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An experimental technique to measure transient surface currents of a scat-
terer using a King-type semicircular miniature probe is reported. The
principal extension of the King technique is the use of the loop probe in
transient currents measurement. The transient characteristics of the probe
are considered based on the Whiteside theory [29] for the loop. The probes
fabricated were subjected to t#ansient excitation in a coaxial calibration
jib. Their frequency responses were determined by Fourier transforming their
output and deconvolving the excitation spectrum. The agreement between the
measured results and the Whiteside theory is observed and evaluated. The
probe geometry was tested in an application context, namely, the probing of
current on a cylindrical scatterer. The induced surface currents were mea-
sured using the probe along the scatterer, and deconvolution of the probe
transfer function was carried out subsequently. The deconvolved waveforms
are reported and the results of numerical predictions by way of a time
domain integral equation technique are reported for comparison. The appli-
cation goal for this work lies in the numerical extraction of the Singularity
Expansion Method (SEM) description of scattering from a given object, using
measured transient data. The extraction process was carried out on the
cylindrical scatterer data. The results repotted here point to the feasi-
bility of this procedure. Implications of extending the probing method for
complex-shaped objects are discussed.
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I. INTRODUCTION

1.1l Transient Probing Problem

The principal goal of the work reported here is the development
of a surface current probing technigue which is usable on a transient
(broadband) basis. The probing scheme is to be used ultimately in
the extraction of the Singularity Expansion Method (SEM) descriptions
of complex-shaped scatterers through experimental means as described
in Reference [1].

As reported in [1], it is feasible to measure transient surface
current response at many points on a scattering object under study or
a model thereof, even when the object is so complex as an aircraft.
Figure 1 pictures the generic configuration of the measurement which
is used to derive transient surface current waveforms. The object is
suspended in the presence of a radiating transient field produced by
a transient signal source and a transmitting antenna. For SEM extrac-
£ion purposes the accurate characterization of this field at the
scattering object is an important prerequisite for the experimental
configuration. For present purposes this is a secondary considera-
tion. The surface current on the object is probed through a multi-
plicity of miniature surface current probes, indicated by the small
arrows in Figure 1. Each of these probes provides a transient output
signal when the object is excited. Typically, magnetic loop probes

provide a voltage response which is proportional to the time




Pigure 1. Generic configuration for the measurement of the
current waveforms. )




derivative of the current flowing in the probed direction at the
sample location. The present work seeks to explicitly define the
realization of these probes and to establish the methodology of their
application.

Transient probing is, at times, tedious to carry out, but
advantages result relative to continuous-wave (CW) analysis. In
particular, we can determine the object's response over a broad range
of frequency by using transient techniques. The work reported in [1]
describes a method whereby one can derive the SEM description of an
object by means of probed transient response data. The Singularity
Expansion Method enables us to analyze the transient coupling in such
a.way as to understand it better and to represent it coﬁpactly. The
SEM representation is quite powerful in data reduction and can be
used to predict the response of the object regardless of direction
and time history (within band limitations) of the incident wave. One
can extract the natural resonances and associated modes of the object
from which the scattering response may be expanded for new excitations
-- transient or CW.

The experimental method to determine transient electromagnetic
coupling to metallic objects demands careful consideration of the
probing technique used in measuring the electric field or the mag-
netic field. A field probe should be designed such that it senses
the field gquantity of interest and is insensitive to other field
gquantities. Typically, it should be characterizable as electrically
small in the freqguency range of interest so that conventional circuit

analysis can be carried out without too much complexity.




1.2 Ground Plane Considerations

Cne must consider eliminating or minimizing the effect of
couplings between the ocbject under study and other bodies such as
measurement instruments and transmission cables. Utilization of the
ground plang technique is a way of avoiding these problems. To do so
imposes a limitation, however [1]. Namély, only half of the modes on
the object being imaged are antisymmetric with respect to the sym-
metry plane. The modes which are symmetric with respect to the
symmetry plane are not recoverable through the ground plane

measurement.

1.3 Brief Survey of Miniature Probes

A great deal of work has been carried out in the EMP community
in the development of the electric field and/or magnetic field
sensors—-so-called D-dot sensors and B-dot sensors, respectively.
Most of the sensors described below were developed for full scale
aircraft measufements.

R. E. Partridge at the Los Alamos Scientific Laboratory has
developed an "invisible" absolute ‘E~field probe which creates a mini-
mum of disturbance to the field in its vicinity and has a calculable
absolute sensitivity [2]. He uses this idea in modifying the
rectangular loop to measure the E-field and H-field simultaneously
by employing a common mode amplifier and a differential amplifier [3].
Orsak and Whitson reported utilization of a capacitive electric field
sensor developed by C. T. R. Wilson. That sensor was made in the
form of an asymmetric plate to house a preamplifier including the

battery and switch. This probe is 4 inches in diameter and stands
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3.25 inches high [4]. Use of an asymmetric dipole made of coaxial
transmission line as a transient probe wés discussed by Hall [5].
Baum has described twenty-one other probe configurations of impor-
tance [6~26]. A current;sampling vertical current density sensor
and inductively-coupled vertical current density sensor were
devéloped for the purpose of measuring the vertical component of the
total current density at a soil or water surface [6]. A discussion
about the design of electrically-small multi-turn cylindrical loops
in the measurement of inhomogeneous magnetic fields and inductance
can be found in Reference [7]. Design and analysis of inductive
current sensors which measure the line integral of the magnetic field
aréund an area of interest by using an appropriate array of conducting.
loops was reported in [8]. BAn analysis of the circular flush-plate
dipole in nonconducting media was carried out. This sensor was
analyzed using the cylindrical vector eigen-function expansions [9].
The moebius strip loop has improved upon the conventional coaxial
loop in some applications. It has the properties of doubled sensi-
tivity to the magnetic field but much less sensitivity to transient
radiation effects [10]. A maximization fregquency response of the
B-dot loop was examined. Four limitations are considered for the
B-dot loop. These can be summarized as the loop radius, the match-
ing of the impedances of the equivalent transmission line of the
loop, and the size of the structurg [ll]. An investigation of
detecting electric fields in a dissipative media can be found in
Reference [12]. A sensor (which has flat frequency response) was
developed to measure the electric field in such a medium. A possi-

bility of designing a probe so that it can sense the electric field
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associated with the close-in EMP has been investigated. Certain

constraints in building such a probe are reported in Reference [13],
as well. Development of a technique for measuring electric fields
with internal EMP using wire grids can be found in Reference [14].

A géneralization of the moebius strip loop 1s reported for measuring
magnetic fields [15]. The effects of radiation and conductivity on
a B-dot loop design consideration is considered in Reference [16].
Calculations of the fregquency response characteristics of the cylin- o
drical loop are carried out for both nonconducting and conducting

media for two types of cylindrical loop design [17]. Some various

sensor parameters are defined for electrically-small loops and dipoles

following equivalent circuits considerations [18]. Multi-gap

cylindrical loop response characteristics when immersed in the non-

conducting media have been reported [19]. Some design parameters are

considered for a pulse-radiating dipole antenna as associated with
the high~frequency and low-frequency content of the radiated waveform
[20]. Reference [21] provides a technique through which one can
define the geometry of a dipole antenna such that low-frequency .
parameters of the antenna are readily calculable. Some electrical

parameters of loop sensors for measuring the mégnetic field perpen-

dicular to the cylinder axis are reported in Reference [22]. 2an

analysis of a dipole with two parallel éonducting plates, one of the v
common sensors for measuring an electric field, is reported for the

case of two equal conducting plates [23]. Further considerations of

this circular parallel-plate dipole can be found in Reference [24].

Reference [25] describes an analysis of a resistively-loaded dipole

antenna for which the resistance is continuously distributed along
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‘the antenna such that resistance loading is in series with the
antenna conductors. The response of a hollow spherical dipole in
nonconducting media is considered in Reference [26]. This spherical-
ly-shaped sensor with a slot arocund the equator is uniformly
resistively-loaded. |

Most of the probes developed by the EMP community are large in
size. For small-scale objects such as ours, they cannot be scaled
so as to be electrically-small. It will be extremely difficult, if
not impossible, to fabricate these probes when scaled down in size
since they typically involve several pieces and intricate shapes.
Scaling these configurations to a small size introduces severe com-
plications regarding the reproducibility of the probes. Current and
charge probes have been implemented on a relatively small scale by
EG & G for the Air Force Weapons Laboratory.* These implementations
are costly if considered in a multiple-probe contéxt, such as in
Pigure 1, and are too large by approximately a factor of two for the
scale of ﬁodels which are convenient for indoor transient measure-~
ments.

R. W. P. King and his protégés have developed a miniature
magnetic field current probe and thoroughly analyzed its character-
istics on a CW basié [27]. In analyzing the magnetic probe, which
takes the form of a small circular or rectangular loop, they con-
sidered two dominant mode currents which the finite loop sustains:

namely, the transmission line mode current and the dipole mode

*Model ACD-1A(R) D-dot and Model MGL-8B(R) B-dot probes manufactured
by EG & G, Albugquerque, NM.
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current. The transmission line mode current is proportional to the

magnetic field passing through the loop, and the dipcle mode current

senses an electric field component in the plane of the locop. By:
properly choosing the load point, they eliminate the contribution of

the dipcle mode to the load voltage.

1.4 Motivation for Adopting King Probe in Transient Application -

The "King-type" loop probes described in [27] are well-suited
to the present application. The following features are important to
the multiple-probe transient measurement configuration:

1. The probe must be implementable in a small size {nominally
0.100-0.200 inches diameter);

2. The probe must be low in electrical loss for the sake of
sensitivity;

3. The probe and its transmission system must be nonresonant
over a broad bandwidth, and its fregquency response must -

be characterized for deconvolution purposes;

4. The fabrication must be reproducible; and

5. The fabrication process must be reasonably economical in
the multiple-probe context.

The first of these requirements is readily met if the probe is fab-
ricated from miniature semi~rigid coaxial cable of either 0.023 inch
or 0.033 inch diameter. Concomitantly, the fabrication procedure
involves a few steps and simple tooling. Thus, points 4. and 5.
above are honored, as well.
The King designs described in [27] incorporate an electrical w
junction interior to the probe body where the loop center conductor
joins the cable leading the measured signal away from the probe.
This junction manifests local reactance and, thereby, the possibil-

ity for undesirable resonances. At the least, this reactance will
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introduce its own fregquency response to that of the probe assembly.
We circumvented this difficulty by fabricating the probe loop and

its signal cable from a single continuous piece of semi-rigid cable.*
This configuration leads to the honoring of requirement 3. above,
While the King design introduces no intentional loss into the probe
assembly, the continuous cable configuration requires a single cable
which is small in diameter. The loss of even a fraction of a meter
of such cable manifests appreciable loss at the upper end of the
spectrum of interest. This loss is tolerable in terms of sensitiv-
ity, but it must be accounted for in the frequency-response calibra-

tion of the probe.

1.5 Survey of the Present Work

This work describes the results of adopting the King-type probe
for transient measurement. Chapter 2 presents the chosen implemen-
tation of’the current probe. The configuration is described in
detail and the theoretigal performance is predicted in terms of the
development in [27]. 2 calibration fixture suitable for experimen-—
tally calibrating probes to be used on a cylindrical surface is
described. A measured calibration is presented and compared with
the theoretical predictions.

The probe scheme has been implemented on a cylindrical scat-
terer in order to assess its viability. The cylindrical object
was chosen because its transient response is well-characterized

and because the movable probe methods described in [277] can be

*Liepa has independently developed a similar scheme for broadband
CW measurements [28].
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applied. Chapter 3 describes this implementation and presents the

significant results obtained. These results include SEM mode
extractions.
Chapter 4 draws conclusions from the present work and suggests

the application and usage of the current probe. The Appendix por-

trays details of the fabrication technigue of a current prcbe.
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II. IMPLEMENTATION OF LOOP PROBES

2.1 Introduction

This section describes the details of the implementation of
the Ring-type loop probe for measurement of transient currents
induced on a thin cylindrical scatterer. The cylindrical scatterer
was chosen for an initial study of the use of loop probes in
transient SEM extraction because its SEM description is already
well-known and because it is amenable to a sliding probe configura-
tion, therby avoiding, initially, the need for multiple probes.

-In the following, the spécific mechanical configuration of the
probes used in this work is described. The basis for theoretically
predicting their response is described and ultimately compared with
measured frequency response derived through a transient measurement.
The coaxial jig used to expose the probe to a known field is

described, as well.

2.2 Construction Form

The fundamental problem faced in applying King's technique to
transient measurements is that the transmission line system must be
well-matched from the probe output to the load. In the present
case, the input of the oscilloscope which samples the waveform is
the load. Any severe mismatches would introduce resonances into
the measurement system frequency response. These resonances would
limit the accuracy with which the probe response could be decon-

volved from the measured waveform.
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In this work, 0.023 inch diameter, 50 ohm, semi-rigid coaxial
cable was used to construct the probe as shown in the cross section
view in Figure 2a. The transmission line leading from the probe
and the probe itself are made of one piece of coaxial cable, thus
directly eliminating most sources of mismatch. The probe is semi-
circular with a load~gap at the center of the semicircular loop
and is mounted on a cylindrical carriage. The transmission line
is secured in 1/16 inch hollow brass tubing. The cylindrical
carriage conforms to the inside diameter of the tubing from which
the cylindrical scatterer is fabricated. The carriage can slide in
a notched tube sc that a single probe can observe the current flow-
ing at any location along the scatterexr. The 1/16 inch protective
tube serves a second function as the pushrod for this carriage. Fig~
ure 2b shows a closeup photograph of a probe assembly. Figure 3a
shows the same probe assembly residing in the slot in a cylindircal
scatterer mode. Figure 3b shows the probe in the scatterer after
the slot has been covered with conducting tape to block its influ-
ence from the measurement. Details of the construction technique
can be found in the Appendix.

To our knowledge, no connector is commercially available which
can directly accommodate 0.023 inch semi-rigid coaxial cable. A
commercially available connector compatible with 0.035 inch cable
was adapted using the scheme indicated in Figure 4.% Figure 5

pictures the time domain reflectometer traces of two probes

*This approach was suggested by Dr. Valdis Liepa of the Radiation
Laboratory at the University of Michigan.
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fold center conductor back

and solder to
carriage dand outer conductor

02

Pigure 2.

(a)

(b)

(b)

Center cut side view and end view of the current probe

mounted on a carriage.

A close-up photograph of a probe assembly.
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(a)

(b)

Figure 3. (a) A probe assembly fitted in the slot in a cylindrical

scatterer.

{(b) The probe in the scatterer after the slot has been

covered with conducting tape to block its influence
from the measurement.
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Figure 5. TDR traces of probes showing two results of empirical
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connector .and $.023" coaxial line.
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through the adapted connector with the locations of center-pin gaps
indicated. Probe number -1 shows some mismatch at the connector,
while probe number 2 manifests a mismatch which is barely discern-
ible from measurement noise. The sharp peak after 7 nanoseconds

in both probes indicates the mismatch at the location of the notch
of the probes. The source of the larger mismatch is not evident,
but likely lies in fabrication differences. The measurements shown
were made with a 14 GHz bandwidth TDR system. The mismatches are

not appreciable over the 4 GHz bandwidth that we used in measurement.

2.3 Theoretical Analysis of the Probe Assembly

A frequency-domain analysis of our half loép, following that
of Whiteside and King [29], is presented in this section for sake of
completeness. Thelr theory is developed in the frequency domain
and thus is counterpart to a Fourier transform domain theory in the
present application.

Consider the semicircular receiving loop shown in Figure 6,
It is loaded with impedance Zl' Its eguivalent full loop resulting
from presence of a perfectly conducting image plane lying in the
YZ plane is shown in the Figure, too. Of course, the loop is used
on a curved surface. The approximation of a quasi-planar imaging
surface is valid so long as the loop dimensions are small compared
with the radius of curvature on which it is situated. Assume that
the loop is symmetrical about the X and Z axes and the radius (a)
of the conductor forming the loop is small so.that a one-dimensional
analysis of the current is adequate. The validity of this assump-
tion is subsequently tested for the loop size used. Let ft

represent the transmission line mode current, as indicated in
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Figure 7a.” If the loop is small compared with wavelength, ft can
be treated as constant. The dipole mode current, fa, is co-
directional and the same on both sides of the loop, as indicated
in Figure 7. Therefore, the dipole mode current must be zero at
the load and, hence, does not couple into the load. The total
response of the loop depends only on the transmission line mode
current it.

It is useful to characterize the interrelation of the loop and
its load by means of a Norton equivalent circuit. The admittance

of the loop §0 is derived by Whiteside [29] using the expression

given by King [30].

%o = LKW (Q - 3.5;:1- 0.33(kw) 9’
where z = 120r,

@ = 2 1ln{(wW/a),

k = 2r /A,

A is wavelength,

and W is width of the loop as indicated in Figure 7,

Yo can be approximated by neglecting the 0.33(kw)2 term since at
low frequencies the contribution of this term is very small com-
pared with the other two terms. This allows us to view YO in terms
of an equivalent inductance. This inductance can be found by

setting fb = 1/jwlL and identifying L = W{Q - 3.52)/4c, where ¢ is

the speed of light. The voltage induced in the loop depends on the

*The tilde ~ denotes Fourier-transformed quantities.
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current, it' and dipole mode current, I,

An approximate circuit diagram of a circular loop.
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magnetic field encleosed by the loop, according to Faraday's law
7= § Faal = 50 57 Fea8

By Assuming that the magnetic field enclosed by the loop can be
treated as constant over the area of the loop, the above integral

can be approximated as

. . -7
V(jw) = jwuHIlls , U o= 47 .10

where S is the surface area enclosed by the loop. Thus, the no-load
current in the loop can be obtained by multiplyving the admittance

of the loop Y by the voltage v.

0

I (jw)

~ i
~-JwsSY uH
] Ou n

~i
-(S/L)uHn

When the loop resides on a thin cylinder, the magnetic field pene-

trating the loop is

~i ~ .
Hn = IZ(Z,jw)/ZTfr,

where fz(Z,jw) is the net axial current flowing on the cylinder at
the probe location Z and r is the radius of the cylinder.

Now we can formulate the equivalent circuilt of the doubly-
loaded loop, as shown 1in Figure 7b. The output voltage across the

load can be expressed as follows:
v, (Gu) = HGe) I_(Z,30),

where
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-uZ. s .
~ o 1 JwL
= . = . 1
H(juw) TrL Jwl + 22l (1)

The transfer function ﬁ(jm) relates the output voltage to the cur-
rent flowing on the cylinder at the probe point. For frequency
components where wl << 2Zl,

H(jw) 2 -jwusS/2rr .

This implies, in the time domain, that the loop voltage time history
is proportional to the derivative of the time history of the current
being probed. If the spectrum of fz(Z,jm) includes frequencies

" where jwL is appreciable relative to 2%Z., then the transfer function

1
cannot be so simply interpreted. 1In the measured results reported
subsequently, the current spectra do include such frequencies, but
these components are relatively weak. As a conseguence, an approxi-
mate derivative response is observed. The original current Iz(z,t)
is recoverable through deconvolution of the transfer function given
in (1), or, in an approximate fashion, direct integration of the
waveform.

In practice, the voltage V., is delivered to the oscilloscope

1
over a length of 0.023 inch semi-rigid cable. The attenuation of

this length of cable is significant. Therefore, it must be

accounted for, as well. The oscilloscope voltage is

Vo (3w Hc(jw) Vl(jm)

Hc(jw) H{jw) fz(z,jw) .
where ﬁc denotes the cable transfer function. This transfer
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function is constructed by accounting for the electrical length of
the cable in the phase of H. The magnitude function is constructed
by linearly interpolating the logarithmic representation (dB) of

the manufacturer's attenuation data (Table 1) for the cable. Thus,
the product ﬁé(jw) ﬁ(jw) is, in practice, deconvolved from a

measured waveform to recover IZ(Z,t).

Table 1. Attenuation of Coaxial Cable

Manufacturer: Uniform Tubes, Inc.
Micro—-Coax Part No.: UuT - 20
Typical Attenuation (dB/100')

0.5 GH=z | 1.0 GHz 5.0 GHz 10.0 GHz 20.0 GHz

51.0 72.0 163.0 233.0 334.0

The electrical pé;ameters of our loop are calculated using the
formulas developed above and the dimensional parameters summarized
in Table 2. The electrical parameter results are summarized there,
as well. Therghape parameter Q=2 ln(ﬂW/a)_takes on a value of
7.341 in this case. This value represents a relatively "fat® loop
and is near the limit of applicability of the Whiﬁeside theory.
The,cur;entiin_the circﬁit shown @n Figure 7 is seen»tqrbe propor-
tional to the magnetic field through the loop. The parameters L and

~

Zl complete the circuit description.

Table 2. ZLoop Parameters (Present Work)

W 0.125 inch T 5.213 10703 ﬁ;
a 0.115 inch L 3.817 nH
Q 7.341 21 50 ohm
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2.4 Calibration Jig

A probe must be calibrated in order to determine the true .
response of the transient signal. A rigid, 45 cm long, coaxial
transmission line was used to calibrate probes in this work. The
center conductor is 3/8 inch 0.D. hollow brass tubing with an 0.075
inch slot. The outer conductor is 0.785 inch I.D. copper tubing.
The outer conductor is actually that of EIA Standard 7/8 inch
;igid airline, while the center conductor is slightly larger. The .
center conductor was chosen such that it has thg same curvature as
the scatterér of interest. The result of the combination is that
the characteristic impedance of the coaxial jig is 44.33 ohms, the
capacitance per meter is 75.2 Picofarads, and the inductance per
meter is 0.148 Microhenrys. Figure 8 shows a photograph and line
drawing of the jig, along with an adaptor between 7/8 EIA and
Type-N connectors. .
Because of the center conductor size chosen, a mismatch results
between a 50 ohm Type-N cable feeding the jig and the 44.33 ohms
of the jig. 1In addition, the adaptor potentially introduces a
local junction reactance. The two effects are represented schemati-
cally in Figure 8c. This mismatch is conceivably fregquency-
dependent, thus introducing the possibility of waveform distortion
to a transient excitation,
The fregquency dependence of the junction is accounted for in

terms of a transmission coefficient

T10 = ViV
where Vl is the forward-going wave on the jig transmission line and .
30




(a)

(b)

(c)

used for measurement of known fields.
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(c)
Figure 8. (a) Photograph of a coaxial jig and a 7/8" to N adaptor

7/8" rigid coaxial transmission line and 7/8" to N
adaptors used to calibrate the current probe.

Approximate junction representation between adaptor

and transmission line.
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VO is the incident wave on the 50 ohm line. This coefficient cannot
be measured directly because of the difficulty associated with
measuring a voltage on the 44.33 ohm line. The following indirect
method was used instead.

A measurement is made through the jig using two identical Type-
N to EIA 7/8 inch adaptors. The voltages Vin(t) and Vout(t},
whose transforms are shown in Figure 8b, are measured.* They are
both defined on 50 ohm cables, so this measurement is straight-
forward. The adaptors are presumed to be identical so that the
symmetric transmission line model shown in Figure 8c is wvalid.

From the model we determine that

Gout = Gin TlO T(ﬁ}lemjml/c (2)
where

TlO = ZZl/(Zl + ZOZlY + ZO)
and

Tor = 220/(2l + ZOZlY + ZO) .

The effect of multiple reflections in the jig region is not expressed

in (2}. In the measurement, the observations of vout(t) and Vin(t)

*Pransform data are computed numerically from a 512 sample digitized
record of a 5 nanosecond duration waveform. Only every 32nd point ‘
of data is necessary to satisfy the Nyquist criterion for the sig-
nificant spectrum of the pulse generator. Therefore, the transforms
displayed herein were computed as the average of 32 phase adjusted
transforms of subsequences of the data record. Each subsequence is
filled with trailing zeros to a length of 256 in order to maintain
good frequency resolution.
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are conducted over a time window of 2-1/2 nanoseconds so that mul=-
tiple reflection effects are time-gated out of the observation.
Thus (2) is the correct model of the observed voltage eout in the

Fourier transform domain.

We wish to identify T in (2) from observation of V_ V. .
out’ in

10

We observe that

/2%, (3)

=
T10 = 21" 10%017%0%1

and that

To1%10 T eTuie Gout/gin (4)
Thus, time-gated transient observation of Vin(t) and Vout(t),
followed by numerically Fourier transforming them, allows computa-
tion of (4). Since ZO and Zl are known, the desired transmission
coefficient can be computed from (3).

The method described above was implemented using an IKOR "IMP"
generator as a transient signal source and a Tektronix P7001
Oscilloscope™ with a 7812/8-6/S-53 sampling scope configuration.
The input waveform Vin(t) and its spectrum are shown in Figure 9.
The bandwidth of the IMP generator waveform allows determination
of the transmission coefficient to near 2 GHz. The result is shown

in Figure 10. It is seen that the coefficient is flat with fre-

quency and that the impedance ratio Zl/VZOZl in (3) (0.94 in the

*The P7001 is a digitizing oscilloscope and is interfaced to a -
Tektronix 4051 desktop computer. In this measurement, all wave-
forms used result from the averaging of 16 individual waveform
observations acquired by the 4051. This procedure was used con-
sistently in all measurements reported in this work, unless
otherwise stated.
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Figure 9. Average of 16 waveforms produced by the pulse generator
used in this experiment and its spectrum.
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present case) fully accounts for it.

2.5 Transfer Function of Cable Adaptors

An OSM to N adaptor had to be employed in order to measure the

Gin and Gbut using the Tektronix Sampling Heads. This adaptor can-~
not be ignored in the calibration procedure and, therefore)‘its
transfer function was determined in the following fashion. Three

different Type-N to OSM adaptors were used in the measurement:

N-female to OSM-female;

N-male to OSM-male;

N-female to OSM-male.
The combination of these adaptors is shown in Figure 11. The three
adaptors are presumed to have identical transfer functions. This
is, of course, an approximation. It is reasonable except for small
differences in electrical length, and these differences are smaller
than the time resolution of the instrumentation.

Subject to this assumption, the spectra of the voltage wave-~-

forms 52 and 63 (Figure 11) can be written as follows:

vV, =H, H

and

where ﬁ3 is the transfer function of the attenuators, ﬁz is the

transfer function of the N to 0SM adaptor, and Gg is the generator
waveform. ﬁz can be found, from dividing the above equations, to

be
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Figure 11. Block diagram to compute transfer function of N to OSM

adaptor by measuring V2 and V3 .

1l: N-female to OSM-male;
2: N-female to OSM-female:
3: N-male to OSM-male.
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2.6 Probe Transfer Function

The preceding two sections provide the basis for measuring the
frequency response of the loop probes. The measurement configuration
is shown in Figure 12a. The slot of the center conductor is taped
with conducting tape to eliminate coupling to the coaxial region
formed by the center conductor and the probe push rod. The input
voltage spectruﬁ Gin is determinedlby measuring Vin(t) through known
attenuation and an N~-female to OSM male adaptor. The effect of the
intervening components is subsequently deconvolved froﬁ the spectrum
of Vin(t). The probe response spectrum is determined from Vp(t),
which can be measured directly. A specimen of the latter waveform
is given in Figure 12b. . That it is roughly the time derivative of
Vin(t) is observable through comparison with Figure 9. The waveform
is gated out after 2.5 nanoseconds to eliminate the reflection from
the other end of the calibration jig. The probe transfer function
is defined as the probe response voltage spectrum divided by the
spectrum of the net current flowing on the center conductor of the

calibration jig. In terms of measurable quantities,

ﬁp(jm) Gp(jm)/f(jm,m

-~ ~ -jwd/c
szl/ (Tlovine | )

Figure 13 shows the amplitude of the transfer function of the probe.
The solid line and the dashed line are the observed transfer func-

tions of two different probes computed using the measured waveforms.
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Figure 12. (a) Cross-section of the calibration jig used to
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calibrate the probe.

A probe output V_{(t) sampled by a current probe
where the source®of excitation is the pulse
shown in Figure 9.
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The dot-dashed line is the result of the derivation presented in
section 2.3. As we polnted out earlier, the 0.023 inch cable has
an attenuation which is significant at higher frequencies in the
spectrum. The curve marked with circles is the result of the
adjusting of the theoretical (dot-dashed) curve to include attenua-
tion effects. It is seen that the measured responses of both
probes are underestimated by the attenuation-corrected theoretical
result‘at lower frequencies. In fact, even the theoretical transfer
function, which doces not include attenuation, lies below the
measured response curve. The theoretical results are based on the
nominal 0.125 inch diameter of the loops. It is possible that the
actual diameters are somewhat larger.

The general trends in the measured curves indicate the proper
effects of attenuation. Since the attenuation model used is based
on bounding data supplied by the manufacturer, it is likely that
the attenuation-corrected theoretical result is somewhat too low.

Up to roughly 1 GHz, the two probes show comparable response
features. The particular source pf disagreement above 1 GHz is
not readily apparent. It must be associated with some feature
differing between the two fabrications, but the identity of the
particular feature has not been uncovered.

A smooth sinusoidal component is observed to be superimposed
on the measured transfer function. A similar component is seen in
the spectrum of the input pulse. This may be present for the
following reason. The IKOR IMP pulse generator uses a spark-gap
switch in generating the waveform. This type of generator fails

to produce identical pulses shot-to-shot. The Digitizing

41




Oscilloscope takes the average of the waveform point by point in
the sampling process, based on a different excitation pulse each
time. Because of the rapidity of the events being measured, it is
noct possible to circumvent the sampling process, of course.

The phase information associated with Figure 13 was not
extracted or used explicitly. The various adaptors required in
calibrating a phase (time) reference for the jig preclude doing so
in any accurate fashion. In practice, the measured data waveforms

are all time referenced, based on a cauwsality criterion.
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IITI. IMPLEMENTATION OF PROBING SCHEME ON A CYLINDRICAL SCATTERER

3.1 Intfoduction

The net axial surface current on a thin cylindrical scatterer
was measured using the probing method. The currents were induced by
the electromagnetic field radiated by a transmitting antenna nearby.
The Singularity Expansion Method description of the cylinder'was
extracted from this set of data and compared with Tesche's computed
results [31].

A thin cylinder was chosen for the following reasons. The thin
cylinder has rotational symmetfy and the radius is small compared
with the length; therefore, one dimensional analysis of the current
on it is sufficient. The probe carriage is fitted inside the scat~
terer into a longitudinal slot, thereby making it possible to locate
the probe at any point along the structure. Thus, flexibility as to
probing points is provided in evaluating the present probing method.
A thin cylinder is relatively easy to solve theoretically, and
reliable comparison data is readily available. We ultimately do SEM
parameter extraction from the data and the thin cylinder SEM descrip-

tion is reliably characterized.

3.2 Measurement Configuration

A detailed description of the transient measurement system is
presented in this section.
A block diagram of the measurement facility is sketched in

Figure 14 along with a photograph of the inside of the facility.
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Block diagram of transient antenna range facility.

The measurement facility photographed from behind
the ground plane.
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The scatterer is formed from brass tubing 30.0 cm long and 3/8 inch
in outer diameter. It carries a longitudinal slot of width 0.075
inch. A close up of this scatterer is pictured in Figure 15. The
slot of the scatterer is taped with conducting tape with the probe
in place. It is mounted on a brass disk so that it can be installed
readily into the ground plane. The location of the probe can be
determined using the scale on the positioning apparatus shown in
Figure 1l6a. This carriage is mounted behind the disk where the
scatterer is attached. The pushrod for the probe is attached to a
calibrated stop on the movable arm of the probe carriage. Figure
16b pictures the scatterer's mounting disk from the pack side of the
“ground plane with probe-positioning jig in place. The probe is
oriented such that the plane of the probe is perpendicular to the
direction of propagation from the transmitting antenna.

The transmitting antenna is a long cylinder made of brass tub-
ing. It is 1.71 meters long and 0.25 inches in diameter at the
base. The radius is stepped down to smaller sizes of brass tubing
away from the ground plane to reduce the weight, and thereby droop,
since it is a horizontally-mounted structure. The transmitting
antenna and the scatterer are mounted at the center portion of a
20 x 18 foot ground plane and they are 79 cm apart. Figure 17 shows
the outside view of the ground plane. The circles in the center
panel are the locations for the transmitting antenna and the

scatterer model, respectively.

3.3 Instrumentation

A Digital Processing Oscilloscope (DPO) is used to sample the
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Figure 15. A close-up of a scatterer mounted on a brass disk. Probe
is placed and the slot is taped with conducting tape.
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A probe carriage is attached behind the disk where
the scatterer is mounted.

The probe carriage and disk mounted in the ground
plane.
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Figure 17. Ground plane for transient antenna system. The size of
this ground plane is 18' x 20'.
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waveform. The configuration of the DPO system includes a Tektronix
D7704 Display Unit, P7001 Processor, 7512 Sampler, S-% Sampling
Head, and S~53 Trigger Recognizer. The excitation source is an
IKOR IMP generator whose waveform is shown in Figure 9 . A
Tektronix 4051 desktop computer is used as a DPO controller and for
intermediate data storage. All the data were shipped to the host
computer, a DECSYSTEM-10, from the Tektronix 4051 for final numeri-
cal processing. The sampler requires a 75 nanosecond pretrigger
pulse. Therefore, the excitation signal was passed through a 75
nanosecond delay line prior to delivery to the transmitting antenna.
A l.ld4-meter long and 0.l14l-inch diameter semirigid coaxial cable
was used as an extension cable in connecting the probe and the S$-6

Sampling Head.

3.4 Measured Data

Current waveforms were sampled at 19 locations along the scat-
terer for a time period of 5 nanoseconds. Sixteen waveforms were
acquired and averaged as described in Section 2.4. The measured
transfer function for the probe (as in Figure 13) was deconvolved
from the measured waveform by taking a forward Fourier transform,
dividing out the probe response, and inverse transforming, This de-
convolution fails at zero frequency because the probe transfer
function properly is zero there. Thus, the DC {(zero frequency)
level of the resulting waveforms is unreliable. This level can be
corrected by the appropriate use of interpolation in the fregquency
domain. The DC level of the waveform has no bearing on the reso-

nant modes derived in SEM extraction. Since the ultimate utility
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of this work is in SEM extraction, this correction was not carried
out here.

The result of these measurements and the subsequent reduction
are given by the solid lines in Figures 18 through 36. The dot-
dashed lines represent the results of direct integration of the
measured waveforms. The dashed lines provide, for comparison, the
result of a numerical model of the measurement configuration cal-
culated with the TWTD transient scattering computer code from

*®
Lawrence Livermore Laboratories.

The TWTD program was employed with some modification in order
to incorporate the features of the spherical wavefront impinging
on the scatterer in the experimental configuration. The radiated
electric field used as the driving field in the TWID program was
computed using the results given by Harrison and King [35]. Their
mocdel was for an infinitely long cylindrical transmitting antenna.
Our system is ecquivalent to their configuration since the response
waveforms were gated off in time domain before the pulse radiated
from the end bf the finite—length antenna arrived at the scatterer.
The input waveform in the Harrison and King model was taken to be
the IKCR IMP generator waveform delivered to the transmitting
antenna. The TWID program is sensitive to noise present in the
driving field data and it can be seen in late-time behavior of

several of the Figures. The noise level is heavier when the

*

TWID is a computer code which computes the time history of
the surface currents of a thin scatterer and details of the
descriptions can be found in References [32], [33], and [34].
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7.3 cm. from ground plane.
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observation»point is further away from the ground plane.

An observation of the comparisons given in Figures 18-36 shows
the results to be generally gratifying. The anticipated error in
DC level in the measured data is, indeed, observed. The principal
features of the waveforms agree well between theory and measure-
ment. The agreement is typical of that obtained in broadband
transiént experimentation and computatibn. The quality of agree-
ment is essentially consistent améng all of the probe locations.

A consistent time shift is apparent throughout the data; namely,
the measured data is advanced in time relative to the computed
result. This shift i1s attributable to error in the manually-
adjusted, time reference in the measurement. This reference was set
to the time of initial response at the probe station nearest the
ground plane. The use of an electric field probe at the scatterer
site for the initial setting of the time reference will likely con-
trol this error. The deconvolved results show the effect of rather
course gquantization resulting from the Fourier transform processing
scheme used. This effect may be .reduced at the cost of more compu-
tation. The integrated results seem to indicate that integration
provides adequate probe response deconvolution. The fact that the
dominant energy in the pulse spectrum is at frequencies where the
probe transfer function is almost a straight line is the reason

for this.

3.5 SEM Extraction

In order to determine the SEM description of the cylinder from

the measured data, we must extract a set of poles and residues
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from the transient data. Natural modes can then be extracted from
these poles and residues as described in Reference [1]. 1In the
process of extracting poles, an adaptation of the Pencil-of-Func-
tions method was used in the present work [36]. This pole identi-
fier provides satisfactory pole/residue estimation in the presence
of noise in the data.

Extracted natural modes are shown in Figures 37-40 for the
first four even-function modes on the cylindrical scatterer. The
ground plane symmetry intrinsic to the measurement recovers only
the even-function modes. A free-field configuration is required in
order to recover odd-function modes. The modes computed by Tesche
[31] are provided in the Figures for comparison purposes. These
results are for a cylinder with a length-to-diameter ratio of 100.
Our scatterer and its image have a length~to-diameter ratio of 63.
Tesche.demonstrated, however, that the dependence of the modes on
the aspect ratio is quite weak.

The agreement between the computed and extracted modes is
quite good for the first three even-function modes. The fourth,
however, demonstrates only hints of agreement. At least the proper
oscillatory features are present. An inspection of the spectrum
of the excitation function shown in Figure 9 indicates that the
excitation for this mode, which is resonant nominally at 1.75 GHz,
is roughly 15 dB below that of the excitation at the 250 MHz funda-
mental resonance. It is surprising that anything at all is

recoverable for such a weakly-excited mode.
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IV. CONCLUSION

It appears very feasible to probe the transient surface current
on a scatterer using the current probe discussed in this work. The
scheme has several advantages. First, this probe is economical since
it can be built within a day of labor and without sophisticated equip- x
ment. Second, it has satisfactory sensitivity and can sense a reason-
ably small signpal. Third, we can mount this probe on a track so that
it can be moved along the object for many structures of interest,
therefore eliminating the need of multiple probes. Fourth, it is
small in size so that we can readily apply conventional circuit theory
in the analysis of the probe. Finally, it shows a fairly broad fre-
quency response (from 0 to about 2.0 GHz). The economy of fabrica- .
tion is likely to be especially important in probing complex shapes
which demand multiple probes rather than movable ones.

On complex shapes such as aircraft the moving-probe scheme is
precluded. The use of multiple probes introduces the new problem of
relative calibration. The present work, by design, allowed the cali-
bration of the probe on a cylindrical conductor identical in curva- .

ture to the scatterer on which it was used. This cannct be accom- .

plished when complex surface shapes are involved. The most appro-
priate choice of calibration environment is likely to be on a planar
surface. The production of a known current on a planar surface is
difficult, however. It 1s guite likely that simply using the theoret-

ical response of the probe and its feed cable will be as reliable as .
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aﬁy calibration in light of the comparisons given in Figure 13. The
length of the feed cable may be measured accurately using time domain
reflectometry, so that its attenuation and phase responses can be
accounted for.

The use of ground plane symmetry, while simplifying the experi-
mental configuration, provides only one of the two sets of modal
symmetries on a éymmetric object. It is desirable to develop means
whereby the method can be implemented on a whole object suspended in
air so that all modes are recoverable,

Finally, the SEM modes extracted indicate that the measured
extraction scheme proposed in [1] is feasible. The extraction of
normalization constants, which complete the SEM description, has not
been considered here. Extraction of this parameter will place éddi—
tional demands on the measured data. 1In particular, we can antici-
pate a systematic error in the phase of all of these parameters due
to the time-reference error apparent in Figures 18-~36. This error

in time of arrival is likely to be inconseguential.
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APPENDIX

CONSTRUCTION TECHNIQUE FOR CURRENT PROBE

We describe here the fabrication method used for the probes in
the hope of éaving the interested reader some hours of frustration.
Drawings are given for the special tooling involved. The principal
steps in the fabrication are 1) bending the loop, 2) cutting the
feed gap, and 3) soldering the loop into the carriage.

Figure 41 shows a mandrel designed for bending the loop. In

order to make a 0.125 inch diameter semicircular loop as a probe

with 0.023 inch semirigid coaxial cable, it is wise to start bending

the coaxial cable with somewhat larger loop diameter and slowly
reducing the diameter of the loop to the 0.125 inch size, using the
mandrel pictured in Figure 41.

Pigure 42 shows a tool made to guide a file which is used to
notch the outer conductor at the center of the loop. Figure 43
shows the file employed in notching the loop. One shouid obtain as
fine a tooth pattern as possiblqrpnra so-called Swedish file and
grind the flats to the dimensions given, leaving the teeth on the
edges unmarred. The now U-shaped coaxial cable section is placed
in the notching jig with the sides of the U in the slots with the
semicircle protruding above the central slot. A thin rectangular
plate is placed on top of the jig to hold the loop in the slots and
clamped in place with a spring clip. A wvery thin stripe is drawn
at the center of the loop around the cable at the logation of the

intended notch with ink such that coloxr can be distinguished from
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Figure 41. A jig used to make semicircular loop with 0.125" diameter.
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the copper and teflon. The outer conductor is notched by lightly

filing without pressing the cable. Placing a finger against the
loop provides support and helps to keep the file from slipping. A
jeweler's magnifying headpiece is wvery helpful in notching the outer
conductor, and the notching jig can be clamped in a vise for firm
support.

The terminated leg of the loop is cut fo length, leaving a few
millimeters of the center conductor exposed. The loop is inserted
into the carriage, as shown in Figure 2. A 0.105 inch diameter semi-
circular key is useful in setting the height of the protrusion. In
soldering the loop in place, the prolonged use of heat should be
aﬁoided. The Teflon dielectric extrudes when overheated. The cen-
ter conductor on the terminated end should be soldered to the
carriage.ana the oufér conductor. The éable end of the léop is fed
through the éushrod tubing and fitted with an Omni Spectra 0SSM 551-1
connector, or the eguivalent, using the adaptation shéwn in Figure
4, This connector is soldered to the pushrod for mechanical

strength.
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