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Abstract

Uniform plane wave interacting with a perfectly conducting two-
wire transmission line has been experimentally investigated, by
placing the transmission line in a TEM cell. The resulting vol-
tage or current response in a terminating impedance of the trans-
mission line has been computed using an available theoretical mo-
del, and then compared with the experimental data. The relative
orientation of the transmission line with respect to the incident
electromagnetic field is varied. The motivation for this work
lies in our belief that several theoretical models exist for
wave-line interaction problem, but information about experimen-

tal data and comparison with the computations is somewhat lacking
in the open literature.
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1. Introduction

The problem of interaction between an electromagnetic wave and a
transmission line made up of two or more conductors, has been
studied by several researchers [1-10] in the past. A primary goal
of such studies is to evaluate the voltage or current responses
in terminating impedances, in time and/or frequency domains. Such
studies help in our understanding of how electromagnetic waves
couple to more complex cylindrical structures, e.g., overhead
power or communication lines above ground, buried cables etc.
Such coupling mechanisms contribute significantly to the damaging
effects of electronic systems that are vulnerable to severe elec-
tromagnetic environments. It is wires and transmission lines that
interconnect electronic systems or subsystems, and hence the in-
teraction of waves and conductors continues to be an important
area of research. The analytic basis for coupling calculation has
been the conventional transmission line theory. One possible
approach is to use the Telegraphist's equations [11] for the line
voltage and current with a distributed voltage source as the dri-
ving function. The distributed voltage source is proportional to
the longitudinal (parallel to the transmission line conductors)
component of the incident electric field [4,5 and 6). One can al-
so think of this distributed voltage source as arising from the
time rate of change of magnetic flux linking the conductors. In
effect, the transmission line response (i.e., terminal voltage

or current) may be computed using only, either the electric field
components or the magnetic field components. It is also noted
that using only the electric field components results in simpli-
fications in the computations, since the magnetic fields approach
is more cumbersome owing to spatial derivatives of all three com-
ponents. Furthermore, only the differential TEM mode of propaga-
tion on the line is considered. Non-TEM modes are ignored and the
common mode currents in the two wires produce no response in the
terminating impedances.

An alternate numerical approach would be to use a method of mo-
ments calculation, which solves the Maxwell's equations by zon-
ing the finitely long wires and satisfying the boundary conditi-
ons on the conductor surfaces.

While we have outlined two computational approaches above, the
primary focus in this paper is on experimental measurements. We
are motivated, for two reasons to perform this experimental
study of illuminating a two-wire uniform line inside a TEM cell,
and comparing the measured results with calculated respones. One
reason is that, there appears to be inadequate experimental in-
formation in the open literature about wave-line interaction.
Secondly, such an experimental study also provides us with an
insight into the behaviour of the fields in the TEM cell. Speci-
fically, one can get an idea of the presence of non-TEM modes
above a certain frequency. The TEM cell cited above is researched
and manufactured by Asea Brown Boveri Ltd. and has been called
the GTEM [12]. It is substantially different from the conventio-
nal TEM cells [13] and attempts to enlarge the bandwidth and op-
timize the working volume. .



In concluding this introductory section, a few remarks are in
order about the organization of this paper. In Section 2, GTEM
is briefly reviewed while highlighting the planar TEM field cal-
culations that become the illuminating fields for the transmis-
sion line. Section 3 describes the experimental configurations
while Section 4 is concerned with analytical models for computing
the responses. We compare the experimental results with the cal-
culations in Section 5 and offer some concluding remarks in Sec-

tion 6.




2. The Incident Field in GTEM

In this section, we briefly review the design details of GTEM
(Gigahertz TEM) [12]. Basically this new family of TEM cells con-
sists of a tapered transmission line similar to the input laun-
cher of a conventional offset TEM cell that is terminated in a
distributed load. GTEM is schematically shown in figure 1. For a
given size of the working volume, the GTEM design can be relati~
vely smaller in size compared to conventional designs as there
are no central rectangular coaxial line and the tapered output
section. The inner septum is offset for an optimum working vo-
lume.

Figure 2 shows the cross sectional dimensions of GTEM-1500 at the
end of the tapered section. Its overall dimensions are approxima-
tely 3 m wide, 2 m high and 6 m long. The model number 1500 comes
from the maximum height of the inner septum (1500 mm) at the end
of the waveguide. The performance evaluation of GTEM-1500 at the
input terminals include measuring the VSWR (return loss), shown
in figure 3a, and the TDR measurements shown in figure 3b. The.
measured E and H fields, using D-dot and B-dot sensors in the
middle of the bottom plate are shown in figure 3c. The return
loss objective was 20 dB or more, the VSWR objective was 1.2 or
less. These are met over the range of dc to 1 GHz. The TDR im-
pedance at the input is in the range of 45 Q to 52 2 and the
reflections are within the limits of +2 % and -5 %. The measu-
red electric and magnetic fields as functions of frequency are
also flat over the entire range of dc to 1 GHz within 5 dB,
corresponding roughly to a variation of * 40 % . 20 % type of
deviation from the flatness are observed around 150 MHz. The
field measurement appears to indicate the presence of some non-
TEM modes in the 100's of MHz, since the deviation from the flat
(TEM mode) response becomes significant. So, one can conclude a
very precise planar TEM wave propagation in the GTEM, at least
up to a frequency of 150 MHz. The calculations of the transmis-
sion line response performed in this paper assume a plane wave
incidence and hence, we could expect agreement between theory
and experiment, only up to a frequency where the TEM mode domi-
nates.
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3. The Two-Wire Line and Experimental Confiqurations

The geometry of a plane wave illuminating a two-wire transmission
line is indicated in figure 4. In the figure, a general situation
of a two~wire line of length € with terminating impedances of 2,

and Z., at the two ends is seen to be illuminated by a plane wave

2
where in E, H and S represent the electric field, the magnetic
field and the Poynting vector respectively. An arbitrary angle of
incidence is shown. If E is parallel to the (xoz) plane, we have
horizontal polarization and if H is parallel to the (xoz) plane,
we have vertical polarization. The physical dimensions of the
transmission line are shown in figure 5 and the characteristic
impedance Z. of the TEM mode on the line is about 420 Q. The line
may be terminated in Z_, on either side to avoid reflections from
the ends. This transmission line is placed inside the GTEM at two
different cross sections. If (u,v,w) is a set of rectangular co-
ordinate system with its origin at the apex of GTEM (see figure
6a), the two cross sections are defined by w = 3.49 m and w =
4.82 m. Figure 6b shows the transmission line in GTEM with the
two possible orientations. In both these orientations, E is pa-
rallel to the line whereas the H and S are interchanged in di-
rection. H can be oriented from wire to wire and S passing
through the line or vice versa. In the orientations of figure

6b, there is only common mode currents in the two wires, which
produce no response in the terminating impedances. The common
mode response in the wires is calculable but is not measurable

at the load impedances. The differential mode response in the
load impedance for this orientation (figure 6b) is ideally éero,

but the measurements may yield small response due to asymmetries

8
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Figure 6a Rectangular (uv,w) coordinates for the
GTEM cell
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Figure 6. Two possible orientations of the transmission
line in GTEM cell
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or non-uniformities in the geometry. On the other hand, the ori-
entation of figure 6c leads to a differential mode response in
the load impedances which can be measured and computed for com-
parison.

The measurement of the differential mode current through one of
the terminating impedances is performed at two different cross
sections of the GTEM cell for both orientations, resulting in
four sets of experimental data. The experimental parameters for
these four cases are listed in Table 1. It is observed that the
transmission line terminating impedances are not equidistant from

the bottom plate and the septum, i.e., v, is not equal to v, in

2
to ensure that

1
all four cases. In fact, v. is much less than v

1 27
the spurious responses due to transmission lines leading away
from the current clamp are minimized. An optical link with a
bandwidth of 100 MHz was tried but the physical dimensions of the
metallic box of the optical link appear to perturb the measure-
ments perhaps by elevating the electric field excitation. Final-
ly, the measurements were made by connecting the current clamp,
measuring the current through the impedance at the bottom end of
the transmission line directly to a connector in the bottom plate

of GTEM. This is the reason why v, =1l cm and significantly.

smaller than v2.

In addition, the vertical illuminating field varies to some ex-
tent over the length of the transmission line. The variation is
not significant and an average value of the field is used for

purposes of calculation.
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Table 1 Experimental Parameters

Parameters Units Case 1 Case 2 Case 3 Case 4

Fixed

¢ cm 24.5 24.5 24.5 24.5

h cm 2.5 2.5 2.5 2.5

vy cnm 11.0 11.0 11.0 11.0

Z, Q 420 420 420 420

Zz Q- 420 420 420 420

¢ degrees 380 90 90 90

variable '

w m 3.49 3.49 4.82 4.82

b cm 90.00 90.00 128.00 128.00

vy cm 54.50 54.50 92.50 92.50

ENQ V/m 0.85 0.85 0.82 0.82

EWfD V/m 1.03 1.03 0.91 0.91

Qmm# v/m 0.94 0.94 0.86 0.86

2 4 degrees 90 nominal 0 90 nominal 0
calcul. 2 calcul. 2

Zl Zl Z] Zl
E E E E
{
vy S < H vy S 3 H
_:: J:.:'—_J — | I
Z Z Z z
2 2 2 2
Case 1 Case 2 Case 3 Case 4
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Finally, it is also seen for cases 2 and 4 that the differential
mode response should be ideally zero. A relatively small response
was still measurable owing to geometrical non-uniformities. For
this reason, in the computational approach a value of ¢ = 2 de-
grees was used for purposes of comparison with the measurement.
The results presented are on the basis of (10 V/m/Hz) field exci-
tation on the.two-wire transmission line in free space and GTEM
while actual measurements were performed with about 20 V signal
applied at the input port of the GTEM cell for improved signal

to noise ratios in the experiment.
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4. Analytical Models Used for Comparison

As was indicated earlier in Section 1, two independent approaches
for computing the transmission line responses have been used, as
briefly described below.

a. Transmission Line Theory

With reference to figure 4, showing an electromagnetic wave inci-
dent on a two-wire transmission line, Vance [5] has formulated
the problem using the electric field component along the trans-
mission line. This is equivalent to considering the distributed
voltage sources due to magnetic flux linking through the line.
Recall that for all the four cases under consideration, there is
no electric field parallel to the terminating impedances. Vance's
[5] formulation can be specialized to the present cases at hand

i.e. horitontal polarization, Y = 90° or 0° (see figure 4),
yielding
1, (=1, (w (1a)
ot 13
~ £ (w) . . - 52 sin (&)
I, (w)-—‘fg"—w L1 - e ikhsinly)y o 2 “T (1b)
¢ (jr)

where I and T, are frequency spectrum of the current flowing

through the te%mlnal impedances (Z = 22 = Z for the present),
and '

Eaverage(w) = longitudinal illuminahing-field_= constant

£ = length of the line = 24.5 cm

2. = characteristic impedance ¥ 420 0

k = propagation constant = (27/A) = (w/C)

w = radian frequency

c = speed of light © 3 x lO8 m/s

A = incident wave length

h = line separation 2 2.5 cm

® = azimuthal angle of incidence = 90° for all cases .
W = elevational angle of incidence

90°* for cases 1 and 3
0° for cases 2 and 4
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Equations (la) and (1b) also indicate that if Y = 0, these diffe-
rential mode responses ideally vanish, for cases 2 and 4. How-
ever, for calculational purposes, we have usedtk= 2° for these
two cases to account for experimental inaccuracies.

If we are only concerned with magnitude of the spectrum, we get
from equation (1b)

k ¢
= . in (-5
~ - E (w) h k sin(y) " 172
1T, (@1 = 1T, (@)l = -L;'—w-cz sin( < =0, = (2)
c . ('é‘)

The above expression starts from zero at dc frequency and mono-
tonically increases, peaking atcop = (cm/€) and has a null at

UE = (2cn/@). This corresponds to a fp = [c/(2€)] and £, = (c/8),
where € is the length of the transmission line, equal to 24.5 cm
in our case resulting in fp £ 612 MHz and fn = 1.22 GHz. Equa-
tion (2) is a simple expression for computation. Observe that we

have approximated Eaverageuo) to be a constant (Eaverage of Table

1) independent of both frequency and position along the transmis-
sion line, meaning the time domain excitation is a delta function

whose strength is equal to this constant.

A second computational approach is to use a method of moments to
solve the problem of two-wire line in free space illuminated by
a plane wave. This approach consists of zoning the transmission
line and solving the boundary value problem by satisfying the
Maxwell's equations everywhere and the boundary conditions on
the conductor surfaces.

The two approaches outlined above have been used for a test case
of a two wire line (see figure 5) excited by an uniform plane
wave with an average electric field of 10 V/m/Hz at varying inci-
dent angles (¢ = 90°, 45° and 15°). The computations of the cur-
rent I1 (A/Hz) flowing through the termination are shown in fi-
gure 7. The agreement between the two calculational approaches

is excellent, for this simple problem, for all three incidences
considered. We have chosen to use the Vance's [5] transmission
line theoretical model for comparison with the measurements in
the following section.

15
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Figure. 7 Comparing the transmission line response by

two different approaches (Vance [5] and MOM).
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5. Comparison of Theoretical and Experimental Results

The four cases that we have experimented with are listed in Table
1 and the experimental parameters in Table 1 are illustrated in
earlier figures. The transmission line and the current clamp, in
its two orientations in GTEM may be seen in Fig. 8. Observe that
the current clamp (ESH2-21 for the 1 - 30 MHZ and ESV-21 for

20 - 1000 MHz) is directly connected to a connector in the bottom
plate of GTEM, to avoid spurious couplings to cables, optical
links etc, The frequency range of the observed data was limited
by us to 1 to 150 MHz, where we are reasonably well assured of
the appearance of a fairly precise TEM mode propagating in GTEM
cell. Figure 9 shows the comparison of calculations and experi-
mental data. The comparisons are made on the basis of 10 V/m/Hz
incident electric field. Cases 1 and 3 give maximum signals and
cases 2 and 4 result in minimum signal. It is recalled that

¢ = 2 * is used in computing cases 2 and 4, which may be termed
'experimental noise floor'!. Observe also that cases 1 and 2 are
in better agreement than cases 3 and 4, owing to the fact that
cases 3 and 4 are closer to the termination and the excitation
fields are much 'cleaner' under cases 1 and 2.

Figure 8. Transmission line experiment in GTEM
(a) Angle of incidence ¢ = 0° (no signal)
(b) Angle of incidence y = 90° (max. signal)
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One could subtract the measurement of case 2 from case 1 and
case 4 from 3 to arrive at an improved experimental data for
cases 1 and 3. This has been done and the results shown in fi-
gure 10. As may be expected, once again this results at cross
section w = 3.49 m (closer to the source and farther away fron
the terminator) compare better than at w = 4.28 m (closer to
the terminator). :
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Figure 10. Transmission line response at two cross sections

obtained from subtracting (magnitude sense only)
the "null" signal from the maximum signal measu-
rements.
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6. Concluding Remarks

We have addressed the problem of field excitation of uniform two-
wire transmission line while focussing attention on the experi-
mental measurements. Theoretical approaches are available in the
literature for computing the transmission line response. The
plane wave source used in the experiment is the propagating TEM
mode in a GTEM cell. This cell differs from the conventional TEM
cells and has been reviewed briefly in this paper. The electric
and magnetic fields as functions of frequency are constant with-
in * 1.5 dB up to about 150 MHz and consequently, the experimen-
tal data is recorded in the range of 1 to 150 MHz. Two different
computational approaches are also compared giving us the requi-
red reliability in the computations before comparing with mea-
surements. The comparisons are in good agreement in the frequen-
cy range considered. We were partly motivated to perform this
study, since experimental data about wave-line interaction seems
to be lacking in the literature. Work is under way to achieve
even further improvements with respect to precise field unifor-
mity and to use small transmission lines as a measurement tool
to detect existing higher order modes, especially in the fre-
gquency range up to 1 GHz throughout the test volume.
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