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Coupling on a Multilayer Printed Circuit Board
and the Current Distribution in the Ground Plane

F. B. M. van Horck, A. P. J. van Deursen and P. C. T. van der Laan

Abstract

The current distribution in the ground plane (GP) has been studied for a triple layer printed
circuit board (PCB). The continuous GP was the middle layer; test tracks were placed at var-
ious positions in the top and bottom layer. The crosstalk or transfer impedance Z; between
tracks on opposite sides of the GP is particularly sensitive to the current distribution in the
GP. Common mode current distributions and the crosstalk or Z; to circuits on the PCB were
studied as well. The 2D-calculations rely on different models, each valid for a specific fre-
quency range. General analytical expessions for Z; are given. Measurements between 10 Hz
and 1 GHz confirm the models. Practical applications using the results as ‘design rules’ are
discussed.
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Coupling on a Multilayer Printed Circuit Board
and the Current Distribution in the Ground Plane

I. Introduction

In multilayer printed circuit boards (PCB), ground connections are often made to continuous
metallic planes which extend over the full PCB. A ground plane (GP) serves several purposes
simultaneously. First the GP provides a return path for the signal current through the tracks.
Secondly, the GP forms a path for a common mode (CM) current which may arrive at the
PCB via cables connected to the PCB [1]. Thirdly, an external perpendicular magnetic field
may induce a pattern of circulating currents in the GP. The current distribution over the
plane is important for crosstalk between different signal circuits on the PCB, for sensitivity
with respect to external disturbances, and for generation of such disturbances [2]. The many
tracks on a PCB often follow complicated paths. The EMC behavior is then difficult to
analyze. Most computer programs for signal transport and EMC parameters translate the
electromagnetic (EM) fields by parameters for transmission line and circuit theory, and then
solve the resulting equations. The EM fields become hidden in this process. However, design
rules can be obtained from the current distribution and the associated magnetic field, even
for simple geometries of a PCB.

a) b)

Fig. 1. a) Four tracks on a triple layer PCB which is mounted between two brass plates A and B. The
tracks and the ground plane are shorted to plate B. The current injected in track 1 on top returns through the
ground plane (middle layer); the voltage is measured between track 2 (lowest layer) and the ground plane. b)
cross-section of the PCB.

We carried out a two-dimensional theoretical study of a model PCB which had a single
GP and parallel tracks. Our experimental triple layer PCB was also analyzed in terms of a



2D-geometry. The GP was the middle layer; tracks were placed at various positions relative
to each other and to the edges of the PCB (Fig. 1). The tracks, the electronic components at
their ends, and the GP form closed signal loops or differential mode (DM) circuits. We are
mainly interested in spurious couplings, although the signal transport proper can be analyzed
by a similar approach. We replaced all electronics at one end of the tracks by a short circuit
to the GP. At the other end we connected one track to a voltmeter which measured the effect
of a current injected in another track (DM to DM crosstalk) or injected elsewhere in the
GP (CM to DM crosstalk). The ratio of voltage to current can be represented by a transfer
impedance Z;. This Z; is related to the current distribution in the GP and the associated
magnetic field which both depend on frequency in a complicated way. The CM current is
injected through a second plate, e.g. a cabinet panel at some distance under the PCB. We use
the acronym CP for the cabinet panel. Because of reciprocity, the Z; between the CM and
the DM circuits also governs the CM current generation by the DM circuits on the PCB. For
both DM-DM and DM-CM crosstalk the coupling through the electric field, or the transfer
admittance Y%, is not discussed here.

Numerous papers deal with the DM to DM crosstalk between tracks on the same side
of a GP, e.g. tracks 1 and 3 in Fig. 1. Gravelle and Wilson [3] give an extended list of
references. Often the high frequency (HF) limit is used, valid above about 30 MHz for a
copper GP of 30 pum thickness; above this frequency the current distribution in the GP
does not change anymore. The HF limit is certainly a good approach when modern high
speed digital electronics is considered. However, there are many important low frequency
applications such as transducers and amplifiers for slow signals like temperature, level and
position, and electronics for audio and video. Most switched-mode power supplies operate at
frequencies below 1 MHz. At lower frequencies the resistivity of the GP alters the current
distribution [4].

Both inductive and capacitive coupling are reduced when we place the tracks at opposite
sides of the GP. The DM to DM crosstalk is then more sensitive to the current distribution
in the GP. Actually we employed this type of crosstalk to study the current distribution in
the GP [5, 6].

The calculations are based on 2D potential theory where we emphasize the coupling by the
magnetic field. The tracks were replaced by filamentary wires. We derived general analytical
approximations for the Z; or the relevant parts thereof, or we present expressions for track
positions which can be regarded as extreme cases. Such guidelines can help a designer to
estimate beforehand the EMC properties of signal circuits. Some integral equations had to be
solved numerically. The spurious couplings require considerable accuracy in the calculations;
therefore the analytical and numerical results are compared in order to check consistency
and accuracy. In order to retain clarity of the paper, all mathematical details are deferred
to Annexes. In Sect. II we discuss a physical picture for the current distribution and the
DM-DM crosstalk which provides a simple way to understand the results for an isolated
PCB. Section III describes the calculations and additional results. The Z; for the CM to
DM coupling is discussed in Sect. IV. The proximity of a metal cabinet panel influences the
magnetic field and alters the DM to DM crosstalk; in Section V we present a choice out of
the many possible configurations. A signal track between two ground planes and its coupling
to another DM circuit outside these planes is studied in Section VI. Section VII presents the
measurements and compares them with the theory. Some practical examples are given in
Sect. VIII.

The experimental triple layer PCB was 20 ¢cm long. The copper GP had a conductivity



o =5.8-107(Qm) ! and a thickness d = 30 ym. The width 2w of the GP was often 50 mm,
although wider GP’s were used as well. The 1.5 mm wide tracks were placed at ;2 = 1.5 mm
above and below the GP (see Fig. 1). The epoxy layer on both sides of the GP had a dielectric
constant e, of 4.7. Two large brass plates mounted perpendicularly at the ends of the PCB
formed a mirror for the magnetic field, thus simulating a 2D-geometry. The GP was connected
over the full width to the brass plates; the CP only at one end to allow CM current injection.
Measurements are carried out at frequencies between 10 Hz and 1 GHz. The DM-DM Z;’s
show a variety of phenomena below 100 MHz. Resonances in Z; due to the finite length of
the PCB show up at higher frequencies. In addition, the surroundings of the PCB may affect
the resonances in frequency and in amplitude. Calculations including these 3D-effects are not
reported here.

i nj ection
circuit”

Fig. 2. The voltage Vpay measured between ¢ and b is determined by the E.-field along the line a-b and the
flux through the area a-b-c-d-a.

I1I. General behavior of the current distribution and the Z;
between tracks

For a physical picture of the phenomena governing the transfer impedance Z;, we consider the
Z:(1,2) between tracks 1 and 2, for the moment centered (z1,2 = 0) on the GP (2w =5 cm)
at opposite sides. The origin of the coordinate system is placed at the center of the upper
surface of the GP. The current I; is injected in track 1 and returns via the short circuit and
the GP. The DM voltage Vpys between track 2 and the GP is determined at the sending end
for the current. Faraday’s law for time harmonic signals § E - dl = —jw® yields

b
Vo = /Ez(a:, —d) dl + jwd

= E,(z,—d)l+ jwd
== Ztllga (1)

where @ is the flux through the rectangle a-b-c-d-a in Fig. 2. The electric field E,(z, —d) at
the lower surface of the GP is related to the local current density by J,(z, —d)/o. The 2D



assumption allows the second and third line in Eq. (1); here Z; is the transfer impedance per
unit length.

The solid line in Fig. 3a shows the general behavior of Z;(1,2) for a thin GP without skin
effect; Fig. 3b shows the absolute values of the contribution to Z; as calculated in Sect. IIIb:
a) E,(0, —d), and the flux between the GP and track 2 as b) jw®; due to the vacuum magnetic
field of track 1, and ¢) jw®gp due to the current density in the GP. At low frequencies the
variation of J,(x,y) with depth y in the GP may be neglected. We can write the volume
current density J, as a sheet current density K,

Kz(x) = /_Od JZ(xay)d:% (2)

or simpler here: K,(x) = dJ,(z,y). The E, is related to K, through E,(z,—d) = RoK,(z),
where R = 1/0d is the sheet resistance of the GP.

Below 1 kHz (region 1 in Fig. 3a) the current density K, is also homogeneous in the z-
direction. The Z; is given by the d.c. resistance of the GP, Z;(w = 0) = Rg/2w or 11.5 m{)/m
for our PCB. The vacuum magnetic field due to the current in track 1 and the current in
the GP fully penetrates the GP (Fig. 4a). However, the flux contributions to Z; are still
negligible. Above 1 kHz the J, concentrates under the track (Fig. 4b) in order to expel the
magnetic field out of the GP. The E, contribution to Z;(1,2) increases. At 300 kHz (region
3) the current distribution in the GP becomes nearly independent of frequency in the vicinity

of track 1. Its value tends to
L M

K(r)= -2
‘ T 22 + h?

(3)
analogous to the electrostatic surface charge distribution induced on the GP when a wire
with charge ¢ per unit length is above that plane, see any introductory text book on elec-
tromagnetics, e.g. Ramo et al. [7]. The E, remains related to the K,. The change in E,
between region 1 and 3 is a factor 2w/mhy, i.e. a factor 10.6 for our PCB (see Fig. 3b). The
flux contributions lower the change in Z;. The total Z; is constant over nearly two decades
in frequency. Both flux contributions jw®; and jw®gp become similar in magnitude but
opposite in phase. The calculations in Sect. IIT show that the total flux ®; + ®4p decreases
with 1/w, which results in the constant Z; of Eq. (13).

An analogous situation occurs in the more familiar magnetic shielding of a long tube [§]
for an external homogeneous axial magnetic field (Fig. 5). An external field H, produces a
flux through the tube &, = ,uoHeﬁrf. In the tube wall a circulating current I; produces a
flux L,I; through the tube. Here L; = uomr? /¢, is the self inductance of the tube regarded as
a long single turn coil of length ¢;. The resistance of the tube for the circulating current is
Ry = 27tr/dilyoy, with dy the wall thickness and oy the conductivity. We again assume here
that the current is homogeneous over the wall thickness. Faraday’s law then results in

Rt-[t = —jw@e — ijtIt. (4)

At low frequencies, w < R;/L; the total flux inside the tube ®, + LIy ~ ®, because the
current I; is low. At high frequencies the flux tends to zero as ®.R;/(R; + jwL¢). A voltage
induced in a loop inside the tube becomes independent of frequency in this model. The cross-
over frequency is given by wL; = Ry or rid; = 62. Here § = \/2/wpgoy is the skin depth for
the tube with u, = 1 because the flux inside the tube is involved rather than the flux in the
tube wall. The relation r;d; = §2 also holds for the onset of shielding against a magnetic field
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Fig. 3. a) General behavior of |Z;(1-2)| between track 1 and 2 with a 2w = 5 cm wide GP. The curve 1-2-3-5
(—) is calculated by method of moments (Sect. IIIb). The curve 0-2-3-4 (— - — - —) shows |Z;(1-2)] for a
very wide ground plane; the skin effect then lowers the |Z:(1-2)| in region 4. The asymptotes a, b and c are
discussed in the text, Sect. III, as is f. = 2.9 kHz from Eq. (5). b) Contributions to |Z:(1-2)| from Eq.(1); ®;
and ®gp represent the flux between track 2 and the GP due to the vacuum field of track 1 and of the GP,
respectively.
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Fig. 5. Parameters for the tube analogon.



perpendicular to the tube axis [9, p. 81]. Returning to our PCB we extend this analogy and
estimate the cross-over frequency f. between region 1 and 2 by the relation 2wd = §2:

fe = Ro/2mpqw (5)

valid for the mid position x = 0 of both tracks. A more accurate estimate requires the solution
of the implicit equation Rn = |Z;| with Z; given by Eq. (12) in Sect. I1Ia.

Above 10 MHz two effects become discernible. First the current density approaches the
HF limit under track 1 given by Eq. (3). The magnetic field through the GP is strongly
reduced. For an infinitely wide GP, the two flux contributions ®; and ®gp would become
equal and opposite. However, because of the finite width some magnetic field lines wrap
around the GP (Fig. 4c). The flux between track 2 and the GP is then given by the residual
difference of the flux contributions which can be described by a frequency independent mutual
inductance M (region 5 and asymptote ¢ in Fig. 3a). From Kaden [9, p. 266] or Love [10,
Sect. 13] one has

o hihs
- E w2’ (6)

valid near x = 0 for both tracks. At the edges of the GP K, (x) approaches the HF limit near

|x| = w:
K.(z) < 1/vVw? — 22, (7)

analogous to the edge effect for charge density on a plate. The magnetic field near the edges
is strong. However, the current density diverges only in thin strips near the edges of the
GP. Because of the small area involved, the flux through these strips is small. Only at high
frequencies the resistance will then be overruled by induction, in our example at frequencies
larger than 30 MHz; the GP then behaves like an ideal conductor (o — 00).

Secondly, the skin effect alters the vertical current distribution in the GP. For an infinitely
wide GP with permeability u = p,po the high frequency Z; is given by:

kd hy (8)
sinh kd (22 + h?)’

Zt:RD

in which hy = hy+hg and k = (1+3)/0 with 6 = \/2/wpopu,o the skin depth. This behavior is
shown by the dot-dash line, region 3 and 4 in Fig. 3a, and by the asymptote b. For the 50 mm
wide GP of our example, the exponential decrease in Z; by the skin effect is overruled by the
increase due to the flux coupling around the GP. The transfer impedance of a thin walled
tube [9, 11], considered as outer conductor of a coaxial system, decreases in an analogous

fashion:
kd;

Osinh kd;’ ©)
where Ry is approximately the d.c. resistance of the tube per meter, and d; the wall thickness
of the tube. The current flows in the longitudinal direction through the tube wall; the
current distribution is axially symmetric. The additional z-dependence in Eq. (8) stems from
the distribution of the current over the GP. A similar exponential decrease also sets in at
d; =~ 0 for the shielding of the tube mentioned above [9, pp. 292-295]. Some authors call the
current contraction under track 1 the lateral skin effect or just skin effect [12]. In this paper
the vertical skin effect is meant when the term vertical is omitted.

Note that the perpendicular component H | of the magnetic field at the surface of the GP
never vanishes exactly for a GP with finite conductivity. The y-component of V x E = —jwB

Zy =R



links the z-variation of the current density o F, to the H,. In region 3 (Fig. 3a) the magnetic
field penetrates the GP and leaves at the other side of the GP; in region 4 the magnetic field
H | at the surface is guided through the skin. The penetration is more pronounced where the
variation of the current density is larger, i.e. near the edges and under track 1 as discussed
before.

III. Mathematical description

a. The half space and the infinite plate

In a first step consider the plane y = 0 limiting the lower half space (Fig. 6a) of material
with conductivity o and magnetic permeability g = popr. The filamentary wire carrying the
injection current [; is in the dielectric region (g¢, po) at a height h; above the plane. The
distribution of the induced return current J,(x,y) in the plane has already been calculated by
Carson [13] in 1926 for non-magnetic materials (u, = 1). He assumed a transverse magnetic
wave o e/“=7% propagating in the positive z-direction with a small propagation constant +.

€o: K
h1¥. 0 Mo

y=0
a) 0, &, K
a, &, K
d h * .
v T y=0
b) ﬁ | y=-d
| A h
| | 2 y
X‘=0 )‘(2 X
2w
<>
X1
-
hl% ° |
c) d i A I
|
.% h2
>
X2

Fig. 6. Parameters for a) the infinite plane, b) the infinite plate, and c¢) the strip or finite plate.

Carson aimed at a telegraph wire several meters above soil with typical conductivity of
about 1072 (Qm)~!. Many authors [14, 15, 16, 17] treated the transmission of waves along
wires above a dissipative medium; some use the full wave analysis. For our PCB Carson’s
approach is apparently correct up to the GHz range because of the much smaller distances



between tracks and GP and the high conductivity of copper. Appendix Al gives the general
steps of Carson’s derivation, which is slightly extended in order to incorporate magnetic
materials p, # 1; see also [18].

In a second step consider the plate at y = 0 with thickness d and conductivity o, still
of infinite extent in the z-direction (Fig. 6b). The injection wire is at the position (0, hq)
above the upper side of the plate; a sensing wire is at (x2, —hg) below the plate. In both
dielectric regions p, = 1 is assumed. Since we do only consider the coupling by the Z;, we may
also take g, = 1. Because of the finite conductivity, the magnetic field penetrates the plate.
An inductive coupling exists between the circuits at both sides of the GP. In Appendix A2,
Carson’s calculation for the longitudinal current distribution J,(x,y) in the plate is extended
to allow a finite thickness d of the plate (Eq. (A13)) and to include the magnetic field below
the plate.

For a thin GP one may take the ‘thin plate limit’ d | 0 and ¢ — oo while keeping the
sheet resistance Rp of the plate constant. The sheet current density K, can be derived from
the current density J,(z,y) in Eq. (A13):

jwpoly /OO cos(ax) e~ M da, (10)
0

0
K, = L(x,y)dy = -
() [dJ<xy>y i e

in which # = wpo/2Ra. Asymptotic expressions for Z; can also be derived in closed form.
After some algebra using Eq. (A17), the transfer impedance for the sensing wire at (z2, —hs)
under the GP simplifies to

ahy

. oo —
7, = J9H0 / cos(amg)e™™™ 4\ (11)
2w a+jp

in which hy = h; + he. For low frequencies the small argument expansion [19] of the Ei
functions in Eq. (A18) yields

2 2)1
G poEIEE ) (12)

1
Zy = — —

ET R T I 2Rg
with v = 0.57721 --- Euler’s constant. This Z; is the asymptote labeled a in Fig. 3a. The
high frequency approximation of Eq. (11) reduces to

hy

Z; = Ro————+-.
t Dﬂ'(m%—i—h%)

(13)

This Z; value (region 3 and asymptote b in Fig. 3a) does not explicitly depend on the frequency.
In Eq. (11) only the sum h; of the heights hy and hy occurs. Reciprocity only requires that
the Z; is symmetrical in h; and hs. Remarkably the position of the thin GP between the
track does not influence this part of Z;.

In the thin plate limit no skin effect is possible since d/é goes to zero. In order to correctly
describe the skin effect we must consider a general thickness d and use the full equation (A17).
The resulting Z; is displayed as curve 0-2-3-4 in Fig. 3a. Fortunately the expression simplifies
in the high frequency limit to Eq. (8). The frequency f.s where the skin effect becomes
effective, can be calculated explicitly. Choose, by convention, the 3 dB point where |Z;|?



obtained by Eq. (8) is halved with regard to the value of region 3 in Fig. 2 given by Eq. (13).
The transcendental equation

d d
inh |[(1+j)<||=2= 14
sinh | (1+) || = 25, 1)
has an approximate solution d/§ a 2.14. Thus the cutoff frequency f.s is given by
2.25
N — 1
furm (15)

and is again independent of the heights hy and ho. This frequency equals approx. 22 MHz
for the GP parameters used in calculating Z; in Fig. 3a. In Fig. 3a the curve 0-2-3-4 shows
the behavior of Z; as described in this Section. Good agreement is shown in region 2 and 3
(Fig. 3a) between the analytical expressions and the method of moments (MOM) calculations
[20] described in the next subsection. The deviations at the low and the high frequency end
(region 1 and 5 in Fig. 3a) are due to the finite width of the GP.

b. The strip of finite width

We now replace the infinite plate GP by a strip of width 2w (Fig. 6¢). The injection current
I; flows through the wire at the upper side of the strip and returns via the strip. We again
consider the thin plate limit and calculate the sheet current density K,(x). The width 2w is
less than the shortest wavelength under consideration. We use Faraday’s law for two positions
(x,0) and (z*,0) on the strip:

E.(z,0) — E.(z*,0) = —jw {A,(z,0) — A,(z*,0)} (16)

in which the vector potential A, is due to the current I; through the injection wire and to
the current K, = E,/Rp distributed over the strip, see Appendix B. Here we require that Iy

returns through the strip, or
w

/ K. (2)de = —1I1, (17)

—w

Equation (16) was solved by the method of moments [20]. Step functions as basis functions
approximated K. (z) over intervals of the strip. Point-matching (Dirac delta functions as
testing functions) was used. The collocation points were at the middle of subsequent intervals.
The vector potential contribution due to each interval was calculated analytically [21]. In
order to improve the accuracy with reduced calculation effort, the discretization of the strip
was non-uniform: a (z? 4 h?)~! partition beneath the injection wire and a fine constant mesh
at the edges. The transfer impedance Z; is then obtained by Eq. (1). The solid line in Fig. 3a
is obtained by this MOM method. The total number N of intervals was chosen in such a way
that the difference between the analytical HF value of Z; (see next section) and the numerical
one was less than 10 percent. This required an accuracy in the A, of about 10~%; compare
also Fig. 3b. Such accuracy is generally needed in EMC calculations because one looks for
spurious couplings close to the currents. No attempts were made to obtain the ‘ideal mesh’
through rigorous error analysis.

For low frequencies the resistive contribution (E, term in Eq. (1)) dominates the magnetic
flux term, and Z; is constant. The cross-over frequency f. between region 1 and 2 was
discussed in Sect. II; an approximate expression based on the tube analogon is given in

10



Eq. (5). The flat region 3 agrees with the analytical expression Eq. (13) for Z; presented
before. At high frequencies the vector potential dominates the resistive term; the Lh.s. of
Eq. (16) can be neglected. As a result of the finite width, the transfer impedance in Fig. 3
increases linearly with frequency for f > 30 MHz.

When both tracks are close to the edge, the current density concentrates more slowly
under track 1; the calculated Z; is shown in Fig. 7. At high frequency the MOM Z; is in
agreement with the analytical expression Eq. (20) discussed below.

3
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|Z, | in Qm
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©
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Fig. 7. DM to DM Z; calculated by MOM for one or both wires at the edge of a 50 mm wide GP. The vertical
distance between wires and GP is 1.5 mm. The straight line behavior above 10 MHz corresponds to M-values
of Fig. 8.

c. Mutual inductance

For high frequencies the GP can be considered as an thin (d | 0) ideal conductor (¢ — o0)
with a sheet current distribution K. The magnetic field does not penetrate the GP anymore.
The magnetic field outside the GP can then be derived from a complex potential 2 which
can be obtained by means of conformal transformation. See for details Appendix C1. The
current distribution on both surfaces of the strip results from [9, pp. 56-58]

dQ*
dz "’
where 2" is the conjugated of the complex potential ). For an arbitrary position of the
injection wire, the result of Eq. (18) is given by Love [10]. For small height-to-width-ratio
hi/w and the injection wire near 2 = 0, his solution [10, Sect. 13] can be approximated by
I hi . ha

T $2+h% w\/wQ—x2 ’
in which the contribution of Q at the upper and lower surface are added (see Fig. C1). The

first term of the right hand side is the same as the HF distribution for an infinitely thin plate;
compare with Eq. (3). The last term results from the edge effect.

K.(z) = —|§ x H| = —Re

(18)

K,(z) = — (19)

11
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Fig. 8. The mutual inductance part M of Z; between two DM circuits when one of the circuits moves over
the GP along the z-direction. Both tracks are at 1.5 mm distance from the 50 mm wide GP.

The transfer impedance now becomes a frequency independent mutual inductance M
which can be calculated by means of Egs. (C1), (C3), (C4), and (C5) for any position of the
two wires. When h; 2 < w simple real forms exist. The lowest M is given by Eq. (6) for both
wires at = 0 on opposite sides of the GP. An upper bound occurs when both wires are at
the same edge, |z| = w, but still on opposite sides of the GP. For general h; and ha:

o 2 h1h2
M = ~—In|l+ —7— 2
(o] = w) = 2in |1+ A5 (20)

which attains a maximum value when hy = hg: My = (uo/47)In2. Figure 8 shows a set of
M-curves for a GP of 2w = 5cm and both wires at the same distance h12 = 1.5 mm w.r.t. to
the GP, calculated from the full complex potential Q of Eq. (C4). For comparison we included
an M-curve for both wires on the same side of the GP, one of them placed at z = 0.

IV. Common mode to differential mode coupling

The DM circuits on a PCB may generate a CM current which flows along the cables connected
to the PCB. We consider the reciprocal setup, a CM current Ioys through the GP which
arrives through a second plane such as a cabinet panel (CP) may provide (Fig. 9). The
CM current distribution and the Z; with respect to the DM circuit is calculated. Several
limiting situations can be considered: the CP a) has a certain width 2p or b) is very large
in the a-direction; the CP is c) nearby (hcp/w < 1) or d) at a large distance from the GP
(hcp/w — 00). In the experiments we used a brass plate as CP of thickness d,, = 1.5 mm and
width 2p = 20 cm. We assume the thin plate limit for both CP and GP. The CP is usually
larger than the GP. Induction currents reduce the magnetic field through the CP already
at low frequencies; edge effects and skin effect are less important. Most calculations were

12



performed by the MOM. The sensing wire 1 is again placed at the distance h; = 1.5 mm from
the GP (2w =5 cm).

2w
S —
Y
g —k— 1T | (})y:O v
X
hCP
dp ¥ &
A A
< >
2p
Fig. 9. Parameters for the PCB above a cabinet panel (CP).
2 = B
10°F %
E oL ;
g 10 . E
- C ]
N B ]
-3 C ]
10 1 3 | 6 9
10 10 10 10

frequency in Hz

Fig. 10. CM to DM Z; when the CP is far away (- - -), or at hcp = 1 cm distance from the GP (—). The
track is at 1.5 mm above or under the GP.

First we consider the CP at a large distance from the GP (see Fig. 10). At d.c. or low
frequencies K, = Iy /2w holds and Z; = Rp/2w is equal to the d.c. resistance of the GP.
Above a frequency f. given by 2wd ~ 62 [22] the current density K,(x) adjusts to reduce
the penetration of the magnetic field through the GP; K, (z = 0) decreases towards the high
frequency value Iops/mw [9, p. 63]. For the GP width chosen, the corresponding decrease
in Z; by a factor 2/7 does barely occur. At high frequencies Z; becomes inductive; M was
calculated by conformal transformations, Appendix C3, Eq. (C9) where the injection wire
was placed at a large distance. We again compare the M (z,y)-values for the sensing wire 1

13



at r =0 and at |z| = w:

Ho

M(0,h1) =~ 5w (21)
to [ hy
M(|z| =w,h1) = o\l (22)

These expressions for M present two bounds, and are accurate to within 10 percent for the
track at either side of the GP when h;/w < 0.9.

Secondly, we place the 20 cm wide CP at the distance hop = 1 cm under the GP, a
typical value often encountered in practice. The Z; for several positions of the sensing wire 1
calculated by MOM is given in Fig. 10. Examples of magnetic field lines are shown in Fig. 11.

50 ‘ 50 ‘ v
MHZ 1 GHz
E . = E .
c \\/ c
> >
-50 ‘ -50 ‘
-50 0 50 -50 0 50
Xin mn X in mm

Fig. 11. Magnetic field pattern at low and at high frequency for a CM current through the CP (2p = 20 cm)
which returns via the GP (2w =5 cm).

At high frequencies the nearby CP (hop/w < 1) causes a homogeneous H-field under the
GP and a strongly reduced field above the GP. The Z; now depends on which side the sensing
wire is placed. Because of the homogeneity of the field under the GP, a first approximation
for M(z,y) at x = 0 and y = —hy, assuming hop/w < 1, is:

h1
M0, —h1) = uo— 2
(07 1) Ho 2w7 ( 3)

a factor 7 larger than Eq. (21) for the isolated PCB.

At other positions of the track 1 the M-values are more difficult to obtain. In principle,
the magnetic field and M can be calculated by means of conformal transformation. Love [10]
gave the general Schwarz-Christoffel transformation consisting of elliptic functions; his results
were extended by Langton [23] and Lin [24]. This method only gives an implicit solution. For
the position (z,y) = (0, h1) above the GP, expansion of the elliptic functions (Appendix C4)
results in

hihcp

Tw?

M(0, hy) ~ po (24)
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which is a factor 2hep/mw smaller than the M at the lower side of the GP, Eq. (23). For
other positions, e.g. at the edge of the GP |z| = w, we proceed in a different and approximate
way. For hgp < 2w the other edge may be thought infinitely far away. The H-field near
one edge can then be derived from a simpler transformation which is often employed for the
fringing field of a parallel plate capacitor [7, Sect. 7.7]. The solution is still implicit (see
Appendix C5), but involves only an exponential. For h; < hop the first two terms in the
expansion of the exponential result in:

to [hihcp
M (Ja = w, [yl = ) = 5\ = (25)

irrespective on which side of the GP track 1 is placed. Already for hy ~ hcp/10 higher order
terms in the expansion become discernible. A numerical fit to the calculations resulted in a
correction term

Ho
AM(|z] = w,y) = o -c1y (26)

with ¢; ~ —1/3, in which y is positive for positions above the GP. This AM restores the
actual asymmetry between upper and lower positions of the track 1; for a more elaborate fit
see Appendix C5 and Fig. C4. The variation of M (x,hl) and M (z, —h1) over the width of a
GP is shown in Fig. 12a, whereas Fig. 12b gives the M as function of hop/w for a few fixed
positions of the sensing wire. For this GP size and position (2w = 5 cm, hogp = 1 cm) the
assumption hop/w < 1 is not fulfilled, and the actual magnetic flux between GP and CP is
lower than assumed. The current distribution K,(x) in the GP and the total flux between
GP and CP calculated by MOM agreed well with the analytical expression for parallel strips
given by Kuester and Chang [25, Eq. 6]. For wire 1 close to the GP, we corrected the M-values
given above by the ratio of the total flux given in [25] and the flux of a assumed homogeneous
field poloarhop/2w; see Appendix C5 at the end.

V. Influence of the CP on the DM to DM crosstalk

When the cabinet panel approaches the ground plane, the magnetic field due to the DM
circuit induces a circulating current in the CP even without net current flow in the CP. The
DM to DM crosstalk depends on the position of the CP. For a disconnected CP, Fig. 13a
shows the Z;(1-2) at several hcp, with both tracks at mid GP (x; = z2 = 0). We again
assumed h; = hg = 1.5 mm and 2w = 5 cm.

Of course the Z; at d.c. does not depend on the presence of the disconnected CP. At mid
frequencies, region 3 of Fig. 3a, the Z; is only reduced when track 2 is very close to the CP.
The Z; assumes the behavior of an isolated PCB already for distances hop of 1 cm. At high
frequencies the field lines wrapping around the GP dominate the Z;. For smaller distances
hop the H-field under the GP is compressed, leading to higher M-values. The homogeneity of
the field improves, and the M-values for 2o = 0 and |z2| = w (lowest two curves in Fig. 13b)
converge. At hop = 1.5 mm these M’s are equal since both DM circuits then capture all
magnetic flux under the GP. The field lines at the edges (see e.g. Fig. 11) show less curvature
for smaller hop, as is demonstrated by the lower M for the sensing track above the GP.

We now connect the GP to the CP over their full width at both ends. A current Ioyy
flows in the closed CM loop, induced by I; in the DM circuit formed by wire 1 and the GP.
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Fig. 12. a) Mutual inductance M between CM and DM loop when the z-position of the track varies over the
GP (full width 5 cm). The 20 cm wide CP is at hcp = 1 cm under the GP. The circles are MOM results, the
solid lines are analytical approximations discussed in Appendix C5. The three markers on the right ordinate
indicate the M-values at the edge. The middle one is M from Eq. (25), to which the correction AM from
Eq. (26) has been added or subtracted. The markers on the left ordinate correspond to Eq. (24) and Eq. (23)
without further correction. b) Mutual inductance M between CM and DM loop as function of hcp for four
positions of the sensing track. The measurements (Sect. VII) at hcp = 1 cm and 6 cm are indicated (4). The
upper marker at the right ordinate corresponds to Eq. (22), the lower to Eq. (21).
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Fig. 13. a) DM to DM Z; for several distances hcp (in mm) between GP (2w = 50 mm) and CP (2p = 20 cm).
b) M-part of Z; for DM to DM, as function of hcp for several positions of the injection and sensing tracks.

Both DM and CM loop couple via the transfer impedance Z;(1-CM), given in the previous
Section (see Fig. 10) for the reciprocal situation CM-1. We have

Ilzt(l—CM) +IopZoy =0, with Zoy = Roym + jwLowm. (27)

The selfinductance of the CM loop Loy, as well as the distribution of Iops over the GP
and CP can be calculated by the MOM, which agreed with the analytical approximations of
Kuester and Chang [25]. The Reyy is the series resistance of GP and CP. The final transfer
impedance between the tracks 1 and 2 is denoted by Z;(1-2,c) where c indicates the closed
CM loop:

Zi(1-CM) Z(2-CM)

Zem

with Z;(1-2,0) the transfer impedance in case of an open CM loop. Figure 14 shows Z;(1-2,c),
assuming a CP of 1.5 mm brass in which the skin effect is neglected, hop =1 cm, hy = he =
1.5 mm and 2w =5 cm.

Zt(l—Q,C) = Zt(1—2,0) - (28)
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Fig. 14. The MOM results of the DM to DM Z; (—) when the CP (2p = 20 cm) is connected to the GP
(2w = 50 mm) at both ends; hcp = 1 cm. Also indicated are the Z; for a disconnected CP (- --), as well as
the expected behavior due to the skin effect and due to the residual M-coupling (- - -).

Major changes occur at low frequencies; the small resistance Rop of the CP is parallel
to Rgp of the GP, and Z; = RgpRcp/(Rap + Rcp). However, already at 100 Hz the Z;
rises. In order to estimate the cross-over frequency from Eq. (28), one may replace Zoas by
Ren + jwLep and substitute both Z;(1-CM) and Z;(2-CM) by Rgp. In first approximation
Z1(1-2,0) also equals Rgp. The resulting cross-over frequency becomes Loy /27 Rop, which
for our setup is 230 Hz. The small inductive component in Z;(1-2,0) is mainly responsible for
the lowering of the cross-over to about 100 Hz as apparent from Fig. 14. The flat region 3 is
extended to higher frequencies. The short circuited CM loop reduces the flux and decreases
the M-coupling. The dotted lines indicate the residual M-coupling, as well as the expected
decrease due to the skin effect in the GP.

VI. A DM track between two planes

In multilayer PCB’s the coupling of a signal track is reduced when the track is placed between
two planes, ground and/or power; assume the planes at y = +hpp (Fig. 15). We first describe
the Z; between a track on top of a very wide PCB and a track midway between both planes
at (z1,y1) = (0,0) carrying a current I;. Assuming very wide GP’s and filamentary wires for
the tracks, the current distribution K, in both planes can be calculated as in Sect. I1I, see
Appendix A3. The ‘thin plate’ result is:

jwpoly /°° cos(ax) e~ahrr
2R Jo a+ jB(1+ e 2ehprp)

with # = wpo/2Rn again. The high frequency K, becomes

K,(x) = da, (29)
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Fig. 15. Parameters for a wire 1 between two planes of width 2w. The sensing wire 2 resides outside the two
planes.

which is a factor m/4 smaller than the current density at x = 0 with only one GP; compare
Eq. (3). The current density is also more concentrated near wire 1. For the ‘thin plate’ Z; of
a wire at (xg, hg) with ho > hpp

ahs

. ~ _
Z, — jw,u,o/ cos(axs)e do, (31)
0

o o+ jB(1 + e~ 2ahrr)

which describes regions 0, 2, and 3 in Fig. 16. We include the skin effect (region 3 and 4 in
Fig. 16) to obtain the high frequency Z;:

7 Ry kd % cos(ary) e*(d—h2)
"7 7 osinhkdJo  1+e20hep

da. (32)

The integral can be expressed in elementary W-functions [26, 3.541.6]. For (z2,y2) = (0,2hpp)
and d | 0 the integral is simply (In2)/2hpp. In the flat region 3 Z; is a factor In2 smaller
than the Z; with one GP, Eq. (8), at the equivalent position. However, because a part of the
current returns at the other side of wire 1, the reduction in Z; is less than 1/2 as could be
expected naively.

When the injection wire is midway between the planes, the return current is shared equally
by both planes. For other y-position of the wire, the total current varies linearly as —(hpp +
y)I1/2hpp for the top and as —(hpp — y)I1/2hpp for the bottom plane at high frequencies.

The M-part in Z; is strongly reduced since both planes effectively confine the magnetic
field. An approximate procedure again has been followed assuming that wire 1 and 2 are at
some distance |0x1| and |dz2| from the edge of the PCB; see Appendix C6. For M one finds:

oh h 3 _rlbeyl 1

where dhsy is the vertical distance of wire 2 above the top plane. Because of the exponential
in dz1 only one edge is taken into account. In Fig. 17 we compare Eq. (33) with the complex
potential result of Eq. (C25). When wire 1 is deeply buried between both planes at large dx1,
very low M-values result by Eq. (33) and other effects may become dominant. Assume for
instance that the planes provide of ground and d.c. power; insufficient decoupling between
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Fig. 16. General behavior of |Z;| between track 1 and 2 with 2w = 5 cm wide planes. Track 1 is positioned at
the origin, while track 2 resides at (0,2hpp), width hpp = 1.5 mm. The solid curve 1-2-3-5 has been calculated
by means of MOM; the deviation in region 5 is due to numerical errors. The curve 0-2-3-4 (- - -) shows |Z|
for very wide planes; the skin effect again lowers the impedance in region 4. For comparison we have included
the behavior for a PCB with only one GP.

the planes at the ends may cause a different return current —(% + a)l; through the top (+)
and bottom (—) plane. The value of a has to be estimated for an actual PCB; here we just
assume any value 0 < |a| < % In worst case, no net return current flows through either of
the planes. This situation is comparable to Section IV for a ‘CM’ current a I7; the results of
Egs. (24) and (25) can be multiplied by a, with hpp substituted for hcp.

VII. Measurements

The three layer PCB (Fig. 1) consisted of a single and a double layer PCB firmly pressed
against each other. On each side of the GP two 1.5 mm wide tracks (Fig. 1) were placed
at s = 10 mm apart. Brass plates (30 x 20 cm?) at both ends of the combined PCB
minimized distortion of the 2D-fields due to end-effects. SMA-connectors with low proper Z;
were mounted in one of the brass plates (A in Fig. 1). In order to avoid Z;-contributions
from the cables and the measuring equipment, the brass plate A was properly connected to
the backpanel of an EMC-cabinet [27] in which the measuring equipment resided. The cables
were RG223 with double braided shield; several ferrite cores kept the CM currents through
the cables sufficiently low.

Between 10 Hz and 100 kHz a sinewave generator provided the injection current which was
measured by an active current probe. The generator was placed outside the EMC-cabinet. A
lock-in detector inside that cabinet determined the DM voltage in amplitude and phase; see
e.g. [28]. The output of the current probe served as reference. Between 200 kHz and 1 Ghz we
employed a spectrum-network analyzer; the tracking generator provided the injection current.
Up to 50 MHz an inductive current probe measured the current directly at the input connector
on the brass plate A. Above 50 MHz an S-parameter set was used to determine the injection

20



102 E
= :
\ .\. _
1E _
100 E
= i :
T : :
T i
c
— 109 2
2 T
1001 .
-25 O 25
X2 in nm

Fig. 17. The mutual inductance part M of Z; between two DM circuits. The injection wire resides between
the two finite planes, near the edge. The sensing wire at the upper plane moves over the full width. The full
expression Eq. (C24) (—) as well as the approximations Egs. (33) (--+) and (C25) (—-—- — ) are shown

current at the input SMA connector of the PCB.

We present measurements of DM-DM crosstalk which demonstrate the current distribu-
tion. Figure 18 shows the Z; for an isolated PCB with current injection in track 1, and track 2
and 4 as sensing tracks (see Fig. 1). Up to 70 MHz measurements and calculations agree. The
current contraction under track 1 (region 3 in Fig.3a) causes |Z;(1-2)| to rise and |Z;(1-4)]
to decrease. The M-coupling (region 5) is nearly the same for track 2 and 4, as indicated
by the convergence of the Z; curves above 10 MHz. The frequency of the resonance peaks
in Z, agree with standing waves in injection and sensing circuit over the length £ = 0.2 m:
¢ = (2n+ 1)\/4 with n = 0,1,2,.... Here X is the wavelength calculated with an effective
dielectric constant e, rf = 3.41 [7, Sect. 8.6]. For this slender GP the skin effect does barely
show up because of the predominant M-coupling and because of the resonances.

The Z, for one or both tracks at the edge of the GP is shown in Fig. 18b. The width of
the GP is 2w = 15 cm. Here too, measurements and calculations agree up to the resonances.

The measured and calculated CM to DM crosstalk is presented in Fig. 19 for the mid
position of the sensing track. The current was injected in the CM loop through the CP, and
returned through the 5 cm wide GP. Two distances hop of 1 cm and of 6 cm were used.
The experimental M-values are included in Fig. 12. Standing waves occur as in the DM-DM
crosstalk. The frequency of the low-Q shoulder on the first peak varies with hgp. This
resonance probably originates in the current injection circuit.

VIII. Conducted emission

We apply the transfer impedance Z;(DM-CM) to describe the emission due to a CM current
through a cable connected to the model PCB. The current waveform in the DM circuit are
typical choices for a switched-mode power supply and for several families of logic circuits
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Fig. 18.  a) The measured DM to DM |Z;(1-2)| and |Z;(1-4)| (—) together with the MOM calculations
(---). Tracks 1 and 2 are on opposite sides at 5 mm from the middle line of the GP (2w = 5 cm); the
z-distance between track 1 and 4 is s = 10 mm. The resonances above 100 MHz are discussed in the text. The
actual reduction of |Z;(1-2)| due to the skin effect occurs at lower frequencies than expected (- - -), because
of the opposite phase in the couplings by the skin effect and by the inductive M-coupling, see e.g. Kaden [9,
Fig. 171]. b) Measured (—) and calculated (- - -) DM to DM |Z;| with one or both tracks at the edge of the
GP (2w =15 cm).
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Fig. 19. Measured (—) and calculated (- - -) CM to DM Z, for two positions of the sensing track; hcp = 1 cm,
2w = 50 mm, hy = 1.5 mm.

(Fig. 20). In the model we connect the GP at one side to the CP (inset Fig. 21). The cable is
represented by a half wave antenna with a radiation resistance Ry = 150 §2. This resonance
condition may not occur at all frequencies in the DM signal, but will most probably do so
at some frequency for which the emission limits might then be exceeded. When propagation
delays over the PCB are neglected, the induced CM voltage v™?(t) can be imagined as a
localized source between cable and GP which drives the cable as antenna. The CM current
icar(t) through the cable at resonance is then given by v™?(t)/Ry.

' e NS

*

ti t;
a) b)
Fig. 20. Typical current waveforms for a) switched-mode power supplies and TTL and ECL digital circuits,
b) for fast CMOS circuits.

The DM current waveforms in switched-mode power supplies or TTL and ECL digital
circuits is approximated by the trapezoids in Fig. 20a. For CMOS and similar circuits, the
DM current resembles more a triangular shape (Fig. 20b). The trapezoidal current ipps(t) is
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expanded in the Fourier series

o0
ipu(t)= > TDM ginwot (34)
n=—oo

with wg = 27 fo = 2w /Ty. For t, = t; = 7 the coefficients L?M are given by

sin(nwot/2) sin[nwo(Ty + 7)/2]

IPM — A : 35
" ! nwoT /2 nmw (35)
The transfer impedance Z;,(DM-CM) can be approximated by
Zi(w) = Rgp + jwM. (36)
The induced voltage v™%(t) then follows from
’L)md(t) _ Z Vgndejnwot’ (37)
with '
vind — 7, (nwo)IPM. (38)

According to the EN55022 regulation, the maximum electric field strength should not
exceed 30 dBpV/m (at 10 m for class B equipment) in the frequency range 30-230 MHz. This
requires a CM current through the cable of less than 3 pA, see e.g. Ott [29] or Goedbloed
[30, Sect. 2.4.1].

The fundamental frequency fy determines the minimal harmonic number m in Eq. (34)
for which the EMC requirements should be met. The corresponding spectral component of
iom(t) is ISM = Vind /Ry when the resistance term in Z; is neglected. The upper bound for
the amplitude of this spectral component is given by

AM Aq

I¢M) <
| < mRyT’

(39)
which hold for the waveform given in Fig. 20a. For the waveform given in Fig. 20b, 7 must
be replaced by min{t;/2,t}/2} and Ai by max{Ai,, Aig}.

In Table I, [ISM]| is given for a few families of digital circuits. As can be seen, the 3 yA
limit for ECL3 and HLL digital logic requires extensive EMC measures. A reduction of about
44 dB and 65 dB respectively should be obtained in case of our 0.2 m long and 5 cm wide
PCB, for instance by an extra ground plane or cabinet panel, smaller distances between tracks
and GP, filter connectors, etc.

We tested these calculations in a setup which is often used for precompliance measurements
[31], see Fig. 21. The CM current is generated by the DM circuits above (track 1, Fig. 1) or
under (track 2) the GP. This CM current is measured at the 150 © load, formed by the 100 §2
SMD-resistor and the 50 €2 impedance of the cable connected to the spectrum analyzer. For
our 5 cm wide and 20 cm long PCB, the ratio of the DM and CM currents is given in Fig. 21,
measured as well as calculated.
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Table I. Upper bounds for the maximal spectral components of icy given by the r.h.s. of Eq. (39). For
the switched-mode power supply (SMPS) and ECL3 (or ECL-100K) digital logic, the trapezoidal waveform
(Fig. 20a) is used; a triangular shape form (Fig. 20b) is assumed for CMOS and HLL logic. The mutual
inductances M are calculated by MOM (Sect. IV.).

max{|[ISM|} in pA per length of PCB

TYPE 2w =5 cm 2w = 15 cm
fo/7T/Ad injection 1 injection 2 injection 1 injection 2
i M =48 nH/m | M =249 nH/m | M = 0.6 nH/m | M =10.6 nfl/m
SMPS
100 kHz/100 ns/1 A 14 7.0 0.2 3.0
ECL3 (ECL-100K)
230 MHz/1.3 ns/14.8 mA 463.9 2406.2 58.0 1024.3
CMOS
10 MHz/60 ns/4.2 mA 2.9 14.8 0.4 6.3
HLL (CMOS 3V)
230 MHz/1.5 ns/100 mA 54325 28181.0 679.1 11996.7
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Fig. 21. Measured (—) and calculated (- - -) current transfer between DM and CM circuits, for a DM injection
track above (1) or below (2) the GP. The inset shows the setup for precompliance measurements with current
injection through track 1. The CM current is measured via the 150 € load.
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IX. Concluding remarks

The M-part in the DM to DM crosstalk shows a strong dependence when one or both tracks
are near the edges of the GP. A distance of 3h1 reduces the crosstalk by about one order of
magnitude. For distances hgp of 1 ¢cm and more between GP and CP, the influence of the
CP on this cross-talk nearly vanishes.

When a CP is present under the GP, the M-part of the CM to DM crosstalk is lowest
for traces at the upper side of the GP. Even for our slender PCB this difference is about one
order of magnitude. For traces at the edges the difference between upper and lower side is
smaller.

In our analysis we used 1.5 mm thick insulation. Many multilayer PCB have also interlayer
insulations of 0.2 mm, and correspondingly smaller tracks and track distances. There is also
a tendency to reduce the copper layer thickness. For such PCB’s the analytical expressions
for Z; are valuable.

In a PCB with more than one ground plane or power plane the DM return current will
be shared by those planes. A 2D analysis of such sharing can be carried out in a similar way
as presented. The current distribution also depends on the action of e.g. the logical circuits,
whether they switch the signal lead to ground or to power. The position of decoupling
capacitors between the planes is then also important.
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Appendix A

1. Carson’s approach

A filamentary wire 1 is positioned at x = 0 in a dielectric region at the height hy above
conductive ground which fills the lower halfspace y < 0 (Fig. 6a). The wire carries a current
wave I propagating as e/“!~7% in the positive z-direction. The propagation constant v is
taken small. The F, and F, components of the electrical field are neglected, as well as the
displacement current in the ground. The equation

V2E, = jwuocE, (A1)

holds for time harmonic fields in the GP. Under the assumptions mentioned Carson’s solution
[13] of Eq. (A1) is the Fourier cosine integral w.r.t. x

E,(x,y) =— /F(a) cos(az) e¥V o Hiwns qq. (A2)
0

The x and y-components of the magnetic field H in the ground stem from Maxwell’s equation
V x E = —jwuH, in which p = pop,. Above ground the current I; produces the familiar
r~1-field Hy and the current distribution J,(z,y) = 0 E,(z,y) produces a magnetic field H
with transverse components only. Expand both magnetic fields in Fourier cosine integrals
(z-components) and Fourier sine integrals (y-components):

L h—y

2 22 + (b1 — y)?

I

= o cos(az) e~ MY dq,

Hlx =

I x
2w 22 + (h1 — y)?
1

_ b —a(h1—y)
27r/0 sin(ax)e da, (A3)

o0 I
Hy, = +/ [¢(a) + — e~*M] cos(ax) e~ dav,
0 2

Hy, = — /Ooo[gzﬁ(a) + 2.% e M) sin(ax) e dov. (A4)

In these Fourier integrals the values of y are restricted to negative values for the exponent, i.e.
y < hy in Eq. (A3) and y > 0 in Eq. (A4). The second term between the braces in Eq. (A4)
represents the image current at y = —hy which has been added for convenience. The boundary
conditions for the magnetic fields and inductions at the plane y = 0 yields a linear system
of equations, from which the unknown quantities F(«) and ¢(«) can be determined. The
current distribution J,(x,y) in the GP becomes

J(z,y) ]w,ua[l / conad emoM IV HIwnT 4o (A5)
apy + /a2 + jwuo

For nonmagnetic materials (u, = 1) the integral Eq. (A5) is the same as given by Carson [13].

0
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2. Ground plane of finite thickness

The GP is now a plate at —d < y < 0, still of infinite extent in the z-direction (Fig. 6b).
Develop the electric field E, in the GP in a Fourier cosine integral w.r.t. z

E,(x,y) = —/ Fi(a)edVertions o B (q)e ¥V o] cos(az) dov. (A6)
0

The ‘ansatz’ for the magnetic fields H; and Hy above the GP remain as above. The magnetic
field H in the GP again stems from the Maxwell equation V x E = —jwuH. Below the GP
we have to allow a magnetic field H3 which satisfies Laplace’s equation:

Hs, = /OOO Y(a) cos(ax)e™ da,

Hs, = /Ooo Y(a) sin(ax)e™ da. (A7)

The Fourier transforms of all these fields together with the boundary conditions at y = 0
and y = —d yield a set of linear equations, from which Fl(«), F_(«a), ¢(a) and ¢(«) are
determined. We have

] I - —ahy
Fi(a) = +]w: 1 (ap —i—g)e "
Fola) = _Jwnh(op —§eroh® -
Q D

sa) — _hame ™ {(ap +6) - (ap — e (A10)

m D

— I 20,€ e(d—h1)—dg

R b (A11)
D = (Oéﬂr + 5)2 — (aur — §)2 e~ 2d¢ (A12)

with £ = /a2 + jwpo. The current distribution in the GP becomes

J.(x,y) = oE.(x,y)
o0

_J2wpoly / apy sinh [(d + y)¢] + § cosh [(d + y)¢]
a (optr + €)= (apr — §)? 72K

cos(ax) e @M+ qq

(A13)

In the limiting case d — oo, this equation reduces to Eq. (A5) as it should. In the ‘thin
plate limit’ we let d | 0 while keeping the sheet resistance Rg = 1/0d constant. The resulting
sheet current density is Eq. (10). The Z; between the injection wire and a sensing wire can
be calculated according to Eq. (1) from the flux ®(z) between the GP and the sensing wire
and the electric field at the surface E, = J,/o close to the sensing wire; see Fig. 2. It is more
convenient to introduce a flux function or vector potential A,. We choose to write the electric
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field E,(x,y) in the material as —jwA,(z,y) and require that A, also correctly describes the
magnetic field outside the GP:

Au(e) = A2 0) + o [ costor) WD e waa y>0) (aw
0 _
with 2 (g h)?
dp _ Mol 2T+ (y— M
Az i M ()2 (A15)
and -
A, (z,y) = ,uo/ cos(aur) ¥(e) e da. (y <0) (A16)
0 a

The A% is the vector potential for a dipole of two line currents 41I; placed at y = =+h.
Because of the applied boundary conditions for the magnetic fields, A, is continuous at both
surfaces of the GP. Because of the exponentials in y in Eqgs. (A14) and (A16), the vector
potential vanishes at large distances; the current I; fully returns through the GP. For Z; we
rewrite Eq. (1) as:

Zy = jwA,(vs,ys)/ 1 (A17)

where (z4,ys) is the position of the sensing wire. In the thin plate limit the integrals in
Egs. (A14) and (A16) reduce both to

o =

7cos(oz33)e_°‘hf eI Bhe
a+jp 2

[P Bi(—Bz — jBhe) + e " Ei(Bz — jBhy)] , (A18)

where 5 = pow/2Rn and hy = hy + hga, he the distance between sensing wire and GP; this
h: should be used when wire 1 and 2 are on the same side as well as on opposite sides.
Abramowitz [19] defines the exponential integral Ei only for positive real arguments, but
by means of analytical continuation the same definition holds for general complex argument
excluding the positive real axis; for positive real values the principal value of the definition
integral must be used [19, Footnote 4 p. 228]. Bergervoet [32] obtained a similar result by a
different method. The line dipole Eq. (A15) explains why the current density is sensed more
directly by a wire at the opposite side of the GP. This is also shown by the field plots in
Fig. 4a.

3. Injection wire between two plates

Suppose injection wire 1 is placed between two plates which are at y = +hpp and which have
a thickness d. Here we proceed via the vector potential as described in the previous section.
The Fourier coefficients for A, are between both plates (—hpp <y < hpp and p, = 1)

Ax(e) = Bp (@) e + ()™, (A19)
outside both plates
By @) > heptd
A.(a) = (A20)
P () e y < —(hpp +d)



and inside both plates
Az(@) = polFir () €% + Fi_(a) e (A21)

with € = /a2 + jwugo and ¢ = 1,2 for the upper and lower plate respectively. The source
term due to the current I; through wire 1 at (0,y;) is

oLt —afy—y| A
_ 22
oma * (A22)

Continuity of A, and 0A,/dy at the four surfaces y = +hpp and y = £(hpp + d) results in
a set of equations. Of special interest are the solutions in case of wire 1 midway between the
plates (y1 = 0):

D (a—getrred

Fielo) = B-(0) = — 10 (A23)
o ehpp(at&)+2dg
Pae) = Fi(e) = +2 ST (A24)
T 2a€ea(2hpp+d)+df
vr@=v-() = = p (A25)
bule) = 6-(a) = o lCED (426)

D(«)
D(a) = &"rr[e*®(a+£)? — (a— &)%) + jwpoo (2 —1).  (A27)

For the Z; at (zs,ys) above the top plate (ys > hpp + d) we obtain

2jwiig /OO cos(axs) e(2hpp+d—ys)+d¢
0

Zt(xmys) = D(a)

da. (A28)

™
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Appendix B

A current I; flowing in the positive z-direction through a filamentary wire at r1 = (z1,h1)
(Fig. 6¢) generates the vector potential at r = (x,y)

AW = =B e — ). (B1)
T

The K, (z) through the strip causes the potential

w

AV = 2 / K.(«)In|r — ¥| da, (B2)
s

z

with v’ = (2/,0) on the strip. The electric field is given by E,(r) = —jw(Agl) (r)+ AL (r)) —
V.V (r). The condition at the strip

E.(x,0) = K.(z)Ro (B3)

results in a Fredholm integral equation of the second kind

Kz(x)—)\/Kz(a:')lnlas—a:'\da:':f(a:)+c, —w <z <w, (B4)

where A\ = jwuo/2nRn, ¢ = —V,V/Rp and
f(x) = —jwA (2,0)/Ro (B5)

the excitation function due to the wire. The width of the GP is here finite, in contrast to
Appendix A. Consequently the current through the GP is smaller than —I; when ¢ = 0. The
constraint

/ K.(2)de = —T, (B6)

requires that some K, should be added which is a solution of Eq. (B4) with f(z) = 0. For
an isolated PCB, reciprocity of Z; can be applied to show that ¢ = —Z;(1-CM)I;/Rg, in
which Z;(1-CM) is the transfer impedance between the DM circuit of wire 1 and GP on one
hand and the CM circuit formed by the GP and a far away CP on the other hand. Because
the reference position z* on the GP in Eq. (16) is chosen arbitrarily, E, + jw(AgS) + Agl)) is
constant over the GP in the z-direction, as is V,V. When the difference of Eq. (B4) is taken
for two positions  and z* on the GP, c¢ is eliminated.

The CM current distribution is a solution of Egs. (B4) and (B6) with f(x) = 0. A
comparison with Eq. (C8) shows that ¢ is then equal to —I1 [1/2w + (jwpo/27Ro) In(2/w)]

Similar to Eq. (A17) we can rewrite the Z; in Eq. (1) to

Zy = [jWAz(l'& ys) - CRD] /Il (B7)
where A, = A + AN is the total vector potential taken at the sensing wire at (zs,ys).

Equation (B4) with constraint Eq. (B6) can also be solved analytically by expanding K, (z)
and f(z) in a series of Chebyshev polynomials [33]. The coefficients of the f(x) are difficult
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to obtain, and only closed form expressions have been found when the injection wire resides
at the middle position of the strip. The off-diagonal elements in the resulting infinite matrix
decrease slowly with the distance from the diagonal. The solution still requires numerical
inversion and truncation of the matrix.

It is illustrative to show the connection between physics and the abstract mathematical
theory of integral equations. Also, by means of the theory, it will be proved that the solution
of Eq. (B4) is unique and continuous.! This last property is evident from a physical point
of view, but mathematically less evident. The proof that a Fredholm equation of the second
kind with continuous kernel possesses a continuous solution, is given in almost every standard
text book on functional analysis or integral equations. For our weakly singular kernel we did
not find the continuity proof in text books.

Let us introduce the Banach space C[—w, w] consisting of continuous functions on [—w, w|
with maximum or infinite norm, i.e., for g € C[—w, w]

9]l = max [g(t)].
te|—w,w]

The Hilbert space Lao[—w,w] consists of Lebesgue measurable functions on [—w, w] which are
square integrable, that is, for g € Lo[—w, w]

[ 19 dt < . (BS)
Eq. (B4) can be written as
(I- K. = g, (B9)

with g € C[—w, w], and the operator 7 : C[—w,w]| — C|—w,w] defined by

(TK.)(z) = / K.(«)In |z — o] da'. (B10)

—w

It can be proved that 7 is compact on C[—w,w]; this proof will be given at the end of this
appendix. The spectrum of 7 is denoted by o(7"). Observe that the set o(7)\{0} consists of
countable (perhaps finite or even empty) eigenvalues only [34, 8.3-1]. By [34, 8.2-4] we can
extend 7 to a continuous linear operator 7y : Lo[—w, w] — Lo[—w, w], defined by

(Tour ) (2) = / K.(«) |z — 2| do’. (B11)

—w

Since the kernel In |z — 2/| is square integrable, 7., is Hilbert-Schmidt and therefore compact
on Lo[—w,w], see e.g. Stakgold [35, pp. 352-3]. Since the kernel is symmetric, ¢,y is self-
adjoint on La[—w,w]. It can be proved that Zc,; is a negative operator [36, Example 6.10].
Therefore we have a self-adjoint, negative, and compact operator on Lo[—w, w]. The spectrum
0(Teat) of Teqy is real, negative, and discrete. The spectral values, say A; < 0, are eigenvalues
of the operator. Since 7 is compact and 7.+ is a continuous extension of 7, the spectrum

!The authors are indebted to dr. ir. S. J. L. van Eijndhoven from the Department of Mathematics and
Computing Science, for the useful suggestions made.
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0(7T) C 0(Zext). We conclude that the spectrum of 7 is real, negative, and discrete. Since A is
purely imaginary for our strip problem we have \ # )\j_l. According to the general theory, the
homogeneous equation g = 0 in Eq. (B9) has only the trivial solution K, = 0. In other words,
there are no oscillations. This is physically understandable, because in our model we only
have inductive energy, which is not related to capacitive energy. Any disturbance is damped
by resistance. Since (Z — A7) is continuously invertible for all A(# )\j_l), the inhomogeneous
operator equation (B9) has a unique continuous solution. In operator theory this solution
equals

K.=(T-\T) !y (B12)

Our original integral equation (B4) has therefore one and only one continuous solution.
_ Finally we will prove that T is compact. Consider the more general case with operator
7T : Cl—w,w] — Cl—w,w], defined by

w

_ Wz 2!
(TK.)(z) = / Kz(x’)m da', heC(—w,w] x [~w,w]), 0<a<l.  (BI3)
Since | o 1| |
r—2|%Inlz -2
In|z —2'| = T , r#L,

compactness of T implies compactness of 7.
Theorem 1 Operator T : C[—w,w] — Cl—w,w] defined by Eq. (B10) is compact on C[—w, w].

PrOOF. Let B a subset of C[—w,w], which is of course bounded. The operator T, and
therefore 7', is compact when the image 7 (B) is relatively compact, that is, when the closure

T(B) is compact. For every h € C([—w,w] x [—w,w]) with |[h(-,")|lsc < M and for every
K, € B, it follows that

h(z, ")

| — 2’|

w
1K, ||o max /

x€[— ww]

1T K loe

IN

dr’' < M||K, Hooxmax /|x /|a

[—w,w]

1 —Q (03
= M|K.|s r[n%w]l—[(wm)l T (w—2)'"] = MK, Hoo

Therefore the set 7 (B) is bounded on C[—w,w]. Let us prove next that this set is equicon-
tinuous, that is,

V8>035>0vx1,xge[fw,w}szeB : U.%’l — CCQ’ <) = "]N'Kz(ajl) — ’j'KZ({L'Q)‘ < 8] .

Let x1,z9 € [~w,w], 1 < x9, and K, € B, then

TK-(2) ~ TK-()] = V [ Mon)  MOLE) ) g oty

lzg —2'|* |21 — 2'|*

w
15l [
—w
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h(zg,2")  h(z1,2')

lzg — 2'|* |21 — 2]

dz’

IN




This last integral can be split into

1 x2 w
/...OZQLJ7 /--~d:c’, /---dx'.
—w 1 x2
An estimation of the first integral yields
7 h(xg, ") h(zy,2") ,
— dx
(w2 —a/)> (21 —a')®
x1
h(zo, ") — h(z1,2") , ‘ 1 1 ] ,
< h - d
< [P e - el
x1
@ — - “l+ M. - d
11—« {(w—i_m) (2 = 1) } A (x1 — 2" (xg —a') o
with
M, = n[aax ]|h(x2,x’) — h(z1,2")], My= H[laX }\h(xl,x’)|. (B14)
' e[—w,w ' e[—w,w
Since
xr1
1 1 1
_ d I l-a - _ 1«
/ {(951 —a)* (2 — x’)o‘] YT 1. [(w + 1) (w+22) ™% + (22 —21) } '

—w

we conclude

1
h(xzg,x") h(zq,2")
Ve03650Va1 wae[—wu) - []m - <= / P — o — 2] dr’ <e| .
—w
The integral
w
/ h(xa,2')  h(z1,2') |
— dx
|z — 2/ |21 — 2|
T2
can be handled in a similar manner. Consider next
72 hza.a')  h(za) |
— dx
(2 — ') (2/ —x1)”
1
i h(za,2") — h(z1,2") 1 1
< b ) h ! _ d /
- /H (zg — ') ‘H (xl’wﬂ’(xz —a)e (2 — ) } v
1
< My (29 —x1) "%+ M 72 1 - ! dx’
= 1-—a ) @ —a)e (@' —z1) ’
z1

with M; and My given by Eq. (B14). Further, the transformation ' = (zo —21)/(14u) + 21
yields

2

/

1

1 1

(xg — ) (2 — )™

1
dr’ = 2wy — 1) /(1 )2 — 1) du.
0
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1
The integral [(1 4+ u)* 2(u™® — 1) du is bounded, therefore
0

h(zo,x") h(zq,2")

|xg — '] B |x] — ']

€2
v£>OE|6>0vm;l,3:26[710,10] : [|SU1 - 1:2‘ <= /
1

dx’ < 5] .

We conclude that ’j'(B) is equicontinuous. By Ascoli’s theorem [34, 8.7-4] this set has a
subsequence, say (K én)), which converges (in the norm on C[—w,w]). It follows that the

closure 7 (B) is compact on C|—w,w]. O
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Appendix C

1. Joukowski transform

Suppose the injection and sensing wire at coordinates z; resp. z3 in the complex z = x + jy—
plane (Fig. C1). The infinitely thin strip is located on the real axis —w < z < w. The wire
at z; carries a current I1, the strip a current —I;. The Joukowski transform [37, pp. 58-60)]
and its inverse

z 1 1 z 2\ 2

Zogtrp t=Zay(2) (1)
map the outside of the strip in the z-plane and the outside of a unit circle in the complex
t-plane onto each other, see Fig. C1.

':W W \Wl S, Slnyl
z ~
2 ts ¢ . 1‘,
a) b) c)

Fig. C1. The complex z, ¢t and s-planes.

The square root in Eq. (C1) is to be understood as principal value

\/p2—1:= ‘pQ—l

This definition avoids the use of Riemann surfaces, because the upper/lower side of the strip
is mapped onto the upper/lower side of the circle by means of Eq. (C1). The transformation

2 o (arg(p—1)+arg(p+1))/2, —r<arg(ptl) <. (C2)

§ = tej(”fo‘l), (C3)

rotates the transform t; (injection wire) onto the negative real axis of the s = u + jv—plane,
with a7 the principal value of the argument of ¢;. The real part of the complex potential
Q(s) = X(s) + j¥(s) gives the magnetic field H = (%X, 2X). The imaginary part of the
potential represents the flux function at position s. The unit circle must be a flux tube. The
required complex potential is the sum of the potential due to the wire 1 at s; and of the
potential due to a current —I; at the inverse point s = —|t;|=! of the injection wire (Fig.

C1) [9]
ngz—j;{bQ&+MD—bgs+E;ﬁ. (C4)

The principal value of the complex logarithm is used. The line dipole of strength I(s; — s)
is centered at s = (s1 + s4?)/2. The mutual inductance M is equal to the difference in the

flux function between the transform of z9 and the unit circle

M:i:fpmm@_MQW%F{Hw@—mmﬁ, (C5)
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where ¢ = arg(s2). The flux function on the circle is constant and is given by
” I
V() = ——log [t1]. (C6)
27

Generally explicit real, closed forms for the mutual inductance cannot be calculated by means
of Egs. (C1), (C3), (C4), and (C5). Approximate analytical solutions for two limiting cases
are given in the main text.

2. H-field lines for d.c.

A d.c. current I is homogeneously distributed over the strip. The complex potential, used
to plot the d.c. field in Fig. 4a, is obtained by integration of the logarithmic potential due to
the strip:

i z—z3)log(z — 23) — (2 — 22) log(z — =

Q(z) _ _.771 log(z _ Zl) + ( 3) g( 3) ( 2) g( 2) +1], (07)
2w zZ3 — 22

in which 2o 3 are the general endpoints of the strip. In our case 29 = —w and z3 = w. When

the injection wire at z; is close to the midpoint of the strip, the fieldlines assume the dipolar
shape only at large distances |z|. The integral over the strip is identical to the expression
given by Jaswon [21, Chapter 11].

3. CM current

For a high frequency common mode current I through a GP with its return far away, the
complex potential takes the form:

dom
Q) = — logt.
(t) = —j— _~log (C8)
At the GP holds |t| = 1 and thus Q(e’?) = 0. For M one obtains:
®
M=— =" mowm) (C9)
Ien  Iom

4. Parallel plates

Suppose we have the parallel plate system in the complex z—plane, see Fig. C2a. The width
of the plates is 2w and their separation 2hcp. The transformation [10]

2K'hcp
p ="
7T

2KK'

Z(s) + —= } , (C10)

maps the upper side with cuts ABC and EFG of the z—plane onto the inner side of a rectangle
in the complex s = u+ jv—plane (Fig. C2b); K is the complete elliptic integral of the first kind
of modulous k, K’ the same integral with modulous &' = v/1 — k2, and Z(s) Jacobi’s Zeta-
function (see [19]). Note that Abramowitz [19] uses the parameter m = k? in the definition
of the integrals. This derivation remains the same for both definitions.

If hep < w the quotient of the integrals is given by [10, pp. 342]

K’ w hcp 2mw
— = — |14+ —=— 1+ 1n— . C11
K hCP{ T ( N nhcp>] (C11)
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Fig. C2. The complex z = = + jy and s = u + jv—planes for the parallel plates BD and FH.

Suppose now that the sensing wire resides near point G in the complex z—plane (Fig. C2a),
say at z = hop + h1, then its image resides at s = K — u + jK’. We assume that h; and u
are small. When K'/K > 1, the g-series [19, Eq. (17.4.38)] of the Zeta-function yields

T X, sin RES 2 K/ nws
Z(s) = — —— K2 e "K sin —— C12
P A P K @

The sine-function in the summation simplifies for s = K —u + jK’ to

s L;;s R~ %em%e_jm}{gu, (C13)
where the trigonometric sine-summation rule and sinhp ~ coshp ~e?/2 (p =nnK'/K > 1)
are used. Substitution of Eq. (C13) into Eq. (C12) yields

Z(K —u+ jK') ~ —% {Hjtan;ﬂ. (C14)

Substitution of z = hgp + by and s = K — u + jK' in Eq. (C10) finally results in the
transcendental equation

K’ { U K—u] (C15)

hCP + hl =~ ?hcp tanﬁ + T
Because K ~ 7/2 and u < 1, the first order approximation of the tangent can be used
(tanp ~ p), and so
N 2K?
= hep(K'm — 2K)
The mutual inductance M then simply follows from
U K 1 hy

3K R K 2 her

hy. (C16)

M = po

(C17)
With K'/K ~ w/hcp > 1 one obtains the result presented in Sect. IV, Eq. (24).
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5. Approximate solution

A simpler but approximate derivation for the problem of the previous subsection can be found
when hop < 2w. The transform between z = x + jy and s = u + jv

Z sl -5 (C18)
20 S0
maps the strip 0 < v < wsg in the s-plane on the z-plane with y > —mzp; s = 0 is mapped
onto z = 0 (Fig. C3). The origin of the coordinate system is now on the left edge of the GP.
The image of the line v = j§ with § | 0 folds around the positive real axis in the z-plane.

j TS
O—————»  « : o
0 ‘ () © ; ()
x=0 u=0
a) z-plane b) s-pl ane

Fig. C3. The complex z = z + jy and s = u + jv—plane for the fringing field effects of a parallel plate system.

In the s-plane we assume the parallel plate transmission line of infinite extent in the
u-direction. A first approximation ®, of the flux per unit length between the plates is

¢, = oK hep, (Clg)

in which K, is the sheet current density approximated by I/2w. The scaling factor sy for
the flux function v in the s-plane is poK.hcp/m; the scaling factor zp for the z-plane is
then hop/m. When we expand the exponential in Eq. (C18) to the second degree, the first
two terms cancel in the r.h.s. of Eq. (C18). For a point jy near the edge of the PCB
v/so ~ \/2|y|/z0 holds approximately. The resulting M is presented as Eq. (25). Higher order
terms in the expansion become soon important. In Fig. C4 we compare v from Eq. (C18) to
the second order expansion with and without an additional correction term Awv fitted over
the range —1 < y/zp < 1:

2 k co = +0.0013
Av/so = ck (y) with c1 —0.3336 (C20)
k=0 %0 o = +0.0557

where y is positive above the GP. This second order fit is accurate to within 0.004 for v/sg;
if restricted to the linear term only to within 0.06. The markers on the abscissa correspond
to the height of the sensing wire in Fig. 12.

For a point z = w4+ jh; above the middle line of the PCB, s is near the positive real axis;
the exponent is the leading term in Eq. (C18). One may then approximate the flux function
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Fig. C4. The M-part of the CM to DM Z; (—) in units pohcp /27w, as function of height y of the sensing
track at the edge of the GP. The approximation of Eq. (25) is also shown (- - -).

by
hi _hi

v =~ Im log z = arctan —
w

” (C21)

The magnetic field lines between the GP and the CP forms closed loops around the GP.
The other edge of the PCB is taken into account by assuming that both edges contribute
independently. For the position z = w + jh; we multiply the above mentioned flux function
by a factor 2. Application the scaling for s and z results in Eq. (24) given in the main text,
which was also obtained at the end of the Appendix C4. For a point z = w — jh; under the
middle line of the PCB, s is close to the negative real axis; the exponent in Eq. (C18) can be
neglected. One easily verifies that the resulting M is equal Eq. (23) given in the main text.

In the comparison of the analytical values for M with the numerical and experimental
values for sensing track positions close to the GP, the approximation of the total flux ® in
Eq. (C19) turned out to be too large even for small values of hop/w. Better approximations
for ® are given by Love [10, Sect. 3] and Kuester and Chang [25, Eq. (14)] which are repeated
here for convenience:

polcahep
2w

polom | Klsech(rw/4hep)] h.p n 4ap?
2 2K [tanh(mw/4hcp)]  2mw?

o ~ 1+ — In— (Love) (C22)

(K&C),  (C23)

with K (k) the complete elliptic integral and a = 2/In(4/7). In Fig. C5 we compare Eq. (C19),
(C22) and (C23); we used the last approximation for the M-curves in Fig. 12.

6. Track between two planes

In the z = z + jy-plane (Fig. C3) the origin is at the leftmost edge of the top plane; assume
the other plane at y = —2hpp which also extends into the positive real direction. The plane
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Fig. C5. The flux between a parallel plate system as derived by Love, Eq. (C22) and by Kuester and Chang
(K&C), Eq. (C23) compared to the simple approximation of a homogeneous field, Eq. (C19).

y = —jhpp is a symmetry plane in which the injection wire 1 resides at z; > 0. Wire 1
carries a current I;. The transformation Eq. (C18) and Fig. C3 can only be used for the
region y > —jhpp, which suffices in our case. The scaling factor in Eq. (C18) is zg = hpp/m.
Sensing wire 2 is at zo = x2 + jyo above the top plane.

Assume now the injection wire 1 in the s-plane at the position s; = uj + jv; between two
perfectly conducting planes at v = +7. The complex potential 2 which describes the H-field
between the planes and which satisfies the boundary condition Im Q = 0 at these planes is:

Q(s) = —jpoly o sinh[(s — s1)/4]

27 & cosh[(s — s¥)/4]]’ (C24)

with s] the complex conjugate of s;. If s; is midway between the planes, v; = 0 holds, and
Im Q is symmetric w.r.t. the real axis.

For calculation of the mutual inductance, z1/zp and z2/zp are transformed by Eq. (C18)
with sp = 1. Both s; and sy are shifted over —jm before substitution in Eq. (C24). The
resulting M is shown in Fig. 17. A further simplification is possible when wire 1 is deeply
buried between the planes, i.e. x1 > hpp, and 2o is above the top plane. Then |sy — s1]
is large and the argument of the logarithm in Eq. (C24) is close to 1; the logarithm is
then approximately —2 e~(2751)/2 " The exponential in Eq. (C18) can be neglected in the
transformation for z;. With these approximations M becomes

M(x1,29) = —%Im [, / :e—(x1+Zo)/220:| . (C25)

This may be further simplified to Eq. (33) for the sensing wire at larger distances from the
edges; note that in the main text the z-coordinate system is shifted.
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