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Abstract—In this paper, the effective skin depth which provides a
useful evaluation for field penetration in multilayer coated conductor
is proposed. The reflection on the interface between the adjacent
conductors is considered in theoretical derivation. It is found that the
effective skin depths of the gold and gold-nickel coated copper rapidly
vary with the thickness of the outer layer (gold) when the gold thickness
is less than twice the gold skin depth and achieve stabilization as the
gold thickness increases to five times the gold skin depth.

1. INTRODUCTION

In practical engineering, multilayer metal plating technique is widely
applied to high corrosion resistance or small metal loss in microwave
and millimeter wave band. The plated noble metal layer thicknesses
need to be properly selected to reduce the plating cost and
simultaneously keep the performance of devices. So the characteristics
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of multilayer coated conductor need to be predicted accurately. The
skin depth describes the field penetration as an important parameter
in a conductor; nevertheless, the conventional calculation of skin depth
assumes a semi-infinite slab of conductive material. HIRAOKA et al.
gave a modified skin depth of the finite thickness conductor without
wave reflection at the backside [1]. A further consideration is that the
incident field combining with the reflected field gives the actual field
distribution in a finite thickness conductor, and the skin depth with
reflection is given in [2].

In this paper, the general formulation of effective skin depth
of multilayer coated conductor, which considers the reflection on
the interfaces between the conductors, is presented. As practical
engineering cases, the gold and gold-nickel coated copper are
investigated, and some useful conclusions are obtained.

2. THEORY

2.1. Conventional Skin Depth

The incident electric field on a semi-infinite slab of material with
conductivity (σ) that occupies z > 0 is shown in Fig. 1. Just at or
below the surface of the conductor, the complex amplitude of the field
is given as Ex0. As the field propagates into the slab, the complex
amplitude decreases as Ex = Ex0e

−αz. The corresponding current
density is Jx = σEx0e

−αz.
The current through a surface extending from zero to infinity in

the z direction and of width w in the y direction is

I =
∫ ∞

z=0

∫ w

y=0
σEx0e

−αczdydz = σEx0w

∫ ∞

0
e−αzdz (1)
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Figure 1. Transmission line model for N layers coated conductor.
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The skin depth (δ) is found by evaluating the integral.

δ =
∫ ∞

0
e−αczdz =

1
αc

=
1√

πfµσ
(2)

where µ and σ are the conductor material’s permeability and
conductivity respectively. The field is an exponentially decaying
function in the conductive slab. The electric field at the surface is
assumed to be constant down to a skin depth on account of calculating
current. As shown in Fig. 1, the area of a rectangle of sides Ex0 and δ
is equivalent to the area under the e−αz exponential curve.

2.2. Effective Skin Depth

The multilayer coated conductor is shown in Fig. 2. It is assumed
that the base conductor thickness is much larger than its skin depth,
the transmission line model can be hence used to represent multilayer
coated conductor with permeability µi electrical conductivity σi and
thickness ti of each coated layer as shown in Fig. 3. The field at any
point on the first coated layer is given by

Ex(z) = E+
1 e−γc1(z−t1) + E−

1 eγc1(z−t1)

= E+
1

(
e−γc1(z−t1) + Γ1e

γc1(z−t1)
)

, z < t1 (3)

In this expression, E+
1 and E−

1 are the complex amplitudes of
the incident and the reflected waves at z = t1 respectively; γc1 is the
propagation constant; Γ1 is the reflection coefficient at the conductor-
conductor boundary (at z = t1). E+

0 expressed in terms of the field
Ex0 at the surface (z = 0) is substituted to Equation (3), and then

Ex(z) = E+
1 e−γc1(z−t1) + E−

1 eγc1(z−t1)

=

(
e−γc1(z−t1) + Γ1e

γc1(z−t1)
)

(eγc1t1 + Γ1e−γc1t1)
Ex0, z < t1 (4)
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Figure 2. Multilayer coated conductor.
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Figure 3. Transmission line model for N layers coated conductor.

The field at any point of the second coated layer is given similarly by

Ex(z) = E+
2

(
e−γc2(z−t1−t2) + Γ2e

γc2(z−t1−t2)
)

, t1 < z < t2 (5)

For the tangential field is equal at the surface (z = t1), E+
2 is expressed

by

E+
2 =

1 + Γ1

(eγc2t2 + ΓL2e−γc2t2)(eγc1t1 + Γ1e−γc1t1)
Ex0 (6)

So the Equation (5) is written as

Ex(z) =
(1 + Γ1)

(
e−γc2(z−t1−t2) + Γ2e

γc2(z−t1−t2)
)

(eγc1t1 + Γ1e−γc1t1)(eγc2t2 + Γ2e−γc2t2)
Ex0,

t1 < z < t1 + t2 (7)

Similar to treatment in the second coated layer, the last coated layer
is expressed by

Ex(z) =

(1 + Γ1)(1 + Γ2) . . . (1 + ΓN−1)(
e−γN (z−t1−t2−...−tN−1) + ΓNeγN (z−t1−t2−...−tN−1)

)

(eγ1t1 + Γ1e
−γ1t1)(eγ2t2 + Γ2e

−γ2t2) . . .
(eγN tN + ΓNe−γN tN )

Ex0

N−1∑

i=1

ti < z <

N∑

i=1

ti (8)

As a result of the base conductor thickness much larger than
its skin depth, the reflected field on the interface between the base
conductor and air has no additional consideration. So the field of the
base conductor is written as

Ex(z) = Ae−γN (z−t1−t2−...−tN ) (9)
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where A is amplitude of the incident wave and attained by the
tangential field. We have

A =
(1 + Γ1)(1 + Γ2) . . . (1 + ΓN )

(eγ1t1 + Γ1e−γ1t1)(eγ2t2 + Γ2e−γ2t2) . . . (eγN tN + ΓNe−γN tN )
Ex0

(10)
The above equations can be used to determine the field

distribution, and each integral value of N layers coated conductor is
written as

d1 =
∫ t1

0

∣∣∣∣∣
(e−γ1(z−t1) + Γ1e

γ1(z−t1))
(eγ1t1 + Γ1e−γ1t1)

∣∣∣∣∣dz

d2 =
∫ t1+t2

t1

∣∣∣∣∣
(1 + Γ1)(e−γ2(z−t1−t2) + Γ2e

γ2(z−t1−t2))
(eγ1t1 + Γ1e−γ1t1)(eγ2t2 + Γ2e−γ2t2)

∣∣∣∣∣dz

. . . . . . . . . . . . . . . . . . . . .

di =
∫ t1+t2+...+ti−1+ti

t1+t2+...+ti−1

∣∣∣∣∣∣∣∣∣∣∣∣

(1 + Γ1)(1 + Γ2) . . . (1 + Γi−1)(
e−γi(z−t1−t2−...−ti)

+ Γie
γi(z−t1−t2−...−ti)

)

(eγ1t1 + Γ1e
−γ1t1)

(eγ2t2 + Γ2e
−γ2t2) . . .

(eγiti + Γie
−γiti)

∣∣∣∣∣∣∣∣∣∣∣∣

dz

. . . . . . . . . . . . . . . . . . . . .

dN =
∫ t1+t2+...+tN−1+tN

t1+t2+...+tN−1

∣∣∣∣∣∣∣∣∣∣∣∣

(1 + Γ1)(1 + Γ2) . . . (1 + ΓN−1)(
e−γN (z−t1−t2−...−tN )

+ΓNeγN (z−t1−t2−...−tN )
)

(eγ1t1 + Γ1e
−γ1t1)(eγ2t2 + Γ2

e−γ2t2) . . .
(eγN tN + ΓNe−γN tN )

∣∣∣∣∣∣∣∣∣∣∣∣

dz

dN+1 =
∫ ∞

t1+t2+...+tN

∣∣∣∣∣∣∣∣∣∣∣∣

(1 + Γ1)
(1 + Γ2) . . .
(1 + ΓN )

(eγ1t1 + Γ1e
−γ1t1)

(eγ2t2 + Γ2e
−γ2t2) . . .

(eγN tN + ΓNe−γN tN )

e−γN (z−t1−t2−...−tN )

∣∣∣∣∣∣∣∣∣∣∣∣

dz
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The general integral formula of each conductor is summarized as

di =

i∑
j=0

tj
∫

i−1∑
j=0

tj

∣∣∣∣∣∣∣∣∣

i−1∏
j=0

(1 + Γj)

i∏
j=0

(eγjtj + Γje−γjtj )


e

−γi

(
z−

i−1∑
j=0

tj

)

+ Γie
γi

(
z−

i∑
j=0

tj

)


∣∣∣∣∣∣∣∣∣
dz

(11)
The equation with known propagation constant γi and reflection

coefficient Γi is solved using numerical integration. So the effective
skin depth can be calculated by

δeff =
N+1∑

i=1

di, i = 1, 2, . . . , N, N + 1 (12)

The propagation constant γi and characteristic impedance ηi are
obtained by the correspond frequency ω, permeability µi and electrical
conductivity σi [3, 4].

γi = (1 + j) ·
√

ωµiσi

2
(13)

ηi =
γi

σi
= (1 + j) ·

√
ωµi

2σi
(14)

In practical application, the base conductor thickness is large
enough that ΓN+1 on the interface between base conductor and air
is set to zero, and ηN+1 can be considered as the load impedance
ZN+1. According to the transmission line theory, the equivalent surface
impedance Zi can be obtained by cascaded formula

Zi = ηi
Zi+1 + ηith(γi · ti)
ηi + Zi+1th(γi · ti) (15)

So the Γi is attained by

Γi =
Zi−1 − ηi

Zi−1 − ηi
(16)

3. NUMERICAL RESULTS

In the microwave and millimeter wave band, the gold or gold-nickel
with nickel as an adhesive is coated on the conductor to improve the
corrosion resistance in practical engineering. Fig. 4 gives the variation
of effective skin depths with the thickness of outer layer (gold) of the
gold and gold-nickel coated copper.
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As a result of the reflection on the interface between the adjacent
conductors, the current concentrates more on the outer coated layer.
It is shown in Fig. 4 that the effective skin depths of the gold and gold-
nickel coated copper rapidly vary with the thickness of the outer layer
(gold) when the thickness is less than twice the gold skin depth. As the
gold thickness increases to five times the gold skin depth, the effective
skin depth achieves stabilization. In addition, the effective skin depths
for different coated gold thicknesses of gold-nickel coated copper are
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Figure 4. Effective skin depth for gold and gold-nickel coated copper
conductor.
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Figure 5. Effective skin depth for different coated gold thicknesses.
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shown in Fig. 5. The effective skin depth varies not only with the
gold thickness, but also with nickel thickness. When the coated gold
thickness is more than five times the gold skin depth, the effective skin
depth does not vary with coated nickel thickness.
(σgold = 4.1e7 s/m, µrgold = 1; σnickel = 1.45e7 s/m, µrnickel = 600;
σcopper = 1.5e7 s/m, µrcopper = 1)

4. CONCLUSION

Considering the reflection on the interface between the adjacent
conductors, the general formulation of effective skin depth for
multilayer coated conductor is derived in detail in this paper. As
a result of the reflection on the interface between the adjacent
conductors, the current concentrate more on the outer coated layer.
It is found that the effective skin depths of the gold and gold-nickel
coated copper rapidly vary with the thickness of the outer layer (gold)
when the gold thickness is less than twice the gold skin depth and
achieve stabilization as the gold thickness increases to five times the
gold skin depth.
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