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İzmir Institute of Technology
in Partial Fulfillment of the Requirements for the Degree of

DOCTOR OF PHILOSOPHY

in Physics

by
Zebih ÇETİN
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ABSTRACT

PHOTONIC CRYSTAL TEXTILES

Photonic crystals are man-made structures that can be used to manipulate the

flow of light. They are classified as one-, two- and three-dimensional photonic crystals

according to the periodic variation of the dielectric profile in space. Apart from artificial

photonic crystals there are numerous examples of naturally occurring photonic crystals

which have evolved mostly for structural coloration, such as wings of butterflies, natural

opal gem stone, peacock feathers to name a few. Using photonic crystal structures the

propagation of electromagnetic waves can entirely be prohibited by means of photonic

band gap. Considering the fact that approximately two thirds of the heat loss of the human

body occurs through electromagnetic radiation with a wavelength around 10 microns, it

becomes important to consider photonic crystals for the purpose of reducing heat loss in

textiles. We observe that the textile, by virtue of the fact that it has been produced by

weaving, already has a periodic structure, and thus is a potential candidate for a photonic

crystal. With the right fiber that the textile is woven and the right weave pattern, the textile

itself would be a photonic crystal. The most common weave patterns used in the textile

industry are plain weave, basket weave, dutch weave and twill weave. In this thesis, we

used the finite-difference time-domain method to search for the optimum weave pattern

to minimize heat loss by the human body.
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ÖZET

FOTONİK KRİSTAL TEKSTİLLER

Fotonik kristaller, elektromanyetik dalgaları (ışığı) manipüle etmek için kullanıla-

bilen insan yapımı yapılardır. Uzayda dielektrik profilin periyodik değişimine göre bir,

iki ve üç boyutlu fotonik kristaller olarak sınıflandırılırlar. Yapay fotonik kristallerin yanı

sıra, kelebek kanadı, doğal opal değerli taşlar, tavus kuşu tüyü gibi çoğunlukla yapısal ren-

klenme için evrimleşmiş doğal olarak oluşan fotonik kristallerin sayısız örneği vardır. Fo-

tonik kristal yapılar kullanılarak elektromanyetik dalgaların yayılması fotonik bant aralığı

vasıtasıyla tamamen engellenebilir. İnsan vücudundaki ısı kaybının yaklaşık üçte ikisinin

dalga boyu 10 mikron civarında olan elektromanyetik radyasyon yoluyla gerçekleştiği göz

önüne alındığında, tekstillerde ısı kaybını azaltmak amacıyla fotonik kristallerin dikkate

alınması önem kazanmaktadır. Dokuma yoluyla üretilmiş olması nedeniyle kumas zaten

periyodik bir yapıya sahiptir ve bu nedenle potansiyel bir fotonik kristaldir. Eğer kumaşın

imal edildiği iplik gerekli elektriksel, optik ve geometrik özelliklere sahipse, kumaşın

kendisi bir fotonik kristal gibi davranacaktır. Tekstil sektöründe en çok kullanılan örgü

modelleri düz örgü, sepet örgü, hollanda örgü ve dimi örgüdür. Bu tezde, insan vücud-

unun ısı kaybını azaltmak için en uygun örgü modelini sonlu farklar (FDTD) yöntemini

kullanrak arastırdık.
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CHAPTER 1

INTRODUCTION

Heat loss of the human body basically occurs in 3 different ways, convection and

conduction, evaporation of moisture, and radiation (Hardy et al. (1934a), Hardy et al.

(1934b), Hardy et al. (1934c), Hardy et al. (1934), Winslow et al. (1939)). Depending

on the environmental conditions such as wind, ambient temperature, relative humidity in

the air and the person’s clothing, which of these 3 different channels has a share in the

heat loss varies. For example, convection becomes the most important heat loss channel

in windy weather. Or for someone lying on cold snow, heat loss by physical contact may

be more important. However, under normal conditions, about two-thirds of the heat loss

from the human body is through radiation (Hardy and DuBois, 1937).

The intensity of the electromagnetic waves emitted by an ideal blackbody at tem-

perature T , depending on the frequency, that is, the energy emitted from the unit area of

the blackbody in unit time, in unit frequency range, is given by the Planck distribution

(Planck, 2013), u(ν, T ) = (8πh/c3)ν3/(ehν/kT − 1). where h is Planck’s constant, c is

the speed of light, k is Boltzmann’s constant, and ν is the frequency. Integrating over

the frequency and multiplying by the area of the object gives the energy emitted from

the object per unit time, Pemitted = εAσT 4, where A is the surface area of the object, σ

is the Stephan-Boltzmann constant, and ε (emissivity) is a measure of how close the ob-

ject’s surface is to the ideal blackbody surface. If ε = 1, the surface emits radiation (and

absorbs the radiation falling on it) like an ideal blackbody. For human skin, this value

has been measured as approximately ε = 0.98 (Hardy et al., 1934; Sanchez-Marin et al.,

2009; Steketee, 1973). In other words, the human skin radiates energy almost like an ideal

blackbody. Every blackbody emits energy itself, as well as absorbs the energy emitted by

the objects around it. If we take the ambient temperature as T0, the energy taken from the

environment is Pabsorbed = εAσT 4
0 . Since the energy given and received is from the same

surface, the net loss of energy per unit time from the human body to the surroundings by

radiation is Pnet = Pemitted − Pabsorbed = εAσ(T 4 − T 4
0 ). As the difference between the

ambient temperature and the temperature of the human body increases, the heat loss by
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radiation also increases rapidly. Suppressing this radiation can reduce the energy loss by

radiation thereby reducing the demand on energy for heating space around human body

to maintain thermal comfort. It has been shown that using a one-dimensional photonic

crystal one can reduce electromagnetic radiation (blackbody radiation) (Cornelius and

Dowling, 1999).

Photonic crystals (PCs) are artificially formed structures by periodically alternat-

ing arrangement of high and low dielectric constant materials (John, 1987; Yablonovitch,

1987; Yablonovitch and Gmitter, 1989). When the waves reflect from this periodic struc-

ture, depending on the geometry of the periodic structure and the wavelength, waves scat-

tered from different points of the structure causes interference, and depending on whether

this interference is damping or strengthening gives rise to the formation of a photonic

band gap (PBG). Electromagnetic waves with frequencies falling into this gap are forbid-

den to propagate in the crystal. While the principle is so simple, the complexity of the

geometry of the structure makes it difficult to determine, without any prior calculations,

exactly what a given wave will do. While rough estimates are possible for some specific

cases, in general it is nearly impossible to predict the result with reasonable accuracy

without doing some fairly intensive numerical calculations. Many calculations made in

the late 1980s, when the interest in PCs first emerged, contained serious errors in this

regard (Sözüer et al., 1992).

Using the vector nature of electromagnetic fields, photonic band structure of di-

electric spheres arranged in face-centered-cubic (fcc) lattice symmetry is calculated for

the first time (Ho et al., 1990). Another three-dimensional structure that possesses a com-

plete PBG is a called "Yablonovite" and can be fabricated by chemical-beam-assisted ion

etching (Yablonovitch et al., 1991). The first three-dimensional photonic crystal with a

complete band gap, dubbed "woodpile," is studied theoretically (Sözüer and Dowling,

1994; Ho et al., 1994) and fabricated using a "layer-by-layer" technique and experimen-

tally studied in the microwave and far-infrared frequency regime (Özbay et al., 1994;

Özbay, 1996). Microwave transmittance values and band structures of a 4 unit cell thick

photonic crystal formed from periodically stacked alumina rods were calculated (Özbay

et al., 1994). Even with only 4 unit cell thickness, the transmittance for frequencies in the

photonic band gap decreased by -40 to -70 dB. In another pioneering study, the transmit-

tance measurements of the fcc tetragonal photonic crystal, which consists of four period-
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ically stacked layers, at frequencies between microwave and far infrared were examined

(Özbay, 1996), and it was observed that the transmittance of the photonic crystal with a 4

unit cell thickness decreased to around -50 dB in the band gap. These results, especially

the demonstration by Özbay that the microwave transmittance of a photonic crystal even

with a thickness of only 4 unit cells can be reduced so much, gives us hope that photonic

crystal thermal fabrics can be implemented practically.

Three-dimensional PC structures mentioned above were hard to fabricate, and the

fabrication methods were time consuming and expensive while the gaps obtained were

in the microwave regime. For the human body at a temperature of 37◦C (310K), the

wavelength at which the radiation emitted has a maximum intensity around 10μm, with a

very wide distribution and it is in the infrared regime of electromagnetic spectrum. So it

is desirable to find an easy fabrication method for large scale production with a fairly low

cost.

Photonic band gap properties of dielectric fibers woven into a three-dimensional

structure, similar to the weaving patterns used in textiles, that can behave as photonic

crystals is calculated (Tsai et al., 1998). To obtain a wide band gap, the dielectric constants

of the fibers immersed in air background need to be 40 (or greater). In a similar study, it

is reported that an absolute photonic band gap can be achieved with fairly lower dielectric

constant (ε ∼ 16) (Tsai et al., 1999). Topologically similar to previous two works, large

and robust photonic band gaps were achieved using square spiral posts in a tetragonal

lattice (Toader and John, 2001; L. Chern et al., 2004).

Using textile technology, a straight woodpile like fabric, a multilayered woven

fabric, and three-dimensional woven fabric was fabricated. It was shown that those struc-

ture posses photonic band gaps in the 6 to 15 GHz range (Watanabe et al., 2004). But

those structures are rigid and not suitable to change shape. Fibers formed from alumina

balls into teflon tube in a certain period as in photonic crystals (Watanabe et al., 2010)

was fabricated. It was shown that flexible woven photonic crystals can be fabricated.

Besides flexibility, high dielectric contrast is also required for the formation of a pho-

tonic band gap. It was shown that cotton-yarn coated by TiO2 can have high dielectric

contrast (Furukawa et al., 2012). For high temperature applications, the use of photonic

crystal structures to control the electromagnetic wave propagation of objects at tempera-

tures around 1000◦C (and above) (Shklover et al., 2009) is proposed. However, since the
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wavelength will be 3 microns and below at these temperatures, the required fibers must

be much finer.

Regulating thermal energy in close vicinity of the human body without any input

power like traditional heating and cooling systems has attracted great interest in the scien-

tific community. For cooling it is required that materials used to make clothes need to be

infrared-transparent visible-opaque to have a cooling effect. It was shown that synthetic

polymer fibers (Tong et al., 2015), nanoporous polyethylene (nanoPE (Hsu et al., 2016;

Cai et al., 2019), boron nitride composite fibers (a-BN/PVA) (Gao et al., 2017), nanofiber

membrane (NFM) (Xiao et al., 2019), microstructures with randomly stacked silk fibers

(Yang and Zhang, 2021) and nanoporous polymer matrix composites (PMCs) (Zhou et al.,

2021) are permeable to human body radiation in the mid-infrared spectrum but opaque to

visible light. In another work it was shown that using photonic crystals properties, woven,

knitted or nonwoven textiles (Catrysse et al., 2016; Chen et al., 2021) or polyethylene ox-

ide films composed of random nanofibres as daytime radiative coolers (Li et al., 2021)

can be used to make effective cooling wearable clothes. It was shown that a high re-

flectance in the sunlight region because of its ordered or disordered photonic structure

a selective emittance in the mid-infrared region can be achieved. A tri-layered struc-

ture (nylon (PA), polyvinylidene fluoride (PVDF) and polyethylene (PE)) (Song et al.,

2020) and a hybrid membrane exfoliated BN nanosheets (BNNS) with layered double hy-

droxide (LDH) nanosheets covering the surface of the inorganic-organic hybrid cellulose

membrane (ICM) (Gu et al., 2021) was studied for personal thermal management.

For heating purposes, a personal thermal management system based on metallic

nanowire-embedded fabric (Hsu et al., 2015), a fabricated MXene/nanoPE textile with

a low IR emissivity at 7-14 μm (Shi et al., 2021) were proposed to reflect human body

thermal radiation. Besides thermal insulation, these fabrics can be supplied by power to

have additional active heating functionality. Using nanoporous metallized polyethylene

(Cai et al., 2017), silk fibroin/graphene oxide aerogel fibers (SF/GO) (Wang et al., 2020),

fibers composed of a polyurethane (PU)-ATO composite (Jeong et al., 2020) and carbon

nanotubes (CNTs) (Yu et al., 2021) it was shown that the created nanophotonic struc-

ture textiles with tailored infrared (IR) properties can be used for passive personal heat-

ing. In another study, CNT/cellulose aerogel layers, cotton textiles, and copper nanowire

(CuNW)-based conductive network (CNN) layers were used to create a laminated fabric
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with improved photothermal conversion, mid-infrared reflectance, thermal insulation, and

electrical heating performance (Guo et al., 2021).

Building energy efficiency and personal thermal management have both benefited

from the development of dual-mode thermal management materials capable of both cool-

ing and heating. For example a bilayer emitter inserted inside an infrared-transparent

nanoporous polyethylene (nanoPE) layer in the dual-mode textile can be used to perform

both radiative cooling and heating (Hsu et al., 2017). By using engineered fabric building

blocks, a metafabric was created and analyzed for applications such as personal thermal

cooling, thermal insulation, and thermoregualation (Jafar-Zanjani et al., 2017). Inspired

from nature, a composite material inspired by squid skin’s dynamic color-changing ca-

pability with tunable thermoregulatory capabilities was designed (Leung et al., 2019).

A polymer photonic membrane (Assaf et al., 2020), nanostructured material (Luo et al.,

2021) that captures solar energy and a dual-mode thermal management materials using

just organic polymers (Xiang et al., 2022) are studied in order to thermoregulate the hu-

man body microclimate.

However, solutions proposed so far involve production of photonic crystals and

somehow embedding them into or fixing them onto textiles. We observe that the textiles,

by virtue of the fact that they have been produced by weaving, already have a periodic

structure, and thus are potential candidates for a photonic crystal. Thus it’s not necessary

to manufacture a separate photonic crystal and somehow "mount" it on the textile. If the

fiber that the textile is woven from has the necessary electrical, optical and geometrical

properties (Tao et al., 2018), and is woven with the right geometrical structure, then the

textile itself would be a thin layer of photonic crystal.
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CHAPTER 2

THEORY AND COMPUTATIONAL METHODS

2.1. Maxwell’s Equations

To understand propagation of light in dielectric medium we start with microscopic

Maxwell’s equations,

∇ · E = ρ/εo

∇ ·B = 0

∇×B = μ0J+ εo
∂E

∂t

∇× E = −∂B

∂t

(2.1)

where ρ and J represent charge density and current density, and ε0 and μ0 are the permit-

tivity and the permeability of free space, respectively. In a material medium D and H are

defined as D ≡ ε0E + P and H ≡ 1
μ0
B−M, where P is the electric polarization of the

medium and M is the magnetization of the medium. Using these definitions, Maxwell’s

equations for macroscopic fields take the form

∇ ·D = ρf

∇ ·B = 0

∇×H = Jf +
∂D

∂t

∇× E = −∂B

∂t

(2.2)

which are called Maxwell’s equation for macroscopic fields and ρf and Jf are the free

charge and current densities respectively. In a medium with no free charges and current,
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ρf = 0, Jf = 0, Maxwell’s equations become

∇ ·D = 0, ∇×H =
∂D

∂t

∇ ·B = 0, ∇× E = −∂B

∂t

(2.3)

For isotropic, non-dispersive and non-lossy materials D and B are defined as, D =

ε0ε(r)E and B = μ0μ(r)H where ε(r) and μ(r) are the relative permittivity and per-

meability of the medium that are functions of position. Substituting these two definitions

into Maxwell’s curl Equations for D and B,

∇×H =
∂D

∂t
=

∂

∂t
[ε0ε(r)E] = ε0ε(r)

∂E

∂t
(2.4)

∇× E = −∂B

∂t
= − ∂

∂t
[μ0μ(r)H] = −μ0μ(r)

∂H

∂t
(2.5)

and dividing by ε(r) and μ(r),

1

ε(r)
∇×H = ε0

∂E

∂t
(2.6)

1

μ(r)
∇× E = −μ0

∂H

∂t
(2.7)

Now taking curl of both sides of Equation 2.6 and Equation 2.7 we have,

∇×
[

1

ε(r)
∇×H

]
= ε0

∂

∂t
[∇× E] (2.8)

∇×
[

1

μ(r)
∇× E

]
= −μ0

∂

∂t
[∇×H] (2.9)
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substituting Equation 2.5 and Equation 2.4 for the expressions ∇× E and ∇×H on the

right-side of Equation 2.8 and Equation 2.9 then we have,

∇×
[

1

ε(r)
∇×H

]
= −ε0μ0μ(r)

∂2H

∂t2
(2.10)

∇×
[

1

μ(r)
∇× E

]
= −ε0μ0ε(r)

∂2E

∂t2
(2.11)

and using μ0ε0 = 1/c2, where c is speed of light in free space, then we finally have written

Maxwell’s equations for magnetic field, H, and electric field, E, which are,

∇×
[

1

ε(r)
∇×H

]
+

1

c2
μ(r)

∂2H

∂t2
= 0 (2.12)

∇×
[

1

μ(r)
∇× E

]
+

1

c2
ε(r)

∂2E

∂t2
= 0 (2.13)

These two equations (Eq. 2.12 and Eq. 2.13) are the starting point of solving the

problems in this thesis. Together with the divergence equation, for a given periodic di-

electric medium it tells us everything we need to know about the magnetic field, H, and

the electric field E and the corresponding frequencies.

2.1.1. Plane Wave Expansion Method

Both H and E fields are functions of position and time, H(r, t) and E(r, t). To

deal with the time dependence we first take Fourier Transform with respect to time. In

3-dimensions, the electric and magnetic properties of materials are defined as ε(r) and

μ(r) where r = xi+ yj+ zk. The electric and magnetic fields are defined as,

H(r, t) =

∫ ∞

−∞
H(r, ω)e−iωtdω (2.14)

E(r, t) =

∫ ∞

−∞
E(r, ω)e−iωtdω (2.15)
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Putting these two equations into Equation 2.12 and Equation 2.13 then we have,

∫ ∞

−∞
e−iωtdω

{
∇×

[
1

ε(r)
∇×H

]
− ω2

c2
μ(r)H

}
= 0∫ ∞

−∞
e−iωtdω

{
∇×

[
1

μ(r)
∇× E

]
− ω2

c2
ε(r)E

}
= 0

(2.16)

Since the Fourier Transform of each term in curly braces vanishes, the terms in each curly

brace must vanish, then we have

∇× [η(r)∇×H]− ω2

c2
μ(r)H = 0 (2.17)

∇× [ζ(r)∇× E]− ω2

c2
ε(r)E = 0 (2.18)

where ζ(r) = 1/μ(r) and η(r) = 1/ε(r). After we eliminated time dependence, now we

write E(r) and H(r) as,

H(r) =

∫
allq

H(q)eiq·rd3q (2.19)

E(r) =

∫
allq

E(q)eiq·rd3q (2.20)

and plugging them into Equation 2.17 and 2.18

∇×
[
η(r)∇×

∫
allq

H(q)eiq·rd3q
]
− ω2

c2
μ(r)

∫
allq

H(q)eiq·rd3q = 0 (2.21)

∇×
[
ζ(r)∇×

∫
allq

E(q)eiq·rd3q
]
− ω2

c2
ε(r)

∫
allq

E(q)eiq·rd3q = 0 (2.22)

Note that these two equations are similar, which means we can get one from another by

substituting E → H, ε → μ, and ζ → η. From here we can continue with one of these,

say Eq. 2.22. To evaluate the curl of the integral containing E(q), we use the vector
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identity ∇× (fA) = f(∇×A)−A× (∇f) and recalling that ∇ operates only on r,

∇×
∫
allq

d3qE(q)eiq·r =

∫
allq

d3q∇× [
eiq·rE(q)

]
=

∫
allq

d3q
[
eiq·r(∇× E(q))− E(q)× (∇eiq·r)

]
=

∫
allq

d3q
[
0− E(q)× (iqeiq·r)

]
=

∫
allq

d3q iq× E(q)eiq·r (2.23)

and we write periodic functions, ε(r), μ(r), η(r), and ζ(r) as,

ε(r) =
∑
G

ε(G)eiG·r μ(r) =
∑
G

μ(G)eiG·r

η(r) =
∑
G

η(G)eiG·r ζ(r) =
∑
G

ζ(G)eiG·r (2.24)

where η(r) = 1/ε(r) and ζ(r) = 1/μ(r). Now we put Equation 2.19, Equation 2.20 and

Equation 2.24 into Equation 2.17 and Equation 2.18. The integral over q is over the entire

reciprocal space. This space can be broken up into "cells" defined by the basis vectors bi,

so that

∫
allq

dqf(q) −→
∫
cell

dk
∑
G

f(k+G) (2.25)

Eq. 2.22 becomes

∇×
⎡
⎣
⎛
⎝∑

G′′
ζ(G

′′
)eiG

′′ ·r

⎞
⎠(∫

allq

d3q iq× E(q)eiq·r
)⎤⎦

− ω2

c2

(∑
G

ε(G)eiG·r
)(∫

allq

d3qE(q)eiq·r
)

= 0
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∇×
⎡
⎣
⎛
⎝∑

G′′
ζ(G

′′
)eiG

′′ ·r

⎞
⎠
⎛
⎝∫

cell

d3k
∑
G′

i(k+G
′
)× E(q+G

′
)eiq·r

⎞
⎠
⎤
⎦

− ω2

c2

⎛
⎝∑

G′′
ε(G

′′
)eiG

′′ ·r

⎞
⎠
⎛
⎝∫

cell

d3k
∑
G′

E(k+G
′
)ei(k+G

′
)·r

⎞
⎠ = 0

∫
cell

d3k
∑
G′′

∑
G′

ζ(G
′′
)∇×

[
i(k+G

′
)× E(k+G

′
)ei(k+G

′
+G

′′
)·r
]

− ω2

c2

∫
cell

d3k
∑
G′′

∑
G′

ε(G
′′
)E(k+G

′
)ei(k+G

′
+G

′′
)·r = 0

∫
cell

d3k
∑
G′′

∑
G′

ei(k+G
′
+G

′′
)·r
{
ζ(G

′′
)i(k+G

′
+G

′′
)×

[
i(k+G

′
)× E(k+G

′
)
]

−ω2

c2
ε(G

′′
)E(k+G

′
)

}
= 0

Letting G = G
′
+G

′′

∫
cell

d3k
∑
G

ei(k+G)·r

⎧⎨
⎩
∑
G′

ζ(G−G
′
)(k+G)×

[
(k+G

′
)× E(k+G

′
)
]

+
ω2

c2

∑
G′

ε(G−G
′
)E(k+G

′
)

⎫⎬
⎭ = 0

Applying Eq. 2.25

∫
allq

d3qeiq)·r

⎧⎨
⎩
∑
G′

ζ(G−G
′
)(k+G)×

[
(k+G

′
)× E(k+G

′
)
]

+
ω2

c2

∑
G′

ε(G−G
′
)E(k+G

′
)

⎫⎬
⎭ = 0
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The Fourier Transform of the term in curly braces vanishes, which implies that the term

itself must vanish

∑
G′

ζ(G−G
′
)(k+G)×

[
(k+G

′
)× E(k+G

′
)
]

+
ω2

c2

∑
G′

ε(G−G
′
)E(k+G

′
) = 0 (2.26)

A similar equation for magnetic field, H, is obtained by the substitution E → H, ε → μ,

and ζ → η.

∑
G′

η(G−G
′
)(k+G)×

[
(k+G

′
)×H(k+G

′
)
]

+
ω2

c2

∑
G′

μ(G−G
′
)H(k+G

′
) = 0 (2.27)

Equations 2.26 and 2.27 are quite general and are valid for any medium that consists

of linear, lossless, and locally isotropic materials. They are infinite-dimensional gener-

alized eigenvalue problems of the form Ax = λBx. Of course, they must be truncated

to be solved. Choosing a finite basis consisting of N points in the reciprocal lattice,

G1, . . . ,GN , the eigenvector E(k+G) is a column vector of 3N elements and A and B

are 3N × 3N matrices. It is best to think of A and B as N ×N matrices of 3× 3 blocks.

Thus, with IJ denoting the row, column index of each block, and ij denoting the row,

column index within each 3× 3 block. A and B in Eq. 2.26 can be written as

AIJ,ij = ζ(GI −GJ) {(k+GI) · (k+GJ)δij − [(k+GI) · êj] [(k+GJ) · êi]}
BIJ,ij = ε(GI −GJ)δij

xI,i = E(k+GI) · êi
λ =

ω2

c2
(2.28)
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where ê1, ê2, and ê3 denotes the unit vectors in the x−, y−, and z−axis. Matrix-matrix

and matrix-vector multiplications are written as

[Ax]I,i =
N∑

J=1

3∑
j=1

AIJ,ijxJ,j and [AB]I,i =
N∑

K=1

3∑
k=1

AIK,ikBKJ,kj (2.29)

The matrix A and B and the vector x can be written explicitly as

A =

⎡
⎢⎢⎢⎢⎢⎢⎣

a11 a12 · · · a1N

a21 a22 · · · a2N
...

...
. . .

...

aN1 aN2 · · · aNN

⎤
⎥⎥⎥⎥⎥⎥⎦
B =

⎡
⎢⎢⎢⎢⎢⎢⎣

b11 b12 · · · b1N

b21 b22 · · · b2N
...

...
. . .

...

bN1 bN2 · · · bNN

⎤
⎥⎥⎥⎥⎥⎥⎦
x =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ex(k+G1)

Ey(k+G1)

Ez(k+G1)

Ex(k+G2)

Ey(k+G2)

Ez(k+G2)
...

Ex(k+GN)

Ey(k+GN)

Ez(k+GN)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

with aIJ itself a 3× 3 matrix given by

aIJ = ζ(GI −GJ)

⎡
⎢⎢⎢⎣

(qI · qJ − qIxqJx) −qIyqJx −qIzqJx

−qIxqJy (qI · qJ − qIyqJy) −qIzqJy

−qIxqJz −qIyqJz (qI · qJ − qIzqJz)

⎤
⎥⎥⎥⎦

where qI = (k+GI), and qJ = (k+GJ), and

bIJ = ε(GI −GJ)

⎡
⎢⎢⎢⎣

1 0 0

0 1 0

0 0 1

⎤
⎥⎥⎥⎦
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2.1.2. Finite-Difference Time-Domain Method

In this thesis we used the finite-difference time-domain (FDTD) method (Taflove

et al., 2005) to simulate the propagation of electromagnetic field in a dielectric medium

using a freely available software package MEEP (Oskooi et al., 2010). So we will give a

short introduction of FDTD method. Finite-difference time-domain method is a numer-

ical method that is used to solve Maxwell’s curl equations by dividing space and time

into small grid. The solution method introduced by (Yee, 1966) is based on discretizing

Maxwell’s curl equation in time and space. And the discretized differential equations are

solved by evolving both time and space.

We start with two Maxwell’s curl equations for electric field and magnetic fields,

∂H

∂t
= − 1

μ0μ
∇× E (2.30)

∂E

∂t
=

1

ε0ε
{∇ ×H− Jsource} (2.31)

where Jsource is current source. After taking the curl of both field then we will have six

scalar equation for each component,

∂Hx

∂t
=

1

μ0μ

{
∂Ey

∂z
− ∂Ez

∂y

}
(2.32)

∂Hy

∂t
=

1

μ0μ

{
∂Ez

∂x
− ∂Ex

∂z

}
(2.33)

∂Hz

∂t
=

1

μ0μ

{
∂Ex

∂y
− ∂Ey

∂x

}
(2.34)

∂Ex

∂t
=

1

ε0ε

{
∂Hz

∂y
− ∂Hy

∂z
− Jx,source

}
(2.35)

∂Ey

∂t
=

1

ε0ε

{
∂Hx

∂z
− ∂Hz

∂x
− Jy,source

}
(2.36)

∂Ez

∂t
=

1

ε0ε

{
∂Hy

∂x
− ∂Hx

∂y
− Jz,source

}
(2.37)

and for one-dimension, lets consider the electromagnetic filed is travelling in the x-
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direction and we set electric field in the z-direction and we set magnetic field in the

y-direction. So the partial derivative of field component with respect to y- and z-direction

vanishes leaving only two equations,

∂Hy

∂t
=

1

μ0μ

∂Ez

∂x
(2.38)

∂Ez

∂t
=

1

ε0ε

{
∂Hy

∂x
− Jz,source

}
(2.39)

now we need to understand notation that is used by Yee. A point in discretized space

is represented by (i, j, k) = (iΔx, jΔy, kΔz) where i, j, k are integers, Δx,Δy,Δz are

increments in coordinates x, y, z. Keeping time step constant, the finite-difference ex-

pression for space derivative in the x-direction of electric field and magnetic field can be

written as,

∂Ez

∂x
(iΔx, jΔy, kΔz, nΔt) =

Ez|ni+1/2,j,k − Ez|ni−1/2,j,k

Δx
(2.40)

∂Hy

∂x
(iΔx, jΔy, kΔz, nΔt) =

Hy|ni+1/2,j,k −Hy|ni−1/2,j,k

Δx
(2.41)

where n is integer and Δt is increment in time t. This time keeping space constant, partial

derivative with respect to time of electric field and magnetic field are defined as,

∂Ez

∂t
(iΔx, jΔy, kΔz, nΔt) =

Ez|n+1/2
i,j,k − Ez|n−1/2

i,j,k

Δt
(2.42)

∂Hy

∂t
(iΔx, jΔy, kΔz, nΔt) =

Hy|n+1/2
i,j,k −Hy|n−1/2

i,j,k

Δt
(2.43)

now putting Equation 2.40 and Equation 2.43 into Equation 2.38 and putting Equation 2.41
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and Equation 2.42 into Equation 2.39 then we will have,

Hy|n+1/2
i,j,k −Hy|n−1/2

i,j,k

Δt
=

1

μ0μi+1/2,j,k

Ez|ni+1/2,j,k − Ez|ni−1/2,j,k

Δx
(2.44)

Ez|n+1/2
i,j,k − Ez|n−1/2

i,j,k

Δt
=

1

ε0εi+1/2,j,k

{
Hy|ni+1/2,j,k −Hy|ni−1/2,j,k

Δx
− Jz|i+1/2,j,k

}

(2.45)

or more clearly,

Hy|n+1/2
i,j,k = Hy|n−1/2

i,j,k +
Δt

μ0μi+1/2,j,kΔx

{
Ez|ni+1/2,j,k − Ez|ni−1/2,j,k

}
(2.46)

Ez|n+1/2
i,j,k = Ez|n−1/2

i,j,k +
Δt

ε0εi+1/2,j,kΔx

{
Hy|ni+1/2,j,k −Hy|ni−1/2,j,k − Jz|i+1/2,j,k

}
(2.47)

Where Jz is the current source in the z-direction. As can be seen from Equation 2.46 to

find magnetic field at time step n + 1/2 and space point i, j, k we need to know electric

field at space point i + 1/2, j, k and i − 1/2, j, k and time step n, in addition we need to

know magnetic field at time step n − 1/2 and space point i, j, k. In similar way, as can

be seen from Equation 2.47 to find the electric field at time step n + 1/2 and space point

i, j, k we need to know magnetic field at space point i+1/2, j, k and i−1/2, j, k and time

step n, in addition we need to know electric field at time step n − 1/2 and space point

i, j, k.
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2.1.3. Blackbody Radiation

A black body is one that completely adsorbs any electromagnetic (EM) radiation

that it is exposed to. A black body radiates well because it must emit radiation at the same

rate that it absorbs to maintain thermal equilibrium. The spectral radiance, which defines

the radiation emitted from a blackbody at a particular frequency and temperature and the

mathematical expression for blackbody is

B(ν, T ) =
4πh

c2
ν3

ehν/kT − 1
(2.48)

The frequency for which the spectral radiance is maximum can be found by solving

d
dν

[B(ν)] = 0 for ν = νmax. After solving for νmax we obtain

νmax = 5.879× 1010 × T (Hz/K) (2.49)

In the same way, the wavelength for which the spectral radiance is maximum can be

calculated by first expressing Eq. 2.48 in terms of wavelength

B(λ, T ) =
4πhc2

λ5

1

ehc/λkT − 1
(2.50)

and solve d
dλ

[B(λ)] = 0 for λ = λmax, and solving for λmax we obtain

λmax = 2.898× 10−3/T (m.K) (2.51)

which is known as Wien’s displacement law.

The graph of Eq. 2.48 is plotted for five different temperature, T = 300K, T =

500K, T = 1000K, T = 1500K, and T = 5777K. As is clear from the Fig. 2.1, objects

that are at room temperature radiate primarily in the infrared regime of EM spectrum. We

describe an object as red hot when it reaches a temperature of 1000K and starts to glow

with a red color. When the temperature is increased further, to a temperature of 5777K,
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which is the surface temperature of the sun, it radiates the entire visible spectrum and

referred as being white hot.
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Figure 2.1. Spectral radiance as a function of wavelength of an ideal blackbody for

five different temperature, T =300K, T =500K, T =1000K, T =1500K,

and T =5777K.

Integrating Eq. 2.48 over all frequencies we obtain the total energy, which is sim-

ply total area under curve described by Eq. 2.48

P =

∫ ∞

0

B(ν)dν =
8π5k4

15c3h3
T 4 (2.52)

which states that the total energy is proportional to the forth power of temperature. We

therefore expect that the energy radiated by an object per second per unit area is also

proportional to fourth power of temperature. This statement is described by Stefan-

Boltzmann law:

R = εσT 4 (2.53)
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where σ is the Stefan’s constant and ε is the emissivity and is a measure of how close the

object’s surface is to blackbody surface. Numerical value of emisivity ranges from 0 (no

radiation) to 1 (blackbody).

For human body skin at temperature of 37◦C (310K), spectral radiance is shown

in Fig. 2.2.
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Figure 2.2. Spectral radiance as a function of wavelength of an ideal blackbody at

temperature T = 310K.

As it is seen the radiation is in the infrared portion of the electromagnetic spec-

trum. This portion of spectrum is further divided in three region, which are Near-, Mid-,

and Far-infrared. Mid-infrared is also divided into Short-wavelength, Mid-wavelength,

and Long-wavelength regions. At this temperature (310K) the wavelength at which the

energy density is maximum is found using Eq. 2.51, λmax = 9.35μm. The most of power

radiated by human body is around this value. That is why infrared detectors are designed

to be sensitive to wavelength ranging from 7μm to 14μm.

Starting from this point, we will use frequency dependent spectral radiation for-
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mula which is more practical since the frequency is conserved when entering into a dif-

ferent medium. The graph shown in Fig. 2.3 is plotted for skin temperature of T = 310K.

The frequency for which the maximum energy is radiated can be found by using Eq. 2.49,

νmax = 18.225THz. The graph clearly shows that maximum radiation occurs around this

value.
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Figure 2.3. Spectral radiance as a function of frequency of an ideal blackbody at tem-

perature T = 310K.

Another practical quantity that can be derived is the total power radiated by a

blackbody which is calculated by multiplying Eq. 2.53 with its surface area, which is

Pradiated = εσAT 4. In an environment with temperature T0 the overall radiated power is

Ptot = Pradiated − Pabsorbed = εσA(T 4 − T 4
0 ).
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CHAPTER 3

PHOTONIC CRYSTAL TEXTILES

Considering the fact that approximately two-thirds of the heat loss of the human

body occurs through electromagnetic radiation, it becomes important to consider photonic

crystals for the purpose of reducing heat loss.

(a) 1D Photonic Crystal (Multi-layer structure)

(b) 2D Photonic Crystals.

(c) 3D Photonic Crystals.

Figure 3.1. (a) One-dimensional, (b) two-dimensional (Joannopoulos et al., 2008), and

(c) three- dimensional (Lin et al., 1998), (Vlasov et al., 2001) (Johnson and

Joannopoulos, 2000) photonic crystals examples.
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Photonic crystals are structures whose optical properties such as dielectric con-

stant and/or geometric parameters vary periodically in space. They can be classified as

one-dimensional, two-dimensional, and three-dimensional. Some examples are shown in

Fig. 3.1. Those structures possess photonic band gap (PBG) and propagation of electro-

magnetic waves with a frequency falling into this gap can be entirely prohibited.

The idea to produce woven photonic crystals to reduce heat loss by radiation was

originally proposed by John Pendry (Tsai et al., 1998), (Tsai et al., 1999). Solutions

proposed so far involve the production of photonic crystals and somehow embedding them

into or fixing them onto textiles. We observe that the textile, by virtue of the fact that it

has been produced by weaving, already has a periodic structure, and thus is a potential

candidate for a photonic crystal. So it’s not necessary to manufacture a separate photonic

crystal and somehow "mount" it on the textile. If the fiber that the textile is woven from

has the necessary optical and geometrical properties, and is woven with the right weave

pattern, then the textile itself would be a thin layer of a photonic crystal. To this end,

synthetic fibers with a high refractive index appear as viable solutions. We suspect multi-

layer and three-dimensional weaving patterns would most likely yield optimal results. In

this thesis we will scan two main parameters for a fixed dielectric constant: (1) Thickness

of the fibers. (2) Weave pattern.

These parameters will be scanned to determine the best structure that maximizes

the reflection of the blackbody radiation from the human body with a skin temperature of

37◦C. Even though we aim to find the woven structure that maximizes the reflection of

radiation from an object around the human body’s skin temperature, the same approach

can, in principle, be used to find structures that reflect radiation from objects at higher

temperatures.
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3.1. One-Dimensional Photonic Crystals (Distributed Bragg

Reflector)

The most basic photonic crystals are one-dimensional photonic crystals (1D-PhCs)

also known as one-dimensional multilayer structures. These structures are formed by

stacking slabs of dielectric constant εi along a single direction and in the plane that is

perpendicular to stacking direction the dielectric function does not vary. Starting from

this structure, first we will study transmission and reflection properties of electromagnetic

radiation analytically.

A multilayer structure (1D-PhC) consists of alternating layers with thickness di,

dielectric constant εi and magnetic permeability μi is shown in Fig 3.2. The layers stacked

along z−direction satisfying di + di+1 = a where a is the lattice constant. To calculate

Figure 3.2. One-dimensional multi-layer structure, or one-dimensional photonic crys-

tal. (a) 3D view. (b) 2D view.
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transmission and reflection values, we start with transfer matrix which is defined as

Mi =

⎡
⎢⎢⎢⎣

cos(qidi)
i√

εi
μi

(
1− β2c2

εiμiω
2

) sin(qidi)

i

√
εi
μi

(
1− β2c2

εiμiω2

)
sin(qidi) cos(qidi)

⎤
⎥⎥⎥⎦ (3.1)

where qi =
√
εiμi

ω
c

√
1− β2c2

εiμiω2 , β = Ki sin(θi), and K2
i = β2 + q2i . For an electromag-

netic wave incident at normal incidence , θi = 0 than β = 0 and qi =
√
εiμiω/c. Plugging

these into Eq. 3.1 than the transfer matrix becomes

Mi =

⎡
⎢⎣ cos(

√
εiμiωdi/c)

i√
εi
μi

sin(
√
εiμiωdi/c)

i
√

εi
μi
sin(

√
εiμiωdi/c) cos(

√
εiμiωdi/c)

⎤
⎥⎦ (3.2)

For a structure consisting of N -pairs, the transfer matrix takes the form of

M = M1M2M3 · · ·MN =

⎡
⎣ M11 M12

M21 M22

⎤
⎦ (3.3)

then for a multi-layer structure immersed in air background, transmission coefficient is

defined as

T =

∣∣∣∣ 2n0

n0M11 + n0ntM12 +M21 + ntM22

∣∣∣∣
2

(3.4)

where n0 =
√
ε0 is the refractive index of the incident medium that electromagnetic field

is coming from and nt =
√
εt is the refractive index of the transmitted medium. Reflection

coefficient is defined as

R =

∣∣∣∣n0M11 + n0ntM12 −M21 − ntM22

n0M11 + n0ntM12 +M21 + ntM22

∣∣∣∣
2

(3.5)
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Now consider a non-magnetic (μa = 1.0, μb = 1.0) structure with alternating

dielectric mediums, εa and εb with thicknesses da and db satisfying relation da + db = a

so that these two mediums makes a unit cell with lattice constant a, which we refer it as

a pair. The multi-layer structure is immersed in air background where the incident and

transmitted field medium are also taken to be air, ε0 and εt.

Figure 3.3. One-dimensional multi-layer structure, or one-dimensional photonic crys-

tal. (a) One unit cell. (b) Three unit cell. (c) Five unit cell.

For minimum transmission (or maximum reflection), the thickness of layers must

meet the quarter-wave stack condition, da = a
√
εb/(

√
εa +

√
εb). The photonic band gap

(PBG) for normal incidence is maximized for this value.
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Using the transfer matrix (TM) method, the transmission and reflection spectrum

for single-pair, three-, and five-pairs are calculated. The results are shown in Fig. 3.4.

The calculations are performed with a dielectric constant εa = 5.38 and the structure is

immersed in an air background (εb = 1.0). A homogeneous plate with a thickness that

satisfies the quarter-wave condition da = 0.30a is used.
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Figure 3.4. Transmission (green curves) and reflection (red curves) spectrum for

single-layer, three- and five-layers, with thickness of da = 0.30a and di-

electric constant εa = 5.38 immersed in air background, εb = 1.0.
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Our goal is to develop a structure that can be used to reduce the transmission

of blackbody radiation, so the most basic structure is a good place to start. It has been

shown that by using one-dimensional photonic crystal, we can suppress electromagnetic

radiation (blackbody radiation) (Cornelius and Dowling, 1999). Although an analytical

solution exists for those simple structures, we will use the finite-difference time-domain

(FDTD) method by using a program called MEEP to calculate the transmission spectrum.

The structure we use for FDTD calculation is shown in Fig. 3.5. A homogeneous

plate of thickness da and dielectric constant εa = 5.38 is immersed in air background of

thickness db = a − da and dielectric constant εb = 1.0. In x − y direction we used pe-

riodic boundary conditions (PBC) while in z−direction we used perfectly matched layer

(PML) to create illusion of infinite extent. To excite the electromagnetic field, we used

a two-dimensional Gaussian-profiled plane wave source, which is placed at one side of

the structure. Then, for calculation of transmitted flux, we placed a monitor to capture

transmitted flux.

Figure 3.5. FDTD Simulation setup of a single homogeneous plate immersed in air

background for transmission calculation.

The calculation involves monitoring the fields’ Fourier transforms at the location where

we set up monitor and computing the flux of electromagnetic energy as a function of fre-

quency. For convergence of Fourier transform the simulation time must be long enough.
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By Fourier transforming the response to a short pulse we can get an entire spectrum of

the transmission in a single run. But we still must perform two runs, one with and one

without the structure in order to normalize the transmitted flux by the input power.

The unit cell of the structure is Vcell = axayaz where ax = ay = az = a and

the computational volume is defined as Vcomp = Sx × Sy × Sz, where Sx, Sy and Sz are

defined as Sx = ax, Sy = ay and Sz = 2dpml+2dpad+nzaz. Here dpml is the thickness

of the PML region dpad is distance between PML region and the structure and nz is the

number of unit cell along z−direction and a is lattice constant.

This simulation setup will be used in this and in all subsequent sections for the

calculation of transmission. The only difference will be the structure we put in the com-

putational volume.

The first FDTD simulation setup for single, three and five unit cell along z−direction

is shown in Fig.3.6

Figure 3.6. FDTD simulation setup of a single (a), three (b), and five (c) unit cells of a

homogeneous plate immersed in air for transmission calculation.
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A Gaussian profiled plain wave source with center frequency of ω̃ = 1.60 having

bandwidth Δω̃ = 3.0 where ω̃ is in units of ωa/2πc is use to excite x−component of the

electric field. The transmission spectrum of a plate with thickness of da = 0.30a which is

calculated using the quarter-wave stack condition to get minimum transmission, is shown

in Fig. 3.7.
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Figure 3.7. Left colum: Transmission spectrum for single layer, three, and five layers

(solid red curves are for analytical solutions and solid blue curves are for

numerical solutions).

Right column: Blackbody radiation spectrum (dashed red curves) and

transmission values multiplied by blackbody radiation (solid blue curves).

In this graph we have plotted transmission spectrum for single layer, three, and five

layers computed numerically by using MEEP (blue curve on the left column of the figure)

and analytically by using the TM method (red curve on the left column of the figure),

and as it is seen, the results are in excellent agreement, which validates the numerical
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method we use. We also plotted blackbody radiation spectrum for an object at temperature

T = 310K which has peak frequency of νpeak = 18.2THz (red dashed curve on the right

column). Since the most of the blackbody radiation is around νpeak we scale the results so

that the peak frequency of blackbody falls in to center frequency of the gap and multiply

the scaled values of the blackbody radiation spectrum with the transmission values (the

blue curve on the right column).

By adding the areas under the spectrum curves of the structure and the blackbody

radiation curve, we can determine the amount of transmitted power, which comes out to

72% for a single layer, 61% for three layers, and 60% for five layers. The results converged

even with five layers because the transmitted power is logarithmically dependent on the

number of layers.
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3.2. Woodpile Photonic Crystals

Among the 3D-PhCs that are known in literature, topologically, the woodpile

structure is the most similar to woven fabrics. The woodpile structure is made by stacking

logs of dielectric materials. Along a chosen stacking direction with each period contain-

ing four layer. The logs in the first layer are placed parallel to each other and separated

by a lattice constant. The second layer is placed on the first layer and is aligned perpen-

dicularly with respect the the first layer. The logs in the third layer are placed parallel to

the first layer but are shifted by half of lattice constant in x− and y−direction. Finally

the logs in the last layer are placed parallel to the second layer and are similarly shifted

by half of lattice constant in the x− and y−direction. The woodpile structure is shown

Figure 3.8. Woodpile photonic crystal structure. (a) 3D view, (b) top view and (c) side

view.

in Fig. 3.8. Theoretically it was shown that woodpile structure posses full photonic band

gap (Ho et al., 1994) and (Sözüer and Dowling, 1994). Experimentally, a study showed

that even with a few number of periods the band gap can be observed (Lin et al., 1998).
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To start with, by using finite-difference time-domain (FDTD), we calculated trans-

mission spectrum of a woodpile structure made by cylindrical rods. The FDTD simulation

setup for a single unit cell along all three dimension is shown in Fig.3.9.

Figure 3.9. FDTD simulation setup for single unit cell of woodpile photonic crystal

structure. (a) 3D view. (b)-(c) 2D view.

Cylindrical rods with dielectric constant of εa = 5.38 and radius r = 0.12a im-

mersed in air background and a single period in the stacking direction is used. The sim-

ulation is done for one unit cell where the volume of a unit cell for woodpile structure is

defined by Vcell = ax × ay × az. The lattice constants are ax = ay = a and az = 8r.

The computational volume is defined as Vcomp = SxSySz where Sx = ax, Sy = ay, and

Sz = 2dpml + 2dpad + az. Here, dpml is the thickness of the PML region, and dpad is

the distance between the PML region and the structure. As boundary conditions, PBC in

the x− y direction and PML in the z−direction are used.

A short Gaussian profiled plane wave source with center frequency ω̃ = 1.60 and

bandwidth Δω̃ = 3.0 is used to excite x-component of electric field. On the opposite side

of the structure we placed a flux monitor that captures transmitted flux. For normalization

we run simulation twice, one without and one with structure in the computational region.
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The transmission spectrum (blue curve) of the woodpile structure is shown in

Fig. 3.10. The center frequency of the band gap for this structure is around ω̃ = 0.72.

In the bottom graph, we plotted the blackbady radiation spectrum (red curve) at temper-

ature of T = 310K with a peak frequency νpeak = 18.2THz. The green curve is the

transmission values multiplied by the blackbody spectrum.
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Figure 3.10. Transmission spectrum (top graph), blackbody radiation curve (bottom red

curve) and the transmission spectrum multiplied by blackbody radiation

curve(bottom green curve).

To find the total amount of power that is transmitted, we simply divide the areas

under the curves, which is found to be 63%. It means that 37-percent of total power is

reflected by just using a single unit cell of the woodpile photonic crystal structure along

z−direciton. The structure we used here has finite thickness along z−direction (one unit

cell) so the results are different from those having infinite extend but still give an idea

about how much of energy can be blocked by using a PhC like structure.
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To compare the results we have found previously with a homogeneous plate, we

calculated transmission spectrum for a homogeneous plate that would occupy the same

volume with woodpile structure. So the thickness plate in the z−direction for this condi-

tion is found to be da = 0.18a. Dielectric constant and background for in both cases are

taken to be the same. With this thickness the transmission spectrum of homogeneous plate

using FDTD is calculated and both results are shown in Fig. 3.11. Transmitted power for
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Figure 3.11. Transmission spectrum for single unit cell of woodpile structure (red

curve), transmission spectrum of homogeneous plate (blue curve). Black-

body radiation spectrum (green curve) and transmission values multiplied

by blackbody radiation (purple and orange curves).

homogeneous plate found to be 70% while for a single unit cell woodpile structure the

transmitted power is found to be 63%. As it is seen from the transmission spectrum, even

for a single period of woodpile structure, transmitted power is less by 7% so the results

are promising and can further be improved.
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To see the effect of number of unit cell on transmission values of woodpile struc-

ture, we now compute transmission for woodpile that composed of three period in the

stacking direction.

Figure 3.12. The FDTD simulation setup of bare woodpile structure with three unit cell

along stacking direction (z−direction). (a) 3D view. (b) 2D view from

x− z plane. (c) 2D view from y − z plane.

This structure is made adding two more unit cell while keeping other parameters

the same, dielectric constant εa = 5.38 and radius of cylinders r = 0.120a. The resulting

structure and FDTD simulation setup is shown in Fig. 3.12. Computational volume for

this structure is Vcomp = SxSySz where Sx = Sy = ax = ay = a, and Sz = 2dpml +

2dpad+ 26r.
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In the Fig. 3.13 we plotted the transmission spectrum as a function of frequency.

The center frequency of the stop band did not change but the gap is bigger compared to

the single unit cell as expected.
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Figure 3.13. Transmission spectrum for connected woodpile structure (blue curve).

Blackbody radiation spectrum (red curve) and transmission values mul-

tiplied by blackbody radiation (green curve)

The amount of power that is transmitted is 51%, which means around half of total

energy is reflected. Compared to the woodpile composed of single unit cell, we obtain a

12% lower value, which was found to be 63%.

36



We are looking for a structure that can be woven into fabric while preserving the

PhC’s ability to provide maximum reflection. In practice, woodpile structure built in this

manner are unsuitable for use as woven fabrics. As a result, we must link each layer

such that it remains firm. One method is to connect each layer to the one next to it using

smaller-radius yarns. The thinner yarns are chosen so that they do not affect the structure’s

photonic band gap (PBG). The resulting structure as well as the FDTD simulation setup

are shown in the Fig. 3.14.

Figure 3.14. The FDTD simulation setup of connected woodpile structure with three

unit cell along stacking direction (z−direction). (a) 3D view. (b) 2D view

from x− z plane. (c) 2D view from y − z plane.

The parameters for this simulation such as yarn radius and dielectric constant,

number of unit cells along z−direction, background are all the same except the connection

lines. The connecting yarn radius are taken to be rc = r/4. There are two degrees of

freedom in the problem for optimizing structure. The first one is the radius and the second

one is the dielectric constant of the structure. For this structure, keeping the dielectric

constant the same, we calculated transmission values by changing the radius of cylinders,

from 0.060a to 0.180a in steps of 0.010a.
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The first result we show here is for yarn radius of r = 0.120a. Transmission

spectrum for connected woodpile structure (blue curve) is shown in Fig. 3.15. The center

frequency of the band gap appears to be around ω̃0 = 0.72, same as the original wood-

pile band gap. By shifting the center frequency of the stop band to the peak value of the

blackbody radiation (red curve) then multiply the transmission values, which is a dimen-

sionless quantity, by the blackbody spectrum we obtained transmitted power spectrum of

the structure (green curve).
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Figure 3.15. Transmission spectrum for connected woodpile structure (blue curve).

Blackbody radiation spectrum (red curve) and transmission values mul-

tiplied by blackbody radiation (green curve)

As expected, the transmitted power is 50%, which is quite close to the value for

the bare woodpile structure that we used in the previous calculation.
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One of the best results is found for a yarn radius of r = 0.140a which is shown

in Fig. 3.16. Blue curve is the transmission spectrum, red curve is blackbody radiation

spectrum and green curve is transmission spectrum multiplied by blackbody radiation.

Center frequency of this structure is ω̃ = 0.65. Scaling this frequency so that it coincides
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Figure 3.16. Transmission spectrum for connected woodpile structure (blue curve).

Blackbody radiation spectrum (red curve) and transmission values mul-

tiplied by blackbody radiation (green curve).

with the peak frequency of the blackbody radiation and taking the ratio of the total area

under the green curve with red curve we found that the amount of transmitted power for

this structure is 45%.
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The rest of the transmitted power percentage and yarn radius of 0.060a ≤ r ≤
0.180a for the bare woodpile structure and the connected woodpile structure is shown in

Table. 3.1. The calculations are done using the same dielectric constant εa = 5.38 and

three unit cells along the stacking direction for both the bare and connected woodpile

structures. The Fig. 3.17 shows the transmitted power versus yarn radius for bare and

Table 3.1. Transmitted power for woodpile photonic crystal with changing yarn radius.

Radius (r) Bare woodpile (%) Connected Woodpile (%)

0.060a 58 58
0.070a 59 59
0.080a 61 61
0.090a 63 63
0.100a 63 62
0.110a 57 56
0.120a 51 50
0.130a 48 48
0.140a 45 45
0.150a 44 45
0.160a 44 45
0.170a 45 46
0.180a 48 50

connected woodpile structure. The blue curve is for the bare woodpile while the red-
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Figure 3.17. Transmitted power versus yarn radius for bare and connected woodpile

structure.

dashed curve is for the connected woodpile structure. Clearly, the connecting yarns do

not affect the transmitted power percentage by much.
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3.3. Three-Dimensional Woven Photonic Crystals

In order to weave a fabric, two sets of yarn must be interlaced so that they cross

one another. The weft threads horizontally weave over and under the warp threads while

the warp threads move vertically. By repeating this process a periodic structure is con-

structed which can be considered as 3-dimensional photonic crystal. There are numerous

different types of fabric weave patterns. The most common weave patterns used in the tex-

tile industry are plain weave, basket weave, twill weave, satin weave, and dutch weave...

etc. When choosing the best foundation substrate for shielding electromagnetic radiation

emitted by the human body, it’s crucial to take into account the thickness, dielectric prop-

erties, and weave pattern. In this study we mainly focused on the thickness and weave

patterns while keeping the dielectric constant the same for all simulation. In this thesis

four different weave patterns, the plain weave, the basket weave, the twill weave, and the

dutch weave are considered. are studied.

The patterns modeled by FDTD simulation program (MEEP) is shown in Fig. 3.18.

In addition to those four weave patterns, we created five additional unique weave patterns

Figure 3.18. The most common weave patterns. (a) Plain Weve. (b) Basket Weave. (c)

Dutch Weave. (d) Twill weave.

based on their original designs. The modification strategy was based on the fact that their
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structure would be close to the woodpile photonic crystal. All five modified structures

are shown in Fig. 3.19. Modified plain weave, modified basket weave and modified twill

weave contains two layers of the original weave patterns in a single unit cell in the stack-

ing direction and shifted by a quarter of unit cell along the x− and y−directions with

respect the one another. However, modification for dutch weave is different. For exam-

Figure 3.19. Modified weave patterns. Modified plain weave, Modified basket weave.

Modified twill weave and two variation for Dutch Weave (Modified dutch

weave-I and Modified dutch weave-II).

ple, modified dutch weave-I is made by connecting two straight yarns extending along

x−direction and separated by a distance. Although this structure is not suitable for weav-

ing because the straight yarns that are parallel to each other are suspended in the air, it

can be used as a comparison and gives an idea about the other two dutch weave patterns.

The modified dutch weave-II is made by adding an extra straight yarn along y−direction

which is suitable for weaving.
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3.3.1. Plain Weave

Plain weave structure from three different viewing angles is shown in Fig. 3.20.

3D view Fig. 3.20(a), top view Fig. 3.20(b) and side view Fig. 3.20(c). The FDTD simula-

Figure 3.20. Plain weave structure, 3D view (a), top view (b) and side view (c). FDTD

simulation setup, single unit cell (d), three unit cells (e), and five unit cells

(f) in z−direction.

tion setup for calculation of transmission spectrum for one unit cell (d), three (e) and five

(f) unit cells is shown in Fig. 3.20. In the x− and y−directions periodic boundary condi-
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tions (PBC) and in the z−direction perfectly matched layer (PML) are used as boundary

conditions. The volume of a unit cell is defined as Vcell = axayaz where ax = ay = a

and az = 4r. The volume of FDTD simulation is defined by Vcomp = SxSySz where

Sx = Sy = a and Sz = 2dpml + 2dpad + nzaz where dpml is the thickness of the

PML region, dpad is the distance between the PML region and the structure and nz is the

number of unit cell along the z−direction.

For FDTD simulation calculations, the structure made of yarns with a dielectric

constant εa = 5.38 immersed in an air background (εb = 1.0) is used. As a source,

a Gaussian-profiled plane wave is used to excite the x−component of the electric field

from the negative z−direction. The source’s center frequency is taken to be ω̃ = 1.60 and

the frequency bandwidth of the pulse is Δω̃ = 3.0. A monitor is placed in the positive

z−direction to calculate electromagnetic flux.

The FDTD calculation gives transmission versus frequency, both are dimension-

less quantity. So to find the radiation spectrum of a structure, we first scale the blackbody

radiation spectrum so that its peak frequency, νpeak = 18.22THz, coincides with the fre-

quency of the stop band of the structure. And then we multiply the transmission spectrum

of structure with blackbody radiation.
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Minimum transmitted power are found for yarn radius of 0.06a and 0.07a. The

first transmission spectrum shown in Fig. 3.21 is for the yarn radius of r = 0.06a. In this

graph the left column represents the normalized flux for single , three and five unit cells.

On the right column, we plotted blackbody radiation for temperature T = 310K(red

dashed curve) and transmission values multiplied by blackbody radiation spectrum (the

blue curves on the right column) for single unit cell, three unit cells, and five unit cells

along z−direction. The amount of power transmitted for single unit cell is 73%, three and
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Figure 3.21. Transmission spectrum of plain weave pattern for 1-unit cell, 3-, and 5-unit

cells (left column). Blackbody radiation spectrum (red dashed curve on the

right column) and blackbody spectrum multiplied by transmission values

of plane weave pattern (blue curve on the right column).

five unit cells are 62% and 57% respectively.
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Fig.3.22 shows the second transmission spectrum. The transmission spectra for

one unit cell, three unit cells, and five unit cells with a radius of r = 0.07a and dielectric

constant εa = 5.38 are shown in the left column, and the transmission spectra multiplied

by blackbody radiation are shown in the right columns. The structure is surrounded by an

air background, εb = 1.0. The amount of power transmitted for single unit cell is 69%,
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Figure 3.22. Transmission spectrum of plain weave structure for single-, three-, and

five-unit cell (left column). Blackbody radiation spectrum (red dashed

curve on the right column) and blackbody spectrum multiplied by trans-

mission values of plane weave pattern (blue curve on the right column).

for three and five unit cells are 59% and 55% respectively.
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Besides these two results, we also calculated the transmission spectrum for yarn

radius 0.06a ≤ r ≤ 0.12a in steps of 0.01a and the calculated transmitted power per-

centage for different yarn radius is shown in Table. 3.2.. In this table, the first column is

Table 3.2. Transmitted power percentage for plain weave pattern.

Radius(r) Single unit cell (%) Three unit cell (%) Five unit cell (%)

0.06a 73 62 57
0.07a 69 59 55
0.08a 73 64 59
0.09a 81 68 64
0.10a 85 71 66
0.11a 84 69 65
0.12a 82 69 65

the radius, the second column is the transmitted power percentage for a single unit cell,

the third column is for three unit cells, and the fourth column represents the transmitted

power percentage of five unit cells along the z−direction. For better visualization of data,

we have also plotted transmitted power versus yarn radius for the plain weave structure,

which is shown in Fig. 3.23.
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Figure 3.23. Transmitted power percentage versus yarn radius for single unit cell (left

graph), three unit cell (middle graph) and five unit cells (right graph).
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A variation of the plain weave structure, which is constructed by adding a second

layer and shifting the added layer by a quarter of period in both x− and y−direction. The

resulting structure from 3D view (a), top view (b), and side view (c) is shown in Fig. 3.24.

The structure now consists of two layers in a unit cell in the z−direction, or stacking

direction. The FDTD simulation configuration for a single unit cell (d), three unit cells

Figure 3.24. (a). 3D view, (b) Top view, (c). Side view of modified plane weave pattern.

Simulation setup for modified plane weave pattern. (d). Single unit cell.

(e). Three unit cells. (f). Five unit cells.

(e), and five unit cells (f) is shown in Fig. 3.24. With the exception of the lattice constant
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along the z−direction, all parameters, including the PML thickness, the lattice constant

along the x− and y−direction, and the distance between the PML and the structure, are

the same. The lattice constant along the z−direction is az = 8r because the structure

has two layers. In addition, the same Gaussian profiled plane weave source with center

frequency and the same frequency bandwidth is used to excite the electric field. To capture

the electromagnetic flux we used the flux monitor that records the electromagnetic fields

and take the Fourier transform then calculates the flux.

Transmitted flux are calculated by varying the yarn’s radius from 0.05a to 0.12a

in steps of 0.01a. The best two result are shown in the following figures.
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In Fig. 3.25, we plotted transmission spectrum values for modified plain weave

structure. The left column of this graph represents the normalized flux for r = 0.09a for

single unit cell, three unit cells, and five unit cells, while on the right column we plotted

blackbody radiation for temperature T = 310K(red dashed lines) and transmission values

multiplied by blackbody radiation (blue curve on the right column).
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Figure 3.25. Transmission values (blue curve on the left column) and the blackbody ra-

diation (red dashed curve on the right column) multiplied by transmission

values of plane weave pattern (blue curve on the right column) for single

unit cell, three and five unit cells.

The amount of transmitted power is found to be 68%, 57% and 56% for a single

unit cell, three, and five unit cells, respectively.
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The transmission spectrum for yarn radius of r = 0.10a and dielectric constant

εa = 5.38 is shown in Fig. 3.26. The blue curves on the left column are the transmission

spectrum, the red dashed curve on the right column is the blackbody radiation spectrum,

and the blue curves on the right curve are the transmission spectrum for the structure,

which is found by multiplying the transmission spectrum with blackbody radiation.
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Figure 3.26. Transmission spectrum (blue curve on the left column) and the blackbody

radiation (red dashed curve on the right column) multiplied by transmis-

sion values (blue curve on the right column) of modified plain weave pat-

tern for single unit cell, three and five unit cells.

The amount of transmitted power is found to be 73% for single unit cell, 60%, and

56% for three and five unit cells.
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The remaining calculation results for transmitted power percentage and corre-

sponding yarn radius for modified plain weave for single unit cell, three and five unit cells

are shown in Table. 3.3 for yarn radius 0.06 ≤ r ≤ 0.12a in steps of 0.01a. In this table,

Table 3.3. Percentage of transmitted power for modified plain weave.

Radius(r) Single unit cell (%) Three unit cell (%) Five unit cell (%)

0.06a 72 60 57
0.07a 67 59 57
0.08a 66 59 58
0.09a 68 57 56
0.10a 73 60 56
0.11a 75 65 60
0.12a 75 68 66

the first column is the yarn’s radius, the second column is the amount of power transmitted

for single unit cell, the third column shows the percentage of transmitted power for three

unit cells, and the last column shows the transmitted power percentage of five unit cells.

The data in Table. 3.3 are also plotted and shown in Fig. 3.27 for better visualization.
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Figure 3.27. Transmitted power percentage versus yarn radius for single unit cell (left

graph), three unit cell (middle graph) and five unit cells (right graph).
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3.3.2. Basket Weave

The second weave pattern that we will study is basket weave. A 3D view (a), top

view (b), and side view (c) of the structure is shown in Fig. 3.28. The FDTD simulation

setup is shown in Fig. 3.28 for single unit cell (d), three (e) and five (f) unit cells along

z−direction.

Figure 3.28. Structure of basket weave pattern: (a) 3D view, (b) Top view and (c) Side

view. FDTD simulation setup of basket weave pattern for single (d), three

(e) and five layers (f).
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The pattern’s unit cell is defined as Vcell = axayaz, where ax = ay = a is the

lattice constant along the x−and y−direction and az = 4r is the lattice constant along the

z−direction. The computational volume is defined as Vcomp = SxSySz where Sx = ax,

Sy = ay, and Sz = 2dpml+2dpad+nzaz where dpml is the PML thickness, dpad is the

distance between the PML and the structure, and nz is the number of unit cell along the

z−direction.

Again, a Gaussian source is used to excite the x−component of the electric field

propagating in the z−direction. In the x− y direction PBC is used while PML boundary

is used in z−direction. As opposed to the plain weave pattern, this structure contains

eight yarns in a unit cell, so to be able to put eight yarns in a single unit cell without them

overlapping, the radius of the yarn can be 0.06a at most. The radius of yarns are taken to

be r = 0.05a and r = 0.06a with dielectric constant of εa = 5.38.
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The transmission spectrum for basket weave with radius r = 0.05a is plotted in

Fig. 3.29. In the left column, we see the transmission spectrum for one unit cell, three, and

five unit cells. In the right column, the blackbody radiation spectrum (red dashed curve)

and the blackbody radiation spectrum (red curve) multiplied by transmission values (blue

curve) are shown.
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Figure 3.29. The transmission spectrum for the basket weave pattern for single unit cell,

three, and five unit cells with dielectric constant of εa = 5.38 and radius of

yarns r = 0.05a. (left column). Blackbody radiation spectrum (red dashed

curves) and the transmission spectrum of the structure (blue curves on the

right column).

The amount of power transmitted for basket weave with radius r = 0.05a are 79%,

63% and 56% for single, three and five unit cell respectively.
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For basket weave with radius r = 0.06a, the transmission spectrum is plotted in

Fig. 3.30. The blue curves on the left column are the transmission spectrum. The blue

curves on the right column represent the basked weave pattern transmission spectrum,

which is obtained by multiplying the transmission spectrum by blackbody radiation, while

the red curves on the right column represent the blackbody radiation spectrum.
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Figure 3.30. The transmission spectrum for the basket weave pattern for single unit cell,

three, and five unit cells with dielectric constant of εa = 5.38 and radius of

yarns r = 0.06a. (left column). Blackbody radiation spectrum (red dashed

curves) and the transmission spectrum of the structure (blue curves on the

right column).

The percentage of transmitted power for the structure is calculated as 82%, 69%

and 62% for a single unit cell, three, and five unit cells respectively.
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A modification for basket weave is also possible. This modified basket weave is

constructed by adding an another layer and shifting the added layer by quarter of lattice

constant along x− and y−direction. The resulting structure is shown in Fig. 3.31, 3D view

(a), top view (b) and side view (c). The FDTD simulation setup is shown in Fig. 3.31 for

Figure 3.31. Structure of modified basket weave pattern. (a) 3D view, (b) Top view and

(c) side view. Simulation setup for basket weave pattern for one unit cell

(d), three unit cell (e) and five unit cell (f) in z−direction.

single unit cell (d), three (e) and five (f) unit cells along z−direction. Again Gaussian

source is used to excite x−component of the electric field propagating in z−direction. In

x− y direction PBC is used while PML boundary is used in z−direction.

57



The unit cells of modified basket weave pattern along x− and y−direction are

the same as the basket weave pattern but the lattice constant in z−direction is different,

which is az = 8r. So the volume of a unit cell is defined as Vcell = axayaz. The

computational volume is defined as Vcomp = SxSySz where Sx = ax, Sy = ay and

Sz = 2dpml + 2dpad+ nzaz where dpml is the PML thickness and dpad is the distance

between the PML and the structure and nz is the number of unit cell along z−direction.

We ran the simulation for two yarn radii, r = 0.05a and r = 0.06a, because, as

was previously noted, the yarns can only have a maximum radius of 0.06a to prevent them

from overlapping.
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The transmission spectrum for modified basket weave for a single unit cell, three,

and five unit cells (left column) with yarn’s radius r = 0.05a and dielectric constant

εa = 5.38 is shown in Fig. 3.32. The pattern is immersed in an air background with

dielectric constant value of εb = 1.0. The blackbody radiation spectrum (red dashed

curve on the right column), and transmission values multiplied by the blackbody radiation

spectrum (blue curve on the right column) are also plotted.
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Figure 3.32. The transmission spectrum for modified basket weave with radius r =
0.05a(left column). Blackbody radiation spectrum (red dashed curve on

the right column), and transmission values multiplied bu blackbody radia-

tion spectrum (blue curve on the right column)

The percentage of power transmitted is 68%, 53% and 49% for single, three and

five unit cell respectively.
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Fig. 3.33 shows the transmission spectrum (left column) of a modified basket

weave for a single unit cell, three unit cells, and five unit cells. This figure also shows the

blackbody spectrum (red dashed curve) and the transmission spectrum multiplied by the

blackbody spectrum (blue curve in the right column). The yarn’s radius is r = 0.06a and

its dielectric constant is εa = 5.38. The pattern is immersed in an air background with

dielectric constant value of εb = 1.0.
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Figure 3.33. The transmission spectrum for modified basket weave with radius r =
0.06a (left column). Blackbody radiation spectrum (red dashed curve on

the right column), and transmission values multiplied bu blackbody radia-

tion spectrum (blue curve on the right column)

The amount of power transmitted is found to be 73%, 55% and 52% for single,

three and five unit cell.
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3.3.3. Twill Weave

Another structure we study in this section is twill weave pattern which is shown in

Fig. 3.34. In this figure we have shown the structure from three different viewing angles,

(a) 3D view, (b) top view and (c) side view. In the same figure, Fig. 3.34, we have shown

Figure 3.34. Structure of twill weave pattern. (a) 3D view, (b) Top view and (c) Side

view. Simulationsetup for twill weave pattern: (d) Single unit cell, (e)

Three unit cells and (f) Five unit cells along z−direction.

the FDTD computational setup for single unit cell (d), three (e) and five (f) unit cells
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along the stacking direction for twill weave pattern. The volume of a unit cell is defined

as Vcell = axayaz where ax = ay = a and az = 4r. The computational volume is defined

as Vcomp = SxSySz where Sx = Sy = ax = ay = a and Sz = 2dpml + 2dpad + nzaz,

where nz is the number of unit cell in z−direction and az is the lattice constant along

z−direction.

To excite the x−component of the electric field, we used a Gaussian profiled plane

wave source with center frequency ω̃ = 1.60 and bandwidth Δω̃ = 3.0. To calculate the

transmission spectrum we used a flux monitor that captures the electric field and take the

Fourier transform of electromagnetic fields over time. The boundary conditions used in

the simulation is PBC in the x− y plane and PML is used as open boundary condition in

the z−direction.

The FDTD calculations are done for two different yarn radius, r = 0.05a and r =

0.06a with a fixed dielectric constant of εa = 5.38 and the whole structure is immersed in

air (εb = 1.0).
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Transmission results shown in Fig. 3.35 is for yarn radius r = 0.05a. The left

column shows transmission values, while the blue curves on the right column, which are

obtained by multiplying these transmission values by the spectrum of blackbody radiation

(red dashed curves), is the transmission spectrum of the structure. The area under each

curve on the right column represents the total energy. When these areas were propor-
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Figure 3.35. The transmission values for twill weave pattern. Single unit cell, three

and five unit cell (left column). Blackbody radiation spectrum (red dashed

curves on the right column) and transmission values multiplied by black-

body radiation (blue curves on the right column).

tioned, we found that the amount of transmitted power for a twill weave pattern with a

radius of r = 0.05a was 79% for a single unit cell, 62% for three unit cells, and 57% for

five unit cells.
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In Fig. 3.36, we see the transmission spectrum for the same structure with a ra-

dius of r = 0.06a. The blue curves on the left column are the transmission spectrum

of the twill weave pattern. The red-dash curves on the right column are the blackbody

radiation spectrum for an object at a temperature of T = 310K with a peak frequency,

ν = 18.22THz. The blue curves on the right column are the transmission spectrum for

the structure, which is found by multiplying the transmission spectrum with blackbody

spectrum. We determined how much power is transmitted by the twill weave by dividing
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Figure 3.36. The transmission values for twill weave pattern. Single unit cell, three

and five unit cell (left column). Blackbody radiation spectrum (red dashed

curves) and transmission values multiplied by blackbody radiation (blue

curves on the right column).

the area under the blackbody radiation curve and the structure’s radiation curve. For this

construction, the power that is transmitted is calculated to be 81%, 68%, and 60% for one

unit cell, three unit cells, and five unit cells, respectively.
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Another variation of twill weave pattern can be constructed by adding a second

layer and shifting the added layer by a quarter of a unit cell along x− and y−direction,

which is called "modified twill weave". So the unit cell along z−direction contains two

layers. The resulting structure is shown in Fig. 3.37, the 3D view (a), the top view (b),

and the side view (c). The FDTD computational setup of the modified twill weave pattern

Figure 3.37. Structure of modified twill weave pattern. (a.) 3D view, (b.) Top view and

(c.) Side view. Simulation setup: (d) Single unit cell, (e) Three and (f) Five

unit cells.

for single unit cell (d), three (e), and five (f) unit cells are shown in Fig. 3.37. The
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volume of a unit cell is defined as Vcell = axayaz. The lattice constant in the z−direction

for this structure is az = 8r and the computational volume is Vcomp = SxSySz where

Sx = Sy = ax = ay = a and Sz = 2dpml + 2dpad + nzaz and nz is the number of

unit cell along z−direction. Again, as in the previous calculations, a Gaussian profiled

plane wave source is used to excite x−component of the electric field and PBC and PML

boundary conditions are used.

For this structure, we calculated the transmission spectrum for two yarn radius,

r = 0.05a and r = 0.06a, with dielectric dielectric constant of εa = 5.38. The calculation

is only performed for those two values because larger radius values result in the yarns

overlapping.
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The calculated transmission spectrum of a modified twill weave with a yarn radius

of r = 0.06a for single unit cell, three and five unit cells are shown on left column of

Fig. 3.38. On the right column the corresponding scaled transmission spectrum (blue

curve) and the blackbody radiation is plotted (dashed red curve). The ratio of transmitted
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Figure 3.38. The transmission spectrum for modified twill weave pattern with radius

of r = 0.05a (blue curves on the left column). Blackbody radiation (red

dashed) and transmission spectrum multiplied by blackbody spectrum for

single unit cell, three and five unit cells.

power and power radiated by blackbody is a measure of how the structure is capable of

blocking electromagnetic radiation. After taking ratio of calculated power under each

curve, for a single unit cell, three and five unit cells, the percentage of transmitted power

for this structures are found as 67%, 51% and 45% respectively.
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The transmission spectrum of a modified twill weave with a yarn radius of r =

0.06a shown in the left column of Fig. 3.39 is for single unit cell, three, and five unit

cells. In the right column of Fig. 3.39, blackbody radiation (red dashed curve) with a peak

frequency of 18.22THz and transmission spectrum multiplied by blackbody radiation are

shown (blue curve on the right column). We first shifted the center frequency of the
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Figure 3.39. The transmission spectrum for the modified twill weave pattern (blue

curves on the left column) for a single unit cell, three and five unit cells.

Blackbody radiation (red dashed curves on the right column) and transmis-

sion spectrum multiplied by blackbody radiation (blue curves on the right

column).

band gap to the peak frequency and then multiplied the transmission spectrum with the

blackbody radiation curve. Then when we compare the areas under the graphs, we find

that the amount of power transmitted is 70%, 53% and 48% for a single unit cell, three,

and five unit cells, respectively.
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3.3.4. Dutch Weave

The Fig. 3.40 displays the structure of the Dutch weave pattern from three different

perspectives; 3D view Fig. 3.40(a), top view Fig. 3.40(b), and side view Fig. 3.40(c). The

Figure 3.40. Structure of dutch weave pattern. (a) 3D view, (b) Top view and (c) Side

view. Simulation setup for single unit cell (d), three (e) and five (f) unit

cells.

FDTD simulation setup for dutch weave is also shown in Fig. 3.40; (d) is for a single unit

cell, while (e) is for three unit cells, and (f) is for five unit cells in the z−direction. In the
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x− and y−direction we used single unit cell.

As in the previous calculations, PML and PBC are used as boundaries. The

volume of a unit cell for this structure is Vcell = axayaz where ax = ay = a and

az = 6r. The computational volume used in FDTD simulation is Vcomp = SxSySz where

Sx = Sy = ax = ay = a and Sz = 2dpml + 2dpad + nzaz where dpml is the thickness

of PML region, dpad is the distance between PML region and the structure, and nz is the

number of unit cell along z−direction. A Gaussian profiled plane wave source is used to

excite the x−component of the electric field.
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For this structure, the calculated transmission spectrum for a single unit cell, three

unit cells, and five unit cells is shown in Fig. 3.41. The calculations are done for a yarn

radius of r = 0.06a with a dielectric constant of εa = 5.38. We first shift the peak

frequency of the blackbody radiation spectrum to the center frequency and then multiply

the transmission spectrum with the blackbody spectrum, which gives us the blue curve in

the right column of the Fig. 3.41.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency(c/a)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T
ra
ns
m
is
si
on

dutch weave - r=0.06a - unit cell=1

0 10 20 30 40
Frequency(Hz) ×1012

0

1

2

3

4

5

B
ν
(W

.m
−2
.s
)x
(T
ra
ns
m
is
si
on
)

×10−11

ratio: 0.73

Blackbody Radiation-(T = 310K)

(Blackbody Radiation)x(Transmission)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency(c/a)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T
ra
ns
m
is
si
on

dutch weave - r=0.06a - unit cells=3

0 10 20 30 40
Frequency(Hz) ×1012

0

1

2

3

4

5

B
ν
(W

.m
−2
.s
)x
(T
ra
ns
m
is
si
on
)

×10−11

ratio: 0.52

Blackbody Radiation-(T = 310K)

(Blackbody Radiation)x(Transmission)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency(c/a)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T
ra
ns
m
is
si
on

dutch weave - r=0.06a - unit cells=5

0 10 20 30 40
Frequency(Hz) ×1012

0

1

2

3

4

5

B
ν
(W

.m
−2
.s
)x
(T
ra
ns
m
is
si
on
)

×10−11

ratio: 0.46

Blackbody Radiation-(T = 310K)

(Blackbody Radiation)x(Transmission)

Figure 3.41. Left column: Transmission spectrum for single unit cell, three and five

unit cell. Right column: Blackbody radiation spectrum (dashed red curve).

Transmission spectrum of the dutch weave pattern multiplied by blackbody

radiation (blue curve).

The transmitted percentage power for single, three and five unit cell are calculated

as 73%, 52% and 46%.
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Transmission values for the same structure with a radius of r = 0.08a are shown in

Fig. 3.42. The blue curves on the left column are the transmission spectrum, the red-dash

curve on the right column is the blackbody radiation spectrum, and the blue curve on the

right column is the transmission spectrum for the structure, which is found by multiplying

the transmission spectrum with blackbody radiation.
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Figure 3.42. Left column: Transmission spectrum for single unit cell, three and five

unit cell. Right column: Blackbody radiation spectrum (dashed red curve).

Transmission spectrum of the dutch weave pattern multiplied by blackbody

radiation (blue curve).

The amount of transmitted power are calculated to be 63%, 45% and 39% for

single, three and five unit cell respectively.
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We scanned the radius of yarns from 0.06a to 0.12a in steps of 0.01a, and the

percentage of the transmitted power for Dutch weave for single unit cell, three and five

unit cells calculated and the results are shown in Table. 3.4. The first column shows

Table 3.4. Percentage of transmitted power for dutch weave.

Radius(r) Single unit cell (%) Three unit cell (%) Five unit cell (%)

0.06a 73 52 46
0.07a 66 46 41
0.08a 63 45 39
0.09a 62 42 37
0.10a 76 59 55
0.11a 80 65 61
0.12a 83 67 64

the radius of yarns while the second column is for single unit cell, third column is for the

three unit cells, and the last column is for the five unit cell along z-direction. The Fig. 3.43
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Figure 3.43. Transmitted power percentage versus yarn radius for the dutch weave. Sin-

gle (left graph) unit cell, three (middle graph) unit cells and five (right

graph) unit cells.

shows plot of data tabulated in Table. 3.4 which depicts the percentage of power versus

yarn radius for single, three and five unit cell along z−direction.
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Taking dutch weave pattern as a base, two more patterns can be constructed. The

first one is made by connecting two straight yarns that are parallel to each other and

separated by a distance. The center-to-center distance of these yarns is taken to be 4r,

where r is the radius of the yarn. Then these neighboring yarns are connected to each

other by yarns running in a perpendicular direction. This structure is shown in Fig.3.44,

where (a) is 3D view, (b) is view from top, and (c) is view from side.

Figure 3.44. The structure of the modified dutch weave-I pattern. (a) 3D view, (b) Top

view and (c) Side view. Simulation setup of the modified dutch weave-I

pattern for single unit cell (d), three (e) and five (f) unit cells.
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In Fig. 3.44, we have shown the FDTD simulation setup for single unit cell (d),

three unit cells (e), and for five unit cells (f). In the x − y direction, a single unit cell is

used as usual, while three and five unit cells along z−direction are used for simulation.

The volume of a unit cell is Vcell = axayaz and the volume of computational region is

Vcomp = SxSySz where Sx = Sy = ax = ay = a and az = 10r.
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The transmission spectrum of this structure is shown in Fig. 3.45 for yarn radius

r = 0.06a and dielectric constant εa = 5.38. Blue curves on the left column is the

transmission spectrum, red dashed curve on the right column is the blackbody radiation

spectrum and the blue curve on the right curve is the transmission spectrum for the struc-

ture which is found by multiplying transmission spectrum with blackbody radiation.
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Figure 3.45. Transmission spectrum for single, three and five unit cell for modified

dutch weave (left column). Blackbody radiation spectrum (right column

red dashed curve). Transmission values multiplied by blackbody radiation

spectrum (blue curve on the right column).

The amount of power transmitted for this structure is found to be, for single unit

cell 57%, for three unit cells 40% and five unit cells 0.37%.
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For the same structure with yarn radius r = 0.08a calculated transmission values

are shown in Fig. 3.46. Blue curves on the left column is the transmission spectrum,

red dashed curve on the right column is the blackbody radiation spectrum and the blue

curve on the right curve is the transmission spectrum for the structure which is found by

multiplying transmission spectrum with blackbody radiation.
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Figure 3.46. Transmission spectrum for single, three and five unit cell for modified

dutch weave (left column). Blackbody radiation spectrum (right column

red dashed curve). Transmission values multiplied by blackbody radiation

spectrum (blue curve on the right column).

The amount of power transmitted are 56%, 39% and 37% for single, three and five

unit cell.
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Transmitted power percentage and corresponding yarn radius for dutch weave-I

for single unit cell, three and five unit cells is shown in Table. 3.5. In this table, the first

Table 3.5. Percentage of transmitted power for modified dutch weave-I.

Radius (r) Single unit cell (%) Three unit cell (%) Five unit cell (%)

0.06a 57 40 37
0.07a 56 41 38
0.08a 56 39 47
0.09a 53 37 36
0.10a 57 44 40
0.11a 61 47 45
0.12a 67 50 49

column is the yarn’s radius, the second, third and fourth column are for single, three and

five unit cell. The data shown in the Table. 3.5 are plotted for a better visualization in the
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Figure 3.47. Transmitted power percentage versus yarn radius for the dutch weave-I.

Single (left graph) unit cell, three (middle graph) unit cells and five (right

graph) unit cells.

Fig. 3.47. The left graph is for single unit cell, the middle graph is for three unit cells and

the right graph is for five unit cells along z−direction.
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As an alternative to the previous structure, straight yarns are inserted along the

y−direction and the resulting weave pattern is shown in Fig. 3.48 from three different

viewing angles, 3D view (a), top view (b), and side view (c).

Figure 3.48. 3D view (a), top view (b) and side view (c) of modified dutch weave-II

pattern. Simulation setup for modified dutch weave-II pattern for single

(d), three (e) and five (f) unit cell.

The simulation setup for single (d), three (e) and five (f) unit cell along z−direction

is shown in Fig. 3.48. PML is used in the propagation direction while in the x− and

y−directions we imposed PBC. A Gaussian profiled plane wave source with center fre-
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quency ω̃ = 1.60 and frequency bandwidth of Δω̃ = 3.0 is used to excite x−component

of electric field. The volume of a unit cell is defined to be Vcell = axayaz where ax =

ay = a and az = 10r. The computational volume for this structure is Vcomp = SxSySz

where Sx = Sy = az = ay = a, Sz = 2dpml+2dpad+nzaz and nz is the number of unit

cells in along the z−direction. Transmission values are calculated in steps of 0.01a for

yarn radius ranging from r = 0.06a to r = 0.12a with a fixed value of dielectric constant

εa = 5.38. The whole structure is immersed in air background.
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The transmission values shown in Fig. 3.49 are for yarn radius of r = 0.06a. The

blue curves on the left column are the transmission spectrum, the red dashed curves on

the right column are the blackbody radiation spectrum, and the blue curves on the right

column are the transmission spectrum for the structure, which are found by multiplying

the transmission spectrum with blackbody radiation.
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Figure 3.49. The transmission spectrum of the modified dutch weave-II for one, three,

and five unit cells (left column). Blackbody radiation spectrum (red dashed

curves) and transmission spectrum of the structure multiplied by blackbody

radiation for one unit cell, three, and five unit cells (blue curves on the right

column).

The transmitted power percentage for a single unit cell, three unit cells, and five

unit cells is 56%, 40%, and 35%, respectively.
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For the modified dutch weave-II structure with radius of 0.07a, the transmission

spectrum (blue curves on the left column), blackbody radiation spectrum (red dashed

curve on the right column) and the transmission spectrum for the structure which is found

by multiplying transmission spectrum with blackbody radiation (blue curve on the right

column) is shown in Fig. 3.50.
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Figure 3.50. The transmission spectrum of the modified dutch weave pattern for one

unit cell, three, and five unit cells (left column). Blackbody radiation spec-

trum (red dashed curve) and transmission spectrum of the structure mul-

tiplied by blackbody radiation for one unit cell, three, and five unit cells

(blue curves on the right column).

For this structure, the percentage of transmitted power are 53%, 38% and 33% for

single, three and five unit cell.
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Transmission results for modified dutch weave-II with yarn radius of r = 0.08a is

shown in Fig. 3.51. The blue curves on the left column are the transmission spectrum, the

red dashed curve on the right column is the blackbody radiation spectrum, and the blue

curves on the right column are the transmission spectrum for the structure, which is found

by multiplying the transmission spectrum with blackbody radiation.
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Figure 3.51. The transmission spectrum of modified dutch weave-II for one unit cell,

three, and five unit cells (left column). Blackbody radiation spectrum (red

dashed curve) and the transmission spectrum of the structure multiplied by

blackbody radiation for one unit cell, three, and five unit cells (blue curves

on the right column).

The amount of power transmitted by this structure is found to be 55% for a single

unit cell, 38% for three unit cells, and 32% for five unit cells.
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Table. 3.6 shows the transmitted power percentage and corresponding yarn radius

for dutch weave-II for a single unit cell, three and five unit cells are shown. As the num-

Table 3.6. Percentage of transmitted power for modified dutch weave-II.

Radius (r) Single unit cell (%) Three unit cell (%) Five unit cell (%)

0.06a 56 40 35
0.07a 53 38 33
0.08a 55 38 32
0.09a 58 40 36
0.10a 64 47 43
0.11a 68 51 46
0.12a 71 55 50

ber of the unit cell along the stacking direction increases the transmitted power percentage

decreases as expected. But the dependence on the number of a unit cell is weak. Mini-

mum transmission obtained for yarn radius of 0.06a, 0.07a and 0.08a. The Fig. 3.52 are
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Figure 3.52. Transmitted power percentage versus yarn radius for the modified dutch

weave-II. Single (left graph) unit cell, three (middle graph) unit cells, and

five (right graph) unit cells.

plotted using data given in the Table. 3.6. The left graph represents the transmitted power

percentage for a single unit cell, while the middle is for three unit cells and the right graph

is for five unit cells.
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To see the dependence of transmitted power percentage on weaving pattern and

yarn radius, we plotted all results on the same graph. The amount of transmitted power

relationship between weave patterns (plain weave, modified plain weave, dutch weave,

modified dutch weave-I, and modified dutch weave-II) and yarn radius for single unit cell,

three unit cells, and five unit cells is shown in Fig. 3.53. Among all the weave patterns we

0.06 0.08 0.10 0.12

Radius (r/a)

0

10

20

30

40

50

60

70

80

90

T
ra
n
sm

it
te
d
P
ow

er
(%

)

1-unit cell along z-axis

Plain Weave

Modified Plain Weave

Dutch Weave

Modified Dutch Weave-I

Modified Dutch Weave-II

0.06 0.08 0.10 0.12

Radius (r/a)

3-unit cell along z-axis

Plain Weave

Modified Plain Weave

Dutch Weave

Modified Dutch Weave-I

Modified Dutch Weave-II

0.06 0.08 0.10 0.12

Radius (r/a)

5-unit cell along z-axis

Plain Weave

Modified Plain Weave

Dutch Weave

Modified Dutch Weave-I

Modified Dutch Weave-II

Figure 3.53. Percentage of transmitted power versus yarn radius for five different weave

patterns. Plain weave, modified plain weave, dutch weave, modified dutch

weave-I, and modified dutch weave-II for single unit cell (left graph), three

unit cells (middle graph), and five unit cells (right graph).

have studied, calculations have shown that the modified dutch pattern gives the minimum

transmission.
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CHAPTER 4

CONCLUSION AND FUTURE WORK

4.1. Conclusion

In this thesis, we addressed the problem of heat loss from the human body. Under

normal conditions, the amount of heat lost through electromagnetic radiation from the

human body skin accounts for about two-thirds of the total energy produced by the human

body. So suppressing this energy can save a substantial amount of power used to heat the

human body’s environment. The main contribution of our work is to use photonic crystals’

(PhCs) ability to confine electromagnetic radiation to produce woven textiles which can

be considered as a thin layer of electromagnetic shield.

Starting from 1D-PhCs, we have shown that even with these simple structures, it

is possible to reduce heat loss. To improve the structure’s performance, we used a more

complicated 3D-PhCs structure known as a woodpile with a complete photonic band gap

(PBG). Since the full PBG is only possible for crystals that have an infinite extent, the

calculated transmission results, of course, would be different than the expected ones.

Showing that electromagnetic radiation can be suppressed using those structures,

we then worked with the most common weave pattern used in the textile industry: the

plain weave, the basket weave, the dutch weave, and the twill weave patterns. The de-

grees of freedom of the problem are those that would affect the PBG. Those are the di-

electric constant, the thickness of the yarn, and the weaving pattern. In our work, we

used real-symmetric and frequency-independent dielectric constants. Which leaves out

the dependence on the polarization of the electromagnetic field of the material. Then we

used a moderate frequency independent dielectric constant so that we could create a con-

trast between the material and the background. Leaving those aside, we are left with two

degrees of freedom, namely the radius of the yarns and the weave pattern.

To find the best weave pattern and optimum yarn radius, we used the finite-

difference time-domain method (FDTD) by brute force calculations and sweeping over
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the radius of yarn for all those weaving patterns we defined. Throughout our work, we

also modified each weave pattern so that its structure would be close to the woodpile PhC,

which is known for having full PBG. Among all those four weaving patterns, five more

patterns that are created by modification, we have found that the modified dutch weave

gave the optimum results.

Even though we mainly aimed to find the optimum woven structure that maxi-

mizes the reflection of radiation from an object at 37◦C, the same approach, in principle,

can be used to find structures that reflect radiation emitted by objects at higher temper-

atures, such as those that firefighters might be exposed to. In principle, this method can

be scaled to any regime of the electromagnetic spectrum, except for the regimes that have

very high energy and might destroy the molecular structure of material.

4.2. Future Work

Since the structures are 3-dimensional, the numerical method we used demands

a huge amount of computational power, storing capacity, and time. The FDTD method

divides space and time into grids and then lets Maxwell’s equation evolve over time in

a finite volume. So, even for low resolution calculations, it requires a huge amount of

time and computational power as well as storage capacity. So, using a different algorithm

such as the Finite element method (FEM), which requires less memory since FEM dis-

cretizes the computational space non-uniformly, would be more effective. The following

properties are left as future work due to time limitations.

The dielectric material used in calculations is assumed to be isotropic, which

means that the material threat electromagnetic radiation is the same in all directions. But

most of the materials used in the textile industry are anisotropic. It would give more

information about optimizing the best material.

Again, as a material property, we used real dielectric constant, which means no

gain or loss occurs. Introducing a complex dielectric constant would give more accurate

results.

The source we used in our calculation is a Gaussian-profiled plane wave spanning

2−dimension. To get more realistic results, we need to represent the blackbody radiation

spectrum by using randomly oriented dipoles that would radiate in all directions.
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We also disregarded the absorption due to radiation from the environment. Thus

our results are valid for extremely cold environments. Taking the absorption from envi-

ronment into account would enable optimal design for different environmental conditions,

such as out in the sun, or at home or at moderate cold temperature around 0◦C.

Furthermore, the bandgap can be fine tuned so that the absorption from the envi-

ronment can be made less than the radiation to the environment for a cooling effect.
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