect
to propagation direction 7) field orthogonal to the TM one, which positions at the same
spatial point 7,,, and shares the same volume Vj. It is generated by an elementary magnetic
source.

The analytical expression for this lowest-order spherical TM and TE waves outside the
source region are well known, and can be found in various EM textbooks [42], [43]. For our
case shown in Figure 4.1, the TM field generated by an elementary electric current source
along Z can be represented as:

TMr (COSQ jlr 1 ] )
=iout0 T — - —, 4.3
€out () = Lout o ((kl‘)z (kr)3 (4.3a)
o TMO ]SlnH ik 1 1 1 ]
F=i 5 j [_+ S (4.3b)
out Out kr j(kr)z (kr)3
™ k*sinf _..[.1 1
Rous (F) = iourd ¢’ r[ E+(kr)z]’ *.39
Cour = hout” = hout” =0. (4.3d)

From now on, we can use é"” () to indicate such electric field as in (4.1), radiated from an
elementary current source centred at 7, and polarized at direction p. Each of these fields
radiated by the elementary sources is regarded as a mode of the total electric field, without
the presence of the source or out of the source region.

4.2, Eigenvectors of Maxwell’s Equations

Using the commonly known Green’s dyadic for homogenous media, one can express each
of these modes, é"™” (7), as:

emP(7) = f f f gl (7, 7)o (7)dr. (4.4)

Since that, each of these modes represents a solution of Maxwell’s equations either with-
out the presence of source or out of the source region, ]7n,p (?’ ) in (4.4) is an eigen-current
associated with this mode é™” (7). This means that, for a mode é () that verifies Maxwell’s
equations in a homogeneous space, one can always find a corresponding eigen-current
j™P (7) that satisfies (4.4) and j"P () should always bear the form as:

P (F) = (0 + joee,) 8P (7), 4.5)

where o is the complex conductivity of the medium and can be represented by its real and
imaginary partas o = o, + jo;. Substituting (4.5) into (4.4), it is clear that:

fff ? 7; -»np(;:l)d?': ﬂ (4.6)
(0+ jweot o)

Thus, one can claim that, é"” (¥) is one of the eigenvectors of Maxwell’s equations in a
homogeneous medium, and 1/ (o + jwéeoe, ) is its corresponding eigenvalue. This property
is proved in [41], using the EM theorems provided in [44]. A brief proof is also provided in
Appendix B of this thesis.
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4.3. Numbers of Independent Degree of freedoms

Each of the modes of electric field and its corresponding eigen-current introduced in Sec-
tion 4.1 and Section 4.2 can be interpreted as a degree of freedom of the total electric field.
They are centred at different locations, 7;,, and can have 3 possible electric current polariza-
tion (TM) and 3 possible magnetic current polarization (TE) (due to the duality suggested
in Section 4.1), both oriented along three axis of the coordinate system respectively. Ac-
cordingly, the total electric field in (4.1) can be expressed as:

Gt (P f)= . &P (7, f) = z ZTE”’”(F, f), @)

where N, is the number of positions that guarantees the degrees of freedom to be in-
dependent of each other. Each of these positions is associated with the aforementioned 6
possible polarizations. Thus we have Np,r = 6Njs.

Indeed, these modes é"” (¥) can exist everywhere in the space, but they are not nec-
essarily independent, thus, not orthogonal to each other. In order to assess the indepen-
dence or orthogonality between two eigenvectors, the mutual impedance of two eigenvec-
tors &P (7) and "9 (7'), can be defined using a conjugate projection on their correspond-
ing eigen-currents as:

za=|] f"'*’*(r)-[ (" awr)imatyar|ar 4.8)

Using (4.4), we can arrive at:
w -
Zhh = fff JPE () - ™ (AT (4.9)
—00

Replace j™P (7) with the definition in (4.5), the mutual impedance can be represented as:
o0
Zh1 = (0 + jwepe o)’ f f f &P (7)-e™1 (F)dF. (4.10)
-0
For the sake of convenience, we can then define a coupling coefficient C;, Pq nin (4.10) as:

[e.@]
Chin (P ) = f f f nP* (7, 7)™ (7, T) dT. (4.11)
—00
Then the mutual impedance can be finally written as:
Zh = (0" — jweoe roo) Chrty (Fny T) - (4.12)

In order to make the two neighbouring eigen-sources independent from each other, C57 (7,,, 71,)
must be 0. If P4 mn(Tn, Tm), as a function of the mutual distance d = |F,, — 7| of the two ele-
ments, always has a zero, then Np,r is defined as:

Vol

Npor = Npos x6= X 6, (4.13)

min
where d,,;, is the minimal distance that makes C” n(rn, 7m) equal to 0.

Notice that (4.13) is true only when the existence of the zero of Cm 1 (Tn, Try) is confirmed.
This property will be studied in Section 5.2.
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4.4. Energy Available per Degree of Freedom

Since these degrees of freedom are independent from each other (details in Section 5.2)
and have random phases, the total energy available per unit volume inside the medium can
simply be calculated by summing up the contributions of all degrees of freedom. Given the
premise that we are considering a homogeneous infinite medium, each of these degrees
of freedom renders the same amount of energy, denoted as E'~P°F. Intuitively, the total
energy available per unit volume is simply:

EtOl — NDOF x El—DOF, (4.14)

The next step is to establish a model to estimate the amount of energy each of these degrees

of freedom can render.
ﬁource \

al 7P J
N {

Figure 4.2: The Johnson-like Thevenin circuit

Based on Johnson’s work introduced in Section 3.2, a Johnson-like circuit, as shown in
Figure 4.2, was proposed in [41] to estimate the amplitude i” of each eigen-current and
the amount of energy one degree of freedom is available to deliver. Each degree of free-
dom is modelled as a voltage generator with an amplitude of \/4kpTRP and an internal
impedance, which is the self-impedance Z” of that degree of freedom, R” = Re{Z"}. No-
tice that here we only retain the amplitude of (3.25), which is associated with the classic
explanation of average energy per degree of freedom kg T suggested by equipartition theo-
rem, instead of the Planck-like correction suggested by Nyquist in (3.34).

This "source" is then connected to a load Z;,,4 which represents the ambient environ-
ment of that degree of freedom. It can easily be seen that when Z;,,4 = Z”*, which is the
case when a matched load is connected, the generator will render the maximum spectral
energy E(f) = kg T to the load. However, this is hardly the case. Consider an infinite ho-
mogenous medium. In this case, Z;,,4 = ZP, rather than its conjugate. From Figure 4.2,
the current amplitude i” can be calculated as:

vg  \/4kgTRP

R T yr (4.15)
Then, the spectral energy transferred by the generator to the load is:
_ kpT (RP)®
EYPoF —|j,|°Re{zP} = 2 —— (4.16)

In order to calculate (4.16), the self-impedance Z” of one degree of freedom must be found.
This shall be addressed in Section 5.1.



Coupling for Eigenvectors of Maxwell’s
Equations

In the previous chapter, a classic EM model describing the available energy inside the
ohmic medium due to thermal agitation is formed. The model is based on the degrees of
freedom within the electromagnetic field, which is the eigenvectors of Maxwell’s equations.
The total energy available is calculated by summing up all the energy available per degree
of freedom, as suggested by (4.14). In order to calculate this energy, two critical unresolved
issues must be cleared, i.e. the mutual coupling coefficient (as defined in (4.11)) must al-
ways have a zero and the self-impedance Z” of one degree of freedom must be given.

In this chapter, the self-impedance of one eigenvector is calculated and given explicitly
in (5.10). The numerical results calculated from the visible part of spatial Green’s function
verify this analytical expression. The mutual impedance of two eigenvectors is approxi-
mated by (5.50) and is proportional to a sinc function, thus confirming the existence of
zeros. This allows two degrees of freedom to be uncoupled from each other, with a min-
imum distance of Ag/2. This approximation proves to be a good match with numerical
results, despite some discrepancies in amplitudes for high frequencies.

Proceeding Section 4.4, the total energy available within the medium is given explicitly
in Section 5.3, which decreases proportionally to 1/ f3 at high frequencies.

5.1. Self-impedance of 1 Eigenvector
5.1.1. Analytical Derivation

The electric field of an elementary electric current source oriented along Z placed at the
centre of the reference system with length 4 and amplitude Iy, as given in (4.3), can be
expressed as:

—jkr

3(F) = Iob¢ k2
%

1 j )A | (j 1 j ) A]
2 0 — + 0| —+ — of. 5.1
€08 ((kr)2 (kr)® iR = (kr)?  (kr)® -1

Notice that in (5.1), the components associated with 1/ (kr)? and 1/ (kr)® decay very fast
with respect to the increase of distance r. We can define these parts of Green’s function
as invisible, as they represent the reactive energy surrounding the dipole, as shown in Fig-

26
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ure 5.1. In this way, the visible part of Green’s function is defined as:
-e—jkr R
€yis (F) = Ip6¢ k* / sinf 0. (5.2)
Arkr
Proceeding as for (4.12), self-impedance of an elementary source is:
Zh = (0" - jweoe,) ChY (Fu, ), (5.3)
where the self-coupling coefficient C’? is:
oo
ch i = ||| @ @ e @ iar (5.4)
—o0
Replace &7 (7, 7,) in (5.4) with (5.2), we can arrive at:
|C|2|k|2 00 ejk*re—jkr
B2 ur = 3oL [ O Gy
Notice that k is complex and can be represented by (3.11):
ejk*re—jkr :ej(k*—k)r:e—Zkar_ (5.6)
Then the integral in (5.5) can be written in spherical coordinates as:
oy ) 2|(|2|k|2 2 P ooe—Zkar ) 5
C,y (F, ) =150 f f f resin° 0drdo do. (5.7)
nn m'n 0 (47T)2 0 0 0 7'2 (p
And the 3D integral can be closed respectively as:
2n
d¢ =2m, (5.8a)
0
g -3 1 3 T 4
f sin”0d0 = - cos” 0 —cosO|, = -, (5.8b)
0 3 3
o 2kqr 1
e “tldr=—. 5.8c
fo ke (5.8¢)

Invisible GFl = Reactive energy

Visible GF = Active energy

v

Figure 5.1: Visible and invisible part of Green’s function
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Combing the results in (5.8), the integral in (5.5) can be closed analytically as:

Pk 4m 1567
@m? 3ka A2

s T

CZ,IZ (?n; ?n) = 185 03k .
a

¢

(5.9)

The self-coupling coefficient shown by (5.9) turns out to be purely real, which corresponds
to the conjugate projection in its definition (5.4). Thus, the analytical form of self-impedance
of an elementary electric current source is:

282
126
2
/10

2 TT

ZPP = (0% - jweo€reo) (Oﬁ' (5.10)
a

Using this expression, we can now represent the spectral energy transferred by 1 degree of
freedom as:

pl-DoF _ ’CBT(RP)2 _ ‘7%
Tz

: : 5 (5.11)
|Ur_]0i_]w€05roo|

where o = (0, + jo;) represents the real and imaginary part of the complex conductivity.

5.1.2. Validation of the Result

In order to validate the analytical expression of self-impedance (5.9)and (5.10), a compari-
son with numerical results is needed. Spatial Green’s function of an electric current source
is expressed in its general form [45] as:

=ej e /IR 5 = o an

G =—jk [ —RR]— [1—333]), 5.12
(r,7) JkC A7 IR ( ( )

where |R| = |F — 7| is the distance between source and observation point. Similar to (5.1),

the latter two terms in (5.12) can also be regarded as the invisible part of the Green’s func-

tion. Hence, the visible part of the spatial Green’s function is:

o JKIR

zej _ . = A
Gvis(r,r):—]k([I—RR

. 5.13
47 |R| ( )

Then according to (5.3) the self-impedance of an elementary dipole can be expressed as:

p . pos =
ZPl = (0% = jweo o) Chl (Fu, )

% . oo =ej* _ . =ej . s (5.14)
= (0" - jweoE o) Igészf_ Gis (7, T0) - P Gy (F, F) - pdr.

The self-impedance can then be calculated numerically using (5.14) by discretizing the
3D space adjacent to the source. Figure 5.2 shows the comparison between numerical and
analytical results of the self-impedance for a bad metal, BM1, whose electron density is
n =5 x 10?* electrons/ m? and scattering time is T = 1.3 x 107! 5. As we can see from the
figure, the numerical and analytical results show a good agreement with each other.
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(a) Self-coupling Cyp, (b) Self-impedance Z,;,

Figure 5.2: Comparison between numerical and analytical results of self-coupling

5.2. Mutual Impedance of 2 Eigenvectors
5.2.1. Analytical Derivation

The mutual impedance of 2 eigenvectors can be expressed by (4.11) and (4.12). Consider
the same elementary electric current source with length 6 and amplitude I, but placed at
point 7, and oriented along p this time. The electric field associated to it can be written as:

et (= fff AL J@-pdr,=G" 7,76 I p. (5.15)
According to (4.11), the coupling coefficient C5, can then be expressed as:
O _ejx =
Chnty (P Fm) = 156 fff G 77 pC 7 7m) - Gdr. (5.16)
—00

Using 3D Fourier transform, the spatial Green’s function in (5.16) can be represented in
spectral domain:

& 0o o= Jkx(x— x)e Jky(y=V') g=ikz(2— Z)f) z
(x $5%,Y,7) k(2n)3f f f 2— k& —k5—k2 ( ) (5.17)

dk.dk,dk,,

where k = kyX + kyy+k.z,and D (%) is a dyad:

_ kz - ki _kxky _kxkz _
D(R)= | ~keky 2=k —kyks | = KT K2k, (5.18)
_kxkz _k kz kz_kg
where I is the identity matrix, k2 k2 + k2 + k2 and k=Fk/ k; is the unit vector of k. Replace
(5.17) into (5.16), we can arrive at:

1362 00 oJkx(x— xn)e]ky(y J’n)e]kz(z zn) _
m) |k -k

o e—]kx(x—xm)e—fky(y—ym)e—jké(z—Zm) SN,
fff_w e D(k)- qar,dk,dk, dF. (.19

C%q (?n; ?m) =

D' (k) pdk.dk,dk,
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Rearranging the terms in (5.19) and expand D (76) by the form in (5.18):

1252 oo , . , ) ,
Chy (P, ) = (20 R ef(kx_kx)xef(ky_ky)yef(kz_kz)zdxdydz
© o ]kxxne ]kyyne Jkzzn 23 o)
fff g (KK pdkedkydk
y — Kz

1) jk,xxm JK yym pik z2m - o~
fff ekz k/ez yklze 2 (kT - k7 k'K - gk di,dk. (5.20)

We can close the first 3D integral in d7 = dxdydz as:
(SR , . / . /
f f f el kDX Iy =k)Y oI KD2 gy d z = (2) 8 (K — KO (ky — K))S (k= k). (5.21)
—00
Substituting (5.21) into (5.20), the 9D integral in (3.6) can then be reduced into a 3D integral:

136*
@2m)®

X o ]kxxne ]kyJ’ne Jkzzn e]kxxme]kyJ’me]kzzm
K2-k2-k2—k2 K- k2-k2— K2
(k*zf— k;‘zicfc) PRI - kR - gdkydkydk,. (5.22)

Cpn( I'n, T m)_

%

Rearranging the terms and we have:

s
T en)?

© o ]kx(xn xm) ]ky(J/n_ym)e_jkz(Zn_Zm)
oo (k** — k2 — k2 — k2)(K* — k3 — k3 — k2)
(k20 = ky2kek)- pUT - K2kk) - Gkedkydk.. (5.23)

Now, we focus on the terms induced by the Green’s dyad D (E) A polarization function can
be defined as:

, 25 Lepn) a(12F 120 yafs K\ (s KL\
pol (kr):(k I-k kk)-p(kl—kkk) |k|( kz*kk)-p([—ﬁkk)-q

= |k2 |2 pOIfeal(kr); (5.24)

where |k2|2 = k?*k?. Then (5.23) can be expressed as:

00 o= Jjkx(Xn=xm) o= jky(Yn=ym) g=Jjkz(2n—2m)
IC | fff polZ, dk.dk,dk..

Ch (P ) =
m T (k"2 k2 - k2 - kD (K> - k2 - k2 — kD) e

2 )3

(5.25)
Now, we can change (5.25) into spherical coordinate system by adopting the standard pro-
cedure of changing variables:

kyx=k,sinfcosa,
ky = kysinfsina, (5.26)
k; =k cos B.
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And define another set of variables to represent the position of two dipoles in spherical
coordinate:

(Xp — Xm) =dsinf cos o,

(yn—ym) = dsinBsin¢, (5.27)

(zy,— z2m) = dcos0.

where d = \/ (Xn—Xm)?*+ (Vn — ym)2 + (25 — zm)? represents the distance of this two dipoles.
Then, (5.25) can be written as:

1252|(k|2 27 e — jkrd(sin fcos asin6 cos ¢+sin fsin a sinf sinp+cos f cosH)
T en? f f f (k™ - k2)(k* - k3
k?sinfpol?,,, dpdadk,. (5.28)

Cp mn (_»n; _bm) =

Simplifying (5.28) using trigonometric identities, we can arrive at:

Cp G = ]252|(k|2f onf g~ Jkrd(sinfsinb cos (a—¢)) ,~ jkrdcos fcosd
mn Ty Tm

)3 (k*2 — k2)(k* - k)

pol?,. k:sinBdBdadk,. (5.29)

rea
In order to close the 3D integral in (5.29), from now on we will take a bold assumption that
polre ; = 1/y/m. However, one can always argue that this assumption is very brutal. In fact,
pol? ~ . 18 a function of 3 variables k;, § and a. Considering the most coupled case in which
the two dipoles are polarized at the same direction, for example p = g = 2, pol? , can be
expressed as:

rea

= k2L = k2. k2* k2
ol?,, (k) = (I— d kk)-Z(I——rkk)-éz( Ex sm,Bcosacos,B) (—k—;sinﬁcosacosﬂ)
2

2 k2* k2
2 smﬁsmacosﬁ) ( 2 cos ,B) (1 - ﬁ cos ,B) (5.30)

k2*
+( 2 s1nﬁsmacos,6)(

(5.30) is a very complicated function. It will be a very difficult job to close the 3D integral if
polzea ; staysin the integral by its full form like (5.30). The effect of the assumption polrea &
1/+/7 on the final result C.7 and Z!? will be closely examined in Section 5.2.2 and 5.2.3.
Another approximation for pol2 1 1s shown in Appendix B, which proves to perform worse
than pol?, = 1/\/7. After taklng pol?, ' =1/y/7, (5.29) can be written as:

Cpn( I'n,y m)_

1252|(k|2 f fznf g~ Jkrd(sinfsinf cos (a—¢)) o~ jkrdcos fcosd
en? Va (k*2 = k2 (K* - k?)
k?sin Bdpdadk,. (5.31)

Then, one shall notice that the integral in a can be closed analytically in the form of Oth
order Bessel functions of the first kind [46]:

2n . . .
j e~ Jkrdsinbsinfeos@=¢) qo — 571 J, (K, d sinB sin B). (5.32)
0
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Substitute (5.32) into (5.31), we have:

kZsin BdBdk;.

(5.33)
In order to change the integral domain over k; to [—oo,00], (5.33) can be represented as:

ChY (Fpy ) =

1 1262|(k|2 f fn ]0 k dsmHsm,B) —jkrdcosfcosf

1 1262|Ck|2 © H? (krdsinfsin p) e~ Jkrdcospeosd
CPT (Fp, ) = — ———— f f k?sin BdBdk
mn (T Ton NS (k*2 — k2) (k2 — k2) "
(5.34)

where Héz) represents the O0th order Hankel functions of the second kind. For large z, Oth
order Hankel functions of the second kind can be approximated as [46]:

2 . i
Hy (@) =\ —ei%e (5.35)

Using this approximation, we have:

2 1 . . . i
HY (k;dsinfsinf) ~ /= g ikrdsinfsinf o 3 (5.36)

7T \/k,dsinOsin

Figure 5.3 shows the comparison between the Hankel functions Héz) (krdsinfsin ) and its
approximation in (5.36). The Hankel function is well approximated by (5.36) when k,d is
relatively large.

3 ‘ 3 . .
: — H(k,dsinfsinf3) — HZ(k,dsinfsinf3)
9 ----- Approx | Y Approx
< S
o 1 1
< £
0 0f
-1 ‘ ‘ -1 . .
0 5 10 15 0 5 10 15
k.dsinfsin( k,.dsinfsin3
(a) Real part (b) Imaginary part

Figure 5.3: Comparison between the left and right hand side of (5.36)

Using the approximation in (5.36), (5.34) can be represented as:

Conn (P )—i—lg(szlzklzﬂ\/Z
mn (T P VT (@2m)? n

—jkrdsinesinﬁe—jkrdcosﬁcosﬁ

f .[ \ k,dsinfsin B (k*2 = k2) (k> - k2

k?sinBdBdk,. (5.37)
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The next step is to close the angular integral in §. Using the trigonometric identities, the
integral in  can be represented as:

T ja e—jk,dsin@sin,Be—jkrdcosﬁcosQ Tja e—jk,dcos(ﬁ—@)
f et s1n,6dﬁ:f e
0 0

vV krdsin@sin vV krdsin@sin

Notice that (5.38) can be evaluated by its first order saddle point §; =0 as:

sinfdp.  (5.38)

b4 e~ Jkrdcos (B-96)

in

sinfdf ~ e ikrdcos(B=0) g 5. (5.39)

]
e 4
0 Vkrdsin@sin k,d Jo
Using an approximation method provided in page 382 of [47], if function f (z) has no sin-
gularities near the first order saddle point z; of g(z), the following integral can be approxi-
mated as:

27
Q4" (z5)]

where SDP stands for Steepest Descend Path, ¢ denotes that both z; and the phase term
Q G (z) are real, and ¢" indicates the second-order derivatives. Applying the identity in
(5.40) into (5.39), we can arrive at:

1(Q) = fs f(2) el ﬁ(z)dz ~ f(zs) el Gz Lt ’ c?" >0, (5.40)
DP

in in

jn . .
eT . 7 ex e Jkid je e
e_fk’”lCOS (B-0) g ~ V2n =V2n (5.41)
\/ V krd V krd krd
Substitute (5.41) back into (5.37), the integral now is only left with 1 dimension:
1 6% (k|2 kye ikrd

( Jm) = —— — f dk (5.42)

i P T Vi @ ) w o im@—n

The integral of k, on the right hand side of (5.42) can be closed using residue theorem. This

integral is in the form:
0o oo kre—jkrd
= fky)dk :f " dk;. (5.43)
f_oo T T ) e (KD (R - K2

Itis clear that the function f (k;) has four poles: k, k*, —k* and k, as shown in Figure 5.4.
In order to make the function converge, the two poles for Im{k,;} < 0, namely k and —k*,
are selected for the following process.

We can define a closed clockwise contour C as shown in Figure 5.4. Using the residue
theorem:

I = =

f_oo (k*? = k2) (K> - k?) © fc(k*—k )(k*+k )(k — k) (k + k) dz (5.44)
=-2mj[Res(f k)+Res(f,—k")].

First, we look at Res(f, k):

Res(f,k) = lim (k; - k) kye /e
ek (k= k) (ke + k) (R = Kp) (K + k)
—k e—jkd 1 e—jkd e—jkﬁde—kad

__k == =— . (545
2k (k*—k) (k*+k) 2 (2jkq)(2kp) 8jkakg (545
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Im{f (k;)}
—k k*
® @ Re{f (k,)}
—-k*® ®k
Region of convergence
Figure 5.4: Position of four poles in the complex plane
Then, we look at Res (f,—k*):
kye Jkrd
R ,—k*) = 1li ky+k*
eslf,=k) = lim (e K e e e e R (7 )
e plik*d 1 plik*d elkpd g=kad
_ = = . (5.46)
2k* (k+k*)(k—k*) 2 (-2jka)(2kg)  8jkakp
Substituting (5.45) and (5.46) back into (5.44), we can finally close the integral as:
e ikpd g=kad  gikpd p=kad e ked
I=-2mj |- + = - jsin (kgd). 5.47
T Bjkaks | 8jkakg 2kaley | 5in (k) (47

Substitute (5.47) into (5.42):
1 821kl 1 me kad 1 62|Ck|? e Kad

C%E (Fn; ?m) =

— in(kgd)=— inc(kgd). (5.48
Vi en? ' d 2kgkg sin(kpd) =~ —g g sne(kpd). - (549
Rearranging the terms, (5.48) can be written as:
162 , 1
CPY (P, Trm) = —=— (2—e % sinc (kgd). 5.49
mn( n'm) \/ﬁ)L(Z) 02ka ( B ) ( )

The comparison between the numerical evaluation of the 3D integral (5.31) and the analyt-
ical expression (5.49) we derived for the same bad metal BM1 as in Section 5.1.2 is shown in
Figure 5.5. The distance of the two dipoles is taken as the penetration depth of the material,
i.e.,,d =0, =1/kq. It can be seen from the figure that the 3D integral is well approximated
by (5.49).

Finally, we can write the analytical expression for mutual impedance Z5? as:

1 62
Vs /16
Based on the analytical expressions given in (5.49) and (5.50), it is easy to find that two
elementary dipoles are decoupled when:

;2 il e'k“dsinc(kﬁd). (5.50)

Zh1 = (0" — jweoe oo) Cht (Fu, F) = (0 — jweoe,) 050
a

A
d=nZ =nZl nen, (5.51)
kﬁ 2
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Figure 5.5: Comparison between the analytical expression (5.49) and numerical validation of (5.31)

where n is a positive integer and Ag = 27/ kg is the real part of effective wavelength. In this

case Ch7 = 7zP9 = 0. The first null (the smallest positive root of function (5.50)) occurs just
when n=1:

x A
doin = — =22 (5.52)
kﬁ 2
In this case, the number of degrees of freedom in (4.13) can be expressed as:
Nioop = Npgs x 6= 2L 62 8Y0L g (5.53)
DoF = INpos X b= —3— X0 = —=— X0. .
dmin /1,6

It is worth pointing out that the sinc term in (5.50) resembles the sincin field coherence
introduced in Section 2.4. However, field coherence in Section 2.4 is the relation of the
field outside the source region, assuming a plane wave expansion. While our model here in
(5.50) represents the coupling of the eigen-sources themselves.

5.2.2. Validation of the Asymptotic Result

Similar to Section 5.1.2, the validity of the asymptotic expression of the mutual impedance
(5.49) and (5.50) need to be checked with the numerical results calculated by the spatial
Green'’s function. Using the visible Green’s function defined in (5.13), the mutual coupling
coefficient C27 of two elementary electric current source n, p and m, g can be expressed
as:

pPqg > = 2 ® zejx J=LCJ R ~A 7o
Con (Fp, T) =0 Gis (r,rn)'PGyis(r;rm)'qdr‘ (5.54)
—0o0
Then the mutual impedance Z5? of the two dipoles can be expressed as:

X _pix -ej
ZP (P Fn) = (0 = j0E0E o) 67 f f f Gl (7 ) P Gy (F, F) - AT (5.55)
—00

The comparisons of the mutual coupling C5,, and Z"7, between the asymptotic analyt-
ical expression ((5.49), (5.50)) and the numerical result calculated by spatial visible Green’s
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Figure 5.7: Penetration depth, half-wavelength in the dielectric and half-wavelength in free-space for BM1

function ((5.54), (5.55)), are shown in Figure 5.6. The material used in this example is the
same bad metal BM1 used in Section 5.1.2 and the distance of the two dipoles is again taken
as the penetration depth 6, of the material, which is shown in Figure 5.7.

As we can see from Figure 5.6 that below 20 THz, the numerical results are well approx-
imated by our analytical expressions. There are some discrepancies at higher frequencies,
but the trend of the curves remains identical. The reason accounting for these discrep-
ancies comes from the assumption we took for polfeal ~ 1//n. Its dependence on the 3
variables may play a more important role on the final result when the frequency becomes
higher. Also, for higher frequencies, the numerical results could lack accuracy due to the
limitation of the number of points taken in the numerical integration process.
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5.2.3. Analysis on the First Null

Nonetheless, as stated in Section 4.3, what is important is the position of the first null in
CP7 . This will be carefully analysed in this section.

5 x107°
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25 N 0t eeas Analytical |
91
. 1.5+
S
© 1 0.96 0.98
0.5 TOr 196 108 2 Sob
0r =
_0.5 I I I I
0 0.5 1 1.5 2 2.5

d/(Xs/2)

Figure 5.8: Comparison of the position of nulls of analytical and numerical results at 20 THz as a function of
distance

Instead of showing C/7 as a function of frequency, as in Figure 5.6, we now select a
certain frequency and plot C5/, as a function of changing distance d. Figure 5.8 shows an
example for the same material BM1 at 20 THz, with distance d normalized by Ag/2. As
suggested by (5.51), for the analytical expression, the nulls should occur at d/(15/2) equal
to a positive integer, such as 1, 2, 3.... But taking a closer look, we can discover that for
the numerical results, the positions of the nulls are not exactly integers as predicted by the
analytical expression. In the example in Figure 5.8, the 1st and 2nd null for the numerical
results are positioned at around 0.95 and 1.96, which is slightly shifted from the integers
predicted by our analytical expression.

Since we are most interested in the first null, which decides the number of degrees of
freedom we have in a certain volume, as stated by (4.13), we now focus on the shift from
the integers of the first null in the numerical result as a function of frequency. Figure 5.9a
shows the changing of the position of the first null calculated by the numerical method
for the same material BM1. We can discover that the curve starts around 1 at very low
frequencies, then rises to around 1.025 and begins dropping, passing 1 around 15.8 THz.
It means that at low frequencies and 15.8 THz, the first null appears exactly at d = 15/2, as
suggested by our analytical expression.

If we now plot the energy transferred per degree of freedom, as given in (5.11), for the
same material BM1, as shown in Figure 5.9b, we can see that it peaks around very low fre-
quencies and 15.8 THz, which is identical to the two frequencies when the first null of the
mutual impedance appears exactly at d = 15/2. As we can see from Figure 5.9b, at these
two frequencies, E'"P°F = kpT. Temperature T is taken as 300 Kelvin in this thesis if not
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Figure 5.9: Analysis for BM1

specified otherwise. Let’s recall that:

pl-DoF _ ]CBT(R’!])2 _ U%
T oqzee 7

— . (5.56)
|Ur —JOi— ]w€0€roo|

These two peaks suggest that at these frequencies, the imaginary part inside the absolute
bar of the denominator in (5.56), (0; + wep€ o), is very small compared with the real part,
which results in the curve peaks around kg T, the maximum possible spectral energy one
degree of freedom can render. The imaginary part of the conductivity o;, defined in (3.3)
and shown in Figure 5.9c, is small at low frequencies. Consider that (wep€ o) is a linear
function continuously rising with respect to increasing frequencies. Then (0; + w€ep€ o) is
shown in Figure 5.9d, where at very low frequencies and 15.8 THz the value of the curve is
0 as we would expect.

To test our findings, we now propose a new kind of bad metal BM2, whose electron
density is n = 8 x 10?4 electrons/ m? and scattering time is T = 2 x 104 5. The position of its
first null calculated by the numerical method as a function of frequency and the estimated
energy per degree of freedom of BM2 are shown in Figure 5.10a and Figure 5.10b. As we can
see from the figures, again, when the nulls appear exactly at d = 15/2, the estimated energy
per degree of freedom peaks around kpT.
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We propose another kind of bad metal BM3, whose electron density is n = 3 x 104
electrons/ m? and scattering time is 7 = 8 x 107! 5. The estimated energy per degree of
freedom curve of this material, as shown in Figure 5.11b, does not have any peaks. It keeps
dropping from kg T at very low frequencies. Correspondingly, the position of the first null
only appears exactly at d = Ag/2 for very low frequencies and continues to shift towards
lower values when frequency increases, as shown in Figure 5.11a.

The two new materials BM2 and BM3 all comply with our discovery for BM1. We can
also examine our theory on silicon. A type of silicon (Sil), whose electron density is n =
8 x 10%! is selected. Figure 5.12 to Figure 5.13 shows C,,, and Z,,, calculated using both
analytical and numerical methods as before. Figure 5.12 shows the case when the mutual
distance d always equals to the penetration depth 6. Figure 5.13 shows the case that the
mutual distance d always equals a fixed number d = 250um. Figure 5.14 shows the case
that Cp,,, is changing as a function of d, which is normalized by Ag/2, at a fixed frequency
of 100 GHz. The results of silicon are all in accordance with our previous discoveries for the
bad metals.

Now we are able to conclude that, for ideal lossless homogeneous media, the smallest
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distance for two eigenvectors two be uncoupled is exactly A/2. But for real dispersive ma-
terials, the actual position of the first null of the mutual impedance curve may shift from
Ap/2 depending on the dispersion curve of the material. This shift is not very significant
until certain frequencies. So in this case, the smallest distance can still be regarded as 15/2.

5.3. Total Energy Available within the Medium
Proceeding (4.14), we can now write the total energy available in a certain volume Vol in
an analytical way using (5.11) and (5.53) as:

48Vol kgT(RP)> 48Vol kg To?

tot _ 1-DoF _ B _ B r

E”" =NporxE = X Vi = : : 5 (5.57)
p B |Ur—]0i—Jw€o€roo|

Two examples of (5.57) realized for BM1 and BM3 are shown in Figure 5.15. The volume
is taken as a ball with a radius of 100um. The bend of the curve around 16 THz for BM1
in Figure 5.15a is induced by the second peak of E~P°F (See Figure 5.9b). While the curve
for BM3 (Figure 5.15b) does not have the bend, as its corresponding E'~P°F curve does not
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have a second peak (See Figure 5.11b). For low frequencies Np,r dominates the rise of the
curves with respect to frequency. While for high frequencies the curves decrease because
the curves of E'~P°F drop significantly with respect to frequency.

To find out the rate of decrease of the curves for high frequencies, we now derive the
high-frequency approximation of E!~P°F_ At high frequencies, it can be approximated as:

. Ogs 2

lims_ o, (RP)? ( 7 z) o 1

lim Eé';\;DOF ~ kBT.f;J ~ kg LZ ~ kBTG—Zsz_G' (5.58)
f—oo llmf—»oo |ZP| lwEE oo (2m) g()grooT4 f

Then the total energy available E°’ at high frequencies can be approximated as:

_48Vol-f3  kgTog, 1 3Vol  ksTo%, 1 1

X — = — X —, (5.59)
f—oo (co\/eroo)3 (2m)®ese2, T4 f© 4(00\/&00)3 mbefet o Td f2 0 f3
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where ¢ refers to the propagation speed in free space.

Unlike the traditional Rayleigh-Jeans model which continues to rise at high frequencies,
the total energy available in our model decreases proportionally to 1/ f2 at high frequen-
cies (see (5.59)), despite using the classic description of average energy per degree of free-
dom kpT as suggested by equipartition theorem. One should always bear in mind that this
amount of energy is the energy available within the boundary of the medium. For the case
of a real finite object, the amount of energy actually leaving the boundary of the object will
be much less than the amount suggested by (5.57) since a large portion of this energy will be
absorbed by the object before it reaches to the boundary. This situation will be addressed
in detail in the next chapter.



Evaluation of Radiated Power

In previous chapters, we only focus on the available energy within in certain volume of
ohmic medium. In this proceeding chapter, instead of considering an ideal infinite medium,
we will establish a model to estimate the power radiated outside a real finite bulk object.

In this chapter, the generating currents of the eigenvectors are described in Section 6.1.
They are defined as volumetric current distributions on small cubes. Then, the possible
positions of the finite number of degrees of freedom are discussed in Section 6.2. These
possible positions result in a discretization of the bulk object. Then, the power radiated
outside the object boundary is calculated in Section 6.3 from the Poynting vectors of these
sources. An analytical approximation of this power is given in (6.35), whose credibility is
verified by numerical realization in Section 6.6. It turns out that for low frequencies, the
result of radiated power from our model is very similar to the traditional method given in
(2.6). While for high frequencies, there are some major discrepancies.

6.1. Generating Currents of the Eigenvectors

In Chapter 5, we treat the eigen-currents as elementary dipoles. We can now represent
the sources generating these eigenmodes as volumetric current distributions j (7) on small
cubes with side lengths equal to A, which is very small compared to the wavelength. They
can be represented as:

T I > A3) A
](r):Prect(r,A )- P 6.1)
where I is the net current, and p is the direction of the current, which is orthogonal to the
cross-section with an area of A?. For a source located at 7,, , oriented along p and with net

current I5,, the current distribution is:
P

rect(F—Fm, A%) - p. (6.2)

TG Fm) =33

Extending (4.2) to the generating currents, the total generating current inside the bulk ob-
ject can be represented as:

Npor

> L. L1 S o
Jot B Fm) = > IZpFrect[r—rm,A?’). (6.3)
m=1

43
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The current I, in (6.2) and (6.3) can be represent by its amplitude and phase I/, = |I ,’,j1| ei¥m,
The phase ¢}, here is random due to that these currents are non-coherent to each other.
The amplitude of the current can be calculated via the Johnson-like circuit introduced
in Section 3.2. The load impedance Z;,,4 is associated with the load of the surrounding
environment of 7,,, which represents the location of that degree of freedom. We can ap-
proximate that for every 7, in the object, Zjoqq = Z), as if it is in an infinite homogenous
medium. This approximation is more accurate for degrees of freedom which are at the in-
ner layers of the bulk object and less accurate for ones near the surface of the object. Using
this approximation, the amplitude of each of the generating currents can be approximated
as:
kg TRP
|ZP?

where RP = Re{ZP}. ZP is given analytically in (5.10).

15|* ~ 11 = (6.4)

6.2. Position of Generating Currents
As we discovered in Chapter 5 that the minimal distance for two eigenmodes to be inde-

pendent can be approximated by . Thus, the number of degrees of freedom in a certain
volume can be calculated by (5. 53) However, where these degrees of freedom are actually
placed remains a problem. One simple and intuitive solution is to divide the object equally

y)
by a grid with the side length of each cube equal to 7’3, as shown in Figure 6.1a. The gener-
ating sources, as given by (6.2), are then placed at the centre of each cube, 7,,,. The number
of these centres is just IV, given in (5.53):

vol_svol
F %

Figure 6.1b shows a cross-section of the ball object as given in Figure 6.1a. Since these
generating currents are independent of each other, the total power radiated outside the
object can be simply calculated by summing up the individual contribution of each degree
of freedom. By adopting the approximation in (6.4), we can thus represent the total power
as:

(6.5)

pos =

Npos Pol. 3
Pf;fi( ) Z Pradwop Z Z Prad (f Tm,|fo| » [ ] ), (6.6)

DoF m=1p=1

where Pol = 6 represents 6 different possible polarizations.

However, one can always argue that the situation shown in Figure 6.1b is only one pos-
sible realization. There is always going to be other different allocations of these sources, for
example, the case shown in Figure 6.1c, as the positions of the sources 7, are shifted from
their previous positions 7, in Figure 6.1b. In fact, there is no reason to believe one place
is any better than others. Any position inside the object is equally possible for a degree
of freedom and its generating source to exist. Acknowledging this fact, one can divide the

grid of one degree of freedom (side length equals %ﬁ) into small cubes with a side length
of A, whose centre can be indicated by 7;, as shown in Figure 6.2. The generating current
associated with this degree of freedom has equal possibilities to be placed at all of these
small cubes. In this case, the power radiated outside by each degree of freedom can be
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Figure 6.1: (a)Discretization of the bulk object (b)Cross-section in 2D (c)Another possible location of the
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represented as:

mdlDOF

L
Z rad (f, 71, 1Io1*, A%), 6.7)

hIH

where L represents the number of small cubes inside a cube of one degree of freedom:

2 %

L= = .
A3 8A3

(6.8)

L here is used as an average factor for the reason that these L small cubes actually represent
L possible realizations of the position of the generating source associated to one degree of
freedom.

Dividing all degrees of freedom into L sub-cubes and replacing L with (6.8), the total
power radiated outside the object can be written as:

Proa(f)= zx > ZPmd(f 1,1 Iol*,A%) = TX Y ZPmd (f. 7 11%,0%. (6.9

DoF =1 B DoF =1
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We can represent the double summation in (6.9) by a single summation as:

8A3 LxNposxpol 3 LxNpos
Pfgtd(f):_g Z Pr(ld(f)?lyll()lzyAg):GX_s Z Prud(f,Fl;|IO|2»A3)- (610)
/lﬁ =1 /llﬁ =1

This is equivalent to the model shown in Figure 6.3. In Figure 6.3, we directly divide the
bulk object into L x Nj,s number of small cubes with side length A. Each of these small
cubes is a volumetric generating current source defined as:

Iy

F rect
Since these currents are non-coherent, their contribution to the total power radiated out-
side can be summed up together. Just as a further clarification, one can realize that, firstly,
these small cubes represent different possible realizations of the degrees of freedom, thus
they are independent of each other. Secondly, all these L x Nj,; number of sources cannot

JF ) = (F—7,0%) - p. 6.11)

. . . . A .
exist at the same time, only L number of these sources with a mutual distance of 7’5 with
the neighbouring source can exist at a certain moment.
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6.3. Power Radiated outside

As mentioned before, since these generating currents are non-coherent, their contributions
to the total power radiated outside can be summed up together, as illustrated in equation
(6.10). To calculate this power, one can integrate the Poynting vectors over the entire sur-
face area (SA) of the bulk object. In the example of Figure 6.1 and 6.3, the object is consid-
ered as a ball object. The Poynting vector is defined as the energy flux in a certain direction.
Generally, it can be written as [32]:

S=éxh". (6.12)

We start from the contribution of one of the small volumetric currents of A® defined by
(6.11). The electrical field generated by the volumetric current centred at 7; can be calcu-
lated as:

8(F) = f f f G (T, a) - ] (Fa, ) dTn, (6.13)
A3(7))

where 7, refers to the points in the source volume A3 (7;) centred at 7. If the observation
point is very far away from the source volume A3 (7)), we can take (F — 7a) = (F — 77). In this
way, the Green’s function in (6.13) can be approximated as the Green’s function at the centre
T I .

(F,7) =& (7, 7)) Ay - . (6.14a)

é
Similarly, the magnetic field can be written as:
R ) =" )AL p. (6.14b)

The Poynting vector of a volumetric generating source oriented along Z centred at 7; can be
written as:

1

. 2 — -
oo o T «SIN“(O0—0)) _o1 2= T—Ty
S(F-r)=¢e(F,F)xh™( ;rl):|10|2(OA2/12\/5r,eff ekl

0

— —— (6.15)
4|7 -7 |7 =7l
where 6 and 0; are the § component of vector 7 and 7; in spherical coordinate. The detailed
algebraic steps can be found in Appendix D. Then, the spectral power radiated by the source
centred at 7; outside the ball object can be calculated by integrating all the Poynting vectors
that have travelled through the whole surface area S A:

Praa (f» (Fs_ ?l)) = ffSA [1 _1—~2 (?s_ 7:l)] Re{g(?s_ 7:l)} : ﬁ(?s)d?s; (6.16)

where 7 are the surface points of the whole object; 7 (¥;) is the normal vector of the sur-
face at point 7; S (75 — 7;) is the Poynting vector flowing from the source point of 7; to the
surface point of 7g; and I'? (7, — 7)) is the power reflection coefficient between the object
medium and its surrounding environment when the Poynting vector S (7 — 7;) arrives at
surface point 7. ['? (7s—7;) can be calculated using the Fresnel equations (details in Sec-
tion 6.6).

Notice that (6.15) only gives one case of the Poynting vector for the current oriented
along Z direction. The expression varies for currents oriented at different directions. But
this specific direction of the source does not contain any useful information, since we are
integrating the Poynting vector over the entire surface area and only intersted in the total
power radiated by all the sources. Hence, it is convenient to replace the directional sources
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by isotropic ones. We can then have an expression (detailed derivations see Appendix D) of
Poynting vectors for all of the isotropic sources as:

3. (7 1 _ F—T
Siso (T — rl)—|Izso| COA /12\/ Ereff ﬁ 2kal?= rllm (6.17)

In order to get the same power as the directional sources, i.e. make (6.15) equal to (6.17),
the current of the isotropic dipoles should be set as (detailed derivations see Appendix D):

2
| isol® = §|10|2- (6.18)

If we define the power transmission coefficient as T (7 — 7)) = [1-T? (7 — )], the spectral
power radiated by an isotropic source centred at 7; outside the whole surface area can then
be written as:

PIO (f, (Fs— 7)) = f fs T (Fs— F) Re{Siso (Fs— )} - A1 (Fy) dFs. (6.19)

Substitute (6.17) into (6.19):

iso 1 ) _2ka|r5 7l rs_f’l
p ,(Fs—T1)) = =110 A—Re € ff T (Fs—77) —— - (7s) dTs.
raa (s =T0) 6 ° o A2 ref TR
(6.20)

Then, substituting (6.20) into (6.10), the total spectral power radiated outside the object by
the volumetric source at 7; can be written as:

6 x 8A% 1 o etkalPl gy
Plal) =" e el Vererrh X [ 0o e A ar,
B

Fo—712 |Fs—Til

_Zka|7s_7:l| ? _?l
ff T (Fs— 7)) m— : i (7s) dTs.

—I‘l|2 |?s_rl|

8A L*NP“

3
73 coAz—Re{\/—sref
(6.21)

To replace the summation in (6.21) by an integration, we can make an assumption that the
power contribution of the source at 7 is averagely distributed over the entire source volume
of A3 (7). In this way, we can approximate the integral in (6.21) as:

—2kolFs—Fl 7 _ 3

L, e s Fs—T1 . .. ..
ff T(Fs—T)———=— == -n(F)dr;
SA |

Fs—r11l |Fs—Tl

1 e_2ka|f5—?A| 7 _i;
N_sff fff T(Fs=Ta)————> S8 AR diadTs, (6.22)
A% Msallw |Fs—Fal® [Ts—Tal

where 1/A3 is the average factor to ensure the unity of the power. From now on, we extend
7; to all points within the volume (Vol) of the bulk object. To simplify the notation, we
can define a vector pointing from source point to surface point as: 7' = (¥;—7;) and its
unit vector 7' = (¥s—7;)/|¥s— 7|, which is the direction of the Poyting vector. Then, the
summation of all generating sources in (6.21) can be approximated by the integration over
the entire volume (Vol) of the bulk object:

o~ 2kal|7'|
PI% () = == 1IoPLoA? —Re VEreff fSAfffm —op ) dRdT. (6.29)
Ap

|7/|
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Equation (6.23) represents the power per frequency radiates outside the bulk object with-
out any significant approximation and can be evaluated numerically, as shall be introduced
in Section 6.6.

6.4. Analytical Expression for High Loss Material

For high loss material, we can assume that only the layer close to the surface of the object
(i.e. SA) contributes to the flux that actually radiates outside. Then, the integration over the
entire volume can be replaced by a ball portion that intersects with the bulk object (blue
ball in Figure 6.4). The ball portion is centred at surface point 7s, with a radius of /, shaded
in light green in Figure 6.4:

tot am ) e~2kal|
pte | Io? A—Re s f f f f () ———7"-n(Fs)
rad (f) AS 0 (0 ref SA |T‘/| s (6.24)

r"?sin®'dr'do'd¢’ dr.

-

AN

Figure 6.4: Integration over a ball portion (shaded in light green) that intersects with the bulk object (blue
ball)

Figure 6.5: Cross-section of Figure 6.4

The cross-section of Figure 6.4 is shown in Figure 6.5. If we place the origin of the coor-
dinate at the surface point 7; and consider 7 (¥5) = 2/, then we can have:

P =7 - (2') = cosb'. (6.25)
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Then, (6.24) can be reduced to:

2 2 _Zka|r| 2
- s el L[ (105,

B
cos@’sin@ do’ d([) dFs.

Considering the fact that the permittivity of the bulk object and its outside environment
are different, not all the fluxes coming from every angle can transmit through the surface.
In fact, only the fluxes with angles of incidence smaller than the critic angle 8, are con-
tributing to the total power radiated out. For angles of incidence larger than 6., according
to Snell’s law, the corresponding angles of refraction are then larger than 90°. In this case,
the fluxes will be reflected back within the object. Since we are considering a high loss ma-
terial, all the multi-reflections within the bulk object are ignored and considered as loss.
If the environment surrounding the bulk object has a relative permittivity of ¢,.», the critic
angle can be calculated as:

VErz2

vz | 6.27)
Re {\/Ererr}

61(; = Sin_l

Figure 6.6: Introducing critical angle 6., the integration domain is reduced to a volume bounded by a
spherical cone (shaded in green).

This critical angle results in the integration domain of the ball portion in Figure 6.4 to be
reduced into a volume bounded by a spherical cone, as shaded in light green in Figure 6.6.
The total power radiated out can thus be represented as:

8 21 O,
ptOt - |I |2 A _Re 8 f f f f —>/ —Zkar dr
rad (f) A?Zi 0l“Co /12 ref sA (6.28)
cosO'sin@'d0'd¢’ dr

To simplify the integral, we can assume that the transmission coefficient is always equal to
the broadside case for all angles of incidence smaller than the critical angle 6., and equal
to zero for other angles:

T(F)=T(6'=0,¢'=0)rect(0', 0,). (6.29)
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Then, the transmission coefficient is independent of 7’ and can be pulled out of the integral
as:

8 1 2m 00 L ,
Prt?ztd(f):A_g|IO|2(0A2ﬁRe{,/€r,eff}T(0) fmfo fo foezwdr/
0

B (6.30)
cosO'sin0'do’'d¢’ dr
The integrals in (6.30) can be closed respectively as:
2
de' =27, (6.31a)
0
0. 1
f cosf'sinf’'dor = 5 sin®6,, (6.31b)
0
1 1— e—2kal
—2kqr
a“dr=——m ™, 6.31
fo e r ok, ( c)
f drs = SA. (6.31d)
SA
Substituting (6.31), (6.30) can be expressed analytically as:
tot 4 2, a2l L, 1—e %kl
Pioa(f) = 75 0P Lo ?Re{, [Erers} T(O)msin O—f— 54 (632)
B 0
Notice that we can approximate sin® 6, as:
VE
sin?0, = sin® | sin~* r2 ~— Er2 . (6.33)
Re {\Ererrt])  Re* {y/Erersy
Then, the total power radiated outside can be written as:
4 1 Er2 1 — e~ 2kl
PI2Y (f) = =5 oPPLoA* = T (0w L SA. (6.34)
rad ( ) /1?[; /1% Re { /_gr,eff} ka

If the medium surrounding the bulk object is free space, €, = 1, (6.34) is reduced to:

tot (py_ % 1 2s a2 ] 1 1 -2kl
Prea(f) % ol Gon® 55 T O g
Equation (6.35) is the analytical expression to calculate the power per frequency radiated
by a real lossy material object, with | |2 defined in (6.4).

We can now evaluate (6.35) (referred to as EM in the figures) on real materials and com-
pare it with the Planck-like expression (2.6) (referred to as Planck in the figures) calcu-
lated using the brightness of black body. Figure 6.7 shows the curves of a bad metal (BM4)
with 7 = 4.7 x 10?3 electrons/m? and 7 = 12fs. The bulk object is a ball with a radius of
Rs =100 u m. The surface area SA can be calculated as SA = 47 R2. As we can see from the
figure, at low frequencies, the two curves are more or less comparable. Especially for the
zoomed-in figure, at frequencies below 0.2 THz, the two curves are overlapping.

The same comparison can also be made for silicon. Consider the bulk object of the
same size made of a type of silicon (Si2) with n = 10?2 electrons/m?. The results are shown
in Figure 6.8. It is obvious that the peak of our model (EM) is one magnitude lower than the
Planck-like curve in (2.6). And the peak also appears at a lower frequency than the Planck-
like curve. Same to the bad metal case, the two curves are overlapping at low frequencies,
as can be seen in the zoomed-in figure on the left.

SA. (6.35)
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Figure 6.7: Evaluation of (6.35) EM and (2.6) Plank on BM4
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Figure 6.8: Evaluation of (6.35) EM and (2.6) Plank on Si2

6.5. Approximation for Very Low Frequencies

In the previous section, we have discovered that for low frequencies, our model (6.35) over-
laps with the Planck-like curve in (2.6). We now try to simplify (6.35) for every low frequen-
cies and compare it with (A.11), the low-frequency approximation of the Planck-like curve
that uses Rayleigh-Jeans law as black body brightness.

For every low frequencies, the real and imaginary part of the propagation constant can
be approximated as equal:

jo Ogs
ko = kg = koR =IkoR 1-— 3} =1ko0.707 . 6.36
a = Kg= ko e{ver}=ko e{\/ weo} 0 weo (6.36)
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Then the self-impedance of one degree of freedom given in (5.10) can be approximated as:
A? T

Zp= (0" — jweotreo) =5 & ) (6.37)

A Ogs

0 3ko0.707,/—-

weEQ

Notice that, for the frequency-dependent term inside the bracket, atlow frequencies jwep€ o
is very small and conductivity o can be approximated by its quasi-static part o4 given by
(3.2), which is purely real. Thus, (6.37) can be reduced to:

A? T
— 05 : (6.38)

Zp ~ O-qu g
0 3ko0.707/ T

Replace ky with i—’;, (6.38) can be further reduced to:

A? 1
2P = 0qs (2—0. (6.39)
0 6x0.707/2L

Notice thatin (6.39) ZP is purely real at low frequencies. The amplitude of the current given
by (6.4) is then:

kgTRP kgT kgTA o
Iol2 = =2 = 22 = B0 6% 0.707, | -2 (6.40)
| ZP| ZP aqSA CO wey
Then, substitute (6.40) into (6.35) and use the approximation in (6.36):
4 kgTA 1 1— e 2kal
PI (f) = = 2206 % 0.707, |~ — T (O)n =
Ag 045 6o weo A 0.707,/ 22 ky 0.707 Zgg
24 kgT 1 o) 1— e 2kal <A
0 n——F— (6.41)
4304580 Ag ko 0.707, /22
12 kgT 1— e 2kal
== T (0) SA.
Agoasto o707, /22
Using (6.36), at low frequencies, B in (6.41) can also be approximated as:
B
3
Ogs
- |0.707,/22] i
37~ 3 :
/lﬁ Ay

Substitute (6.42) into (6.41):

Ogs
[o 707\/0)50] knT | o-2kal

T(0) SA
oqs€0  0.707 2

[o 707@ ] knT i (6.43)

T T (0) (1 _e Z’Cal) SA

Z’Cal) SA.

tot
Prad Ag

—T1(0)

N kgT 6 (
- Adweq o
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Notice that {y = “ 0 w= ZXCO and ¢y = \/l%, (6.43) can be simplified as:

ksT 6
tot _ _ —2kql
Priaa)= 7, =7 (0)1-¢7l) 54
0 \Vars
kpT 1
* e ——=T(0)1-e ) 54
AOZEEO gg
kpT 1
=— Bl T(0)(1-e2!) s (6.44)
kBT

—2kal
0 T (0) ( ) SA

kB f2

0

[1-Ir@P] (1- ¢! sa.

Here, comparing (6.44) with the results calculated by Bekefi [20] in (A.11) we can discover
that they are very similar.

6.6. Numerical Validation

As mentioned before, Equation 6.23 represents the power per frequency that radiates out-
side the bulk object without any significant approximation and can be evaluated numeri-
cally. Consider the same ball bulk object with a radius of R;. It can be represented by the
spherical coordinate system as shown in Figure 6.9. This representation divides the ob-
ject into small portions with the volume of dr; x dO; x d¢;, which represents each source
point. Similarly, the surface area (SA) can also be divided into small portions of spheres
dO; x dd; when the radial distance equals the radius of the ball R as shown in Figure 6.10.
Then, (6.23) can be represented as the summation of every source point in the whole vol-
ume through every surface point, as given in (6.45):

Pfgii(f) |Io| ZOAZA—Re{W}
ﬁ

2n w 2m 7w Rs
YOS T(F) e 7' - (Fg)rf sin@,dr;d6,d¢ R sin@,d0,d®,. (6.45)
0 0 0 0O |7

Figure 6.11 gives a pictorial representation of (6.45). Notice that in (6.45), |Iy|*> can be
calculated by (6.4) and the normal vector 7 (7) at 7 is equivalent to the unit radial vector
of the point 7:

7 (Fs) = Ry. (6.46)

Thus, (6.45) can be written in a more explicit way:

8 kpTRP

1
2
/1_%—|ZP|2 (OA ﬁRe{‘/gryeff}

Ploalf) =

2r 7w 2n © R —2ko |7 )
ZZZZZ T 7' - Ryrisin®;dr;d0,d¢ R: sin@,dO,d®;. (6.47)
0 0 0 0 O
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Figure 6.11: A pictorial representation of the numerical calculation (6.45)
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Figure 6.12: Transmission of Poyniting vectors at the surface of the bulk object.

The transmission coefficient in (6.47) can be calculated using Fresnel equations. Fig-
ure 6.12 shows a zoomed-in picture around the surface point 7. First, the angle of inci-
dence 0; is the angle between vector 7’ and the normal vector 7 (7s) and can be calculated

as: o
0; =cos~! (r#n) (6.48)
|7’
Then, using Snell’s law, the angle of refraction 8, can be calculated as:
Res./€
0,= sin”! {—reff} sinf; |, (6.49)
VEr?2

where €, .rr is the effective permittivity of the material of the object, and €, ¢ is the effec-
tive permittivity of its surrounding environment. Consider the surrounding environment
as free space, then €,.» = 1. Fresnel equations for electromagnetic power with TM (indicated
as parallel ||) and TE (indicated as perpendicular L ) polarization are given as:

‘FII‘ZZ (ocosﬁt—(dcos(%'z (6.50a)
{ocosB;+{ cos0; |’ .
0;—{4c080, |
|rJ‘|2: Cocosb; —4c0s0, ’ (6.50b)
CocosO;+{ cos0;

where ( is free space impedance and (4 is the impedance in the bulk object given as {4 =

o . . . .
N Then, the power transmission coefficient can be expressed respectively as:

2
Th=1- (r"‘ , 6.51a)

Tt =1-|r*" (6.51b)

Considering the fact that our equivalent source is unpolarized and isotropic, we can define
an effective power transmission coefficient as the average of the transmission coefficient
for the two polarizations.

Toff= % (71 74). (6.52)
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Figure 6.13: An example of T, ¢ compared with T Fand T+.

Figure 6.13 gives an example of comparison between T+, T!l and T, 7, for the bulk ob-
ject with an ideal relative permittivity equal to 11.7. As we can see from the figure, the
critical angle 6, here is 17°. For angles of incidence larger than 6, the transmission coeffi-
cient equals to zero. Also, for 6; < 6., T, ¢ is not far away from the transmission coefficient
at the broadside. So (6.29) can serve as a good approximation for most of the cases.

Figure 6.14: An example of 1/8 of the ball volume.

The numerical evaluation process of (6.47) is extremely time and resource-consuming,
especially for the size of the bulk object much larger than the wavelength, Ry > 15. We
can utilize the symmetry of the ball-shaped object to speed up the calculation process. It is
clear that for the isotropic source, the Poynting vectors radiating from every source in the
whole volume through every 1/8 of the surface area are the same. Equivalently, the Poynt-
ing vectors radiating from sources in every 1/8 of the volume through the whole surface
area are the same. Figure 6.14 gives an example of 1/8 of the ball volume. Originally in
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(6.47), the range of the variables are:

re [OrRs] ’ Rsr
Sources=10;€[0,n], and, Sur face=1 O, € [0,7n], (6.53)
$1€10,27]. @, € [0,27].

Using this symmetry, we can calculate the 1/8 of the total energy radiated out P; c/l Z (f) by
taking the range of the surface variables as:

RS;
Surface=< ©;€[0,7m/2], (6.54a)
®, € [0,7/2].

or equivalently changing the range of the source variables as:

rl € [OrRS])
Sources=1<0;€[0,7m/2], (6.54b)
¢;€[0,7m/2].

Intuitively, the total power radiated out can be simply calculated as:

Ploa(f)=8xP(f). (6.54¢)
Then (6.47) can be expressed as:
64 kg TR? 1
Pl (f) = —=—5(oA*Re\/Ereff
rad(f) /flf/_’; |Zp|2 (0 A% { r,eff}
w/2n/22x 7w R e—2ka|?/| )
Y YYD Tepp(F) —=5—F- Rerisin6,drd6,de R, sin©,dO,dd,.  (6.55a)
0 0000 |7
Or equivalently:
_ 64 kgTRP, , 1

Praa(f) = A% ~zr tob A_éRe{Vgr,eff}

2n 7w 7w/2ml2 Ry e—2ka|?’|

/4
YN NN Tepy (7)o ' Rorf sin01drid01dp i sin©,d0,d ;- (6.55)
00 0 0 O

Using (6.55a) or (6.55b) we can evaluate (6.23) in a numerical way. We can then compare
the results with the analytical approximation we derived at (6.35).

6.6.1. Validation Results

We can test the numerical results of two bulk objects of the same size and the same material
as in Section 6.4. The results of BM4 is shown in Figure 6.15, with the numerical result indi-
cated as EM(Num), the analytical approximation in (6.35) indicated as EM(Analy) and the
Planck-like expression (2.6) indicated as Planck. As we can see from the figure, the analyt-
ical and numerical results show good agreement with each other over low frequencies. For
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higher frequencies, there are some slight differences between analytical and numerical re-
sults. Similar behaviour can also be seen in the results of Si2 in Figure 6.16. The numerical
result also shows some discrepancies with the analytical one, especially around the peak of
the curves, as can be seen in the zoomed-in figure.

Notice that the frequency range of the numerical calculation is limited due to the fact
that the wavelength is getting smaller with respect to the increase of frequency. In order
to achieve the same level of accuracy in point sampling (dr; = 15/100 for example), the
number of points taken in the object of the same size increases exponentially with respect
to frequency. Thus the frequency range for the numerical calculation is limited by the com-
putation resources.
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Figure 6.15: Numerical validation of BM4.
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Figure 6.16: Numerical validation of Si2.
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6.6.2. Analysis on the Discrepancies
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Figure 6.17: Comparioson when Terris taken as T(0) and T(60)

The discrepancies between the analytical expression and the numerical evaluation pri-
marily come from the approximation we take in (6.29), where we assumed in the analytical
expression that the transmission coefficient is always equal to the broadside case for the
angle of incidence smaller than the critical angle .. In fact, the effective transmission coef-
ficient T, 7 in (6.53) varies with respect to the angle of incidence, as shown by the example
in Figure 6.13.

We can examine this judgment by setting T, ¢ in the numerical validation also always
equal to the broadside case, as in the analytical approximation. Figure 6.17 shows the case
of Si2 from 0.1 to 0.5 THz and around the peak of the curve from 0.6 to 1.1 THz. As we can
see from the figure, the numerical results of T, ¢ always taken as broadside (indicated as
Num(T(0)) in the figure), almost overlaps with the analytical curve. While for the numerical
results of Tr¢ calculated by the Fresnel equations (indicated as Num(T(6)) in the figure),
the discrepancy remains.

Also, some numerical errors can also be induced by the lack of accuracy during the
numerical calculation process at high frequencies.

Now we are able to conclude that analytical expression (6.35) is a good approximation
for most of the cases and can be used to estimate the total spetral power radiated outside a
bulk object made from ohmic materials.



Experiment Proposal

In previous chapters, we have established a classic EM model to estimate the power ra-
diated from a finite real body. This model sets the theoretical basis for our measurement
campaign, which will be introduced in this chapter.

Due to the lack of existing data for the thermal radiation of a real finite body made by
ohmic materials at known temperatures, we would like to propose a campaign to provide
accurate measurements of radiated power from material bodies in the mm and sub-mm
range and test the validity of our classic EM model versus the Planck-like model.

Section 7.1 to 7.5 introduces the preliminary works of designing the experiment, in-
cluding the process of material selection, material characterization using Terahertz Time
Domain Spectroscopy (THz-TDS) system, instrument selection and the readout mecha-
nism. Silicon is selected as the material for the measurement. Four Virginia Diodes (VDI)
[48] zero-bias Schottky detectors operating at different frequency bands are selected as the
measurement instrument. A cavity on a waveguide (WG) short is designed to host the sam-
ple. The readout mechanism is discussed in Section 7.5. A low-noise amplifier should be
connected to enhance the DC voltage level in the output of the detector.

Then, three measurement set-ups are proposed in Section 7.6.

7.1. Material Selection

Silicon is one of the most widely used materials in modern integrated circuits. This preva-
lence provides us with easy access to silicon samples with different doping levels. Also,
silicon can be in various sizes, from the finest wafer to large ingots. The technologies to
process silicon materials, like laser dicing or photolithography and etching, are fairly ma-
ture.

As studied in Section 3.1.2, silicon can easily reach resistivity between 0.1 ~ 100Qcm
by doping, resulting in its transition frequency appearing in the frequency range of the
sub-THz band. The frequency-dependent characteristics of silicon can be accurately mod-
elled by Drude model. Carefully manipulating the doping levels between samples, we can
achieve desired characteristics of silicon to have a clear contrast in measured power to test
our model. Based on all the aforementioned reasons, we would like to choose silicon as our
measurement material.

We can calculate the power per frequency radiated by silicon with different doping us-
ing our EM model. The analytical expression of the radiated power per frequency is given

61
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by (6.35):
4 7w |IlPLoA? -
Peu(f)= =5 —— o [1-1T1?] [1—e Zk“L]-SA. (7.1)
A’ﬁ A/O kaRe{\lgr,eff}
The power per frequency of the Planck-like curve predicted by Bekefi [20] in (2.6) is also
given for comparison as:

hf3 1
Ppir(f) :_];T[I_IFIZ] [l—e_Zk“L] -SA. (7.2)
% efT -1

Consider a cubic silicon sample with a side length of L = 500um. The surface area of
the sample can be calculated as: SA =6 x L? = 1.5 x 10"mm?. Using the analytical expres-
sion given by our EM model (7.1), we can plot the spectral power radiated by the samples
with various doping levels. Figure 7.1a shows results from 75 GHz to 500 GHz of four dif-
ferent types of silicon, whose electron density n are 10%!,10%2, 1023, and 102%* electrons/ m?
and corresponding nominal resistivity are about 4.6, 0.5, 0.09 and 0.02 Qcm respectively, at
room temperature of 300 K. For comparison, the result of a metal sample (Copper(Cu) with
n =8.49 x 10?8 electrons/ m? and T = 27f's.) of the same size is also provided in Figure 7.1a.
The results of the same samples predicted by (7.2) are given in Figure 7.1b. Silicon sam-
ples with an electron density of 10%? electrons/m? can radiate the most spectral power in
both predictions. Figure 7.2 shows the direct comparison between our EM model and the
Planck-like curve in linear scale. As we can see from Figure 7.2b, for silicon with an elec-
tron density of n = 10?2 electrons/ m?, the results predicted by two models are comparable.
While for 7 = 10%! electrons/m? case as shown in Figure 7.2a, the results of our EM model
is one magnitude lower than the prediction of the Planck-like curve.
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Figure 7.1: Spectral power radiated by the silicon sample predicted by two models.

The spectral power results for silicon sample with 7 = 10?2 electrons/ m? at various tem-
peratures (300 (room temperature), 500, 800 and 1000 Kelvin) are shown in Figure 7.3. The
radiated spectral power is higher for higher temperatures.

7.2. Material Characterization

Commercially available silicon wafers are labelled by the nominal resistivity, i.e. the tradi-
tional quasi-static model as introduced in Section 3.1. However, due to limitations caused
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Figure 7.2: Comparison between the EM model and the Planck-like curve for two samples in linear scale.
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Figure 7.3: Spectral power for silicon sample with n = 10% electrons/ m? at various temperatures.

by the manufacturing process, it is difficult to have accurate control of these parameters. As
aresult, this nominal resistivity is usually given in a rough range. To get the exact parameter
of the sample under test (SUT), we propose to use the THz-TDS system provided by Menlo
systems [49]. A brief introduction of the system and the measurement set-up is given in Ap-
pendix E, as well as the procedure to extract the complex permittivity of the SUT from the
measured transmission coefficient data. Then a transmission line model (Figure 7.4) is es-
tablished and analysed in detail in Appendix F to reconstruct this transmission coefficient
from a theoretical perspective. By comparing the theoretical and measured transmission
coefficients, we can fit our measured data into Drude model to have a complete under-
standing of the SUT.

During the characterization, one measurement with SUT and one reference measure-
ment without SUT are done. The received time domain signal can be transformed into the
frequency domain signal using Fourier Transform. The measured transmission coefficient
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Figure 7.4: Transmission line model for the THz-TDS sample measurement.

data can then be expressed as:

S

T= fo) (7.3)

$:(f)
where S, (f) is the frequency domain reference data and S ( f) for frequency domain mea-
surement data with SUT. The theoretical transmission coefficient can be derived from the
transmission line model shown in Figure 7.4. Medium 2 represents the SUT, and medium
1 and 3 are regarded as free space. The THz pulse is transmitted from the side of medium
1 and received at the side of medium 3. The transmission coefficient from medium 1 to
medium 3 can be represented as:

- (1+Tp) (1 +T4)
eijZde_jkOd (1 + rBe—ijQZd) ’

(7.4)

where I' 4 and I' g are the reflection coefficients at point A and B, ky and k,, are propagation
constants in free space and SUT, and d is the thickness of SUT.
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Figure 7.5: Fitting the data of a silicon slab measured using THz-TDS with Drude model.

Figure 7.5 shows an example of a silicon slab with a thickness of d = 525um and labelled
with nominal resistivity as 2 ~ 5Qcm. After tuning the parameters and fitting with Drude
model, the electron density of the silicon slab is found as 1.15 x 10%'electrons/ m?. The cor-
responding nominal (quasi-static) resistivity of this silicon slab is 4Qcm. The transmission
coefficients from the measurement (as defined in (7.3)) and Drude model (as defined in
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(7.4)) are shown in Figure 7.5a. For comparison, the transmission coefficients of (7.4) eval-
uated by the traditional quasi-static model of conductivity is also given in Figure 7.5a. It can
be clearly seen from the figure that the quasi-static model can not represent the behaviour
of the material for high frequencies, which are frequencies higher than a few hundred GHz
in the case of silicon. The square root of effective permittivity /€, .7 of the fitted Drude
model is shown in Figure 7.5b, compared with the effective permittivity directly extracted
from the measurement data (detailed methods can be found in Appendix E). The oscilla-
tions of measurement data from both figures in Figure 7.5 and the transmission coefficient
fitted by Drude model in Figure 7.5a represent the multi-reflect of the THz signal at the
air-dielectric interface between SUT and its surrounding environment.

7.3. Detectors

Based on the predictions given in Section 7.1, we can calculate the sensitivity requirements
of the detectors needed in this campaign. Consider a bandwidth of BW = 100 GHz and an
average spectral power of P(f) = 1072} W/Hz for silicon with an electron density of n = 10??
electrons/m?, the estimated power over this frequency band Pgy = P (f) BW = 10710 W,
which is too small to be detected by the normal broadband power detectors. To avoid com-
plexity and make the measurements repeatable, cryogenic detectors are avoided during the
selection process.

Schottky diodes have long been used as direct detectors for microwave bands [50]. It
can operate in either room or cryogenic temperature and generally has a faster response
time compared with traditional detectors like bolometers [51]. Schottky diodes have great
sensitivity and frequency response with zero bias. For our measurement campaign, we
select four different zero-bias Schottky diode detectors from VDI [48] operating in different
frequency bands. These detectors are typically hosted in waveguide cavities and there is a
detector for each of the standard rectangular waveguide. Each of the detectors is supposed
to be sensitive only to signals in the spectral bandwidth and its corresponding waveguide
is considered as single mode. Their parameters are shown in Table 7.1.

Table 7.1: Parameters of VDI zero-bias detectors.

Model Frequency WG Dimension NEP Responsivity
Band (GHz) (mm x mm) (pW/vHz) (V/W)
WR10ZBD 75-110 2.5x1.27 9.4 2800
WR5.1ZBD 140 -220 1.2954 x 0.6477 11 2400
WR3.4ZBD 220-330 0.8636 x 0.4318 12 2200
WR2.2ZBD 330 - 500 0.5588 x 0.2794 12.7 1600

All these detectors have a rectangular waveguide RF input port and coaxial output, as
shown in Figure 7.6. The parameter responsivity in Table 7.1 represents the ratio between
the input RF power P,.. and output voltage V,,; of the detector system. It is defined as:

Resp = (7'5)

The responsivity is in the unit of V/W. The responsivity data given in Table 7.1 is the typical
responsivity and is subject to change for different detectors. Each detector should be cal-
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0.80”

RF Input Port E-Field

Figure 7.6: Schematic of WR10ZBD from [52]. (The dimensions are in inches).

ibrated in order to get the detailed responsivity curve with respect to frequency. Another
parameter is NEP, which stands for Noise Equivalent Power. It represents the spectral den-
sity of noise divided by the responsivity and is in the unit of W/v/Hz. It can be represented
by Signal-to-Noise Ratio after detection (SNR4p) as shown in Figure 7.7 by:

P
SNRp = N;; V2Tins (7.6)

where P, represents the power received and 7;,; stands for the integration time. NEP is
defined as the power that makes SNR,p equal to 1 in 1 Hz of output bandwidth. If 7;,;
is taken as 0.5 seconds, P;.. will be equal to NEP in this case. Generally, NEP is used as a
metric to describe the sensitivity of the detector. As we can see from Table 7.1, VDI zero-bias
detectors generally have NEP of several picowatts per square root of Hertz, which satisfy the
requirements of our measurements.

P rec SN RAD
NEP

Detector Integrator

Figure 7.7: Definition of NEP.

7.4. Waveguide Short Cavity to Host Samples

Because operating at high frequencies, the waveguide input ports of the VDI zero-bias de-
tectors are physically very small, as seen in Table 7.1. It is difficult to put measurement
samples directly inside the waveguide. A cavity is designed on a waveguide short to host
the silicon sample as shown in Figure 7.8. The waveguide short is commercially available
from [53]. The silicon sample can be diced from a large silicon wafer. Then the waveg-
uide short can be screwed to the RF input port of the detector, acting as the source of the
measurement. The detailed drawing of the design of this cavity is shown in Appendix G.
Figure 7.9 shows the cross-section of the structure when the waveguide short is connected
to the RF input port. The silicon sample is placed at the centre of the cavity. Due to the
fact that the aperture of the waveguide port A, is much smaller than the size of the sample,
only a part of the power fluxes will go into the waveguide. This structure is then equivalent
to putting a silicon sample directly in the waveguide.
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Figure 7.8: Cavity on the waveguide short for silicon sample. Dimensions are in mm.

LZ;: A, WG WG
e e
] —
RF Input
/ Sample
Sample

Figure 7.9: Cross-section of the waveguide short with sample placed in the cavity connected to the RF input
port of the detector. Equivalent to sample directly put in waveguide.

7.5. Readout Mechanism

A digital multimeter HP 3458A [54] is used to read the voltage output of the detector. The
smallest input resistance of this multimeter can be selected as R;;, = 10MQ. In this case,
the Johnson Noise of this input resistance can be calculated as:

Up=V4kgTRin=4x10""V =400nV. (7.7)

However, the thermal RF signals are all expected to be around or lower than 10~° W. Con-
sider the example given in Section 7.1. As we can see from Figure 7.2b, the average spectral
power for the sample with n = 10?2 electrons/ m? over WR10 bandwidth (BW = 35 GHz)
is Payg ( f) = 0.5 x 10721 W/Hz. The power detected over this bandwidth can be estimated
as Pger = Pavg (f) BW = 17.5 pW. The typical responsivity of the corresponding detector is
2800 V/W (Table 7.1). Then we can calculate the expected output voltage of the detector
using (7.5) as:

Ve, = RespPls, =17.5x 10712 x 2800 =4.9 x 107® = 49nV. (7.8)

out rec

which is lower than the Johnson noise of the input resistance. Accordingly, the multimeter
cannot be used because the signal will entirely be submerged by the Johnson noise.
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A low-noise operational amplifier can then be used to enhance the DC voltage level in
the output of the detector, and the multimeter is then cascaded to the amplifier to perform
the reading. If the voltage gain of the amplifier is set as G = 1000, the expected voltage after
the amplifier vg;,, can be calculated as:

Vo = GUout = GRespPla, =4.9 x 107°V =49V, (7.9)

amp rec

which should give at least two orders of magnitude of dynamic range for the voltage. The
interpretation of the received power P,.. from the voltage readout can be simply obtained

inverting (7.9) as:

Vamp
Proc=—". 7.10
rec = Res ( )

7.6. Measurement Set-ups
Three possible measurement set-ups are proposed in this section.

* A. Measurement of a large ingot in the far field.

t'-&l-li' Horn Antenna [ ow Noise Amplifier
ég‘ ) °oc°

2 Q @

; N\ I
% -> o) Multimeter
. -

,J:}I";Ll Zero-Bias ESD Protection

Detector

Figure 7.10: Measurement of a large ingot in the far field.

A set-up can be proposed as the measurement of a large ingot in the far field through
a horn antenna. The detector is directly connected to the receiving antenna. Then,
an ESD (Electrostatic Discharge) protection circuit is connected to the output port
of the detector to protect its ESD-sensitive components. Then, because the output
signal is small, a low noise amplifier is connected to amplify the output DC signal.
Then the signal can be read by the multimeter.

Using our EM model given in (7.1) or the Planck-like curve given in (7.2), we can
calculate the brightness of the radiating object by assuming it is uniform in free space
as:

Ptot (f)
Bys(f) = L= 7.11
)= sa (711
where SA is the surface area of the radiating object. Prtgg (f) is the spectral power
radiated by the object.

Then the estimated received power by a horn antenna operating in a certain band-
width BW can be calculated as:

Proc = fB . fQ Aegs (O ))F(Q1)Bys (€.)d0ud (7.12)
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where A.rr(Q, f) is to the effective aperture of the receiving antenna, F (€, f) is the
normalized radiation pattern of the antenna, and ), is the beam solid angle of the
receiving antenna. We can assume that the brightness is constant in the solid angle
of the antenna. Then, (7.12) can be expressed as:

Prec:f Aerr(f)Bgs (f)f F(Q)dQ,df. (7.13)
BW Qq

The efficiency of the antenna 74, (f) is defined as:

Gant (f)
Dan: (f)
where G, is the gain of the antenna and D, is the directivity of the antenna. Here,

we can take the directivity as its maximum, D, ( f) = Dpax- It can then be repre-
sented by the normalized radiation pattern:

Nant (f) = (7.14)

47

Dmax (f) = anF(Q) d_Qa

(7.15)
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Figure 7.11: Estimated power detected for Set-up A for silicon ingots with an electron density of n = 10?
electrons/m?.

Table 7.2: Estimated power (pW) detected for Set-up A for silicon ingots with an electron density of n = 10??

electrons/ m?.
WRI10 WR5.1 WR3.1 WR2.2
(75~110 (140~220 (220~330 (330~500
GHz) GHz) GHz) GHz)
EM 6.7 19.3 28.2 38.9
Planck 6.0 15.6 22.6 35.8
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The effective aperture A, ¢y can be represented as:

AZ
Aerr (f) = Gane (f) ﬁ- (7.16)

Substituting (7.14) ~ (7.16), (7.13) can be represented as:
AZ
Prec:f st (f)Gant(f)_of F(Q)andf
BW 47 Ja,
2

_ /10
—fBWst (f)’?ant(f)Dam(f)EanF(Q)dQu df

4 A5

:fBWst (f)ﬂant(f)mg QaF(Q)an daf

=f Brs (f)nant (£)A3df.
BW

(7.17) tells us that for a thermal source distributed over a solid angle wider than the
antenna beam, the received power by the antenna is proportional to antenna effi-
ciency.

(7.17)

Consider a set of ideal horn antennas operating at the same frequency bands as the
detectors. Their all have a constant efficiency over their bandwidth as 1,4, = 0.9.
Then we can estimate the received power over the frequency bands of the detectors
given in Table 7.1 using (7.17) for silicon ingots with an electron density of n = 10%?
electrons/ m?. Comparisons are made for results using our EM model (7.1) and the
Planck-like curve (7.2). The detailed numbers can be found in Table 7.2. The num-
bers are comparable to those that we expected to be able to measure based on the
sensitivity of the detectors given in Table 7.1. It is not known how sensitive these
detectors are outside their designated frequency band.

B. Direct measurement through the waveguide.

Sample
WG Short RF . FEE
_}

1 >
e

Waveguide Port

Figure 7.12: Direct measurement through waveguide.

The second set-up can then be proposed to provide a direct measurement through
the waveguide. Silicon samples are placed in the cavity in the waveguide short intro-
duced in Section 7.4. Then the waveguide short is directly connected to the RF input
waveguide port of the detector. The readout mechanism is similar to the first set-up
with alow-noise amplifier connected between the output port of the detector and the
multimeter. We expect the power level of this set-up is comparable to the previous
case.
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e C. Measurement through two antennas in the near field.

Horn Antenna ] °°°e

||}—-0

Heating Plate

Figure 7.13: Measurement through two antennas in the near field.

The third set-up is measurement through two horn antennas placed at the near field.
The waveguide short with the sample placed in the cavity is connected to the trans-
mitting antenna. The detector is connected to the receiving antenna. The two anten-
nas are aligned and the distance d between the two antennas is smaller than 2D?/1
(D is the dimension of the horn antenna and A is the wavelength) to ensure the near
field transmission. The power per frequency received can be estimated by:

Proc (T) = fB PwG(f.T) Suf,ddf, 7.18)

where Py (f, T) is the total spectral power radiated by the sample in the waveguide
and can be estimated by our model and S»; (f, d) is the power transmission coeffi-
cient from the input port of the transmitting antenna to the output port of the receiv-
ing antenna and can be obtained using full wave simulation tools like CST studio.
A heating plate can be placed under the transmitting structure to achieve measure-
ments at different temperatures 7.

A possible matching layer design can be applied on the surface of the silicon samples
to increase the radiated power. The detail of this design is discussed in Appendix H.



Conclusions and Future Work

A rigorous model based on classic EM to characterize the thermal radiation of real ohmic
media is described in this thesis. Based on Johnson’s theory of thermal noise in electric
circuits, the model explains the available energy due to thermal agitation inside ohmic ma-
terial. The field is expanded in a finite number of modes (degrees of freedom per unit of
volume), which are all independent and orthogonal from each other and are eigenvectors
of Maxwell’s Equations.

The self-impedance of one eigenvector is given analytically in (5.10), based on which
the energy available per degree of freedom could be calculated by a Johnson-like circuit.
The mutual impedance of two eigenvectors is asymptotically approximated by (5.55). It
turns out that the minimum distance for two eigenvectors to be independent is A5/2, where
Ag is the real effective wavelength in the medium. Then, the number of degrees of freedom
in a finite volume is given by (5.53) and the total energy available by thermal agitation in
the finite volume is given by (5.57).

Considering a real material body, the generating current of each of the modes is defined
as volumetric, resulting in a discretization of the radiating object. Then, the directional
generating currents are replaced by isotropic sources to simplify the calculation process.
The Poynting vectors of sources over the entire object volume are integrated, resulting in
an analytical expression (6.35) to estimate the total spectral power radiated out by a real
ohmic material body as:

_ 4 m |IPgen’
/1% /1% kaRe{, /Er,eff}

where |Iy| is defined in (6.4), k, is the imaginary part of the propagation constant, &,.¢f
is the effective permittivity of the medium, IT|? is the power reflection coefficient at the
medium-air surface, L is the path Poynting vectors have traversed and SA is the surface
area of the radiating object.

This model is purely based on classic EM. The frequency dependence of the spectral
thermal radiation power it predicted directly comes from the resistivity dispersion of the
material that makes up the radiating body. As a result, Planck’s law of black body radiation
is no longer required as an intermediary.

A measurement campaign is proposed aiming at providing accurate measurements of
the thermal radiation from silicon samples of small dimensions in the mm and sub-mm

Pem(f)

[1- 102 [1- e 2kt] - 54, (8.1)
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wave regime. The samples are characterised by a THz-TDS system to obtain their exact EM
parameters. Four Schottky diode zero-bias detectors are selected and different possible
measurement set-ups are described.

Future works of this project should focus on the measurement campaign. The radiation
mechanism of silicon samples hosted in the cavity should be studied in order to estimate
the power detected in Set-up B and C. The horn antenna in Set-up A and C should be se-
lected and measured. The noise level of the measurement system should be characterized.
After the successful measurement of silicon samples, the potential of measuring different
kinds of materials should be studied.



Power Radiated by Material Objects Based
on the Hybrid Model

Consider a large object made of lossy medium in which the internal reflections can be ne-
glected. Using the reciprocity suggested by generalized Kirchhoff’s law, the total power
radiated per unit solid angle is given by Bekefi in Eq.(33) of [20] as:

P(f,Q)=[1-1IT1?| Bgks (f, T) S[1 —exp (—a,L)], (A.1)

where a,, represents the total absorption per unit length of path. It can be calculated as:

an =T rmagd 14— (A.2)
Y & JWEYErso | '

Using the definition of effective permittivity in (3.8), a,, can be expressed by k,, the imagi-
nary part of propagation constant:

4w o 27
Ay = TO\/ErOOImag{‘ [1+ m} = ZImag{/l—o, /Er,eff} =2kg,. (A.3)

Notice that the absorption coefficient given in (A.2) is derived from the characteristics of
the material being considered, rather than the absorption process suggested by the reci-
procity of generalized Kirchhoff’s law. In this way, (A.1) can be written as:

P(£,0Q) = [1-IDP] Byis (£,7) S| 1- e 2t |. (A4)

In (A.1) and (A.4); L represents the total path the Poynting vector traversed in the object;
IT'|? refers to power reflection coefficient; And S refers to the projection of the cross-section
of the object onto a plane that is perpendicular to the observer, as shown in Figure A.1. The
reason to choose the cross-section is that for an object of arbitrary shape, the projection
of its cross-section is easy to identify. Bp s ( Vi T) is given by Bekefi (Eq.(5) of [20]) for one
polarization, using Rayleigh-Jeans law (2.3), as:

kT f?

By (£,7)= 2mc?
0

Bkf

(A.5)
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Accordingly, using Planck’s law of black body radiation (2.2), Bgkf (f, T) can be given as:

hf3 1
BPIE(f,T)= L ——. A.6
Bkf (f ) 27[0(2) e% ) ( )

obs

Figure A.1: Cross-section of the radiating object.

However, we can consider the object as a Lambertian surface. According to Lambert’s
cosine law [55], this kind of surface has the following identities, as shown in Figure A.2. For
a unit of radiation surface d A, each wedge in Figure A.2 represents a unit of solid angle
dQ. The intensity of radiation of each wedge corresponds to the area of the wedge. Using
simple geometry, we know that the length of each wedge is the diameter of the circle times
cos6. Here, 0 denotes the angle between the direction of radiation intensity (same as the
direction of Poynting vector) and the normal of the radiation surface dA. So, when the
observer is at broadside, it can receive the maximum radiation intensity I,,,,xdQd A. For
the observer at 0, the intensity is reduced to I,,4x cos (0)dQd A.

Obsbroadside

A

A Lo dQdA

Figure A.2: Lambert’s cosine law.

Using the Lambertian cosine law, power radiated per unit solid angle dQ) from per unit
of surface d A can be represented as:

P(£,9,4) = [1-1P] Bair (£, ) [1 - e 2| coso. (A7)

Integrating (A.7) over all solid angle 47 and entire surface area S A, the total spectral power
radiated by the bulk object per frequency can be written as:

P(f)= ffSAfoznfO% (1= 102 Bpiy (£,7) [1- €2 cosOsinfdbdpd . (A.8)
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The integral regarding 6 and ¢ can be closed as:

2n
d¢ =2m, (A.9a)
0

/2 1 P 1
f cosf@sin0do = — sinzelg =—. (A.9b)

0 2 2

Then (A.8) can be written as:

P(f)= (11T Boir (£,7) [1- e25F| 754 (A.10)

Here, SA represents the whole surface area of the Lambertian source. Considering two pos-
sible polarizations, the total spectral power radiated for low frequencies can be represented
by replacing Bgi s (f, T) with (A.5):

2
Prs(f) = kB;f [1-1T/?] [l—e‘Zk“L] .SA. (A.11)

0

Replacing Bgyf ( f T) with (A.6), (A.11) can be represented as:

hf3 1
Ppi(f) = _];T [1-1TP] [1 —e‘Zk“L] -SA. (A.12)
0 ekpT —1

Then the total power radiated by the bulk object over certain bandwidth BW can be repre-
sented as:

P:fBWP(f)df= [1-TP?] [l—e_Zk“L] 2n-SAfBWBka(f,T)df. (A.13)



Derivation of Eigenvalues of Maxwell’s
Equations

The Maxwell’s equations only with electric source J, satisfying radiation condition, can be
written as follows:

VXE:—jwuﬁ, (B.1a)
VxH=jweE+], (B.1b)
V-H=0, (B.1c)
. T
V-|E+—|=0. (B.1d)
Jjwe

Take the curl of both sides of (B.1b). By substituting (B.1a) in, the wave equation can be
arrived for magnetic field H as:

VxVxH-kKH=Vx], (B.2a)
where k? = w?e. For electric field E, similarly, we can write the wave equation as:
VxVxE—-KE=—-jouj. (B.2b)

We can make use of two vector identities:

VxVxA=V(V-A)-V?4, (B.3a)
V- (Vx A)=0. (B.3b)

Then, (B.2a) can be written as:
V(V-H)-V*H-kK*H=Vx]. (B.4)

Using (B.1c), we can write the Helmholtz equation for magnetic field H as:
VZH+K*H=-Vx]. (B.5)
Then, if we take curl of (B.2a), using (B.3a),we can arrive at:

VxVxVxﬁ—kZ(Vxﬁ)V(V-(VXﬁ))—VZ(Vxﬁ)—kz(VXﬁ):VXfo. (B.6)
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Then use (B.3b):
V2(Vx H)+k*(Vx H) ==V xVxJ. (B.7)

Replace V x H with (B.1b):
V2 (jweE+])+k* (jweE+])=-Vx VxJ. (B.8)

Finally, we can write the Helmholtz equation for electric field E as:

VZ(E+,L)+k2 E+
jwe

=—— . (B.9)
jwe

f) VxVxJ

Notice that (B.5) and (B.9) are derived using only equations (B.1) and the vector identities.
Consequently, (B.5) and (B.9) are essentially equivalent to the Maxwell equations (B.1), for
any E and H that satisfies radiation conditions [56].

o)

&

Figure B.1: The arbitrary region V; where the source is presence and the source region Vj

Y

The unique solution of (B.9) is given by [44] as

. e~ TkIF=7| —ij(F
B = fff [V %V x ] ()] o a7+ 2L (B.10)
we V- Vs 4|7 - 7| WEe

where qul is the scalar Green'’s function, V; represents the volume in which the source
is located, and Vs represents the volume of the delta function of the source. So Vol - Vs,
called "principal value" in [44], excludes the singularity of the Green’s function at 7 = 7. If

we introduce a current as:

jk|F-7

J=—-jweE, (B.11)

we can then substitute it in to (B.9). We can write that:

.. L. VxVxJ
V2 (E-F)+ K2 (B-F)=0= -] (B.12)
Jwe
Consequently, we have:
VxVxJ=0. (B.13)

Using (B.13), (B.10) is reduced to the term only proportional to the current itself:

—jJ (@

wE€

E@) = (B.14)
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Replace ¢ by the definition in (3.8). After some algebraic steps, we can arrive at:
J(F) = (0 (w) + joeoeroo) E (F), (B.15)

which is the eigen-current given in (4.5). If we replace J (7 in (B.14) by (B.15), and equate
(B.14) to (4.4), we can prove that:

fff §ej (?, ?/) B (?l)df/ — (L (B.16)

O+ jWENE o)
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Another Approximation for pol:,

As defined in (5.24):

2 = k2. S
T r Al T r A
poly, . .(k;) = (I— 2 kk) -p (I— k—kk) q. (C.1)
One approximation is k? = k2, thus k** = k}. In this case, considering the most coupled
case in which the two dipoles are polarized at the same direction, thus p = ¢, (C.1) is re-
duced to: i i

polZ, = pold o, = (T-kk)-p(I- kk)-p. (C.2)

Replace polfea ; with pol]%a ke I (5.29), then the 3D integral can then be performed numer-
ically.

5 x107° | | | |
—— Numerical
2.9 ¢ - = Analytical
ith pol?
ol with poly,. | |
§ 1.5¢ .
Q 1L |
0.5+ _
0L _
-0.5 ' ' ' '
0 0.5 1 1.5 2 2.5

d/(As/2)

Figure C.1: Coupling coefficient with pol Fake

80



81

Figure C.1 shows the comparison between numerical results, analytical results of (5.49),
which adopts the approximation of pol?, . =~ 1/+/7, and the result with pol?>, , = pol?

real real ~ fake

It is clear that pol}%ake proves to be a worse approximation than polfwl ~1/y/m.



Poynting Vectors of Directional and
Isotropic Current Sources

The Poynting vectors of a directional current source and an isotropic current source are
derived in th1s appendix, proving that the current of the isotropic dipoles should be set as
isol® = 5 IIOI in order to get the same power as the directional sources.

Similar to (4.3), the electric and magnetic field of a Z oriented volumetric generating
electric current placed at the origin are:

. k*IpAsin® _ . [ 1 1 1 15 ,loAcosf _.( 1 j
By 0 e Ly L L g st e LT,
i an kr  jkr? (kr)® ¢ 2n (kr)?  (kr)®
0 (D.1a)
~ IyAsinf _. 1 1
HE) =k*=———e /| j—+ p. D.1b
() P I e @ (D.1b)

The reactive part of the field can be ignored. Since we are interested in the propagating part
of the power, we can focus on the visible part of the field as:

kIgpAsinf _ ... A
vzs(r)—eeg— (OTS;H ]krg’ (D.2a)

S . .kIpAsinf _ .. |
Hyis (T) :e(p(p:]oélTe jkr P. (D.2b)

Then, the Poynting vector of the source can be expressed as:

- o kIyAsinf _. ikI,Asinf . \*
S=Ex H* = B H = je 202 o jer JEL02ST —jkr)
4 Awr Anr
:jckIOASi”He‘f’”_]k IOAsmBejk*rf (D.3)
Antr Atr
]kr ]k*

2 *
={IyIy A"kk" sin 9 62,2

Acknowledging that Il = |Iol2, kk* = |k|*> and e Ik gik*r — g=2kat (D 3) can be written as:

A?sin?60 _ ;
=|klol*{——— e 2" ¢

167272 (D.4)
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Substitute the following expressions for impedance and propagation constant in the medium:

_ Co _ Ca
VeIl L\ 1- 22

» (DSa)

wWEg

|kI? = kk* = ki /Ererr\/Ereff —kZV wgd\/l—— (D.5b)

Then, the Poynting vector can be expressed as:

= Il ,/8 \VE ol p
[Ip|" — \/W rneff reff 167‘[27‘2
2 A2 (DG)
_ ol* Ao *sm 9 kg o

12 VEreff — 5 € r.
0

Calculate the spectral power radiating over a sphere with radius r, where r is very large in
terms of wavelength:

Il? A N 9
ff | Ol %o reff sin e 2karp 7y 2sin0d0de. (D.7)
4w
The integral in (D.7) can be closed respectively as:
21
d(/) = 27[, (D8a)
0
4
f sin0do = ( cos®0 — cosH) | —. (D.8b)
0 3 3
Then, the integral can be closed as:
211> A*¢om J2kar

(D.9)

PO(f):T\/ reff €

Consider an isotropic current source whose field does not have angular dependence. The
electric and magnetic field of the source can be represented as:

insoA

ERO(r) = E)°0 = j{we_ﬂ” 0, (D.10a)
; ~ .kI A —ik ~
H () =H ¢ = =" e (D.10b)
Then, the Poynting vector of this source can be expressed as:
; ; klisoA _; klisoA _ 0 \"
SZSO Ezsotzso* Eisopgisoxp _ i 1so e—]kr(' 1so e—]kr) 7
0 ¢ i amr I 4nr
— (kIlSOAe_]kr ]k*Il*SOAe]k*ri\'
4mr 4mr
o 2kar (D.11)
= (Lo 1K12 A2 et
_ il A%y o 2kar

//‘/% ‘/gr,eff 4r2 f..
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Same as before, we can calculate the power radiating over a sphere with radius r:
I 2 A * e 2kqr
Piso(f f f | ”"' (0 Vereff —a i r*sin0d0dd. (D.12)
4 r

The integral in ¢ is the same as (D.8). The integral in 6 can be closed as:

T
f sinfd6 = —cosO|j = 2. (D.13)
0
The integral can be closed as:
[T; 502 A? (omt
Pio (f) iso e 0 /—r,eff Zkar (D.14)
0

If we would like the isotropic source to radiate the same power as the normal directional
dipole, we can equate the right-hand side of both (D.9) and (D.14):

2 2
|Iis0l? A“(om 2[I1> Ao

* —Zk * —Zka
/1(2) VEreff € "= 3/1(2) \/Ereff € (D.15)

After a few simple algebraic steps, we can have:

2
| isol* = §|Io|2- (D.16)



Material Characterization using THz-TDS

TERA K15 from Menlo System [49] is shown in Figure E.1. The system consists of two Pho-
toconductive antennas (PCA) and four plano-convex lenses. The two PCA are coupled via
the quasi-optical paths as shown in Figure E.2.

The sample under test (SUT) is placed in the centre as shown in the figure. In order to
extract the characteristics of SUT, two measurements, one without SUT and one with SUT,
should be done. From these two measurements, we are able to extract the complex permit-
tivity of the sample material at high frequencies. The received time domain signal can be
transformed into frequency domain signal using Fourier Transform, resulting in S, (f) for
measurement without SUT and S; ( f) for measurement with SUT. The transmission coeffi-
cient T of the SUT can then be represented with a magnitude term p (w) and a phase term

¢ (w) as:

= Sf ) =po(f) e 7PN, (E.1)
Sr(f)
Using the transmission line model analysed in Appendix F, we are able to fit our measured
transmission data with the Drude model to determine the exact parameters of the material
(e.g. the density of electrons n and scattering time 7).
The relative permittivity saturation €., of Drude model can be extracted from the mea-
sured transmission data. Some optical parameters can be easily derived using the repre-

Figure E.1: TERA K15 from Menlo System.
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Rx PCA SUT Tx PCA

plano-convex lenses plano-convex lenses

Figure E.2: Geometry of the Lens.

sentation of (E.1) [57], [58]. The complex refractive index can be represented as:

a(f)=n(f)-ix(), (E.2)

where the real refractive index 7 (f) can be derived from the phase alterations induced by
the SUT:

+1, E.3
2nfd (3
where d is the thickness of the SUT, and ¢y is the speed of propagation in free space. And
the imaginary part of the complex refractive index is known as extinction coefficient « (f),
which corresponds to the absorption of the SUT:

Co 4n (f) )
x(f) = In ( : (E.4)
2nfd = \p(f)(n(f)+1)°
Thus the absorption coefficient can be written as:
4
a(f) = ZLu(p). (E.5)
Co
Then, the complex permittivity € = ¢’ — je” can be expressed as:
() =n*(f) - x*(f), (E.6a)
e"(H)=2n(Hx(f). (E.6b)

Here we can take the saturation of the real part €'(f) at high frequencies as €, when we fit
the measurement data with Drude model.



Transmission Line Model of the THz-TDS
System

The equivalent transmission line model [59] of the measurement configuration of the THz-
TDS system is shown in Figure E1. The THz pulse is transmitted from the side of medium 1
and received at the side of medium 3. Medium 1 and medium 3 represent the host material
of the sample under test (SUT). They are free space in our case. Thus, their impedance and
propagation constant are all equal to the free space case:

Z3=21="2y, (Ela)
kzl = ]ng = ]C(). (Flb)

Medium 2 represents the SUT. The THz beam of incidence can be considered as a plane

wave:
Et (?) =V (Z) ét- (FZ)

The voltage in the transmission line model is expressed as:
Vi(2) = Ve Tz v elkiz, (E3)

We can obtain the reflection and transmission coefficient by solving the transmission line
model. For medium 3 the voltage can be written as:

V3 (2) = Vg e /R0, (E4)
And for medium 2 and 1 as:
Vo (2) = V,h e Tk2% v elka?, (E5)
r
Z1, k1 4 Zy, k., [ Z3, k3
D —H- D N
NN LN N ~e— U
4+— —>
S— — e | i
Z = 0 7 = h

Figure E1: Transmission line model for the THz-TDS sample measurement.
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Vi(2) = Vjte Tkoz 4y eikoz,
At z = d, the reflection coefficient I'g can be represented as:

Vz_e]kZZd B ZO _ Z2

Tp= —— = .
Vjiremikad ~ Zy+ 2

Then V; (z) can be represented as:

Va(2) =V, PR v, ol ka(z=2d)

Atz=d, V3(z=d) and V, (z = d) should be the same. In this way, we can have:

V3(z=d) Ve ikod )
Vaz=d) Vjeikad 1TpV;eikad

After some algebraic steps, we can have:

Vi e ik2d(14Tp)

v, B e—Jkod

At z =0, the input impedance Z;,, and reflection coefficient can be represented as:

Z0+jZ2tan(kzzd)
ZinA = Z2 . .
Zg+]Zotarl(kzzd)

b ==z

1 2 iny

Using the similar procedure as before, V; (z) can be represented as:
Vi(z) = V1+e_jk"z + V1+FAejk°z.
At z=0, V1 (z=0) and V5 (z = 0) should be the same. In this way, we can have:

Va(z=0) 1A +FBV2+e_jkz22d

- =1.
Vi(z=0) Vi +T)

After some algebraic steps, we can have:

Vi 4Ty
Vit 1+4Tpgeika2d’
Then we can represent the transmission coefficient from medium 1 to 3 as:

T (1+Tp)(1+Ty)
eikad g 04 () | o jkn2d)

(E6)

(E7)

(E8)

(E9)

(E10)

(E11)

(E12)

(E13)

(E14)

(E15)

(E16)



Drawing of a Cavity on Waveguide Short

The drawing of a cavity for silicon samples on the waveguide short is shown in Figure G.3
on the next page. The roundings with a radius of 1 mm are designed for the milling process
due to the limitations of the available milling cutter.

A picture of the finished product is shown in Figure G.1. Figure G.2 shows the picture of
the product in use.

Figure G.1: A picture of the finished product.

i | R

(a) Waveguide port of the detector. (b) Waveguide short applied on.

Figure G.2: Pictures of the product in use.
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Figure G.3: The drawing of the chamber on waveguide short.



A possible Matching Layer Design for
Silicon Ingot

Paper [60] presents a Matching Layer (ML) design for silicon lens array at 500 GHz using
laser-ablated structures. The design uses a periodic sub-wavelength structure shown in
Figure H.1.

>

Figure H.1: Schematic of the truncated pyramid ML design.

The design in [60] is then scaled to meet the frequency requirement of the detectors,
from 75 to 500 GHz. The design parameters are given in Table H.1. According to [60] the
minimum angle «a (see Figure H.1) that can be obtained for this truncated pyramid design
is 13°. To give some redundancy for the laser ablation process, the angle a is designed as
15°.

Table H.1: Parameters of ML design.

dipm) | p(um) | h(um) | a(um)
73 196 231 15

The structure is then simulated in CST for a unit cell of the truncated pyramid structure
made ofideal lossless silicon (¢, = 11.7, due to the limitation of the CST solver) to obtain the
effective transmission coefficient between the silicon and free space. The effective trans-
mission coefficient is defined the same as (6.52) by taking an average between TE and TM
polarization:

Teff:%(:r'uTi). (H.1)
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92 H. A possible Matching Layer Design for Silicon Ingot

The result is given in Figure H.2. For comparison, the effective transmission coefficient
without this ML at broadside is calculated using Fresnel equations (6.50) as Te‘%ﬁ’ =0.7=
—3.6 dB. As we can see from the figure, for the broadside case, the transmission coefficient
improves by at least 1.5 dB.

For the case without ML, power fluxes with an angle of incidence larger than the crit-
ical angle 6, = 17° will not propagate through the dielectric-air surface. The ML allows
fluxes with angles of incidence larger than 6, to propagate through, although there are
some glitches for transmission coefficients in higher frequencies. Also, for larger angles
of incidence, the transmission coefficient is lower.

Tery(dB)

= 20°

; = 40°

= 60°

100 200 300 400 500
Frequency (GHz)

Figure H.2: Effective transmission coefficient for the ML design with different angle of incidence 6;.
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