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Abstract

This paper considers a sensor for measuring the time derivatives of waves propagating in the two directions
on a coaxial transmission line. The signals from the two ports can also be added and subtracted to give the time

derivatives of voltage and current, respectively.

This work was sponsored in part by the Air Force Office of Scientific Research, and in part by the Air
Force Research Laboratory, Directed Energy Directorate.




1. Introduction

Many sensors have been developed for the measurement of I-dot (time derivative of current) in various
geometries, including in coaxial-cable geometry as an insertion unit. (See [11] and references therein.). The present
paper generalizes the cable case to include V-dot (time derivative of voltage) and combinations of the two. These

results have been languishing in my notebooks for many years, so I thought that it was time that I documented them.

A result of some interest and utility concerns the balancing of these two measurements so that one can
separate waves propagating in two directions (which we term right and left) on the coaxial cable. This makes a
directional coupler for use in transmission lines. It is analogous to the BTW (balanced transmission-line wave)
sensor for plane waves in space, such a sensor also being a directional coupler for such waves (5]. ‘Such a field
sensor is but a receiving version of a ?x;z) antenna (balanced electric- and magnetic-dipole moments at right

angles to each other) in transmission [3, 4, 6, 8-10].




2. Sensor Geometry

The sensor geometry is given in Fig. 2.1. Notice the two gaps (circumferential slots) of width w in the
outer conductor of the coax which we idealize as the surface Sp. It is here that the signals are introduced into the
sensing cables. Each gap is loaded by the characteristic impedance (constant resistance) ¢, (typicélly 50 ) of a
coaxial cable transmitting a signal to the recording instrument(s) where each is terminated in a resistance {.. Note

that each of these cables is bonded to and perhaps recessed in Sg so as to be topologically part of it. In one design

‘the center conductors of the two sensing cables cross the signal gaps, connecting to the other side. A more elaborate

design has each such cable connecting to two cables (in parallel) of characteristic impedance 2¢,. (say 100 £2) and
of equal length. Each of these in turn connects across the appropriate gap at opposite circumferential positions.
This is a feature of various D-dot, B-dot, and I-dot sensor designs [11] for improved signal averaging around gaps

and improved high-fréquency response.

The cable of characteristic impedance Z. (from which signals are to be sensed) has voltage V and current /

(positive to the right). In terms of the various parameters we have
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which may also (but not necessarily) be 50 £2. Note that the inner radius W;_ of Sy is used with the inner-

conductor radius W due to the small skin depth in the conductors at the high frequencies of interest.

Note that ¥y, is the outer radius of Sg, which together with ¥, (the inner radius of the surrounding
conducting cylindrical shell) and £; (the inner spacing of the conducting disks closing this surrounding cylinder to
Sp) are the appropriate dimensions of the outer sensing volume. Note that the constitutive parameters of this
sensing volume need not be the same as those of the original cable. Typically the permeability is £ in both cases,
but different dielectrics with permittivities £ (coax) and & (sensing volume) may be employed. Note that the
width w of each sensing gap needs to be small compared to other dimensions, including ¥;_ -¥o, ¥, -¥|,,
¢y/2, and [€; -ty ]/2 so that we may accurately choose £y as the distance between the centers of the two gaps
(for electric-flux interception). This also makes the length of the coaxial center conductors crossing the gaps small

for low inductance and small correction to the magnetic flux interception based on ¥, .
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Fig. 2.1 Combined V-Dot and I-Dot Sensor For Coaxial Signals.



3. Mutual Inductance

The mutual inductance is just [1, 2]

3.1
based on the magnetic flux in the sensing volume per unit current (). This gives a sensor output (differential) as

dl

For this result to hold the frequency should be low enough that

o Ls << 2.
s = Q + jw = complex frequency or two-sided Laplace-transform variable

3.3)
L self inductance

where L is a little more than M due to the extra inductance of the wires crossing the gaps.

There is also a series insertion impedance as

-1
Z, = [sLg]i[2¢¢] = [}%—- + -2—27] =sLg for low frequencies (3.4
'S c

This needs to be small compared to 2Z,. for negligible reflection on the coax being measured. This is consistent
with (3.3) if Z. and { are comparable.

Concerning accuracy, the considerations in [7] are applicable here.
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4. Mutual Capacitance

The capacitance per unit length of the coax being sensed is -
¥

C = 2 en-l(_l:) @
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A positive voltage V induces a negative charge on the section of length £y, thereby delivering a positive charge to

the recording instrument(s) as

t
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As we can see that this appears in the common mode of the two sensing cables.
For this result to hold the frequency should be low enough that
2 ~
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noting that the two sensing coaxes of characteristic impedance appear in parallel in this case.

Associated with this voltage measurement there is a parallel insertion admittance. One can estimate this by
subtracting the admittance of the unperturbed coax section (admittance s C ) from the admittance of the section as
perturbed, giving
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where C,,, represents the capacitance of the section of Sg of length £y — 2w to the other boundaries of the
sensing volume. Note that as C,,, becomes large the right side of (4.3) — s C (i.e., no insertion admittance).
While the right side of (4.3) is passive (a positive real function), if s C is subtracted this becomes active. So it is
convenient to include s C with Y; to give the transverse admittance of the section of the main coax with length
Ly .
-~



5. Sensor Operation

Section 3 shows that the differential signal V| — V, on the sensing coaxes (with equal delays) is |

proportional to the time derivative of 1. Section 4 shows that the common-mode signal V; + V,- on the sensing

coaxes is proportional to the time derivative of V. Let us now consider the properties of V; and V, separately.

Consider waves propagating on the coax. These have the form
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+ = right-propagating wave

- = left-propagating wave

For purposes of discussion consider a right-going wave.

é.n

Suppose for a right-going wave we could set V, = 0. (V| monitors right-going waves. By symmetry,

V, monitors left-going waves.) From (3.2) we have

voovy = md iy oM
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From (4.2) we have
dl
Vi +V, = C— =V,
1+ V2 = ¢ & N
Combining, we have
M
= —_— = C
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Rearranging we have (using (3.1) and (4.1))
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as the basic condition to be met.
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As a simple (yet practical case) if we have equal characteristic impedances (say 50 £2) we have

o |2 1 Wi
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In (5.5) this gives
/ én {—}—1
_L = 0 (5.7

with €; > €y this is readily achievable.



6. Concluding Remarks

So by appropriate attention to the various sensor dimensions one can measure on separate channels (V| and
V, ) the time derivatives of right- and left-going waves in coaxial transmission lines. Sum and difference signals are
proportional to the time derivatives of voltage and current respectively. Of course, one can integrate these signals

with respect to time, if desired.

As a wave sensor, accuracy in design of M and C is important. One can measure how well the proper
balance has been achieved by sending a wave in one direction on the coax. Then by measuring the signal from the
port (1 or 2) which should be zero, one can see how small this is compared to the signal from the other port. Since
the formulae are developed under the assumption that the sensor is electrically small for frequencies of interest, the

high frequencies may need to be limited for this comparison.




References

1.

10.

11.

C. E. Baum, Some Electromagnetic Considerations for a Rocket Platform for Electromagnetic Sensors,
Sensor and Simulation Note 56, June 1968.

C. E. Baum, Some Considerations for Inductive Current Sensors, Sensor and Simulation Note 59, July
1968.

C. E. Baum, Some Characteristics of Electric and Magnetic Dipole Antennas for Radiating Transient
Pulses, Sensor and Simulation Note 125, January 1971.

J. S. Yu, C.-L. Chen, and C. E. Baum, Multipole Radiations: Formulation and Evaluation for Small EMP
Simulators, Sensor and Simulation Note 243, July 1978.

E. G. Farr and J. S. Hostra, An Incident Field Sensor For EMP Measurements, Sensor and Simulation Note
319, November 1989.

C. E. Baumn, General Properties of Antennas, Sensor and Simulation Note 330, July 1981.

C. E. Baum, Accuracy Considerations in the Design of B-Dot and I-Dot Sensors, Sensor and Simulation
Note 344, June 1992.

F. M. Tesche, The PxM Antenna and Applications to Radiated Field Testing of Electrical Systems:
Part 1-Theory and Numerical Simulations, Sensor and Simulation Note 407, July 1997.

F. M. Tesche, T. Karlsson, and S. Garmland, The PxXM Antenna and Applications to Radiated Field Testing
of Electrical Systems: Part 2-Experimental Considerations, Sensor and Simulation Note 409, August 1997.

E. G. Farr, C. E. Baum, W. D. Prather, and T. Tran, A Two-Channel Balanced-Dipole Antenna (BDA)
With Reversible Antenna Pattern Operating at SO Ohms, Sensor and Simulation Note 441, December 1999.

C. E. Baum, Electromagnetic Sensors and Measurement Techniques, pp. 73-144, in J. E. Thompson and
L. H. Luessen (eds.), Fast Electrical and Optical Measurements, Martinus Nijhoff, Dordrecht, 1986.

10




