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ABSTRACT

Double-negative (DNG) metamaterials, refer to artificially created materials both
having negative permittivity and effective permeability at a given frequency. In the last several
years, double negative metamaterials attract a great deal of attention from scientists.

In the area of high frequency application, transmission line serves as the fundamental
building blocks. Due to the different application purposes, two kinds of microstrip are widely
studied, shielded and open. In 2003, Krowne published his numerical results for shielded
microstrip line with double negative metamaterials.

In this research, Chebyshev polynomials are chosen for the current basis functions and
diverse model structures are analyzed. Spectral domain approach (SDA) is used to explore the
electric guiding-wave properties of specific structures with DNG metamaterials, containing
dispersion curves, field distributions, power flow, and characteristic impedance. Convergence
test of the dispersion constant over different sizes of current basis is analyzed for the open
microstrip. The numerical results show that propagating mode or complex mode is found at
different frequencies and geometric setups. Field distributions show the significant difference
from that of double positive (DPS) materials. To improve the calculation efficiency, numerical
acceleration techniques are included and implemented. The numerical analysis implies that the
shielding walls have great impact on the propagating properties in the shielded microstrip line.
The open microstrip line filled with DNG metamaterials exhibits significant loss in its

fundamental mode, indicating that it is not a good candidate for transmission line.
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CHAPTER 1. OVERVIEW

1.1 Introduction

So far, the naturally-occurring materials exclusively obey the right-hand rule, which

means that electric field E , magnetic field H , and wave vector k are in the right hand rule. In
the view of media parameters, the right hand rule implies that the permittivity and
permeability are both positive. So the conventional materials are usually called right-hand
materials (RHM) or double positive (DPS) materials. While, double negative (DNG)
metamaterials are artificially patterned metal-dielectric structures. Due to the negative
permittivity and permeability, the electric field, magnetic field and wave vector follow the left
hand rule instead of right hand rule. So DNG metamaterials are also called left-hand
metamaterials (LHM). In DNG metamaterials, the group velocity and phase velocity are in
different directions. Thus, the direction of phase velocity is opposite to that of the energy
velocity. This interesting property will cause the negative-index of refraction. So DNG
metamaterials are also called negative index metamaterials (NIM).

DNG metamaterials were first proposed by a Russian scientist Veselago in 1968 [1].
The new properties of DNG metamaterials were analyzed, such as negative index of refraction,
opposite group and phase velocity, reversed Doppler effect [1, 2, 3].

After Veselago’s work, only much later, LHM began to attract the attention of scientist.
In the last several years, DNG metamaterials attract a great deal of attention from scientist and

researchers. In 1999, Pendry and his colleagues analyzed a metamaterial, which had negative
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permeability. Pendry also published on subjects such as surface plasmas and negative
refractive index materials [4, 5].

In 2000, D. R. Smith and his colleagues made impressive progress in the field of DNG
metamaterials. They fabricated a periodical structure that simultaneously had negative
permeability and negative permittivity in a small frequency range [6]. One year later, in the
experiments, they observed negative refraction index [7, 8]. All these pioneer works give birth
to a new field of research (DNG metamaterials). After that, a great deal of attentions from
scientific and engineering communities is paid to the DNG metamaterials.

In 2003, Krowne published his numerical results of the shielded microstrip line with
DNG metamaterials [22]. In W. Shu’s Ph.D thesis, dielectric slab with DNG metamaterials is
analyzed. The dispersion properties for the DNG dielectric slab are obtained [16]. He also
worked on the open microstrip line with DNG metamaterials and got the dispersion curves
[17].

In this thesis, spectrum domain approach (SDA), which is a full-wave method that
solves the Maxwell’s equation directly to find appropriate solutions that satisfy some
boundary conditions, is used to explore the electromagnetic guiding-wave properties of
specific structures with double negative metamaterials, containing dispersion curves, field
distribution, power flow, and characteristic impedance. Two microstrip models, which are
shielded and open, are analyzed. Chebyshev polynomials with coefficients are used to expand
the unknown current distribution. For both of shielded and open microstrip lines, propagating
mode or complex mode is found at different frequencies and geometric setups. The field
distributions in spatial domain show the significant difference from that of double positive

materials. To reduce the calculation cost, numerical acceleration techniques, such as leading
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term extraction, are included and implemented. Numerical results imply that the shielding
walls have great impact on the propagating properties in the shielded microstrip line. The open
microstrip line with DNG metamaterials possesses significant loss in its fundamental mode,

which indicates that it is not a good candidate for a transmission line.

1.2 Research motivation

As the developing of communication industry, the high frequency circuit design begins
to be more critical. The planar passive transmission line is extensively implemented in modern
high frequency circuits. In the industry, most of interconnections and passive networks are
consisted of transmission lines. For example, the matching networks in power amplifier can be
realized by the transmission stubs. The de-embedding techniques for the MMIC (Monolithic
Microwave Integrated Circuits) components require SOLT (short-open-load-through)
transmission structures to shift the phase reference plane to the DUT (device under test). In
receiver design, the filter can be implemented by transmission stubs or couple lines.

For the transmission line, the properties are directly relevant to its medium parameters.
For example, the phase velocity of a transmission line mainly depends on its dielectric
constant, especially the real part.

As the operating frequency increases, the parasitic effects in microstrip line begin to be
significant. For example, in GaAs based MMIC, the Q (quality factor) of printed inductor is
very low due to the thin dielectric, which can increase the parasitic capacitor. Therefore, it is
meaningfully and worthwhile to investigate the properties of transmission lines with DNG

metamaterials.
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According to the different application fields, the transmission lines can be modeled as
open or shielded. Figure 1.1 shows two microstrip lines with DNG metamaterials that will be

solved in this thesis.

(a) Open microstrip line (b) Shielded microstrip line

Figure 1.1 Open and shielded microstrip Lines with DNG metamaterisls
below the strip and air above.

With these motivations, we move to the numerical analysis of the DNG metamaterials.
To predict accurately the electrical performance of the transmission lines over a given
frequency band, the full-wave spectral domain approach is applied [9, 10, 11]. In order to
simplify the problem, Fourier transform is performed over x direction. In spectral domain, the
boundary conditions are used to derive the Green’s functions. Chebyshev polynomials are
chosen for the current basis functions. Then method of moments is applied to get the
dispersion properties. With the obtained propagation constant, the spatial domain field can be
calculated from the spectral domain fields by inverse Fourier transform. With the Parseval’s

theorem, the total power can be calculated.

1.3 Organization of the thesis

The rest part of the thesis is organized as follows. Chapter 2 investigates the shielded

microstrip lines. Spectral domain analysis is applied to get the potential, field, Green’s
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functions etc. Current basis functions of Chebyshev polynomials are also included. Then
method of moments is applied to get the dispersion properties. At a given frequency, the
propagation constant can be solved. Then the field distributions in spatial domain, total power,
and characteristic impedance are derived.

Chapter 3 provides the numerical considerations and results. First, in order to reduce
the CPU time of the calculation, some numerical acceleration techniques are analyzed and
implemented. Then the numerical results such as dispersion curves, field distribution, power
flow, and characteristic impedance are provided. The summary and future works go to Chapter
4,

In Appendix A, the spectral analysis of open microstrip lines with DNG metamaterials

is provided, which is similar to the shielded case.
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CHAPTER 2. SHIELDED MICROSTRIP LINE WITH DNG

METAMATERIALS

In modern microwave/RF systems and circuits, transmission line is widely used.
Among the transmission lines, microstrip is the one that mostly used. Studying the properties
of microstrip line with DNG metamaterials will provide us a fundamental understanding of the
DNG metamaterisl. In the following chapters, several microstrip models, containing shielded
microstrip, open microstrop, will be analyzed. The spectral domain approach is applied to get
the dispersion properties, based on which we will get other information, such as field

distribution, power, impedance [9, 10, 11].

2.1 Introduction

In the last several years, a lot of theoretical simulation and analysis have been
conducted, concerning the properties of DNG material. In current high frequency circuit
design, the transmission line such as: microstrip line, strip line, CPW line with double positive
material are clearly understood and widely used by the modern RF/Microwave engineers [12].
While, when moving to the DNG material, we find that there are many interesting and
attractive features, such as the dispersion curves with complex mode, different field

distribution from the microstrip with DPS materials.

2.1.1 Model setup

In the application, multilayer-microstrip is often considered for compact layout and

cost saving. It is meaningful to study the microstrip with perfect electric conductor (PEC)
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walls for shielding. In this chapter, we will study the properties of the shielded microstrip lines

with DNG materials. Spectral domain approach is utilized for numerical calculations.

Region 2
d
M. &
-
h i
Region 1 Moty &,& X
« — — >
zZ

Figure 2.1 Shielded microstrip line

Figure 2.1 shows the cross section view of the shielded microstrip line. In this model,
the DNG metamaterial is layered on the bottom PEC wall with a thickness of h. Above the
DNG metamaterial, it is filled with air. At the interface of the two dielectrics, an infinite thin
strip is placed with a width of w. Moreover, there is a top layer of perfect conductor placed
with a height of d above the strip. Two side walls of PEC are placed symmetrically with 2a

distance.

2.2 Spectral domain analysis

Due to the phase matching at the interface of air and DNG metamaterial, pure TEM
(transverse electromagnetic) mode cannot be supported in this microstrip model. So in spectral

domain approach, we use the hybrid modes instead of pure TEM mode, then a superposition of
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infinite TEz (transverse electric) and TMz (transverse magnetic) modes can be analyzed [13].
Vector potentials can be used to express all the field components.

2.2.1 Vector potential
In the analysis of electromagnetic problems with boundary conditions, it is common

practice to use auxiliary vector potentials to get the solutions. The most used are magnetic

vector potential (A) and electrical vector potential (F ).

For TMz mode, the vector potential is given as:

Au(x,y,2) =~ 00 (x, y)e @)
For TEz mode:
Fi(xy,2)= —%d)gh) (x,y)e (2.2)
The scale potentials satisfy the Helmholtz equations at y = h:
(2.3)

Vil (x, y)+(ki2 —,BZ)CDSP)(X, y)=0

in which, k? = @64, 1=1,2, p=e,h.

Solving the Helmholtz equations, all of the field components are derived

E, (Xy)= 5‘;&” N a);i acgjh)

0

Ei(xy)=] ki ,_gﬂz e
o0l w5 00"

Hyi(x'y): oy B ox
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H, (% y)=1] K ;ﬂ : o (2.4)

In the above field expression, one should notice that e '** is dropped.

2.2.2 Fourier series

In spectral domain analysis, we apply Fourier transform over x to reduce the partial

differential equations (PDE) to ordinary differential equations (ODE).

Due to the shielded side walls, the vector potentials are only defined for x from —a to

a. So in shielded microstrip line, the inverse Fourier transform should be changed to series
summation.

/7 (n,y) = [ x0” (x,y)e"” (25)

o) (x, y)zz_la i B (m, y)e i (2.6)
inwhich, i=1,2, p=e,h, a,=mz/a.

In (2.6), a full range summation is included. To reduce the CPU time, we applied
boundary conditions on the field component.

Considering the field components in (2.4), the electric field components E,and E , for

the fundamental quasi-TEM mode, should be an even function of x, so

@ (x,y) ~ cos(a,x)
@ (x,y)~sin(a,x)

(2.7)
On two side walls, the tangential electrical fields meet the PEC boundary condition, so
o (a,y)=0
Ez|x—+a = Ey =0 Ih ( y) (28)
=t x=*a q)i'( ) (a, y) =0
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10

Substitute the potential into the field expressions, then we arrive at

a,a=mr/2
cos(a,x)=0= on_1 (2.9)

so mis odd. (2.7) implies that ®*'(x, y)is an even function of x, and ®{" (x,y)is an odd
function of x.
Rewriting (2.9), we get
a,=(n-12)z/a (2.10)
Now, let’s return to the Fourier transform. In the shielded microstrip line, all of the

fields components and potentials are defined for x from —atoa. If we expand the expressions

as periodic functions of x with a period of 4a. Then we can get

f(m)= j_zaadxf (x)eie (2.12)
f()= 3 F(m)e (2.12)

If f(x)isan even function, (2.11) can be rewritten as

f(m)= ZI:adxf (x)cos(e,X)

. . (2.13)
= 2_[0 dxf (x)cos (e, x)+ ZL dxf (x)cos (e, X)
let x=2a-x'
j:adxf (x)cos(a,x)= —J'Oa dx'f (2a—x")cos[ mr x'/(2a)]| (2.14)
Combining the two parts together, it comes to
f(m):z_[oadx[f(x)— f (2a—x)]cos(a,x) (2.15)

Therefore, if we expand the f (x)as
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11
f(x)=-f(2a-x) a<x<?2a (2.16)
With f(a)=0, we get
:4I0adxf (x)cos(a,x) = Zfadxf (x)e* (2.17)
:ziz )cos( (2.18)

Similarly, if f (x)is an odd function and f'(a)=0, we expand as

f(x)=f(2a-x) a<x<?2a (2.19)
f( 4jj dxf (x)sin (e, x) 2_[ dxf (x)e’* (2.20)
:Z_Ji )sin( (2.21)

(2.18) and (2.21) implies that the modified inverse Fourier series can cut the summation time

to half. It will improve the numerical efficiency.
As illustrated above, ®°) (x y)is even and o!" (x, y)is odd. Applying to (2.18) and

(2.21) on them, we get the spatial scale potentials.

Ew @ (n, y)cos(a,x)
1 1 =
q)(P — P jamx _ = ) n=l (222)
o E (my)e A

oS " (n,y)sin(e,X)
where ¢, =(n-1/2)7/a
To reduce the partial differential equation (PDE) in (2.3) to ordinary differential

equation (ODE), we conduct Fourier transform on the two sides of (2.3). Then the Helmholtz

equations in spectral domain is
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2
(2.23) is an ordinary differential equation, there are two kinds of general solutions

depending on the boundary conditions.

®" (n,y)=A" (n)e” +B (n)e ™ (2.24)

or ®" (n,y)=C!” (n)sinh(y,y)+ D" (n)cosh(7y) (2.25)

In spectral domain, the field components in (2.4) are y and « dependant.

E(ay)=(-ja)d (a,y)+ £ =" (a,y)

£ ()= 2 00 () o 25 ()

= _ kiz_ﬂz 5 (e)

EZI (0(, y) = /B (Di (a’ y) (226)
Ao (e,y)= (1) B (ary) =7 L0 )

Correspondingly, e *** is also dropped.

2.2.3 Boundary conditions

In the previous parts, we derive the solutions to Helmholtz equations in spectral

domain and get two kinds of general solutions, which depend on the different boundary

conditions.

For PEC layer at the bottom and top, the boundary conditions are that the tangential

components of electric field are zero, so
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13
E,.(n0)=E,(nh+d)=0= " (n,0)=d} (n,h+d)=0 (2.27)
E (n0)=E,(nh+d)=0= L (n0)=0=L _
a(n0)=E,(n, +d)—0:>a—yc1>1 (n,O)—O—ad)z (n,n+h)=0 (2.28)

With (2.27), (2.28), and (2.24) can be reduced to

@ (n,y) = A(n)sinh(,y) (2.29)
®" (n,y)=C(n)cosh(yy) (2.30)
_ inh[ 7, (h+d -

&L (n,y) = B(n) Efm(](;d) )] (2.31)
< 1) B cosh[y,(h+d-y)]

;" (n,y)=D(n) cosh (7,d) (2.32)

(2.26) implies that, to get the field components, the potentials expansion coefficients are
demanded. While, there is one unknown in each potential expression. So at least, we need four
more equations to solve them.

The tangential electrical fields of two regions at the interface are continuous. So in

spectral domain:

E,.(n,h)=E,(nh
EZEn, h)= E;En, h) (2.33)
Substitute the field components into (2.33), we arrive at
(k7 - B%) Asinh(3;h) = (k7 - ) B
jat, [ Asinh(,h) - B] =%[Wp sinh (7,h) + 7,4, D tanh (7,d) | (2.34)

For infinite thin strip, no current component flows in y -direction. So surface electric current

is considered in x-and z -direction, which is denoted as

www.manaraa.com
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J,(x,2)=[R3,(x)+2],(x)]e " (2.35)
Then the magnetic field boundary conditions in spatial domain yield
yx(H,—H,)=J (2.36)

S

In spectral domain, the boundary conditions can be written as

(n,h)=H, (n,h)=J,(n)
()~ H, () =3, (n)

Substitute the vector expression into the above equations and rewrite the two equations:

HZZ
(2.37)
Hx2

(k? - B%)cosh(yh)C—(k: - B7)D = jBJ, (n)

(239)
joey, cosh(yh) A+ jws,y, coth (y,d)B—a, Scosh(y,h)C+a, D =—jpB],

So far, we have four equations with four unknowns, we can solve them to get the

solutions. To simplify the problem solving, all of the elements are filled into a matrix as:

—P?sinh(3h) P 0 0 A 0
o, Bsinh(y;h) —a.f3 jorussinh(yh)  joy, tanh(y,d) || B _ 0 (2.39)
0 0 R? cosh(4h) - cl | i,
jaegcosh(rh) - jee,y, coth(y,d) - —a;,Bcosh(yh) op D) \-iAl,
in which, B? =k? — 5%, P} =kZ - p°.
According to (2.34) and (2.38), we can derive the following relations:
___PB
R?sinh(y;h) (2.40)
D, ipd,
~ P?cosh(y;h) P cosh(z;h)
Substituting A and C into the matrix, comes to
FJ
[Bj 21[“’22 ‘bnj oo (2.41)
D A _b21 _b11 ?‘]x_‘]z
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where

ja,
b.l.l = —b22 =W(k22 _klz)

bm:% Vatty (K — B2 )tanh (7,d )+ yiu4 (k3 — B ) tanh(y;h)
s 7) (k" )tann ) o)
b, = m%gz (k7 = 8% )coth (7,d) + y&, (k; - B°)coth (ylh)]
E— W), tanh(Vlh)
1 j(klz _ﬂz)
A=[ pyy; coth(y;h)+ sy, coth (7,d ) |[ ,7, tanh (73h) + &7, tanh (7,d )] 043)

To this end, the ABCD parameters are derived [9]. However, we still have many unknowns,

such as the surface current, propagating constant etc.

2.2.4 Green functions

In order to know the guiding properties of the shielded microstrip, the propagating
constant needs to be solved. Thus, more coupled equations are demanded. With the parameters
from boundary conditions, now we can derive the expressions for the Green functions.

First we rewrite the field of the spectrum domain at the interface as the form of vector

potential

- .- 0 =
E,(nh)=—ja,d® (nh)+22, oM (nn
(1) =@ (1) + e, S0 () ot

— —ja,B(n)- “’;‘2 7, tanh(7,d)D(n)

E,,(nh)=] k ;52 &% (n,h) = jkzz;ﬂﬂzg(n) (2.45)

Then we can change the forms of the fields to Green’s functions
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where

Gy (n,B)= %[(kﬁ —a? )7, tanh(y,d) + 1, (K — )y, tanh(y;) |

ze (n, ﬂ) = sz (n'ﬁ) = %[7/2 tanh(yzd) + U tanh(ylh)] (247)

G, (n.8) =" [ (k7 - 47) 7, tann(r,c) v 1, (K ~ 47 7t

A= [5,;/2 tanh(y,d )+, tanh (j/lh):H:,ur]/Z coth(,d)+ 7, coth (j/lh):|
inwhich, &, =¢,/¢,, u, =1/,

2.3 Method of moments

2.3.1 Current basis functions

So far, we still do not know the current distribution on the strip. But the current can be
expanded with basis functions with unknown coefficients. Moreover, the basis functions must
be chosen such that their inverse Fourier transforms are nonzero only on the strip|x| <w/2.

In this thesis, the transverse current and longitudinal current are approximated by the

expansions of Chebyshev polynomials with singularity [13, 14].

J,(x)= j\/l—(ZX/W)ZiIxnuznfl(ZX/w)
(2.48)

Y
z IznTZn—2 (ZX/W)

J,(X) =———
) w/1—(2x/w)2 n=1

where T, (x) and U, (x)are the first kind and second kind of Chebyshev polynomials.

Applying Fourier transform to the above current basis, we come to:
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J.(m)= ian 32 ()]t

J.(m)

N

le bn‘Jz(n—l) (§m )

(2.49)

where a, =(-1)" 2znl,w, b, =(-1)"" 71, w/2, &, = a,w/2, J,(x) is the Bessel function of

the first kind.

2.3.2 Galerkin’s methods

For the shielded microstrip line, the tangential components of electrical field at the

interface of region 1 and region 2 are given in (2.46). The current expansion parameters and

the fields out of strip in spectral domain are unknowns. For the above coupled equations,

Galerkin’s method can be applied in the Fourier transform domain.
The Parseval’s theorem is:

1

gf(n)g(n)=_ " dxf (x)g (~X)

2372
At the height of h, the field satisfies the conditions:

0 |X<w/2
unkown |x|>w;/2

Ezl(x,h):Ezz(x,h)z{

) [0 [x<w2
E.(xh)=E,(xh) _{unkown X[ >w/2

While the current satisfies the following conditions:

unknown  |x| < wj/2

JX(X)’JZ(X):{ 0 |X|>w/2

(2.50)

(2.51)

(2.52)

(2.53)

We have four unknowns here. In order to simplify the calculation, we write their

products in the whole x range as:
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E,(x)J,(—x)=0 (2.54)
where q=X,2, =12

Applying the Parseval’s theorem to (2.46) by multiplying J,., (n)and J, (n)to the first and

second, then perform the summation over n, we get:

PEIER
K, K,){B
where
KM = Z T (NG (n, B) I ()
KM =K = Z Jn (MG, (n,B)J,;(n)
KM= Z 3. (NG, (n,B)J,(n) (2.56)
A=(Ly v ly)  B=(ly 10 ly)
m=12,..M i=12,..,N
With the above matrix, the propagating constant can be solved from the eigenvalue
equation.

2.3.3 Eigen value problems

In the K matrix, the current expansion parameter A and B are unknowns. So we have
M + N unknowns for current basis functions. To have non-trivial solution to (2.55), the
determinant of K matrix must be zero.

In the determinant of K matrix, the frequency and propagating constant are included. If

the frequency is given, propagating constant can be solved by the eigenvalue equation.
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Kxx sz _
D(ﬂ,w):detEK K ]_0 (2.57)

ZX 7z

If the frequency is given, the initial guess of £ can be used to find the root iteratively.

Once the propagation constant is obtained, the normalized field and power can also be derived.

2.4 Field distributions

Once we get potentials expression in the spectral domain, the fields in spectral domain

can also be derived. The inverse Fourier series summation is used.
Here, @\ (x,y) is evenand o!" (x,y)is odd, according to x . Now, (2.22) is used to

transfer the spectral domain field to spatial domain.

Region 1
e 1 S 1
! )(x, y) =gzll A(n)sinh(,y)cos(e,x)
<D§h)(X, y)_%le“c(n)cosh(yly)sin(anx)
a (e) _ _1 = . -
P (x,y)_;%A(n)smh(hy)ansm(anx) (2.58)
%cpgh)(x,y)__?jiC(n)cosh(ny)an cos (e, )
n=1L
0 (e 18
a(135 '(x,y) ZEZ A(n)y, cosh(yy)cos(e,x)
n=1
bl —ji . .
_q>§“>(x,y) _?ZC(n)ylsmh(yly)sm(a X)
n=1
Region 2

i sinh [72 (h+d- y)]
) sinh(y,d)

-i i cosh[y,(h+d-vy)]
a4 cosh(,d)

cos(a,x)

sin (e, x)
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&CD(;) (x,y)= ;g B(n) sinf ET;IE?;:)_ y)]an sin(e,x)

cosh[ 7, (h+d—-y)]

9 o _-is

— @, (xy) " nZ:l:D(n) cosh (7.4 a, cos(a,x) (2.59)
3 18 cosh| 7, (h+d—y)]

8yq)2 (x,y)= anZ:;B(n)y2 Sinh (7] cos(a,X)

) i< sinh[ 7, (h+d-y)] .

8yd)z (xy)= " nZ:l:D(n)y2 cosh (7,d) sin(a,X)

Substituting the above equations into (2.4), all of the field components at arbitrary position can

be calculated.

2.5 Power flow

The total power flowing through the cross section of microstrip line can be calculated
by the integrating the z component of complex Poynting vector ( = xH )/2 over thex-and vy -
direction [15]. By the Parseval’s theorem, the spatial domain integral of complex Poynting

vector can be transferred to spectral domain. In SDA, we already have all the field forms.

Then the total power can be derived as:

1¢d+hpa = . _ioo d+h , ~ - ~
P:EJO j_aExH -zdxdy_4an;IO (EH; —E, H;, dy 260

where *stands for the operator of complex conjugate.

With the expressions in (2.26), the field components of spectral domain can be written

in the same formes.

£ (e y):(_ jaA+%C]smh(m) (2.61)

H (e y) =[C7/1— j“’;l“ A]Sinh(yly) (2.62)
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E,(a, y)=(A;/l+ja%CJcosh(yly) (2.63)

Ao (e y){_ jaC—%Ayl]cosh(ny) (2.64)

Multiplying the electric and magnetic fields, we come to

E, (@ y)H;, (@, y)=K,sinh(5y)sinh(5y)

(. y)Fy (e y) =Ky cosh (,y)cosh(3,'y) (2.65)

M

where

AJ*

jou o . WE ’
KB=(A;/1+J;1 CJ[—JaC—?A}q]

. 1) jws,a
K, =(—jaA+—;171CJ(C}/1— J n

Similarly, in region 2

E,. (@ y)H,,(a,y)=Kcsinh[ 7, (h+d —y)]sinh] 5; (h+d - y)] (266)
(. y) =Ky cosh[y, (h+d—y)]cosh[ y; (h+d -y)]

M
<
N

K
<
SN—

I
=

where

_ —jaB __ow,y,D Dy, joe,aB *
¢ {sinh(y,d) Bcosh(y,d) J{ cosh(y,d) Asinh(y,d)

_ -By, n jawu,D —jaD " ws,By, *
sinh(y,d)  Bcosh(y,d) J{ cosh(y,d) Bsinh(y,d)

To simply the expressions, we rewrite the expression into exponential functions which show

In region 1,

E (@ y)H (@ y)~E, (e y)Hi(ay)

=K, sinh (7,)sinh 7,y )~ K, cosh (1Y) cosh (7, y)

:%[(KA — Ky ) (% +7% )= (K, + K, ) (€21 + e )J (2.67)
In region 2
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E. (2 y)Hy, (a,y)~E,(a,y)Hy (a)y)
= K sinh (,L)sinh ;L) - K, cosh (y,L)cosh(7;L)

j[( Ke = Kp ) (67" +e 7% )= (Ko + Ky ) (€7 +e i) (2.68)

where

R =Re(n) R, =Re(7)

I1=Im(7l) I2=Im(;/2)
L=h+d-y

With the field expression in the spectral domain, now we can get the integral over vy -
direction. By rewriting the integrand in the exponential forms, the integral can be written in
the close form. For the two regions, we split the integral into two parts.

Region 1:

hr = 3 * =  *
R(a)=] [ Eal@y)Hy(ay)-Ey(ay)Hi(ay) dy
h - - * *
= IO [KA sinh (,y)sinh (;/1 y) — K cosh(,y)cosh (7/1 y)]dy

- %J-oh [( Ka—Kg )(e2R1y + eiZRly)_(KA +Kg )(ezﬂly +e 2w )]dy

1 { 2R _ g-2Rih g2t _ g2t
2 (KA_ KB)L—j_(KA + KB)[—.H
’ = 2l (2.69)

Region 2:

Po(@)= [ (B (e y) Az (@ y)~Ep (e ) iz () Jly
- LO[KC sinh (,L)sinh ;L) - K, cosh (,L)cosh (7;‘L)]dL

= —%J:[(KC —Kp ) (€7 +e7% )= (Ko + K, ) (€2 + e‘z“zL)}dL

2Rd 2Ry 2jl,d L -2jl,d
:E(K _K)L_(K +K)L
4|t ¢ " 2R c P 21,
2 2 (2.70)

www.manaraa.com



23

Now we get the integral of the spectral domain fields over y , then the total power can

be calculated through the series summation

1pdehpa — . RN
pZEL J'_aExH -zdxdy=£§[ﬂ(an)+%(“n)] (2.71)
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CHAPTER 3. NUMERICAL CONSIDERATION AND RESULTS

In Chapter 2, the spectral domain analysis of shield microstrip is conducted. For the
open microstrip with DNG metamaterials is provided in Appendix A. In this chapter, we focus
on the numerical implementation of the spectrum domain approach. In order to improve the
numerical efficiency, several acceleration techniques are introduced, which are implemented
in the numerical calculation. For the microstrip, the dispersion properties are studied over a
frequency range from 1GHz to 100GHz with different geometric setups and terms of current
basis functions. Based on the dispersion results, the field distribution, total power, and

characteristic impedance can be calculated.

3.1 Numerical acceleration techniques

In the spectral domain method of open microstrip line, as the frequency increases and
the structure becomes complicated, the convergence of the integral tends to be slow. The
spectral domain approach successfully renders rigorous solution at the expense of higher
computation cost.

In [16], several numerical speeding techniques are introduced. In this thesis, these
methods are also included, which are implemented in the numerical calculation. The

computation time is significantly reduced with a high accuracy.

3.1.1 Integral range reduction

In method of moments, the Galerkin’s method and Parseval’s theorem are applied to
derive the eigenvalue equation. To get the K matrix, summation/integral over o from —oo

to oo needs to be performed, which is in (2.56).
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Here we can do to reduce the computation cost by cutting to half. In spectral
domain, J, («), G,,(, B), and G,, («, ) are even functions of «, while J, (), G, (a, ),
and G, (a,f) are odd functions. So the integrand of K matrix elements are always even
functions.

For open microstrip lines, due to the properties of symmetric integral of even functions,
we can use the following integrals instead of the previous ones.

K =2f) T ()G (@) I, () dex
Ko =K' =2[" 3, (@), (. 8) I (@)de (3.1)
Ko = ZI: Jn(@)G, (a,8)J,,(a)da
The above integrals can reduce the range by half, which will significantly improve the
calculation efficiency. For shielded microstrip line, we can use the same technique to cut the

summation time.

3.1.2 Symmetry of K Matrix

In the numerical implementation, filling K matrix elements is always time consuming.
The decrease of the size can directly reduce the time consumption.

In the K matrix, we find that the K, and K, have the symmetric properties. (3.1)

implies that
K =Ka
3.2
K" = Ko o2
So we only need to calculate the elements with i =1,...,M and j =1i,...,M . It means that

we only need to calculate the upper triangular matrix of the K, , K., .

XX !
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In addition, we have
K =K' =23, ()6, (2. 8) I, (@)da. (3.3)
Combining (3.2) and (3.3), we can conclude that

(3.4)

Here, it is obvious that we only need to calculate the upper triangular matrix of K matrix.

3.1.3 Leading term extraction

3.1.3.1 Close form identity

In the case of open microstrip lines, for each element of the K matrix, the integral of
two multiplying Bessel functions over « is included. If we directly calculate the integral, the
convergence is very slow and a huge amount of CPU time is needed to get accurate results.
The leading term extraction technique is one of the techniques that can be applied to reduce
the CPU time for the integrals.

In [18, 19, 20], following integral can expressed as the close form.

jjﬁxyzazm (ax) 3, (%) dx = (<1)"" 1, (aY) K, (ay) (35)

in which Re(y)>0and2m>2n-2. I ,(x) and K (x)are the modified Bessel function of
the first and second kind. The identity is good except for negative real y>. When y?is purely
negative, there will be a pole in the integral path at|y| . If we take the residue of the pole into

consideration, then the identity is still valid [16].
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*© X
Io m‘]m (ax) Jon (aX)dX

. ly-& © X 7]
=L'£'8Uo o }dxm%m(ax)%n(aX)—szm(a|Y|)Jzn(a|y|)
=(=1)"" 1y (ay) Koy (ay) (3.6)
The above identity can be used in the leading extraction for the K matrix element

calculation for the open microstrip line.

3.1.3.2 Leading term conditions

The asymptotic forms of some expressions need to be derived to perform leading term

extraction. Asa — oo, we find that the y, can be approximated as the first two terms of their

Taylor expansion.

2 2
yi=vea'+ -k z|‘7‘|+%
(24

(3.7)
Once the condition is met, leading term can be extracted. First, we extract the leading

term for the denominator in (2.47).

A=[g.y,+rntanh(nh) ][ 1y, +rcoth(h) ]~ (&7, +7.) (17, + 1)

<@ (Lee, ) (1) + 2 (16 (8- )+ (5K (3.8)

+%(1+ﬂr)[(ﬂ2‘kf)+gr (5 -ks)]

3.1.3.3 Kxx

With the leading term extraction on the Green’s function, we are able to improve the
convergence of K matrix. The derivation of the following leading terms extractions can be

found in [16]. All the following Green’s functions are normalized to j1, /K, .
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Once the leading term is obtained in desired form, the identity in (3.6) can be used to

get the close form for the integral.
Gy (a.B) =i[7 (o =K?)+ 7, (e — k3 ) tanh (y h)] A (3.9)
XX A 2 r/1 2 1 (1+gr)a2+yfx
in which

yi - B (L+e, ) +k; +ek! (3.10)
. 2(1+¢,)

Thus the element of matrix is
Ko = J: T (@B (a0, B) I, () dex

=47’mn(-1)"" I:a‘ZJZm (5)[6)0( (a,)-—= %} o0 () dex (3.11)

(1+£r) a’+Yyy,

m+n -1 " Wyxx WyXX
+47Z'2mn(—1) ( ) Imax{2m,2n} ( 2 j Kmax{Zm,Zn} (T)

@+q)
3.1.3.4 Kxz
2
G , :ﬁ tanh(y,h) |~ p “
o (@ 8) =72+ s tanh (1h)] Wee) 1. (3.12)
in which
yiz :ﬁ—2+ _2k12 _5rk12 _:urkz2 _Zgr/urkzz +k22 +gr:urk12 (313)
2 2(1+ 1, )(1+¢,)
Then
€ = [} o () (0
=_”Zwm(_l)mm {J“’Osz (a_wj|:a_16xz (0!, )_ ﬂ Za—22:|‘]2n2 (a—w)da} (314)
0 2 l+e a”+y, 2

B, (wyu)K (wyj
(1+ gr) max{2m,2n-2} 2 max{2m,2n-2} 2 A

+72°wm
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3.1.3.5 Kzz

(0!ﬂ)=z[7z(ﬂ2—kf)+ur71(ﬁ2—k )tanh(;h) |~ (B-K)+m(F-K) o

(I+e)(1+u)  a’+y, (3.15)
in which
, _U(F-K)ru(p oK) (B-K)ra (k) (£ k)5 k)0 n) (3.16)
Yo =7 + —
2L Oea) (+e) (K)o (57 -K0)
So
Kznzv1 = ‘sz (a)Gzz a, ﬂ m ((Z
als m+n k) +u (F-K) @ o (3.17)
= (_ Jom- 2 G, —— (Jane| — |da
4 k (Le)l+pu) o'+ 2
('B k1)+'u' (ﬂz k ) (WyzzJ (Wyzzj
= I ) K pax(zm-2,2n .
4 (1+€ ) 1+,Ll ax{2m-2,2n-2} 2 max{2m-2,2n-2} 2

After the leading term extraction, we list the new convergence speed according to « in Table

1 [16].

Table 1. Convergence comparison of K matrix element and Green’s functions
before and after leading term (LE) extraction.

GXX K XX GXZ KXZ GZZ I’<ZZ
After LE a a® a™ o a’® a®
Before LE a a? 1 o’ a’t a?

Before the leading term extraction, the convergence of K is proportional to a’?
After leading term, the convergence of K has four order improvements. So leading term

extraction of Green’s functions will improve the numerical calculation efficiency significantly.

www.manaraa.com



30

3.2 Shielded microstrip numerical results

3.2.1 Dispersion property

In this part, numerical scripts of spectral domain method (SDA) are used to analyze the
properties of the shielded microstrip. Fig. 2.1 shows the structures of the shielded microstrip

lines. In [21], Krowne published his results of shielded microstrip line with DNG

metamaterials. The normalized propagation constant y, =(oc+j/3)/kO is calculated by the

SDA in the frequency range from 1 GHz to 100 GHz.
First, in order to compare with published results, the shielded microstrip line is studied,

with air above the strip and DNG materials below with & =-2.5and ¢, =-2.5, substrate

thickness h =0.5mm, microstrip width w=0.5mm, two side wall distance 2a =10h mm, air
region heightd =10h. Fig. 3.1 shows the dispersion curves for shielded microstrip line. Our
numerical results (blue lines) match very well with Krowne’s (red points).

In Fig 3.1, the solid blue line is & and dashed blue line is £ . One should notice that

below 6 GHz, « is zero, so complex propagation constant is purely imaginary with one branch.
In this region, the mode is purely propagating without attenuation. In the frequency range from
6 GHz to 75 GHz, «is not zero, so complex mode occurs, which will cause the wave to be
evanescent in z -direction. Above 75 GHz, two branches begin to appear at the point where

o drops to zero, so two purely propagating modes in z-direction occur in this region.
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Figure 3.1 The shielded dispersion curves compared to Krowne’s results with the

same model setup using spectrum domain approach. The shielded microstrip line
is filled with air above the strip and double negative materials(gr =U = —2.5)

below the strip, substrate thickness h = 0.5 mm, strip widthw =0.5mm, two side

wall distance 2a =10h, air region top wall heightd =10h.

To know the effect of PEC boundary conditions, we change the geometric setup. Fig.
3.2 shows the dispersion curves for the microstrip line with two side PEC walls but the top
PEC layer has been removed, which can be treated asd = oo . The shielded result is also shown.

From Fig. 3.2, one notices that large d will not change the dispersion too much.
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Figure 3.2 The dispersion curves of microstrip with two side walls compared to

the shielded microstrip line withd =10h. The shielded microstrip line is filled

with air above the strip and double negative materials (gr = U, :—2.5)below

the strip, substrate thickness h=0.5mm, strip widthw =0.5mm, two side wall

distance 2a =10h.

Then we decrease the d and try to see the difference. Fig 3.3 shows the dispersion
curves for the same shielded microstrip model, but changing the distance d between strip and

top PEC layer. Asd decreases, the peaks of ¢ and £ are moving left and up. Moreover, the

frequency range of the purely propagating mode at low frequency end is decreasing. However,

above 40 GHz, we do not see significant changes according to d .

www.manaraa.com



33

4.5 T \ T
—«—B/ko Sheilded d=10h
4 e Oc/k0 Sheilded d=10h ||

+[3/k0 Sheilded d=5h

~~3.5 ) i

= ---oa/k. Sheilded d=5h

a 0

-g 3 —e—[.’)/k0 Sheilded d=4h |

---a/k, Sheilded d=4h

N
N 3]

=
4

Propagation constant yZ/kO

I

\

T
~.
~
~.
~.
~.
~
~.
~.
~.
S~
~.
~.
~.
~
~.
~
~
~.
~
~.
~

1
L}
050 1 !}
.-'.f
o U L L L L L L L \\\ 1L (.
0 10 20 30 40 50 60 70 80 90 100

Frequency f (GHz)

Figure 3.3 The dispersion curves of three shielded microstrip lines with DNG

metamaterials, which are filled with air above the strip and double negative

materials (&, = 4, =—2.5) below the strip, substrate thickness h=0.5 mm,

strip width w=0.5mm, two side wall distance 2a=10h. d =10h, d =5h,

d =4h.

If dis decreased further, the disappearance of purely propagating mode at the low
frequency is expected. Fig 3.4 shows the dispersion curves of the shielded microstrip

with d =3.35h and d =3.3h.
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° B/kO Sheilded d=3.3h
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Figure 3.4 The dispersion curves of three shielded microstrip lines with DNG

metamaterials, which are filled with air above the strip and double negative
materials (&, = 4, =—2.5) below the strip, substrate thickness h=0.5 mm,

strip widthw =0.5mm, two side wall distance2a =10h. d =10h, d =3.35h,

d=3.3h.

For d =3.35h, below 1.6 GHz, purely propagating mode still exists, but the peak is
high and at around 0.4 GHz. Above 40 GHz, the propagating curves match well with
d =10h. As d decrease to 3.3h, there is no propagating mode occurs below 10 GHz. « and

B decrease, as frequency increases to 40 GHz. Above 40 GHz, the dispersion curves nearly

keep same with that of the previous model.
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Fig 3.5 shows the dispersion curves for a =4h,d =10h. Similarly, as a decreases, the

purely propagating mode at low frequency is moving left.

° — B/kO Sheilded a=5h d=10h w=h

- oclkO Sheilded a=5h d=10h w=h

a1
T
|

. o Plk, Sheilded a=4h d=10h w=h

4

g | ° « ok Sheilded a=4h d=10h w=h

+l

s a- 4

w

N

Propagation constant yz/k0

[N

| | |
0 10 20 30 40 50 60 70 80 90 100
Frequency f (GHz)

Figure 3.5 The dispersion curves of two shielded microstrip lines with DNG

metamaterials, which are filled with air above the strip and double negative

materials (&, = u, =—2.5) below the strip, substrate thickness h=0.5mm, strip

width w=0.5mm, two side wall distance a =5handa = 4h, air region PEC wall

height d =10h.

In the spectral domain analysis of shielded microstrip line, the K matrix element
includes the multiplying of two current basis functions. The result accuracy of the spectrum

domain approach is dictated by the number of basis functions which also determinates the size
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of K matrix, the summation tolerance and the root searching accuracy. For high accuracy, the

price paid is the computation cost, which, however, can be leveraged by applying numerical

speeding methods, such as leading term extraction, high order integral rule, extrapolation, etc.

In Chapter 2, the unknown current distribution is expanded with Chebyshev

polynomials with unknown coefficients. An accurate estimate of the current distribution

requires more terms of polynomials, which will result in slow convergence.

Table 2. Convergence of ), over different terms of Chebyshev polynomials for

shielded microstrip line witha =5h,d =10h,w=h, s, = 4, =-2.5at 10 GHz

M x N

7z :(ai Jﬂ)/ko

1x1

2.126446+0.931124

2x2

2.126239+0.931385j

3x3

2.126239+0.931385j

4x4

2.126239+0.931385j

5x5

2.126239+0.931385j

6x6

2.126239+0.931385]

7

2.126239+0.931385j

8x8

2.126239+0.931385]

In Table 2, we use the same summation accuracy control, root searching tolerance etc.

It shows the convergence test for different number of terms of the Chebyshev polynomials

being used. From the table, M = N =2 is sufficient enough to make the result converge to

high accuracy.
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3.2.2 Field and power distributions

[21, 22] show the field distribution plot of the transverse electric E field vector (arrow
length denotes magnitude) overlaid on the electric-field magnitude throughout the LHM.

In Chapter 2, we derive the field in spatial domain. If frequency is given, the
propagation constant can be solved from the eigenvalue equation. Then with the propagating

constant, the field distribution at any position can be calculated.

3.2.2.1 Propagating mode at 5GHz

Fig. 3.6 and Fig. 3.7 show the electric and magnetic field of shielded microstrip line
with a=5h,d =10h,w=h, &, = 1, =-2.5at 5GHz. In Fig 3.6, at the interface of air and DNG
metamaterial, the electric fields in the two regions point away from the interface.

At the interface away from the strip, where x > w/2, the boundary conditions yields:

y-(D,-D,)=0
7-(0.-B) (3.18)
yx ( E,- 1) =0
Using the constitutive relationship, the above equations can be rewritten as :
grlEnl = ngEnZ
(3.19)

E.=E,
where ¢, =-2.5,¢,, =1

Thus the normal electric fields must be in different directions, which mean that they
point away and toward the interface simultaneously.
In Fig 3.7, the magnetic field in the regions away from the strip also point away (left)

and toward (right) the interface. Similarly, the boundary conditions for magnetic fields yield:
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Figure 3.6 Electric field vector plot overlaid on electric field magnitude for shielded

microstrip line witha =5h,d =10h,w=h,&, = 4, =-2.5at 5 GHz

Using the constitutive relationship, the above equations can be rewritten as :

luranl = /Urz Bn2

H o H (3.21)

t1 = Mo

where u, =-2.5u.,=1
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Thus the magnetic fields must point away and toward the interface simultaneously and
the tangential magnetic field is continuous at the interface of air and DNG metamaterials.

1

10

Y/h

ey .
;i: -\\\\\\.\LI_
o __'**-*\\\\\\\!.I_
e RN R
badat - /‘_::_:_‘\\\\\HI
‘\ T e B e — —a ::)))‘)'S :1
0
-5 -4 -3 -2 -1 0 1 2 3 4 5

X/h

Figure 3.7 Magnetic field vector plot overlaid on magnetic field magnitude for

shielded microstrip line witha =5h,d =10h,w=h, ¢, = ¢, =-2.5at 5 GHz

Figure 3.8 is the color plot of the Poynting vector (—P,) in the cross section of shielded

microstrip line. So

H,—E/H, (3.22)
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In Fig. 3.8, one notes that the total power is negative. Negative power occurs beneath

the signal strip. Positive power only exists in the region near the edges of the strip.

Figure 3.8 Color plot of the longitudinal Poynting vector in the corss section of
microstrip line with a=>5h,d =10h,w=h, ¢, = ¢, =-2.5at 5 GHz (actually -Pz is

plotted)

3.2.2.2 Complex mode at 10GHz

Fig. 3.9 and Fig. 3.10 show the electric and magnetic field of shielded microstrip line

with a=5h,d =10h,w=h, &, = 4, =—-2.5at 10 GHz. The boundary conditions at the interface

are still met.

.._..rnl........u'ullJI—l.ISI
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In Fig. 3.9, the electric field distribution is similar to that of the propagating mode.

1000

900
=800
{700

- 4600

Y/h

- =500

L1400

300
200

100

-5 -4 -3 -2 -1 0 1 2 3 4 5
Xfh
Figure 3.9 Electric field vector plot overlaid on electric field magnitude for

shielded microstrip line witha =5h,d =10h,w=h, ¢, = ¢, =-2.5at 10 GHz

In Fig 3.10, the magnetic field is slightly different in the region away thestrip
from the case of 5 GHz. One notes that the magnitude of magnetic field is large near

the two side walls. The largest magnetic field is at the edges of the signal strip.
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Figure 3.10 Magnetic field vector plot overlaid on magnetic field magnitude for

shielded microstrip line witha =5h,d =10h,w=h, s, = 1, =—-2.5at 10 GHz

In Fig 3.11, the pointing power is plotted. Negative power is found beneath the
strip and the region near strip in air. Positive power is found at the interface near the
strip. The physical meaning of complex mode requires that the total power in the cross

section is zero.
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Figure 3.11 Color plot of the longitudinal Poynting vector in the corss section of
microstrip line with a=5h,d =10h,w=h, ¢, =, =-2.5at 10 GHz (actually -Pz

is plotted)

3.3 Open microstrip numerical results

3.3.1 Dispersion property

If the top PEC and two side walls of the shielded microstrip are removed, then the case
will be open microstrip. Here we keep all the other setup unchanged. Fig 3.12 shows the

dispersion curves of open microstrip.

: e I I I
. | A"
l.._'..-?l_.J L-u.u...-'-"_‘ji'.l.ll AJ
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Figure 3.12 The dispersion curves of open microstrip line compared with

shielded microstrip line with ¢, = g, =-2.5 w=h=0.5mm

In Fig. 3.12, the propagation constant of open microstrip line is in blue. Comparing to
the shielded case, it is seen thata is non-zero below 75 GHz, which means that evanescent
mode occurs. The propagation constant below 40 GHz significantly differs from the shielded
microstrip line, in which propagating mode occurs at the low frequency end. As the frequency
increases, the dispersion curves begin to match with the shielded case. For both open and
shielded cases, we notice the two pure propagating modes above 75 GHz, except the low

branch at the frequency near 100 GHz.
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3.3.2 Field and power distribution

Fig. 3.13 and Fig. 3.14 show the electric and magnetic field of open microstrip line

with w=h, e, = u, =-2.5at 5GHz. In Fig 3.13, the field vector plot is very similar to that of

the shielded microstrip line with DNG metamaterials.

- 13000

Y/h

Figure 3.13 Electric field vector plot overlaid on electric field magnitude for

open microstrip line withw=nh, &, = 4, =-2.5at 5 GHz
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Yrh

Figure 3.14 Magnetic field vector plot overlaid on magnetic field magnitude for

open microstrip line withw=h, &, = 4, =-2.5at 5 GHz

Fig 3.14 shows the magnetic field distribution. Comparing with that of the shield
microstrip line, we find that the region near the strip is different. In the open microstrip line,
the magnetic fields in the region above and below the strip have different direction from that
of region away the strip. Again, the magnetic fields in air and DNG metamaterial regions point

away and towards the interface at the same time.
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Figure 3.15 Color plot of the longitudinal Poynting vector in the corss section of

open microstrip line with w=h, ¢, = ¢, =-2.5at 5GHz (actually -Pz is plotted)

Fig 3.15 shows the color map of power distribution in open microstrip line. The power in
air region has positive power and the region below the strip has negative power. The total

power is zero.
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3.4 Characteristic impedance

Once the total power is obtained, the characteristic impedances of microstrip lines can

be estimated based on the field distribution over the whole cross section. There are three
definitions for the impedance: the power-current impedance (ZP,), the power-voltage
impedance (Z,, ), and the voltage-current impedance (Z,,) [23]. These three types of

impedances definitions are analyzed as follows.

3.4.1 Power-current definition

In the spatial domain, the total longitude current can be calculated as the integral along

With the total power in (2.71) for shielded microstrip line and (A.51) for open

microstrip line, the characteristic impedance can be defined as:

ZP| = || |2 (324)
3.4.2 Power-voltage definition
The equivalent voltage on the strip can be derived as the
h
Vo= dyE,(0,Y) (3.25)

3.4.2.1 Shielded microstrip line

In the shielded microstrip line,
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1 ¢h 2 - 1 & b =~
V= _EJ‘O dym;w Eyl(aml y) = _Em;w J‘O dyEyl(aml y) (3'26)
In spectral domain, the electric field in region 1 is given as:

E, =%[Asinh(;fly)]+jam%c cosh(7,Y) (3.27)

Now the integral along y direction is obtained.

[ dYE 1 (., ) = Asinh (10 + j"‘mﬂ“"’l ¢ Sinh(:h) (3.28)
7

Applying the summation over « , we arrive at

LS asi jenop - sinh(;h) 3.29
V= Zam;o Asinh(,h)+ ,b’ C " (3.29)

3.4.2.2 Open microstrip line
In the open microstrip line,
v =—ij“dyj°" daE,, (a y)=—ij°° da| dyE,,(a.y) (3.30)
2 do T e 2 de 0 e
The integral along y direction is in the same form as that of shielded case.

[ dyE,,(a,y) = Asinh(y;h) + j“;’”l ¢ Sinh(:h) (3.31)
Vi

By the inverse Fourier transform, the equivalent voltage is obtained

vl do{Asinh(;/lh)+ jaapy ¢ sinh (13h) (3.32)
27 I B "

3.4.2.3 Power-voltage characteristic impedance

Once the total power and equivalent voltage are obtained, characteristic impedance in

the power-voltage form can be defined as:
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2
2,, =L 3.33)

3.4.3 Voltage-current definition

With (3.23) and (3.25), the characteristic impedance in the voltage-current form is

defined as:

(3.34)
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CHAPTER 4. CONCLUSIONS AND FUTURE WORKS

In this thesis, the properties of DNG metamaterials have been studied. The microstrip
line with DNG metamaterials below the strip and DPS above the strip is analyzed. According
to different application conditions, two kinds of microstrip lines are studied, which are open
and shielded.

For the shielded microstrip line, spectral domain approach is applied for the analysis.
The dispersion properties can be solved by method of moments. With the obtained
propagation constant, the fields in spatial domain are calculated from the spectral domain.
With the fields expression, the total power can be calculated from the integral of the Poynting
vector. Then Parseval’s theorem is used to transfer the spatial domain to spectral domain.
Dispersion curves shows that complex mode and purely propagating mode can
interchangeably occur at different frequency, if the geometry of the microstrip is given. Then
the microstrip geometric setup is modified to see the change of the dispersion properties. We
find that the purely propagating mode will disappear, if the height of top PEC is small enough.
The field distribution at arbitrary positions is plotted at different frequency.

For the open microstrip line, the dispersion curves, field distribution, power flow are
analyzed similarly. Compared with the dispersion curves of shielded case, significant
differences are found at the low frequency. In open microstrip, the purely propagating mode
only occurs above 75 GHz. From the field plotting, the electric and magnetic field distribution
is different due to the different boundary conditions.

The numerical results show that the open microsrtip line with DNG metamaterials is
not a good candidate as transmission line, due to its high loss at low frequency. However, it

implies that it can be used in antenna application.
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One should notice that the major assumption of the above work is a non-dispersion
DNG medium, while the DNG metamaterials are inherently dispersive. Thus a dispersive
medium with real loss can be studied.

Furthermore, investigating a more complicated structure such as multilayer microstrip

line would be more meaningful.
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APPENDIX A. OPEN MICROSTRIP LINE WITH DNG

METAMATERIALS

A.l. Model setup

The following figure shows the model setup for open microstrip line with DNG

metamaterials.

Region2 v,
My, &
Wy}
h Region 1 Moty &4 & .
z

Figure A.1 Open-air microstrip line

Figure A.1 is the cross section of the open air microstrip. The bottom layer is infinite
PEC. The microstrip is PEC with zero thickness. Then region 1 is filled with DNG material

and region 2 is filled with air.

A.2 Spectral domain analysis

A.2.1 Vector potential

In order to obtain solutions for the electrical and magnetic fields with boundary

conditions, auxiliary vector potentials are normally used. The most common vector potentials

are magnetic vector potential (A) and electrical vector potential (F ).

The vector potential of TMz mode is given as:
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Azi(x,y,2)=‘%q’§e)(x,y)e“’“ (A1)
The vector potential of the TEz mode is:
Fi(xy.2)= _OHE @ (x,y)e (A2)
B
The above vector potentials satisfy the Helmholtz equations at y = h:
VIO (x,y)+(k - 520" (x,y)=0 (A3)
in which, k> =’ 1, i=1,2, p=¢,h.

With the vector potentials, we get the z-components of the electrical and magnetic

fields:

E, = i(k-5°)/p]of (x y)e (A4)
Hy=[ (k2= 5%)/B o\ (x,y)e (A5)

A.2.2 Fourier transform

To reduce the partial differential equations to ordinary differential equations, we apply

Fourier transform over x..
f(a)=]" dxf(x)e™ (A.6)
- " daf(a)ei AT
f(x) Z”Ldaf(a)e (A7)

If f(a)is even function,

£(x) :i [ daf (a)cos(ax) (A8)
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If f(a)isodd function,
1= = .
f(x):;j0 daf (a)sin(ax) (A.9)

For the potentials, we have

B (y)= [ 0 (. y)e (A10)
@ (x,) =%I1da&>§”) (a,y)e i (A.11)
- (p) . .

dexa(b'a—)((x'y)e’“x ~ (~ja) D (. y) (A12)

Substitute them to the Helmholtz wave equation, we get:

[(;’—yzz—yf]éfp)(a,y)=o (A.13)

inwhich y? =a®+ > - k>
Depending on the boundary conditions, the solutions to the above equation have two
forms:
® (a,y)= A" (a)e” +B (a)e (A.14)
or " (@, y)=C" (a)sinh(y,y)+D" («)cosh(yy) (A.15)
Applying the Fourier transform to the field expressions, we can get the expression in

the spectral domain which is same with the shielded case.

A.2.3 Boundary conditions

With the given microstrip models, we have several boundary conditions to solve the

Green functions.
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Considering PEC boundary condition aty =0, we have E , (a,0)=0. Then we have

Y (a,y)= A(a)sinh(zy) (A.16)

Exl(a,0)=0:%®§“)(a,y) =0 we have

y=0
" (@, y)=C(a)cosh (1Y) (A.17)
When vy is increasing to infinite, the filed in the medium 2 should decrease to zero. So we
have:
Y (a,y)=B(a)e ™" (A.18)
Y (e, y)=D(a)e7" (A.19)
In order to get the parameters ABCD, four other boundary conditions are needed. The

tangential field on the interface should be continuous. It means:

Faleh) = Ba() (A20)
E.(a.h)=E,(a,h)
Substitute (2.26) into (A.20), we arrive at
(k= B*) Asinh(y,h) =(k; - 8*)B (A.21)
jou[ Asinh (y;h)-B] =%[Mp sinh (73h) + 4,7,D ] (A.22)
Aty = h, the boundary condition for the magnetic field in spatial domain is:
§x(H,-H,)=17, (A.23)
Because the surface current is in the x-and z - directions, we can write:
J.(x,y=hz)=[R,(x)+2,(x)]e " (A.24)

Then we get the boundary condition in spectral domain:
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x| H (ah)= A, (eh) |- 23, (@) + 23, (@) (A.25)
For z -component:

j#o— j#(: cosh(yh)=1J,(«) (A.26)

For x -component:
—ja[ D—Ccosh(y;h)] +%[8171 cosh (y;h)+&,7,B|=-J, () (A.27)

Now we have four coupled equations with four unknowns. To solve the equations, we

rewrite them in matrix form:

(k= g*)sinh(yh) (k- B%) 0 0 A 0
af3sinh(y;h) -af jory, sinh(y;h) joy, || B _ 0~ (A.28)
0 0 (ki-p*)cosh(yh) —(ki-p%)|[C| | i,
jwey, cosh(y,h) jwe,y, —affcosh(y;h) af D -1,
Solving the above matrix problem, we get the parameters ABCD.
__1 _aB 5 T
B= A[F1b22+k12_ﬂ2 blz}Jx(a)+Ab12Jz(a) (A29)
1 . 1, =
D= _Z|:F1b21 +%ql} ‘Jx (a)+Xb11‘]z (a)
w® k2 _ﬂz
where A = _F k22 —p [ﬂz?ﬁ coth (;h) +:“172:|[5271 tanh (7,h)+ ‘9172]_
1
By the boundary condition, we can get:
A_ki-p B
ki — % sinh(7;h) (A.30)

C :{kfj—ﬂﬁz j”:;{:ﬁz D}/cosh(ylh)
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A.2.4 Green functions

Now let’s look at the field at the interface of region 1 and region 2. The spatial domain

fields are given as:

_ 0 ot Oty O o (h)
B (X y)=— @ (ay)+ =205 ()
B o (A31)

E,,(xy)= jkz%cb(;')(a, y)

The spectral domain fields:

Exz(a,h):_jas(a)-% D(«)

(A.32)
=Gy (a,8)J,(a)+G, (a.B)J,(a)
- K2
B )= JTﬂB(a) (A.33)
G. (@ )3, (@)+Gy (e 8)3,(a)
The Green’s functions are:
G ) =3 (e K ) st
G (@) =G, (1.5) = L 72+ s tanhr)] (A34)
G (a8) =2 (k2= )1, 1 K= )t

A=[&.y,+ytanh(ph) ][ 17, + 7 coth(xh)]

Where gr = 81/82 ! Iur = .‘11//12 )

A.3 Galerkin's methods

For the open air microstrip, the tangential electrical field components at the interface

can be found in (A.32) and (A.33).
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With Parseval’s theorem, multiplying basis on both sides of (A.32) and (A.33) as in the
shielded case, then we arrive at
J.i N (@)E,, (e h)da
= J:da[Gxx (. 8)J, () +G, (a,B)J, (a)] Jo (@) (A.39)
=27[" A, (X) E,p (—X,0)

_[ J. (a)E, (a,h)da
:I_wd“[sz(avﬂ)jxm(a)+Gzz(a,ﬂ)im(a)]jzm(a) (A.36)
=2;zjidxazm(x)|§zz(_x,h)

With the above equations, we can fill the elements into the matrix

Kxx sz A _
AR s

X 2z

Referring to (2.56), the elements of K matrix are obtained.

Ky =] I (@50 (e, )30 (@) de
K=K = [ 3, (@6, ()T, (@)dr (A.38)

Ki' =] I (@)6, (. 5) I (a)da

A.4 Field distributions

In the above parts, we get the potential expressions in the spectral domain:

o' (a,y)=A(a)sinh(7y)

Cf)gh) (a, y) :C(a)cosh(;/ly) (A.39)
o) (a,y)= B(a)e%(y*h)

o\ (a,y)= D(a)ew(y’h)

where @' ( ,Y) is an even function of x, and o!" (x,y)is an odd function of x.
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Region 1

o (x,y)= ij.: A(a)sinh(y,y)cos(ax)da

" (x,y)= %J':C (a)cosh(y,y)sin(ax)da

%@ﬁe)(x, y):_;1[:A(a)sinh(yly)asin(ax)da (A.40)
0
&QD(“) _[ a)cosh(y,y)acos(ax)da
%@ (xy =—J' a )y, cosh(y,y)cos(ax)da
Lo (x,y)= L[ c(a)sinh (1y)sin(ax)de
ay 1 ’ T 0 1 1
Region 2

@ (x,y =—_[ daB(a)e "™ cos(e,X)

" (x,y)= Jj daD(a)e " " sin(a,x)

0 .

8_(1) (%, :—f daB(a)e " Vasin(ax) (A.41)
aa Y (xy)= J_[ daD(a) " "acos(ax)

O o (x v)=_ “72(y-h)

5(1)2 (X,y)—;j0 daB(a)y,e "™ cos(ax)

0

NG “7a(yh) i
ay(I)(zh)(X,y):;J.0 daD(a)y,e " " sin(ax)

Substituting the above spatial domain expressions into spatial field expressions, we get

the field distribution in spatial domain.

A.5 Power flow

For the open microstrip, the top PEC layer and two side walls are removed. So the

integral range over y -direction is from zero to infinity. Moreover, along x -direction, integral

should be used. So the Parseval’s theorem must be modified to the integral form. The

expression for total power is given as:
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-Gl T aby = [ [ (EH, € 4 Yo

Similarly, to fulfill the integral in the spectral domain, the field expressions are listed.

(A.42)

En(a,y)= ( jaA+ #Z’l jsmh(yly)

ay — JC(B ,uzysz —}’zyh)
(A.43)

-
(A aot C]cosh(;/ly)
[0

By, Jaw:uz D]e 72(y=h)

Ho(a,y)= [—jaC —% Ajcosh (ny)

H,,(a,y)=|-jaD +—wgf37/28]e”(yh)

(
Hy (e y)= (Cn —%]sinh(;ﬁy) (A44)

3 joaws,B) _, (-
Hyz (0" Y) = (—D;/2 —Jsze 72(y-h)

Multiplying electrical field and magnetic field,

Region 1:

Ea(ay)H (a,y)= KAsinh(yly)sinh(yl*y)

E,.(a y)Hy;(a,y)=Kgcosh(yy)cosh(sy) (A.45)

where

=( jaA+ Mle][C}/l+Jaa)glA]
B B

(A}/l L CJ[— joc 241 AJ
B B

Keg

Region 2:
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Exz (a, Y) H;z ((l, y) = Kce_yz(y_h)e_}’;(y h)
o (ay)=Kpe 7?0 e (A.46)

M
I

v (@y)

where

_ (—jaB _ w;ltgzyz DJ[_D% _ jangZBJ

jaw, we,v,BY
KD=£—B;/2+—J ﬂ”z Dj[ jaD + 2;2 j

Then we come to:
Eq (@ y)Hy (@ y)-Eu(ay)Hu(ay)
= K, sinh (y,y)sinh (37y) - K, cosh (,y)cosh(5,y)
1 2R, -2 2jl =2ijl
=Z|(K. =K 9y Ry _ K K Jhy Jhy
4[( o) (€% +e W)= (K, + K, ) (€7 +e )] A4

E,. (@, Y)Hy, (@) ~E, (@ y)Hi (e y)

=K.e r2(y-h)gr2(y- h)—KDe r2(y-h)g=72(y=h)

= ( KC - I<D )e_ZRZ(y_h) (A48)

The integral over y-direction is derived in the close form separately for both regions

a)= | dy[ E, (@ y)Fi (@ y) - E, (@, y) Al (a.y)]

1 e2 _e—2R1h eZJ|1h _e—2]llh
== - 7" (K +K ) ——

P (a) =] dy[ E,, (@ y)Hy, (@)~ By (a0, ) H (. Y)]

1

- ( Ke =Ko )
2R, (A.50)
Finally, the total power can be calculated through the integral over o
:—_[ I_wEx ZdXdy:—I [P a)]da (A51)
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