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VI. CONCLUSIONS

The H-plane coupler-type bend has been found to yield a

significant improvement in the performance of double-layer

pillboxes as compared to previous designs in terms of reflec-

tion and cross-polarization. It has been found that the

theory developed in designing the bend is sufficient to enable

calculation of the principal dimensions of the bend, requir-

ing only minor adjustments based on measurements for a

complete design. The existence of an optimum hole diam-

eter for achieving the shortest coupling length, consistent

with a flat frequency characteristic and good directivity, has

been hypothesized and verified. Performance of the coupler-

type bend has been demonstrated in a wide-angle pillbox

model.
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A Parallel-Plate Waveguide Approach to Micro-

miniaturized, Planar Transmission Lines

for Integrated Circuits
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Abstract-The parallel-plate waveguide with a two-layer loading

medium, a conducting semiconductor substrate, and a relatively thin

dielectric layer approximates the interconnections in many integrated

systems if the fringing fields are ignored. The fundamental mode of this

stmcture is an E mode which is a surface wave. Its propagation behavior

is analyzed in this paper and the equations are evaluated by highly accu-

rate numerical methods.

The semiconducting substrate is characterized by its dielectric con-

stant and conductivity. A critical conductivity Umi. exists and is related
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to the cross seetional and material parameters. If the substrate conduc

tivity is given by Ominthen the attenuation constant of the tine is a mini-

mum. The same vahre of conductivity yields minimum phase distortion

at maximum bandwidth. If the conductivity is larger than amin the sub-

strate acts as a poor conductor with associated skin effect; if it is smaller,

10SSYdielectric behavior results.

Analysis shows that it is appropriate to subdivide the frequency range

into three intervals. The lowest-freqnency interval is characterized by

propagation which resembles diffusion. This is caused by the loss in the

dielectric layer. The next frequency range extends to some upper fre-

quency which is determined by substrate conductivity and the cross-

sectional dimensions. Iu this interval, the phase velocity of the funda-
mental mode is controlled by the ratio of dielectric to semiconductor

thickness, which, if typical interconnections are considered, implies a

very low velocity. Tlds property indicates that the struetnre can serve as

a delay line. Further increases in frequency resrdt in higher phase veloci-

ties. Skiu effect and dielectric loss behavior describe the propagation in

this third interval.
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I. INTRODUCTION

ARGE SCALE integration involves a set of intercon-

L
netted, integrated circuits, which are located on a

common semiconductor wafer. The interconnection

pattern in most cases serves only as an information link.

The desired behavior for an interconnection is a series short

circuit. The actual behavior may be obtained if a transmis-

sion line representation of the interconnection is available.

A cross section of the type of transmission line which is

found in the common substrate system is shown in Fig. 1.

The lowest layer is an aluminum metallization which is used

for heat transfer purposes. It forms a common ground plane

for the transmission system. Its presence reduces the noise

coupling between neighboring lines. The silicon layer is the

substrate. Its thickness and conductivity are determined by

component requirements. The oxide layer insulates the sub-

strate from the transmission line conductor. Its thickness is

restricted by fabrication technology.

I Al Ia.
SiOu~O, cr~45, pr.1

.l?A1 w 10-6m

Si:J < & <105 mho/meter 2x[o-7m. lSIO. lo-6m
p~=l, •~=12

lSi = 2x10-4m
Al

Fig. 1. Interconnection cross section for circuitry on the same sub-
strate with typical thickness dimensions. w and c, are relative per-
meability and permittivity.

The resulting transmission line is of the microstrip variety.

The loading medium consists of a dielectric and the sub-

strate material with widely varying parameters. Since an

exact analysis is not feasible, the choice of an approximate

method depends on the intended applications and expected

transmission line behavior.

The integrated system which is of interest employs pulse

circuitry. The operating frequencies extend from zero to

some upper limit, which is determined by the pulse rise-

time. Maximum values of three gigahertz are expected. The

surge impedance and propagation constant of the transmis-

sion line are needed. It appears that an examination of that

mode which behaves similarly to the TEM mode in a Iossless

system would yield the desired information.

The expected transmission line characteristics may be

deduced from the following arguments. The structure re-

duces to microstrip on silicon [1] if the substrate conduc-

tivity is small. In this case the oxide layer maybe neglected;

its thickness is always small compared to the silicon thick-

ness. The method suggested by Wheeler [2] maybe extended

to describe the lossy dielectric–air microstrip cross section.

If the substrate conductivity is high, a TEM perturbation

technique may be used [3]. The substrate acts like a lossy

ground plane and the oxide becomes the dielectric. The effect

of the fringing field will be small since the width of the

aluminum conductor is very much larger than the thickness

of the oxide.

An exact analysis would therefore involve a microstrip

solution with complications. This will not be attempted here.

The fringing fields will be ignored. The resulting parallel-

plate waveguide [4] exhibits the two loading media, the

aluminum conductors, and the air dielectric. The system may

be approximated by replacing the aluminum conductors by

perfect conductors. This approximation may be compensated

for by a standard perturbation correction of the idealized

system. The problem may be formulated in terms of the

transverse resonance method [5]. The treatment may be

specialized to the E modes in view of earlier investigations

[6].

The parallel-plate waveguide approximation cannot yield

accurate results for the microstrip. However, it will estab-

lish qualitative data for all substrate conductivities and will

allow a decision on the applicability of either limiting solu-

tion.

11. PARALLEL WAVEGUIDE FORMULATION

The reference directions for the parallel waveguide are

given in Fig. 2. The two layers are described by their thick-

nesses II and 12, the material constants us—the conductivity

of the ith layer, ~,—the relative permittivity of the

and p,—the relative permeability of the ith layer.

t--!

‘::;tiv-m m

ith layer,

xi-z ‘L--x’ “AX
Fig. 2. Idealized cross section and reference coordinates.

The analysis should yield the longitudinal propagation

constant YZ and the driving point impedance 20 as functions

of the eight parameters and the excitation frequency co.The

driving point impedance is defined as the input impedance

of an infinitely long structure. Use of the separation condi-

tions and applications of the transverse resonance procedure

for the E mode results in the three eigenvalue equations.

712 + 7.
2 = — ~ozplelf (1)

-Y22 + “.2 = — ~02P2~2’ (2)

~ tanh ylll + ~ tanh vilz = O (3)
El ~2

where Y1 and 72 denote propagation constants in they direc-

tion. The primed relative permittivities are defined by

c,t = ci+ ISJJ”WCO; ko designates the quantity 0J41.LOCO= ~/c;

i= 1, 2.

The eigenvalue equations may be combined to yield

(

1 1
jUI.LO K1 — tanh -Y1lI + w — tanh 7Z1X

71 “2 )

7.2 = (4)
1

— tanh YI1l ~ tanh Ytlt
“1

+
‘Y2

jweocl’ jwe0e2’
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or

(Pill’ p212’
jcly.lo —+—

w w )
?’.2 = (5)

1 1“
+

jw)c]’w jow;w

1; 12’

Here w denotes the width of the guide, and l,’= 1/7, tanh yili,

i= 1, 2, defines two complex quantities, which have the

dimensions of length.

Equation (5) lends itself to interpretation in terms of the

series impedance and shunt admittance of a T element in an

infinite ladder representation of a transmission line. This

may be taken to imply that the characteristic impedance of

the line is given by (6).

where

This method does not yield an answer to the question of

which physical voltages and currents are involved. The driv-

ing point impedance involves the total current drawn from

the source and includes not only the current which flows on

the bounding conductor surfaces but also those currents

which are in the conducting loading material. In other

words, the representation of a three-component field system

by a two-dimensional voltage and current model must be

clarified.

In order to resolve this difficulty it is necessary to examine

the conversion of the field solutions to the equivalent trans-

mission line. This may be accomplished readily by making

use of the perfect conductor boundaries.

The first transmission line equation is obtained by con-

sidering the contour ABCDA of Fig. 2, for the integration

of Maxwell’s equations. It yields

where

v(x) = 4(X, 11) – +(% –12)

The current il is the current which flows on the upper con-

ductor in Fig. 2. A similar expression is obtained if the cur-

rent i2 on the lower conductor is considered. In particular,

the use of

leads to

au

–(

jtipo pz
—

)
– tanh YZZZ+ R tanh ~111 ix (9)

dx––w y2

and

l%. –juErJw
(lo)

8X =
v.

tanh Y1ll tanh YA
+

7161’ y2e2’

The current due to the longitudinal field in region #l may

be related to the conductor current il by integrating the cur-

rent density .lI =jtieoel’11.l over the cross section of medium

#1, This yields

1, = – (1 – cosh ~,l,)il.

The total longitudinal current in medium #1 is therefore

I= I,+ i,.

The same arguments may be applied to medium #2. They

lead to a similar result. Thus, iz is the total current which

flows in one of the layers and the conductor associated with

the layer. It is therefore a measurable quantity and the use

of(6) as a definition of the surge impedance becomes mean-

ingful. A solution of the eigenvalue equations for 11’ and 1.2’

would yield a useful characterization of the interconnection

system.

III. SOLUTION OF THE EIGENVALUB PROBLEM

A numerical solution of the eigenvalue problem may be

based on(11) and (12).

F,(Y,, ‘YZ) = 712 – 722 + ~02(T’)2 = O (11)

F2(71, 72) = z tanh 7111+ ~ tanh 7,1,= O (12)
Cl’ ~2

where

(T’)2 = p,el’ – p2e2’.

The Newton-Raphson method was selected to solve the

equations. The computations were difficult because a num-

ber range of 10ls had to be handled. This caused convergence

problems due to neighboring roots. In order to avoid this,
an estimate of the behavior of the solutions was needed. The

lossless case, which is discussed in the Appendix, had to be

considered first. It was concluded that the quasi-TEM mode

of the lossless system is replaced by the lowest-order surface

wave mode in the Iossy system. This mode is of interest for

wideband applications. Figures 3 to 5 contain data on a

fixed geometric arrangement with varying substrate con-

ductivity. They are based on the exact solution of(11) and

(12). An interpretation of the data is possible by using ap-

proximate solutions to the eigenvalue problem for the low-

est-order surface mode.
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Dispersion curves for typical integrated transmission
lines for several substrate conductivities.
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Fig. 4. Attenuation constant associated with the structure used for
Fig. 3. The substrate conductivities are in O/m.

IV. APPROXIMATE SOLUTIONS

A numerical solution of the eigenvalue problem yields data

for specific applications. In order to study its implications on

the general problem, it is necessary to resort to approximate

methods. The treatment is specialized to the lowest-order

mode.

A. The Low-Frequency Approximation

The condition 1{= II and 1s’= 12reduces (5) to

(-)

_7z~ I.LJI i- /&7

ko = juei)ll

-t

jWQ12

al + ~“clxoel U2 + 3“UOE2

The low-frequency limit is therefore given by (13)

()
2

lim y
lo+o kij

pill + /412
Ul=ffz=o

~+~

.— I –j02 01 # o, ffz # o. (13)

I

It is also known that the limit is ~,ci if u,+ w (i= 1, 2; i#j).

These two cases were excluded when (4) was formulated.

They correspond to the two TEM modes. The low-frequency

transmission line network is given in Fig. 6. Equation (13)
. .

may be approximated by restricting u<<mm (ui/cOez,

u1/ewl). In other words, if both materials behave like metals

[( )1”
WO(PJ1 + /.4212) 1’2

‘y. =l(+j) (14)

2 ~+~
ml U2

The equivalent transmission line reduces to a G-L line if

the bounding conductors are perfect. This assumption yields

zero attenuation when w= O. The phase velocity is finite for

all cases discussed in (13). It is zero if m#O and uj#O, i.e.,

if real materials are involved, and a = O.

The behavior changes when one of the materials behaves

like a dielectric. Thus,

: (PILL+ A)

(-)‘)’% 2—
h = jdl e’2

l+——
ml 1,

(15)
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i

Fig. 6. Longitudinal equivalent for low frequencies.

if

A good approximation to (15) with respect to the microstrip

parameters of Fig. 1 is given by (16).

if

‘in(:’-)’”’:”
Equation (16) indicates that the phase velocity is controlled

by the ratio of the two material thicknesses. The condition

1P>12 applies to the data of Fig. 3. It results in the very low

phase velocity of about 1/50 of the speed of light in this par-

ticular example. The attenuation depends on the shunt ele-

ment R,= 11/ul. Equation (16) apparently does not include

all the losses. A part of the attenuation would have to be pro-

portional to u,. A refinement of the expression for the at-

tenuation constant is needed.

B. Second-Order Appro~imation

The integrated microstrip structure employs dielectric

thicknesses of about 0.1 percent of the semiconductor thick-

ness. The approximation tanh 71=71 will therefore first fail

for the semiconductor layer or material #l. This would indi-

cate that tanh ~111should be approximated by two terms in

order to improve the solution. A single eigenvalue equation

results:

The assumptions U,>>oeocl> Lococzand Oz<<ucoe,were used to

solve (17).

7?021.L1 . WJo/J2
1/2

—’.l —
62 ffl

1 – : 11%

( 1112 2 “
(18)

~+——
al jueOe2)

+

C(JJ

Fig. 7. Low-frequency longitudinal equivalent for metal and dielectric
layers. The two frequency-dependent elements are given by

An evaluation of (18) yields the conclusion that the new

value of T1 will differ very little from the first-order expres-

sion if

The data of Fig. 3, which is typical for integrated microstrip,

was used to evaluate this inequality. It appears that the low-

frequency expression for YI is valid if a does not exeeed a

few gigahertz.

The expression for tanh Y,ll may be approximated by two

terms. This yields

(19)

d 2
where 8= —

@LJo/Jlul

designates the depth of penetration in material #1.

Equation (19) contains the information which is needed

to evaluate the numerical data. It yields the longitudinal

equivalent of Fig. 7 if

@112
—-> W>=.
60E211 EOE2

It is of interest to note that the equivalent of Fig. 7 can also

be obtained from the approximation IYI’I>>1YS21. This im-

plies that ~1’=japoplu,, which is the commonly used metal-

lic approximation. Equation (19) yields the desired correc-

tion to (16)

1 /.&4JJ%J1

)1+———.
3 Pill + 1.L2L2

(20)
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V. THE CRITICAL CONDUCTIVITY

It is evident that the second term in (20) is due to shunt

losses and the third due to series losses. Furthermore, it

appears that the attenuation constant must attain a mini-

mum with respect to substrate conductivity. If Mzl.2<<Klll, the

conductivity for minimum attenuation is given by

1 / 360

““i” =% v—.
pllllz

Structures which employ UI > a~i. will be controlled by the

series losses and, conversely, those with al< g~i. by the shunt

losses. Both types of systems exhibit a propagation velocity

which is determined by the geometry. However, the fre-

quency range over which f?/kO is given by

(“4’+5)’2
will be quite different. An examination of (19) and (20)

results in the conclusion that & will decrease when the real

part of (20) is about

Thus

if

where

——-+—
12 UI 3 pill + p212

The ~ region in which this expression for@ is valid will be

a maximum if al = Umin. Higher and lower values of al will

decrease the frequency range and increase the attenuation.

VI. HIGH-FREQUENCY BEHAVIOR

It is possible to derive some meaningful expressions for

the higher-frequency ranges. The interpretation is based on

the assumption that 11and l’ are small enough to permit the

use of (19). This yields

if

‘c.2q/8w
T

G=aI/(8/2)

.

Fig. 8. High-frequency equivalent if m > a~ir,.

This equation describes propagation in a Iossy dielectric. It

is noted that the real part of (22) is frequency independent.

Comparison of (22) with (16) indicates that the loss behavior

has reversed. The value of the real part of (22) increases

with u1.

A similar examination for Ul> a~i. results in the conclu-

sion that these cases are controlled by the skin effect in

medium #1. 712 is essentially equal to @PWW1. The expres-

sion tanh -Y1lI becomes 1+jO and

The equivalent circuit associated with (23) is shown in Fig. 8.

The rate of increase of the real part of ~. with respect to ~

decreases but does not become independent of w.

VII. THE CHARACTERISTIC IMPEDANCE

The methods of the previous sections maybe used to ap-

proximate (6). Reference to (20) yields

“[’++%%::’?8)1’24)
The shunt controlled line exhibits inductive character-

istics; the series controlled line has capacitive behavior. If

al= a~i., the reactive part of the characteristic impedance is

a minimum in the low-frequency range. The expression for

20 which would correspond to (22) is

If al> a~i., (23) maybe used to obtain

K

d(

(1 – j)p,$ ‘/’
zo=~ —~2 P212i-

W 2 )

( 6 coel)e’ 112
0 l+~(l+j)— —

u, 1’ )

(25)

(26)
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Figure 5 is the exact solution of (6). It appears that the char-

acteristic impedance will initially be controlled by the slow

mode and then approach either the TEM mode which would

exist in material #2 alone or the TEM mode which would

exist in a Iossless material with relative dielectric constant

er= e~.

VIII. IMPERFECT BOUNDING CONDUCTORS

The inclusion of real conductor behavior into the model

thus far presented is, in principle, a straightforward process

if the transverse resonance method is employed. However,

the result is a rather involved set of equations. It is believed

that the following method will yield adequate answers for

practical purposes.

The surface impedance of a plate of thickness 1. in air is

Z.ir + Z- tanh Ycla
z. = 20

2. + Znip tanh IYL

lf it is assumed that Z.ir>>l Zrl, this expression becomes

z. = Z. coth yglr.

New values of YZ and ZO are found by adding additional

series elements to the longitudinal equivalents. This yields

12 tanh ylll
—---+
jO.EoE2 71(01 + joxod

——

‘i[,jWpo 12 tanh 7111
20’2 = 202 + ~ — —+

w u jueoez 71(U1 + &Jcocl) 1
[

1 1
.— coth v(jW~(I& + — coth wj@ocT1.z

w, 1 W.2 –1
where l.l and Iqz denote the thicknesses of the upper and

lower conductors and w.I and w,, are the effective widths,

which, if fringing is ignored, equal w. It is interesting to note

that if az#O, the above equation yields the following low-

frequency limit

1imz’2=(s+a(&+ia-.+0

The real material assumption (al#O, a.2#0, and a~ CQfor

the bounding conductors) yields the proper dc limit.

IX. CONCLUSIONS

The lowest-order mode for the two-layer parallel plate

waveguide is an 1? mode which is a surface wave.

If the layers are Iossless, the phase velocity of the funda-

mental mode will be bounded by the phase velocities of the

two TEM modes, which occur for the two limiting, homo-

geneous cross sections. The fundamental mode for the loss-

less case is commonly called the quasi-TEM mode.

MICROWAVE THEORY AND TECHNIQUES, AUGUST 1967

The introduction of losses results in the following:

1) The very low frequencies,

‘<<min(;’:)

propagate in a manner which resembles diffusion. This is

caused by the fact that the transverse currents are essentially

conduction rather than displacement currents.

2) At slightly higher frequencies, w.> w> uz/eOez, the

transverse displacement current in medium #2 becomes

larger than the transverse conduction current in medium #2,

A propagation behavior occurs which is based basically on

magnetic energy storage in medium #l and electric energy

storage in medium #2. This implies that the two energies are

independent in this frequency range and that the phase veloc-

ity of the fundamental mode can be controlled by the cross-

sectional dimensions.

The frequency range over which this type of propagation

occurs depends on the conductivity of the substrate. In par-

ticular, it is found that the conductivity value ~~i. yields a

maximum value of w. and a minimum value of attenuation.

It is found that the attenuation increases with decreasing
. . .

conductwlty If al< a~in. The attenuation is proportional to

u~ If Ul> U~i~.

3) If a> tic the propagation behavior falls into two classes:

a)

b)

If al> ~~i. the skin effect of material #l predomi-

nates. The structure behaves as if the substrate

forms a Iossy conductor for the system. The equiva-

lent circuit exhibits series losses, which exceed the

shunt losses. The attenuation increases with de-

creasing substrate conductivity.

If al < a~i. material #l behaves like a lossy dielectric.

Shunt transmission line losses exceed the series

losses. The effect of the dielectric layer, material #2,

will disappear if its thickness is less than the silicon

thickness. An increase of attenuation with increas-

ing conductivity occurs.

The three frequency regions are clearly distinguishable in the

exact solutions of the eigenvalue problem. Toe numbers

which arise from typical integrated microstrip are somewhat

surprising. The phase velocity of the fundamental mode is de-

termined by the ratio of dielectric thickness to substrate thick-

ness. This ratio is about 1/500 for typical integrated micro-

strip. The resultant phase velocity is c/50 if SiOZ is used as
the dielectric. The upper frequency for slow mode behavior,

W, w several gigahertz lf al= a~i~. These numbers indicate

that the structure is potentially useful as a slow mode delay

line. The fact that the phase velocity does depend strongly

on the substrate conductivity suggests electronic control of

the phase velocity by conductivity control.

APPENDIX

THE LOSSLESSLINE

The assumption that the loading media are Iossless results

in eigenvalues which are either real or imaginary. Propaga-

tion along the x direction occurs if k2 >0 where ks –jyz.
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Examination of (3) indicates that ~lz> O and ~Z2> O cannot The result is again independent of n.

be a solution of this equation since x tanh x> O if X2> O. A necessary condition for a mode of order n to propagate
Thus, two cases must be distinguished: is that p ~ nr. If p = nm is substituted into (32) and (33), it IS

Case I
found that hO/211= r/n. The cutoff frequency of the nth

712<0 72’>0
mode is therefore given by

Case H 71’<0 722<0.

A. Case I (Surface Wave)

It is convenient to let 71 =jkl and r’= w1-- w2. The use

of the defining conditions for this case and k’> O yields the

following bounds on the solutions

o0< :’<?’2

()0< ;2 <r’.

(27)

(29)

Equations (1) and (2) are conveniently combined to yield

p’ + qz = (kollr) 2 (30)

where p= kill and q= TJ1. The transverse resonance equa-

tion becomes

–~tanp+~tanhq~=O. (31)
cl ~’

The last two equations may be solved graphically to find cor-

responding values of p and q. Every possible p must be in

the intervals nr~p < (2n+ l)(T/2), where n= O, 1, 2, . . . .
The integer n is referred to as the order of the mode.

The dispersion relation &/A, =~(x,/21,) is given in para-

metric form

Ao k

[ 1
/.Ll@+/..J&p2 112

;=G=

(32)
q’ + p’

b 1

[ “1
1/2

=3rr —

%1 q2+p2 ‘

(33)

The dispersion curve in the fundamental (n= O) mode ex-

tends for arbitrary large values of Xo/211 (quasi-TEM mode).

The graphical analysis indicates that q becomes infinite and

p remains finite when ko/211-0. Thus, from (32)

f.n=~”

In the neighborhood of these points, p k nearly equal to rnr

and q k nearly zero. Then

Substitution into (32) and use of kO/211= r/kOll results in

Thus, if hO/211-w/n, the value of h@, is

(n # O)

/

Differentiation of (34) with respect

quent evaluation at kO/211= r/n yields

()d;
Q m 1’

lim .— _

()

V’!J2E2

. (36)

“’12’’+’/” d ~ ;+:

(n= O). (35)

to kO/211 and subse-

e’
—

Ao —
lim — = <p,cl. This information was used to construct the upper part of the

)qJ’lpo kg diagram in Fig. 9. The lowest-order mode (n = O) has no cut-

This limit is independent of n. Furthermore, since off frequency. Equation (35) indicates that it behaves similar

p-+(2n+ l)7r/2 asAO/21140 or m+ m, it is easyto show that to a TEM mode in a uniformly filled guide with effective Y,

~o/~, = [W – (+(z~ + l)ho/2k)’11/2

and e. given by

1.J212+ I.Llll
when ~0/211 = O. This implies that pj =

()d:

lim ‘ = O.

()
~“~’”+” d :

G, =

These values correspond

11+ 11

CIQ(ll + 12)

<112+ 6’11

to energy averaged values [7].
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Ao/Ag

Fig. 9. Dispersion diagram for the lossleas case.

Thus

where E~= energy/length in the ith region. The nomencla-

ture of quasi-TEM mode is based on these two properties of

the fundamental.

B. Case II

The modes which fall into Case II are characterized

by Tlz <0 and 722<0. Their characteristic equations may be

derived from the surface wave equations by replacing q

by jq.

pa – qz = (kollr) 2 (37)

(39)

~2 2

()
o< ~ </J2e2

L@. =

V’

paezpz — plelqz
(40)

~2_q2 “

Ao/211 = n-
d

/Jl~l — /.L2~2

~2_q2 “
(41)

The type of solution which occurs is indicated in Fig. 10.

In order for the nth mode to propagate, psmr, n = 1,2, . . . .

In the neighborhood of this point p = nr–~, so that there is

a smooth transition from surface wave to the Case II mode

on the kO/~~ diagram. The lowest frequency for which these

modes can propagate is obtained from the condition

AO/k9= O, which results in

q=kORl

p.,q

Fig. 10. Graphical solution of (37) and (38).

Reference to Fig. 10 results in the conclusion that the mini-

mum frequency for n= 1 is given by

~~in=~&A

where A is a number between 1 and 2. If 11/12>>1, A is

nearly 2.

ACKNOWLEDGMENT

The authors are indebted to J. C, Dohm and R. S. Warren

who provided the structures necessary for experimental veri-

fication of the analysis.

[1]

[2]

[3]

[4]

[5]

[6]

REFERENCES

T. M. Hyltin, “Microstrip transmission on semiconductor dielec-
trics,” mesented at the 1965 PG-MTT Symp., Clearwater, Fla.,
May 1665.
H. A. Wheeler, “Transmission-line properties of parallel strips
separated by a dielectric sheet:’ IEEE Trans. Microwave Theory
and Techniques, vol. MTT-13, pp. 172–185, March 1965.
H. A. Wheeler, “Formulas for the skin effect:’ Proc. IRE, vol. 30,
pp. 412-424, September 1942.
R. E. Collins, Pield Theory o~Guided Waves. New York: McGraw-
Hill, 1960, ch. 6.
a) N. Marcuvitz and A. A. Oliner, “Lectures on microwave net-

work theory” (unpublished notes).
b) N. Frank, M.I.T. Radiation Lab., Cambridge, Mass., Rept.

T-9, 1942.
c) R. B. Adler, L. T. Chu, and R. M. Fano, Electromagnetic

Energy Transmission and Radiation. New York: Wiley, 1960,
ch. 6.

a) S. A. Schelkunoff, “Anatomy of surface wave;’ IRE Trans.
Antennas and Propagation, vol. AP-7, Spec. Suppl., pp. S133-
S139. December 1959.

b) H. M. Barlow and A. L. Cullen, “Surface waves,” Proc. ZEEE,
vol. 100, pt. III, pp. 329–347,November 1953.

[7] G. A. Deschamps, “Theoretical aspects of microstrip waveguides,”
IRE Trans. Microwave Theory and Techniques (Abstract), vol.
MTT-2, pp. 100-102, April 1954.


