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Electromagnetic-Field Theory and Numerically
Generated Results for Propagation
In Left-Handed Guided-Wave
Single-Microstrip Structures

Clifford M. Krowne, Senior Member, |EEE

Abstract—Disper sion diagrams and magnetic- and electric-field
distributions are found for a microstrip structure containing a
simple left-handed medium (LHM). The LHM material consti-
tuting the substrate has characteristics chosen to overlap with
potentially realizable substances. Calculations are done using a
fast solver anisotropic Green’sfunction spectral-domain computer
code. The theoretical-field method, valid for complex layered
structures and anisotropies in the LHM, underlying the compu-
tational procedure, which is critical for finding the dispersion
diagrams and field distributions, is presented. It is found that the
dispersion diagrams and field distributions are very unusual and
admit the possibility of completely new device realizations based
on combining LHM with conventional materialsin a multilayered
configuration.

Index Terms—Dispersion diagrams,
left-handed media (LHM), microstrip.

field distributions,

I. INTRODUCTION

HERE HAS been great interest in the last few years in
trying to understand the properties of structures config-
ured for making focusing devices capable of having radically
new properties based on the concepts coming from the use of
what has been variously referred to in the literature as nega-
tive media, |eft-handed media, double-negative media, or back-
ward-wave media [1]-{12]. There are many unusual properties
of such media and, although in the physics and electronics lit-
erature many fascinating issues have been explored, we will not
address what has held the attention of most researchers, which
are the properties leading to convergent focusing behavior [1],
[3] when ordinary media would lead to divergent rays and the
attendant perfect focusing consequences. All that will be stated
isthat in light of multidimensional aspects of real lensing sys-
tems, and imperfect media, including finite dispersion and finite
loss, the sought-after effect may turn out to be not quite what
was expected [5], [11], although still tremendously interesting
nevertheless.
Here, no less a fascinating aspect of the left-handed medium
(LHM) will be explored, the electronic guiding-wave properties
of structures loaded with such media. We choose to define the
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LHM phenomenologically by assigning to it a negative permit-
tivity ¢ < 0 and permeability ;» < 0 simultaneously satisfied.
The dlight difference in this definition of an LHM versus, say,
using a backward-wave definition, although noticeable, is not
enough to confuse the basic phenomenon to follow. Our aim
is to first explore the area of dispersion diagram description
of aredlistic structure for wave propagation, then study some
dependencies on the LHM description, and once coming away
with someinsight of electronic operation, to seek some electro-
magnetic-field plots to elucidate what might be available in the
realm of original devices employing a configuration that yields
entirely new distributions of fields.

Thisisatall order, and we do not want to overstate our aim.
It will be sufficient to merely obtain enough results as outlined
above to direct the next effort into understanding where LHM
may be useful for integrated circuits. Our study will delve
into the microwave and millimeter wavelength regimes. It is
expected that the use of LHM in electronic microwave and
millimeter-wave devices will allow new types of phase shifters,
couplers, and isolators, for example, to be developed. In the
first few sections of this paper, we will turn our attention to
the transfer P matrix operator theory for field and Green’s
functions (Section 1), electromagnetic-field expressions using
the P operators (Section Ill), and surface current and field
extraction formulas (Section 1V). Following this, numerically
generated dispersion diagrams and electromagnetic-field
distributions of single-microstrip structures are presented
(Section V).

It is noted here that, in order to keep the approach general
and applicableto caseswhere some of the layers surrounding an
LHM layer or the LHM itself have complex material behavior
involving anisotropy, bianisotropy, nonreciprocity, or non-Her-
miticity [see Fig. 1(a)], the Green’sfunction G and P operators
are treated as arising from complex materials.

Il. TRANSFER MATRIX OPERATOR FOR FIELDS AND
INTERFACIAL GREEN'S FUNCTION

The transfer matrix operator P(y), which takes the tangen-
tial fields at one location, say, ¥ = w1, to another location,
say, ¥y = e, is used to both find the interfacial anisotropic
Green' sfunction for obtaining the propagation constant and the
electric and magnetic fields throughout the device structure [the
21 Cross section; see the example structure in Fig. 1(a), which
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Fig.1. (8 ExamplestructurecontaininganLHM showingthe xy crosssection
and coordinate axes. (b) Perspective drawing of the single-microstrip structure
to be simulated.

shows the coordinate axes with the z-direction pointing out of
this paper] [13]. It is P(y) = exp(Ay), where A = iwR, R
being the 4 x 4 matrix describing the material tensor proper-
tiesof each individual layer and the partial differential Maxwell
equations. By the Cayley—Hamilton theorem [14], P may be
written as

3
P(y) =Y aA (1)
:=0

where a; are the expansion coefficients found by solving a4 x
4 system, such as the doubly degenerate case
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Here, ~,,, are the y-directed propagation constants, and may
aso beviewed sy, = o + 3 = ik,n. Equation (2) may be
stated as

S@ = 7, ©)

where S is now the matrix operating on the @ vector resulting in
theright-hand vector containing exponential elements ¥,.. Some
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degree of control over the robustness of the numerical solution
of (3) occurs by replacing the right-hand-side vector by

i = e @
or
e("/yl —Yym)Y
yc("/yl —Yym )Y
RO ®)
yel Vw2 = Vum )Y

—

V. = vpe” v =

r T

yielding an altered @ vector
a = de Y. (6)

Operator P'(y) created using the new vector in (6) lookslike

3
Ply) =Y ajA’
zzo
= Z a;e Yy At
:=0

3
= WY Z a; A
—

=c Wi P(y). ()

Next let us examine what this exponential scaling process
does to the P'(y) operators needed to make the interfacia
anisotropic Green’s function for atwo-layer structure. The new
pull-through operators are

P’(l) :Pl(l)(hl) — C_’Y&%Y)thp(l)(hl)
@ :P/(Q)(]LQ) = C*“Vézvzzth(Q)(hg) (8)
P :PI(Q)(ILQ)P/(l)(hl) = ¢ Wmi— ke p21) 9

Here, iy and Ko are the layer thicknesses for the first and
second layers. In general, for the ith layer, its thickness is ;.
For anisotropic Green’s functions used in a strip format, the
electric fields at the guiding metal interface are related to the
surface currents by

E.(n) =Gy, n)Ju(n) + Guz(y,n)J(n)

where n indicates the Fourier transform index and the tildas
on the symbols indicate Fourier transform variables (a finite
Fourier transform is applied). Denoting the ¢;5th element of
the pull-through operator P as Pi(f), r = 1,2,21, anisotropic
Green's functions at the interface are

1 21 2 21 2
P [P R  EP]

P PED — PEO P
P [P r - PR g
PEPRED — PRI
Py [P - P g

(11)

Ga:/:/(’y? 7‘L) = -

21 21 21 21
ERE R
1 21 2 21 2
P [PRORg - PR

21 21 21 21
P1(4 )‘P2(3 ) P1(3 )‘P2(4 )
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1 21 2 21 2
P [Pop - PR

Goo(y,m) =

21 21 21 21
P PR~ PP
1 21 2 21 2
PO [P P — PRV P
(13)

21 21 21 21

PED PR — PR )
1 21 2 21 2

N PR [PEORR — PE0 P]

GZZ(% ”) = -

21 21 21 21
PP PP
1 21 2 21 2
oy [Aee - pe)

21 21 21 21

PETEED ~ P

Inserting (8) and (9) into (11)—(14), the anisotropic Green’s

functions may be expressed in terms of the P'(y) operators.
Consider the GG,,,, element

. Vo A AN e A e

VoA e Y A ) e
P [PEORR - RO
’ { PP P P
P [PEORY PP }

PEOPEY — PS¢V Py
=G, (7).

All other anisotropic Green's function elements give a similar
answer, i.e., that the altered anisotropic Green’s function and
original anisotropic Green’s function are identical. Thisimpor-
tant result leads us to the conclusion that one can do scaling, as
shown in (4), without damaging the final interfacial anisotropic
Green' s function. This reasoning, although somewhat more in-
volved, is applied in Section 11l for acquiring the electromag-
netic fields.

(15)

I1l. ELECTROMAGNETIC FIELDS USING PP OPERATORS

Information on the electromagnetic field within a layer and
manipulation of the electromagnetic field to effect a transfor-
mation of the electromagnetic field from one layer to the next is
contained in the column vector
E,
E.
o) = | g

ST

H,

(16)

From the fields contained in this field vector, the two other re-
maining field components E, and H,, can be found. Using the
P(y) operator found in Section I1, the fields in the layer under
the strips for the two-layer example are

o(y) = PP (y)(0) 17)

with the field ®(y) at they = 0 location for a perfect ground
plane given by

(18)

2271

with
L [P - e
P PEY - PRV P
. [P2OP — PGV PR
P RED - RV
L[PEORR - PEORE)]
PETPET — PEIPD
I [PRORR — PEOPE)]

H,(0) =

(19)

H.(0) =

21 21 21 21
P1(4 )‘PQ(?) ) P1(3 )‘132(4 )

Currents J, and .J. are known from the first part of the
computational engine, which hasfound the propagati on constant
~ aong with the unknown expansion coefficients of the surface
currents. Note that, throughout this section the first argument
of the functions, the spectral index n, is suppressed, while
only the coordinate y is retained, to simplify notation. Thus,
(1), PV (y), and H,(0) for example, are actually ®(n,y),
PD(n,y), and H,(n,0). At the end of Section IV, during the
field extraction discussion, the spectral index n or its Fourier
transform z is reinstated.

Fields above the interface are expressed by an equation sim-
ilar to (17) with the discontinuity of the magnetic H field taken
into account. Use of pull-through operators above the interface
are necessary [in this case, the only one being P (y)].

0

b(y) = POWPOR)20) + POy |

I

(21)

This equation gives the value of the field ® inthe i = 2 layer.
Equations (19) and (20) were determined by setting in &(y) =
d(hy) in (21) (hy = Efle hy is the total vertical structure
thicknessand N = number of layers) and solving the system of
equations for H,.(0) and H..(0) in terms of the surface currents
J,(0) and J.(0) using the P(y) operators defined by the differ-
ential equation

défly) = iwR®(y) (22)
with
P(y) = v, (23)

Formula (21) is written in global coordinates of the structure,
and (22) [and (23)] in loca coordinates of the layer. Look at
(17) again, rewriting it in the specific coordinate y; for the ith
layer, with ¢ = 1 here. Then

®; = O(y;) = P (y;)9(0). (24

This equation means that the tangential fields are examined in
the ith layer ¢ = 1 at the global location 4 = ;. Sinceit isthe
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local coordinate that the P(y) operator explicitly operates on,
(24) may be recast as

¢ = ¢ (y) = PV (y) 2(0) (25)
where the local coordinate 3/ =
found as (ko = 0)

v, now explicitly appears,

(26)

1—1
vi=vui— Y M
k=0

from its global structure value y; by subtracting thicknesses of
all the underlying layers.
A general solution of (22) may be stated as

¢ (922) =r (922 - y;l) ¢ (?J;l) (27)
for field behavior in the ith layer, where v, > ui,. Thus,
acquisition of the field ®(v/,) further up in the layer at 3/, is
accomplished by post-multiplying its value é(ygl) at the lower
location ¢/}, by the pull-up operator Py}, — 1!, ) (multiplication
operations occur from right to left). Multiplying both sides of
(27) by the inverse of P(y., — y.{), assuming it exists, will
allow movement from a higher location to alower one, namely,

(i)(yil) = [P(y§2 _ygl)] ‘i)( ; )
=p! (2122_%1)&)( 2)
:P( - [972 yn])é : (28)

where the last line in (28) follows from (23), meaning the in-
verse will exist. Operator P(—[y., — }]) can be written as
PO(—Ay;), where Ay; = 3y — 44, > 0 and the subscript
notation stores the layer information as before. Therefore, the
equivalent of (21) for marching down the structure (decreasing

y) is
by = [POW)] " [PP 0] dG0r)

“[Pow] T S| @

where the reversed sign in the second term arises from not
adding on the discontinuity in advancing to larger %, but in
subtracting due to reducing y. This equation gives the value of
the field @ inthes = 1 layer.

Instead of using (21) to find @ at the top of the structure, (29)
can be utilized by setting ®(y) = ®(0) and solving the system
of equations for H,.(hr) and H.(hr) in terms of the surface
currents J,. and .J. using the inverse of the P(y) operators. En-
listing the fact that

PO -] = PO (- ul)  (30)
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(29) is put in its most convenient form to enable the following
solution:

0

(W(_ 0

P j

o(y) = y) PP (=h)@(hr) + PP (—y)

—J,
(31)
Consequently, fieldsin layer ¢ = 2 can be expressed as

é@gzpﬂm—vu—mnéMﬂ
=p® <— [hT —Yi— Z D

k=i+1
Here, thefirst linein (32) usesalocal coordinatefor the variable
argument P(?), the second line uses a globa coordinate. The
starting top field is

) (hr). (32

(33)

with

L. [P P - PP
PR — PP

J. [P R - F PR
PL P? - PV P

o [P R - P piY]
P PY - PRI P

J. [P R - PP P

12 12 12 12
CRECRERE

H,(hr) = —

(34)

Hz(h’T) = -

(35
whereall argumentsof P(y) operatorsare understood to be neg-
atives of the respective layer thicknesses, i.e.,

PO =pO(—p), =12
P2 :P(l)(—hl)P(Q)(—hg).

(36)
37)

Again, asin Section |l for the interfacial anisotropic Green's
function, a greater degree of control over the robustness of the
numerical solution of £ and H occurs by taking the diagonal
exponential eigenmode matrix in the P(y) construction

et 0 0 0
L 0 ey 0 0
K (y) = 0 0 eYauyl 0 (38)
0 0 0
and replacing it by
K" (1)
Y Ym b 0 0 0
_ 0 VY Vim b 0 0
o 0 0 VY Yim 0
0 0 0 VY Vi
(39)
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where in the /th layer
PO (y) = T (O)K* () [£'(0)]

Here, UY(0) is the 4 x 4 matrix made up of the eigenmode
column vectors ¢£(0), i = 1,2,3,4

(40)

UH0) = [¢1(0) ¢4(0) ¢4(0) 4(0)]. (41)
Based upon the altered K'(y;) from (38) and (39)
K" (yp) = K' (y7) o™ (42)
and the altered operator is
PO () = PO () 7o (43)

The altered P(y) operators must be placed intothey = 0 H
field expressions, suitably generalized from (19) and (20) for
any number of layersin the device
I [P PR - PR
PR

Al

P PR~ PR
I [PER) - R
PR
jz |:P1(§UI;)P2(§) _ Pg(gnb)Pl(g)}

o Pl(fn b ) P2(:3Fn b )

H,(0) =
~ PR

H.(0) =
AR

(45)
_ Pl(gn b ) PQ(ZU b )

where
N
PTas) — HP(i)(hi)
i=1
Na
pl@ — H PO (hy)
i=Np+1
Ny
PO =T P9 (k).
i=1
In (46), the products advance to the left, with N being the
total number of layers, and N, and N, being, respectively, the
number of layers above and below the interface. Applying (43)
to (44) and (45) produces

(46)

j [P/(T”'I’)Pl(a) _ PlliTa;,)PQ/ia)}

P/(T,,; )P/(T,,; b)

H,(0) =
P{(gTab)PQIELTab)

I [PAE ) PP

P 0~ P
7 T, a T, a
G [Pz - PP )
Pl(zab)PQ(?w) _ Pl(gab)PQ(Zab)

(T, T,
PP

J. [P R — R )
Care
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N h N —~t R,
—Vim b Ve i
[Liie 7 [ iiy, e ™

and
(48)

Now the fields may be found below the interface, following
(17), but upgraded to any number of layers N,

-1

= PO () [ PO (h)(0)

=1

O (y)) (49)

in the Ith layer. For the altered problem, ()(y}) becomes

-1

" () = PO ) [[POR)¥(0)  (50)
=1
with the altered ground-plane field &(v)
~ ~ ]\rb .
¢'(0) = &(0) [[ o™ (51)
=1

Inserting (43) into (50)

'O (yy = PW (y e Yo {Hp(z e Vumlti }
~ ]\r :
x ®(0) [[ o
=1
l_1 . ~
w) [T PV (r)2(0)
i=1

Ny

-1 ) )
Lo Tl
=1

=1

’
e YomM

- p®

-1

]\r()
~ 4 i . i .
— o0 () ¢ Yomlu | I e Yumli | I Yol
=1 =1
! Ny

=90 (yf) [[ et [[ e
i=1

i=1

(wp [T [T
=1 i=1
]\r()

=30y T et

=41

—$0

]V(, .
If e

=41

(52)
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Fidd quantity ' (y;) is caculated, and then it must be
re-scaled using (52) by

—1
N .
SO (4 =&V (3)) l II m]

i={+1
]\r[, X
=3'® (4 H e Yom i,

i=l+1

(53)

For fields above the interface, (34) and (35) are generalized
to

= Tha) (b Tha) (b
. [P PY — PP

Haz(hT) = -
Pl(fba) Pégba) _ Pl(gba) PQ(Zba)
= Tha) (b Tha) (b
N J [P2(4b )P1(3) _P1(4b )P2(3)} (5
The) 1(Tha Toa) p(Tha
P P — P P
oy PR = )
z\r) = —
Pl(z&a)PQ(g&a) i Pl(gba)PQ(Z&a)
jz |:P1(§1,0)P2(§) _ PQ(gzm)Pl(g)}
t T p T T g 02
Py Py3™ — Py By
where
pTea) = H PO (—h;)
=N
b +1 ‘
pla) — H p(%)(_h)
i=N,
1 .
PO = T[ PO(=hi). (56)
i=N,
Thus,

1 1
:ﬁ]x(hT) H e Yomhi H & Yom M
i=N i=Ng
Vo +1 1 ) 1 _
:IjIE(hT) H e Yoml H e YomMi H Yoml
=N 1=Np 1=Ny
Np+1 _
=Hy(hy) [ eom™ (57)
=N
and
Np+1 _
H.(hy) = H.(hy) [] e om™ (58)
=N

having used aplus signin the exponent in (43) and the argument
of P{Y) may be set negative as in (56). Above the interface, the
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fields are following (32), but upgraded to any number of layers
Ne

+1

[he —yi]) H PO(—p)d

=N

oW (y) = PO (- d(hr) (59)

in the Ith layer. The upper ground-plane field ®(hz) is

p+1

‘ij/(hT) _ (i)(hT) H e—"/;mhi

=N

(60)
Consequently, for the altered problem, @) (y}) becomes
-1 ) ~
(e —v]) [T P (hi)@'(0)
=1
1
:P(l)(—[h y] e =l {HP(Z Ye —Yim }

&' () :p/(l)( _

N,
~ 0) H e,y;mh;
=1
-1
= P'O(=[h - ]) [[ PO (hi)& 0) e Yo
i=1
-1 N,
X H 6_"/;-,”,}“ H e"/;mh;
=1 =1
1 Al
— oW (y;)ew;mhl H Vomh H o= Vo
i=N i=N
l . r&+1 .
=o0(p [[ et I[ e
i=N i=N
b+l
:&)(1) HGWW H GWW H & Yom i
=N i=i—1
rb+1 )
=0 () I . (61)
i=l—1

Field quantity ®(V(y}) is calculated above the interface, and
then it must be re-scaled using (61) by

v +1 _ -1
OO () =& () l II m]
=l—1
v +1

) I @t

i=l—1

=o' (y, (62)

The code finds &' (y;) and, asthe final step, performs (53) or
(62). Since @V (y)) = ®O(n;y;), afunction of the spectral
number n, the unscaling is done for each spectral term, noting
that ~;,, = 7m(n). Acquisition of the Fourier-transformed
fields from the spectral-domain processing is the second to last
major step in finding the field for producing plots. Thefinal step
involves doing the inverse transforms on all the field compo-
nents, including the current distributions on the strips, which
will be covered in Section IV.
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IV. SURFACE CURRENTS AND FIELD EXTRACTION

The surface currents can be chosen in a number of ways, it
only being necessary to prepare complete setsof basisfunctions,
which are used to construct them. They are selected in the rea
space domain to display some advantageous property, e.g., edge
singularity behavior due to charge repulsion. For the complete
set of cosinusoidal basis functions modified by the edge condi-
tion, we have for a strip with even-mode symmetry (determined
by the z-component symmetry)

cos (mZ[m — 1])

; lz| < w
ern(x) :Sern(x) = 1— (%)2 (63)
0, w < |z
sin (W%m) ’ o] < w
Ja:rn(x) :nern(x) = 1— (%)2 (64)
0, w < |zl

Now let us derive the Fourier transforms of these two current
basis functions. We will leave it open as to the polarity of the
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transform pair used in order to demonstrate an interesting phe-
nomenon, which must be addressed in order to properly align
the transform surface currents with their transform electric and
magnetic fields. First consider J,,, (), with atransform current
for the mth basis function, shown in (65) at the bottom of this
page. There are a number of change of variables employed to
get the final result, where it is displayed in terms of the Bessel
function of the first kind of zeroth order [15].

Next consider J,.,,,(«) with a transform current for the mth
basis function, shown in (66) at the bottom of the following
page.

What we learn from inspecting (40) and (41) is that the po-
larity of the Fourier transformwill not affect the extraction of the
propagation constant v from the system of equations describing
the structure because only the determinant of the systemis con-
sidered, and signs may be absorbed in expansion coefficients
and forgotten. However, reconstruction of the field, including
the surface current, requires no uncertainty in polarity of the
transform. We choose to use the negative polarity sothat thereal
space current, and electric and magnetic fields given by (J in

genl(x)ezl:iana:dx

CcOs <

gﬁm(”) =

b

2
_b

2

mx[m — 1]

) e:l:iozna:dx

a0

mxim—1 . nxm — 1
. /w cos(anx) cos <%) e /w sin( e, x) cos <%) N
I =C AN A

m(m — m(m—1
el ) e
2/ - §>2
el o))

dx

cos [(anw —w(m — 1))3:}

i de

(65)
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|z} < w, may also befound directly from (63) and (64) without  The current and fields are real physica quantities so they must
the associ ated Gibbs phenomenon, allowing an extraassessment  be converted through
of the quality of the transform performed)

Jp(xa Y, Z) =Re I:J(:L" y)ei“"t—"/ié]

1 &L o E, (z,y, 2) =Re[E(z, y)e~t—*
Ja=7 > Iy ) vl 2) = Rel Bl )™= 7]
b e H, (2,9, 2) = Re[H(z, y)c™" 7] (69)
E(z,y) =5 > E(my)e™” which reasserts both the time and z-dependence down the
N="Tmax guiding structure. At a particular z-plane, say, z = 0, we may
_ g N drop out the explicit z-dependence, and if we do not wish
Hiz,y) =5 72 H(n;y)e (68) to watch the time evolution of the harmonic wave, which is
T e sufficient for plotting purposes, we may further set ¢ = 0 and
. . write (69) as
wherethe expansionistruncated at amaximum number of terms
n = nyayx fOr al field vectors. Basis function maximum expan- 3 _R [ 3 ]
sion numbers m = Mmupax, 7., and n. can differ for .7/, and p(#,y) =Re|J(z.y)
J. in (63) and (64). Currents and fields in (67) and (68) are E,(z,y) =Re[E(z,y)]
cross-sectional values, with z-dependence understood as ¢~ 7%, H,(z,y) =Re[H(z,y)]. (70)
flem(n) = / e (@)= d
) <7ra:m>
wosin | ——
_ / w G:I:zozna:dx
2
X
()
w
wrm wrm
cos{a,x) sin < sin(a,z) sin <—>
w
dzx

{ cos [(anw +7m) x] — cos [ (Cmtw — ) x] }

1
= :Fiw/ dx
U V1—2x2
[ cos [( )] [ cos [( )a]
. cos | (a,w +7mm)x . cos | (a,w —m) x
=F 'Lwo/ N dr £+ 'Lw/ N dx
=7 WTw{JO(anw +7mm) — Jo(a, w — 7rm)} (66)
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Fig. 2. Dispersion diagram from 1 to 100 GHz for a single-microstrip structure with an LHM substrate. The normalized complex propagation constant v =
(a4 j3)/ ko isshown for only the fundamental even mode. Vertical dashed lines indicate field plots done |ater in this paper (red) or elsewhere (black).

Finally, the real power flow down the device in the z-direction
is found from the instantaneous Poynting vector

Pp(xvy) = Ep(xvy) X Hp(xvy) (71)
as
sz(xvy) :sz(xvy)é
= {Ep(xv y) X HP(‘I7 y)}z part
=Ep(z,y) x Hpi(z,y). (72)

The last equality in (72) utilizes transverse fields (cross-sec-
tional fields). The p subscripts are suppressed below since we
will only discuss real physical-field distributions.

V. DISPERSION DIAGRAMS

A single-microstrip structure is considered because mi-
crostrip is one of the basic building blocks of microwave
integrated circuits. Since nothing is known about the charac-
teristics of multilayered microstrip structures utilizing LHMs,
we will study the most basic configuration, i.e, a single
substrate case. Fig. 1 shows such a structure, which includes
the bounding walls (not shown). The strip is presumed perfect
metal with width w, = 2 w = 0.5 mm. Substrate thickness
of the LHM is hy = 0.5 mm, which makes hy = w, for this
particular configuration. Symmetrically disposed vertical side-
wallsare placed at x = +2.5 mm, making the total wall-to-wall
separation b = 5.0 mm. The second layer above the substrate
is selected to be vacuum (ideal air with £ = o = 1.0) with
thickness 2y = 5.0 mm, making 2y = b = 10w = 10A;.

Since the absol ute values in permittivity |e| and permeability
|1+] are nominally in the experimentally frequency band-limited
range of 1-10, we choose ¢ = —2.5 and permeability ; =
—2.5 (relative values) as potentially practical values for which
simulations would be demonstrative.

Fig. 2 shows the dispersion diagram giving propagation con-
stant v = (« + j73)/ ko, against the frequency f (in gigahertz).
Note that the propagation constant is provided in normalized
form, a unitless quantity. This calculation has been done using
a spectral-domain simulation employing the moment method
with a general Green's function capable of handling arbitrary
anisotropy and non-Hermitian media [16]. That is, the tensors
describing the materials, in thiscase, the LHM, could, infact, be
anisotropic and lossy. However, what we have done hereislimit
ourselvesto the situation of isotropy and lossless media, in this
case that of the LHM. Thiswill in no way limit our results and
insights sought, which will rely on the basic aspects of LHM
and Hermiticity. Vertical dashed lines (red) indicate frequency
points at which we will later find field distributions or which
have been investigated elsewhere (black dashed lines) and are
not shown here.

For now, direct attention to the upper (blue) curve giving /3
and the lower (green) curve giving «. Below 6 GHz and above
75 GHz, only 3 is nonzero. In these regions, therefore, due
to o = 0, pure propagation of the wave will occur down the
guiding structure in the z-direction. This is not the case for the
intermediateregion 6 < f < 75 GHz. Here, o > 0, causing the
wave to evanesce, a property of awave traveling that can occur
in amedium with a Hermitian constitutive tensor. Examination
of the areaclose to f = 0 shows that the slope of d3/df be-
comes gentle while being positive. Thus, one can identify the
whole dispersion curve as being associated with a fundamental
mode, not unlike that seen for ordinary media substrates, which
would limit to afinite 2 valueas f — 0. Of course, thislimiting
valueisacharacteristic of guiding structures with central metal
pieces not touching the bounding perfect electric walls.

These bounding electric walls are similar to those found in
enclosed structures, and here are, in fact, what may be referred
to as computational walls.

Phase velocity is given by v, = w/8 = 2 «nf// and this
can be seen to be positive for the entire plotted dispersion curve
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Fig. 3. Phase propagation constant 3/, (normalized) versus relative LHM permittivity variation || over the |¢| = 1-10 range for two frequencies f = 2.5

and 90 GHz in the propagating regions of the dispersion diagram. The pure TEM /|¢| dependence is shown for comparison.

3. However, the story is different for the group velocity v, =
dw/d 3 = 2ndf /d 8 = 2x /[d3/df]. For theregion 6 < f <
26 GHz, the quantity d3/df < 0, makingv, < 0, whilewv, > 0,
which is to say that with respect to propagation in the z-direc-
tion, thewaveisabackward wave. Likewise, intheregion where
f > 75 GHz for the lower branch, again, d3/df < 0, giving
us a backward wave in the region where pure phase propaga-
tion occurs. This backward-wave behavior neither occursin the
low-frequency regime, however, nor in the upper branch beyond
f = 75 GHz.

A backward wave will have the power or energy flow per
unit time in the opposite direction than the phase propagation
[2], [10]. Since the variation of the harmonic spectral solution
has a time and z-dependence like ¢*“*~7#, which is equal to
e@t=F:=)e=a= the vector product v,; - v, Sign determines
whether or not the wave is backward or not. If v,,; - v, < 0,
the wave is backward. Notice also for the waves that « > 0,
assuring us that casudlity is satisfied. The backwardness of
the wave in the transmission (longitudinal) direction = should
not be confused with the inherent backwardness (or nearly
so with the earlier caveat) of the LHM. This inherent wave
backwardness displaysitself by acting in the propagation phase
v, and group v, transverse velocities in the xy cross section
as they constructively and destructively interfere when waves
enter the LHM.

A word should be said about other modal solutions. As the
frequency gets higher, generally speaking, more modes seem to
become admissible. This is not surprising and not unlike what
we are familiar with for ordinary media. Thus, in the higher fre-
guency regime, around 80 GHz, for example, the cluttering of
the modal spectrum on adispersion diagram pl ot arises. Wehave
purposely left thisout in order not to confusethe discussion. Nu-
merical calculationsweredoneusingn, = n, = 1 basisexpan-
sion functions for the driving currents on the strip in the - and
z-directions, wherethe z-direction isin the horizontal direction,
the y-coordinate normal to the plane of the layers. Tests were

donealso for using n, = n. = 5 and 9. The spectral sum oper-
ator in the Fourier-transform domain Z"“”" hasn,.x = 200,
athough it too has been looked at for hlgher nmaX = 400. Only
tiny dependencies were seen on these numerical parameters.

Fig. 3 gives the variation of the phase propagation constant
(3 against the absolute value |z| = —¢ of the permittivity. This
has been done for two frequencies, each in the regions of pure
propagation, f = 2.5 GHz and 90 GHz. For small l¢|, the in-
crease is exponential, but it rapidly slows to a linear trend for
the upper f = 2.5 GHz (magenta) curve and a sub-linear trend
for the lower f = 90 GHz (green) curve. The upper curve pro-
vides 3 over a10: 1 range of permittivity, whilethe lower curve
does this nearly over a5: 1 range. The curve showing +/|e| is
provided for reference to TEM guided-wave behavior.

Next we will turn our attention to the electromagnetic-field
distributions in Section VI.

VI. ELECTROMAGNETIC-FIELD DISTRIBUTIONS

Once the propagation constant is found, the expansion coef-
ficientsused in the driving strip currents may be cal culated and,
with this determination, the el ectromagnetic fields are then also
found. Since the processing occurs in the spectral domain, the
final fields must be mapped back into the real space domain, al-
lowing field distributionsto be produced. Figs. 4 and 5 show line
plot distributions of the electric E, and magnetic H, field vec-
torsinthe devicecrosssection at 10 GHz. The substratein Fig. 4
isaregular material and, thus, provides acomparison for there-
sult seen in Fig. 5, which uses an LHM. Line plots are created
by proceeding along a field curve in a tangential manner [17]
using finite steps As, As = /Ax? + Ay?2, which maintain
sufficient accuracy to render the final plot representative of the
actual field behavior. Fig. 4 was produced using As = 0.02 mm
with electric-field lines (solid blue curves) emanating from the
microstrip metal and magnetic-field lines (dashed red curves)
encircling the strip. The substrate—dielectric interface (here the
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Fig. 4. Line distribution plot of the transverse electric E, (solid blue) and
magnetic H, (dashed red) field vectors in the device cross section at f =
10 GHz. Thesubstrateisordinary material withs = 2.5 and ¢ = 2.3, thickness
0.5mm. Stripwidth w, = 0.5 mm, air region 5.0-mm high, and structure width
b= 5.0 mm.
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Fig. 5. Line distribution plot of the transverse electric E, (solid green) and
magnetic H, (solid red) field vector directions in the device cross section at
f = 10 GHz. The substrate is LHM with = = ¢ = —2.5 with the geometry
the same asin Fig. 4.

top dielectric is perfect air) isindicated by the black dashed line
a y = 0.5 mm and the metal itself by the solid black line.
Fig. 5 uses As = 0.01 mm with electric (solid green curves)
and magnetic (solid red curves) field lines, respectively, again
emanating from the microstrip metal and encircling the strip.
We arein the complex propagating region of the dispersion dia-
gram (see Fig. 2) near its beginning. It is apparent that the field
line distribution is radically altered for the electric fields, with
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Fig. 6. Field distribution plot of the transverse electric E, field vector (arrow
length denotes magnitude) overlaid on the electric-field magnitude E = |E|
(color) throughout the LHM device crosssection at f = 10 GHz. Substrate and
geometry are the same asin Fig. 5.

theelectric field linesbeing “repelled” from the interface above
the LHM substrate region below. Another surprising result is
that the field lines are still pointing away from the strip when
going from the normal device in Fig. 4 to the LHM device in
Fig. 5. This occurs because the charge distributes such that it
is positive on the top microstrip metal surface and negative on
the bottom surface. Finally, the magnetic-field lines circulate
around the strip, but clockwise below the interface and counter-
clockwise above it, with their appearance considerably altered
from theregular media substrate case. Notice that bilateral sym-
metry isdisplayed in Figs. 4 and 5, as expected for scalar mate-
rials, whether regular or left-handed.

Although the field line distribution plots are very instructive,
they provide more of a qualitative measure, if they do it at all,
of the field vector size (relative line density) than a quantitative
measure. In order to provide another visualization technique,
which can do this directly, Fig. 6 shows both the electric-field
magnitude £ and the cross-sectional vector field E,, which with
the longitudinal field component . generates the total three-
dimensiona (3-D) vector field E = E, + E_2, where 2 is
the unit vector in the z-direction and E; = E.& + E,j. The
plotted ' magnitude distribution in Fig. 6 is not the cross-sec-
tional magnitude using only the cross-sectional components of
E, but rather the full vector.

All combined arrow and magnitude field plots are generated
from a 8372 rectangular grid from the spectral domain code,
from which a plotting package Fortner is used to interpolate
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Fig.7. Fielddistribution plot of thetransverse magnetic H, field vector (arrow
length denotes magnitude) overlaid on the magnetic-field magnitude H = |H|
(color) throughout the LHM device cross section at f = 10 GHz. Substrate and
geometry are the same as in Fig. 5.

for £ or H, or produce a 22 x 23 or 23 x 23 grid for H; or
E., respectively. Grid overlays are done by maintaining bilat-
eral symmetry with respect to the y-axis for +x. (Thisis why
we have ended up with two closely spaced vertical left or hor-
izontal bottom bounding walls, merely an artifact.) The rectan-
gular grid coming out of the spectral-domain code was produced
by partitioning each layer vertically into 45 sections and hori-
zontally into 90 sections, for atotal of approximately 4000 grid
rectangles per layer. Over adecade of field magnitude variation
is given by the linear color scale.

Fig. 6 shows that there are local electric vector field behav-
iors, which display local directional trends on a square grid by
squaregrid basisand interfacial normal and tangential field con-
tinuity consistent with the difference in media. Evidence of the
unusual interfacial field effectsare seen dueto thesign switchin
the normal component occurring as necessitated by continuous
E, and continuous D,, requirements. Sign switch isimposed by
D, sinceit is scaled from £, by the constitutive scalar .

Similar to Fig. 6, Fig. 7 shows the magnetic-field magni-
tude H and the cross-sectional vector field H,. The overal
trend of the magnetic field is to have clockwise circulation in
the LHM substrate and reverse or counterclockwise circulation
in the overlying region, previously seen in Fig. 5, but vividly
shown here. There are also more local vector field behaviors,
and interfacial normal and tangential field continuity consistent
with the difference in media. Evidence of the unusua interfa
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Fig. 8. Field distribution plot of the longitudinal Poynting vector — P, field
vector (color denotes sign for +=z and the magnitude) in the LHM device cross
sectionat f = 10 GHz. Devicedimensionsare asin Fig. 5. (Note that we have
shown the negative of P . based upon the conventions of Fig. 6 and 7.)

cia field effects are especially apparent just to the right- and
left-hand sides of the strip metal (located at =z = +0.25 mm) and
continuing to the sidewalls, where the sign switch in the normal
components occurs necessitated by continuous H,, and contin-
uous B, requirements. Sign switch isimposed by B, sinceitis
scaled from H,, by the constitutive scalar . Thisisaso seenin
the magnetic line curves of Fig. 5.

The last figure completing the assessment at f = 10 GHz is
the onegiving the Poynting vector P_, for the power propagating
down the guiding LHM structure. As seen in Fig. 8, nearly a
decade of linear variation is provided in the color scale with the
power distribution predominantly flowing inthe — 2-directionin
the LHM and around the microstrip metal above the substrate.
However, some small, but modest sized + 2 flow occursto either
side of the strip in the air region.

Next, the field distribution is studied at f = 40 GHz,
which is in the middle of the complex propagating region
of the dispersion diagram (see Fig. 2). Figs. 9 and 10 give
the electric- and magnetic-field arrow-magnitude distributions,
respectively (first shown in [18]). Both figures show that the
€l ectromagnetic-fiel d distributions are now much more complex
than at 10 GHz, and this is not surprising since frequency has
been increased by a factor of four, which, among other things,
reduces the wavelength accordingly. Also, the fields appear
much morelocalized about themicrostripmetal. Inorder toallow
interpretation of these more complex field patterns, line field
distributions for electric and magnetic fields have been made
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Fig. 9. Field distribution plot of the transverse electric E, field vector (arrow
length denotes magnitude) overlaid on the electric-field magnitude £ = |E|
(color) throughout the LHM device cross sectionat f = 40 GHz. Substrate and
geometry are the same asin Fig. 5.

and overlaid ontheir respective el ectric and magnetic magnitude
distributions, as shown in Figs. 11 and 12 (color magnitude
scales are those used in Figs. 9 and 10). For the electric-field
case, al the lines were also redone using n, = n, = 6 and
Nmax = 600 (ny = n, = 1 and ngax = 200 is the baseline
setting) to see what the effect was on the lines and to examine
the accuracy of theinterfacial conditions. It wasfound that only
very dlight or minuscule changes occurred, mostly not even
noticeable, with the largest visually apparent change happening
for two lines terminating at y = +£2.5 mm at the place where
bending to go vertical occurs above the interface.

Three locations in Fig. 11 are shown where electric arrows
butt up against each other, oppositely directed. This occurs at
y=34mm,z=0andy = 047 mm, z = +2.08 mm. In each
case, thisswitchisallowed to occur inside the layer because the
field goes to zero precisely at the meeting place of the arrows.
For the case in the top region, it is clear what this meansin re-
lation to the other electric field linesto either side of the y-axis.
However, the effect is a bit more subtle below the interface and
is required to maintain the viability of the interfacial boundary
conditions. Regarding the numerical quality of the satisfaction
of these conditions, it has been found that it is generally within
a few percent or better at the regular-LHM boundary and, de-
pending upon the ability to dia in close to the interface and re-
solvethefields, and varying the basis function numbers and the
maximum spectral index, it is not uncommon to see this number
reach small fractions of one-hundredth of a percent.

2281

0.25

Fig. 10. Field distribution plot of the transverse magnetic H, field vector
(arrow length denotes magnitude) overlaid on the magnetic-field magnitude
H = |H] (color) throughout the LHM device cross section at f = 40 GHz.
Substrate and geometry are the same asin Fig. 5.
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Fig. 11. Linedistribution plot of the transverse electric E, (solid white) field
vector overlaid on the electric-field magnitude E = |E| (color) in the LHM
devicecrosssection at f = 40 GHz. Substrate and geometry are the sameasin
Fig. 5.
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Fig.12. Linedistribution plot of thetransverse magnetic H, (solidwhite) field
vector overlaid on the magnetic-field magnitude H = |H| (color) in the LHM
devicecrosssection at f = 40 GHz. Substrate and geometry are the same asin
Fig. 5.

Both Figs. 11 and 12 have the microstrip metal indicated by
ablack line just to help understand where it is located, but the
interface has not been marked to avoid obscuring the graphic. It
should be remembered that the metal is taken as perfect and of
vanishingly small extent in the y-direction. What has changed
in the Fig. 12, 40-GHz plot of the magnetic field from that of
Fig. 5, 10-GHz plot in terms of field lines, is that we now see
three different zones of circulating fields. Firstly, closein to the
microstrip metal are clockwise circulating patterns in the top
region, which close their loops extremely close to the metal, ei-
ther just above or below it, obeying the law that the circulations
enclose the proper amount of strip and electric displacement
currents normal to the cross section. In the same close-in re-
gion are counterclockwise circulating fieldsin the LHM, which
close their loops extremely close to the metal again, once again
obeying the enclosure rule. The second zone, includesthose cir-
culating fieldsthat are counterclockwise above theinterface and
clockwise below it, going deep into the top layer to amaximum
of approximately ¥ = 3.5 mm, and reaching to the floor of the
LHM layer near y = 0 in parts of their curves. Reducing their
maximum extent ¢, from the 3.5-mm value seems to make
the lines land near the microstrip metal edge. The third zone is
inthe 2 x 4 mm? rectangle beyond v = 3.5 mm wherethefields
circulate clockwise, satisfying theenclosing rulefor electricdis-
placement currents. The extent of thisfinal region is not incon-
sistent with the \/2 valuein air, 3.75 mm, for filling a simple
waveguide (devoid of an exciting strip with delta function lo-
cated currents). Finaly, in Fig. 13, a comparison with Fig. 8
shows that the Poynting vector P has collapsed about the mi-
crostrip metal with much of the — 2z directed power flow being
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Fig. 13. Field distribution plot of the longitudinal Poynting vector —P . field
vector (color denotes sign for £z and the magnitude) in the LHM device cross
sectionat f = 40 GHz. Devicedimensionsare asin Fig. 5. (Note that we have
shown the negative of P . based upon the conventions of Fig. 9 and 10.)

taken up by the region above the interface, and the remaining
lesser amount of reversed flow just below the metal strip.

Field distributions have been cal culated at 5 and 80 GHz al so,
but space does not enable us to show them here. (For distribu-
tionsat 5 GHz, see[19]1.) What islearned from all these el ectro-
magnetic-field distributions is that the disposition of the fields
areradicaly different from that seen when ordinary media sub-
strates are employed. Although not entirely unexpected, what is
surprising are the specific attributes caused by utilizing LHM.

VI1l. CONCLUSIONS

In this paper, we have determined the dispersion diagrams
for amicrostrip structure loaded with left-handed media. These
diagrams are quite unlike those for ordinary substrates, and
open up the possibility of designing entirely new electronic
devices. Further support and understanding comes with deter-
mining the electromagnetic-field distributions, and we have
shown some here. There are till other ways of displaying
the electromagnetic behavior in distributions (not shown
here), and we have been exploring these in order to ascertain
the surprising and sometimes astonishing characteristics of
guided-wave structures employing LHM. This area of research
isjust initsinfancy in terms of looking at what such materials

1in (2) and (3), typos require =, and e to be replaced by Ctop =
1/¢top and €} gy = 1/cnmn. This makes the electric equation (3) and the
later magnetic equation (9) analogousin form. Also, Fig. 5 shows the Poynting
vector— Py ide, NOt Pyyide.
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could do for microwave and millimeter-wave integrated circuits
and we expect many more interesting results to follow.
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