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‘Green's functmn is derived using Wheeler's parallel plate model

ABSTRAGT IR "
In m1crowave mtegrated cu‘cmt design, the electrical parameters
of all discontinuities must be p‘:::?ed:.cted In th1s thesis, theoretical and

experimental charaetenzatmn of some microstrip discontinuities are

studied and discuss ed. For the theoretical approach, an approxirnate

In terms of this Green's function and approximate source fanctions '

tl_me- equivalent T-circpit parameters of a general d1scont1nu1ty are
derived from a variational expression.' In the experimental part, a
comprehensnre general analysis, the measurement techmque and
expenmental arrangement for a microstrip ring containing a rec1proca1
discontinuity is given. For example, the pa.ra.meters of thin transverse
metallic plates and c:.rcular cylindrical meta].hc posts are measured

in the quasi-TEM range and compared to ﬁheorehcal values. Good

overall agreement is-obtained. It is believed that the resonant ring

. method described in this the&us is the most accura.te method available

to date for expenmental characterization of microstrip d15contmu1t1es .
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\\ - CHAPTER 1“ ,

K Introduction

In the design of any microwave circuit, partxcularly in integrated
circuit design, the electrical parameters of all dlsconhnul.tles must be
predicted. Theoretical or empirical express:.ons relating such parameters
with the geometry and properties of the structure in question are re‘quired.
At the same time sufficiently accurate measurement methods®should be
available for the two following purposes - to verify the theoretically pre-.
dicted performance and to determine the parameters when theoretical

approaches are not practical due to complexity of the discontinuity.

In this thesis, both aspects, namely theoretical determination and
experimental characterization of some microstrip discontinuities are

studied and discussed.

.

Many authors [1-7] have solved theoret:u:ally the problem of
discontinuity parameters in m:.crostnp lines under stat1c approximations.
Dynamic solutions for such problems are difficult since exact expressions
are available neither. for the higher order modes nor for a dynamic Greg¢n's

function in open microstrip structures.

The main difficulty in measuring the circuit parameters micro-
strip discontinuities resides in the elimination of systgmatxc errors intro-
duced by coa:};zal-to—-ml.crostnp transitions. This problem can be avdided
by testing the discontinuities in a microstrip ring [10, 14,12,237.

A generalized theory of the resonant ring with 2 wide variaty of disconti-

nuities is also presented in this thesisg.

. For the theoretical .approach discussed in this thesis, an approxi-
mate dyna.mic Green's function is derived using Wheeler's [87] parallel
plate model with magnetic sidewalls. The general discontinuity has been

represented by an equwa.lent T- cu‘cmt. With the help of 2 variational
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expression [él] , the parameters of the equivalent circuit can be obtained
in‘terms of the Green's function and approximate current distribution
functions over the obsta‘.'cle"s surface. -For example, sp'ec”ific expressions
for the parameters of thin transverée metallic plaf:es and circular E:yiindri‘;

cal metallic posts are.given.,

For the experimental approach, a comprehensive -general Zmalysis
of a microstrip ring containing a reciprocal discontinuity is given. The
measurement technique and an experimental arrangement are described.
Actual measurements were made on thin transverse metallic plates and
circular cylindrical metallic posts to compare with the results obtained
theoreti.c.ally. Finally an analysis of the errors involved in resonant ring

measurements is presented.

n
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CHAPTER 2

- The Microstrip Model

The exact solution of the inhomogeneous wave equation gbverning the
field distribution in the presence of a discontinuity is rather cumbersome
in a microstrip transmission line. It is therefore attempted to solve the

problem using a parallel plate equivalent derived by Wheeler [87] .

In an actual microstrip transmission line structure, as shown in Figure
2.1a, the energy is not confined to the width of the strip, i.e w,
A fringing effect occurs, and the energy is contained in all the space
around the strip width, Wheeler has given an ideal parallel plate model
for the microstrip with magnetic sidewalls, as shown in Fi:gﬁre 2,1b.
The basic idea behind the model is that the energy inamicrostrip, instead
of ﬂo'wling in all the space'around the stripwidth w, is contained in a

homopgeneous gtate over a larger cross-section A.

This parallel plate model de-scribe_s vlery accurately the propagation
of the TEM -mode in a microstrip transmission line. It can be expected
that the higher modes in this model describe at least approximately the
higher modes in the original structu:}e, particularly in the vicinity of
the centre of the cross-section where the propagating fields are nearly

homogeneous.

Figures 2.1a and 2.1b clearly show the relationship between the
parameters of the actual microstrip traismis sion line and those of the
model. For the model, Green's func s and mode expressions can be

derived in closed form, thanks to the well defined boundary conditions.
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= effective dielectric ‘

—_— ] con‘s‘t@.nt
A =—1Z‘—- ’—0 ‘
. “o¥E€ gy

where ZO is the (:1'1211.1':;|.ctt=3rL

istic impedance of the line,

Figure 2,1 b Equivalent parallel plate model.
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CHAPTER 3
Analysis of the Scattering Problém
—  The effect of a discontinuity upon the lowest mode in the microstrip

line can be represented by an equivalent circuit. It can be shown that [21]
a general discontinuity can be represented by a conventional T-section.

As an examplle, Figure 3.1 shows a transverse obstacle in the microstrip
model and its equivalent-lumped element circuit in the z = 0 plane, where
we indicate also the adopted conventions with regard to the positive sense

of current and voltage.

We note that in general three parameters, namely, Zii' Z12 and
ZZZ are required to describe in complete detail the effect of an obstacle
on the propagatirig mode. However when the obstacle is symmetrical and
the reference plane is symmetrically located with respect to it, the
number of parameters is reduced to two, since by symmetry Z11 must
equal ZZZ' Furthermore, in view of this symmetry, we can represent
the electric field by a sum of even and odd functions about the z = 0 plane [21]. '
In the even case, the obstacle is excited by waves of equal phase and ampli-

tude which are incident from both sides. In the odd case, these two waves

are in phase opposition. In terms of Figure 3.1, Vi = Vz = Vefor evenexcita-~

tion. Wemust-also have Ii= I,=1, in view of the definition of the positive
sense of current flow, This case corresponds to the presence of a
magnetic wall at z = 0, upon which the tangential magnetic field vanishes
and the electric field is a maximum. TFor the odd excitation, by completely

2 1
correéponds to 2 metallic wall closing off the line in the z = 0 plane. So,

analogous a.rrguments, Vi =V, = VO and I, = --I2 = Io. Such a situation

for symmetrical obstacles, the input impedances ih the even and odd cases

.can be given respectively by Z,, +Z ., = Ve/Ie and 211-212 = Vo/»Io-

In Fig. 3.2, the bisected equivalent circuit of a symmetrical (about z =o

plane) obstacle and the half circuits for even and odd mode excitations

Q



Transverse obstacle in the

microstrip model.
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S
211" %12 ‘Zzz' 212
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Zg 1v1 212 VzI Z9

Equivalent lumped circuit

in the z=o plane,

re 3.1
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Figure 3.2 (a)
(b)

{c)

Equivalent circuit of a symmetrical,discontinuity.
one half of the equivalent circuit for even excitation

Z. = Z..+Z.,. _
ie 11 712 ) _

one half of the edquivalent circuit for odd excitation
A = Z ,

io 117%12"
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are shown, By calculating the input impegance'of the structure in the case
of eveh and odd excitation, the equivalent parameters of the discontinuity

can be computed.

In the following the even and odd impedances are calculated ﬁsing .
variational expressions containing a Green's function and a current distri-
bution function with respect to which the impedance expressions are
stationary. In ti-xe whole process, it is assumed that only the TEM-mode
can propagate in the model, all higher order modes are cutoff. TT;E/:_"E"%

waveguide ts matched at both ends.

3,1 Statement of the problem ' ‘.

_ Since the electric field vector of the incident wave is independent of

y and the post is also cyli&rically Symrhetric about the y-axis, the total

field in the waveguide has only a y-component .
E(xthz) = E(X,Z)Ey . (3.1.1)

We can thus consider E(x, z) as a scalar quantity depending only on the

variables x and z. The general solution of the problem must therefore

obey the two dimensional scalar wave equation . - ‘
¢ix,2) = ¢“‘°(x',z) + IG(x,z; %, zt) K(x_’,zf) ds' (3.1.2)

obstacle
where ¢inc(x, z) represents the incident field (homogeneous TEM - solution)
and the integral is the particular solution, i.e. the field produced by the
currents on the surface of the cylinder. G(x,z; x', zf) is the Green's
function, which we shall define as follows : jkepGix, z; x', z') is the
electric field produced at the point (x, z) by a unit current filament in the
y-direction at the point (x', z}s
K(x', z')is jkepJ, when J is the surface current density on the obstacle

{which is in the y-direction only) and Kk is the propagation constant.

¢ (x,z) is subject to the following boundary conditions
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i) g—}? = 0 onthe magnetic sidewalls at x =0andx = A
'S
ii) ¢ = 0 onthe obstacle surface.

-

The variational expressions for the even and odd impedances are then as

follows [21]: : .
[[Kelx,2) G (x,2; x', z') 1& (x', z') dSds'

'_\ . obstacle .

Zyy t 2y, T iekA : > (3.1.3)
[ J‘ Ko (x,2) @e(x,z) ds
obstacle .

[] K (x2) G' (x,z; x',z) K_(x ,z')dSds'
1 . cbstacle
— = j2ZkA i 3.1,4
24" %42 ( )

2
L j‘ Kolx, z) wo(x,z) as ] ;
obstacle :

In these expressions, G' is the real part of the Green's function defined

earlier, Ke and K.o are the even and odd current distribution functions

on the cylinder, and ¢e and q,,o are theiren and odd standing wave fields
' }

of the fundamental mode., k = %, whereé- )\t is the wavelength of the
.t
TEM - mode on the line. )

)

3,2 Evaluation of The Green's Function G(x,z; x', z

From its definition, the Green's function must satisfy the inhomo-

geneous wave equation

2 2 '
(3—2 + 5+ kz) Glx,z; x',2z) = + slx-x)e(z-2") (3.2.1)
X LY

- i i-T de.
where Kk = Zn/)% propagation constant of quasi-TEM mode

The boundary conditionson G are : »
(&) gg— = 0 on the magnetic sidewalls at x = 0, A since it ig an

electric field in y - direction
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(B) G must represent outgoing waves from the point x', z'

 since the current fila.me'nté on the obstacle act like sources,

not like sinks.

In view of condition (A), we can express the x-dependence of G in terms

of a set 6f cosine fu.ncti'ons in x. - Thus,
G = ; cos BIE .ng DTE 4 (z,z', x) - 3.2.2
A A e x) (3.2.2)
me=o0 .

where the indexm =0 reiqresents the TEM-mode in the mode spectrum

of the microstrip model. Substituting this equation into (3.2.1), we have

2 . ) k]
@ 2 mwx mux! . "
by (—a—'— + kK ) cos cos — { (z,z,x )
meo azz m A A m
= glx-x") §(z-z") (3.2.3)
where X° = K (lnl)2 .k = k (3.2.4)
™ A ', “m=o o T

Using the orthogonal propérties of the cos -functions, the individual terms

of this sum can be isolated, yielding one differential equation for each m.

mmrx
A

The right and left hand sides of (3.2.3) are multiplied by cos and

then integrated with respect to x from x = 0to x = A,

For m = 0, cos m;x = {,7and we have,
A s a2 2 mrx mrx' £ ' 'y dx
‘]‘ T ( 5+ ko ) cos A ol cos T4 m(z,z VX )
=0 az
X=0 A
- = [ 1 glx-x") s(z-z')dx  (3.2.5)
x=0

Except for the term with m = o, the integral on the left hand side is zero,

and we obtained a diffefential equation for the function fo(z, z' ,xl)-as-follows:

2 , : , |
(.:_Z_z F ) o1 f (2, ) = i 6(z-2 ) (m=o)  (3.2.6)

For all higher terms m > o, we obtain :

-
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A - 2
. mnx 3 . 2 mwx muxt _ mrX 1
J‘ cos o 2_ (—==+ an)cos X Cos fm(z,z',:d) dx-—j‘cos A s(x-x" §{z-z)dx
_ ms=o 3z x=0
x=0
(3.2.7)
which yields a differential equation for i'm as follows :
az 2 1
I i —- - -
{azz-!-km)fm(z,z,x) = 3 §(z-2 ) (m > 0) ¢3.2.8)'

‘For z # z', fo as well as fm satisfy the homogeneous wave equation, and

since they represent, according to condition (B), outgoing waves from
H 1
x ,z , we obtain :

jk_(z-z') :
fm = Crn e T - for z < z'
- ik, (2 -27) . (3.2.9)
and f = e for z >z
m m

This expression is correct for all m, includingm = 0. We have supposed a
ejwt time dependence,

Cm is the same for both cases since G ;m.:xst be continuous across z = z'
plane. In order to determine Cm, we integrate the left hand side of

equation {3.2.8) once with respect to z.

We have
z=z'40 2 F_ !
. 2 Z+o 2 :
.r ( a'Z +km) Jfmdz - anz1 l +kmfm [(z 40) - (z'-0)] (3.2.10) ‘

1
Z=2Z -0 3 Z zl- 0

The second term on the right hand side must vanish because fm is continuous

t
through the z = z plane. Thus

3 a
3f  z'+o ) z'+o )
[o] — — - = —_ = . .
Tz l ' = X J‘ §({z-2z') dz A {m = o) (3.2.11)
Z =0 '
Z -0
and
af z!'+o z'+o
m 2 2
= - - = — 2. 12
=7 | A §{z-z')dz Y (m >0 ) (3 )

Zl=-0 zl -0
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- On the other hand, it is clearly seen from equation (3.2.9) that

?f_ 2L 3
A =-jk_C_ i — | = jk_C_ {allm) (3.2.13)
oz Z'40 n m az'. Z1-0 In m .
Therefore
' afm zt+o -
| = -j2k C (3.2.14)
R m m
zl-0 :
And we obtain expressions for Cm by combiriing (3.2, 14) with (3.2.11)
and (3.2.12),
= - _"j""_" =
CO Sk A {(for m=o0) {3.2.15)
D
and Cm kmA (for m >o0) (3.2.16)

Finally using equations (3.2.2), (3.2.,9), (3.2.15) and (3.2.16)

we obtain :

maox!

cosm-rrx s
A COSTA

. sy ot .
Gix,z; xt,z') = TZLI:A. e Jk ‘ -z l+_i_

o
z
m=i k:|:-_'(']_
In view of the absolute sign in the: exponential, this expression holds
everywhere.
Using the fact that .
-1 -zl
e iz z.,l = cos klz-z']| - jsink | z-2'|

we obtain

G{x, z; x!',2) =-j— cos k‘z-z'l + L sin k l z-z'l

2 kA ZKkA
mmx mpyx! .
. j = COs— 3~ €COS — 4 e—JKmlz-zll
AT K

m=1 m

-

(3.2.17)

(3.2.18)

-jkm\z-z'l

Q
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'Tht}s,
Glx,z; x!, z') = Z_k.LA.— cos kl z..zll + G (x,z; x', z') ‘
) coéxm'r'x cc;sm"w "-jk kz zl‘
i j ® , -
where Gi(x,z; xt, z!') = TN sink]z—z'l +J.P1 bX AR A m
. m=1 m

. . (3.2.19)
G! (x,z; x', z') given by equation (3.2.19) is real since only‘.the
TEM -mode was assumed to be propagating. So the expression given_by.
(3.2.19) is to be used in the variational formulae (3. 1.3} and (3. 1.4).

Now let us make a coordinate transformation defined as follows :

x = u + E - (3.2.20)

‘Hence the summation term in Gt(x, z; x!, z'} can be given by

cos == cos x| -j Kk ‘z—z'l
j : j | A m A
b AT A TR f L e oS
m=1 m m=l"m
o i, | 272t | (3.2.21)
L]
_j oddm myru . mru dka‘ z-2!|
‘=A):_sinA51nA.e
‘ m=1 ¥m )
. evenm _ - , -k _|z-z!
+ 4 = 1 cosm-;u cosmlu e ™ (3.2.22)
s Em |
[ Since cos (atb) =cos acos b - sina sinb ]
So, using equatio 2.19) and (3.2.22) we obtain
-1 j oddm,y gy . mwu! —-jkmlz—z"
G'(u,z; ut,z') = s8in klz—z'l+_A. £ oosinT o sin oo
=l"m
; evenm . -ik|z-z!
/ + 'j; T l_{.i_-coq m;u cos%i e m (3.2.23)
/( m=2 "m

/
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‘This expression for G! (u, z} u', z') can also be used instead of G'(x, z; x!, z')

in the variational formulae (3.1.3) and (3. 1.4).

The expressioﬁs ‘ke and ¢° in (3.1.3) and (3.1.4) are the incident |

wave functions in the even and odd case respectively,

Hence,
for even excitation : ¢e' = cos kz (field maximum at z = o)
for odd excitation : ¥, T sin kz (field node at z =0 )
o Y
3.3 Numerical Evaluation of the Variational Expression

L

The variational expressions (3. 1.3) and (3.1.4) are ofthe

general form ' ' \

v = ‘”K(r)cl(r,rqx(ru) dS dst’

{3.3.1)
2
[J‘ g(r) K(r) dS]

where r -and r' are the field point and the source point radius vectors
respectively. The first step in the evaluation of such an expression is the ‘

expansion of the unknown soufce functionK(r) into a Fourier series.

K(r) = $A £ (r) - (3.3.2)
7 nn

The f are the set of the expansion functions and the An are the
n

as yet undetermined expansion coefficients. We now define D

“and C as follows :
I

D
mn

n

‘I‘J' :En(r) G'(r,rf} fm(r') dS ds! = Dnm (3.3.3)

C

m j' y(r) fm(r) ds . (3.3.4)
Then equation (3.3.1) can be written in general terms as :

2

(A C ) Z=3g A_A D (3.3.5)
m I m n mn

m m,n
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Since the variational expression for Z is stationary with respéct to the

source function K(r), the first derivative of Z with respect to any of the™~__

coefficients A.m -must be zero. Thus, differentiating with respect to Am

we obtain from equation (3.3.5) :

2 dZ
2C (¢ A C)Z +(¢ A_C_) = =27y A.D
m m m m- m m m aAm n B mn
. .

D for all m (3.3.6)

or, p A (22 . z2C) =0 for all m ' (3.3.7)
n C N
n TIm

This expression can be solved by defining new coefficients Bm by
. o~

A_ = Z(EA_C) B | (3.3.8)

Multiplying thz;gxigh by Cm and summing we get

o A
A =
m mcm I):n z (gﬂLR Ck) Bm Cm
or Z = . S | (3.3.9)
. - z B C . -
- m mm ’

By substituting equation (3. 3.8) into equation (3.3.7), we obtain then

m inhomogeneous linear equations,

D
mn
>I:1 Z( oA CY Bn(_C -2C ) = 0 for all m
m
Dmn
or , v B (= - ZC ) = 0 for all . m -
S Cm n .
oT v D - ZC T B =0 for all m
n mn m - n
or, v D B = C ' for all m (3.3.10) ’
o mn n m i

Since D and C are known, the coefficients B__ can be evaluated on a
mn m m

computer. The impedance Z can then be found from equation (3. 3.9).
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s

Now we have all the e:::pressions needed for the evaluation of the
parameters of the'equivalent circuit, except the current distribution
functions 'K(Ix',z'). Since the impedance expressions are stationary with
respect to K(x!,z!), we will obtain fairly good values for the impedances

by assuming rather simple current distribution functions.

We shall now deal with two special kinds of discontinuity, namely,

thin transverse obstacles and circular cylindrical metallic posts.
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CHAPTER 4

Equivalent Circuit Parameters of Thin Transverse Obstacles

:

By virtue of the stationary nature of the variational expressions
(3 i, 3) and (3.1, 4) thh respect to the source functions, second arder

approximations for the even and odd impedances are obtained when the

source functions Ke and Ko are correct to the first order.

FTOI‘;’I the equivalent circuit of the obstacle in Fig. 3.2 it can be
deduced that the odd excitation of the discontinuity is equivalent to placing
an electric wall (short circuit) into the z = 0 plane. Since the thin trans-
verse obstacle ié entirely confined to the z = 0 plane, .the total input

impedance of the bisected equivalent circuit must be equal to zero in

the odd case, thus . L « - *
Zyy-242 = O )
R - s
whl?h means Z 11 Z 12

Therefore, only the even-case remains to be evaluated.

Hoefer and James [20 ] and Hoefer [19] have dealt with the
problem of scattering on thin transverse obstacles in microstrip, using
variational techniques, Bﬁt they have used very aApproxi.rn?.te expressions
forgthe current distribution function, Tﬁey assumed a constant current
-distribution over the obstacle, i.e Ke(xf,_ z') = 1. We shall work out the
problem with more stringent assumptions for the current distribution.

We shall choose upto three terms in the Fourier expansion of the source
function and assume the distribution to be cosine in nature, We shall
‘first give very bneﬂy the results of Hoefer and James and then the

. detailed evalua.tmn of the equivalent circuit parameters with higher terms

for K will be given. We should mention here that in the papers of
€ .
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‘Hoefer and James, aPlctor ¢f 2 has been omitted in the final result.

In the present derivation, this omission has been corrected.

4.1 Eva.].ua.tl.on of Z“ 12 with constant current distribution

over the obstacle surface.

Let the current density Ke (x! , z') be constant and equal to one -
over the whole obstacle surface.
Ke (K‘, z! ) = i - R . (4. il 1)

I.et us first evaluate the denominator of equation (3. 1.3).

Sincell' Vo (x,z2) =coskz =1 on the obstacle surface, the integral in the

denominator becomes

. : +d A-d
. 2 )
J K (xi2) ¢ (x,2)dS = J‘ folodx + [ f.4.(-dx) = 24 (4.1.2)
obs, A-d Atd
- - 2 . 2

where d is the width of the obstacl
And the denominator is equal to 4d .

L)
1

-

By introducing the Green's function {3.2.19) and the approximate source
function Ke(xl, z') into the numerator of equation (3. 1.3}, we obtain
after integration over both sides of the obstacle and with some algebra

{(z =2t=0):

even m 2 2 .
A 2 mmw d -
Z Z = z = —2 - i - (e )
TR R T ey ) sin (5™ ) (4.1.3)
. s =2 : m

The equivalent circuit of the obstacle is thus. a shunt inductance

Z = jx since km is positive imaginary for all higher modes.
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4,2 Evaluation of Z“ 4+ Z 12' with two terms in the curfent distribution |

over the obstacle surface.

As a more realistic agsumption for the current distribution over

t

the obstacle surface, we now consider two terms in the Fourier expansion

of K(r) given by equation (3.3. 2). Taking the current distribution to be

cosine in nature, we can write

i

Ke(u,z) = A0+ -A1 cos 15* o ' (4.2.‘1')

v
-

where we have' :gnafde the co-ordinate transformation
C oy B
x = u >

as we have shown in equation {3.2.20).

Now we must determine D and C for this case.
‘ mn. m

From the definitibn of Dmn‘ as givén in 'equati.on (3.3.3), we can write

1
D12 g‘]‘iG(uz,‘u,z.)cos

“d“.' dS d5  (4.2.2)

Insertmg the expressmn for G! from equanon (3.2.23) it can be shown

that (for detailed calculations see‘Appendlx A),

even Bd m'le
= - T i . 4.2,
D = Dy z ) 2 242 , A (4.2.3)
m=2 cmk T (1-m & __ )
A.Z
Proceeding similarly, we obtain (see Appendix A},
j‘ j‘ ‘G.l (u,z; u', 2')dSdS
obs obs
even | 16 A .2 mud
= £ j 55 sin T (4.2.4)
m=2 k m
m ]
- e) L2 Y S ds
= LA ’ y u, Z)cos —-~ .
and, DZZ = J‘ j‘ cosB 7 (u, =z 3
obhs obs )
even 16 d 2 mmd
= ¥, > cos ZZ (4.2.5)
m= Adpw (1sm _‘El.._.)
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Now from the definition of Cm given in equation (3.3.4) we would

be able to calculate C, and C., as shown below.

1 2
c1 = ‘[‘ coskze+l. dS
obs
= J‘ i1, 1, dSs [ since z =o on the obstacle ]
obs
ds2 -d/p
= J' du + ‘I‘ ( - du)
= Zd ’ (4- 2- 6)
and C = j' cos Kz . cos = d§
2 d
obs

obs
d nu Y + Tu "2
= [ (sin 3 ) (- sin 3 ) ]
4d
= . (4.2,7)

Since all the expressions for D__ 's and Cm's are now known,

Z11 + Z12 can be found by using equations (3.3.9) and (3.3. 10).

4,3 Evaluation of ,Z“ + ?_",12 with three terms in the current

distribution over the obstacle surface.

Letrus now go a step further and calculate the input impedance with
one more term in the Fourier expansion of the current distribution K(r).

We write

2
Ke(u,z) = AO +A1 cos 1\'(111 + AZ cos LU {(4.3.1)

d

9q
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We have now to proceed exactly in the same way as we did for the case of

two terms for K (u,z ). We have to find the expressions for the Dmn‘s
e

-

- ‘ I3 - - \ .
and Cm s, Jtis evident tha.t‘ the expressions for D12' Dii' DZZ and

C1 and C‘2 remain the same as we have already calculated in section

4.2, We have now to find the expressions for the terms that arise due to

the inclusion of the extra term AZ cos “du in the expression for Ke(u, z).

Thesé¢ can be given as follows. (For detailed calculations, see Appendix

A Ye
t
. H l‘ 1 Tu 1
D13 = D?’1 = J‘ ‘I' {. G (u,z; u,z)cos ds ds.
obs obs
even
= i6A sinz mrd (4.3.2)
m=2. 2 2 2 2A
k 7 (4——-m)
m 2
d
D, =D, = o—“-l‘-c,'g-' ' szvuldeS'
53 = Dy = ‘[' J'«::scl (u,z; w, z)cos — .
obs obs
even | 8md . . mmd
= T j > > a2 iz > sin=F {4,3.3)
m=2 k ™ (1-m —2')(4T-m )
m. A d
oA |
2 ' T 2’ Pt
D33 = J‘ J' cos 1:111 G (u,z; u',2') cos Zu ds dSs. -
obs obs
even 16 mZA . 2 mmud
= v j 2 S sin 3, (4.3.4)
m=2 kK w (4 - m )
m 2
d
and 03 = £ cos kz .co,sz-'z—u' ds [z=0]
' obs » o
df 2ru "2 2ru
= cos — du + J‘ cos —— {-du)
- I d d
-d/2 . d/e

= 0 | - (4.3.5)
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With the expressions for D__'s and C_'s, it is possible to evaluate
mn. m

2.11 + 212 with the help of equations (3.3.9) and (3.3.10).

-

Figure 9.2 shows, for comparison, the impedancé of the obstacles
as obtained with one, two and three terms‘in,the obstacle current “distri-

bution function.

It is evident that considering niore than one term in the current
distribution is a definite improvement over the assumption of constant
current distribution over the obstacle surface. But the results obtained
by considefing two and three terms for current distribution are almost
identical. With each extra term considered for the current distribution func-
tion the amount of theoretical calculations involved increase drastically,
whereas the increase in the accuracy of the final result is almost insigni-
ficant. So, we can say that for the determination of impedance parameter,

we need not consider more than two terms in the current distribution function.

N

-
o'
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- CHAPTER 5

Equivalent Circuit Parameters of Circular Cylindrical

Metallic Posts
i .

In the previous chapter, where the case of thin transverse obstacles
was dealt with, due to the nature of the obstacle only the even impedance
was needed to be calculated. But, in the present case of circular cylindrical
metallic posts, shown in Figure 5.1, the input impedance for odd mode
bisected equivalent circuit {of Figure 3.2) is not zero, This means Z11
and Z i2 are different and hence both odd and even impedances have to be
found . Since the calculations are quite involved, we shall restrict our-

selves to considering only one term for the current distribution functions

K and K .
e o

5.1 Evaluation of Zi{ +Zy;

Let us assume that the current in the evencaseis everywhere the

same on,the obstacle. We choose for convenience :

Ke,(x' ,2') = 3R where R = radius of the cylindrical obstacle

- w .
(5.1. 1)

(The dimension of Ke does not matter in the variational expression)

The denominator of equation (3. 1,3) is evaluated first

2w
i i
J' Ke(x, z) ¢e(x,z) ds = j‘ZTI'R ,ye(x, z) dxdz = ‘[' R ¢e(x,z) Rdy
obstacle obstacle ’ o
f & :
= 3 ‘[' q;e(x,z) dv (5.1.2)
o

Using the representation of the field in terms of cylindrical wave functions,
we apply the following lemma for the integration of Ve (x,z) over the

cylindrical obstacle:
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Figure 5.1 Circular cylindrical metallic postin a

microstrip model.



- 25 -

Lemma: If ulx,z) =u(r,v) is any solution of the two-dimensional

source free wave equation inside a circle of radius r, then

2 ZJ? u(r,v) ejmvdv = jm J’m(kr) eij u({o) {5.1.3)
o
where ejrnD is an operator defined by
cos D = “511—{— aaz H sin. D = -J—ik— -BB; . {(5.1.4)
and ejrnDu(o) is the value of ej@ u{x, z) at the centre of the

circle [2113, [227 .

Applying this lemma to equation(5. {,2),setting m = 0 and §, = coS kz

we obtain,

jKe (x,2) y, t,z)dS = J_(xR)cos k(z =0) = J_ (kR) (5.1.5)
2
and the denominator of equation{3, 1.3} is thus [ Jo (kR)J .

The lemma cannot be applied directly to the evaluation of the numerator
because G!' (x,z; x', z')is not a solution of the source free wave equatioh.

We proceed therefore as follows :

The field in the infinite waveguide can be considered as the super-
position of the direct source field in infinite space plus the fields of an
infinite number of image sources situated outside the waveguide [21]

If we therefore subtract from the total source field G!' (x,z; x', 21) .
the corresponding Green's function in free space, the difference is 2
solution of the homogleneéus wave equation in the waveguide, and we can

therefore apply the lemma. The Green's function in free space is [21]

Gs(r,rl.) = -é N0 {(K) ]r-r."} - (5.1.6)

And the Green's function in the waveguide is thus

Gi(x,z; x',2') = {G'lx,z; x', 2') - Gs (r,r)} + Gs{r,rf)

1

Tz %, z') + G (T, (5.1.7)
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With this expression, the numerator in (3. 1.3) becomes

.‘I‘\FZT‘F

i ‘ 1
R [ rix,z; xf,z') +Gs(r.rf)] MR dx dz dxldzf

21 { Z'n'i ' ‘ Z'n‘i 211'1
= ] g @y [ g reemixha) a4 Jomdy [ g Gllnrdyt (5.4.8)
o o] ‘0

The first term in this expression is evaluated using the lemma, ‘and the

second is immediately integrable, and we have at once

2w 2 lim N (kR)
dwv dv' . Tz 2 XX . Lliet
o J’ o Gt {x,z; x', z') = Jo (kR) {z-ooo F(x,z.xo,o) 27 (R }
o o . o
: ‘ {5.1.9)
'I‘hus, from (5. 1.',9} and (5,1.5)

| 7 s 2kA S { T 5.1. 10
Z“ + 12 =4 F}z{a};o r‘(x,z:xo,o) "2 (No(kR) / JO(RR)]] {5.1. 10)

The last step is the evaluation of lim .

To do this let us write again the
expression for G'(x, z; xo, o) (equation 3.2, 19)

: mux. mmxe ’mn-Z_ 2
G | ) . k]z\ +.1.°; cos =~ cos— . (7;‘) ko |z
X,Z;% ,0) =5 sin ———
b} ? H . 2
- o 2 Ak Am:i J( _1’11_1T)2 -k

(5.1.11)
where we have suitably manipulated the argument under the square root sign.

Let us now write G' in the form

9

mr Y,
mmx - ) |z
ey w COs8 —'E*::osiI.T_]‘JLT{_.J‘ID A ‘ l

+ - z m
m=1

[+
1 mnx mnXg . €
+ — ¥ cos cOs
m

%1z1fn3-—(kﬁ—‘°‘)—_2 owid

}
2 KA 2 m )

(5.1.12)
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Let us now write
, mrw . mw
1 P xex ) i ledxg) p
mmyx muwxg _ 1 ) )
cos=—r cos —— > Re {e +e } {(5.1.13)
Thus the second term of G!(x,z; x_,0) becomes
mw mm . i myw
1= 1 J A xexg) - 1= o TA (xx0) - |2
S F 3 Ref + ]
™ m=1° m mo
P AR SE . i ) - L 2]
_ Re { A o' A Re | o A
—~—2?1n{-e ]—Z“n{_-e }
(5.1.14)
And we obtain for lim T .
X=»x
o
Z=>0
lim F(K.Z X sq’) = '1-1; E cosz m'”xo ( 1 - _15..)
Z—+ O
_]'-'(x—x ) - \zl
i T . R
-— in — - — 1- ‘
2_ﬁ_ln(Z sin = xo) lim [2“_ In (1-e
XX
o
Z=— 0O
i
iy No (& \r])} (5. 1.15)
But N (kr} -2 In 352"— where y = 1.781072
o - T
J—(x-x)-llz\ |
Re A o A Re K A 4 S SRR i
-and 2 ln (1-e ) = P 1n(_11(xxo) A]zl) > lnAr
6,116
So that . 5 . C
) 1 = mnx,
lim Tr(x,2z; xo.o) = 'ziﬂ—ln [...i_kiﬂ-—] +F 1cos T oﬁnz (kA 5 -7 )
LA ms= A
X — xo _ 41 s1nA x0 TI_)
zZ—+ O

(5.1.17)
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And thus
T 1 Yy KA 1= 2 mx 1
z l+z12 ZJKA[ 1n(4“ Ex)+ﬂn§1c$ TO'(—— - =)
, ' s:.nA o ’ _(_)z
- 3 (N _(kR) [N (kR))] {5.1.18)

-

The last term can again be expanded as (to a first approximation)
1 ‘ _ ! ykR | 1 2 L
-7 (NO(kR) /.]'O(RR)) = -3 {In == + 3 (kR} 1} (5°. 1.19) -

And finally, the expression for Z  ,+ Z becomes

11 12
_ A 1 2 mwxg 1 1
Z,, +2, 2_]}\ [ln(szslnTrx ) - (kR) +2n§_1cos - (— == m)]
A ° - ’(—
(5.1.20)
5.2: Evaluation of Z,11 - ZL2

In the odd case we assume that th'e current Ko is approximately

given by

K = cos vy . (5.2.1)

o 2r R
where the angle v is measured from the positive .z-axis . This function
is odd about the z = 0 plane.

We evaluate the denominator of equation(3.1.4) using the lemuma:

2q
. : -
‘I'Ko(x,z) ¥ o(x, z) dx dz = .£ 2, Sin kz cos y dv = jJ (kR) 3}'{ 3z {sin kz)‘
= . . = .2.2 l
Ji(KR) cos Kz‘ 250 .]'1 (kR) (5 )
2

Thus, the denominator of equation(3.1.4}is equal to [ Ji(KR) I

‘;i
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In order to apply the lemmma to the evaluation of the numerator,‘ we

proceed in the same way as in section 5.1.

We write
2T 2%
dv ‘s dy
J‘ > €08 V j' cos v G (x,z; x',2') P =
o o
27 20 21 2m
dy av! . ' dv. dv! \ . 5t
j‘ 2, €O Y, ‘[' o cos v Gs(r,r ) + J‘ 5, CO8 v J‘ 5y CO8 V r(x,z;xt, z%)
o o o o

i

We first evaluate the first term

Zﬂ' 21,'[ s

dy . dy! t .
J‘Z-n- cos v J‘ Zg SOS v _Gs(r,r )
0 o]

Zn . . 21 .

R S dy jav Tady? , miny!

= -1 }E Nn(kR) .]'n(kR) I 5 Cos v e I oy COSV'e
n=-wm - 0 . [o) .

= 1 J . (kR) N,(kR)

B 8 | 1

For the second term, we apply the lemma

& g 2T gy
J‘ LY (o8 v J‘—y— cos V' T'(x,z; x!,2')
21 2w .
o ° -
—_ — — . 1
= J(kR) - [ 5= cos v —a—a ~, Tz x' 21 xaxg
0 zl=0
2 1 A2
= - J, (xR}~ lUm { 5 rx,2; x,0)}
K x—bxo A
— Z—0
T~
where we have used the fact that
(%23 xf,z' = 4 -b-—‘r'(x,z; x!, z!)

32! °*

-
(5.2.3)
(5.2.4)
(5.2.5)
(5.2.6).
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Thus from equations‘(3. 1.4) and (5. 2.2) we have

o, 12(xR)
7 -7 = i
1174127 " 2 kA )

"8

2

R -
Ji(kR)Nl(kR)-Ji(kR)—i"lim -{(—&-z)r(x.z;x »0}}
. k x-xo -1 °

z—0

< (5 . 2- 7)
. This expression is too precise in view of the assumption of a cosinusodidal
current distribution, The second term can be dropped in the denominator

. ip s 2
of (5.2.7) since it is of the order of R~, while the first term is of the order

of unity.
- Thus: : T
, g o 1 R S U
117.%12 2 KA | N (xR) " ] ZrA N (R)
— "8 T,&R)
. A 2R 2 '
~ = 3 ( ) K (5.2.8)
2\ A .
t
Where we have used the approximations
(kR) =~ - 1 2 and  J,{KR) 1 ‘
Ny =~ T kR g M2

5.3 Effect of cosinusoidal field distribution over the cross-section
of the circular post.

Tor the evaluation of the even impedance of the circular post, it'was
assumed that the magnetic field was homogeneous over the entire cross-
sectional area occupied by the post. A more realistic assumption is that
the fielci falls off as cos —;1 z fowa.rds both sides of z = o plane. So, we
have to correct the stored energy by assuwming that the magnetic field is
lower than the maximum value and equal to the average of the magnetic field

over the crosssection .
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The mdgnetic field H in a circular crosssection of unit radius
is ahown.in Figure 5.2. The coordinate system conforms to the one

already chosen for the micrc(strip model. We can write,

— -2 — N .
H = H cos == z u , {(5.3.1)

o T x .,
2 ' .
._ﬁ;_ = normalized wavelength

whe::e~ T =

d
)Lt = guided wavelength on the microstrip
d = diameter of circular crosssection
E}’{ = unit vector in x-direction ‘
Ho= amplitude of the magnetic field ) .

The average value of the field over the cylindrical crosssection is given by
2w '
i H cos —— z dx dz
- o T ,
H = Sr.sec.area (5.3.2)

cross sectional area ’ .

Due to circular symmetry, 1t is necessary to integrate in equation {5.3,2)
over one quarter circle, only in the first quadrant. So, ‘
1-=z .
J" j‘ ‘H_'cos vz dx dz
o T i ,
@ - H = 9 o - : {(5.3.3)
/4

1 | "
e ‘I' H Ji-zz cOSs Zr + z dz (5.3.4)
LI o T

-

Thé definite(boundedlintegral in.equation (5.3.4) is a constituent of an

integral representation of the Bessel Function as follows [25] .

:5
_1 ,
2 2 21 .
— = - b 0305
T, (—5) 2¢, .[‘04 1 -u cos 77 u du (5 )
\a‘fhere g =L L l(5.3.6) :
- Cy =7 . <

i 3
ri)r (3

.o
» -t

~N
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Figure 5.2 Magnetic field in a circular cross-section,
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. 2 2
i J (=) J (=)
2 2 {
Thus, [J1-u"cosZl udu = r_ . t1%T r(-é-)r(%) (5.3.7)
. - o

T 2(31 2%
' T
. L 3 i
Since T ( -2-) =Jr and r(—é-) = -Z"JF, we obtain from equations
. i o
(5.3.4) and (5.3.7),
2
4H J, (=)
> . O T ., = g
H = — oy 2 | (5.3.8)
T
or, in normalized form T
E _ T 2
2 (5.3.9)
e 251 _=d
by replacing T = ¢ 3'1 ( ht ) (5.3.}0)

To obtain more realistic values of the equivaleﬁf circuit Para.nieters of a
circular cylindrical post, we have to multiply the expres smns obtained
for even input impedance in equatlon {5.1.20) by (—H-) y For odd
excitation,since fields of equal - amphtude but 0pp051te phase are incident

on the circular cylindrical post, the correction does not apply.
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CHAPTER 6

The Resonant Ring Method: Historical Background

and its Potentials

The main difficulty in measuring the equivalent lumped circuit
parameters of microstrip discontinuities resides in the elimination of
the systematic errors introduced by the transitions which connect the
microstrip section to equiprr;ents of the coaxial or waveguide type.
Although techniques such as computer correction may be used to allow
for this source of erro;, the basic problems of accurately measuring
the transition and the reproducibility of the transition. still remain.
Moreover, computer coz:recti.on techniques are quite expensive too.

Such problems can be circumvented by teéting discontinuities in a micro-

strip ring which may be coupled very loosely to the test equipment.

The technique of microstrip ring measﬁrements have been
demonstrated by several authors. Some experimental data have also been
reported, We shall first‘ survey some of these works briefly.

In 1969, P. Troughton' [23 ] reported the technique of using a micro-
strip ring . gtructure for the measurements of dispersion and wavelength
in microstrip transmission line. The line was laid down on an A4, 03
substrate. He investigated the frequency range of 4 to 12 GHz., The ring
resor;ator used, as shown in Figure 6.1, was at least five wavelengths
long. He measured the wavelength of the propagating mode by noting the
frequencies at which the ring resonated. Resonance occurs whenever the
circumference of the ring equals an integer multiple of 2 wavelength at
that frequency. No theory was given or suggested to explain the dispersive
behaviour of the microstrip transmission lines. The experimental results
showed that dispersion in microstrip is affected by both substrate thickness

and strip width .
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Input Power

4

A1203 U 50 ohm Probe

substrate

[—] 50 chm Probe

Transm't!ed Power

Figure 6.1 Plan view of microstrip resonator used

by Troughton.
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In 1971, Stephenson and Easter [10 ) uséd resonant ring téchniques
to characterize 90° bends in microstrip transmission line. They used
both closed ring and open-ended resonators, as shown in Figure 6.2 for
their work. Assuming the equivalent circuit of the 900 bends, as shown
in Figure 6.3, the values for B/YO and equivalent electrical length '{"c
havg been given over the frequency range 1.6 - 1{ GHz, The substrate

used in their experiments is 0.5 mm of Lucalox.

In 1973, Douville and James [11 ] have studied the problem of 900
corners quite extensively, using a closed loop rescnator as shown in
Figure 6.4. The resonator contained fou; 90° bends. The equivalent
circuit they chose was the same as was chosen by Stephenson and Easter.
Over the frequency range 0.1 - 3 GHz, they have published resuits on the
variation of equivalent length and shunt capacitance of 90° Bends.

The bends, that were studied, were mitred and un:mifred and the substrates

used were Rexolite and Stycast,

In 1975, Groll and Weidmann [ 12 ] used resonance methods 'to
study different kinds of microstfip discontinuities., For anopen ended
microstrip line they have given results on the dependence of end capaci-
tance on the width of the conductof. For a rectangular bend they have
found the parameters of a lumped element T -equivalent circuit for a-
specific value of the line width. They have also studied the effect of an .
a.'bruy.)t step of line width i.e an impedance step. They incorporated
two microstrip lines of different widths m a ring resonator as showh in
Figure 6.5 and have studied the variation of equivalent T- circuit
parameters of the impedance step with the ratio of the physical widths

of the two lines,

From the above it is evident that rescnant ring techniques have
enormous possibilities in the characterization of mic roa‘frip disconti-

nuities. Until now all such measurements have been made to sﬁldy
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Probe I

Probe I

(a) Closed ring resonator including two 90 degree corners

Probe

(b) Open-ended resonator including a 90 degree corner

, "

Figure 6.2 Microstrip resonators used by Stephenson and Easter.
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T 1
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-?: « 1

1
r— |— L —e
. c c )

Figure 6.3 Equivalent circuit of 90 degree bends,
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Square Loop

—[—

Movable Probe

Figure 6.4 Square loop used by Douville and James.

.
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Probe Resonant ring
Impedance
Step .
. —/5505° o{'1" ]y
w w — -
1 2 — —_—
Impedance
Step

Equivalent circuit

Figure 6.5 Ring resonator and the equivalent circuit used by

Groll and Weidmann to study impedance steps.



T

some particular and specific types of discontinuities, We ;;ave developed
(15,167 2 comprehensive, general analysis of t_he microstrip ring contain-
ing a reciprocal discontinmuity. The analysis has the potential to be
used to find the Z-parameters of almost any reciprocal microstrip

discontinuity, symmetrical as well as asymmetrical. Inthe next chapter

we shall describe the analysis of the ring structure,

)
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CHAPTER 7

*

Ana.lysis of the Resonant Ring

Containing A Reciprocal Discontinuity -

t

A micro;trip ring resonates if its electrical length is an integral
multiple of the guided wavelenéth. When a discontinuity is introduced
into the ring, each resonance degenerates into two distinct modes. This
splitting is conveniently intérpreted in terms of even and odd excitation
of the discontinuity. The evencase corresponds to the incidence of two
waves of equal magnitude and phase upon the discontinuity, while in the
odd case, waves of equal magnitude‘ but opposite phase are incident from
both sides. Either- mode of resonance can be suppressed by an appro-

priate choice of the .point of excitation along the ring.

7.1 Symmetrical discontinuities '

If the discontinuity is symmetrical it can be represented by a symme-
trical T or w section-, in one single reference plane, This plane of

electrical symmetry will henceforth be called z = 0 plane.

As has already been shown in Figure 3.2, the equivalent T-circuit

of 2 symmetrical discoﬁtinuity can be divided into two identical half

sections of zero electrical length., If the circuit is excited in the even
. mode, no current crosses the z = 0 plane, Therefore, the input impe-

dance of each half section is not altered if the connections in this plane are

cut. The normalized even input impedance at either port is thus

Z =Z Z
ie 11+ 12

The normalized odd input impedance, in turn, is Zio = Z“ - ziZ and

represents the impedance of 2 half-section which is short circuited in the

z = 0 plane,
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A, Lossless symmetrical discontinuities

A

The even and odd impedahces of the discontinuity cause the shift
in the resonance frequencies of the ring. This becomes evident if the
(reactive) impedant®es are thought of as input impedances of fictitious
transmission line sections which are open (even case) or short-circuited

{odd case) at the other end. (Figures 7.1a and 7.1b).

The artificial increase of the electrical length of the ring resulting
in the decrease of its resonance frequencies, is related to the normalized

even and odd input impedances by the following expressions:
\

Z = Z Z_ o= - (e

‘e 11 + 12 jcotk »Le (even case) (7.1. 1)
z = - = i |

o Z11 Z12 j tan Kk {,O (odd. case) (7.1.2)
k = 'Zn/)\t, is the propagation constant of the quasi-TEM mode.

Figures 7.2a and 7.2b ﬁhow the standing wave pattern on the
ring resonating in the fundamental mode. For convenient presentation,
the ring is cut open at z = 0 and straightened out. The fictitious lines

representing Zie and Zm have been added on either side.

Since at resonance, the total electrical length of the resonator
{(including the discontinuity) is n - }\t’ where n is the harmo c number,

the resonance conditions are

in the even case : L. + 24 = n\ {(7.1.3)
ring e te

in the odd case: L. +24 = n\ ' (7.1.4)
ring o to

{'ring is the physical length of the ring along the mean circumference, and

)Lte and ?\to are the guided wavelengths corresponding to the even and

odd resonance frequency respectively. Since 4 in is known and ht

can be obtained from measurements, 4 and re determined from

e
b.
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zie Z9 open - ' Zig™ <, short
O . . ‘ (o '
l‘ — "I 1 -]
e . - o
(a) - | _ " (b)

Figure 7.1 (a) Represéntation of the even input impedance Z,. in
plane 1 by, a fictitious open-circuited line ffossless
discontinuity). - ‘ . '

‘ (b) Representation of the odd input impegRpee 2. ‘in

plane 1 by a fictitious short—circui‘_:'

ine (lossless
discontinuity) . 2 .



. .45

r -
i ! /
-~ ‘. i -
,:7f o e } e ‘\\ ,f’ N
N\ P ! /7 L 8 4 N\
NS VA S ’, A
A + | ’ {L[ el $__: N
= Zie _"j\ - j:'— Zio zIo n _-1 ’
$ ! JY ) T
opt. excitation Z=0 = 0 opt. excltatlon ~ z=0
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Figure 7.2, (a) Standing-wave pattern on the ring for even excitation
" of the discontinuity (n=1). '
) “(b) Standing-wave pattern on the ring for odd excitation
b o of the -discontinuity {n=1) . ‘
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equations (7.1.3) and (7.1.4). When introduced into equations (7.1.1)

<z

and {7.1.2) r‘espectively, they yield

1 ing
! _n' — - = -
IZ.11 + 212 jeot [ 5. k (.n?\te ‘ rmg)] j cot (n' te ) ('?. 1.5)

%,

N

—;—"‘-‘-g) (7. 1.6)
to

i -
j t 5 Kk - =-j
jtan .3 (n?\to {'ri.ng)] jtan {w
Since one measures resonance frequencies rather than wavel.engths, it is
more convenient to express hte and )\to as follows :
v
te c/ (fre VEoff (fref ) ' (7.1.7)

-
1

cf (f Vg ff 1) (7.1.8)

T

to

and to mtroduce these expressmns into equaticns (7.1.5) and (7.1.6)

respectively. Thus

i Lri.ng J'se:ff ( re] fre

ya = Z , = ] .
e = 1y tHg TIcet T c (7.1.9)
0! T4 |
Z. =2y ~%, = iten nf"g VEett Cro) 1o (7.1.10)

e .
where €5 (f} is the dispersive effective dielectric constant of the ring,

¢ is the speed of light, -fre and fro arg;the even and odd resonance
frequencies of the perturbed ring, These expressions form the basis for

the measurement technique described later on.

B. Lossy symmetrical discontinuities

Dissipation and radiation losses render the Z—paraﬁieters of
discontinuities complex. The complex even and odd input impedances
of the equivalent circuit can be represented by sectlons of transmission

lmes terminated in a pure reslsta.nce (Flgures T. 33. and 7. 3b5’



Figure 7.3 (a) RePresentatlon of the even input 1mpedance Zl of a
: lossy discontinuity in plane 1 by a flctltlous line
_ terminated in R>Zg.
{b) Representation of the odd input 1mpedance Z;,'0f a
lossy discontinuity in plane 1 by a fictitious line

.terminated in r<2 o- . ’ ‘
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I
The terminating resistance must be larger than Z in the even
o
case (voltage maximum at Z = 0) and smaller than ZO in the odd case
,(vbltage minimum at z = 0). Note that for the lossless case, R tends

towards =, while r becomes zero.

The lengths and terminations of the fictitious lines are such that

(See Appendix B), ‘

25+jtankLe %-jtan(——r‘l—n-g)
Z =Z ,+Z2,= _o© _ _o Ne '
ie 11712 R = = e (7.1.11)
{+j-—tank? 1-j—tan (—Z12E) =
A e Z A

o o .. te

I : r _. T T Ao
Z + JtanRLO z jtan ¢ HE)

Z =7 -2 _ = —2 = -2 t° (7.1.12)
o 12y iyl tanky | t
L)z tan k4 ‘Jz an(———-—g-)
o to

The wa.velengths hte and 7\ satisfy equations (7. 1 7)and {(7.1.8) .
respectively and are determlned as in the lossless case. R and T

affect the Q-factor of the ring.

L]

Let Q1 be the unloaded Q of the ring, while QZe and on
are the loaded Q~factors of the ring for even and odd excitation of the
discontinuity respectively. Then (see Appendix B),

2 Qi QZe

R
Z " n Q-9, (7. 4.13)
o 1 2e )
0 -Q
T Tn i 2o
r _ . (T.1.14)
Z0 2 Q1 on

where n is the harmonic number,

The circuit parameters Z11 and 212 are determined‘from_-

R, hte’ r .and Rto ‘using equations (7.1, 11) and (7.1.12).



- 49 -

7.2 Unsymmetrical discontinuities

-

A. Lossless unsymmetrical discontinuities

Uneymmetrical lossless discontinuities shift the standing wave
pa.ttérn along the ring. -The amount of phase shift depends.on the degree
of unsymmetry. By shifting the point of even excitation, the".resonant
ring can be made an ele‘ctrica]ly symmetrical structure and the corres-
ponding discontinuity does now.appear as a cascade of the initial unsym-

-

metrical discontinuity and additional length of line 1,

1, = 2 x displacement of the point of pure even excitation,

B. Lossy ﬁnswmnetri.cal discontinuities

The concept of even and odd excitation can only be appli.'e‘d-to those
lossy unsymmetrical discontinuities which can be transformed into a
symmetrical’ two port by adding an appropriate length of line to one of

their ports. Interms of S-parameters, this condition is fulfilled if
15441 = §S5, |

The Z-parameters in the plane of electrical symmetry are then calculated
using equations {7.1.11) and (7.1.12).
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CHAPTER 8

The Measurement Technique and

Experimental Arrangement

8.1 Measurement Technique

It has been noted in Chapter 7 that for making the evaluation of
disconti.nuit.:y parameters, measurements of resonant frequencies and
Q-factors are to be done. Resonant frequencies and Q-factors of the
microstrip ring change due to the introduction of 2 discontinuity. So,

the measurements are to be done in two stages.

i) Tﬁe resonant frequencies and the unloaded Q-factors of.
the ring are measured before the discontinuity is
introduced.

ii) The discontinuity is then introduced (either into the sa.;'ne
ring or, if this is impractical, into another identi;:a.l ring),
and the even and odd resonant frequencies together with
the corresponding loaded Q-factors of the structure are

measured.

The ring should be as uniform as possible since evep a small irregula-
rity may introduce effects of the same order as the effects to be '
meagured., The ring is best excited by a capacitive launcher which

can be moved along the c‘outer contour of the ring for about one quarter

of its circﬁmfe_rence to select the optimal point of excitation for each
resonance, Coupling 'should*be as 1igh/t_aii_:he sensitivity of the measuring
equipment permits, Even then, the launcher changes the resonant ‘
frequencies slightly. But as long as the measurements on the empty and

" the perturbed ring are madc; at the same coupling strength, the effect

of the launcher is eliminated since it affects all measurements -in the

same way (see Chapter 10 for a proof of this).
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' Resonant frequenpies can be determined from either reflection

or transmission measurements. The former method has the advantage
that only one coupling link between ring and peripheral equipment is
reqﬁired. Care must be taken to measure all resonant frequencies with the
best possible accuracy since the discontinuity impedance values are very
sensitive to frequency variations. . This accuracy is limite;l by the sharp-

Ll . .
ness of the resonance response rather than the performance of available

counters for the microwave range.

~
'

Q-factors are best measured in transmission mode [i41

which, unfortunately, requires a secophd cou ing link between ring and

the peripheral equipment, but may be gyaluated from reflection measu-

rements with lesser accuracy. ,

L}

A ,
ring. In most cases, it will be necessary to stabilize the temperature

Changes in temperatyre alter the resonant frequencies of the

s s o . -
of the substrate within + 0.5 -C if meaningful measurements are to

be made, ' ,

8.2 Experiméntal Arrangement

A. The ring resonator

Measurements have been made in a ring which had the shape of
a racetrack (Figure 8.1). - The discontinuity could thus be placed into 2
straight section of line, and the launcher could also be moved along a
straight line on the opposite side. The ring had a characteristic impe-
dance of about 27€ (w/h=2.7) on a 5 mm Stycast substrate with a
nominal dielectric congtant of 10.6. The mean circumference of the ring
was '{’ri.ng = 59,124 cm for the measurements on metl:allic posts of
ci?cular cross-section and Lring = 57.375 cm: for measurements on thin
metallic obstacles. The oversize substrate was chosen to minimize

errors due to dimensional inaccuracies,

¢
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0.5 om

T L

Figure 8.1 Micrestrip ring used for measuring the Z parameters
(dimensions in millimeters)
el e 2) x =

60 mm.for -centered metallic posts
(b)Y x

81.25 mm for thin transverse obstacles.

]

t.
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B, The obstacles (discontinuities)

Two types of discontinuities have been investigated, namely
very thin metallic plates and dylindrical metallic posts. These were .
chosen because of thé ease of iﬂtroduction of obstacles after measure-
ments on the empty ring were made. In both these cases, the disconti-

nuities were centered in the cross-section of the microstrip.

The thin metallic obstacles were made of strips of very thin
copper sheets. These were introduced into the ring in the following
way., The ring was cut open at the intended position of the obstacle.
The thin mefallic foil was introduced and then the ring was reassembled.
" For thin obstacles, only the even resonance mea.suremenés are to be
made, and for even resonances no durrent crosses the z = 0 pland. 'Hence,

cutting .the ring open: does not affett the measurements.

The metallic posts were realized by drilling holes across the

microstrip and filling those with mercury.

In each case, good electrical contact was insured at the strip
and the ground plane, and the electrical parameters of the discontinuity

could be reproduced within the limits of accuracy of the'eq:uiprnent.

C. The Temperature Chamber

As has been already indicated in section 8.1, to make the
measurements of discontinuity parameters, the temperature of the
substrate has to be stabilized within t+ O, SOC. Otherwise the dielectric
constant of the substrate shows fluctuations to an extent that makes:
meaningful measurements impossible. For reducing the fluctuation of
temperature, a temperature contr.olled box was designed, and the ring

was placed in it,

The box as shown in Figure 8.2, was lined inside by a 2,5 inch
thick layer of styrofoam on all sides, which is 2 very good temperature

isolator. Only the upper lid could be removed to place the microstrip
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THBERMOMETER

-
- TEMPERATURE
PROBE

“FROM TEMPERATURE CONTROL
- -t

TO TEMPERATURE CONTROL

3

Figure 8.2 Temperature controlled box used for the stabilization
of the temperature of the substrate.
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ring inside the box. A cable was introduced into the box through a very
small hole in one side of the box, and that served as the connection
between the launcher for the ring and the peripheral equipment. By
pulling or pushing the cable from ocutside, the launcher could be plan;ed
at the appropriate excitation points along the ring, A temperature probe
and a heater element, connect_ed to a temperature control equipment
outside, was also mounted within the box. During the course of the
experiments, the temperatur'e control equipnient was set at 30. SOG.

The sensitivity of the equipment permitted the témperature within the
box to be kept in the range 30, 5°G + 0.4°C, To insure that the whole
temperature chamber was being heated uniformly, a small fan circulated
the air in the box continuously. The temperature inside the box was
constantly monitored with the help of a thermometer which was introduced '

through a very small hole in the top lid of the box.

D. The Measurement Procedure -

The circuit for the measurement of the resonance.frequencies |
was laid oﬁt as shown in Figure 8.3. The reflection characteristics of the
resonant ring were measured using a network analyzer. The ring res-
ponse was observed on 2 phase-magnitude display, A spectrum
analyzer was used to compare tﬁe resonance frequencies of the ri.ixg ‘
with thc-.; frequency of a precision frequency generator. The output
fi:;equen.cy of the generator was displayed on 2 digital frequency counter.

The vertical output of the spectrum analyzer was fed to the network
ar;alyzer as the z-axis marker, (% See page 57)

Now we shall describe the procedure followed to determine accu-
rateky.  any particular resonant : frequency. Initially - the sweep- -
oscillator was sweeping in &f mode. and the response of the 'ring was -
ceﬁ@ered on.the screen of the phase-magnitude'display by.adjusting the -
central:frequency-of the sweep: Then the sweep was[ch;angeduto-.mamar ‘and the

output frequency of the sweep oscillator was set as close to the peak as
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<
, .
\\
HARMONIC RF-SIGNAL
GENERATOR < < GENERATOR
DIGITAL
1 — FREQUENCY
COUNTER
—204db SPECTRUM
> ANALYZER
- Vert.
A ‘Output
.20 db — / .
SWEEP _/ S-PARAMETER ﬁ?s““t
OSCILLATOR ’ Ref.| TEST SET Test ing
. Sweep NETWORK Z-Axis ‘
= ANALYZER | V

Ay

Figure 8.3 Circuit diagram for measuring the resonance frequencies
of the microstrip ring.
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possible. Now the local oscillator of the spectrum analyzer was adjusted
gnd tuned such that the sweep oscillator frequency was in the centre of

the spectrum analyzer screen. Then the scanning mode of the spectrum
a.xfa.lyzer was changed to “rna;n;a.l“. “The sweeper was ‘again swept in
automatic mode at a verf-low apééci. The vertical output of the spectrum '
analyzer Idensity modulated the phase-ma.énitude display, producing a dot
on the a-.bsorptiox"x curve very near to its peak, The frequency of the
spectrum analyzer was now finally aqjusted to place -the dot exactly on the

peak. Now the frequency of the r.f, signal ge;nerator output was adjusted.

As soon as this frequency became identical with the centre frequency of the

spectrum analyzer (which in turn was tuned to the ring resonant frequency),

. the intensity of the phaseé-magnitude displayktrace increasetl drastically

over the whole sweeping 'rai}ﬁge_.' _Under this setting, the frequency of the

r.f. signal generator output is the required resonance frequency of the

ring,

The r.f. signal generator available for our experiments had a
frequency range rﬁuch smaller than the range (.1 -~ 2GHz) over which the
ring resonances were being studied. This difficulty was avoided by
inserting a harmonic generator unit between the T, f, signal generator and
the spectrum analyzer. By properly choosing r.f. frequency and ﬁsing‘
its proper hamoﬁcs it was always possible to match any :.ring resonance
frequency.

Measurements of frequencies of the peaks of absorption could be

)
—
“\

Refer to the HP Network Analyzer and Spectrum Analyzer Operating
Manuals for details referred to in the description of the experimental

procedure.

[
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. , GHAPTER 9

- Theoretical and Experimental Results

The equivalent circuit parameters of two types of obstacles, -
namely thin transverse metallic obtacles and circular cylindrical” metalhc

posts, have been calculated theoretmally and determined entally.

The results obtained using theorefical and experimental methods have

been compared. These tw_? types of discontinuities have been) fhosen

because, while making the experimental investigation, they could easily - »
be introduced into the ring a.fte.r measurements on the empty ring were l
made, ' .

U“sing the methc;d of Lewin [24] we have theoretically studied the
amount of losses due to radiation from transverse metallic obstacles
(see-Appendix D) . It was evident that a very small portion of the power
incident on the obsta.cle is radiated. For the experimental part, we tried
to measure the 3-db line width of resonance and Q-factor for the detern'n-
nation of losses due to the d;scont1nu1t1es, The Q-factor of the ring was §0 .

little affected by the disqontinuities that they appeared to be almost lossless,

and the accuracy in determining the resistances R and r was unsatisfactory,

They are therefore not reported here. (See also Appendix E) ‘

i 9,1 Thin transverse metallic obstacles

L

It was sho“:'n in chapter 4 that in the case of 2 thin transverse
obstacle, which is confined entirely in the z = 0 plane, the input impedance
of the bisected equlvalent cn‘cmt for odd excitation is zero and conse-
quently Z, = Zip - This means that such obstacles may be determined
by even excitation only.

We have experimentally detennmed (m the range .1 - 2'GHz) the
equivalent Z-parameter of two thin transverse obstacles of widths d=1.62 mm¥~
and d= 3,07 mm: Todo this, initially the resonant frequencigs of

~the empty ring resonator {(length = 57,375 cm) were determined. These
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are shown in“I'abl'e 9.1. From these frequency measurements, the
corresponding effective dielectric constants for the substrate were

- found in the following way. "If }‘t is the guided wavelength on the ring

\ at the resonant  frequency £ , then .E’eff is given by *
v i ‘ - 2
PR S | (94141
€ et 2.2 - | (941.1)
L R :
. t r
. - - . A -
where .. X\ = rin
¥ t
. n
, h =  harmonic number N \
. and c = ,\;ej.oc'iity'of light . ’

-

The effective dielectric constants at the different resonant - irequen;:i.es
of the ring are given in Table 9.2. This data have been plotted in '
=2 . .

_ Figure 9.1, -

After deteg’-ining € off from empt'y ring resonant . frequencies, two

' thip obstacles (d = 1.6immand-d =3,07 n::m) were introduced‘into the ring-one by one.

.. For each obstacle introduce‘éi', the corresponding set of even resonant »
frequencies were measu;ed. . For each of these resonant . frequencies, _

©

the corrésponding Eost was determined., This was dox?e in the following i
way, o ' ' . ‘
Suppose f is an even resonant: frequ‘ency of the ring with an )
obstacle i.m':}'oduc?d in it. Referring to 'I"‘ahle 9.2, let f.u and fL be the
'two empty resonantc frequencies just above and below f. Let the two €eotf

values corresponding to fu and fL be £y and EL respectively. So,

LA making linear interpolation, the effective dielectric constant g
corresponding to £ will be e’ ' )
. -_ €, € | : o )
S €= €, t 7 % €-£) - (9.1.2) ,

The even resonant u‘frequencieﬂs with the obstacles and the corresponding

. ’ e , . ]



R i Table 9.1
Resonance Frequencies of the Empty Ring

{Stycast line, £ < 10,6, w/h = 2.7, h=5mr;1', ‘2.0:270}_11115,

L. =57.3%5 cm) e
. ring, .

“- Harmonic Number Resonan_:t Frequeﬁ‘by

Ca - ) - (M Hz)
T . 193.331
386.523.
575.756
762.799
947.170
1129.500
1309. 884
1488480
1664.636
1839.920
2013.838

[

oy

L)
*
o o -3 oo ;Mmoo Ww o™ o= |d

-
o

et
bl
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Table 9.2

1

€ g 3tthe Resonance Frequencies of the Empty Ring

: ( Stycast line, € = 10.6, w/h= 2.7, h= 5 mm, ZO= 27 ochms,

L ring:‘ 57.375 cm )
H‘ar’monic No. Resonance Frequency (f,r) Y - £ off

‘n . (M z) (em)

L1 19¥33] 57.375 7.28855
2 ¢ 1386.523 28,688 7.29556
3 " . 575.756 19.125 | 7.39923
4 762.799 14, 344 7.49373
5 - " 947.170 11.475 7.60855
6 1129.500 9.563 7.69123
7 1309. 884 8.196 7.78395
8 1488, 480 7.172 7.87285
9 . 1664.636 6.375 7.97025
10 1839. 920 5,738 | 8.05263
11 2013.838 5.216 8.13679

/

~
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Figure 9.1 Measured effective dielectric constant for the microstrip

ing. {L . =.27.
ring (rmg 57.375 cm)”
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o o
effective dielectric constants are given in Tables 9.3 and 9.4.

Once the even resonant frequen\éies of the ring resonator and the
corresponding € off values are known, the equivalent circuit parameter 2

of the thin transverse obstacles are easily found with help of the equation

(7.139)- TT'{; . ' ..
ring \[ Eeffl Ire, fre

o

Z =2z, ,=2 =j—é'cot C{9.1.3)

11 12

The values of Z . at different even resonant - frequencies for the two thin
transverse obstacles are given'in Tables 9.5 and“9, 6. ‘

The ;equivalent‘circuit parameters for the same two thin transverse
obstacles have also been found theq:eticaﬂy following the procedure described
in Chapter 4. Z has been found out using one, two and three terms for

the current distribution over the surface of the obstacle, namely

' Tu T PAIRH
Ke(u,z) = Ao, A°+A1cos 3’ A0+A1 cos d+A2 cos —

i

Tg obtain the parameters of the microstrip model, the Tapacitance C,

per uhnit length of theline at d.¢. was determinéd by & finite difference -

method developed at'CRC; Ottawa.’ .‘E.eff " for d.c. wds 2180 detérmined,
Then thé dispeTsive dielectric constant’ ‘cj;f'f'(f) wa¥ calculated using®> e
Jain's [27] microstrip model. ‘Finally, the value of z was Found Trom
C and ‘g‘eif(f) Akd’ A“was obtained via‘the expression given in page 4.
A was found to be 24, 32'?‘rn1‘}1:i ' fhe fHedretical values obtiified f6r " 'Z for
the two différent obstdclds are given'in Tdbles 9.7 and 9.8. o e
Lt e ard S0

The experimental and theoretical values .of Z are compared in
. Figure 9.2 for the two thin transverse obsté.cle widths:d = 1,62 mm and
d = 3,07 mm.

It can be seen that the measured values for impedances form a

reasonably smooth curve. The agreement between theoretical and

experimental values of impedance is quite good for the lower frequencies.

¢
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Table 9.3

Even Resonance Frequency and £ off for

Obstacle Width d= 1.62 mm

{ Stycast line, £ = 10.6, w/h= 2.7, h= 5 mm, ZO= 27 ohms,

4 ring= 57.375 cm )
Frequency £ off )
(MHz)

272,205 7.29141
453,867 7.33231
634.692 7.42883 Co-
815.236 7.52174
994,279 7.61815
1172.034 7.71283
1348.419 7.80288
1523.640. 7.89198
1697.852 7.98554
1870.088 8.06690




Even Resonance Frequency and £

L
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Table 9

.4

eff

Obstacle Width d= 3,07 mm

for

‘ | .
(E?ycast line, Er= 10.6, w/h="2.7, Ht 5 mm, Z_.= 27 ohms,

0

4 'ring= 57.375 em )
Frequency £ off '
(MHz)
'276.285 7.29155
459,256 7.33526
641,508 7.43227
821,963 7.52537
1001.990 7.62230
1180, 038 7.716’9.5
1355, 664 7.80648
1531.384 7.89626
1705. 924 7.98934
1876.676 8.07009
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Tabhle 9.5

Experimental Values of Equivalent Circuit Parameters for

Ohbstacle Width d= 1.62 mm

( Stycast line, £ = 10.6, w/h= 2,7, h= 5 mm,-Z_= 27 ohms, 4

0

Frequency

(MHz)

—

(normalized)

272,205
453.867
634.692

994.279
1172.034
1348.419
1523. 640
1697.. 852
1870.088

815.236 -

14983
.24899. - #
33541
.41169

.56018
.63623
. 70905
.76153

0
0
0
0
0.48704
0
0
0
0
0.85223

= 57.375 cm )

ring . Q
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Table 9.6

Experimental Values of Equivalent Circuit Parameters for

{ Stycast line, £ -

Obstacle Width d= 3.07 mm

= 10,6, w/h= 2.7, h= 5 mm, Z_= 27 ohms, {'ri

0

Frequency A / L
{(MHz) / {(normalized)
276.285 0.11434
459, 0.19553"

0.25818

821.963 0.32373
1001,990 0.37207
1180.038 0.42379
1355, 664/ 0.49233
1531, 384 ' 0,53484
1705. 924 0.56409
1876.676 0.65875

pre

= 57,375 cm )
ng
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Table 9.7 | | :f S

\

Theoretical Values of Equivalent Circuit Para.meté‘rs for

‘Obstacle Width d= 1.62 mm

( Stycast line, € = 10.6, w/h= 2.7, h= 5 mm, zo.=" 27 ohms )

Frequency - Z (nornfi:alized)
{(MHz) Ke= AO | Ke= lAO+A1cosf.}-1;— Ke=VA0+A1cosT-TEu +A2cos.aﬂi
193,331 0.09978 0.091;5 0.09070
386,523 0.19981 © 0.18287 0.18166
575.756 0.30039 0.27451 0.27315
762.799 0.40179 . 0.36726 0.36544
~ M 94a7.170 0.50432 0.46112 0.45885
1129.500 0.60832 0.55641 . .0.55368
9.88¢ 1 19 71418 0.65632 0.65033
1488.480" .82231 0.75287 0.74921 -
\\\\\\ 0.93324 0.85495 0.85082
1.04757 0.96037 0.95578
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ble 9.8

Theoretical Values of Equivalent Circuit Parameters for

Obstacle W

jdth d= 3.07 mm

(Stycast line, £ - 10.6, w/h=2.7, h= 5 mm, Zo= 27 ohms)

Frequency Z (normalized)

(MHz) K= A, K_=A+A cosTH K_=A +A co ST%‘+AZCOSZ—?1
193,331 0.07274 0.06934 , 0.06818
386.523 0.14571 0.13892 0.13660
575.756 0.21919 0.20898 0.20550
762.799 0.29344 0.27978 0.27513
947,170 0.36874 0.35160 ) 0.34579

1129.500 0.44543 0.42474 - 0.41775
1309.884 0.52384 0.49955 0.49138
1488480 0.60439 0.57642 ‘ '0.56706
1664636 0.68756 0.65581 " 0.64526
1839.920" 0.77394 0.73828 0.72652
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. i | |
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THIN TRANSVERSE OBSTACLE:
0.9 1= INSTYCAST € = 10.6 ) m
; wih'= 2.7 j h=5mm 7./
. - /7
Jo.8 |- -
Jo.7 |- -
: +/‘
) .
< 40.6 }- OBSTACLE WIDTH -4 = 1.62 mm : O : -
@ ' .
="
=
H
- n . b —
a2 Jo.5
]
3 : .07 mm
(=¥
v =
5 j0.4 - -
s
§0.3 1+ -
Assuming constant current
THEORY 0 o distribution over obstacle
. 0.2 [~ Assuming nonuniform
current distrib. over obsat.
MEASUREMENT ‘—="——-f=— N
0.1 - » -
13
1 ]
0 i i 1 _ '
0 0.5 c 1 1.5 2

' FREQUENCY (GHZ}

Pigure 9.2 Normalized impedance of thin transverse‘obstacle in a 270
line on Stycast {e_=10.6; h=5 mm; w/h=2.7). Obstacle width
d=1.62 mm; obstacle width d4=3.07 mnm. T
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These two sets of values differ more in the higher frequency .J.’ange.

The difference between theoretical and experimental results may be duega

to the following reason.

In the theoretical calculations , the microstrip was replaced by
an ideal parallel plate model with magnetic sidewalls. Even though the
radiatio:.a. losses appear to be very small, the fringing effects cause a
part of the radiation impedance to be reactive. The idealized model does
not account for this fringing effect, It is the reactive part of the radiation

impedance that affects the energy stored at the discontinuity.

It can be shown that (see chapter 10) the presence of the ca.pﬁcitive
launcher does not have any effect on the final determination of the |
Z-parameters, so long as the frequency measuréments before and after the
introduction of the discontinuity are made with the same gap width between -
the launcher and the ring. HGWE\"el"fOI‘ the sake. of interest; we have described
in Appendix C, how the effect of the launcher can be eliminated from the

frequency measurements themselves.

9.2 Centered Metallic Posts of Circular Cross-section

In the case of centered metallic posts of circular cross-section,

unlike that for thin transverse obstacles, Z11 is not equal té ziZ' Hence

" for such obstacles, to obtain the impedance parameters, both even and odd

excitations are to be investigated. : ‘

We have experimentally determined (in the range .1 - 2GHz) the
equivalent Z—para.n';eters of two centered metallic obstacles of circular
crﬁ'ss—-section having diameter d = 1/16 inch and d = 3/ 16 inch. As¢he

first step, the resonance frequenciés of the empty ring resonator (length

= 59,124 cm) were determined. From these measurements, the corres-

ponding dielectric constants of the substrate were calculated following
the procedure shown in section 9.1. The effective dielectric constants
at the different resonance frequencies of the ring are given in Table 9.9, -

This data has been plotted in Figure 9. 3. ‘
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Table 9.9 |

£ off at the Resonante Frequencies of the'Empty Ring

( Stycast line, £ - 10.6, w/h= 2.7, h= 5 mm, z0= 27 ohms,

ringf-f-59.124 cm-)
Harmonic No. R esonance Frethency (fr)' .’ ' A ¢ ' £ off
n (Nin} . {cm)
M T
1 187.800 508 24 7.28992
2 375,452 ' o 2‘62 7.29216
3 §59.389 .. . 19.708 7,39483
4 . 741,100 14.781 7.48997
5 920.433 11.825 7.58699
6 1097.923 ' 9.854 | 7.67843
7. " 1273.137 ) 8. 446 7.77248
R 1446 .759 7.391 7.86143
9 . 1619.082 6.569 . 7.94440
10 1789.288 5,912 8.03070
11 1958.268 5.375 8.11251
- 12 '2125.752 4.92\r\ ,8.19316
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The theoretipal results are given in Tables 9. 14 and 9. i5."

W A -

-4 - . : -

After the determination of €off from the empty ring resonance

measurements, two circular cylindrical centered metallic posts

' (diamete@ 1/16 inch and 3/16 ihch) were introduced i@fo the ring one by

one. The obstacles_‘_were realized, as has been described earlier, by
drilling a centered hole across the ring and filling it with mercury. TFor

each oBstacle introduced; the corresponding sets of even and odd resonance

(. ™ L] ’
frequencies were measured. For each of these frequencies, the corres-

ponding € off was determined using Table 9.9 following line.ar interpolation

as described in section 9. 1.

»

Once the even and ogd resonance frequedcies are known and the
corresponding dielectri¢ constants are determined, the even and odd input
imped:ances of the equiva.lent circuit of the obstacle can be found using
equat:.ons (7.1.9) a.nd (7 1 10) respectively. The Tesonance frequencies,

corre5pond1ng £ ff va.lues and the impedance values are given for two

| _different po.sts in Tables 9.10, 9. 11, 9.12 and 9.13. T

° The norma.hzed even and odd 1mpedances for the same two centered
1

cn;cular cyﬁndncal metallic psts have been calculateci theorehcally usmg
eg_ua.tmns {5.1. 20) and (5.2, 8) These theoretical values for Z11 + Z 12

cand Z11 {2 2Te obtained for the e%npty resonance frequencies of the ring.

LY

The experimental and theoretical values of even impedance are
o -

cc;mpared in Figure 9.4 and those of odd impedarice in Figure 9.5,

The measured values for the even 1mpedances form a smooth curve

»

while the values measured for the odd lmpedance a.re more scattered. This
| confirms the observa’clon made in Chapter 40: the moyg the 1mpeda.mé’es
sdiffer from + j1, the more sensitive they are tcp errors in frequency
— l 3 + Iﬁ' * <

measurements. T . - »

r
[
.

, e theoret:.cal and experimental values are quite close in the lower
-frequency range. Towards hJ.ghe; frequenc1es ‘they differ more. The
difference between the theoret1ca.1 and expenmental results can be

explaired, as was done in-sections 4.3 and 9.4, by the fact that (1) only &

~ ? . : k R ¥

-
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. Table 9.10 ' ¥

i

%

Experimental Values of Even Resonance Frequencies, £ £f
e

. and Normalized Even Input Impedance for Post Diameter=’ 1/16 inch

( Stycast line, £ = 10.6, w/h= 2.7, h= 5 mm, Z = 27ohms, ¢, =59.124 cm)
T ¥ 0 =77 ring :

Even Resonance F‘requ_ency ‘ £ off Norm. Even Input Impedance

(MHz} . , . Z125
269.105 . , 7.23212 |,  2.32444x 107 .
9448.096 ' 7.33;2(;_3/ ., 3.49357 x 1077

. 625,723 | 7.42956 4.56751 x 1071
801.614 |- 7.522m1 5.65976 leo‘l
976.368 ' 7.61580 6.61775 x 107

1149.872 7.70631 7.49387 x 107}

* 1321.341 7.79718 | §.45592 x 107
1492.301 | 7.88336 | 9.19568 x 107"
1661.617 f 7.96597 1.00651

1829.568 8.05020 1.6@}63 :
., 1996.231 - . 8.13079 | 116437
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- Table 9.11

Experimental Values of Odd Resonance Frequencies, £ .. and

Normalized Odd Input Irmpedance for Post Diameter = 1/16 inch

( Stycast line, € = 10.6, w/h= 2.7, h= 5 mm, Z = 27 ohms, .4 ___ = 59.124 cm )
- Tor 0 ring

ks

Odd Resonance Frequency

Norm. Odd Input Impedance

958.732

eff
(MEz) ? Z11" %12 )
374,918 7.29182 1.05938 x 1072
559,664 7.39498 -4.72779 x 107>
741.424 7.49014 -5.63629 x 10'3
\ . 921.414 7.58752 . -1.72897 x 1077
1698.7@8 - 7.67887 -1.53922 x _10'2
1274.025 7.77296 -1.60148 x 1072
1447.801 7.86196 -1.89575 x 10",2
, 1619,777 7.94475 -1.27649 x 1072
1790, 201 8.03114 -1,68968 x 1072
8.11273 8.66697 x 107°
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Table 9.12

<

Experimental Values of Even Resonance Frequencies, £ £ and .

Normalized Even Input Impedance for Post Diameter = 3/16 inch

( Stycast line, & _= 10.6, w/h= 2.7, h= 5 mm, Z = 27 ohms, 4 __ = 59.124.cm )
T . 0 ring

Even Resonance Frequency £ off Norm. Even Input Impedance
(MHz) e Z1y* %52
276.876 | 7.23706 0.97838 x 107"
460,010 7.33933 1.33500 x 19'1
641,231 7.43768 1.62042 x10° !
) 820,086 7.53270 1.94261 <107
997.153 7.62651 2.20732 x 10'1_
1172.634 ' 7.71853 2.40091 x 10 . |
1345.842 7.80973 . 2.65286 x 107}
1517.787 7.89563 2.87149 x 107!
1688429 7.97956 | 3.03430 x 107
1856. 863 8.06341 S 3,29162x 107"
RN 2024.136 8.14422 3.52235 x 10',1

4

)
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Table 9.13

,*  Experimental Values of Odd Resonance Frequencies, £ .. and

-

Normalized Odd Input Impedance for Post Diameter = 3/16 inch

( Stycast line, £ = 10.6, w/h= 2.7, h= 5 mm, Z,= 27 ohms, 4 . = 59,124 cm )
27 T . 0 Tring

/\\
Odd_rR esonance Frequency E’eff .qu.m. 0dd Input Impedance
(Mtiz) ’ C 211‘\ 212 -
375.737 ’ 7.29227 -3;36610 % 1077
560.777 . ; 7.39556 . .2.38510x 1077
743.025 "1 . 7.49098 -3.35012 x 1072
 923.308 . 7.58847 -5.06420 x 107°R
1101,084 . 7.68012 | . -5.64100x 1074 ‘
1276.773 , 7.77434 " -6.55420 x 1072
1451,132 - 7.86353 -7.95090 x 107°
1623.536 ' 7.94666 -8.19840 x 1077
1794.703 . 8.03332 £1.00850 x 107"
1963,444 '~ 8,11500 _ ~ =-9.69650 x 110‘_2
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Table 9.14 .
Theoretical Values of Normalized Even and Odd Input Impedance

for Post Diameter = 1/16 inch

N\

{ Stycast line, £ = 10.6, w/h= 2.7, h= 5 mm, ZO= 27 ohms )}~

Frequency le+ le 2'11" 2,1:2
(MHz) (normalized) (norm;lizéd)
187.800 0.13049 : -0.00086
375.452 o 0.26147 - .+ -0,00173
559.389 0.39344 -0.00259
741.100 -0.52692 -0.00346

5920.433 0.66248 . _0, 00432
1097.923 . 0.80073 . -0.00519
1273.137 0.94234 | -0.00605
1446.759 1.08810 ~-0.00692
1619.082 1.23892 000778
1789.288 1.39586 -0'.00865

3
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Table 9.15

Theoretical Values of Normalized Even and Odd Input Impedance
<

for Post Diameter = 3/16 inch

{ Stycast line, E‘,r= 10,6, w/h= 2.7, h= 5 mm, ZO= 27 ohms )

@} Frequency le+ le zll- le
(MHz) (no:rmalized:) (normalizéd)
187.800 0.04007 [ -0.00778
375,452 0.08056 -0.01556
559,389 0.12190 -0.02335
741.100 0.16455 ~0.03113
920.433 0.20899 -0.03819

1097.423 0.25576 0. 04669
1273.137 0.30548 -0,05447
1446, 759 0.35886 -0.06226
1619 ,082 0,41672 - -0.07004
1789.288 0.48009 ' -0.07182
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Normalized even™mpedances of centered metallic posts

‘of eircular cross-=section in a 278 line on Stycast

(e_=10.6; h=5 mm; w/h=2.7). - Post diameter d=1/16 in.,
post diameter 4=3/16 in. '
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constant current distribution function was assumed and (2) the model used

for the microstrip is only approximating the behaviour of the microstrip.

Let us now investigate the effect, on the theoretical evaluation of

Zyyt zi?.' of the two following factors.
S

(a) Averaging the field over the crosssectional area of the cylindri-
cal post, as suggested in section 5.3.
and (b) TR@ surr_xmaftion term in the expression for Z“+ 2'12. as given

by equation (5.1.20), ¥

a. Instead of using equation (5.1.20} alone for the evaluation of even
impedance of the c{;lindrical post, if we use the co‘rrecl‘.tion due to
nonuniform field distribution as described in section 5.3, the
relative change in the value of even impedance is not sipgnificant.
It is evident from Tables 9. 16 and 9. 17 that over the whole
frequenc;r range, the effect of a\;eraging of field over the post
crosssection does not alter the values of even impedance by a
significant amount, So, it is not necessary to consider the
correction due to nonpniform"ﬁeld distribution for the even

" impedance evaluation. /

b. The calculation of the summation term is the most cumbersome
part of evaluating even impedance using equation (5.1.20), This
term is always positive ower the whole frequency re_;mge. It can
be observed from Tables 9.16 and 9.17 and Figure 9. 6 that by
neglectmg the summation term, the resulting relativé change
in the value of even‘ impedance is negative and small for the
lower frequencies but appreciable for the higher frequencies.

So '+, for the sake of convenience, we neglect the summation

term . Although the dispersion of the TEM -mode is.taken:into
account [R in the formulae for discontinuities. (5~ 1.20}, (5.2.8)],
dispersion for. hlgher modes has not been considered. , But this does
pot,geem, £o be an. meorta\nt ompigsion.because neglecting of the higher
order terms did not significantly 1mprove the -agreement betwéen

theoretical and expenmenta.l values.

-

.
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Comparison of the effect of the summation term (in the expression for

even impedance) and the averaging of the field over circular cross-section

on the even impedance of cylindrical posts:

Postrl'.)-i‘_é.rneter = 1/16 inch

9
( Stycast line, 8r= 10.6, w/h= 2‘.7, h= 5 mm, ZO= 27 chms )
b
; - A)
Frequency Normalized Even Relative Change in Relative Change in
Impedance (Theory:) Zn-i- 2.12 after averaging Z“+ le when
(MBz) Z11+ le of field over the post neglecting summa-
cross-section tion term
(%e) (%)
187,800 0.13049 0 -0.070
375,452 0.26147 -0.008 -0.256
559.389 0.39344 -0.015. -0.574
741.100 0.52692 -0.028 -1.020 *
920,433 0.66248 -0.044 : -1.605 ,
1097.923 0.80073 -0.065 -2.322
1273.137 ‘ 0.94234 -0.087 -3,183
1446,759 1,08810 -0.114 -4.236
1619.082 1,23892 -0,144 -5.336
1789.288 1.39586 -0.179 -6,820
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Table 9.17 ’ s

Comparison of the effect of the summation term ( in the expression for/
even impedancé ) and the averaging of the field over circular cross-section
. ¢

gn the even impedance of cylindrical posts

@
Post Diameter = 3/16 inch
9 - .
( S;:yca.st line , € = 10.6, ‘Ql: 2.7, h= 5 mm,- ZO= 27 ohms )
' K )
’ -
O !
. —
Frequency . Normalized Even - | -Relative Change in Relative Change in ‘\
| Impedance (Theory) /” Zt 2o after averaging ?11+ Z,, when .
(MHz) Zu-i- le : of field over the post neglecting summa-/
o cross-section tion term ;
(%) (%)
187.800 - 0.04007 0- : . - 0.225 1
375,452 0.08056 . -0.062 - 0.832
559,389. 0.12190 -0.139 - 1.857
74{. 100 0.16455 -0.255 . .- 3.156 .
920.433 0.20899 - . -0.402 - 5.089
1097.923 0.25576 | ~0.575 - 7.271
1273.137 0.30548 ' £0.782 , - 9,878
1446759 0.35886 ° .1.020 | _12,711
1619.082 0.41672_ . @.290 - -15,902 ° ’
1739,288 0.48009 N -1,570 _l -19.424
: x
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CHAPTER 10

Error Analysis for Experimental Characterization
of Lossless Discontinuities in Resonant Rings . -~

3 $

A general study of the resonant ring method for the characteri-

_ zation of microstrip discontinuities have been given in Chapter 7. In

the present chapter we will analyze the accuracy with which the equivalent

circuit parameters of reciprocal lossless discontinuities can be measured
. k)

in resonant rings [177] .

Let us recall from Chapter 7 (equations (7. 1. 9).and (7.1.10)) that
the normalized even and odd mode input impedances at either port of the
N 3
equivalent. circuit of Figure 3.2 can be given as

11' '{’rin \’ E:‘eﬁ.'(f:re) JIEre
j cot ( -

z,, -
e - 1t T %12 | - ) (10.1.1)

N
1]

+

N
1

1

w4 _. £ Af )&
7 = 7 .z i tan ring V Yeff "ro’ "ro

io i1 12 C ) (10.1,2)

x

where Lring is the physical mean length of the ring, € off is the effective
dispersive dielectric constant of the line at the resonance frequencies of
the loaded ring for even (fre) and odd (fro) excitation of the discontinuity,

and c¢-is the velocity of light.

Moreover, as has been seen in Chapter 8, the measurement of the

parameters of alossless discontinuity is performed in two stages:

i) The resonant frequencies of the ring are measured
" before the discontinuity is introduced. They yield the

dispersive permittivity €osf of the line.

ii} The discontinuity is then introduced and the degenerated even
and odd resonance frequencies of the structure .are measured.

" Gince these frequencies are in general different from those =
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-

measured in i), the values of Eofs that are used_i.'n equations

- (10.1.1) and (10.1.2) must be found by interpolation.

When the systematic errors due to dimensional inaccuraties of
the resonant ring are practically eliminated, the accuracy of the measured

di'scontinuity impedance’s depends on the accuracy with which thé'frequency

o the resonance peaks can be located and measured.

L.et us first consider how the even discontinuity impedance 'Z'e is
1
susceptible to the errors in frequency measurements. 3Since the error in
the measurement of Z'e depends on the error with which both empty and
- i

loaded ring resonance frequencies are determined, we can write

azie azie '
dz. = —=2 df + df (10, 1. 3)
ie af e af Tre
e re

. where fe denotes the resonance frequency of the empty ring., We shall

evaluate the two terms of equation {10.1.3) separately.

Z, is dependent on the empty resonance frequency 'i.mplicitly

ie
. Lt
through € ot So, we can write
L
3Z, 3z, al Vett ) ]
= . (10.1.4)
Using equation (10.1.1),
I . |
2Fe | .j —Eing re L (10. 1,5)
a(V Eeff) ¢ - sinz ( Tr'fting \ Eeff fre i
c -+
Now,
. 1 . _ 1+cot2 (Tr'{’ring\'&eff fre) (10.1.6)
i, 2 “&ring \ Ceff £re < :
Vsin® ( . )

- 1+2Z 7' (by equation (10.1.1)) (10.1.7)
i1e 1e . -

L2
= 1+ |2 ] (10. 1.8)
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Therefore, ) ) ' | “
37 ' 4

L f
" . Z . &
—e— = o (1+|Z 1D ring te (10.1.9)
a(.Vg_eff) ' :

Again,

3 - : i -
3 eff) _ nc L .o ne
Y = - e = 5 31 (10.1.10)

e f’ring fe 'e’ring’ e
'Vfieff 3
= - P L (10, 1.11)
e - )
So, using equations (10.1.4), (10.1.9) and (10.1.11),
Az, 5 o .

ie . T4 £

——-afe = j (14 l‘ziel ) 11n§ Ceff _fr_e - (10.1.12)

e

Now, let us see the dependence of Zie on fre' In equation (10.1.1)

fre appears both explicitiy and implicitly (due to the presence of Eeff)'

Since increases linearly with frequency, we-may write

Eef.'f

€ i) = €y * DI _ : (10.1.13)

where €4 effective pe’rmitti.vit)} at zero frequency

and b = d& t;ff/di = ‘slope of ' €ogr VS frequency ploi?. o
Using this we obtain,
A7 ) 2 TL . bf_ ‘ !
Ge _ G4z |y —ZEmE —= + Vg, +bL_ ] (10.1.14)
af ie c 1 re
re . 2 e  tbf
7 1 re
2 “Lring 3€’e££- £
= -j(1+1Z_ ) [ ] (10. 1,15)
ie c 2 \[E

eff -
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Hence combining equations (10.1.3), (10.1,12) and {10, 1,15} we get, -

A

dZ (1+1Z | £,-3¢

R \f_z -;E-—df ¢ A2 7 (0.1.16)
ie - ie 2\["8—&, re
N ) e

Proceeding in a similar way for Zio we get exactly the same expression

for dZ [Z .
10 10

Under the conditions that

(a) even and odd resonance frequencies are very close to
empty resonance frequencies.,

and (b} bf/g1 << | (where "f = either fre or fro)'

both o ich held in practlce, the expression for the relative error in the

E
measurement of even as well as odd discontinuity impedance simplifies to

az’ (1+12,12) " Lring‘lg off '
= =] . - E (af_ - df ) (10.1,17)

1 : 1
1

where dfe and dfr denote the al?solute rors committed in the measu-
rement of empty and loaded ring frequencies respectively. These errors
reflect the precision with which the resonance frequencies of the ring can
be located. It is not so much determined by the accuracy of the frequency
counter as by the sharpness of the observed reschance peaks. A good
estimate of df and df can be. obtained by measuring several times

_l the resorance frequenc1es and ﬁndmg the standard deviation of the results

-

from their calculated average.
Table 10. 1 presents the relatnyz error in discontinuity impedance
as a funct:.on of absolute impedance values for several standard deviations
for the worst case where df = -df . The same results are presented
graphically in Figure 10, 1.
From equation (10. 1‘. 17-) and Figure 10.1 we can conclude the

following : .
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Table 10.1 S

Relative Error in ( Normalized ) Discontitinuity Impedance

. | : -,
- - as a Function of Absolute { Né¥malized ) Impedance

St i =59, 2 = 7. o
{ ?cast lme‘, {'ring 9,1 4F:m, Seff 7.60)

' * \
~ 5

Zi ~ | dzi/Zi (normalized} in % for dfe = - dfr =
(normalized) | 30 KHz 10 Koz 50 Khz | 60 Kiz

1 0.205 0.273 0.342 0.410

0.1 ' 1.035 1.380 1.725 2.070

0.01 10.249 13,666 17,082 20,499

0.001 '102.483 136.644 170.805 204,966

e
\})‘

VAR
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ter: f =-d
dzl Parameter: df .
bzl % |
1 60 xHz
100 50 xHz
‘ 40xHz
T TTTT30kH2
10 "
i r
0.1 i 1 [ 1 1
0.001 0.01 0.t { 10 100 1000
12,1

Figure 10,1

Relative error in discontinuity"i.mpedance
vs. absolute impedance for several valuea
of resohtion in Ifrequency measurements.

=7.6 = 59.124 cm }

(Eent y erg




2)

3)

T

e, =93 -

"e ~

" The accuracy of the discontinuity impedance values is

ndire‘ctiy proportional to the accuracy with.which the resonance.

¥

frequencies can be located and measured, -

- .
For a given accuracy.in frequency measurements, the

pbtained impedance \_r.alﬁga is most accurate if the absolut

-

value of the normalized imléedance,is close to unity

All errors affecting the measurement of fe d f, inthe
same way have prz-a.ctica.lly‘ no effect on the dccuracy of Zi'
Thus the influence of the capacitive la
ment of the discontinuity impedance can be neglected as

long as the coupling gap is the same for all measurements.

L]

cher on the measure-
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Conclusions ~

In the present work,_u.both theoretical and experimental determi -
natien of discontinuity parameters in microstrip {ines have been studied.
. " . _/i ’
* For both the approaches, a general method of characterization has been

developed and then demonstrated with the aid of some specific examples.,

For th.eﬁheoretical determination, as opposed to ‘sta.ti‘c appro:éi
matidns, a dynamic approach was addpted, A general discbn.tin&ity wWaSs
represented by an equiva'lent_li"-circuit in the ‘Wheeler‘js idgalized parallel
plate model with magnetic sidewalls, The model descri.bes accurately the
TEM-mode propagation and apﬁroxifnates the higher order modes. The-
even and odd ﬁode input impedance of the T-equ/wa.lent was represent'ed
by a variational expression‘that contains a dynamic Green's function and '
approximate current distribution function over the obstacle surface. = N

'The current distribution is approximated by a Fourier series. Numerical |
eleuati.on of irnj:ed;ince parametefs have been made for thin fnetallic plate‘s
and circular cylindrical metallic posts in the quasi-TEM range. _Ihe

. results are 1‘J very good agreement with expérimental values for the lower
frequencies, tQough they tend to be less accurate for higher frequencies,

It has been shown that the consideration of more than two terms of the Fourier
ex%ansion of current %istribution on the obstacle surface does not appre-
ciably increase the accuracy of the theoretical results. The differende
between the theoretical and experimental values can be explained by the
inadequacy of the parallel plate model for the microstrip at high.fre—
quencies,

For experimental characterization of discontinuities in microstrip
circuits, the resonant ring method has been in use for some time, Thlls
method has the advantage of eliminating the effect of coaxial-to -microstrip

transitions. Until now thej‘resonant ring method has been used only for
) 3 )
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part;icula:r types of discontinuit':ies. In the present work, a comprehensive
analysis for a general discontinuity in a resonant ring has béen made,

This enables the method to be applied to a large variety of discontinuities.
The experimental techr[iqpe to determine the equivalex;t T-cifcuit reactances

of a discontinuity is very simple and convenient, consisting of only the

de/t/em'xination of resonant frequencies of the ring resonator. The method

——Fas been used to study' the parameters of thin metallic plates and circular
cylindrical posts. Vcry good results are obtained by this approach where
the value of the norma.hzed reactance of a dlsc:ontmmty is between + j 100
and’ + jO0.01. Evaluation of the losses is more diffiqult, since this

- involves measurement of changes in Q-factor, a procedure inherently less

accurate than the measurement of resonant frequencies.

¢

It is believed that the resonant ring method described in thé thesis
b - .

is the most accurate method available to date for experimental characteri-

zation of microstrip discontinuities. It is particularly suited for verifying

results obtained by any analytical or numerical method.

fel
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APPENDIX A

Calculation of D s
peeton]

We know from equation (3.2.23), (z =z \0)
oddm 4 muyu
SlnT

5
=]
.\1
I

Gl {u, =z; ul, z') = 2 ¥ — sin A
A m=1 "m
D - h
- j even'm { mau mmua
+ x £ T °% & cos —r _ (A1)
m=2 ‘m

and from equation (3.3.3),
p__= [ [ iz G (urb 5 u,z ) fm(u‘,i) ds ds'  ,(A2)

mn
obstacle
With the help of (A1) and (A2) we can proceed to calculate the Dm'; as

follows.
1. D11 .
Dy = G'(u,z; u', z') dS ds' (A3)
" bs. obs. .
{ oPs o |
a. Calculation with the first (summation) term of G .
Consider the mth term,
( 1 mru mmu
r— i A4
k J‘ J‘ sin — — sin du du (A4)
obs obs
( d/2 ~d/z
! ] 1 mau
i ™ [ ‘[' sin = du + J' e (-du)]
m ~-d/5 d/f2
dfe mwu' —d/Z
x [ [ sin=, dut + [ s (du)] . (A5)
-d/2 d/2
4 d/2 df2 ——
= L sin du '
ATk A J sm du! (A6)
-dlz * -d/Z
ya



G

= 9? - {.-:-
= 0, since-sine is an even function and we are
integrating from - d/2 to d/2. L (AT)

e

So, there is no contribution to D i1 due to the first {summation) term of
1

. ]
b. Calculation with the second (summation) term of G .

'Consider the th term.

1 1
2 -11{— I I cos mKu cos m;u du du? (A8)
A Tm ohs obs
d/f2 d/2 S ¥
L ' i
= i -i— ‘r cos m-r;u du J' cos m:;u du' fas in (A6)] (A9)
m -d/2 -d/2 : ,
_ j 4 A . mrd A 2 o mrd A10
= R oy 2 sin - (o 2siny 1 ( )
m
- ;o — R sin el . (A1)
k m
m
Hence, we have using (A1), (A3) and (All).
: even 16 A 2 mnud
= j —————— =i AlZ
Dii - E ‘J 2 2 s5in ZA. ( )
m=2 k mT
™
+
11, D22
I
D,, = J‘ j' cos ﬂdu Gl (u, z; u', z') cos “du du du! {A13)
obs obs
a. | Calculation with the first (swmmation) term of G'.
. th
Consider the m term.
. 1 _n_ul f
L 1 j‘ cos T2 cin muY gin o cos du dut {A14)
’ d A A d
A krr:L o{)s obs



J . r .
. -98 .
N df2 - d/2
_ J 5 - Tu ‘. Mmru Tu' - muu'
- [ = cos: sin - d du!
" km _[‘ 3 A u I cos =~ sin —F u
-dfe . -d/2
d/z‘ ' ‘ [ as in (A6)]-(A15)
T . mmu :
Now, ‘l‘ cos— sin— du . E
-d/2 .
. { d/2 _—_ ¢ , d/2 .
. _ m
= = J' mn(T +—' )u du + = ‘[' sm(—AT-T"—“-d—)u du (A16)
-d/Z ._djz
= 0. [as in (AT)] . (A17)
)
So, there is no contribution to D22 due to the first (summation) term of
G |
b. Calzulation with the second (summation) term of G .
) Consider the mth term. ] .
. 4 i i T
:g; -}-{-1— \[‘ J‘ cos % cos m;r.u c m;u cos v:il du du! (A1B)
obs obs ) '
d/z d/f2 )
= i 4 I cos 2T 55 T2 gy ‘r cos mﬂu'cosﬂ‘— du!
-k A d A d
A m _4/2 ~d/2
[as in (A6)] (A19)
-d/Z mmu T
Now, J‘ cos ~— cos—g du ,
-d/2 . ~
1 d/f2’ . d/2
=5 ] cos(?§5+-§—h1du-+5 f cos(E%j-%)u du (A20)
-d/2 -d/2 '
d/2 ; d/2
1 1
=3 e Sln(z‘ + 1r—-)u] * S I w sm( A -d u) (AZ21)
Ey e Ga) -d/2
2 A.2 d ‘mu d
. = , cos ;A (A22)
TA -m wd '
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Hence, using__(Ai), (A13),- (A19) and (A22) we have 2,‘

5 .
SR M 16 d o 2 mmd
’ 22 2 E
m=2 Ak wi(t-m? 45)° . 2A
m \' A.Z :
11,
I D33
LN s 2 .l | i .
D MI .F Cos 2 G (u,z; u', z') cob 2T " du
33 \ d : d
obs e\bs
, a., Calculation with the first (summation)term of Gl.
1, ' .
Consider mJc term. - \'5
e \r I cos 2y TR G mre s 2! du c;u'
A k- d A . A d ~
m pbs obs : :
. *odf2 ' 2 -
_ i 4 / .. mmu 2 -d/ . mgu! Zmal o
= % —A—R J’ sin =~ cos = " du J‘ sin s q u
m "d/Z —d/2
‘ [as in (A6)]
d/'z mmru 2ru t
. 1 : . . .
Now J‘ sin == cos — du = 0 7[a57-1n (A179]
-d/2 '
So, there is no contribution to D'33 due to the first (summation) term
1 ] e
G . i
;& of / .
; )
b. Calculation with the second (sum:nation&term of G,
. tl'l . .
Consider m  term. L~
j —1-— cos 2ru cos e cos mru G; 2y du du?
A x ) 4 A 'Z
m obs obs
2 df2 ' i
= i 4 “ cos ZTE cos e du. / c:os'srmn'll cos -Zﬂl-l du!
- Ak | A : d ) A d
. o -d/f2

m .d/2
' [as in {A6)]

-
a

(a23),

az4) v
0

(A25)

(A26)

(A27)

Q

(A29)



Now,

Hence,

o
- 100 -
d/2
mmu 2mu
‘[' cos cos —— du
A d
-dj2
d/2 may 27 /2 2 '
1 2m mmw T
= 3 J' cos (—-——A + 1 hu du +5 j‘ cos (-K—'--a—)l_l_"du (A30)
~d/2 -d/2
2 d/2
1 i - . mu_ , 2w & 1 i ., my 2w '
= 3 (——-—mn +2_1T) sin (=~ +73 )u]dj2+ 2 v gﬂ_)SLn(I'"E)u] (A31)
A d . i Ca "1 To-dh
2 .
_. 2mAd . mw d >
= sin (A32)
2 2 2
r (4A°-m°d%) A
using (A1), (A24), (A29) and (A32) we have
even  {p m A . 2 mud "
D= sin® Jrd (A33) °
337, © 2@ AL P 2A
= o (45
d
Dy Doy

du du' = D % (A34)

i Tu
DiZ j j‘ _G (ru.Z ; ut, z') cos 2

cbs, obs,

1
a, Calculation with the first:(summation} term of G .

h
Consider the mt terma. f

(/
- ‘ ) l -
—J}:&. . -1;- ‘I' I sin rﬂf sin I-%E cos ﬁ‘:’ du du! - (A35)
. I 5bhs, obs. ~
df2 d/f2
Jj 4 mnu mmu' wu!
— ‘]A sin 51n co — du!
A k /2 A A &
m - -df2
( as in (A6))] (A36)

0 [asin(AT)] “(A3T)
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and D due to the first (summation)

So, there is nopcontriﬁﬁion to D 51

i2
term of G'. -

1
b.' Calculation with the-second (summation) term'of G .

Consider the mth térm. ‘

i } ' ' '
-:g; -L— [ I cos m:u cos m;\;u cos- “——;1—- du du! (A38)
™ obs, obs.
i 4 d/2 mau dfe: mru' wu' .
= %& =— [ cos T8 Gu [ cos T cos T dut [as in (A6))(A39)
VI To-df2
d/2 A mud
Now, J' cos m-r;:l du = powal 2 sin 2; [as in (A10)] (A40)
-d/2 .
NN .
d/2 . - 2 o
u! 2A d mmd . :
Apgain, j‘ cos m;u cos ﬂd dut = —5 5 ;€08 5= fas in A22)] (A4l)
d/2 o~ mA -myd .
- R

Hence, -using (A1}, (A34), (A39), (A40) and (A4y) we have

. o even 8 d i, mmd
= = E J 2
12 2t 5 kT (1-m292_ A
: 2
A
Vv D13: D31
. 2u L= D (843
» D, * ‘J" J‘ G (u,2z; uf, z') cos — du du a1 { )

obs obs

a. Calculation with the first (sumination) term of G,

- th
Consider them term

4 1 Ib L sin m;ru sin ‘mzu' c:oszldu—l du du! (A4%) | '
Kn‘). obs obs ' .
) d/2 d/2 .
= -i —i—— f sin m;u du J‘ sin m;ulcosg"? du' [as in {A6)] (A45)
m -d/Z -d/?. LA
= 0 [asin (AT)'] -~ . . - (A46)
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So, there is no contribution to D,_ and D_, due to'the first (summation)

13 31
term of Gt.,

1
b. Calculation with the second (summation) term of G .

Consider the mth term.

- ' I 2 l -
L ':(— j‘ cos mzucos r:n"u cos %‘u_ du du! (A47)
m obs obs
. d/f2 d/2
] 4 mmu . mmu! Zru! . .
N ~ \[‘ cos — = du I cos = - cos — dut fasin (A6)](A48)
- m -q/2 ~d/,
d/2
Now [ cos Ei-jt—f-ldu - I%T - 2 sin'?zd [as in (A10)] . (Aa49)
-df2
42 mmu! FARL 2maA dz . mud .
Again I cos —— cOs — du' = sin —— [as in(A32)](A50)
A d A 2 2 2 2A
/2 m (4A -m d )

‘Hence, using (Al), (A43), {A48), (A49) and (A50) we have

even
- 16A . 2 mnud
D, =D = I hj > 7T, sin - {A51)
I3 31 m=2 : lcm-n' (4%12—-m ) .
VI.A D23, D32
. . _
.= i . amt’ = AG2
D23 = I I cos q G"V(u,z, u!, z!) cos 1 du du! D32 { )
obs obs '
a. Calculation with the first {summation) term of G'.
. th
Consider the m term.,
. 20!
j 4 ma . mmgu . mmru! i , A53
Y 'I' J‘ cos— - sin =7 sin=r -eQs 1 du du { )
M 5bs obs o
' d/Z T e 2!
=z i—- [ sin - cos-du [ sinm};-u:n.os " dut s in(A6)] (A54)
m - : -d/f2

= 0 [as in (A17) ] » . (A55)
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So, there is no contribution to D2 and D due to the first (summation)

3 32
term of G'.

4

. ]
b. -Calculdtion with the second (summation) term of G .

Consider the r:nth term.
i 1 - b2y 3 2ma!
u
i —_— J’ ‘[‘ CObﬁdu cos m:u cos Aﬂu cos 1; du du! (A56)
A km obs obs
= . W M8 o5 T d o LA Zu 2 qut [as in (A6))(AST)
= " J’ cos =, cos " ~du J‘ cos = - d L
g2 -d/2
d/2 28%d mnd
Now ‘I' cos BT o5 IE- qu = =—5——— cos 5, [asin (A22)] (A58)
’ A d 2 2 2 ZA
-d/2 . TA -m wd
e N
a4/2 2 2mAd- . mmd
e ! ! . . i) .
"& Again ‘I‘COS MY cos 0 du! = SIS sin [as in (A32)] (A59)
A d 2 2.2 ZA
_4/2 m(4A -m d )
Hence, using (A1), (A52), (A‘:")?), (A58) and (A59) we have
d
b =D =% ] 8md . sin =0 (A60)
23 32 =2 2 2d4%  A° A
k % (I-m -—2')(4—2——m)
m A d
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APPENDIX B

N

Detailed Analysis of Liossy Discontinuity

If the discontinuity is not lossless' but symmetrical, the Z-para-
meters of the equivalent circuit will cc;nta.in both resistive and reactive
terms, as shown in Figure Bl. As has been noted in section 7.1, we can
re‘present the even input impedance Zi.e - Z.11 + Z {2 and odd input impe-

dance Zio = 211_212 as shown in Figures B2 and B3 respectively.

zZ i 1+Z {2 can be represented by 2 section of transmisgion line of

length Lo being terminated by a pure resistance R(R > Zo’ because of

voltage maximum at z = o) such that

524- 4 jtank |
L Zg
Z,,t 2y, — ‘ (B1)
' j — K
145 ten K1

Q

Similarly Z11 > Z {2 €20 be represented by a section of transmis -
sion line, of length Lo being terminated by a pure resistance r(r < Zo,

because of voltage minimum at z = o) such that

T
I 4jten Kl
Z"2y, = 2o (B2)
' 14j 2= tan ki
ZO 8]

4 _and 4 can be found directly from the change of resonant wavelength of
e o .

the ring as follows

1
- = - B3
1e 2 (n ?\te Lring) (B3)
1
- = - B4
&O e (n Kto L::ing) (B4)

The values of R and 1 can be determined irom changes in the

resonant @ of the ring. R and r include ohmic and radiation losses due



Figure Bl Equivalent circuit for a lossy symmetrical

dils continuity

1

R X
1
2
\ R2 ZR_2
Z., —w open z, —*™ short
ie io
. - . )
ZJXZ ZJXZ
Qe -} o L

Figure B2 One half of the equivalent

circuit for even excitation

r
Uigure B3 One half of the equivale:

circuit for odd excitatio

of lossy symmetrical of lossy symmetrical
discontinuity. discontinuity.
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From the definition of Q factor,

" to the discontinuity.

Q = 21 X energy éoréd inrtHe system ’ 5
energy dissipated per cycle in the system (BS)

’ ~
. 2wx energy stored in the system B6
external energy dissipated per c;;cle in resistance Ror r (B6)

a) Even case

Durmg even excitation, let U represent the maximum voltage
on the line. So the r.m.s value of the voltage is U/ 2. Hence the stored
energy in the system is given by

2
1 U .
Wotored 2 C. 73 (B7)
where C is the total capacitance of the ring.

Since there are terminations to the fictitious transmission lines by

-~

resistances R at both planes 1 and 2, energy dissipated in the resistances

per cycle will be given by;, ‘ ‘ ' !
UZ { { UZ
N T B8
,Wdissipated[ 7"‘:13 2 "R~ f  R. ) (B8)
h ]
where f is the frequency of resonance.
Hence, using the expression (B6),
2 a
21‘[ . 'i‘ CU
to! % > (B9)
externa u?/ R.1
- = “—Z C R f (B10)
Now C=Ct (4. _+2% ), where C! = capacitance per unit Bit
rng 1ength of the ring { )
‘ and lring + ZLe = extended length of
the ring under even
" excitation
" and Crv = 1. \ (B.‘I.Z)
Zo £ 0y .

N
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Hence, we can write

Q = 3 s (L. +24)R{
external . 2 Z.'o £ X ¢ ring e | (B %3)
= —-——ﬁn ——R : Lrin +.Z {e
- 2 'Z [ Slnce K =
“o t n . (B 14)

where n is the harmonic number
[ar=——. N

Now, if Qi. is the unloaded Q of the ring’and Q2 is the loaded Q of the
\ € .

ring, we can write

L

i { .
— Q = T + 0 . \ (B15)
Ze 1 . external ‘
' Q Q
(). = i 2
or; Qexternal o - Qe - (B16)
i 2e .
So, using (B14) and (B16)
T’ R _ 2 Qi QZe
Z ~  7n Q,-Q (B17)
o i 2e’

b) Odd case.

For odd excitation, letl represent the maximum current on the
line. So, the r.m.s. value of the current is I/ \[2 . Hence the stored
energy in the system is given by

1 I

Woirea 2 22 ' (B 18)

-

where L is the total inductance of the line.
Since resistances T terminate fictitious transmission lines at both the

planes 1 and Z, énergy dissipated in the resistances per cycle will be given by
| | 2 . 2 '

feycele = 2. L A ?Ej"' = — : (B19)

W
dissipated 2

where f is the frequéncy of resonance.

Hence using expression (B6),



N

i
2mr « — L I2 : -
Q = 1 B20
“external 2 ( )
e I » 1
f
m WAL o .

Now, with C as the total capacitance of the ring and C! as the capacitance

per unit length of the ring, we can write

1
= . f
external * 2{'0) r (B22)

T L
—_— — ] 1
2 C C ‘u’ring

where (&ring+ Z{ao) is the extended length of the ring under odd excitation.

2 ’ ‘
Again, L/C = ZO where Zo is the characteristic impedance (B23)
of the line.

2 1 )

LI A1
= . . 2 J=.
So. Qexternal 2 Zo zof}\t( &.ring'i- Lo) T i (B24)
Z
. 2{,
= X2, 2 | since N\ = Yrin +e% (B25)
2 T + =

where n is the harmonic number
Now, if Q1 is the unloaded Q of the ring and an is the loaded Q of the
ring, we can write

1 i 1

2o i external
N Qi QZO
OF » Qexte:rnal T, -0 (B27)
i 20

w

Hence, using (B25) and {B27)

(B28)
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APPENDIX C °

Elimination of the Effect of Capacitive I.auncher on the

¢

Frequency Measurements

The capacitive launcher is used-to launch the wave int6 the ring
resonator. But over and above launching the wave, the launcher adds
capacitance to the ring. Hence the length of the ring resonator is effecti-
vély greater than the measured physical mean length by an amount that .
represents the above mentioned capacitive effect. An increased length
of the ring, in turn, means the measured resonant frequencics will be
jower than the correct oncs. By correct values of resonance frequencies
here we mean the measurements that would have been possible if the effect
of the capac;twc launcher were not present. We shall describe a way to
find i:he correct values of the resonant frequenc1es from the measured
ories. . P

It is evident that the smaller the gap between the launcher and
the ring, the higher is the value of the capacitance. Consequently the
measured frequency deviates furt m the correct value. If the gap
width is increased, the effect o the capacitance is decreased and conse-
quently the measured frequency pproaches the correct value., This fact
that the measured frequencies alﬁ‘ roach the correct value forms the basis of
the method of elimination of capagitance we are describing here.

+ Letus take a frequency ml asurement with gap width d very small.
Then by 1ncrea.su1g d in a few steps, the corresponding values of fre-
quency are measured. The 1/d versus frequency plot will now give the way
the changes are occurring, as ShOWn by the solid line in Figure Cl.
1f we now extrapolate the curve, the point where it intersects the frequency
axis shall give us the frequency for infinite gap width. This is the
correct value of the frequency that we wanted because, infinite gap width

though not practially pos sible, means the launcher is absent.
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Resonant

Frequency

0 1/d —

v

Figure Cl1 Inverse of launcher-gap-width versus

resonant fr etjuency plot.
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‘As an example of this method, we have studied the resonance
frequenciés of the empty ring resonator of length Loing © 57.375 cm for
different launcher gap width. The results are shown in Table C1.

For each harmonic number one graph was plotted and the extrapolated

value of the frequency for infinite gap width was obtained.

.\/
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Table C 1

Dependence of Resonant Frequencies on Launcher
. Gap Wldt? ) '

-
- ~

( Bmpty Stycast ]ine,sir= 10.6, w/h= 2.7, h=5 mm,ZO= 27-ohms, £ . =57.375cm))
} . Ting

-

Gap Width d .
| (mm) 0.187 0_.460 0.887 @
. (projected)
1/d 5.342 2.174 1.127 , 0

1 193.331| 193.370 | 193.445JF 193.543
2 386.523 | 386.640 | 386.747 | 386.900
3 575.756 | 575.875 | 576.082 | 576.270
4 162,799 | 762.953 | 763.190 | 763.500
(MHz) 5 947.170 | 947.173 | 947.613 | 948.090
6
7
8
9

Resonance

Frequency

. 1129.50011129.674 1130.015 1130.,450
for harmonic _

1309.884 1310‘081 1310.387 1310.980
1488 .480 | 1488.612 1489.017 1489,780
1664.636 | 1664.996 1665.308 1665.730 |

10 1839,920 |1840.116 1840,604- | 1841.320

et t

\k

number n =




7
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APPENDIX D

Radiation from Thin Fransverse, Discontinuity in a Microstrip_

¥

L. Lewin.[ 24] has developed a method of calculatmn of rad1ati€
from d1scont1nu1t1es in a microstrip transmis slonine. In our present
work we ha\! con51dered the cases of thin transverse metallic obstacles

and circular c lmdncal metalhc posts. To have an idea of the amount -
of power that is rad:.ated (compared to the incident power) from these

typles of dxscont1nu1’c1es, . we shall Present here Lewin's expression for thin
transverse obstacles. We shall also- pf’érsent the numerical values, calcu-
lated on the basis of the avae merﬁoned ‘expression, of radiated power

(as a fraction of incident power) from two thin transverse metallic obstacles

which e have actually studied in our laboratory experiments.
. .

Accordm to Lewin, -the ratio of the radiated power to the po_v~ier
incident on a thin transverse reactive obstacle in a microstrip & nsmission

line is given byr

| 2 £ -1 VT +1i
1 i ff i1 :
b oo WL Lp3o—— 34 B

R z .
N o 14ax’ et Cotf 2\ VForr!

(1)
27 .
where K = -—;:' [ N is the {ree space wavelength ]
- . L4
h = dielectric thlckness r‘--/'
Z - characteristic impedance o(the microstrip hnx
o
X normalizéd reactance of the transverse obstacl

& e dielectric constant

Eei | s

Peoy . ]
In the laboratory experiments we have studied two thin transverse
metallic obstacles of widthd = {.62 mm and'd = 3,07 mm. For these

obstacles, we have determined the different even resonance frequencies

&
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and the coresponding values of ¢ off and normalized reactance (see Tables
9.3, 9.4, 9.5, 9. 6). Usmg these data and equation (D1), we have calcu-
lated the values of P . These are presented in 'I‘a.bles D1{ and D2 and
Figure D1. These values of P clearly show that, ‘for transverse reactive
obstacles in-microstrip line, 2 ve‘ry tiny fra.ctl.on o£ the incident power is:

radiated.
T~



- Ratio of Radiated Power to Incident Power |

L

( Stycast line,
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Table D1

-

{

+*

1

Obstacles } at different frequencies /

il
o

Frequency

{(MHz)

Radiated Power

Incident Power

272.205
453.867
634.692///
815.236
994,279
1172.034
1348.419
1523.640
1697.852

1870.088

0,34674 x 10'4

0.83228 x 10”2

1,36385 x 10'4
1.89562 x 10‘4

2.36558 x '10‘4

2.76991 x 10"4

308294 x 107%

3.34524 x 10'4
-4
3.67800 x 10

3 71583 x 107

»

g= 10.6, w/h= 2.7, h= 5 mm, Zg= 27 ohms, Obstacle Width dz

for Thin Transverse Reactive

1.62 mm )
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Table D 2

Ratio of Radiated Power to Incident Poxx}er { for Thin Transvers&)

Reactive Obstacles ) at different frequencies'

(Stycast line, £_= 10.6, w/h = 2.7, h= 5 mm, Zg= 27 ohms, Obstacle Width d= 3.07 mm )

Frequen.cy Radiated Power‘

(MHz) Tncident Po\_ver
; 276.285 0.36995 x 107"
- 459.256 | 0.92157 x 107*
641,508 | 1.59335 x 107°*
821,963 2.27637 % 107*
1001.990 3.01015 x 107
.”1180.038 ‘ " 3.68089x 10
1355.664 4,13938 x 107*
1531.384 | 4.74034 x 10
1705 .924 5 41924 x 107"
1876.676 533705 x 107




(Radiated Power) 4
" = 10
Incident Power
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] T T T
kY
5.0 .
Thin Transverse Reactive Obstacles
STYCAST
4.0_ , €r= 10.6 |
wih= 2.7
h= Smm
3.01
2.0~
1.0
’ o | | 1 ]
0 0.5 1.0 1.5 z,0
FREQUENCY (GHZ)
Figure D1 Ratio of Radiated power to Incident power for thin transverse

reactive obstacles. ‘Obstacle width d= 1.62mm , d=

3.07Tmm
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APPENDIX E

A note on the use of Wheeler's parallel plate model by

Wwolff, Kompa and Mehran (2671

‘ Wheeler's parallel plate modcl was used by Wolff, Kompa and
Mechran {267 to find the scattering matrix of two types of microstrip
discontinuity, namely an abrupt change of width of the linc and the
T -junctien. They used mode matching technique for fields on both sides
of the discont1nu1ty. Disagreement between their theory and the measurc-
ments was quite considerable. So, they had to introduce some c:-orrectl.c:n,r
terms to account for radiation. This is not surprising because the dis-
continuitics investigated by these authors are mainly situated at the
extremities of the microstrip cross-section where the model differs very
strongly from the original line. It appears that the closer the disconti-
nuity is situated to the center of the microstrip cross-section, the better

»

are the results obtained by the parallel plate model.
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