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Radio-frequency signals simulating electrical in-
terference ranging irom 50 kliz to 50 Miz were applied
to the shiclds of tue fnput i'able system (two solid-
shielded, mineral-iasulated cables 6 m long) of a
wide-band (60 MH2) differentlal preamplifier to de~
ternnine the comion-mode rcjection. Results show that
differences in electrical properties and shielding
characteristics of the two input coaxial cables along
with end effects produced by an unbalanced sensor
severely degrade the r¢jection capability of the
differential preamplifier. At 1 MHz, the common-mode
rejection without input cables is ~ -73 dB; this is
reduced to ~ ~10 dB when measured with the rf signal
applied to the surface of the input cable shields.

feasurements of the shielding characteristics of
the input cables showed resonances at test frequencies
>2 MHz. A ferrite vore was installed in the input
assembly to increase the impedance of the shields and
to permit terminatisn of the coaxial line consisting
of the input cable shields and the protective metal
conduit for the Input cables. This assembly el}im-
inated all resonances below 20 MHz. The increased
impedance also reduced the amplitude of the shield
curreats, resulting in an increase in the shielding
effectiveness of the input cables without affecting
the signal transmission of the cables.

Introduction

Differential current-pulse preamplifiers have
been developed for use with fisaion counters as input
devices as part of In-vessel, low-level flux monitors
in future liquid~metal fast breeder reactors (LMFBRs).!
Their balanced inpuc, coupled with balanced input
cables, should reduvce false counts from electrical
interference~-a comron problem for low-level flux
mounitors. The problem is particularly acute for a
current-pulse system because of the extremely small
signals (~50 uwV) and large bandwidth requirements
(15 "Hz).

The eifectiveness of these preamplifiers to
reject electrical plckup was measured previously. »2
The results were informative, showing that a dif-
ferential preamplifier is superior to a preamplifier
with a sin,;le-ended input. The rf generator used in
these earlier measurements (a vacuum-tester coil)
produced an rf spectrum, however, which was not suited
to a characterization of rejection as a function of
frequency. Also, tne measurements were not completely
relevant because they did not include an input cable
assembly which 1s intended for the LMFBR application.

This work uses sinusoidal rf signals to reveal
how the differences in the electrical properties and
shielding characteristics of the two coaxial imput
cables and the end cffects produced by an unbalanced
sensor influente the common-mode rejection (CMR) of
the differential preamplifier and input cable system.
The common-mode signal 1Is an rf current applied to the
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outer surface of the shields of two solid-shielded,
mineral-insulated (MI) input cables, 6 m in length.
CMR measurements were made with a balanced resistor
sensor to isolate the Inflvance of shielding charac-
teristics from those caused by an unbalanced sensor.

The shielding characteristic of each shield was
measured to determine if the differences could explain
the CMR performance with the balanced sensor. Finally,
CMR measurements were made with an unbalanced sensor
to determine 1f there was any further degradation of
the CMR.

The measurements of shielding characteristics
vhich required rf signal ‘currents of known amplitude
in the shields of the input cables showed resonances
at test frequencies >2 Miz. These resonances develop
because the shields of the two input cables and the
protective metal conduit which encloses the input
cables form a coaxfal line that 1is shorted at the
preamplifier end. A ferrite cove was used to railse
the impedance of the shields of the input cables and
to permit a termination of this line and eliminate
all resonances below 20 Miz. Additionally, this in-
creased impedance will reduce the amplitude of rf
shield currents and improve the shielding effective-~
ness of the input cables without affecting their
signal transmission properties.

Test Apparatus

All tests were made with the apparatus shown in
Fig. 1 or with slight modifications to the apparatus.
Plastic spacers kept the two input cables evenly
spaced within a flexfble stainless steel conduit.
This arrangement closely resembles the normal applica~
tion of the differential preamplifier with a fission
counter in a nuclear reactor. The stainless steel
conduit substituted for the containment which normally
is used to protect the fission counter and cables froa
the reactor environment.

A three-element capacitor network mounted in a
small steel box simulated a fission detector with
asymmetrical floating electrodes driving differential
outputs. This capacitor network was replaced by the
balanced resistor network for portions of the work.

A common-mode rf current was produced in the
shields of the input cables by applying an rf voltage
to the cable system comprising the input cable shields
and stainless steel conduit. A resistor network was
inserted to obtain an impedance match between this
cable and the impedance of the rf generator. The
stainless steel conduit was connected at each end to
galvanized steel boxes which enclosed both the simu-
lated counter and the differential preamplifiar to
complete the shielding for the counter—-input cable-~
preamplifier system.

A final shield consisting of additional galva-
nized steel boxes and a galvanized sceel flexible
conduit enclosed the entire test setup to prevent rf
radiation throughout the test area, which would have
contaminated the test data.



An rms voltmeter was used to monitor the output
of the rf generator and the rf voltage applied to the
input cable shields and stainless stceel conduit cable
system. A spectrun analyzer was used as a sensitive,
selective rf voltmcter.

Effects of the Electrical Properties of
the Input Cables on CMR

To establish a reference for the CMR of the dif-
ferential preamplivier and the two 6-m lengths of
input cables, the CMR of the preaunplifier alone was
determined by applying an rf voltage directly to the
positive and negatfve inputs. The couventional expres-
sion for ¢MR is given as

/v

CMR(dB) = -2G logjg(V, od) s

or

where Vcoyg 1s the common-mode tf voltage, Vo4 is the
differential preamplifier output voltage, and Ayq Is
the preampiifier differential voltage gain. Ayg can
be measured by applying Vop separately to the posi-
tive and negative inputs and measuring the correspond-
ing output voltages, Vo(+) and Vo(_) . This permits
Ayg to be expressed as Ag = [Vo(4) + Vo(_)]/VCMR .
With this expression substituted in the above CMR
equation, a new expression is obtained wiich is used
to calculate the CMR here and throughout this -paper:

v +Vv
o~

CMR(dB) = -20 logg o(¥) _ o()

vod

Tt is imporcant to recognize that the amplitude ol the
common-mode signal does not appear in this expression.

The CMR of the preamplifier alone it given in
Fig. 2, curve A. With Veug applied through two 6-m
lengths ot MI cables, the CMR performance is as shown
in Fig. 2, curve B. As a comparison, the CMR measure-
ment was repeated with the two MI cables replaced with
two 6~m lengths of RG-58/U (50-02 coaxial cable); the
data are shown in Fig. 2, curve C.

At 1 Mz, the data in Fig. 2 show that the CMR
for the MI cables is 220 dB less than for the RG-58/U
cables and 26 4B less than for the preamplifier alone.
Most of this CMR loss for the MI cables is due to
differences 1in the resistance of the center conductor
(+10 R for a 6-m length). The MI cables were manufac-
tured by SODERN in France, and consist of a stainless
steel cladded, copper center conductor {(v0.25 mm diam)
and a cladled outer conductor {4 mm diam,.
copper conductor 1s cladded with stainless st=el on
both the inner and outer surfaces. Measurements of
its characteristic impedance with a time-dcmain re-
flectometer indicated a value of 52 Q.

Shielding Characteristics

Iransier Impedance as a Measure of Shielding
Characteristics

The shielding characteristic of a coaxial cable
can be expressed by the magnitude of its transfer
impedance per uni. iength.? Figure 3 shows a basic
scheme for maasuring the transfer impedance. A
shield current, I;, of known magnitude and frequency
applied to the outer surface of the shield of the
coaxial cable is related to a voltage, V., developed
across the inner surface by the transfer impedance of
the shield as foliows:

Zp = Vcllsl ,

The outer

‘resistors R;, Ry, and Rj.

where £ is the length of the cable. In measurements
of Zp, length & 1is kept short (%1 m) to aveid reso-
nances ¢ <r the range of test frequencics.

Measurements of this type were made carlier" of
a l-m-long sample of the 4~mm MI cable used in these
tests; the results are plotted in Fig. 4. Also plotted
in Fig. 4 are calculations for an ali-~stainless-steel
version of this cable and calculated transfer imped-
ances of the cladded type. The magunitude of the trans-—
fer impedance approaches the dc resistance per unit
length of the shield as the test frequency approaches
dc. This can be seen in the diffcrences in the Zy of
the two cables shown in Fig. 4. The cladded cable with
a lower dc resistance exhibits smalier values of Zt.
As the test frequency is increased, the skin effect
phenomenon reduces the voltage developed across the
inner surface, glving lower values of transfer imped—
ance. This is also seen in Fig. 4 by the lower values
of ZT as the frequency of measurement 1is increased.

Measurement of Transfer Impedance of the Input
Lable Shields

The transfer impedance of each MI cable of the
input cable system was measured with a tesc setup that
can be described from Fig. 1. For this test, the ca-
pacitor network was removed, and the balauced resistor
retwork was substituted.” To measure the transfer
impedance of one cable shield, the preamplifier section
associated with the opposite cable was deactivated
without affecting the input impedance of the pre-
amplifier. As shown, the test curreiht was applied to
the shields of the input cable and was returned to the
tf generator through the stainless steel flexible
conduit.

To calculate the Zy ¢f the cable, one must know
both the magnitude of this shield current and the
voltage, V., which it generates. To calculate the
shield current, the cable system comprising the input
cable shields and stailnless steel conduit which en-
closes the Input cables must be considered. This cable
is 6 m long, with one end shorted. The vesistor net-
work shown between the penerator and this cable is used
to create a termination of this cable” at the rf gen-
erator end.

The method of calculating Ig and V. (and, hence,
21} can be seen from Fig. 5a. The current from the
rf generator is 2Ig, whic'. supplies a value of Ig for
each - L cable shield. The return path of the shield
current is through the ground path of the circuit as
shown. The current 2Ig can be calculated from the
rf voltages, VI and V5, existing at the terminal ends
of the resistor network and the value of the three
The resistors Rp were
50 @ * 0.17% and were selected to provide a termina-
tion of the input cable at the sensor end. With Ra
also equal to the characteristic impedance of the
inpre cable, reflections were minimized during the
measurement .

The value of the voltage V. can be derived from
the voltage across the input to the preamplifier, V,.
If the input impedance of this preamplifier is R,
(which matches the characteristic impedances of the
input cable), then Vo = (Va/Rz)}(R; + Rp). For the
work here, Ry was 50.0 Q.

*

The balanced nature of this network is not
needed here, but will be used in later tests. These
resistors were selected to be withip #0.1%.

0The characteristic impedance of this cable was
measured to be 66 Q .

I



The values of 27 for the two input cable shields
arc shown in Fig. 6, along with the Zp measurement
from a l-m-long sacple of the input cable (from Fig.
4}, The occurrence of resonances in the measurement
with the 6-m lengths is apparent above 2 MHz. These
resonances develop from the shorted coaxial line
properties of the cable system comprising the input
cable shields and stainless steel conduit. Data to be
shown later demonsirate how these resonances can be
partfially suppresscd by the termination of this cable
with the use of a ferrite core.

The differences in the transfer impedance of the
two input cable shields at 1 MRz (1.12 x 10-3 and
1.04 x 1073) would account for a CMR of A ~22 gB.*
Measured CMR data to be described in the next sectlion
show a CMR of ~ ~17 dB at 1 MHz for this case.

Effects of Shield Characteristics of the
Input Cables on CMR

For these measurements, the resistor termination
was substituted for the capacitor network, as shown
in Fig. 1. These resistors essentially eliminated
any effects of an unbalanced sensor on the CMR
measurenents.

The rf generator output voltage was adjusted to
glve an amplitude of shield current Ig which would
preduce a differential output above the noise level
of the preamplifier. Attention was given to the am~
plitude of che comawn-mode signals (particularly at
resonances of Ig) developed at the input of the pre-
amplifier to avoid any possible overloading of t(he
input stages. At each frequency, three output signals
were obtained with the spectrum analyzer. One output,
V°(+), was measured with the negative half of the
preatplifier deactivated, while still maintaining the
input impedance, R;. Another output, Vb(~), was
measured with the positive half similarly deactivated.
The third output, Vo4, was measur::d with both inputs
active. The CMR was then calculated, using the ex-—
pression described previously.

The results of this (MR test is given in the
column headed "Resistor Termination" in Table 1. At
1 Mdz the CMR is indicated as » ~17 dB. This repre-
sents a degradation of 30 dB from a CMR determined
purely from electrical properties of the two input
cables, Most of the degradation can be explained on
the basis of differences in the shielding character-
istic (transfer impedance) of the shields of the two
input cables. Measurements on transfer impedance from
the preceding section Indicate that at 1 Miz the CMR,
based on differences in transfer impedance alone,
gives a COR value of v -22 dB.

An examlnaticn of the CMR data also reveals that
by nature of the (MR process, the resonances of the
shield current (vhich clearly exist above 2 Miz, as
evidenced by the Zy measurements) do not appear in
the data of Table 1.

Effects of Sensor Impedance on OMR

Two-electrode fission counters of cylirdrical
geounetry will have different values of capacitcances
from each electroae to the outer shell (C; and C3 of
Fig. 1). {For a cevelopmental, high temperature fis-
cfon counter, Lhe interelectrode capacitances were
C, = 120 pF, C; = 330 pF, and C3 = 10 pF.) These
differences in the values of €, and C3 will create
an imbalance and further degrade the CMR of the dif-
ferential input system.

*OR = -20 logrg {[(1.12 + 1.04)/2}/[1.12 - 1.04]}.

The CMR was measured for this capacitor network,
using the same procedure applied previously. The re-
sults obtained are given in the last column of Table 1.
For frequencies ranging from 0.5 to 20 MHz, the valuer
of the CMR were lower than those obtained for the
balanced resistive network. As an example, at 1 MHz
the CMR was measured as ~ -11 dB, which is 6 dB lower
than that obtained with the balanced resistor network.

The effect of the unbalanced capacitor network on
the CMR can be partially explained by the comsideration
of Fig. 5b and the expression for the preamplifier
input voltage, V,, as

vA = Vc[RA/(RA + zD)l .

This expression is obtained from an earlier relation~
ship for V. in the description of transfer fmpedance,
with Zp substituted for Rp. Here, Zp is the impedance
developed by the capacitor network across one end cf
the input cable. For the input cable connected to the
positive input of the preamplifier, Zp is C3 in shunt
with the series combination of C; and RA.* For the
input cable connected to the negative input of the
preamplifier, Zp is Cp _in shunt with the series com-
bination of Cy and Rp.

The appiuication of the above equation to calculate
Va for each cable [Vh(+) and VA(~)] at 1 Miz yields
z CMR of -1 dB. Previously described CMR measure~
ments with the balanced resistor netwcrk showed a
value of ~17 dB at this test frequency. If an addi-
tional 12 dB »f degradation (as calculated) is pro-
duced by the capacitor network, the total CMR should
ve -5 dB, wherias measurements with the capacitor net-
work (Table 1) indicate a value of -11 dB. An explana-
tion for this and results of other measured data is
glven below.

The measured values of the CMR from 25 to 50 MHz
show an unexpected superior performance to that ob-
tained with the balanced resistor network. An ex~
planation can be made by the influence of C; 1in the
development of the two voltages VA(+) wnd Vp(oy .
capacitor will couple signals from Ve(+) and Ve
into the opposite input cable. At the higher test
frequencies, its reactance is sufficiently small such
that both V. generators are nearly equally coupled to
both input cables, yielding an improvement of CMR
verformance.

This

At the lowest test frequency of 50 kHz, the CMR
performance with the capacitor network appears to be
better than that of the balanced resistor network, and
also superior to the CMR measurcment obtained for the
electrical property study. This apparent improvement
can be explained hy experimental error. At this low
value of the test frequency, the reactance of the
capacitors is high, yielding extremely small values
for both Va(+) and Va(-). False values due to pre-
amplifier noise could easily distort the data.

Exact Expression for V, with Zp as a Capacitor

The simple expression for Va4 in the preceding
section is only valid for a coaxial cable length such
that AR is << 1, where B is the phase constant of the

*
This neglects the shunting effect of C, across
Rp and is valid for frequencies below %26 MHz.

'Thls neglects the shunting effect of C3 across

RA and 1s valid for frequuncies below 300 Miz.



test frequency. With a method used by Harrison.5 an
exact expression can be obtained for Zp, which is a
capacitor, with the aid of Fig. 7.

The induced current, I., 1s expressad as

3
1. ={ (12,02 + RO dx

where 2 is the impedance at the elemental length dx
seen locking toward the impedanca Zp. The voltage Vj
1s then taken as I R, .
A
If we assume that the input cable is a lossless
transmission line, Z can be expressed as®

Z(L - x) = RA {(zD cos B(R ~ x) + jRA sin 8(2 - x)]

/[RA cos 8(% ~ x) + §2 sin B(2 - x)]1},

where x is the distance from the preamplifer termi-
nated end. With substitution for Z, Zp = -3/uCp, and
integrating, we obtain -

Isz"l' {.gg

I W e———ee s
c BRA[(RAuCD)"’ + 1] } 2

2
[(RuC)2 + 1]

4+ &in £2 8) ((HA”CD)Z -1] - cosZSZBEZ RA”CD

RANCD _ :]_ sin (28%) R wC. - 9% (282)
2 J F) A" ]

+

x [RwCp)? - 1] +% [(RwC)? - 1)]} ,

vwhere w is the angular velocity. Assuming 282 << 1
and taking only the first term of the series expansion
of sin (28%) and cos (28L), we obtain

’

xc = IszT/(zD + RA) .

This expression assumes a constant value of 1
over the entire length of the cable, . When reso-
nances occur, the MR values will not be affected
since the CMR is a ratio that is independent of I ,
but che shielding effectiveness of the imp:. cables
will be reduced.

Resonances of RF Currents on the Inpug
Cable Shields

Input Cable Shield Resonances

Measurements to determine the transfer impedance
of the shields of the input cables showed resonancas
at test frequencies above 2 MHz. These resonances
can be explained by considering the shields of the
input cables and the protective stainless steel flex~
ible conduit as a shorted transmission line. If this
line is assumed lcssless, the impedance, 25, seen by
the matching resistor network at the rf gene:ator can
be expressed® as

z_-= |3 z_ tan (anl/vp) (-

. insulated coaxial input cables.

where Z; is the characteristic impedance of the cable
system comprising the input cable shields and stain-
less steel conduit, and vp the cable propagation veloc-
ity. Resonant peaks (Zg + =) occur at £ = (Zn + 1) x
Vp/és (n =0, 1, 2, ...), and nulls (Zg = 0) occur at
= nvp/21 (n=0,1, 2, ...). If the propagation
velocity of the cable is assumed 0.75¢c, where ¢ 1s the
speed of light, the first resonant peak for a 6-m
cable 1s 9.2 MHz. Calculated and measured values for
this impedance are given in Fig. B, The effect of
these resonances on the transfer impedance measure-
ments (Fig. 6) shows peaks at 9 and 27 MHZ and a null
at V18 MHz, and it is consistent with the resonances
of Z, as shown in Fig. 8.

Suppression of Resonaances

Two inductors wound on a U-shaped ferrite core
(Fig. 9) were used to ralse the Ilmpedance of the
shields of the two fnput cables at the preamplifier
end, Two short lengths of KG-223/U coaxial cable,
each V0,5 m long, were used as the conductors for
these inductors.* The rigidity of the solid-shielded
input cables prevented their use to form the induc-
tors. These inductors did not disturb the signal
transmission properties of the input cables.

With the increased shicld impedance, resistors
k71 and Rr; could be used to terminate the cable system
comprising the input ceble .shields and stainless steel
conduit. The value of the ketmlnating resistance is
the parallel combination of 'Ry; and Ry, and it is
equal to the characteristic impedance of the coaxial
line.

The results with these inductors can be seen in
Fig. 6, which shows the transfer impadance measure-
ments on the input cable shields, and in Fig. 8, which
shows the measurement of the input impedance of the
input cable shields and conduit cable system.

In Fig. 6, the measurement of the transfer imped-
ance of the shield of the input cable connected to the
positive input of the preamplifier does not show the
resonances previvusly seen. The eventual upturc of
its transfer Impedance is caused by the loss of perme-
ability of the ferrite core at these higher frequen-~
cies and the possible influence of the loss of shield-
ing caused by the braid of the short section of the
RG-223/U cable.

In Fig. 8, the resonances of the input impedance
of the 1nput cable shields and conduit cable system
are eliminated. The reduction of the impedance at the
higher frequencies results from tha loss of perme-
ability of the ferrite core.

Conclusions

The common-snde rejection of the differential
preamplifier is reduced by the imbalance of the elec-
trical properties of the two, solid-shielded, mineral-~
At 1 MHz the CMR is
reduced ~26 dB. It is reduced further hy differences
in the shielding characteristics (transfer impedance)
of the shields of the input cables, resulting in an-
other ~30 dB loss at 1 MHz. CMR losses are also
produced by effects of an unbalanced sensor, such as a
two-electrode fission counter., At 1 Miz, differences
in sensor impedance seen by the two input cables can
cause v6 dB additional loss. Greater losses by the
imbalanced sensor are preveated by a compensating

*The fnductance created by the shield of the
coaxial cable was measured to be 0.5 mH at 1 kHz.



effec. caused by interaction between the two input
cables rhrough the capacitance existing between the
electrodes.

The shields of the input cables and the metal
conduit which enclose them form a coaxial line which
is shorted at the preanplifier end. For a 6-m length
of cable, resonances of shield currents are produced,
with the first resonance occurring near 10 Miz, These
resonances, 1f within the bandpass of the signal proc-
essing electronics, will reduce the shielding effec~
tiveness of the cable.

Resonances ‘can be eliminated below 20 MHz by the
termination of this coaxial line with the use of e
ferrite core. An additional benefit is derived by
the rveduction of shield current from the increased
shield impedance so obtained.

6.
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Table 1. CMR(dB) of preamplifier

Premency  preamliffer  MICanle S0 M O

Termination Termination
0.05 -35.1 ~-37.3 ~26.4 -43.3
0.50 -70.6 ~45.9 -17.6 -12.5
1.0 -72.0 ~46.9 ~16.9 -11.1
2.0 -70.8 ~-46.0 ~19.3 ~17.6
5.0 -62.3 ~45.9 ~-17.8 ~13.3
10.0 -58.0 ~45.2 -6.1 -3.1
20.0 -50.8 -37.7 -15.1 -1.6
25.0 ~46.0 -37.5 ~16.5 ~18.4
30.0 -45.2 ~-37.2 -14.3 ~18.8
40.0 ~40.4 ~34.2% -8.9 ~13.0

50.0 -32.0 -30.0 -20.0 ~26.0




Figure Captious

Fig. 1. Test apparatus.
Fig. 2. CMR for preamplifier and input cables.

Fig. 3. Basi. scheme for measurement of transfer
impedance.

Fig. 4. Transfer impedance performance of solid-
shielded M1 cablec.

Fig. 5. Equivalent circuit for the input cable
systen.

a. With resistor termination

b. With capacitor termination

Fig. 6. Valucs of ZT for input cables with
resistor terminat{-ns.

Fig. 7. Equivalent circuic for the iunput cable
terminated with a capacitor.

Fig. 8. Resonances on the fnput cable system.

Fig. 9. Ferrite core installed between the
prezapliiier and input cables.
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