112 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 1, JANUARY 2002

Dyadic Green’s Function Modifications for Obtaining
Attenuation in Microstrip Transmission Layered
Structures With Complex Media

Clifford M. Krowne, Senior Member, IEEE

Abstract—Rigorous derivation of the correction to the Green’s and conductivity. These modifications can be employed most
function for a microstrip structure containing complex layered  proadly for different SD codes. These modifications can be
media is done for imperfect metallization. A hierarchy of formulas shown to come from a more general class of modifications that

is found consistent with a full-wave electromagnetic code em- . dditi | struct dvadic G 's functi tth
ploying zero-thickness extent conductors for the guiding structure require addiuonal structure dyadic sreen's tunctions at tne

metal. At the top of the hierarchy are formulas that utilize new interface. Governing equations that employ these additional
Green's functions of the structure, whereas at the bottom are structure dyadic Green’s functions at the interface have a form

formulas that are only dependent on the conductor geometry and that is applicable to different SD codes, but each code will
material properties. Numerical examples are provided to Show yaqire its own specific interfacial dyadic Green’s functions
the sensitivity of the propagation constant attenuation to those .
elegantly simple formulas at the bottom of the hierarchy. to actually effect the mod!f|cat|oq. Thus., the more general
approach cannot be as easily applied to different SD codes.
For situations where the metallizations are very thick
compared to other structure geometric dimensions, where the
metallization thicknesses are expected to significantly alter
|. INTRODUCTION the basic device behavior, or when it is desired to obtain the

PECTRAL-DOMAIN (SD) codes based upon the momeritearly exact field distribution in the metallization vicinity, the
ethod, which solve the electromagnetic integral-equati@pproach discussed in this paper should not be used. Then

problem for a multilayered structure, can place their primether methods taking into account explicitly the metallization
focus on the material properties of the layers. Studies of the véeometry and material characteristics should be used. It should
ious anisotropies, nonreciprocities, crystallographic rotatiorg¢ noted here that metallizations can be quite complicated,
and biasing field orientations in ferromagnetic or ferroelectr@mploying several layers of different conductivity materials,
materials can all be done with such codes [1], [2]. Theoreticdifferent surface roughness properties, varying edge shapes,
investigations of this nature can be useful in deciding what stri@?d even different cross-sectional configurations. Appropriate
tures to construct for integrated circuit applications [Blevice two-dimensional methods include finite difference, finite
behavior will most often be decided by the resulting phagdeément, mode matching, SD, method-of-lines, or some other
properties of the transmission structures (e.g., phase shiftiadgproach, which either model the metal with surface impedance
coupling, delay). However, being able to reasonably accuratélyinterior metallization discretization (e.g. [5]—{2}]
predict the loss consequences of the imperfect metallizations
used in actual devices may be necessary for the eventual Il. GENERAL THEORY
development of working devices in circuits.

Full-wave electromagnetic codes employing zero-thickne%
extent conductors for the guiding structure metal can be
modified to account for the finite conductivity of the metal-
lization and thickness. The most straightforward modifications,
which are self-ponsistent in that they avoid any pert_urbatio I, E,, andE. are, respectively, the total electric-field vector at
apprqaches, will alter the SF“.JCture mten_‘amal dyadic Qreeqﬁe interface, electric-field vector at the interface where there is
funct|on_ [4] where the guiding metal is Ioc_ateq, with an dielectric mismatch, and electric-field vector at the interface
expression that only depends upon the metallization geomefi¥ere there is a conductdt, andE,. are zero outside their

existence range. Since we will test this relationship with surface
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At the location where the guiding metal exists (if we are
king about a single interface)

E=E,+E,. 1)

2In [21], the first hyperbolic factor o (z, 0) in (1) should readinh (¢’ —
1n [3], voltage bias labels were inadvertently reversed in Fig. 3. z’)/sinh(¢’). Communicated by Rolf H. Jansen.
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Multiply the total electric field by a test surface current vector Inserting the average into (5)
J; orits conjugate and integrate over the interfacial coordinatgb

. The result is 1P\ B
x ultt / Etan'Jsjd-T_ b Z <Ec,tan(n7y)>av

0 n=—oc

b b b
/ Eian - JSde :/ Ed,tan . JSJd-T + / Ec,tan . JSde jsj(n) = 0. (8)

0 0 0
(3a) Now applying Parseval’'s theorem to the first integral in (8)

b v ,
/ Bian J:de - / Ed’tan ) J:de + / Ec,tan . J;dﬂ? o i - ) ~
0 0 0 ' - . . pu—
(3b) n:z_:oo Etan . JS] (n) Z <EC7tan(na y)>av Js] (n) =0

o (©)
whereb is the box width. Sincé&, andJ,; or J, are comple- of
mentary functions on the finite-space, the first integral on the -
right-hand side is zero. Thus, we find Z [Et _ <E can(n y)> } j (n) =0
an c,tan ) E¥) — Y
b b n=—00 *
/ Eio I ds = / E. on - Js;dx (4a) J=12..ns+n.. (10)
0 0

Indexing forJ ;; is based upon a single index notation, which al-
lows discrimination between different current components. This
is done by setting

or

b b
/ Etan . Jsjdx - / Ec,tan . Jsjdx =0. (4b)
0 0

Each integral on the left-hand side may be subject to having 0

Parseval's theorem applied, transforming each into either an in- (11a)
tegral or an infinite summation, depending on whether or notj _j .| 0 E—19
the transformed variable, is continuous or discrete. Since the k(1) =Janz(n)2 = Ja=(n) |7 TSl
domain forz is finite, k£, must be discrete and it may be set de- (11b)
pendent on the integer index i.e.,k, = k,(n). The relation

becomes These are combined into a single indexing vector scheme

b oo 7
(—1)P . - _ 3. _ ijw(”) J =
/0 Etan-Jsjd{L’— T n:z;oo Ec7tan(7’L) . Jsj(n) =0. (5) JS] (n) - ’]sz(n) ’ J = 17 27 ceey Ny + Nz (12)
. o _ . where
Here,pis the parity integer for the test basis functibyy (p = 0
for even symmetry with respect to theaxis,p = 1 for odd I (n)
. sjx
symmetry). We have only transformed the second integral be- = .
. ) L _ ) Jsiz(n), 1=i=12,...,n,
cause there is a problem that must be addressed in how it is to ) (13a)
0, J=ny+1ln,+2,...,0n+7n,

be evaluatedf)cytan(n) really must represent some transform .
averaging over the thickness of the conductor, say, over slices Jaj=(n) .
taken at differenyy valuesy € [0,t]. This averaging may be 0, J = 1727 SRR

denoted by<]§)cjtan(n, y)> with the assignmerE. can(n) — = { Joka(n), J :f; Zma};:ffﬁ Ln,  (13b)

Eman;av(n): E. .an(n,y) ) . Thisaveragingis notunique.

. " av . Surface current is then expanded as follows:
The transform of the field in the conductor is P

Ng+nz
b ~ ~
Eeion(n:0) = [ Eeiom(op)e 7 ds Bny= 2 arduln) 4o
0 j=
w/2
— —jkaz
—/_w/2 Ec tan(#, y)e ™" du (6) |11, REPRESENTATION OFCONDUCTOR BY SURFACEIMPEDANCE

. . . . In order to develop (10) further, evaluation of
where the second line has shifted theoordinate to the strip /-~ . .
e tan{ ) must be addressed. Here, we will consider

center and limits the integration to where the conductor fiel av ] ) ) )
exists. Applying the averaging operator to this expression the conductor to be thick enough that it can be viewed as being
composed of an upper piece of one material having a surface

E. an;av(n) = <E tan(n y)> impedanceZ;,, and a lower piece having,;. The electric field
T c/’ T at either surface is given by
w/2
:/_w/2 <Ec,tan($ay)>av C_Jka;wd.’ﬁ. (7) Es = ZS (ﬁ X I:Ig) . (15)
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f—— » — Relation (19) is exact at a single interface, thus, it must be
i 1T viewed as an approximation, somewhat convincingly since
w the fields in it are tied together by the single surface current
e h, characteristic of infinitely thin-metal Green's function SD
H,, ,;,TE., Juy solvers. Equation (19) may be employed for basis function
S X and used to eliminate unknown upper fidil,,; by using a
[e] fe"-' ”‘l‘* du EoT h, magnetic dyadic Green'’s function for the unknown lower field
- H,;.ie.,
h
Wi o 3y H.; = G, 33 (20)
! GaAs h S .
I JLplx which is already available for the structure.
z Putting (19) and (20) into (18)

Fig. 1. Cross-sectional diagram of an example complex layered structur E (n )
propagating waves in the-direction. Here, a strip conductor is over a e.tank\"; Y
multilayered substrate composed of anisotropic ferroelectric and ferromagnetic n

materials biased with static vector electric and magnetic fields. Conductor cross _ Z (A T T ) (A T ) )
section above and below is labeled with relevant tangential fields analyzed in Zsu \fu X Bati +Jsi ) 5 Zst {7 X Haii av @i

av

the text. i=1
. . L. . = Zsu (Au x G jsi+jsi)7
Here,# is the unit surface normal pointing from the metal into ; < " H.J
the upper or lower region. Thus (see Fig. 1 for location of surface . ~
tangential fields and normals of the strip) Zst (”l X GHSJJsi)>aV - (21)

<Ec,tan(n7 y)> = <Ec,tan(n7 y=1),Ecian(n,y = 0)> The effective surface electric fiel,; in the testing expression
av av (10) can be written as

= <Eu,tan7 El,tan> . (16) . .
aV E;z :Esi - <Ec,tan(n7y)>

av,

In (16), subscriptsan have been added to emphasize the tan-

gential nature of the resultant electric-field components in (15). =Gg.3,J.i — <Zsru, (ﬁu x Gr.3,.J4i + jsi) ,
It is apparent that the cross product does not so require the .
H,-fields to be identified, but such identification is useful in ~Za (i x Gra,341))
the soon-to-follow relation of the surface magnetic fidlisto .
the surface currents. Surface electric fields may be written as =Gg,3..J5 — <Zsu, (hy x Gr,3,, +1),
Es = Z aiEsi. (17) —Zs (ﬁ“r X GHsti) > jW
i=1 av
This field is the result of the superposition of all the terms in = |GE.3, — <Z5u (o X Gra, +1),
the expansion (14), operating through the propagation structure R
Green’s function. Inserting (15) and (17) into (16) —Zs1 (M, X Gr1,3,,) > } J. (22)
<Ec7tan(”v y)>av where the testing expression (10) becomes
= Z a;Eyui, Z a;Eqy A EC =
i=1 i=1 av Z Z 6 Eyi(n) - Jsi(n) =0,
n n=—oo 3=1
:Z<E5ui7Esli> a; J=12 e 0. (23)
im1 av
n The above reduction is valid if the averaging operation is strictly
= Z <Zsu (nu X f{sui)  Zot (ﬁl X f{sli)> a; linear, in actuality required in a rigorous sense since the Green’s
i=1 av function approach is a linear process. Extraction of surface cur-
L . . rent has also depended upon the property that the ordering of the
= Znu X <ZsuHsuia _Zsleli>aV ;. (18)  products inside the averaging operator does not matter. That is,
i=1 the unit normal vector crossed into the dyadic magnetic Green’s

Here, the linearity property of the averaging operdtpy, has function, then multiplied by the surface current, yields the same
been used to extract the coefficientsand the vectof,, = 4. result as the dyadic magnetic Green’s function multiplied by the

Upper and lower surface magnetic fields may be related by Surface current, followed by a cross-product multiplication by
the unit normal vector. Equation (22) is a rather remarkable re-

P X Hay = 7y x Hy + Js. (19) sult, asitallows us to write down by inspection the new Green’s
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function for the finite-sized and finite-conductivity metal stripSurface components in (27) are related to the interfacial ex-
in our anisotropic layered structure panded surface current by

jsaci = ~suaci + jslaci Jszi = ~suzi + jslzi- (28)

E.J.. = GE,J3., — <Zsu (hu X Gg,3,; +1),

Note that the right-hand-side current components in (28) can be
related to the magnetic fields by

I:Isui = |:—;]Su;/i:| I:Isli = |:

Jsuaci

—4s] (ﬁu X GESJSi)> (24)

av
We will not pursue this approach further, other than to say that,
although the form has been presented, it does not prove that, in

fact, such a closed-form representation can be found. Insteady iy these magnetic fields to the surface current through (19)
order to have some specific rules for constructing the averaggq (20). This provides a complicated method for evaluating

_Jsla;i

resort to a procedure found in [22]. For any two spectral vect

A andB, the average is

| Az| + 1B

O Aac|Aac| +Bac|Bac| A~
A,B> -
< av |Az| + | Bz|

Q7) in terms ofJ,;, and we see immediately that indeed the

<Ec,tan(n7 y)>av

(27), we can follow the procedure used in gettﬁg in (22)
and produce what can only be stated as an improper Green’s
function, as shown in (30), at the bottom of this page. This type

~quantity is nonlinearly related td,;. With
)

Inversion of the magnitudes in (25) will make the averaging ot Green'’s function only has meaning when used to reconstruct
erator nonlinear, showing that such a construction to account fﬁéE/Si field [which is used in the testing procedure (23)], and it
finite thickness and conductivity of the metal must be an approx-not unique—only when multiplied by,; is the result unique.

imation since the actual problem is linear in the driving curreg

5., has been shown to demonstrate the intrinsic complexity

s

J,. Nevertheless, we will enlist this formula to have something trying to get a tractable modified Green’s function using the

definite to discuss.
Therefore, write the conductor field as

<Ec,tan(n7y)> .

= <Eui,tan7 Eli,tan>
= <Zsu (ﬁu X ﬁsuz) 7_Zsl (ﬁu X I:Isli)>

. N _jsuzi _ 7 jSJZZ
{enor[F]) e D).

averaging procedure in (25).

Consider what happens to (30) when the upper and lower sur-
face impedances are equal, i8,,, = Z;;, as shown in (31), at
the bottom of the following page. Whe#y,,, and Z,; are taken
to be real, we get (32), shown at the bottom of the following
page. Next, look at how (31) far,,, = Z,; simplifies when

Jsu,i + jsli = jw jsu,i - jsli = fJ'jsi (33)

where itis assumed thg is ani index independent. We expect
f7 < 0, and substituting

= <Zsujsui7 Zsl'jsli>av (26) 14 f 1 f
. . . . jsui = J'jsi Jsli it J'jsi (34)
which comes about by using the relationship between the mag- 2 2
netic fields at the lower and upper surfaces and their respectiyg, (31) yields
surface currents. Using the averaging recipe (25)
B ;Esti
c,tan n’ ZS
< & ( y)>av,i 7 (1—’-](3) 0
Zsu,jsu,mi Zsu,jsu,rni + Zsljslrni Zsljslrni . - GESJS{ - 0 é (1+f2)
= . - & 2 4
Zsujsuaci ‘Zs JS i Zs
B ‘ B * ‘ l~ B GESJSiww_? (1+f3) GESJSiwz
Zqusuzi Zsu suzt + Zleslzi Zleslzi = Zs
+ . . 2 (27) G320 Gr,3,22— 5 (149)
Zsu']suzi + ‘Zsl']slzi (35)
Zsu,j@’u,rni Zsu, j;eu,rni + Zslj@lrni Zslj@lrni
— — — 0
, G ( Zqusuaci + Zlesla;i ) Jsaci (30)
; — VEJ.; ~ ~ ~ ~
B Zqusuzi Zsujsuzi‘ + Zleslzi ‘Zsljslzi
0 = - -
( Zqusuzi + ‘Zsljslzi ) Jszi
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Diagonal correction elemett, (1 + £%)/2 reduces t&Z, when normalE,- or H,-field components, making the wavé&M,, .

there is no top surface curreqf; = —1) or bottom surface Equation (38) becomes for thé., H,.) pair
current(f; = 1) and toZ,/2 when the top and bottom surface OF
currents are equdlf; = 0). 24 o H. =0 3923
oy T IwtmHe (39a)
IV. TANGENTIAL-FIELD BEHAVIOR IN STRIP—EXPLICIT 0H, + (jwem + o) E. = 0. (39b)
FIELD DETERMINATION dy

Detailed field behavior within the strip metal can be found bgor the(E,., H.) pair, (38) become
utilizing the Maxwell curl equations

ok, .
— JwpmH, =0 (40a)
oH dy
VXE=—pnm— (36a) OH,
8815 5 = — (jwem +0m) Ex = 0. (40b)
VxH=—ep o +0nE. (36b) 4
Adding these two equations together in a vector fashion
For harmonic conditions where the time variatiomis?, these O(E.2+ Ey2) | . H5— H.8) —0
equations take the form Jy +jwpm (Ha? — H.2) =
(41a)
OE. OE,\ . (OE, OE.\ . [(0E, OE,\ , d(H,& + H.%) . . .
- - — Z —————— + (Jwem +om) | (B8 — E2) | =O0.
<ay 8z>x+<8z 8x>y+<8x ay>7 By Y 7m) [ )]
= _jwurnH (37a) (41b)
0H. O0H, - OH, OH, - 0H, OH,\ . )
— X — — 4
3y G P oz Y Oz oy These may be rewritten as
= jwern +0nl E. (37b) JE an
If L, w > & for all metals encountered, the strip will look like (42a)
a large uniform sheet in thez-plane. Thus@/9x — 0 and OHay . [ Eoiix 3 oA }
Y m m Y X 2 Eac X =0.
8/9z — 0 and Ay +wem +om) | (Beg X 2+ Bofy x &)
(42b)
OF.. OE, . . . . .
o T o F T —JjwpmH (38a) Factoring outy enables complete representation of these par-
8}? 8}? tial differential equations in terms of field vectors
5 23— 5 L2 = (jwem + om) E. (38b) OE
Y Y T = jpin ) X Hian = 0 (43a)
Y
In order to learn what the tangential components do when trav- OH;an . e — 43b
eling through the strip in the normaddirection, we will exclude Jy + (Jwem + om) § X Ean = 0. (43b)
jsuaci ‘jsua;z + jslaci ‘jslaci
— — 0
( Jsuaci + Jslaci ) Jsaci
Gg.1,, = GrJ., — % .. . (31)
Jsuzi Jsuzi + Jslzi ‘Jslzi
0 - - -
( ]suzz + ']slzi ) ']szi
— — — 0
, (Zsu Jsuaci + Zsl Jslaci ) Jsaci
E.J.; = GE.J3. . o s | (32)
Zsru}]su,zi Jsu,zi + Zsl slzi Jslzi
0 = = =
(Zsu Jsuzi +Zsl Jslzi ) Jszi
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Taking the partial derivative of (43a) and inserting (43b) into Multiply (53) by —4 to get the lower electric field

gives
9’E an . . ~ ~
t2 +jwlzbrn (ngrn + arn,) XyX Etan =0 (44)
dy
or
82:Eta,n . .
87/2 — JWHm (ngrn + Jrn) Etan =0 (45)

becausej x § x E = (§-E)§ — (§-9)E = E,j — E =
—E., holds. A similar statement may be made for Hdield
as follows:

82Htan . .
8y2 — JWhm (jwern + Jrn) Htan =0. (46)
Solutions to (45) and (46) are
Eian(y) = A, coshyy + B, sinh~yy (47a)
Hian(y) = Ay, coshyy + By, sinh vy (47b)
Y= \/jwurn (ngrn + Jrn)~ (47C)
Boundary conditions a = 0 andy = ¢ are
Etan(y) :Esl Htan(y) = H817 y= 0 (48a)
Etan(y) :Esu, Htan(y) it Hsu,a Y= t. (48b)
Applying (48a) to (47) produces
A.=Egy (49a)
A, =H,,. (49b)

Placing (47) into (43a) and (43b) gives, respectively; at 0

B. =715 Ay = o % Hat (50a)
8
m j mo oA 1 ~
Bh = - wy X Ae = - Yy X Esl (50b)
y m
Nm = SOl (SOC)
8

_Zj X Z} X Esl = _Z} X [_LHsu + COth,ytHsl:|
sinh ¢
(54)

or

E,=n X% [—LHSU + COth’ytHSl:| . (553)

sinh vyt
Place (55a) into (52a) to obtain the upper electric field

Esu :Q X {nranu coth ,Yt + 7/]ranl

X [— coth vt cosh vt + sinh 1] }

m

=7, X {Um cothvytH,, — — Hsl} . (55b)
sinh ¢

Equation (55a) and (55b) may be recast in an explicitimpedance
form

ESU :ﬁu X [ZuuHsu + Zulel] (56a)
E.; =iy x [Z;,H,., + ZyH,| (56b)
Z’u,’u, :le = Tm coth ’}/t
TIm
Zu =Zpy = — =+ 56¢
! ! sinh ~¢ (56¢)

For metals like copper, silver, and gold, it is indeed true that
Om > jwey, [23], making (47c) and (50c) become

)
TS
1 2.09 OCu
b= = N pm  (57a)
V7 flmom  /f(GHZ) V om
i~ L~ (1 R, =2, (57D)

The skin depthh = 0.66, 0.21 ym at f = 10, 100 GHz in
copper. Thus, the assumption thHatw > é holds ifw > 5,
2 pm at f = 10, 100 GHz because we are takidg> w.

V. MODIFIED DYADIC GREEN S FUNCTION FOR FINITE
METAL THICKNESS

Follow the procedure in (26) to get thih average, invoking
(56)

Substitution of (49) and (50) into (47) produces the field solu-<]§)c7tan(n7 y)> = <1:3'm7tam E'zi,tan>

tion within the metal strip

(51a)
(51b)

Eian(y) =Esi cosh vy + 1,9 X Hy sinh yy

1
7 X Eg sinh yy.

m

Htan(y) :Hsl cosh YY —

Now we want to relate the upper and lower fields. This is done

by applying boundary conditions (48b) to (51) as follows:

Esu, :Esl cosh ’Yt + 77771,@ X Hsl sinh ’}/t
H,, =H,; cosh~t —

(52a)
(52h)

1
4 X Egsinh~t.

m

Next, let us convert these equations into an impedance format.

Solve (52b) for the normal times electric-field cross-product

?) X Eq = _LHSU + Mm COth’YtHsl-

53
sinh ~¢ (®3)

= <@ X |:Z'u,'u,I:IS'u,i + Z’u,lI:Isli:| ’

g x [Zluﬁm + ZuﬁsziD

_ <Z'u,'u,g % |:_:]su,zi

suzt

:| + Z’U,l@

Jslzi ~ _Jsuzi
. |:_ slrni:| ’ Zl'u,y . |: Jsu,rni :|
~ js zt
—Zuy X {—jll }>

= <Zuujsuz - Zuljsliv _Zlquui

+lejsli> (58)

Then use (25) to obtain (59), shown at the bottom of the
following page. From (59), we may again create an improper
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dyadic Green’s function. Consider a limiting case when wand evaluate the averaging operator as a simple sum (not a
take J;,; — 0, not an unreasonable assignment for a strigeight), we find
configuration when the preponderance on the material is in

a substrate form. (In symmetric stripline this is an invalid <Ecytan(n,y)> =(Zu- Zul)Jsi. (63)
assignment.) Equation (59) reduces to avar
. ZulZu| = Zui | Zo This gives
<Ec,tan(na y)> = ” | ”| l | l| [ JSlxz :|
av,i | Zu| + | Zui] slzi (1 —‘rj)t
Zu|Zu| = Zui| Zwi] =
= ”|Z”| Zl| I|J51i. (60) CZ: 1 # 1_1’_;
|Zul + [ Zul omt [(1 +‘7)t} cosh [(1 +])t}
Inserting (56¢) and (57) into (60), noting th&t = 1/(s,,6), 0 6
the coefficient in (60) is shown in (61), at the bottom of this (64)
page. Finally, if we neglect the nondiagonal matrix eleméfy in the
If instead of using (25) we go back to (58), and allow théeld impedance (56c)
upper surface current to be zero (144t
= 1
E; tan(n,v) Cp=— 0 65
(Besanlno)), T o [UEY ©)
- . tanh | ———
= <Eui,tan7 Eli,tan> 6
= <u X ZwH,, —1 ¥ leI:Isli> Form (65) is like that seen in [24] and gives simijavariation
av. to [25F . The three cases in (61), (64), and (65) generate the
< i ¥ [ Slﬂ } = Zui) % [ Jstzi }> three modified dyadic Green’s functions (note that — J,;),
Sstwi —Jswwi [ [ 4 shown in (66)—(68), at the bottom of this page.
< Zud st leJslz> N (62) 325, note thatt = 0.5 ym andp. = 2.44 x 10-°Q - cm = 2.44 Q.
- (Z'u,'u,je'u,mi - Z’u,lj@lmi) ‘Z'u,'u,je'umi - Z’u,lj@lmi + (lejelmi - Zlu,j@’umi) ‘lejelmi - Zl'u,je'u,rni
<Ec,tan(na y)>av 7 - :i'

‘ Zuu Jsuaci - Zulelaci

(Zuu Jsuzi — Zuljslzi> ]
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Fig. 2. Attenuation constant for dielectric loss versus frequencyafo = 2.0 x 10~%. The code (basis function numbey = ». = 3 and spectral number
n = 200) was compared to [27] (note that, in this reference, an approximate two-term expansion was used for surfack cwittnf,,, = 0), which is also a
full-wave calculation. Microstrip structure has width0.500 mm, substrate height 0.500 mm, relative dielectric constart 10.0, box width= 20 mm, and
box height above substrate (air regiea)19.5 mm
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Fig. 3. Attenuation constant for dielectric loss versus frequencydfow = 1.0 x 10~*. All other parameters are the same as in Fig. 2.

There are three regimes of metal thickness> 6,t = 6, possible to validate some of the concepts here in a much sim-
t < 6. Whent > §, the sinh and cosh functions approagh pler system. We choose microstrip over a GaAs substrate, which

and tanh approaches one. This makes was measured for various geometric dimensions over the nom-
. 1 inal 5-40-GHz frequency range [26]. To compare our theoret-
, /1613100 Cz — 5 (69) ical dyadic Green’s function modification work to experiment,

we must also include dielectric loss to obtain the total loss.
for all formulas (61), (64), and (65). In the other extreme when |, o qer 1o test our anisotropic Green's function SD code

t<é for dielectric-loss evaluation, the code (basis function number

1;  (60) ne = n. = 3 and spectral numbet = 200) was com-
lim C; — — < 2; (63) 3. (70) pared to [27], which is also a full-wave calculation. Test case
t/6=0 Tmt 1; (64) Was microstrip with width2ww = 0.500 mm, substrate height

. = 0.500 mm, relative dielectric constant.; = 10.0, box
Itis clear from (70) that (61) a_nd (_65) may be the preferable On\?ﬁ’dth — 24 = 20mm, and box height abéve substrate (air
to employ because of the unity limit expected {36 — 0. region)= h = 19.5 mm (notation used from [27]—note that, in

this reference, an approximate two-term expansion was used for
surface current, with J,, = 0). Two loss tangent cases were
investigated, i.efan§ = 2.0x 10~* and1.0 x 10~!, which are
Although we are particularly interested in applying the reshown in Figs. 2 and Z(;.; = &, — je-tan é, £, = real part,
sults here to highly anisotropic layered guiding structures, it@dtan 6 = ¢4/we,. for volumetric conductive dielectric loss).

VI. NUMERICAL RESULTS FOR THEANALYTICAL LIMITING
MODIFIED GREEN S FUNCTION FORMULAS
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Fig. 4. Attenuation constant for microstrip versus frequency for varying box widtloss tangent held ttan § = 1.0 x 10—* and conductor loss included
using (65). Structure is a 7@m-wide microstrip, with substrate height 10®n, relative dielectric constant. = 12.9, box height above substrate (air region)
10 mm, metal thickness= 3 um and conductivityr, = 4.1 x 107 S/m (gold).n, = n. = 4 andn = 300.
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Fig. 5. Attenuation constant for microstrip versus frequency for varying loss tangent using (65) for conductor effeck Width.07 mm, with all other
parameters the same as in Fig. 4. Reference [26] experimental data are shown.

Slight waviness in the reference’s curves are due to reading @sponds to the substrate extent. Tthihoice is also consistent
the data, but agreement with our code results is excellent, beimigh [28], which also looked at that case. Notice the sensitivity
within 1%, and allowing us to proceed on to the total loss cabtf « onb. On the other handj (v = « + j = total propaga-
culation. tion constant), only weakly depends@arsingd = 12.07 mm,

Now return to the experimental microstrip cases. First cofig. 5 plots the experimental and theoreticak: 70 mm results
sider aw = 70 pm wide microstrip, with substrate heightfor varying loss tangento, = n. = 4 andn = 300), with
h, = 100 um, relative dielectric constaat = 12.9, box height metal thicknesg = 3 m and conductivityr, = 4.1 x 10” S/m
above substrate (air regios) h, = 10 mm, and varying box (mostly gold). Loss tangentns = 4 x 10~* may best de-
width = b = 6.035, 12.07, 24.14 mm. The latter two dimen- scribe the substrate gallium—arsenide material. Since we have
sions, i.e. i, andb, are not constrained directly by the labonot taken into account either surface roughness or ground plane
ratory setup since an enclosure was not used. However, bejhg-:m thick Au) conductor loss, both of which should be very
completely open on top allows, to be chosen large enoughtiny, this agreement, which is within a few percent, is consid-
to avoid propagation constant sensitivity. Fig. 4 shows the dered to be good.
pendence of attenuatiof on b using (65) for conductor strip  Fig. 6 compares theory and experiment for the= 10 ;m
loss. [This result is also the common factor in (61) and (64)hse. At and belowf = 25GHz, agreement is excellent
The middle result is the one we will use fbsince it best cor- (tané = 4 x 10~*); above this frequency, the data is suspect.
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Fig. 6. Comparison of theoretical and experimental [26] attenuation constant fer thd 0 pm microstrip case.

TABLE |
ATTENUATION CONSTANT a (IN DECIBELS PERMILLIMETER) BASED
UPON DYADIC GREEN S FUNCTION MODIFICATION FORMULAS C'z
(No DIELECTRIC Losg

Cz Formulas

crostrip configurations. The hierarchy of formulas has at its
bottom several that are analytically easy to evaluate when mod-
ifying anisotropic structure dyadic Green’s functions. Philos-
ophy presented here has recently been followed for anisotropic
ferroelectric coplanar structures, allowing excellent description
of experimental attenuation results [29], [30].
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f(GHz) 65) (61) (64

5 0.0242154 0.0212510(-12.24%) 0.022789(-5.89%)

10 0.0346546 0.0331317(-4.40%) 0.032518(-6.17%)

15 0.0425785 0.0417952(-1.84%) 0.041741(-1.97%)

20 0.0493136 0.0488761(-0.887%) 0.049240(0.149%)

25 0.0552480 0.0549882(-0.470%) 0.055434(0.337%) 1]

30 0.0606049 0.0604447(-0.264%) 0.060810(0.338%)

35 0.0655182 0.0654161(-0.156%) 0.065665(0.224%)

40 0.0700740 0.0700069(-0.0958%) 0.070156(0.117%) 2l
Due to this, we use the = 70 um case to examine the other [3]

Green’s function modification formulas [see (61) and (64)]. All
three formulas are compared in Table I, under no dielectric loss,

as to how they affect the attenuation constant. Comparison in
this table is reasonable because all of the formulas produce ver

similar numerical values, although they have slightly different

dependencies with frequency. Results givenddjin decibels
per millimeter) in parentheses usifgg, formulas (61) and (64)
are percentage deviations framusing (65). It is seen that

using (61) is slightly lower thamy using (65), the deviation
getting less as the frequency increasesising (64), in com-
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