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Fig. 2. Open box geometry. Dimensions in meters, hatched lines indicate
open-circuit boundaries.
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Fig. 3. Comparison of the frequency spectra for the geometry of Fig. 2 using

a) fine mesh and b) wire node.

First, a fine mesh (45 X25X25 nodes) model of this geometry
was constructed using the ordinary symmetrical, condensed node,
where the wire was modeled in the normal way by short-circuit-
ing the transmission lines at a distance Al/2 from the wire
center. This is a slightly more accurate model than the short-circuit
node mentioned in Section I and, for the problem under consid-
eration, models an effective wire radius of 0.011 m.

Second, exactly the same problem was modeled using a coarse
mesh of 9X5X5 nodes. In this case a wire of radius 0.011 m
cannot be described by short-circuiting nodes, as the nodal
distance is too large (A/=0.1 m). For this reason, the thin wire
was modeled using the new wire node. Substituting r = 0.011 m
in (3) gives the admittance and hence the scattering matrix of the
wire node.

Both numerical models of the problem were subjected to a
plane wave impulse excitation as shown in Fig. 2. Results for the
wire current obtained from the two models are compared in Fig.
3 (frequency response) and Fig. 4 (impulse response). Solid lines
are for the conventional model using fine mesh and short-circuited
nodes to model the wire. Broken lines are for the coarse mesh
and the new wire node modeling the wire. Considering the
differences in the modeling approach in the two cases, the
agreement is excellent up to 1 GHz. This suggests that the wire
node can accurately model thin wires (r << A/). Agreement above
approximately 1 GHz is less good, but this is not due to the
properties of the wire node. It is due to a general deterioration in
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Fig. 4. Comparison of the time-domain response for the geometry of Fig. 2
Filtered to 1 GHz using «) fine mesh and ) wire node.

accuracy in modeling the field problem, as the number of nodes
per wavelength is too small above this frequency.

The use of the wire node results in enormous benefits. For the
example given, there is a 1/625 saving in computer execution
time and a 1/125 saving in storage with little loss in accuracy.

At present only wires at the center of the node have been
modeled. It should be possible in the future, using this technique,
to model thin wires, off-center and multiconductor wires pro-
vided the scattering matrix can be calculated.

The wire node marks an important development in TLM, as it
makes possible the description of thin wires within a coarse mesh,
thus offering substantial savings in computer storage and run
time.

Work is in progress to study the behavior of the wire node in
different configurations, especially near terminations.
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containing carbon particles. Due to the modifications made, it is no longer
necessary to use an anechoic chamber, and the disadvantages of antennas
are eliminated, together with diffraction along the edges of samples. After
a description of the experimental instrument, some of the measurement
results are presented.

1. INTRODUCTION

Rubber sheets containing carbon particles have anisotropy
which is due to their manufacturing process. Because of the
considerable absorption quality of these sheets and the scattered
nonhomogeneity of their materials (due to the polymer chains
containing carbon particles [1]), cavity studies are not satisfactory
and in general are not attempted. The study procedures generally
used for these measurements utilize an anechoic chamber. The
sample is placed some 10 m from an emitting antenna and the
reflected signal is analyzed with a receiving antenna. The use of
two antennas does not allow one to work along the orthogonal
direction of the sheet. In addition, because of the diagrams of the
antennas and the size of the sample one can risk obtaining (a)
diffraction along the edges of the sample and (b) sample—antenna
and antenna-antenna couplings. One of the most recent instru-
ments proposed [1] functions in very brief pulses, which enables
one to avoid certain shortcomings.

We have modified a three-wave interferometer created by
Sardos [2] in order to adapt it for the anisotropic measurement of
rubber sheets. These anisotropies are generally much greater than
those obtained with paramagnetic salts or with semiconductors
placed in a magnetic field [3]-[5]; there is thus no difficulty in
measuring them.

II. ANALYSIS METHOD

A three-wave interferometer, operated in X-band, was modi-
fied to work by reflection. In addition, a circulator and a rectan-
gular-to-circular waveguide transition introduced before a TE;
rotary joint were inserted in order to turn the rubber sample
around its axis.

In a two-wave interferometer, two beams issuing from the
same source are allowed to interfere. With at least a part of the
wave propagating in the waveguides, the signals that interfere can
be shown to have the form

) 2ad;
E =Aexp| jiwt— ¢, — "\

g

27Td2
E,=A,exp| j wt~<p2——)\— .

4

and

The signal resulting from the addition of these two vibrations has
the value

E=E+E,.

Detection being generally quadratic, one looks for the square of
the amplitude of this vibration (E-E*):

d—d
I= A2+ A% +24,4,c0s 12

P~ —2m

4

To obtain maximum sensitivity, one usually searches for a null by
adjusting the phase shifters and attenuators. A null is obtained
when 4, =4, and

dy—d,

Q— @ —2m =2k+1)7.

Fig. 1.
1solator, A —attenuator; D-—phase shifter;
SL —slotted line; SWR —amplifier.

I—
D(C —directional coupler;

The three-wave interferometer. S-—source; M —modulator;

Measurement is made in two stages; a null is first obtained in the
absence of the phenomenon to be studied, then in the presence of
the phenomenon.

Let us now consider the case of a three-wave interferometer
(Fig. 1). The waves

-

)
E =4 exp| jl wt — ¢ —271—)\—

g

d,
E,=A,exp|Jj wt—q)z—Zw—;\—

g

ds
E; = Ajexp| j| wt — ¢, — 27—

A

| g
are arranged to interfere in a slotted line which serves as both a
mixer and a phase shifter. One obtains a voltage

E'=E, +E, + E

the square of which has the value

d—d
I'=A2+ A2+ 42 +2A1Azcos(qo2 — — 27— 2)

g
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In our case, the phenomenon to be studied will be in arm 2.
Thus waves E; and E; will not vary during the course of the
study; only wave E, will vary in phase and in amplitude. As a
consequence

dA,=dp, =dA;=de;=0.
Let us assume that

A
A=
n

The differential of I’ has the value
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TABLE 1
Y 0 /2 T 3m/2
L 2432 24, 247
Qry ——dd, —dp, ——dd, ——do,
n n n n
XY
RECORDER

Fig 2 Modified three-wave interferometer. C —circulator; other letters
identified in Fig 1.

Let us suppose that the instrument is adjusted before the
variation of wave E, so that A4, = A4, and consider the position
where

dy - d,

@ — ¢ —27 =(2k+1)7

that is, the position necessary to obtain a null when a two-wave
interferometer is being used (one renders 4, = 0 with an attenua-
tor, n=o00, in order to establish the necessary condition). When
E, varies upon inserting the sample, one will have

) 24, A} )
d(1ry=- - dAzcosy+27 de, siny.

For the special values of y, Table I gives the corresponding
values of d(I').

Thus, if wave 3 is in phase or in phase opposition with wave 1,
one obtains a variation of intensity dependent on the variation of
amplitude, dA4,, but independent of the variation of phase, de,.
One can thus measure d4, and record it in relation to an exterior
variable (magnetic field, for example) acting on a sample placed
in arm 2.

When, on the other hand, wave 3 is in early or late phase
quadrature with wave 1, the variation of intensity is independent
of the variation of amplitude d4, and depends only on the
variation of phase d¢,, which we can consequently measure.

The three-wave interferometer thus enables one, with this
particular adjustment, to measure separately the weak phase and
amplitude variations and to conduct their uninterrupted record-
ing. It can be shown that, when the variations of wave 2 are
greater, that is, when they are A4, and Ag,, the higher order
terms that appear climinate one another with the average of the
results obtained (for y=0 and y=# and for y=7/2 and
y=37/2); one thus obtains A4, and Ag,. The instrument
enables one to measure values A4, /4, > 2.5-107° and Ag, > 5”.

The apparatus shown in Fig. 1 had to be modified in order to
adapt it for the study of the birefringence of rubber sheets
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Fig. 3. R( —rectangular-to-circular transition; RJ-—rotating joint; §—

sample; SC —short-circuit; P —potentiometer; B—battery.

containing carbon particles. To achieve this, a circulator (Fig. 2)
was placed in arm 2. This circulator is followed by a rectangular-
to-circular transition (containing a polarization sheet) long enough
to have a reduced VSWR: 1.015). The TE;; mode of the rectan-
gular guide is transformed into the TE,; mode of the circular
guide. This transition is followed by a rotary joint for circular
guide TE;; in order to make the sample, which was fitted into a
circular guide 24.75 mm in diameter, turn. The rubber sheet fills
up the whole section of the circular guide and is followed by a
short circuit (Fig. 3).

This short circuit and the waveguide sample holder are con-
nected with a helicoidal potentiometer in which a current flows.
The voltage that appears is proportional to the angle and is
applied to terminal X of an X,Y recorder. The values of d(I”) for
v=0, /2, 7, and 37/2 can thus be recorded in relation to the
angle. Such is the principle of the instrument.

III. OPERATION

The operation of this instrument poses a certain number of
difficulties, some of them having been encountered during the
initial linking up. For example, the isolators must be carefully
tuned, especially in the “forbidden” direction, and the attenua-
tors and phase shifters must be of the rotating type. Other
difficulties appeared because circulators are never perfect and
their scattering matrices never correspond to the theoretical ma-

trix, which is
0 0 1
[Sl=|1 o of.

0 1 0

In our use, certain nonzero terms are more troublesome than
others. We will thus begin with the general matrix to make the
analysis of the influence of small but nonzero coefficients:

S S Si
General matrix [S] = | Sy S 3
S S Sy
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Fig. 4. Value of AA4, /A, (solid line) and Ag, (dotted line), for 762 sheets,
versus angle 6.

Our purpose is to have the wave entering arm 1 of the
circulator go into arm 2. This wave (Fig. 3) then propagates to
the rubber sample. A part reflects on the front side, the other
part penetrates into the sheet and flows towards the short circuit
while weakening. A part reflects on it again, the other crosses the
front side, etc. In short, one has multiple reflections in the sheet,
and the resulting wave E, returns to the circulator (arm 2). At
this point it is important that the wave does not reflect and
return to the sample; thus S,, should be as small as possible
(were this not the case, one would have multiple reflections,
versus distance, between the circulator and the sample). One is
thus obliged to make a special adjustment of arm 2 of the
circulator (one obtains a VSWR of 1.015).

The wave that comes into arm 1 of the circulator does not
enter entirely into arm 2; a part goes directly into arm 3, for S;,
is not absolutely zero. This wave is particularly bothersome
because it interferes in the slotted line with the wave that was
reflected from the sample and produces an error. In order to
reduce S;; to a zero value, we have employed a subterfuge: wave
E, (Fig. 2), which has an amplitude equal to the wave entering
directly into arm 3 and a phase opposite to it, is injected. One
thus artificially renders S;; of the whole equal to zero. This result
is obtained by placing (after having made the adjustment of arm
2) in arm 2 of the circulator a movable termination of excellent
quality (VSWR =1.005) and by placing in arm 3, behind the
coupler bringing wave E,, a very carefully adjusted detector.
Theoretically the resplt is obtained when, after having regulated
the phase shifter and attenuator of arm E,, a minimum zero is
obtained in the detector regardless of the position of the movable
termination of arm 2.

Thus modified, the instrument can measure values AA, /A4, =
10™* and A®, =1’ versus 8. The decrease in precision is due
mainly to the rotary joint.

IV. MEASUREMENTS

For an ecllipse a variation AA, /4, =10"% corresponds to b=
a(1—107%), that is, to B = b/a = 0.9999. Very weak anisotropies
can thus be measured.

With the instrument connected and regulated, we proceeded to
make measurements concerning the synthetic elastomer S.B.R.
containing, in one case, black no. 347, and, in the other, black no.
762, both 37.5 percent by weight.

The zero of the interferometer was obtained in each case when
the rolling direction of the sheet was parallel to vector E of the
wave. Fig, 4 refers to the S.B.R. sample containing black no. 762.
One sees that the curves are sinusoidal and that their maxima
and minima correspond respectively to the same value of the
angle of rotation 6.

o AA2
A(le' A 347
0,2 b
20+
Lot /N
10+ \\‘ \
0 90 180 270 360 450
Fig. 5. Value of A4, /A, (sold line) and Agp, (dotted lne), for 347 sheets,

versus angle 6

Measurement of the reflection coefficient of the sample fol-
lowed by a short circuit gives R(0) and ¢(0) when 8 = 0. Using
these values, and the values of the reflection coefficient of the
short circuit, we can then determine €¢’(0) and €¢’(0). For a
different 6, one obtains, taking into consideration the fact that
AR=A4, and R=4,, R(§)=R(0)+ AR(#) and ¢(8) =¢(0)
+ Ap(8), and the calculation then produces £(8) and €”(6).

Fig. 5 gives the result obtained for S.B.R. containing black 347
at 37.5 percent by weight. The phenomena are of different
amplitudes; the sign of A4, /A4, is reversed in relation to the
preceding but the minima and maxima do not coincide
exactly—there is a shift of 104+ 1°.

V. CONCLUSION

The instrument, which is conceived to measure anisotropies in
a very general manner, is adapted easily for the special case of
elastomers containing carbon black. An anechoic chamber is not
necessary and there are no problems with antennas or the cou-
pling of antennas, which are simply not required. In addition,
only relatively small samples are necessary. The results obtained
for an elastomer containing two types of carbon black highlight
the differences in anisotropies as well as the shift between the
two curves obtained in the case of black 347. An analogous
phenomenon, but on a larger scale, has already been pointed out
by Hashimoto and Shimizu [1], who attributed it to the type of
black used.
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