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COMMON-MODE REJECTORS FOR PULSE POWER DIAGNOSTICS

INTRODUCTION

Pulse power machines typically generate pulses with voltages ranging from 100 kV to
10 MV at currents in the 1 kA to 10 MA range. Pulse durations are usually less than 1 us.
Ground noise can be severe in such environments. The large magnetic fields associated
with these machines can induce voltages on the order of 50 kV in ground loops formed
between signal cables and the machine ground return. For typical 100 foot long signal lines,
ground loop inductances are on the order of 10 uH. It is easy to see from V = Ldi/dt, that
ground currents exceed 1 kA, 200 ns into the pulse.

It is instructive to review some of the underlying mechanisms of ground noise genera-
tion in pulse power environments, in order to fully appreciate the need for common-mode
rejectors and their construction. Sporadic treatment of this subject may be found in much
of the available literature. Many, however, discuss ground currents in the context of low

power instrumentation techniques.!

I. INDUCED VOLTAGES
Induced voltages in ground loops can be avoided if sufficient care is taken in the design
of the pulse power machine and its associated diagnostics. Principles of electromagnetic

topology? can be successfully applied to develop designs immune to noise. A complete

Manuscript approved December 26, 1989.
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shield is needed around the machine. The diagnostic room should be a shielded enclosure
and signal cable shields should be securely- connected (no pigtails) at both ends to the
respective shield rooms. ‘If the conductivity of all shields is infinite, then the system

should be immune to noise.

Very often, however, conditions are not as ideal. It is usually inconvenient to locate
the machine in a shielded enclosure. Signal cables usually terminate on the outer shell of
the machine, which also serves as the return current carrying conductor. Large windows
in the shell distort the current flow pattern. Some magnetic flux leaks out, and voltages
could be induced in local loops formed by adjacent cables. Return currents can be very
large in the case of low impedance diodes, or arcs at the load. Resistive joints in the
return path usually cause mild arcing, and substantial ground noise is introduced in the
diagnostic cables.

Some pulse power components, for example Marx generators, striplines, etc. are
housed in an oil tank, with signal cables terminating at specific points on the pulse power
circuit, rather than at the tank wall. The cable shields are tied to the local circuit ground
if the diagnostic device is a voltage divider, a capacitive probe, or a current shunt. The
ground connection is sometimes improperly made using just a pigtail. The cable rout-
ing is also far from ideal in some cases. A substantial amount of ground noise is usually
introduced in these arrangements. The inductance of the Marx or stripline current re-
turn conductor can elevate the potentiai of iocal grounds with respect to the diagnostic
room ground. A single “contaminated” cable can cause ground currents to flow in other
“healthy” ones. In this respect the various interactions with all the trigger circuits and
cables should also be considered. There are also various stray capacitances between sensor
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elements and high voltage surfaces, that can drive common-mode currents in some signal
cables.

Switches employed in pulse power machines generate inordinately large amounts of rf
noise. Cables with braided outer conductors invariably pickup both common-mode and
difference-mode rf noise. Heliax® and Flexwell* cables with solid corrugated copper outer
conductors are relatively immune to such pickup. Radio frequency waves also travel along
transmission lines formed by the signal cables and the nearby ground plane. A diagnostic
shield room is necessary to prevent these waves from interacting with oscilloscopes or
digitizers.

Finally, there are instances where a pulse power machine is used for beam generation
in charged particle accelerators. Time varying magnetic fields are sometimes employed for

inductive acceleration. Ground loops assume a great deal of importance in such instances.

II. GROUND CURRENT INTERACTIONS

Large ground currents, by themselves, need not necessarily introduce noise in mea-
sured signals. Common-mode currents flow exclusively in the outer shield. This is because
of the additional self inductance faced by common-mode currents in the center conduc-
tor(s). An important means of interaction with the difference-mode signal occurs via the
resistive voltage drop in the outer shield. The dc resistance of a 100-foot length of 1/2-inch
Heliax cable is 60 mfl. For 1 kA ground current, the resistive drop is 60 V. For times much
larger than the magnetic diffusion time of the outer shield (typically 10 us), this voltage
drop directly adds to or subtracts from the difference-mode signal at the oscilloscope. The
noise is much larger than typical signal levels in this specific example. Times of interest are
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usually much less than the shig]d diffusion time. For these short time scales, the resistive
drop is much larger due to skin effect. However, the voltage drop does not appear on the
inside surface of the shield until times on the order of the diffusion time. Hence there is no
noise introduced in the measured signals. Nonetheless, the voltage drops are large enough
that even a small fraction diffusing in (over time scales of 100 ns) can cause noticeable
errors in the signals. Braided cables are much more noisy in this respect. Any voltage
appearing on the inside shield surface causes additional capacitive currents to flow to the
inner conductor. A small fraction of the common-mode current also flows in the inner
conductor due to finite conductivity effects. This causes a voltage to appear across the
(50 Q1) terminating resistor. For times on the order of the cable transit time, the inter-
action is complicated due to transmission line effects, but the net result is a lower signal
to noise ratio. Triaxial cables, configured properly, can eliminate these interactions. How-
ever, they do not provide complete immunity against other interactions described below.

Additionally, low loss high frequency cables are usually available only as coaxial lines.

Another interaction occurs at the sensor due to its proximity to ground currents
and high voltage surfaces. Ground currents can inductively couple to the sensor depénd-
ing upon its geometric construction. Various electrostatic couplings can also introduce
difference-mode noise. This is especially so when the cable shield is not “tied” to the
machine, or when the connection is not sound. Once a common-mode to difference-mode
conversion occurs at the sensor, it is virtually impossibie to separate the nvise from the

signal.

Extremely good joints are called for at all cable connectors and splices. Loose con-
nections cause nonuniform current flows that greatly increase crosstalk with the inner
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conductor. BNC connectors are not as rugged as Type N connectors in this respect. Large
ground currents can also cause mild arcing at resistive joints. This is especially important
at diagnostic room penetrations where the arcs can radiate rf directly into the shielded

enclosure.
III. REMEDIES

The most straightforward solution is to block the flow of ground currents, or at least
maintain them at modest levels. Fiber optic analog links completely eliminate ground
currents. They are, however, quite expensive for bandwidths exceeding 200 MHz, and
require frequent maintenance. Isolating pulse transformers are another possibility. But it
is virtually impossible to build one with adequate high frequency response and simultaneous
high voltage isolation capability. The capacitance between primary and secondary windings
provides a low impedance path for high frequency ground currents.

Another approach introduces a large common-mode inductor in the 110 V power line
to the diagnostic shield room. However, this approach does not get rid of ground currents
flowing in local loops formed by adjacent signal lines. Also, the diagnostic room could be’
elevated in potential with respect to ground, thus constituting an electrical safety hazard.

A sure way of controlling all ground currents is to employ a common-mode rejector
with each suspected signal line. This is accomplished by winding the signal cable over a
core of magnetic material. The rejector itself may be introduced at any convenient location
between the pulse power machine and the diagnostic room. The machine ground is thereby
isolated from the diagnostic room ground. The rejector may also be used to investigate
the presence of ground noise in a particular signal line. Described below are two common-
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mode rejectors that are somewhat optimized to give the highest rejection achievable. The
first handles signals with risetimes exceeding 10 ns, or with frequencies less than 35 MHz.

The second is an ultra high frequency rejector for signals with risetimes in excess of 0.5 ns.

IV. HIGH FREQUENCY REJECTOR

A reasonably large inductance common-mode rejector can be built for signal risetimes
exceeding 10 ns. The rejector inductance should be much larger than typical ground loop
inductances, in order to justify its introduction. A large number of turns may be used on a
magnetic core if subminiature coaxial cable (say, RG-174/U) is used. One cannot, however,
arbitrarily increase the number of turns to yield large values of inductance. Multilayer
windings needed for this purpose have such large capacitances between layers that most
of the rejector inductance is shorted out at the frequencies of interest. The problem is so
severe that even the distance between the in-out leads becomes a determining factor. This
effect is illustrated by the traces in Fig. 1.

A Tektronix Model FG-504 Function Generator was employed to generate a pulse with
10 ns risetime. Insulated wire with outer dimensions approximating those of RG-174/U,
was used to build a ferrite cored inductor. Approximately 150 turns were wound in one
layer. The inductor was connected in series with another loop of wire with roughly 20 uH
inductance (to simulate the ground loop inductance of typical signal lines). The current
through this combination due to the input pulse was monitored by measuring the voltage
across a 50 {1 series resistor. A 250 pF blocking capacitor was also introduced to prevent

core saturation due to the —18V quiescent dc outpnt of the generator.

Fig. 1a shows the function generator output measured before the blocking capacitor.
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The pulse amplitude is seen to be ~ 35 V, and the risetime ~ 10 ns. The current wavefcrm
appears in Fig. 1b for the case where the in-out leads of the rejector barely touch one
another. Large oscillations are seen, presumably due to ringing between the parasitic
capacitance at the leads and the 20 4H loop inductance. One may estimate from the initial
12 mA current spike, a value for the parasitic capacitance of ~ 2 pF. This is a reasonable
value, in view of the fact that the dielectric constant for most ferrites is ~ 10 for the
frequencies of interest . For the current trace in Fig. 1lc, the winding was rearranged to
increase the lead separation to 2 cm. The estimated interlead capacitance for this case
is ~ 0.2 pF. The parasitic oscillations are greatly reduced, and the temporal behavior for

longer times is consistent with the proper operation of the rejector.

Based on the results of this experimient, a common-mode rejector was built using
RG-174/U. A simplified diagram of this rejector appears in Fig. 2. The minimum lead
separation was maintained at 2 cm. Type M3 Ni-Zn ferrite® was used for the core. Two
1.6 cm thick discs with inner diameter 6.4 cm and outer diameter 14.8 cm were taped
together to form the core. The resistivity of Mz ferrite was ~ 1 x 107 1—cm and the initial
permeability was ~ 40 up to a frequency of ~ 50 MHz (Snoek limit?). The maximum’
numiber of turns that could be accommodated on the core was 97, giving an inductance
of ~ 2 mH. The winding was single layered except on the very inside of the core. The
interturn capacitance was therefore minimal. Over a 2 cm section midway between the two
ends, the winding was three-layered on the inside, but still single-layered on the outside as
shown in Fig. 2. The additional capacitance at this section would not increase the overall
capacitance noticeably, because it would be in series with other much smaller turn to turn
capacitances. Parasitic oscillations were observed to be negligibly small as in Fig. lc.
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A hi.gher permeability ferrite (with a lower Snoek limit) could have been used. But
a high frequency ferrite was ch§sen to yield a rejector impedance that was predominantly
inductive throughout the frequency range of interest. The dielectric constant of ferrites
usually increases considerably to values in the 102 - 10* range as the frequency is lowered
to ~ 1 kHz. Some ferrites with high permeability and low resistivity can have even higher
dielectric constants®. Dimensional resonances assume importance in some of these cases
because the dimensions are comparable to the wavelength of electromagnetic propagation

in these media. Standing waves are set up, and rejector performance degrades appreciably.

The usefulness of a common-mode rejector depends to a large extent on the diagnostic
environment. Fig. 3 shows current traces obtained with and without the rejector described
above. The sensor was a Rogowski coil prone to common-mode pickup. The measured
signal is the current in a 10 m long trigger cable shorted at the far end. Eight such cables
were fed by a trigger generator delivering a maximum of 16 kA at 50 kV no load voltage.
The common-mode rejector was introduced between two lengths of Flexwell coaxial cable,
just a few feet from the generator. Considerable rf noise is expected at this location. Even
so, the rejector functions admirably well. The lower trace is displaced ~ 100 ns in .time

due to the additional transit time in the 17 m cable used for the winding.

The frequency response of the rejector to difference-mode signals is determined by
the length of cable used for the winding. The high frequency components of a signal are
preferentially attenuated in a coaxial cable primarily due to the frequency dependent skin
resistance of the inner and outer conductors. Fig. 4 shows the difference-mode response of
the rejector. The function generator was used again to output a 250 ns wide pulse through
a 0.1 uF blocking capacitor. A 50 {1 Power Tee split the output pulse and transmitted two
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half amplitude pulses in two 50 {1 cables. One cable excited the common-mode rejector,
while the other went directly to a dual beam oscilloscope. Both pulses were subsequently

terminated in 50 {1 and monitored on the scope.

The signal transmitted through the rejector is delayed approximately 100 ns as ex-
pected. The attenuation predicted for a 17 m length of RG-174 is ~ 3 db at 35 MHz
(corresponding to the 10 ns risetime of the input signal). This is roughly consistent with
the signal amplitudes in Fig. 4. Fast rising signals usually have limited pulse lengths. The
3 db attenuation figure is fully significant only for pulses with infinite duration. For short
duration pulses, the distortion is not as severe. If the transmitted pulse in Fig. 4 is scaled
in magnitude by ~ 1.3, the resulting waveform would be quite similar to the generator
output waveform. It is also a simple matter to generate a computer code to correct the
data for the cable response, when the distortion is small as is the case here. Signals with

risetimes exceeding 10 ns can therefore be successfully handled by the rejector.

V. ULTRA HIGH FREQUENCY REJECTOR

The requirements are a lot more stringent for an ultra high frequency rejector..The
cable response desired for ultra fast signals can only be achieved with a much shorter
ler.gth of RG-174. The capacitance shunting the rejector also needs to be greatly reduced.
Both requirements can be readily achieved by stringing a large number of ferrite beads on
a short length of cable. The surge impesdance of the beads is what limits the common-mode
current at all frequencies above the Snoek limit.

Consider, for example, a rejector for risetimes exceeding 0.5 ns, or equivalently, for

frequencies less than 700 MHz. Approximately 100 ferrite beads are strung on a meter
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length of" RG-174. The bead dimensions are : 0.32 cm inner diameter, 0.64 cm outer
diameter, and 0.95 cm long. A frequent choice for the bead material is Type H Ni-Zn
ferrite®, or equivalent. Typical catalog values for Type H ferrite are : initial permeability
~ 850, volume resistivity ~ 1 x 105 Q—cm, saturation flux density ~ 3.4 kG, and Snoek
limit ~ 3 MHz.

Ferrite shield beads are usually used at frequencies much greater than the Snoek
limiting frequency, above which initial permeability decreases rapidly, and losses increase
proportionately. This behavior is usually attributed to the onset of ferromagnetic resonance
in the anisotropy field®. The empirical formula u;f, ~ 3 x 10° Hz for Ni-Zn ferrites’, is
also explained by this phenomenon. u; is the initial permeability, and f, is the limiting
frequency. Higher permeability ferrites have lower bandwidths according to this relation.

The insertion impedance of a ferrite bead is predominantly inductive below the Snoek
limiting frequency, but becomes resistive for all frequencies greatly exceeding the limit. For
common-mode rejection it hardly matters whether the impedance is inductive or resistive
as long as the current is limited. Catalog numbers for the 3 MHz bead referenced above
suggest an insertion impedance of ~ 40 (2 at 25 MHz, 66 R at 100 MHz, 57 N at 700 MHz,
and 51 2 at 1 GHz. The impedance does not increase linearly with frequency as would be
the case if the bead acted as an inductor. The total impedance for 100 beads is 5.7 k2 at
700 MHz. For a 50 kV ground induced voltage, the common-mode current is therefore
limited to a value less than 0.9 A. This represents a considerable reduction from the
kiloampere levels expected without the rejector, 100 ns into the pulse.

The inductance of a single bead below the Snoek limit is ~ 1.2 uH. The rejector in-
ductance is therefore 120 uH, which is much greater than typical ground loop inductances.
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It is, hov;'ever, at least an order of magnitude smaller than typical values attained for the
high frequency rejector. Fortunately, large rejector inductances are normally not required
because pulse durations are usually small for machines requiring ultra fast diagnostics. In
the rare event that very high frequency common-mode noise is superimposed over low fre-
quency (kilohertz type) noise due to slow rising external magnetic fields, for example, the
signal can be capacitively coupled to “break the low frequency ground loop”. Capacitors
need to be employed both in the signal line and in the ground (return) line. This is best
done at the sensor. If they are introduced at a different location along the signal trans-
mission path, they should be ca.refully constructed to minimize rf interference. Another

option is to employ sensors immune to low frequency common-mode noise.

The attenuation for difference-mode signals for a meter of RG-174 is 0.8 db at
700 MHz. As a result, for limited duration pulses, distortion levels are expected to be a few
percent. The common-mode rejector described has discrimination capabilities close to the
maximum achievable for ultra fast signals. Knowing the criteria for efficient common-mode

rejection, it is conceivable that a somewhat more optimized rejector can be built.

VI. CONCLUDING REMARKS

Pulse power diagnostics are frequently vulnerable to common-mode pickup. Signals
can be reliably measured in such environments if a common-mode rejector is employed with
each suspected signal line. Two different types of rejectors have been described. The high
frequency rejector is suitable for signals with risetimes exceeding 10 ns, or equivalently for
frequencies less than 35 MHz. The ultra high frequency rejector can be used for signals
with subnanosecond risetime. Both employ ferrite cores for fast response.
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Control of common-mode currents addresses only part of the problem of noise pickup.
The other aspect deals with spurious difference-mode pickup at the sensor, which is outside
the scope of this paper. The classic example is the difference between a shielded and an
unshielded Rogowski coil when it is employed near high voltages. The large capacitive
currents flowing to the unshielded coil can easily induce spurious signals due to a variety
of higher order effects. A careful analysis of any diagnostic arrangement can usually
indicate the underlying mechanism of noise generation. J. C. Martin, one of the early
pioneers of pulse power technology, noted® “... there is no ‘black magic’ in pickup : the
laws of electromagnetism apply here just as anywhere else.” In general, noise problems can
be averted if reasonable care is taken in the design of the sensor. Even better performance

_ is achieved if diagnostics are incorporated early on in the design phase of the machine.
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FIG. 1. (a) Function generator output measured before the blocking capacitor.
(b) Common-mode current for the case where the leads barely touch one another.
Scope sensitivity: 0.2 V/div.

(c) Common-mode current for 2 cm lead separation.
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FIG. 3. (a) Signal trace obtained without the rejector. Scope sensitivity: 1 V /div. .

(b) Signal measured with the rejector for the same experimental setup as in (a).
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