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which indicates that the intensity measurement is independent of
RF and modulating signal levels.

With an IF substitution technique, 2 would be adjusted to satisfy
(12.2) while & would be set to unity. However, accurate IF substitu-
tion measurements require mixers whose conversion loss is constant
over the dynamic range of RF input levels. The RF substitution
method was therefore chosen for intensity measurement because a
constant power level is maintained at the mixers since k is fixed and
« is varied by the servomechanism.

Although complete carrier suppression is not obtained (y70), the
accuracy of intensity measurement is not seriously limited because
aa, now depends on the ratio of ¥ to V, and not on their product, and
the former may be taken to be substantially constant.

The phasing error § in (12.1) arises from incorrect balance in the
phase measurement and phase shift variations in the RF attenuator.
1t amounts to about 6°, which represents an error in intensity mea-
surement of 0.05 dB. Other sources of error in recorded intensity
arise from: level variations in the homodyne carrier channel (less than
0.2 dB); from the reference attenuator; from the nonlinear po-
tentiometer which translates the attenuator’s shaft position to a di-
rect voltage which is applied to a strip chart recorder; from the re-
corder itself; and from the resolution limit imposed by the error
threshold required to operate the servomechanism.

Typically, 20-dB differences may be recorded to an accuracy of
0.6-dB and 40-dB differences to an accuracy of 1 dB.

V. ASSESSMENT OF THE SYSTEM

" The system described is not expensive when compared with al-
ternative automatic systems using IF measurement techniques. It
may be constructéd from microwave components usually available in
a laboratory and imposes no special requirements in the design of the
mixers or the low-frequency amplifiers.

Two systems based on these principles have been constructed,
operating at 3.20 cm (9.375 GHz) and at 1.276 cm (23.5 GHz), re-
spectively, and a third system for use at 0.4 cm (75.0 GHz) is under
development.

One drawback of this measurement system is the response time
of the servomechanisms, which can introduce appreciable errors when
scanning fields in the vicinity of a null. For example, the recorded
180° phase jump [4], [5] at a null is not infinitely sharp, but may
appear to be spread over distances ranging from 0.05 X to 0.25 ), de-
pending on the velocity of the scanner drive. For similar reasons, the
recorded intensity will be in error on the high side when the probe
moves into a null field region and on the low side when the probe
moves out. All of these problems may be circumvented, of course, by
_resorting to point-by-point measurements in regions where the field
changes very rapidly.

These apparatus have been extensively used for exploratory and
corroborative measurements in microwave diffraction. In such
studies, the wavefront incident on the diffracting obstacle must be
accurately known and in this regard it has been found that the best
results are obtained by placing an open-ended waveguide as far from
the obstacle as is practicable. Placing the obstacle 2 m away from the
waveguide in the K-band system, for instance, results in nearly
spherical wave illumination. Over a cross section 0.65-m square, the
measured phase of the incident field differs by about the measure-
ment error (3°-6°) from values for a spherical wave.

A source of error whose magnitude is difficult to assess is the
transfer characteristic of the probe used to measure the field. Inter-
action between the probe and field is only significant near the
boundaries of scatterers [3] where standing waves can be set up be-
tween them and the probe. However, any practical probe will not
respond to the field at a point, but rather to some weighted value of
the field in its vicinity. The probe which has been found most satis-
factory is a slot-fed dipole antenna attached to the end of a 2-mm
OD rigid coaxial line which extends approximately 50 c¢cm in front
of the absorber mounted on the scanner mechanism (see Fig. 3).
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Fig. 3.

Probe mount and transverse drive.

Theoretically, such a probe should be linearly polarized and should
detect only the field at its “wings.” Nevertheless, it appears that the
probe is sensitive to cross-polarized components and also to fields
extending some millimeters down the supporting coaxial line. How-
ever, isolation between the principal and cross-polarized components
of better than 45 dB may be achieved [18].

In conclusion, it is the authors’ observation, although this is not
elaborated in this paper, that errors in the automatic measurement
system described are of less concern in near field measurements than
uncertainties introduced by reflection from absorbers in the anechoic
room; uncertainties in probe characteristics; and errors in the
mechanical positioning of the probe.
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Open-End and Edge Effect in Microstrip
Transmission Lines
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Abstract—An empirically derived relation is reported which ac-
curately describes the open-end effect in microstrip transmission
lines on alumina substrates. This empirical equation was used to
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SHORT PAPERS

describe the edge-correction term in Wheeler’s general expression
for the characteristic impedance for wide lines. It is shown that with
this modification there exists a distinct crossover (w/h=~1) between
the narrow- and wide-line approximations.

I. EMPIRICAL RELATION FOR OPEN-END EFFECT

The open-end effect in microstrip transmission lines has been con-
sidered recently by various authors [1]-[3]. Troughton [1] and
Napoli and Hughes [3] reported experimenta) results, while Farrar
and Adams [2] gave a computer method for calculating open-end
capacitance. However, analytical or empirical relations convenient
for the purpose of microstrip component design have not been re-
ported. It is shown in this short paper that the empirical relation
which was derived by Altschuler and Oliner [4, eq. (1)] for open-end
strip lines [Fig. 1(a) ] may be used to calculate the open-end effect in
microstrip lines on alumina substrates by replacing & by 2k [Fig.
1(b)}in the expression for the parameter c:

1 4¢ + 2w
Al = X arccot [c T 2w cot (Kc)] (1)

where

Al apparent increase in length of the center conductor due to
fringe field at open end;

A wavelength in the medium;
K =2x/x;
¢ =bin2/x.

Altschuler and Oliner [4] demonstrated that for Kc<0.3, (1)
reduces to

¢+ 2w
al= C§4c—!—2w£

which approximates (1) within 3 percent.

The open-end extensions predicted by (1) are plotted in Fig. 2
and are compared with experimental results compiled by the present
authors, with experimental results reported by Napoli and Hughes
[3], and with the results predicted by the numerical analysis program
of Farrar and Adams [2]. An open-end transmission resonator [1]
was used by the present authors to obtain the experimental results
plotted in Fig. 2. Microstrip lines on thick substrates (% =0.0625 and
0.125 in, ¢ =10, measuring frequency ~2.0 GHz) were used since the
resulting open-end extension (Al) may be measured with much greater
accuracy than is possible with thin substrates (say 0.025 in). It is
seen that experimental and predicted results are in close agreement
(within 410 percent).

The curve given by (1) lies, in general, within the experimental
tolerances reported by Napoli and Hughes [3] (thin substrates,
£ =0.025 in), but it is difficult to specify the degree of agreement be-
cause of the nature of the tolerances.

The curve given by (1) agrees very closely with that reported by
Farrar and Adams [2] for w/k<1, but the two curves diverge for
large w/k ratios since (1) is asymptotic to 0.44 k, while the analysis
of Farrar and Adams predicts an inverse relationship between
Al/h and w/h for w/h 2 6. As shown in Fig. 2, the experimental results
obtained by the present authors suggest that Al/% is asymptotic to a
limiting value.

Equation (1) was developed with specific reference to alumina
substrates since this is the most commonly used high dielectric con-
stant (e =10) substrate material. There is little necessity for such a
design equation for low dielectric constant (e =2.2) substrates since
such substrates are normally very thin (0.010 in) for X-band applica-
tions, and preliminary experimental results indicate that the result-
ing open-end extension is negligible in comparison with the microstrip
wavelength (AI<0.005\ at 10 GHz), Very high dielectric constant
(&->20) substrate materials are not in common use since the available
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materials have high dielectric constant-temperature stability co-
efficients.

I1. A MODIFICATION OF THE EDGE EFFECT FOR THE WHEELER
WIDE-LINE APPROXIMATION
At the present time, one of the most convenient and useful tech-
niques for determining the wave impedance and the effective dielec-
tric constant of microstrip lines is that reported by Wheeler [5].
Wheeler derived the following expressions for the wave impedance of
wide (w/kh>1) and narrow (w/h <1) lines:

1 \1/2
() =
€r

zitose) +5m ()
L@/i>1) Q)

& 1 1re
¢
2h 27rer 2

R /72
2t/ L
&+1

[ 8h ( )
n
w 32 h

1 -1 r 1 4
— = (m I4+=—m= H @
3 oqr (n gtois) @<y @
where
R, wave impedance of free space;
e =2.172;
¢ =hln 4/x, edge correction for an infinitely wide microstrip
line.

The effective dielectric constant of the microstrip line may be com-

puted using
ZOa 2
eff = 4
et 3 Zs 2 @

where Z, and Z,, are the wave impedances of a microstrip line with
and without the dielectric substrate, respectively.

The effective dielectric constant of a microstrip line as a function
of the w/h ratio computed using (2)-(4) is plotted in Fig. 3. Curves a
(2) and b (3) do not cross, and it is not clear at which w/k ratio one
should choose between the narrow- and wide-line expressions. In his
equation for the wave impedances of a wide line, Wheeler used the
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expression (% ln 4) /» to account for the edge correction for all values
of w/h larger than unity, his reasoning being that the actual edge
correction approaches this limiting value very rapidly as w/k ap-
proaches and exceeds unity. While attempting to define a crossover
point between the narrow- and wide-line cases, the present authors
considered the possibility that the edge-correction term for the wide-
line case should be a function of the w/k ratio. It was empirically
determined that if the edge-correction term in (2) was described in
the same fashion as the open-end correction developed in this short
paper (1), then a definite crossover point existed between the narrow-
and wide-line approximations and the range of validity of the wide-
line approximation was extended. Values of e given by substituting
(1) into (2) are plotted in Fig. 3 (curve c¢). It is seen that curve ¢
closely approximates the narrow-line curve (curve b) for all values of
w/h greater than 1.0 and less than about 3.5 and is asymptotic to
curve ¢ for w/h>3.5. In order to test the validity of curve ¢, e was
measured using a resonant-ring technique for various w/k ratios
[6], [7]- The measured results are shown in Fig. 3 and good agree-
ment is exhibited with the modified expression for w/k>1 (and with
curve b for w/h <3.5).

1I11. ConcLUsIONS

An empirically derived relation is reported which characterizes
the open-end effects in microstrip transmission lines on alumina sub-
strates. It is shown that the same empirical equation may be used to
describe the edge-correction term in Wheeler’s general expression for
the characteristic impedance of a wide line. It is demonstrated that
with this modification, the wide-line approximation is valid over a
much larger range of w/k values and that a distinct crossover point
(w/h=1) exists between the narrow-line and wide-line approxima-
tions.
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Extension of Digital Automatic Method for
Measuring the Permittivity of
Thin Dielectric Films

M. A. RZEPECKA axp M. A. K. HAMID

Abstract—The permittivity of thin dielectric films can be mea-
sured with good accuracy by employing a method recently reported
by the authors, whereby the microwave oscillator frequency is auto-
matically locked to the resonant frequency of the test cavity perturbed
by the sample, thus leading to a digital readout of the frequency.
However, the method is satisfactory only when the frequency shift
caused by the presence of the test sample does not exceed the fre-
quency lock-in bandwidth, By employing a search oscillator, controlled
by the second harmonic of the modulation signal provided for the
frequency locking, this limitation is removed, thus extending the
capability of the method to thicker films and/or larger permittivitiess

INTRODUCTION

The permittivity of thin dielectric films can be measured with
considerable accuracy by a digital automatic method recently re-
ported by the authors [1]. The method utilizes the cavity perturba-
tion technique in which the frequency of the microwave oscillator is
locked to the resonant frequency of the test cavity in the absence and
presence of the test film. These frequencies can be measured very
accurately by a digital frequency counter. However, the ranges of
film thickness and material permittivity in which the method can be
employed are limited since they are determined by the lock-in band-
width of the frequency control loop. This bandwidth is directly re-
lated tothe Q factor of the test cavity, which in turn should be large
enough to assure a high frequency-stabilization factor, thus permit-
ting only a small deviation of the oscillator frequency from the reso-
nant frequency of the cavity.

In many applications of this measurement method, as for instance
in the continuous monitoring of moisture content of sheet materials,
the range of the shift in resonance frequency exceeds the lock-in band-
width of the control loop. A method for extending the measuring
range is described in this short paper.

PrINCIPLE OF OPERATION

The complete circuit is shown in Fig. 1 where the additional parts
over the circuit previously reported in [1] are shown by dashed lines.
The principle of operation of the locking system is also described in
[1]. At the output of the linear homodyne detector there exists a
signal at the modulation frequency which is used for the frequency
lock, as well as a signal at the second harmonic frequency. Basic signal
analysis [1]-[3] shows that the second harmonic signal is described
by the equation

EQ2wn) = —Ey| T(w) | sine g —q(;%l) Gyrtro (1)
where
a=0—argT
T(w
[T | = ———‘%:')_:0 3 )
1+ 402 (—*—
wo
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