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Fig. 13. Comparison of the behavior of the three-line coupler of this paper

—— and that of [1}---.

on the present equal-impedance lines, showed that the latter
gives, in general, a better behavior for the present example. In the
present work, no attempt has been made to achieve a superior
performance of the equal-impedance system over the equal-width
system or vice versa.
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Broad-Band Permittivity Measurements Using the
Semi-Automatic Network Analyzer

JOHN NESS

Abstract —This paper outlines the use of the network analyzer to
measure the dielectric properties of materials over a broad frequency
range. The method described here is based on transmission techniques with
simple procedures for obtaining initial estimates and unambiguous solu-
tions for the dielectric parameters. A further feature is that this measure-
ment technique provides a degree of self-checking for inconsistent results.

I. INTRODUCTION

The semiautomatic network analyzer (SANA) is a powerful
tool for the measurement of the permittivity of materials. Most of
the classical techniques [1] for permittivity measurements can be
adapted for the SANA, and with the latest generation of
equipment, very broad-band measurements can be done very
efficiently. The technique described here is based on transmission
measurements, and can be applied to fully or partially filled
guide, although the latter method is more complex.

II. MEASUREMENT THEORY

With suitable calibration standards and procedures, the SANA
can be used to measure samples mounted in coaxial line, wave-
guide, or stripline-type structures. In general, the coaxial and
waveguide methods will provide the best accuracy since precision
calibration standards are available for these systems. The coaxial
line provides the maximum measurement bandwidth, but sample
mounting is often difficult with this technique.
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Fig. 1. Loaded section of guide.

For a guide fully filled with nonmagnetic material, the complex
permittivity can, in theory, be obtained from a measurement of
ecither the reflection or transmission coefficient. Although the
reflection technique seems to be the most commonly used, the
transmission technique has several advantages when using the
SANA. The transmission measurement offers a wide dynamic
range, and the problems of achieving accurate measurements of
both high- and low-reflection coefficients with standard calibra-
tion teéhniques are avoided [2). Furthermore, the transmission
measurements provide good initial estimates of the dielectric
constant and, if necessary, the loss factor which lead to easy
solutions for the transcendental equations.

Consider the loaded guide configurations shown in Fig. 1. The
reflection and transmission coefficients at the reference planes 7;
and T, are given by the well-known equations [3]

(.= v)'(e7h = e'h)
(nt Yo)ze'YL1 ~(v - Yo)ze‘YLl

471

(1

11

o= (n+v)e—(n—1)e™ @
where
Yo=a+ B  (a=0)
n=a+ 8.

In general, the input and output sections are air-filled but
sometimes low-loss foam is placed in these sections for measure-
ments on powders or viscous liquids. The propagation coefficient
y, is related to the dielectric constant and loss tangent of the
material by the following equations [4]:

N 2 2008
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where A,  is the cutoff wavelength of waveguide (A, =2a for
rectangular waveguide) and A, is the free-space wavelength.
Having measured Sy, or S,; and v, is known, then the solution
of (1) or (2) yields y, from which ¢, and tan 8 can be calculated.
In practice, the situation is not quite as straightforward, partly
because of the multiplicity of solutions of (1) or (2). If a good
initial estimate for ¢, is available, then the solution method is
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simplified. For the transmission techniques, very good estimates
for €, are possible even for high-loss samples from the following
approximations derived from the previous equations:

] (nlSO 2
€rT LF)

an\?
(Z) -

€, = Erren for rectangular waveguide (6)

( 150)
where a (the waveguide width) and L (the sample length) are in
millimeters, and F (the frequency) is in gigahertz. F is the
frequency at which £S,; =0 or 180°, » is even (2,4,6, etc.) for
£8,, =0 and odd (1,3,5, - -) for £S,, =180°.

The value of the integer » is still not known but is easily found
if the frequency range is sufficient to provide two or more
frequency values where £S,, =0 or 180°. For low-loss samples,
the maximum values of |S,,| correlate with ~£S,, = 0, 180° and
the minimum values with £S,; = 90, 270°. For high-loss samples,
maximum and minimum values of |S,,| are not apparent but
these points are easily identified from the phase reading. It is
usually not necessary to start with an accurate estimate for tané.
However, tand can be estimated from the following formula if
the frequencies F; and F, at successive £S,; = 0 and 180° phase
points are found:

5= 95.51n(|Sy (F)1/ISn(F)))
L(F~ F)e,
This equation was derived for the coaxial line but is a sufficiently
good approximation for waveguide. With these initial estimates

for €, and tan$, the following formulas can be used to obtain o,
and B, and so to calculate S,;:

o =~i—:—r[%e,{(1+ tan28)1/2—1}]

for coaxial line

(%)
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Bl=i—:[§e,(1+(1+ tan28)1/2)]1/2 (8)

for the coaxial line and

2% tand
BN
da? (1 e 2 2tan28 12
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p 1 { 4n,
AN
for waveguide.

The initial value for S,; is compared with the measured value,
and by a series of successive iterations, the values of €, and tan$
are incremented until the calculated value of S,; agrees with the
measured value of S, within experimental error. The conver-
gence is very rapid even on the small computers typically used to
control SANA’s. The method used here first iterates €, until the
calculated phase of S,; agrees with the measured value and then
iterates tand until the calculated and measured magnitude values
of S, are equal. Typically, only one additional cycle of this
process is necessary to get simultaneous agreement of both mag-
nitude and phase values.

o =

II1.

The technique uses standard calibration and measurement pro-
cedures. That is, the systein calibration is carried out with a short
circuit, offset short circuit (waveguide) or open circuit (coaxial

MEASUREMENT TECHNIQUE
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Fig. 2. Relative permittivity of honey as a function of frequency.

line), a matched or sliding load, and the through connection.
With sexless connectors such as waveguide flanges, APC-7, and
GR-900 coaxial connectors, symmetry of the mounting section
for the sample is possible. For sexed connectors such as APC-3.5,
one end of the coaxial section containing the sample should mate
with a male connector and the other with a female connector. In
this case for sexed, as well as sexless connectors, the calibration
can be done at the input and output planes of the loaded guide
section so that S,, and S}, are measured directly with no
deembedding required.

Since the measurements are taken at discrete frequency points,
it is unlikely that the frequencies at which £S,; = 0 or 180° will
coincide with the measurement frequencies. However, simple
linear interpolation will provide a close enough approximation.
The estimates for €, and tand are then entered into the computer
for one frequency point and the iteration carried out to get the
actual values. These values are then used as the initial estimate
for the next frequency and so on. The convergence is quite rapid
once the first values of €, and tand are found. The program also
prints out the return loss values as calculated from the values of
¢, and tand and these should coincide with the measured values.
If the wrong value of n has been selected, solutions of €, and
tand will usually be found but the return loss values will not
coincide and ¢, and tand will show a fast variation with
frequency.

IV. RESULTS

The above technique has been used to measure the dielectric
properties of a range of materials over a broad frequency range.
Fig. 2 shows the dielectric properties of some honey samples
measured in a 14-mm coaxial line with low-loss foam dielectric
used to contain the honey. The results were corrected to account
for this foam. Fig. 3 shows similar results for coal samples
measured in a range of rectangular waveguides. For the low
moisture content samples, the dielectric properties vary quite
slowly with frequency, whereas for the higher moisture content
samples, tan § in particular increases fairly rapidly with frequency.
The spread in the measured values is quite small, being about 2
percent for €, and 5 percent for tan 8. In this case, of course, it is
the frequency-dependent properties of water which mainly de-
termine the behavior of the dielectric properties. Although the
use of the waveguide restricts the frequency range, it is much
easier to pack coarse materials such as coal in rectangular wave-
guide rather than coaxial line. Table I shows typical data and
compares the measured reflection coefficient for two coal samples
with that calculated from the dielectric values obtained from the
transmission coefficient. For the dry sample, the attenuation was
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Fig. 3. Relative permittivity of coal as a function of frequency.

TABLE I
TyPICAL RESULTS FOR DRY AND MOIST (20 PERCENT BY WEIGHT)
COAL SAMPLES IN RECTANGULAR WAVEGUIDE.

FREQ S21 S”(measured) €y Tan § Sy (calculated)

(euz) aB deg dB deg aB deg
2.4 4 84 ~45 6.54 ~167 2.494 .0378 6.89 -159.2
2.6 4.47 -131 8.14 156 2.518 .02371 7.69 156.5
2.8 3.96 137 9.36 -156 2.508 .033 8.97 ~156 S
3.0 4.37 59 8.3 162 2.500 .0342 8.18 160.5
3.2 4.46 -29 11.94 -157 2.500 .0273 11.88 -159.4
3.4 4.47 -110 9.03 172 2.502 .0334 8.41 166.8
2.4 18.73 -138 3.29 173 9.886 .128 3.08 177.1
2.6 19.71 1c4 3.93 -180 9.972 .135 3.42 178.7
2.8 20.35 -5 4 03 ~178 9.957 .138 4.08 178.2
3.0 22.39 -107 3.68 -180 9,875 .149 4.18 177.4
3.2 24.48 143 4.16 180 9.8£78 .158 4.46 177.8
3.4 25.29 27 4,22 179 9.856 .157 4.64 177.2
3.6 26.73 -62 4.34 177 9.766 .1£0 4.77 177.4

only about 5 dB and the reflection coefficient exhibits oscillatory
behavior with frequency. For the 20-percent moisture content
sample, the much higher attenuation means that the reflection
coefficient is virtually that of an infinite length sample. Note that
in this case the reflection coefficient is quite insensitive to
frequency unlike the transmission coefficient. The errors, al-
though not large, are significant and are due to several factors.
One is the system calibration errors that occur when measuring
high-reflection coefficients if a short and offset short circuit only
are used in the calibration (instead of several offset short circuits).
The other relates to the coal-air interface. With this powder
material, it is difficult to maintain a flat, smooth surface across
the waveguide. To check the validity of the technique, a 10-mm
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length of pure water at 25°C was measured at 100-MHz incre-
ments from 8 to 12.4 GHz. The values of €, decreased from 67.2
t0 59.5 and tan 8 increased from 0.371 to 0.557 over this frequency
range. These results agree well with published data [5] and even
for this high-loss and high-dielectric constant, the initial estimate
given by (6) was within a few percent of the final result. No
moding problems were evident during the measurements. The use
of the measured values of the reflection coefficient to determine
the dielectric properties resulted in a much larger spread in the
values compared to the transmission method.

V. PARTIALLY-FILLED GUIDES

It is not always possible to obtain or machine samples to
completely fill a coaxial or rectangular waveguide section. In this
case, (1) and (2) are no longer applicable. There are various ways
to overcome this problem. Perhaps the most direct method of
obtaining the propagation coefficient from the measurements is
to measure the scattering parameters on two or three samples,
identical except for length. If only two sample lengths are avail-
able, the propagation coefficient can be calculated directly from
the measured values of §;; and S,; [6]. That is

1 S11(2)"A S21(1)
_ i (Su(l)'A) 821(2)

L1"L1

(10)

(14]<1)
B =5%(1)~ S4(2)~ Su (1) + S3(2)
c=[(s2()-S2@ - S2 () - 5,(2))°
—4(81 (D)~ S, D)(Su (D(S3(2)
- SA(2) - Su@( SV -saW)]"”

D= 2( S (1) - 511(2))~

Since the SANA measures both S;; and S,,, the procedure is
quite efficient. In general, for partially-filled guides, the magni-
tude of S;; will be considerably less than one so the accuracy will
be good.

Alternatively, if measurements are carried out on three samples
of lengths, L;, L, + A, and L; +2A, then the propagation coeffi-
cient can be found from transmission measurements only {7].
That is

1 ;11[5‘21(2) 521(2)]. (11)

Y = — COS. i~
A 2] 82(3)  Su(D)

In the above equations, S;;(i) and S,,(i) are the measured
values of reflection and transmission coefficients for sample L,.

Equations (10) and (11) can also be used for fully-filled guides
but are valid in the more general case where Z (the guide
impedance) and y are not explicitly related provided a single
mode only is propagating. While (11) provides a simple explicit
formula for vy, at certain frequencies and for particular lengths, y
is a very sensitive function of S,;. If measurements are taken at a
number of frequencies, these points of high sensitivity may give
spurious results which are easily identified, but if only one or two
frequency points are used, then S,,(i) must be measured very
accurately for reliable results.

With partially-filled guides, the problem still remains of relat-
ing the propagation coefficient y to the material properties.
Exact methods [8] are available for full-height samples across
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either waveguide dimension or in coaxial line. However, for
partial-height samples, perturbation on approximation methods
must be used.

VL

Provided the conventional caveats concerning guide loss, sam-
ple fit, and orientation, etc., are observed, then the accuracy of
these techniques depend on the accuracy of the SANA, the
repeatability of the connectors, and the electrical length of the
sample. Since the techniques described are for broad-band mea-
surements, it is not practical to select sample lengths to give the
optimum accuracy as is commonly done for single-frequency
measurements. It is, of course, necessary to select sample lengths
so that the minimum value of S,; will be well within the dynamic
range of the SANA. The new generation of network analyzers
(e.g., HP 8510T) with precision standards will give highly accu-
rate results over very wide frequency ranges. The measurements
described here were done using an HP 8409A network analyzer
and so maximum accuracy is not expected. It is difficult to give
specific figures for accuracy but, in general, measurement re-
peatability was typically within +0.15 dB and +£2.5° for the
samples measured. The effect of these errors will depend on the
loss and line length of the sample being measured. For relatively
short or low-loss samples, significant errors in ¢, and tand may
occur; but since multiple values are measured, spurious values are
easily identified or can be averaged out. In most cases, however,
the errors in €, and tand arising from the measurement system
inaccuracies are less than a few percent.

Similar equations and procedures can be developed for the
reflection measurements with either a matched or short-circuited
termination. The transmission technique does offer several ad-
vantages, particularly for relatively high-loss heterogeneous
materials such as moist coal and other powder material. The
transmission technique tends to “average out” longitudinal varia-
tions that may occur in such samples. Moreover, for high-loss
samples, the reflection coefficient is relatively insensitive to di-
electric properties. At 10 GHz, for example, a change in ¢, from
40 to 41 for a 50-mm-long high-loss (tan8 = 0.1) sample in
X-band waveguide results in only a 3° change in the phase of the
reflection coefficient but a 16° change in the transmission phase.
In general, then, the transmission technique provides a simple
accurate method for determining the dielectric properties over a
wide range and for a diversity of material types. The only
adaption to the standard technique is to vary the length of the
sample when necessary so that the dynamic range of the SANA is
not exceeded. Since the dynamic range is as high as 60 dB, only a
small number of lengths are necessary to cover an enormous
range of materials.

Discussion
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Design Curves for —3-dB Branchline Couplers

A. F. CELLIERS AND
J. A. G. MALHERBE, SENIOR MEMBER, IEEE

Abstract —Design curves for —3-dB branchline couplers that include
compensation for the junction discontinuities are presented. The curves are
obtained by including an accurate model of a stripline 7-junction in an
optimization program.

I. INTRODUCTION

The performance of —3-dB branchline couplers can be severely
degraded by junction effects due to finite line widths. With
increasing frequency, line widths become larger relative to line
lengths and the junction effects become progressively more severe.
The junction effects have been described by several authors
[1]-[5]. Dydyk [6] compensates for the effects of the junctions by
modifying the line lengths and both impedance levels of a
branchline coupler; Cuhaci and Lo [7] compensate for these
effects by the introduction of compensating stubs and impedance
level changes. Chadha and Gupta compensate for discontinuities
by cutting a small notch in the line [8].

An accurate equivalent circuit for the junction was obtained by
comparing the predictions from [1}-[6] with a constructed cou-
pler, and the junction properties thus obtained were used in an
equivalent circuit of the branchline coupler. For each frequency
of interest, and for a number of typical substrates for stripline
realization, a computer optimization program was run to com-
pute new branchline lengths and impedance levels that, together
with the junction effect, will yield the correct amount of coupling
at the desired center frequency.

II. EqQuivarenT CIRCUIT

A test coupler was fabricated at 2.5 GHz on 1/8-in GPS
Polyguide and the coupler properties measured. This was com-
pared to predictions based on the junction equivalents of [1]-[6],
and it was found that, in most cases, strong deviation from the
measured responses occurred. As an example, the prediction
based on the model of [3] is shown in Fig. 1.

Fig. 1 also shows the measured response of the coupler, as well
as the theoretical prediction, obtained with a modified version of
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the equivalent circuit described in [5], obtained by rearranging
the equations. Referring to Fig. 2

(277 4
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Ag

n= 2ad (1)
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27 Zo, 2 X
tan(}\—gd[WGH]) =—Z;(n Z_Ol (2)
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where d{;;y is obtained from [9]. The parameter d is calculated
from (3), and defined in Fig. 2.

From [2], calculate
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