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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 (o) 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 F.9. As the field propagates into the slab, the complex
amplitude decreases as E, = FEge *?. The corresponding current
density is J, = o E e 7.

The current through a surface extending from zero to infinity in
the z direction and of width w in the y direction is

(o) w (o]
I :/ / ocEwe” *Fdydz = aExow/ e~ “dz (1)
z=0 Jy=0 0
Ey
Exo
e—az
/\\
0 =Z

Figure 1. Transmission line model for N layers coated conductor.
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The skin depth (9) is found by evaluating the integral.

> 1 1
0= / e YFdz = — = 2
0 e mfuo )

where p and o 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 E,q and
is equivalent to the area under the e~%* 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 u; electrical conductivity o; and
thickness t; of each coated layer as shown in Fig. 3. The field at any
point on the first coated layer is given by

Ex(z) = Er6_7cl(z_tl) _I_ El_e')’cl(z—tl)

In this expression, E; and E; are the complex amplitudes of
the incident and the reflected waves at z = t; respectively; 7.1 is the
propagation constant; I'; is the reflection coefficient at the conductor-
conductor boundary (at z = t;). Ej expressed in terms of the field
E,o at the surface (z = 0) is substituted to Equation (3), and then

Ex(Z) = Ei"‘e_'Ycl(Z—tl) + El_e'Ycl(Z—tl)
(6—761 (z—t1) 4 Fle'Ycl(Z—tl))

- (everts 4 T'jeertr) Ey, z2<t (4)

v

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
E.(2) = Ef (e_%2(z_t1_t2) + I‘ge%Q(Z_tl_t2)> , t1<z<ty (5

For the tangential field is equal at the surface (z = t1), E; is expressed
by
1+1
+
E2 - (e”/c2t2 + FL26—7c2t2)(e%1t1 T Tieat ) E,o (6)

So the Equation (5) is written as

(1+T1y) (e—vcz(z—m—tg) + ]_"26’Yc2(2—t1—t2)) .
(everts + e ettr)(eYe2t2 4 Tge—7e2t2) 20,
thh <z<ti+1t (7)

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

(14+T)(14T9)...(1+Tx_1)
(ef’yN(thlftzf...ftN_l)+I‘Ne'yN(thfth...ftN_l))

E.(z) =

E:E(Z) = (e'yltl n Fle—'yltl)(e’yztz + F26—72t2) o Exo
(6'YNtN + FNe—’YNtN)
N-1 N
dti<z< D ti (8)
=1 =1

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

By (z) = Ae=w(h—trmtn) o)
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where A is amplitude of the incident wave and attained by the
tangential field. We have

B (1+T)A14+T9)...(14+TxN) >

©(emtr 4 Tye~mitr)(en2tz 4 The=2t2) ., (eWIN 4 T e~ INEN) 0
(10)

The above equations can be used to determine the field

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

\/“

(em(z=t) L emlz—t))
(6’71151 + Ple_’Yltl)

dz

(1 + 1_‘1)(6_’72(2’—t1—t2) + ]_‘26"/2(z—t1—t2))
(@’Y1t1 + I‘le—Wlh)(ewztz + Fge—72t2)

dz

?+rgu+rg”.a+rig

ef’yi(zftlft27“.7ti)
titteto Attt | 4 Fie'Yi(Z_tl_tQ_---_ti))
di :/ dz
t —y1t
t1+to+...+ti—1 (e'Yl L+ Fle n 1)

(e72t2 4 Tge 22 ..
(ewti + I"ie—%'ti)

(1+T1)(1+T)...(1+Tx_1)
(e—’yN(Z—tl—tz—...—tN)

ti+tot+...+Htn_1+tN _|_I‘N€’7N(Z*t1*t2*m*tN))
dN:/
t —v1t t
T (671 Ly 1“16 Y1 1)(672 2 4 1“2
e 2t2)
(e'YNtN + I‘Ne—“YNtN)

(1 + Fl)

(1+Ts)...

> 1+T

dyi1 = / > t( + N_)W . e~ IN(z—ti—ta—..—tN) | 7,
t1+to+...+tNn (6 1 —i_]-jle 1 1)

(e’thz + I‘2e—’72t2) L

(e’YNtN + I‘Ne*’YNtN>




6 Deng et al.

The general integral formula of each conductor is summarized as

3t P . _
=0 H (1+Ty) %(Zzzl tj) N <Z - tj)
i= / =0 e =0/ +Te =0 dz

]

(11)
The equation with known propagation constant -; and reflection
coefficient I'; is solved using numerical integration. So the effective
skin depth can be calculated by
N+1

e =D diy i=12.. N N+1 (12)
=1

The propagation constant «; and characteristic impedance 7; are
obtained by the correspond frequency w, permeability p; and electrical
conductivity o; [3,4].

WHiT;

Y= (147)- 5 (13)
¥i . Wik
m=_ (144) 5, (14)

In practical application, the base conductor thickness is large
enough that I'y1; on the interface between base conductor and air
is set to zero, and ny41 can be considered as the load impedance
Z N1 According to the transmission line theory, the equivalent surface
impedance Z; can be obtained by cascaded formula

Zi=n; i+1 N (rYz z) (15)
ni + Zit1th(vi - ;)

So the I'; is attained by

Zi—1 —n;

T, =
Y Zi— i

(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.

(Ugold = 4.1¢7 s/m, Hrgold = 15 Onickel = 1.45¢7 S/ma Hrnickel = 600;
Ocopper — 1-567 s/m, Hrcopper = 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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