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Analysis of Propagation Eigenmode for Stripline based on
Planar Circuit Equations and Lateral Equivalent Network
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Abstract - Stripline/microstrip line is an important
waveguide component for MIC. Theoretical treatment
of propagation eigenmode for stripline/microstrip line
of infinitesimally thin strip has been established. How-
ever, theory for thick strip line is not yet established.
In order to treat propagation eigenmode of stripline/
microstrip line with thick strip, rigorous equivalent
network in the lateral direction is derived based on
mode analysis and planar circuit theory. Derived
equivalent network is practically applied to the analy-
sis of propagation eigenmode for stripline of any thick-
ness with success.
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1. INTRODUCTION

Stripline and microstrip line shown in Fig.1 are impor-
tant waveguides used for microwave integrated circuit.
So far stripline or microstrip line circuits has been prac-
tically designed without any serious problem even theory
of these waveguides is incomplete. The reason is the in-
complete theory has been covered by practical measure-
ment. In order to carry out the exact design of micro-
wave circuit by computer, rigorous calculation method
for propagation eigenmode (propagation constant and
field distribution) of any stripline thickness are strongly
needed. However, exact treatment for stripline and mi-
cro-stripline structure are only available for infinitesi-
mally thin strip; i.e., exact analysis for the former is car-
ried out by conformal transformation and reasonable
analysis for the latter by spectral domain method.

By the way practical stripline has always thickness,
whose theory is still incomplete. In order to treat stripline/
microstrip line having thick strip, mode analysis is ap-
plied; parallel-plate planar circuit is introduced and the
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Fig.1 Structure of stripline and microstrip line

equivalent network in the lateral direction is derived. The
equivalent network so far developed is applied to the
calculation of propagation eigenmode for practical
stripline of any strip thickness with success.

II. PARALLEL PLATE PLANAR Circurt EQUATIONS

In order to calculate propagation eigenmode of stripline
having any thickness shown in Fig.1, half structure of
stripline is divided into three regions as shown in Fig.1
(a’}). Then each region can be understood as parallel plate
planar circuit, whose field can be described by summa-
tion of TM mode and TE mode in the parallel plate pla-
nar circuit. Field distribution of each TM/TE mode is
given by z-dependent function and x-y dependent func-
tion as shown in Table 1 based on separation of variables
and definition of planar voltage and planar current den-
sity. z-dependent function gives mode function in height
direction and x-y dependent function becomes planar cir-
cuit equation, where related network parameters are also
defined or given in the Table 1.

Table 1
Separation of variables for field distribution of parallel-plate planar circuit (no =i/ g,|Q]. &, =sto_u)

(a) separation of variables

E}(x,y,2) =Ef(x,7)f, (2)

H(x,y,2)= H(%,)ga(2)

HY(x,y,2) = B (x,y)h,)(2)
(=12, )

# “y
b, (2)= (kod}/gcos( y Z

H

Vim

(B) TE(H)-mode | (A) TM(E)-mode
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(b) z-dependent function

E=(E.E,)H=H.0) s e J;J;[jﬂ]
E E
H;(x,w) L (57152 e (ﬂ] e (ﬂz]
E}(x,y.2)= E}(xy)e, (2) ' kod | e,
EE(x,y,Z)— (x, )hE(z) 7
: t n s _ ] N :{
(1=0,1,2,--00) b V( d] vl
E=(E,0),H=(H,H) fi@y=gl (@)= «Em{%ﬂ)

)

= [’”7”] =

(c)

Vixy)==E(xy) dlV]

x-y dependent function
2 (ey) = H () KA/ m]

gdenE (X’)’) = _JXnEJ];: (Xe )’)

X7 =(BE) - dfwe,[Q]
[divI (x,9)=—=jBEVE (x,9) -

BE = we, [d[S[m"]

1(n=0)
2 (n#0)

B

BY  we, 1
Ce S/1 BE=+X"BE[rad /m]

cn

VI =HE(xy) dlAl T (xy)=kx HL()IV /ml]
gradV,! (x,y)=—jX; I (x,y)

[div]s (x.y)==jBEV,f (x.y)

BH
\ X

X2 =(Bh) - dfow, 5]
B = au, [d[S]m*]

[%] B =X B} [rad | m]
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II1. EQuivaLENT NETWORK IN LATERAL DIRECTION

In order to calculate propagation eigenmode for stripline
structure systematically, equivalent network in lateral di-
rection is derived based on parallel-plate planar circuit
equations and dependency of ,~#» along waveguide. Also
half structure of stripline as shown in Fig.2(«a) is analyzed
because of symmetrical structure.

A. Equivalent network for uniform region

Assuming that the field varies with ., i.e.,
Vi) =V(x)e P and Joe y)=(Jx(x),h(x) e 7, x-dependent
planar voltage and current density for each mode is given
by the following transmission line equations(1),

5 2 _pr_p2
d];:) :—j%V(X) 5 Bi =8, ﬁ// (1)

Hence, the equivalent networks for three uniform regions
in Fig.2(a) are given by multi-transmission line of TE/
TM as shown in Fig.2(b), whose phase constant and char-
acteristic admittance of parallel(y) and normal(x) direc-
tion are given by eqs.(1) and egs.(2), respectively.

ﬂ =i ﬂ il

ﬂ; ﬂ; @
When 7, is given by egs.(2), current density of any mode

along waveguide is given by eqs.(3).
J,(0)=Y,,V(x)

Y

e =

> YCL

(3)
B. Equivalent network for step discontinuity

Continuity of tangential field at step discontinuity gives
following mode coupling equations.

- (F3HaH)fV3H ij _E F3HaH(jaH _ iaH)
AH (FaEsE)fvaE ’ jizE jaE FaE3E(]3E 3E) (4)

where mode voltage, mode current in normal direction
and converted mode current at both side of step in each
region are defined in column matrix with proper suffix
meaning port of each region and TE/TM mode; suffix
‘a‘ means combined mode of region #1 and #2 given by
the following column matrix.

VIH JIH . ilH VlE JIE ) ilE
VaH =[V2H] J _(JZHJ laH =[i2H]> VaE = [VZE N J "= JzE 5 luE = iZE (5)

Mode coupling coefficient giving mode coupling ma-
trix are defined in Table 3. Converted mode current col-
umn matrix 7 in eqs.(4) are given by product of mode
conversion admittance given in Table 3 and mode volt-
age as shown in Table 3. Eqs.(4)/ (5) and Tables 2 /3 will
give equivalent network for step discontinuity, which is
given by multi-port ideal transformer and converted mode
current source as shown in Fig.2(b). Therefore, whole
equivalent network for half structure in lateral direction
is given by Fig.2(b), or Fig.2(c) in vector representation.
Equivalent network given by vector representation is con-
venient for matrix operation of analysis which will give
propagation eigenmode. Through the derivation of equiva-
lent network in the lateral direction, following relations

are used, which are easily proved.

3HIE 3HIH 77 1HIE 3H2E 3H2H ;7 2H2E
H =F H H =F H

e (6)
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(c) Vector representation
Fig.2 Lateral equivalent network for waveguide
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Table 2 i
TE/TM mode converted admittance
YaszE :jnoHaHaEYCzﬁl’YSHSE — no
YaEaH 1 HaEaHyaH YSESH

Mo

Y aHaE aE 3 H

51

Y zzEzzH aH 3E

clf?

H aEaHY 3H

efl

Mo

Y3H3E E ]/17H
— Y33 H
Table 3

aH aH y3H
Yc// ]

aE E. dE 3E 3E 3E
TP =Ef® P =Y

3H 3H
Yc//

c//

Mode coupling and conversion coefficient

3H1H
F —

1E38 _
Fo

EE _ L
Hn,m -

Mode coupling coefficient

j e @) @dn FIT =—

ik

1
d,

e @)

3E (23)d21 F 2E3E

n,n’

j Tl )1 )z,

j ) )z,

Mode conversion coefﬁment

dy,
, & Eoh )z, HET =

1 dk
d—kjo 27 (2 )hE(z,)dz,
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IV. FormuLATION OF E1GENVALUE EQUATION

Mode matching technique is introduced for formula-
tion of eigenmode equation. TE mode voltage at the step
of region #3 and TM mode voltage at the step of region
#1 and #2 are assumed to be independent, then TE mode
current toward leftward and TM mode current flowing
toward rightward are given by the following matrix equa-
tion based on the equivalent network and eqs.(4).

.= 7 3H3H <, 3HaE 3H

J _ Y, Yy v

JE I?gffaEsH iﬁdEdE P (7)
where each admittance matrix are given by eqs.(8)

iffsysH - F3HaHY:naH (FsHaH)’ Y:ffSHaE - (YSHaHFaHaE _yiH3E (FaEsE)’)

I;ffalssy — (YaEaH(FsHaH)’ _FaEsszsEsH) 9 Y 4EE *F“ESHY 3E(FaE3E)’ (8)
& off = in

Also TE mode current flowing toward rightward and TM

mode current toward leftward are given by the following

matrix equation.

jSH I? 38 0 3
[jaE ]:[ mo 17 aEJ[VaEJ (9)

where Y, in eqs.(8) and (9) are input mode admittance
and given by Table 4 depending on the outside boundary
condition. If there is no wall, ¥, =7 because of no re-
flection. Hence, following eigenvalue equation is obtained
from mode matching condition.

v 3H3H v 3H o 3H4E 3H
Yo = 1:3_5!” 5 %@ o aE ’ g |=0 (10)
I/eﬁd I/eﬁd al +I/in(l V(l

The eigenvalue 3, gives effective refractive index of each
mode and eigen vector can give field distribution of the
corresponding mode by using the result of Table 5.

V. CavcurarioN or EIGENMODE

Propagation eigenmode of stripline shown in Fig.1(a)
is calculated by eqs.(10) and equivalent network shown
in Fig.2, whose dimension and parameters are given in
the following. Also electric wall is assumed at outside.

{w,=1.05[mm]|, w=3.0lmm]|, d=d,=1.45[mm],
d=3.0lmm], =0.1lmm], €=2.62}

. Table 4 .
Input admittance depending on side/center wall condition
Electric Wall Magnetic Wall
TM(E)ymode Y7 =¥Z coth(y*W) ¥ =Y tanh(y“W )
TE(H)-mode ¥ =¥ tanh(y{W) ¥ =¥ coth(y"W)
: .. Tables :
Field description in k-th region by mode summation

X509 == XV (g (o) (k=12.3)
k n

21 Brama- —d—tgv,’f 85 )
Hj(x,y,2)= gfff ENFEE+ ,J%;xg ENRE(2)
y Ef(xy,2)= —gfi N+ j\/ggfff (5 9)hE(2)
Hi(x,y,2)= —;ij N FEE+ j\/%gfm’f (5 (2)
X

Ef(x,9,2)= 2 JE (0 2+ j\/%ZJ:f (xR (2)

In our calculation thickness of stripline and operational
frequency are widely varied including zero thickness. Key
point of our method is number of height mode to be con-
sidered, which is decided by convergence behavior of
propagation constant with number of height mode in re-
gion #3. These calculated results are shown in Fig.5(a)
for second and third mode with 0.1[mm] thickness. From
these results 50 TE/TM height modes are taken into con-
sideration for calculation of propagation constant.

A. Calculation of dispersion curves

Propagation constant vs frequency for 0.1[mm] thick-
ness stripline are calculated and shown in Fig.3, which
agree well with that for no-thickness case calculated by
the same theory. Calculated propagation constant for
dominant mode agree with TEM mode propagation con-
stant (Bo=By= koﬂla)-

B. Field distribution of propagation eigenmode

Transverse field distribution of lower three eigenmodes
in the waveguide cross-section for 0.1[mm] thickness
stripline at 60[GHz] is shown in Fig.4, where 1st mode is
TEM and 2nd/3rd mode are TM modes. Electric field
distribution £z of dominant TEM mode are calculated
and shown in Fig.6 for various stripline thickness includ-
ing no thickness. No thickness case is similar with
t=0.1[mm] case shown in Fig.4(«) but is not agreed ex-
actly. Number of considered TE/TM height mode is 100.
C. Convergence of field with number of height mode

Convergence behavior of field distribution with num-
ber of height mode for TEM dominant mode is investi-
gated and that of £z component (field in height direc-
tion} are shown in Fig5(b), where number of TE/TM
height mode taken into consideration is 20, 50 and 100.
From these results we can see that the field distribution
surely converges with number of mode, but convergence
is slow because of sharp edge at the corner.

V1. CONCLUSION

Rigorous lateral equivalent network for stripline is de-
rived based on parallel plate planar circuit equations and
mode analysis. The derived equivalent network is practi-
cally applied to the calculation of eigenmode for stripline
structure with success. Advantage of this method are
(1) method is systematic and appropriate for computer,
(2) physical situation in waveguide becomes clear by
mode analysis and (3) main calculation error is caused
by truncation of mode, which will give the reasonable
estimation of error vs CPU time relation. Thus derived
equivalent network will be useful for analysis of any other
waveguide such as micro-stripline and slotted line.
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