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Abstract—Cables and electronic devices typically employ electromagnetic shields to prevent coupling
from external radiation. The imperfect nature of these shields allows external electric and magnetic
fields to induce unwanted currents and voltages on the inner conductor by penetrating into the interior
regions of the cable. In this paper, we verify a circuit model tool using a previously proposed analytic
model [1], by evaluating induced currents and voltages on the inner conductor of the shielded cable.
Comparisons with experiments are also provided, aimed to validate the proposed circuit model. We
foresee that this circuit model will enable coupling between electromagnetic and circuit simulations.

1. INTRODUCTION

Isolating electrical components from unexpected radiation is a challenging task. Demonstrated solutions
include wire-mesh shields [2], material shielding [3], metallic enclosures [4], and braided shields [5]. The
quality of each shield is gauged by its ability to reduce the electromagnetic field at a given point in space
caused by placing a shield between the source and that point, also known as the shielding effectiveness
(SE) [6-9]. A formulation of the transmission-line model of multiple shielded cables was presented in [1]
for a cable with arbitrary terminations. This geometry is illustrated in Figure 1.

Figure 1. Illustration of the geometry of a shielded cable and its associated voltages and currents.
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In this paper, we develop a circuit model to evaluate currents and voltages induced on the inner
conductor of a braided-shield cable, using the analytic model in [1]. The circuit model demonstrates
a combined electromagnetic-circuit capability, and can be modeled by any SPICE-like analysis tool.
For this work, we use the AC analysis in frequency domain provided by the Xyce Parallel Electronic
Simulator [10], developed at Sandia National Laboratories.

Although we currently employ braided-shield parameters using Kley’s semi-empirical model for EM
coupling through a braided shield [11], circuit model parameters that account for the cable geometry
can be computed using a first principles multipole model [12-14]. This can be particularly useful if
perturbations exist in the shield geometry versus nominal commercial braid parameters.

2. CIRCUIT IMPLEMENTATION OF THE SHIELDED CABLE

Based on the transmission-line model, per-unit-length circuits for the outer shield and inner conductor
are shown in Figure 2. The time harmonic dependence exp(jwt) is implicitly assumed here. Each
circuit has length Az, representing a single unit cell of a cable with /N individual cells. A traveling
current/voltage wave Ip/Vj is injected on the shield (often in applications, this might be induced by an
external drive field). The outer braid is characterized by a per-unit-length shield admittance Y, and
shield impedance Zj.
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Figure 2. Per-unit-length transmission line circuits are shown for (a) outer shield and (b) inner
conductor.

Through field penetration, some currents and voltages will be induced on the inner conductor.
The inner conductor is defined by a per-unit-length self-admittance, Yo, and a per-unit-length self-
impedance, Z¢. The field penetrating the shield has per-unit-length transfer admittance, Yr, and
transfer impedance, Zr. Transfer parameters define distributed current (I¢) and voltage (Vi) along
the inner conductor, given by Eqs. (1) and (2), respectively.

v,
E.(2) = Zrly(z) = d—: + Zele (1)
dI
Jo(2) = ~YrVo(z) = =5 + YeVo (2)

Equations (3) and (4) define the transfer admittance and transfer impedance. The transfer
admittance is a function of frequency and transfer capacitance, Cr. The transfer impedance (4) is
a function of internal transfer impedance, Zg, transfer inductance, Ly, frequency, and shield diffusion,
Zs.

YT = ijT (3)

ZT = ZR +ijT + ZS (4)

In this paper, we consider two 22-inch-long, commercial single shield cables, which differ for the
level of optical coverage: Belden 8240 (95%) and Belden 9201 (78%). Shield diffusion effects are
accounted for by Zr = Rys(vdr/sin(ydr)), where v = % = (1.21 — j1.21) x 1073y/w/wqinch};

Rys = oGy cos@dnd’ d, is the average braid diameter; d is the wire diameter; ¢ is the wire conductivity;

« is the braid angle; Gy =

mnd .

o~d; m is the number of carriers; n is the number of wires per carrier;
m
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Table 1. Parameters of the Belden 8240 and Belden 9201 cables.
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Belden 8240 Belden 9201
Ry (mQ/m) 13.34 18.34
dg (in.) 3.5 x 1073 3.47 x 1073
Cr (fF/m) 7.30 177.90
Lt (pH/m) —754.90 —134.60
Ls (pH/m) —462.67\/wo/w | —217.67\/wp/w
Braid angle (°) 24.40 22.00
Strands/carrier 7 5
Shield outer diam. (in.) 0.134 0.130

woo
Zs = (1 + j)wLg is assumed to be a forty five degree quantity. Parameter values for each cable are
given in Table 1. Both cables share a strand diameter of 0.005 inches, a shield inner diameter of 0.116
inches, a conductor outer diameter of 0.033 inches, and a jacket outer diameter of 0.193 inches.

The distributed transmission-line implementation of a lossy outer shield and inner conductor is
shown in Figure 3. In each circuit, a single unit cell is indicated by the blue dashed box.

and skin depth is defined by § = /-2- = 8.2 x 107*\/wp/w, and wy = 27 x 10" rad/s. Lastly,

= Inner conductor
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Figure 3. Circuit implementation of the transmission-line models for the (a) outer shield and (b) inner
conductor. Blue dashed boxes outline the unit cells of length Az.

In the outer shield, termination loads are represented by resistors Ry, , and Rpg ,, and set to 1/ Ly/Co
to mimic matched loads, with Lo = (uo/27)cosh ™! (h/r) and Cy = (27eg)/cosh™t(h/r), where h is the
distance of the cable from the ground plane in the experiment, and r is the radius of the outer shield.
In general, more complex loads can be considered. The inductance of the n'* unit cell is defined as
Ly, = (Im(Z.)/w)Az, where Z, = Zgpjeia + jwLo and N is the total number of stages used and
Az =1/N, with [ representing the total cable length. A rough approximation for the shield impedance
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(neglecting proximity effects of the various shield conductors), Zspierq, is defined by Eq. (5), where d,, is
the diameter of the wire, Ggpicia = VJjwpoo, and Jy(p) and Ji(p) are the Bessel functions of order 0 and
1, respectively; note because of the lossy terminating loads (in this case matched) this shield impedance
has almost no effect on the current. The capacitance of the nth unit cell is defined as C), , = CpoAz.
The resistance of the nth unit cell is determined by R, , = Re(Z)Axz.

Gshielddw
Gshielddw 0 2

2 Gs ie dw
2J1 ( h21d >

In the inner conductor, the inductance and capacitance of the nth unit cell are defined as
Ly = (po/2m) log(%) and C),; = 2meper/ log(dsgcd“’ ), respectively, where d; is the inner diameter
of the shield, d;. is the diameter of the inner conductor, and € is the relative permittivity of the region
between shield and inner conductor, with a value of 2.3. The resistance of the nth unit cell is determined
by Rn,i = RO\/w/wo.

During the simulation of the outer shield, current flowing through the inductor and voltage across
the capacitor are extracted from each unit cell. These values are used to calculate the distributed
sources on the inner conductor as shown in the right panel of Figure 2. In other words, the distributed
sources are defined as V,,; = Zr1I,, and I,,; = =YV, ,, where I, , is the current flowing through the
L, , inductor and V,, , is the voltage across the C,, , capacitor. For brevity, we compute the ratio of I,
to I in Fig. 3 to determine the shielding effectiveness (note that other locations along the cable can
also be used):

(5)

Zshield = Rgs '

SE = 2Olog(Ish/Isc) (6)

3. COMPARISON OF SHIELDING EFFECTIVENESS RESULTS BETWEEN THE
CIRCUIT MODEL AND ANALYTIC SOLUTIONS

We now consider the two commercial cables mentioned in Sec. 2. Parameters for each cable are listed
in Table 1.

A convergence study was undertaken for each cable to determine how many stages N are needed to
achieve good accuracy when compared to the analytical model in [1]. This study is reported in Figure 4
for the Belden 8240 cable and in Figure 5 for the Belden 9201 cable. Shielding effectiveness in Eq. (6)
is plotted versus frequency.
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Figure 4. Spectral SE is plotted for the Belden 8240 cable. The inset shows a zoomed region around
the first peak and an illustration of the cable geometry.
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Figure 5. Spectral SE is plotted for the Belden 9201 cable. The inset shows a zoomed region around
the first peak and an illustration of the cable geometry.

As the number of unit cells increases, the shielding effectiveness of the Belden 8240 circuit model
converges with that predicted by the analytic model. For a geometry with 2000 unit cells, larger than
99.99% agreement of the peak SE value is achieved. Similarly, the peak SE value predicted by the Xyce
model for the Belden 9201 cable quickly converges to within 0.03% of the peak SE value predicted by
the analytic model. Note, however, that 50 cells would be sufficient to model both cables.

4. EXPERIMENTAL VALIDATION OF THE PROPOSED CIRCUIT MODEL

Given the solid agreement between the analytic and numerical circuit models, an experiment (whose
setup is shown in Figure 6) was performed to validate the results.

Plastic weight

Paper shim
Cable

ACT-1 CTS
Metal shim

Ground plane

Figure 6. The experiment layout for gathering SE data.
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The experiment utilized 22-inch cables, each terminated with SubMiniature version A (SMA)
connectors at each end. To reduce leakage into the inner conductor from the shield termination,
the outer shield is soldered to the connector. Shielding attenuation provided by the outer shield of
the braided cable is measured using an ACT-1 Cable Test System (CTS) [16]. This cable tester was
constructed long ago to enable testing of shielding effectiveness (cable current ratio in this case) for
arbitrary cables, including flat cables and branched systems, and mimics typical cable routing above a
ground plane chassis. It also exercised cable systems at the first resonances. Alternative measurement
systems can be found in [17] and [18].

The test cable is aligned with the centerline of the CTS using metal and paper shims. Plastic
weights are used to keep the cable flat against the shims to maintain an impedance value of 50 2. Once
the cable is properly aligned, the CTS is calibrated and reproducibility measurements are taken.

With five measurements per cable, variations in the measured shielding effectiveness for a given
cable are summarized with error analysis, represented in Figure 7 by error bars. The circuit model,
composed of 2000 unit cells, is plotted with a red dashed line. Inserts depict photographs of the braided
shields under analysis.
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Figure 7. Spectral SE is plotted comparing the circuit model to the experiment results for (a) the
Belden 8240 and (b) the Belden 9201 cables.

The Belden 8240 comparison shows strong agreement in amplitude and spectral location of the
shielding effectiveness peaks. Similar agreement between SE peak amplitude and spectral location is
seen in the comparison of the Belden 9201 cable. Discrepancies in the Belden 9201 response are likely
due to near-cancellation of the contribution to the transfer impedance from the porpoising and the braid
hole penetration.

5. CONCLUSION

The upset of electronic circuits can be mitigated by the use of electromagnetic shielding, such as braided
shields. Knowledge of the geometry of the braided shield enables equivalent circuit analysis for prediction
of shielding effectiveness. In this work, we have demonstrated strong agreement between an analytic
transmission-line model and numerical circuit analysis tools, representing a step towards multi-physics
electromagnetic and circuit simulations. In future work, we will pursue further analyses of end-to-end
simulations [15] using the circuit model developed here to translate the exterior environment to an
assessment on the electronic system performance of resonant cavities containing cables. Validity of the
circuit model was further supported via comparison to experimental data.
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