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Transmission-Line Model of Noisy
Electromagnetic Media

Richard R. A. Syms, Senior Member, IEEE, Oleksiy Sydoruk, and Laszlo Solymar

Abstract—A transmission-line model of thermal noise in 1-D
electromagnetic (EM) media is presented that can find both the
magnetic and the electric contributions to the noise in arbitrary
arrangements of isotropic material. The model is used to compute
the noise performance of a negative-index metamaterial slab based
on split-ring resonators and rods, when magnetic and electric
noise are both significant. It is shown that the former rises rapidly
in the range when negative index effects are obtained, due to the
lossy magnetic resonance. Results for infinite and finite media are
compared, and the effect of size is discussed. Results for the slab
are also compared with the indirect prediction of standard EM
theory, and shown to be identical.

Index Terms—Fluctuation-dissipation theorem, Johnson noise,
metamaterial, negative index, thermal noise.

I. INTRODUCTION

INCE THE time of Johnson [1] and Nyquist [2], it has

been known that dissipative electrical elements give rise
to thermal noise, due to an inescapable linkage known as the
fluctuation dissipation (F-D) theorem [3], [4]. In the 1950s,
Rytov showed that thermal noise generates electromagnetic
(EM) waves in lossy media, and that this radiation is respon-
sible for the thermal emittance of a body. His original work was
published in Russian, but accessible accounts can be found in
a translation [5] and in several well-known textbooks [6]-[8].
Similar theories were also developed in the West [9], [10].

The essence of Rytov’s approach was to add randomly
varying source terms (often known as test sources) to the
Maxwell curl equations. The properties of the sources are
obtained from the F-D theorem. The sources excite noise
waves (essentially Green’s functions), and Rytov found the
thermal radiation by summing the waves, taking into account
their lack of correlation. Although very general, his method
has the limitation that the Green’s functions are only known
analytically for a few systems. Furthermore, he carried out
the summations in k-space rather than real space. While this
approach allows the identification of noise propagating near
a given frequency and direction, it complicates calculations
for finite or inhomogeneous media. Furthermore, such calcu-
lations tend to yield significantly different results to those of
infinite homogeneous media (which anyhow generate some
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Fig. 1. EM wave incident on a slab of lossy material.

well-known paradoxical conclusions, such as thermal noise in
apparently lossless media).

For physicists, most early interest lay in calculating the emis-
sion from extremely hot plasma [11]-[14]. Related problems
include the emission of astronomical objects and radiation from
nuclear detonations. Recourse was often made to approximate
methods, or to an indirect method based on Kirchhoff’s ra-
diation law (for a translation of the relevant paper, see [15]),
which replaces the problem of finding the emittance with that
of finding the absorbance. This method again has limitations; it
cannot find the noise inside a body, or separate it into electric
and magnetic components.

For electrical engineers, thermal noise is of course a sig-
nificant limiting factor for device performance [16]. However,
while some theories of noisy circuits involve the propagation
of noise waves [17]-[23], they appear to have been developed
entirely in isolation from the above. The most relevant recent
work on noise waves has been in photonic-bandgap structures,
and considerable interest has been taken in exploiting period-
icity to modify emittance [24]-[32].

By their nature, the artificial media known as metamaterials
occupy an intermediate position between electrical circuits and
periodically structured media. For example, although they may
be described in terms of effective medium parameters, they are
realized using arrangements of discrete “meta atoms,” whose
response is manipulated to obtain novel properties such as
negative permittivity and permeability [33], [34]. Often, their
behavior is modeled using equivalent circuits [35]-[40]. Since
most metamaterials involve lossy conductors, the question
of their thermal performance is important for a wide variety
of practical applications. For example, we would expect the
signal-to-noise ratio (SNR) of a wave passing through a lossy
negative-index slab (Fig. 1) to deteriorate due to the additive
effect of thermal noise.

We would also expect to be able to control the spectral
variation of emittance to some extent, for example, to alter
the radiation in a given band and hence realize novel thermal
sources. However, effective methods of calculating noise are
needed to assess the likely effects. In the past, the overwhelming
emphasis has been on electrically generated noise. However,
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Fig. 2. Transmission-line model of a finite 1-D noisy EM slab.

because metamaterials require magnetic effects to generate si-
multaneously negative values of permittivity and permeability,
magnetically generated noise also requires investigation.

Clearly, EM noise cannot be separated experimentally into
electrically and magnetically generated components. However,
knowledge of the origins of the dominant noise contribution will
allow engineers to develop low-noise designs. Particularly, the
poor performance of the magnetic resonators currently used in
metamaterials may be identified.

Previously, we have considered the propagation of noise
waves in purely magnetic metamaterials [41], [42]. Here,
we demonstrate a general transmission-line model for 1-D
systems, capable of performing both direct and indirect calcu-
lations, and demonstrate its use in a double negative material.
The idea of modeling EM media in terms of transmission
lines containing lumped-element components that describe
the material properties is long established. Here we take the
equivalence one step further, and use the current and voltage
sources that represent the noise in the components to model the
noise due to the medium. In doing so, we arrive at a discrete
approximation to the Rytov model. The model is introduced in
Section II. Analytic predictions for infinite media are presented
in Section III and numerical calculations for finite media in
Section IV. Since it is important to provide an independent
verification, the numerical results are confirmed using rigorous
solution of Maxwell’s equations in Section V. Conclusions are
drawn in Section VI.

II. 1-D TRANSMISSION-LINE MODEL

We base the analysis on a 1-D transmission-line description
of EM wave propagation. To construct the model, 1-D space is
first discretized into IV sections. Generally, N,; sections (whose
equivalent circuit parameters describe local properties) will be
required for the material, together with two additional sections
for free space outside, so that N = N; + 2. Fig. 2 shows an
example where three central sections correspond to the medium,
while the first and last represent free space. For a general slab
of thickness d, N.; = d/a, where a is the period.

Within the medium, the series impedance in the nth element
is a complex inductance L,, = L., —jL” = pna = (), —jul)a,
where L/ and L are, by definition, the real and imaginary
parts of the inductance and !, and jy!/ are the real and imagi-
nary parts of the complex permeability f,,. The corresponding
impedance is defined as jwlL,, = jwL] + wlL at angular fre-
quency w, where wl! is a frequency-dependent series resis-
tance. Similarly, the shunt impedance is a capacitance C,, =
ena, where ¢, = &), — jel’ is the complex permittivity. Any

nonzero value of £/ will then introduce a parallel conductance
welra. Note that both the inductance and capacitance may vary
from element to element.

According to Nyquist [2], the resistances and conduc-
tances will inject thermal noise. Each series element therefore
has an associated voltage source Vjs,,, describing magnetic
noise, whose root mean square (rms) value in a frequency
interval df is obtained from the fluctuation-dissipation the-
orem. At low frequency, we may use the approximation
Ve Vi, = 4KOwplia df. Here, K is the Boltzmann’s
constant and 6 is absolute temperature, assumed the same
everywhere so the system is in thermal equilibrium. At higher
frequency, the full quantum expression derived from the F-D
theorem [3] may be used. Similarly, the shunt impedance has
an associated current source /g,, describing electric noise,
whose corresponding rms value is specified at low frequency
by Ignlf, = 4KOwela df. These sources are similarly
uncorrelated, and there is no correlation between magnetic
and electric noise. In general, the correlation properties of the
sources may therefore be summarized as [5]

V}\’f’n/ ‘/;Im, = 4K‘9(JJ,LL,ZG, df 6n,m,
IEnIij = 4K9w€:'a df 57zm

2

VeI g = 0. (D

Here, * denotes the complex conjugate and é,,,,, is the Kro-
necker delta. The general task is to find the system response with
all sources present. Within the medium, the transmission-line
equations are

Vn+l - ‘/n = - jwunajn + ‘/]LIWL
In - I’n—l = - jwena"[n + IE‘IL' (2)

These equations are clearly analogous to the time-independent
Maxwell curl equations, with V,, and I, representing the
electric and magnetic fields, respectively, and Vs, and g,
representing Rytov’s sources. For slow variations, we would
therefore expect the quantity 7, = +/(ftn/&r) to describe the
local impedance. If we then write ., = ptioftrn and e, = €p&pn,
where the subscripts 0 and r indicate free space and relative
quantities, respectively, we would also expect the quantity
v/ (trn&rn) to describe the local refractive index.

The line is terminated at each end with a real impedance

Zy = +/(uo/z0), to represent free space. For these elements,
the equations are different, and given by
W
I = —L 4 e
1 Zo + Irg
—In :7/N+] 3)
N-1 Zo FSs.

Here, terms Irg are noise sources associated with free space,
whose rms value is specified by Ips g = (4K6/Z) df.

The equations can be written in matrix formas M ¥ = X.
Here, M is an Njy; x Ny; matrix, Y is a Ny -element column
vector containing the nodal voltages and line currents, X is a
Njs-element column vector containing the noise voltages and
currents, and Np; = 2N — 1. Equation (4) shows the corre-
sponding matrix representation. The matrix M is clearly tridi-
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agonal, and its diagonal elements consist of local admittances,
shown in (4), at the bottom of this page.

The unknowns can be found for any input as ¥ = M 71& .
Solution of Nj; simultaneous equations in this way clearly in-
volves inversion of an Ny x Nps matrix, which becomes in-
creasingly time consuming as Vs rises. However, some prob-
lems—for example, those involving slabs—may contain uni-
form sections of significant length. Within these regions, the
noise wave solutions can only take the form of standing waves,
whose description requires only two current wave amplitude co-
efficients. If these regions may be identified, it should be pos-
sible to reduce the number of equations that must be solved,
effectively trading a reduction in execution time for an increase
in algorithm complexity.

Since the sources are not correlated, the local noise due to
the material may be found directly by evaluating ¥ for each
source in the line in turn and performing an incoherent addition
of the results. This process is equivalent to the spatial summa-
tion of a set of numerically calculated Green’s functions, which
are unique to the arrangement considered. For example, if the
current in element 7 due to a magnetic noise source Vi, in
element m is Inspnm and the corresponding current due to an
electric noise source I g, in element 7 is {g,,m , the local noise
power is P, = Py + Pgr, where

%
PZM' n — § I]\/I'n'm, Ij\{nm RC(Z'IL)
m

PEn - ZIEnmlznmRre(zn)- (5)

kil

Here, the summations are taken over all source positions m.
The powers P, Pg,, and P, can be written in
terms of spectral densities pasn, PEn, and p,, such that
prrn = Parn/df, and so on. Calculation of the spectral density
pw in, say, the right-hand load, then allows direct calculation of
the emittance & (the ratio of the thermal power emitted to the
power emitted by a black body at the same temperature ¢) as

_ PN
E_KH. (6)

This quantity may also be subdivided into magnetically and
electrically driven contributions £, and Eg. Other quantities
may be found by evaluating ¥ when the noise arises instead

from, say, the left-hand free-space impedance. In this case, the
reflection coefficient and transmission coefficients are

(- 2)
(747
(14+7r)Vy

|4 '

r =

(7

The reflectance and transmittance are then R = |r|? and T =
|t|?, respectively. Assuming that the input signal power is Ps,
and the input source noise power in a bandwidth d f is Psy =
K0Odf, the input SNR is Ps/Psx. After passing through the
slab, both Ps and Psy will be modified by the transmittance
T. However, Pgn will also be augmented by the noise due to
the medium Py = EK# df. Thus, the output signal power is
Ps’ = PsT, while the output noise power is Psn' = PsnT +
Px. The output SNR is therefore Pg’ / Psx’, and the noise factor
F—the input SNR divided by the output SNR—can be obtained
as

E
F=1+ T (8)
The noise figure (NF) is then NF = 10 log,, ().

By comparison, the indirect method uses Kirchhoff’s law of
thermodynamic equilibrium to argue for the equivalence be-
tween the emittance and the absorbance A, leading to the al-
ternative expression for the noise factor

A
F=1+7. )

The absorbance can of course be found from the transmittance
and reflectance as A = 1 — R — 7. This approach allows the
noise properties of a body to be found by probing it externally.
However, it clearly cannot separate the emittance into magnet-
ically and electrically generated parts.

III. INFINITE HOMOGENEOUS MEDIA

Before proceeding to specific examples, we consider the case
of infinite homogeneous media, for which we can ignore the
terminations and write j,, = ¢+ and €,, = ¢ for all » in (1) and
(2). The problem can then be solved in terms of known Green’s
functions.

= 1 0 0 0
Zy
-1 jwpia 1 0 0
0 -1 jwesa 1 0
0 0 -1 jwhaa 0
0 0 0 0 jweN,la
0 0 0 0 -1
0 0 0 0 0

0 0 SRV  Tps T
0 0 I Vasi
0 0 Va Ig2
0 0 I _ | Va2 @)
1 0 V1 Ign 1
jwpn_1a 1 In_1 Varn -1
1 1L v L Ips
Zy
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We first note that, in the absence of sources, (2) may
be uncoupled. Assumption of the traveling-wave solutions
I, = Iyexp(—jnka) or V,, = Vyexp(—jnka), where
k = k' — jk” is the complex propagation constant, then yields
the standard dispersion relation

w?pea® — 2{1 — cos(ka)} = 0. (10)
When ka is small (generally the case), we obtain the standard
result k? = w?pe. If we then write ;¢ = ot and e = gge,., this
approximation leads directly to the interpretation of /()
as the refractive index n, as assumed before. However, since
it may be complex, we write n = n’ — jn” and choose the
sign of the square root to give decaying rather than growing
waves. Similarly, the characteristic impedance is the constant
Z = /(u/e) where the sign of the square root is chosen to
give a positive real part.

We now consider the effect of the source terms. Initially, we
consider the magnetic noise excited by the presence of single
voltage source Vy;( in element 0, as shown in Fig. 3(a).

For this case, (2) may be solved by assuming that the source
excites a symmetric pattern of current waves propagating away
in either direction, namely,

Inge = Ingo cxp(=jln|ka). (11)
This solution is the Green’s function for magnetically ex-
cited noise waves in an infinite homogeneous medium,
written in terms of currents. Substitution of (11) into (2), and
making use of (10) allows the amplitude I;¢0 to be found.
Using the approximation of small ka once again, we obtain
Ingo = (Varo/2)+/(g/1). Since we may write this result as
Inio = Varo/22, it has a simple interpretation: it is the current
we would expect to launch into two semi-infinite 1-D media
arranged in parallel. Accompanying the current waves are
voltage waves. At the same level of approximation, it is simple
to show that their pattern is antisymmetric and given by

Tarok
Virn = — ( A0 ) exp(+jnka), forn <0
we

Iy, k
Viin = + ( MO ) exp[—j(n — Dka], forn > 1. (12)
we

Since the sources are uncorrelated, the Green’s functions must
be so as well. To allow their incoherent addition, we will gen-
erally be interested terms of the form s, I3,,,, which, in this
case, may clearly be written as

I.Mn]j’tJn = IAMOI?\:/IO exp(—2|n|k/’a). (13)
Since the noise sources are all identical, the current In/y., In
element n due to a source in a different element 772 can then be
written down straightaway as the shifted solution

(14)

Fig. 3(b) shows example variations for representative noise
sources. The patterns decay exponentially on either side of
the excitation. At each point, their effects must be summed,

* * I
IAMT””IAITWL = NIOIAM'O exp(_Q‘n - 7n’|k (1,).
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Fig. 3. (a) Infinite homogeneous medium with magnetic noise source in ele-
ment 0. (b) Current distributions from representative noise sources.

but for infinite homogeneous media, the result must be in-
dependent of position. We therefore need only consider one
observation point, say, element 0. Since the current gy,
in this element due to a source in element m must satisfy
LnvomIhom = Ineolysg exp(—2|m|k"a), the total effect due
to all the magnetic noise sources is the incoherent sum

Ialyy = oy m_iooz exp(—2|m|k"a).  (15)
Assuming k" a is small, this sum can be evaluated analytically,
to get Ia I3, = Inodyso/k" a. The corresponding power (the
same everywhere) is then Py; = IpI7,;Re(Z). With some
simple manipulation, we then obtain for the spectral density of
magnetically excited noise

o 1
par :K&,/(gr&r> Rc{ (“—)} k.
Py fbr, gy n

The analysis above may be repeated for electric noise, starting
by assuming a current source /gq in element 0. The main steps
are similar; however, this time the Green’s function Vy;, =
Varo exp(—j|n|ka) for voltage waves is symmetric, and the as-
sociated current pattern is antisymmetric. The resulting spectral
density of electrically excited noise is

* - o
pE = K, (—MTHT) Re { <i> } ET// ’
erern Jhy 7
Equations (16) and (17) clearly have similar form, and can be
obtained from each other by exchanging magnetic and electric

quantities. Since the two types of noise are also uncorrelated,
the total spectral density can again be written as p = pys + pE.

(16)

an

We now briefly consider the paradox of noise in
low-loss media. If ¢, < ¢,/ and p) < pul, we can
make the approximations +/(e,e%/p.p¥) = el/u,

Re{lv/(ur/er)} = V(w'/e'), n' =

phely, and
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H wave
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Fig. 4. Negative index medium based on SRRs and rods. (a) Physical realiza-
tion. (b) Circuit representation.

n' = {ple + el {2 (le.")}. In this case, we

. 2K¢# e !
YAV el + e}

2K e’
E ~ T T .
Tw'el + 27}

P (18)

Addition then leads to the result p = 2K 6, corresponding to
K6 for each of the two wave directions. This result still holds
when losses tend to 0, and implies that there must actually be
thermal noise in lossless media, a well-known and counter-in-
tuitive conclusion. However, the paradox is resolved by con-
sidering that the noise must be generated by a summation of
an infinite set of infinitely weak noise waves with contributions
arising from sources infinitely far from the point of observation.
Consequently, similar effects cannot arise in more realistic finite
media.

IV. NOISE IN NEGATIVE INDEX MEDIA

As an example, we consider the case of noise in negative
index media, a topic of current interest. In such media, magnetic
resonators such as split-ring resonators (SRRs) are used to con-
trol the effective relative magnetic permeability s, at RF and
microwave frequencies [33], [34]. Similarly, conducting rods
are used to control the dielectric permittivity ,.. With careful
choice of parameters, 1, and &, may each be made negative
over limited frequency ranges. In any range where both are si-
multaneously negative, the refractive index n = +/(e,u,-) is
also negative, and many interesting phenomena such as nega-
tive refraction can arise.

SRRs consist of a nested pair of conducting loops with splits
located on opposite sides. In the 1-D case, the SRRs are arranged
perpendicular to the magnetic field of a traveling EM wave, as
shown in Fig. 4(a). In this geometry, the magnetic field can in-
duce voltages in the resonators. The resulting currents create ad-
ditional magnetic fields, which, when added to the original field,
give rise to the effect of nonunity relative permeability. Simi-
larly, the rods are conducting strips. These are arranged parallel
to the electric field, which may then drive currents up and down
the strips. The currents then give rise to additional electric fields,

which are in turn responsible for the effect of nonunity relative
permittivity. Thus, magnetic and dielectric effects may both be
achieved using conductors. However, the presence of loss in the
conductors makes such media particularly susceptible to noise.

Assuming that the SRRs are not coupled to their neighbors, a
detailed equivalent circuit valid for low frequency is as shown
in Fig. 4(b) [39]. Here, the EM wave is represented as a trans-
mission line with lossless series and parallel elements Lo = ppa
and Cy = gpa. SRR loading is represented using lossy L—C res-
onators with elements Rz, L, and Cyy, coupled via a mutual
inductance Mj; into the series branch. Rod loading is repre-
sented using inductances L g and resistances Rg in the shunt
branch. Associated with R,; and Rg are noise sources Upsp,
and Ug,,. Their values follow from the F-D theorem, and sat-
isty UninUyy,, = 4K0Ry df and Ug,Ug,, = 4K8Rg df
[2].

In this equivalent circuit, all the components and noise
sources have constant values, but the circuit is relatively com-
plex. However, it is straightforward to reduce it to the simpler
form shown in Fig. 2, where the permittivity and permeability
are now frequency dependent and given by

w2

___r

(w? — jww,)
72

@i dwa )’

Here, wg = 1/4/(L3;Chs) is the resonant frequency of the
resonators, Qo = wolLy; /Ry is their quality factor, ¢ =
M3, /LoLyy is the filling factor, and w, = 1//(LgCo) and
w, = Rp/Lg are the equivalent plasma frequency and colli-
sion damping frequency of the rods, respectively. Similarly, it is
possible to show that the noise sources are related to the imag-
inary parts of the permittivity and permeability, as previously
described.

Fig. 5 shows the frequency dependence of the effective
medium parameters for ¢ = 1 cm, wy = ¢/10a, where
¢ = 1/+/{11080), corresponding to a resonant frequency of 480
MHz, Qg = 200, ¢> = 0.1, w,/we = 1.1, and w; fwg = 0.01.
Here, we focus on the frequency range for which negative
parameters are obtained.

The real part of ¢, [see Fig. 5(a)] is slowly varying, being
negative below the plasma frequency wp and positive above it,
and tending to unity at high frequency. The real part of 1, [see
Fig. 5(b)] is much faster varying, being positive below the res-
onant frequency wy, negative just above it and again tending to
unity at high frequency. The real part of the index [see Fig. 5(c)]
has a more complicated variation. n’ is approximately 0 when
! and . are of opposite signs. When both are negative, n’ is
negative, and when both are positive, n’ has a conventional pos-
itive value. The imaginary part of the permittivity ¢!’ is gener-
ally small and slowly varying. However, because the magnetic
effects are derived from a resonance, )/ has a large peak near
wo. Consequently, we would expectn”’ to be dominated by mag-
netic loss, and hence, that propagation loss would be high in ex-
actly the region where negative-index effects are obtained. In
this range, we would therefore expect poor noise performance.

gp=1—

fy =1— (19)



SYMS et al.: TRANSMISSION-LINE MODEL OF NOISY EM MEDIA

-

I
th

|

|

1
-

a)

20

=

pre

10

Relative permeability Relative permittivity

b)

P
&

1

Refractive index

2 . . . .
c) 1 11 12 13
/wo
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Fig. 6 shows the frequency variations of the normalized
magnetic, electric, and total noise power spectral densities
pr /2K, pp/2K0, and p/2K 8 for an infinite medium under
different conditions. The parameters are generally as above.

However, in Fig. 6(a), we arbitrarily set w, and w, to 0 to
mimic the effect of removing the rods. There is only magnetic
noise, and py; =~ 2K0 in the passbands where y]. > 0, and
s = 0 in the stopband where 1. < 0. Similarly, in Fig. 6(b),
we restore the rods, but set g2 to 0 to mimic the effect of re-
moving the resonators. There is now only electric noise, and
pe ~ 2K6 when e, > 0, and pg =~ 0 when e, < 0.In
Fig. 6(c), we allow rods and resonators together so both types of
noise are present. This time, the total noise density is p =~ 2K 6
in the propagating bands, when g, and /. have the same sign,
but p ~ 0 when the signs differ. For these parameters, magnetic
noise dominates in the negative index band.

To highlight the difference between finite and infinite media,
Fig. 7 shows the frequency variations of pa; /2K 6, pg /2K,
and p/2K# at the center of the slab, when resonators and rods
are both present.Fig. 7(a)—(c) shows results for N.; = 100, 500,
and 2500, respectively (corresponding to & = 1,5, and 25 m).
For small N.;, the spectra are very different to those of Fig. 6(c),
and the noise is generally lower in the low-loss spectral region
above w,. As N,; rises, the results gradually approach those
for infinite media, but become increasingly oscillatory. These
effects arise from a combination of the absence of some of
the long-range noise sources that contribute to the uniform
noise density in an infinite medium, and Fabry—Perot effects
in the slab. Note that the convergence is extremely slow,
highlighting the unrealistic nature of the results for infinite
media.
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Fig. 6. Frequency variation of the normalized noise PSD p/2 K 8 in an infinite
medium based on: (a) resonators only, (b) rods only, and (c) resonators and rods
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Fig. 8 shows the corresponding data for the emittance. Once
again, the results gradually evolve as V; rises so that the emit-
tances of thick and thin slabs are quantitatively different. How-
ever, once the slab is thick enough, the emittance becomes ef-
fectively constant and the slab may be considered infinite for all
practical purposes.

Fig. 9 shows the corresponding variations of the transmit-
tance, reflectance, and emittance, all plotted together. Again,
we see differences as the slab thickness changes. However, once
the slab is thick enough, its reflectance also effectively becomes
constant, while its transmittance tends to 0.

The behavior above implies poor noise performance for thick
slabs. Fig. 10 shows the corresponding frequency variation
of the NF. For small thickness, the NF rises rapidly as »'
becomes increasingly negative, reaching a peak at wg. Since the
frequency range in which n’ is negative approaches this value,
the operating frequencies of negative index media based on
magnetic resonators should be chosen with care. As the thick-
ness rises, usable NFs are obtained only at high frequency, i.e.,
completely outside the negative index band. As has previously
been noted [41], [42], amplification may be used to restore
the signal, but will be unable to improve the NF significantly.
High-Q-factor SRRs are therefore imperative.

V. VERIFICATION USING MAXWELL’S EQUATIONS

For some simple arrangements, the results may be compared
with the prediction of standard EM theory. All that is required is
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Fig. 9. Frequency variation of the transmittance I' (dashed lines), reflectance
R (dotted), and emittance E (solid) of a finite slab based on resonators and rods
for: (a) 100, (b) 500, and (c) 2500 elements.
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Fig. 10. Frequency variation of the NF of a finite slab based on resonators and
rods for: (a) 100, (b) 500, and (c) 2500 elements.

a method of finding the transmittance and the reflectance. If one
is available, the absorbance can be extracted and Kirchhoff’s
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law invoked to find the emittance. For example, for a uniform
slab, the transmission and reflection coefficients are

t12t21 exp(—jkond)

t =
{1 —r3; exp(—j2kond)}
t12t21721 exp(—j2kond)
= = 20
r=ne {1 — 72, exp(—j2kond)} (20)
Here, kg = w/\/(copo) is the propagation constant of free

space and v;; and ¢;; are the transmission and reflection coeffi-
cients at the interface between media ¢ and j given by

T =g = T2
(1+)
2 20
iy = 7—— lon= —~.
(ep) D

The transmittance and reflectance may then be found as R =
|7|> and T = |t|?. Using this approach, exactly the same re-
sults as Figs. 9 and 10 were obtained, confirming the essential
validity of the transmission-line model. However, the indirect
method clearly cannot make any predictions for infinite media,
find the noise inside a body, separate the magnetic and electric
contributions, or perform calculations for general geometries.

Some differences were seen when the same slab thickness
was modeled using smaller numbers of elements with larger
values of the period a. These departures are due to increasing
granularity in the numerical model, which then provides a less
effective representation of a continuous medium. Clearly, an
appropriate subdivision of the calculation space is required to
achieve accurate results.

2y

VI. CONCLUSIONS

We have demonstrated a simple 1-D transmission-line calcu-
lator for EM noise. The method allows both the magnetic and
electric contributions to the emittance and noise factor to be
found, together with transmittance and reflectance, and should
therefore be useful in general noise calculations. The significant
difference between the “classical” result for the power spectral
density of noise in infinite media and the more realistic result
obtained in finite slabs has been highlighted.

The model is clearly based on low-frequency assumptions
and has restricted dimension. The use of a circuit analog is no
disadvantage since it should simplify the addition of sources and
detectors, and hence, allow the simulation of complete commu-
nication or sensing systems. A 1-D model should be adequate
for many problems involving slabs, shells, and multilayers, and
extension of the method to describe other media and include ad-
ditional dimensions appears possible.

For example, simulation of signal propagation in 2-D and 3-D
metamaterials has already been carried out [37], [38]. The de-
velopment of analogous methods for modeling the propagation
of noise in higher dimensions would, in principle, be straightfor-
ward. However, there are a number of practical difficulties. The
first is to achieve sufficiently rapid calculation. For example, a
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2-D calculation window with NV x NV elements would require in-
version of an N3, X N2, matrix, and computation of the effects
of 2N}, noise sources. This poor size scaling might render the
approach impractical for three dimensions. The second is to de-
fine absorbing boundary elements that operate effectively over
a wide range of incidence angles. The third is to decompose
the resulting radiation field into an angular spectrum of plane
waves. These aspects are currently being considered.

The particular case of negative index media based on SRRs
and rods, when magnetic effects are significant, has been exam-
ined. The results show that the NF increases rapidly in the range
where the index is negative, due primarily to magnetic noise
from lossy resonators used to generate a negative permeability.
This conclusion represents a characteristic difference between
conventional and artificial materials. Although resonance also
occurs in conventional media, due to electronic or molecular
absorption, high performance may easily be obtained because
the quality factor is typically much higher and the operating fre-
quency may be well separated from the resonance.

Experimental confirmation of the theoretical predictions
could be carried out in a rectangular waveguide, by comparing
the power spectral density of the noise due to a source such
a noise diode, with and without loading by SRRs and rods
between the source and receiver. However, high frequencies
would be required to achieve a compact waveguide arrange-
ment.
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