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VSWR is given by

l.+lr’l= l+llr, [–p.s [=8
VSWR 1.>. =

l–1r’1 l–IIT. I–P81 “

Let b = I I r, \ - p, 1, and if v equals maximum tolerable deviation

of the VSWR of the system.

VSWR Is,ab,e = (1 – 2v)A’ = S’

giving

Irl=
27(1 +b) – b

2–2, (l+ b)”

By definition, I r] = Mlr, I –p, I = Mob

~ = 2,(1 +1/b) – 1

2 –27(1 +b)

V(l + (1 /7s1 — P* 1)–1) — 0.5——
l–~(l+llr.l–fhl) “

APPENDIX 11

REFLECTION DETUNING FACTOR

The dettming factor & is defined as the fractional change in the

two-port input reflection coefficient with respect to the f~actional
change in the output load reflection coefficient, i.e.,

8’=(3/(3
But

S’1,S’,1 811 – rzA
rl = S1l — .-

S,, – (1/r.2) 1 – rd329

a rl 812821 1—
art – [S22 – (l/r, )]z”z

Ls’ws,l rZ/ (tk — r2,A )

6’2 = (1 – m%)’” 1 – r’y!k

?’2s12s21

3’2 = (1 – r,tl~~) (SU – T2A) “

Hence for a specified value of &t

ASII– TZA – rifh% + r,2A& – ~ SW$LI “= O
1’

(A + &I&Z + (S12S21 ) /&2
Ir,l=

2.&.A )

This is the limiting value of the load reflection coefficient.
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Equivalent Circuits of Microstrip Impedance

Discontinuities and Launchers

J. S. WIGHT, STUDENTMEMBER,IEEE, O. ~. JAIN,
w. J. CHUDOBIAK, MEMBER,IEEE, AND

V. MAKIOS, MEMBER,IEEE

Abstract—Experimental results obtained indicate that an excess

phase shift is the most pronounced high-frequency parasitic effect

resulting from a microstrip quarter-wave tratisformer impedance

discontinuity. An empirically derived design-oriented model de-

scribing the dominant parasitic reactance associated with a micro-

strip impedance discontinuity at X-band frequencies is described.

A description is also given of the dominant parasitic reactance

associated with a number of commercially available coaxial-to-

micro strip launchers.

I. INTRODUCTION

A number of authors [1 }[3] have considered the parasitic

associated with impedance discontinuities (such ak quarter-wave
transformers ) in stripline transmission lines. However, very little

has been reported concerning impedance discontinuities in micro-
strip transmission lines [4]. Experimental results obtained by the
present authors indicate that an excess phase shift is the most pro-
nounced high-frequency parasitic effect resulting from impedance

discontinuities such as in quarter-wave transformers. An empirically
derived design-oriented model describing the dominant parasitic

reactance associated with a microstrip impedance discontinuity y at

X-band frequencies is described in this short paper. The model is

based on the stripline impedance discontinuity analysis reported by

Altschuler and Oliner [1], the effective linewidth analysis reported

by Leighton and Milnes [4], and the open-circuited transmission
line analyses by Altschuler and Oliner [1] and Jain et al. [5]. It is

shown that the model is valid for characteristic impedance values
ranging from 10 to 130 Q A description is also given of the dominant
parasitic reactance associated with a number of commercially
available coaxial-to-rnicrostrip 1aunchers in high VSWR applications

(VSWR > 2). The technique used to characterize the launchers is
similar to that reported by Weissfloch [6], except that the equiva-
lent-circuit form and parameter values are determined using a

simple graphical technique.

II. EXPERIMENTAL TEUHNIQURS AND LAUNCHER EQUIVALENT

CIRCUITS

The experimental data reported in this short paper were obtained

using structures of the form shown in Fig. 1 and the HP 8410 net-
work analyzer. Published e.~~ models [7], [8] and experimental
resonant ring techniques [9] were used to accurately determine the
effective electrical lengths of the various sections of the transformer

structures. Traveling microscope measurements of a tolerance of
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TABLE I
MEASURED AND CALCUfiATED LOAD IMPEDANCE VALUES FOR

TRANSFORMER STRUCTURES (SEE FIG. 1) ON ALUMINA
SUBSTRATES ($ = 10 GHz, G = 9.9, h = 10 MIL) USING

LAUNCHEROSM244-4A

Characteristic Impedance
of Transformer SectIon

z,, (!2) 9.7 11.5 14.8 19.9

Measured 2.1 + 3.0 + 4.6 + 8.5 +
j23

Calculated (including dis-
j18 j23 j20

1.8 + 2.5 – 4.3 + 8.6 +
persion only) jl.3 j3.5 j4.5

Calculated (including dis- 2.0 + 2.5 +
j3.5

4.0 + 9.6 +
persion and launcher j16 jll j19.6 j19.4
parasitic)

Calculated (including dis- 2.0 + 3.1 + 4.5 + 9.6 +
persion, launcher para- j22 j16 ,2 j22. 4 j22
sitics, and Impedance
dkcontinuity parasitic)

\
a MEASURED ?;

0 CALCULATED
? s

(INCLL!DING DISPERSION ONLYl j ~

f = 10 GHz ~ ‘ COAXIAL-/&- MICROSTRIP+JiCOAXIAL

‘AUNTOs,:: ,!R=i!p=%~.
.s,= 2.3

h.10nilS

\=$,.$’

TABLE II
MEASURED AND CALCULATED LOAD IMPEDANCE VALUES WOR

TRANSFORMER STRUCTURES (SEE FIG. 1) ON THIN PLASTIC
SUBSTRATES (.f = 10 GHz, ,. = 2.3, h = 10 MIL) USING

LAUNCHER ARM 2052-1122

(a)

\
: 0 CALCULATED

[NCLUOING OISPZRSiUN oNLY)

f=to GNz

●r. 23

h=lomb

LAUNCHER ARM 2052-1122

(b)

Fig. 1. Measured and calculated impedance values (including only
dispersion) for transformer strnqtures cm thin plastic substrates
(f = 10 GHz, c, = 2.3, h = 10 red). (a) Launcher OSM 244–4A. (b)
Launcher ARM 2052-1122.

+0.001k were conducted and deviations from the required dimen-
sions were accounted for.

Measured and calculated transformed impedance values for a

number of different transformer structures on substrates of various
thicknesses and dielectric constants and utilizing a number of differ-
ent launchers are compared in Fig. 1 and Tables I and II. It is seen

in Fig. 1 that the “measured load reactance value varies with the

type of microstrip launcher used. A two-element equivalent circuit
of the launcher reactive parasitic is developed in this section using
a simple graphical-experimental technique rather than Weissfloch’s

Characteristic Impedance
of Transformer Section

z,, (Q) 10.1 16.5 17.6 23

Measured 10 + 11 -1- 14 + 29 +
j78

Calculated (including dis- 2.4 –
j74 j70 j60

4.2 + 6.2 – 11.6 +
persion only) jO.8

Calculated (including dis- 6 .f54+
jo.9 jl.5 jO. O

13 + 18 +, 34 +
persion and launcher j56 j49 j46
parasitic)

Calculated (includlng dis- 11 + 14-1- 23 + 38 +
persion, launcher para- j80 j68 j64 j53
sitics, and impedance
discontinuity parasitic)

1

[6] iterative technique, which yields a three-element equivalent
circuit.

The launcher characterization technique consists of using the
launcher to make input impedance measurements on various lengths
of open-circuited 50-Q line (A18 < L < 3). The measurement pro-
cedure differs from Weissfloch’s to the extent that the measurement
point and the reference plane coincide, thus eliminating the require-

ment for an analytical transformation.
The variation of the excess phase angle (measured input reflection-

coefficient phase angle minus calculated input reflection-coefficient
phase angle ) versus the electrical length of the open-circuited line

is shown in Fig. 2(a). The cyclical variation (within experimental

error limits ) exhibited in Fig. 2(a) may be used to synthesize a

two-element equivalent circuit of the launcher [Fig. 2(b)] using

the following argumentation. It is evident from a consideration of a
transmission line immittance chart that for measured input refksw
tion-coefficient phase angles in the range of say +30°, the phase
angle is relatively insensitive to variations of series reactance at the
reference plane, whil~ the phase angle is extremely sensitive to varia-
tions of the shunt reactance at the reference plane.

Similarly, it is seen that for input reflection-coefficient phase
angles of 180 Y 30°, the phase angle is relatively insensitive to

variations of the shunt reactance, while being extremely sensitive to
variations of the series reactance. The equivalent circuit shown in
Fig. 2(b) follows from the knowledge that the excess phase angle

at a line length of h/2 is due almost entirely to the launcher shunt

capacitance, while at h/4 it is due ahnost entirely to the launcher

series inductance, a constant phase value in both cases being ac-
cpunted forby the open-end effect [5], [10]–[12 ]. Numerical values



50

-
f = 10 GHz

●r = 2.3
h = 10 m;l$

LAUNCHER OSM 244-4A
o ExPERIMENTAL DATA
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01
0 v8 v4 31,8 V2 3A$ 3A4 7k,8 k

Electrical length of open-mrc.it line of physical length L

(a)

cOA;r~LATr,::
~ WCL

(b)

Fig. 2. (a) Excess phase angle for an open-circuited line determined
using an OSM 244-4A launcher (f = 10 GHz, e, = 2.3, h = 10 roil).
(b) Equivalent circuit of the microstrip launcher interface.

for. S& and COC~ can be conveniently obtained by plotting the

experimental data, as shown in Fig. 3(a), and superimposing the

data for the electrical lengths x/4 and A/2 on a transmission line
chart, as shown in Fig. 3(b). The @LL and UCL values at 10 GHz

for typical launcher/substrate combinations are tabulated in Table
III.

The calculated transformed load imped?nce values shown in
Fig. 1(a) (which do not include either launcher or impedance dis-
continuity parasitic reactance ) are reproduced in Fig. 4(a), along
with calculated impedance values which include the effect of the
aluncher partiitics. Sidar data are represented in Fig. 4(b) for
another common liauncher/substrate combination. From Fig. 4 (and
Tables I and II ) it is seen that even with the inclusion of the launcher

parasitic, there remains an excess phase shift between measured

and predicted impedance values. Since the launcher characteristics

are well understood and since the microstrip wavelength is known

to a high degree of accuracy, the remaining excess phase shift can

only be due to a reactance associated with impedance discontinu-

ities. An equivalent circuit of a microstrip impedance discontinuity
is derived in the following section.

III. IMPEDANCm DISCONTINUITY EQUIVALENT CIRCUIT

Parasitic reactance are associated with an impedance disconti-
nuity in a mi,crostrip transmission line since there are longitudinal
comp~nents of both the electric and magnetic fields. Altschuler and
Oliner’ [1 ] have shown that the following equation adequately de-

scribes the discontinuity series reactance for stripline structures:

-+n[cosec(sl~L = 2ZOIWI*

where

(1)

impedance discontinuity y series reactance;
;: characteristic impedance of the transformer section;

WI,2* equivalent stripwidth;
A wavelength.

The results reported later in this short paper indicate that this
equation also adequately describes the discontinuity series reactance
for microstrip transmission line structures, provided that the equivw

lent stripwidth terms WI” and W2* are represented by the following
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LAUNCHER

@

I’””N.”’,
Open end ~pr, b.tion

‘0”====

EXPERIMENTAL DATA

% s L s ‘IZ

EXPERIMENTAL DATA

5A/S<LSA

= IOGHZ

= 2.3
= 10 In(Is

OSM 244-4A

01 1
0SA,2 &s.5 ~/8 V4,3V4 3A,s,7k,e Vz ,k

Electrical length of Open-circu,t hne of physical length L

(a)

(b)

Fig. 3. (a) Graphical determination of launcher equivalent-circuit
parameters from excess phase-angle plots for an open-circuited line
with an OSM 244-4A launcher at 10 GHz (~ = 2.3, h = 10 roil).
Experimental points for X/2 S L < k su erimposed on points for

%?
k/8 s L < X/2. (b) G~?phical techni ue or determining numerical
values of launcher parasltlcs LOLL and @ r,.

TABLE III
LAUNCIiEREQUIVALENT-CIRCUITPARAMETERSFORVARIOUS

LAUNCHER/SUBSTRATECOMBINATIONSAT 10 GHz

OSM 244-4A ARM 2052-1124

s- ‘$f (:::0) ‘$f (;::O)

c, = 2.3, h = 10 mil 14.2 2.9 31 14..5
e, = 9.9, h = 25 mil 7.0
●r=9.9, h=lomil 1::; ;:; % 8.0

expression for rnicrostrip reported by Leighton and Milnes [4]:

()~*=~.~ll’
n

Zti eeff ‘
(n = 1,2) (2)
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~ MEASURSD

0 CALCULATED

(INCLUDING DISPERSION ONLY)

A cALCULATED (INCLUDING

DISPERSION ANO LAUNCHER

PARAS171CS)

,, ., .,.,..., ., . . . ...% ~ - ~

\
f - 10 GHz

(s3)

DISPERSION DNLY) \
(INCLUDING

AND LAUNCHER

f - 10 GHz
I

(b)

Fig. 4. Measured and calculated impedance values (including either
only dispersion or dispersion and launcher parasitic as indicated)
for transformer structures on plastic and alumina substrates at 10
GHz. (a) Launcher OSM 244-4A, C, = 2.3, h = 10 znil. (b) Launcher
C)SM 244-4A, e, = 9.9, h = 25 roil.

where

h substrate thickness;

h?, fre~space wave impedance;

6(,f f effective dielectric constant of the microstrip transmission
line;

.% characteristic impedance of quarter-wave transforzner sec-
tion (see Fig. 5);

.ZoZ characteristic iznpedance of lines adjacent to transformer

section (see Fig. 5).

The effect of a longitudinal component of the electric field for an

Fig. 5.

“L,,J&L,~]zL
TL, To Tb TL2

Zop ‘LL Z02 Zoz WL Zo, Zol IJL ZIX Zoz ‘LL ZCW

E-@fE34-I!31b-az
TLI ‘L, T. TO ‘b ‘b TL2 ‘LZ

Equivalent circuits of microstrip transformer impedance
discontinuity y parasitic (with launcher parasitic).

open-circuited stripline has been described by -41tschuler and Oliner
[1] as an apparent incresse of the line length. Farrar and Adams
[10] have shown, using numerical techniques, that the effect of the

longitudinal line component of the electric field at a microstrip

impedance &continuity may be represented as a shunt capacitance.
The present authors have found that if the microstrip impedance

step discontinuity is approximated by an open circuit, then the
following equation first given by Altschuler and Oliner [1] may be

used to account for the longitudinal component, provided that the

ground-plane separation term b is replaced by 2h in the expression

for the parameter C as shown below

[1C’+2W
Al=C

4C + 2W

where

(3)

Al apparent increase in length of the center conductor due to
fringing field;

W linewidth;

c ==4.
?T

The value given by (3) may readily be converted into an equivalent

shunt-susceptance value UC for application in the isnpedance dis-

continuity equivalent circuits shown in Fig. 5. These UC values
agree within +0.5 mmho with that predicted by the numerical
model of Farrar and Adams [10]. However, as is shown in the fol-
lowing paragraph, the contribution of the COCparasitic to the over-
all excess phase shift is small in comparison with the d contribution.

The transformed load impedances shown in Fig. 4 are reproduced
in Fig. 6 and modified by the addition of the CL and WC values

given by (1) and (3). It is seen that with the addition of the WL

and WC effects (primarily the former since it accounts for a much

larger excess phase angle ), the discrepancy between the two cases

shown in Fig. 4 is accounted for very accurately.

Calculated transformed impedance values shown in Fig. 6 account

for launcher parasitic, impedance discontinuity parexitics, and dis-

persion of the microstrip transmission line dielectric constant. The
relative importance of the various factors is apparent from Figs.
4 and 7, where it is seen that the effect of dispersion is minimal
when compared with that of wL.

IV. CONCLUSIONS

A description is given of a relatively simple experimental–graph-

ical technique which yields a two-element equivalent circuit of the

reactive parasitic of a microstrip launcher in a high VSWR line

(VSWR > 2) at a specified frequency. It is demonstrated that the

reactive parasitic contribute a significant excess phase component

(of the order of 20° ) to the measured reflection coefficient when the
launcher is used in a measurement on a microstrip circuit.

It was also demonstrated that a number of empirically derived

equations, originally developed for describing stripline impedance
discontinuities, adequately model the reactive parssitics associated
with microstrip impedance discontinuities, provided that a number
of modifications are performed. The validlty of the two-element
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(a)

Fig, 6. Measured and calculated impedance values (including either
dispersion and launcher parasitic or dispersion, launcher parasitic,
and impedance discontinuity parasitic as indicated) for transformer
structures on plastic and alumina substrates at 10 GHz. (a) Launcher
OSM 244-4A, G = 2.3, h = 10 roil. (b) Launcher OSM 244-4A,
% = 9.9, h = 25 roil.

model described by the equations is confirmed using a variety of

quarter-wave transformer structures. It is shown that at X-band

frequencies, the effect of the impedance discontinuity parasitic

reactance is significant, much larger in fact than that of the dB-

pfn-sion of the effective dielectric constant.
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Abstract—An accurate method is described for the measurement

of the dielectric constant of liquids and solids. The dielectric mate-

rial partially loads a slotted rectangular waveguide and the guide

wavelength is measured for two dtierent thicknesses of the di-

electric. The guide wavelengths are related to the dielectric con-
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