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A Noise-free and Jitter-less Cavity System to
Distribute Clocks over 10GHz

Hatsuhiro Kato', Takaya Kohori, Eiichi Kondoh, Tetsuya Akitsu and Hatsuyoshi Kato

Abstract—We discuss a novel method using a cavity to deliver a
high frequency clock in ULSI systems. This method can distribute
global clock over 10GHz without skew and EMI noise. Because
the cavity can be formed by a usual metallization or its extended
process, it will be realized easier compared with other emerging
technology such as photoelectric circuit. However, the cavity is
thin and affected by energy dissipation on cavity walls.
Considering energy dissipation, we discuss features of a cavity
system.

Index Terms—Cavity, clocks, metallization, resonant clocking,
Interconnect, LSI

|I. INTRODUCTION

HE clock frequency in ULSI systems increases year by

year and will exceed 10GHz and the die size will be larger
loading ahuge complicated system. Therefore, it turnsout to be
difficult to distribute global clock over awhole area of aUL S|
by a conventional bus line because of the high-frequency
effects such as propagation delay or noise emission [1,2].
Especially, the frequency discrepancy between the globa and
thelocal clocksisconcerned with the datatransfer rate between
system blocks. Recently, several proposal to reduce the
discrepancy is discussed, for example, a system using a dipole
antenna [3,4,5] or optoelectronics interconnects [6] . If the
clock frequencies in a ULSI chip increases over 10GHz, the
frequency discrepancy will be a serious problem. We proposed
anovel cavity system to distribute the global clock. Thissystem
uses the standing wave formed in a cavity asaclock signal and
realizes jitter- and noise-free clock distribution to internal
intellectual property (IP) blocks [7,8]. If athick insulator film
over 10umispossible, acavity for clock delivery system can be
fabricated on top of the ULSI system.

Compared with a system using the optoelectronics
interconnection, the cavity system requires fewer loads for
process technology and does not demand an exceptiona
technical breakthrough of a cost. A method also using a
standing wave on parallel transmission lines was proposed [9,
10], but this system is to be a source of EMI noise at a high
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frequency since transmission lines are opened. On the other
hand, our cavity system encloses magnetic waves and is
principaly free from noise generation. Moreover, our method
does not require buffering gates to compensate the signal
damping along the bus line. This feature is technically feasible
to reduce the clock skew.
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Fig. 1. A block diagram of proposed clock distribution sytem.(a)
and a schematic structure of cavity on a semiconductor substrate (b).

Il. SysTeEM CONFIGURATION AND STRUCTURE

InFig. 1, ablock diagram (&) and a schematic structure (b) of
the proposed system are shown. A cavity is driven by acircuit
on a substrate or a planner Gun diode to generate a standing
wave of the microwave. The signal in a cavity isled to each IP
block on a substrate by microwave leads. Because the
frequency of astanding wave does not depend on thelocation, a
clock generated by a standing wave has no skew, principally. If
the resonance curve of a cavity has a sharp peak, the frequency
fluctuation of the clock or jitter will be suppressed significantly.
Therefore, an ideal global clock can be generated by use of a
cavity system.
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A schematic of the cavity structureisshownin Fig.1 (b) witha
cross section of a microwave lead formed on a semiconductor
substrate. The top and bottom horizontal walls of a cavity can
be fabricated by a standard metallization process and the
vertical walls can be formed by a via process. Because the
direction of currentson the sidewallsisvertical, an array of via
pillarsis applicable instead of continuum walls.

A typica dimension of acavity is 3.2mmin width a, which is
determined by wave length of microwave, and 12mm in length
b, being comparable to the chip size. The thickness c is
assumed to be 10um. In the figure the vertical scale is
magnified for convenience sake to show the inner structure.
The lead should be located where the amplitude of the standing
wave has the same magnitude, for example, the maximum
points of the amplitude or the points a 1/8 of the wave length
away form the maximum points.

When the frequency reaches 30GHz, the skin depth becomes
about 0.5um, which is less than a typical metal thickness of
1um and a magnetic wave scarcely leaks from the cavity. For
the higher frequencies the skin depth becomes less thinner,
therefore the cavity system produces no EMI noise compared
with transmission lines. In this paper, the thickness of cavity
walls is assumed to be much larger than the skin depth.

f =29.5GHz c=10um

= N “ ;:.—;’.—:::.\ ,,;-_—;:_1;? ™~
/ //’,ﬁ_\ 197 722N\ )7, = \
R SRR F RN INHAZERN
SR L R A 2 | DRI T R SR P,
x 11 \\\\',-//rf\ k",/l i\\\, *__//’f
\§ \\".’.."/’/ 1\\\‘:_-;,/: /} 1 ~ ==l
ol Wy Y IR ot N W Y= 22 )
[0} 2 4 6 8 10 12
f=31.4GHz c=10um
3f A R N T == =
T N T IR et T R I ‘1\%
P SN INE T, ‘\\\\ll//‘;:‘_‘\\§
Eoponnni nn o TN Ny
< 1t '""'""““’*'-’/l‘l\t\"’/
i RN H\x\.:_,//!‘ \\_;'/ H
oL s s AN DS,
(o] 2 4 6 8 10 12
y (mm)
@

3 ‘.
' N
T2,/ - - \ PETRNN
T IR )
1_“ \\\\'_.’/ f,f \\‘\” 4 ll &i \K\\\s’// |
NN T I S N Rt \\z:;{' 14
ol i Ny Mot B o RN N Y —— - 2

f =30.4GHz c=5um

S :,.f.—:__—;~\¢,,:’—-4—-§\_
ol S TIENNTER
B[y N R
;/1~ ..... ""‘“‘\"—'Jll{ \\\\\_’/

PN S L N /0 \ > S oA
~~~~~~ PNNTRT L NS
T T e i B SN Yy~ 2

0 —_— =T e =,

0 2 4 6 8 10 12

y (mm)
(b)

Fig.2. The vector map of amagnetic field for ¢ = 10pum (a) and ¢ =
5um (b), which are obtained by the FEM with consideration of the
energy dissipation on metallic walls. The other cavity dimensions are
axb=3.2 x12mm.
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Fig.3. The resonance curves of a cavity for various thickness c,
which are obtained by the FEM with consideration of a energy
dissipation on metallic walls. The other cavity dimensions are the
same for Fig.2.

I1l. FEATURESOF CAVITY

A. Resonance Property

When the energy dissipation is negligible, the resonance
frequency f, of TE waveisgiven by

1 1 n
fO:E g_ﬂ(EZ-FHZZ) (1)

Here, the inside dimensions of acavity areax bxc, cand p are
dielectric constant and susceptibility of a filling material. The
mode indexes along the direction of a, b and ¢ are assumed to
be 1, n and 0. This means the field strength along the thickness
cisuniform and the number of antinodesalong axisof a(orb)
is one (or n ). The cutoff frequency f, is expressed by f, =
1/2a(gu)"?, which is the minimum frequency over which the
microwave can penetrates and its value is f, = 23.7GHz when
thefiller is SiO, and the width of the cavity isa = 3.2mm. The
detail of the resonance curve isinfluenced by the dielectric loss
due to the filler and the Joule heat generated on the metallic
walls. Therefore, the resonance frequency becomes smaller
than the value given by (1). The dominant reason for the
dissipation is the Joule heat because the cavity thickness c is
very thin,

To analyze the effect of the energy dissipation, we modified
FEM (Finite Element Method) using vector base functions [8].
Because the Joule heat is caused by the induced current due to
the rotation of a magnetic field, we chose a magnetic field asa
field vector and devel oped aformulation of FEM (see appendix
A). InFig. 2, vector diagrams of a magnetic field in a cavity is
shown for thicknesses of ¢ = 10um (@) and c=5um (b). The
x-axis (y-axis) isset along the width ( length ) direction and the
midpoint of the thicknessis selected as z= ¢/2. The material of
the cavity wall is assumed to be copper ( Cu ) and thefiller isto
be SiO,. Because the cavity is driven at the midpoint of the
right edge (i.e. y=Db) , thefield strength on the left edge (i.e. y
=0) isameasure of whether the microwave can penetrate into
the cavity or not. As shown in Fig.2 (a), when the driving
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frequency is f = 29.5GHz, a standing wave of three antinodes
exists. On the other hand, when the driving frequency changes
to f = 31.4GHz, the field scarcely penetrates to the left. Thisis
caused by theinterference of the input and the reflected waves.
The same phenomenais shown in Fig.2 (b) for ¢ = 5um.

In Fig. 3 asort of the resonance curve is shown for various
thicknesses ¢, which is the relation between the driving
frequency f and the ratio of the input strength of a magnetic
field, digw, applied on the right edge and the strength of a
magnetic field, de, a the left edge. The larger the value of
Peid rign, the deeper the magnetic field penetrates into the
cavity. A driving frequency f = 29.5GHz in Fig.2 (a)
correspondsto apeak labeledn=3 and c= 10umin Fig. 3. The
frequency islessthan that of 30.4GHz obtained by equation (1)
for n = 3. This frequency shift is involved by the energy
dissipation as discussed in appendix A, where the resonance
frequency ar (= 27fr ) isrelated to the Q factor by (A10). The
vector map for f = 31.4GHz in Fig.2 (a) correspondsto avalley
of resonance curve in Fig. 3. The same correspondence exists
between Fig. 2 (b) and Fig. 3.

In Fig. 3the peak of n=1 becomesinvisible asthethickness
¢ degreases, which is caused by the spreading and the shift of
the resonance peak. The resonance curve does not exist in the
region less the cutoff frequency f,=23.7GHz. However, the
cutoff frequency and the resonance curve can be shifted to
lower frequencies by adjusting the cavity dimensions. If the
width a is 7.59mm, the frequency f, becomes 10GHz. The
optimum dimensions are fixed according to a necessary
frequency and the layout of IP blocks.

10* 10° 10° 10*
€ (um)
Fig. 4. The dependence of Q-factor on the cavity depth c for various
cavity walls for n = 3. The cavity dimensions are a X b
=12mmx 3.2mm.
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Fig. 5. The dependence of thejitter Af/fy and the Joule heat power P
on the cavity depth c for a cavity made by Cu/BM. The cavity
dimensions are ax b =12x 3.2mm. The voltage between the upper

and the lower platesisV,, = 0.33V.

B. Resonance Peak and Cavity Thickness

Dueto the skin effect, induced currents on a cavity wall tend
to concentrate at the surface. Moreover, the metallic layer in the
ULSI system is covered by a barrier metal (BM) of a large
resistance. Therefore, the BM might enhance the energy
dissipation and spread the peak width of the resonance curve.
Criticizing the Q factor, which is ameasure of sharpness of the
resonance peak, we considered an influence of the BM on the
resonance.

To estimate the influence of the Joule heat due to the induced
currents on cavity walls, we define an effective sheet resistance
Res with respect to the energy dissipation as discussed in
Appendix B. An effective sheet resistance Ry is for ametallic
layer with BM, which is expressed by

P (L)% —(1-r)2e % £ 2(1-r?)sin
Rar = oy (L+1)2€2% + (1-1)2e!'% —2(1-r?)cos X

)
Here, d and o are the thickness and the conductance of BM, &
and & are the skin depth defined by & = 1/(#fuos)”? and & =
Y(rfuow)?? respectively. The ratio r is defined by r =
(omlos)®®. To derive (2) we assume that the skin depth is
sufficiently smaller than the thickness of the cavity wall.
The Q factor is defined by Q = 27 foU/P;, with U the energy
stored in the cavity and P;, the power loss due to the Joule heat.
This expression can be derived from a model where the
oscillation of the cavity is mapped into a damping oscillator
within a framework of FEM as discussed in Appendix A.
According to this modeling we obtain an expression for the Q
factor:
o 2f,pabe(b® + a’n?)

, 3
(Ryy + Ry )(b® +n”a®)ab + 4R, (b® + n*a®)c ®

where Ryy ( Ry ) and Ry are sheet resistances of the upper
( lower ) horizontal plate and vertical plate of cavity walls,
respectively. These values are derived from (2).

According to equation (3), the dependence of Q on the cavity
thickness c is shown in Fig. 4. The dimensions of a cavity are
the same used in Fig.2 (a) and (b). The labels in the figure
indicate the cavity material. Thelabel Agisfor silver which has
the large conductance and widely used for the cavity material,
Cu/BM isfor the copper ( Cu) with the BM of tantalum ( Ta)
film with 20nm thickness. The difference of conductance
between Ag and Cu is about 10% and this differenceis scarcely
visble in the logarithmic scale. The difference can be
confirmed through the insertion with the axis of arithmetic
scale. The curve with the label AI/W is for aluminum (Al)
cavity using atungsten plug for aviahole. The Tafilm of 20nm
thickness is also settled for the BM. The process of Al/W is
well established and has a cost advantage, but large resistance
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of W may cause the degradation of the Q factor. However, the
areaof thevertical walls made by the W plug islessthan that of
the horizontal aluminum ( Al ) walls and the influence of the
tungsten (W ) is not serious for ¢ < Imm.

The feature of adriving circuit is most important to suppress
the jitter or fluctuation of the clock frequency. If a driving
circuit has a sufficient response, the remaining factor to
suppress the jitter is a sharpness of the resonance peak, which
can be scaled by the Q factor. Assuming that a driving circuit
detects 1/4 of the width of the resonance peak, we obtained the
relation between the Q factor and the jitter of the clock
frequency Af :

Af 1 7 ( 4)

~—++ .
f, 2Q 16Q?

A detail of derivation to obtain (4) is given in Appendix A. In
Fig. 5 the relation of Af /fy and the cavity thickness c is shown
for a cavity of Cuw/BM with the dimensions a x b =
3.2mmx 12mm.

Asshown in Fig. 3, peaksin aresonant curve are weak for a

thin cavity because of the energy dissipation dueto cavity walls.

A possible thickness to be realized by a usual metallization
process is about 5um, but this is the limit where the resonant
curve has an apparent peak ( see Fig. 3) . A thicker cavity wall
is desired to improve the cavity feature and if a thickness over
10um is possible, the jitter Af /fy is less than 0.02 (see Fig. 5)
and the clock frequency can be controlled with precision. On
the other hand, a fabrication technique of 10~100um scae
components has been discussed recently to achieve a high
performance assembly [1] and atechnical development to form
athick Cu layer is already realized [11]. This is a promising
technology to form a thick cavity so as to obtain a high Q
factor.

The power consumed in a cavity system is composed by the
Joule heat on the walls, Py, and energy consumption of a
driving circuit, Pp. The former Joule heat P, can be suppressed
when ahigh Q factor is realized. According to the definition of
the Q factor, the Joule heat P; isrepresented by Py = 2af,U/Q.
Using the maximum voltage V,, between the upper and the
lower plates of the cavity, the power P; is expressed by

_ z(b*+n*a’)V2 ®)
7 16Qf,abc

On the other hand, the driving power Py is caused by currents
to charge and discharge a part of the cavity around a distance of
a haf wave length away from the driving point. The
capacitance of this driving area can be estimated by C =
en(M4)’/c and the driving current becomes I, = CVqfo =
7V 16cfo. Assuming that the source voltageis Vpp, the power
Ppisexpressed

— ”VDDVm (6)
P 16ufc

The total power P defined by P = P; + Pp decreases when
the thickness ¢ becomes large as shown in Fig. 5, where V,,, =
60mV, Vpp = 1V, n = 3 and the cavity dimensions are ax b =
3.2mmx 12mm. According this expression, a thick cavity is
effective to suppress the energy consumption because an
electric field and capacitance of a cavity are reciprocally
proportional to the thickness c.

C. Viaarray as Cavity Wall

The wave length in a cavity is about 3mm, which is hundred
times larger than the size of inter-layer vias. Therefore, the
vertical cavity wall can be formed by an array of viapillars. In
this section we shows via pillars can reflect the
electro-magnetic wave with almost the same efficiency if the
viaspacing issmall.

Figure 6 shows a contour plot of an electric field injected
from the negative side of the y-axis. Dashed lines are cross
section of via pillars, which are squares with a side of Ri5 =
20um and the spacing of L., = 50um. These sizes are
determined from data in [11]. The electric field penetrates
through the via spacing, but the field decreases exponentially
and the energy transmission scarcely occurs. The electric field
E is polarized along the zaxis and expressed by
E=(0,0,&(x,y)e'™"). The field component &(x.y) satisfies

8% 82
[axz + ayz\} Q) + VSC(va) d) + a)zg/u@ = 0’ (7)

where Vg(X,y) is asort of scattering potential defined by

(inviaregion)

-dfeu + iouc 2
(in other region) ° ®)

Vabey) = { T

with conductivity of via material o. A solution which satisfies
the boundary condition

gkoy +erei(GpX'kpy) (y<0)
p

Pxy) = )
YelGxtky)  (y>R,)
p

isshown in the Fig. 6 where k, = ( «’su - G,2 )2, G, = 2nplL
and L = R,ia+ Lyi.. A detail to obtain this solution is summarized
in Appendix C.

If the wave vector k, is an imaginary number, the wave is
localized near the via region. The input wave exp(ikgy) is
scattered by the via array and the scattered waves are localized
near the via array except a wave with the wave vector of k.
The mode conversion between a uniform input wave and the
modulated wave along the x-axis does not occur because the
wave number of the input wave and the typica Fourier
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component of scattering potential V(Xx,y) are quite different in
order of magnitude. The variance due to long-range
displacement of cavity wall will cause the modulation but the
short-range structural modulation such as via array does not
generate modulation to the reflection wave.

The magnetic field is obtained by the formula H=v x E/i ».
and the energy flow is expressed by the Poynting vector E x H.
When the Poyinting vector is averaged over the x-axis and time
domain, only the y-component remains. This component has
the following forms,

1

Sn= Z’ (20)
$= 7 ol (1)
S=5 2 I 12)

p

for input, reflection and transmission waves, respectively. Here,
n is defined by 1 = (u/e)"’. The reflection rate R and
transmission rate T are defined by R = §4/S, and T = S/S,,
respectively.

The quantity 1-R indicates the energy loss composed by the
Joule heat generated in the via pillar and transmission energy
pass through the via spacing. In Fig. 7 the relation between the
energy loss 1-R and the via spacing L., is shown. The
frequency of the input wave is 30GHz, and the square viais
made by copper with asize of R,;; = 20um aside. If the spacing
of viasvanishes and the array turnsto be a continuum wall, then,
thevalue of 1-R becomes 4R4/n, where R isthe sheet resistance
defined by Rs = 1/66 [12]. An arrow settled at the vertical axis
of Fig. 7 indicates this value. If the spacing L,;, is less than
50um, the energy loss 1-R is amost the same to that of a
continuum wall. Therefore, the viaarray can be used instead of
acontinuum wall.

40 T T

20

y (um)

0

_ZOﬂ

100
X (um)
Fig. 6. The contour plot of field strength near via array when the
frequency is f = 30GHz. The dashed lines show fringe of via whose
size and space are R, = 20um and L;; = 50um, respectively.

10 10
Liig (nm)

Fig. 7. Relation between the energy loss 1-R of reflected flux and
the via spacing Ly, for avia array of the size R;;, = 20pm when the
frequency is f = 30GHz. An arrow in the vertical axis showsthe value
of 4R/ n, which is energy loss caused by a continuum wall.

Fig. 8. The magnetic field strength Hg in a coaxial lead line when
theinner and external radii are 0.5um and 1.5um, respectively, and the
length is 10um. A load capacitance C_ = 30fF is connected .at a
backend of alead line.

D. FieldinLead Line

The clock signal is transferred from the cavity to IP blocks
on the substrate through leads of a coaxial line. A schematic
structure of alead isshown in Fig. 1 (b), where each terminal is
connected to acavity body and/or asignal gate on asubstrate. A
typical dimension of a coaxial lead line is about 1um in
diameter and 10um in length. Because its dimension is very
small and the signal transfer is strongly influenced by the
energy dissipation due to Joule heat on the metallic walls, we
analyzed the field distribution in the lead line [§].

In Fig. 8 a magnetic field is shown for a lead line of the
cylindrical symmetry, where the vertical axis is the angular
component Hy of a magnetic field and the horizontal axis is
radius vector r. In the horizontal rz-plane a cross section of the
lead is shown, which has dimensions of 0.5um in inner radius,
1.5um in external radius and 10um in length. At the backend a
load capacitance C_ =30fF is connected, which is atypical gate
capacitance of aMOS transistor. The other end is connected to
the top plate of a cavity body with athickness of 5um, which is
alimiting thickness of an apparent resonant peak.

Although the field distribution is influenced by the energy
dissipation, it is confirmed that the signa field penetrates into
the end of the lead line. The gain G is defined by the ratio of
Vou/ Vin, Where the driving voltage Vi, is applied between the
upper and the lower plates of the cavity and the output signal
Vot IS the voltage appeared between the terminals of aload C, .
Using thefield distribution shownin Fig. 8, the gain G becomes
0.3 in magnitude and 1.8° in phase angle, which is a sufficient
valueto transfer the signal.

IV. CONCLUSION
We proposed a novel method using a cavity to distribute a
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high-frequency clock over 10GHz. Although the resonance in
the cavity isinfluenced by the Joule heat due to induced current
on the cavity walls, the resonant curve has an apparent peak
when the thickness is larger than 5um. If the cavity thickness
over 10um is possible, the jitter will be suppressed to less than
1/50 of the clock frequency.

In this paper we have mainly discussed clock frequencies
near 30GHz. In principle, the clock of higher frequencies can
be delivered by our cavity system. For example, a discussion
over 100GHz is made, where the cavity meets the requirement
to take a clover shape configuration [14].

Recently, a high-performance assembly or packaging has
been discussed to enhance the system efficiency of ULSI with
use of three-dimensional (3D) interconnections including the
process of abackend of the line [1,11]. If the proposed system
is implemented into an upper-level interconnect layer, the
requirement for a cavity system will be sufficiently satisfied
and the clock delivery of ahigh precision will be possible.

APPENDIX

A. Cavity Oscillation as a Damping Oscillator

A cavity driven by an external current source can be mapped
into a damping oscillator with in a framework of FEM of the
Galerkin method. By use of this mapping we will derive
expressions for the Q factor and the peak width of the resonant
curve.

The Galarkin method is a typical technique to discuss
electro-magnetic phenomenain the area of FEM [15]. Because
the induced currents are related with the magnetic field at the
cavity walls, a magnetic field H is chosen as a field variable.
The Galarkin method is aformulation to determine the field H
by seeking a stagnation value of a functional F[W,H] defined

by

F = [[(VxW)-(Vx H) - 50’ W - H]dV

+IW-@HdS—jW'

[ Toq

0s+) |

fo7e) &

(A1)

with respect to an arbitrary field W. Here, w is an angular
frequency of a driving current, ¢and i are the dielectric
constant and the permeability of afiller, V is the volume of the
region enclosed by cavity wallsand Sisthe surface region of V.
The vector Je, isadriving current injected from region ', 0N &
cavity wall. The cavity wall is made by a metal with a
conductivity o and its skin depth & is defined by (2/wop)?

The normal vector n istoward the external side of the volume V.

he vector and the scalar area elements are associated with dS =

ndS. The second term in the left hand side of (A1) is a newly

introduced term caused by energy dissipation at the cavity wall.
Taking avariance of F with respect to W, we obtain

6
F ZJ.éW-{VX(VXH)—a)ZSﬂH}dV
+jéw.{(va)xn+MH}ds
—rjéW~{(va)+iw‘i§ii)Jex}xds.
(A2)

If the energy dissipation on cavity walls is neglected, the
resonant field Hy satisfies the following relation,

[oW LV x (V< Ho) - g bV

+jaw-(vXHO)de+ jéw-(vXHO)xds:o.
FEX
(A3)
With an assumption that the field in (A1) is given by H=H,¢
with atime dependent parameter £ and the subtraction of (A3)
from (A2) we obtained the relation as follows,

(@2 a))EﬂéIéWHdV fj ol

- I—Iwg(1+l)é\V-J@<de.
oo

SW-H,dS

re><
(A4)
Because the vector field 3W is arbitrary, we can chose W =
Hy . Then, the parameter £is given by
(@] @y)*'? Ty

ST @lay+@lay A Y
Here, Q isthe Q-factor defined by
Q=% (A6)
P

with U the energy stored in the cavity and P; the dissipation
energy per unit time. The quantity fe is adriving term due to
the external current Je,. These quantities are defined by

P =}NMH§) “H,dS, (A7)
2s 20

U= ”IHO HV (A8)
_ L j,/“’o"H xS (A9)

The parameter & reaches its peak when the driving
frequency becomes ai, which is given by
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—=xl-—t— (A10)

and the peak value satisfies |&/fof* = Q% Thewidth of the peak
Aax is defined by the interval of points where the amplitude
becomes half of the peak value, i.e. |dfof* = Q2. The
resultant expression derived from this definition is;

Aog 2 7

— =+ —F.

2 Q 4Q3
The relation between the jitter Af and the Q factor given by

(4) isdefined by Afff o = (Awrl ap)/4. Therelation (3) and (5) is
derived from the definition of Q, P; and the resonant wave:

(A11)

Ho = An ( sin(%) Cos(%), 0 ,cos(%)sin (%) ) cos(at),
Eo=An2% (0, sn(2)sin(2), 0)sin(at).
(A12)
Here, the maximum amplitude A, of the magnetic field is

expressed with the maximum voltage V,, between the upper
and lower plates as Ay, =V 2fpuca.

B. Effective Sheet Resistance of Double-Layered Wall

Assuming that the cavity wall isformed with amain metal of
a conductance oy, and a barrier metal of conductance og, we
derive an effective sheet resistance of the double-layered wall.
The electric field in a perfect meta has no component
perpendicular to the surface and a parallel component E. When
thefield is oscillating by afrequency wi.e. E(zt) = E{2)€*, the
field E setisfies
d’E  [iwoguE  (0<z<d)

a2 (d<2)’

where the z-axis is taken perpendicular to the surfaceand d is
the depth of the barrier metal. Solving the equation (B1) with
the boundary conditions that the field and its derivative at the
interface z = d are continuous, we obtained the expression for
the space domain as follows,

E_ {C[(1+ Ne=@d 4 1-re 79 (0<z<d)

Bl
ooy HE (B

° | cee®9 (d<2)
(B2)
where j = (1+i)/85, 1 = (om/ow)®® and the constant C isrelated
with the electric field E, ( = E(0) ) asfollows,

E, =C[(L+r)e"! +(1-r)e7e]. (B3)
The constant C is also associated to the parallel component H,,
of the magnetic field at the surface to the total current by the
following relation:
H :jda Edz+ [ o, Edz.
Pl B a M

The power of the Joule heat is expressed with the real part E; =
Re[E] asfollows,

(B4)

d 0
P= jo osE2dz + jd oy Edz. (B5)

Defining an effective sheet resistance Ry; by P = ReffH,f/Z, we
obtain the expression (2).

C. Scattering Formulation for Reflection from Via Array

The partial differential equation (8) for the scattering wave
can be reduced to an ordinary differential equation by use of a
Fourier transformation along the x-axis. A numerical solution
of thisordinary differential equation can be obtained by use of
a difference equation of second order. This formulation is
developed in the area of solid-state physics [16]. We are
modul ated this scattering formalism for the purpose to analyze
the electro-magnetic wave.

When the wave @(x,y) is transformed to Fourier series as

DXyY) = Zp #(Y)exp(iGyx), the equation (8) is reduced to

follows,
2

a7 b X loq + (@eG) B4 =0. (D
where vy(y) isthe Fourier transformation of (9) with respect to
x-axisand G, is awave number defined by G, = 2np/L with L
= RiiatLyia. Introducing a state vector ¥(y) ={ 4(y)} and a
matrix V(y) = [ Vp.q + (0%ep-Gy’) Spql, the equation (C1) can be
expressaed2 by

d%z\hwp:o. (C2)

We use discrete coordinate along y-axis defined by y = hn
(n=0,1, 2,---, N) with an interval h and introducing a
scattering matrix S, defined by

¥(hn+h)= S%(hn). (C3)
Then, the equation (8) is transformed into a difference
equation such as

Sia= -(aSh + b)) ¢, (C4
where the matrix a, b, and ¢, are defied by

h2

an = | +75 V(hn+h), (C5)

2

b,=-21 + % V(hn), (Ce)
h2

= 1 +75 V(hn-h), (C7)

with the unit matrix I.
By use of the matrix S, and the state vector W(hn), the
boundary condition (9) is expressed as,
S - [N5,], (n> N),
‘P(hn) i lI‘in + ‘Prf > (n - 0),
with awave number k, = (o’u - G,)"?
{8p0} and areflection vector Wi = {ry}.
Using the relation (C4) and the condition (C8), all matrices
S, aredetermined recursively from Sy (=] dkoh Spq])- All state
vectors W(nh) are obtained successively from ¥(0) (= ¥, +
¥ ) by use of the condition (C9) and the relation (C3). The
reflection vector ¥z and transmission vector ¥, = {t;} are

expressed as follows,

(C8)
(C9)
, aninput vector ¥, =
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Yir = -(SK: ) H(SK ) Win, (C10)
1Iltr = K-NS\J-l [ QZS_LS)(\I’in + lIJrf ): (Cll)

where K, = [ kN 5] and K. =K,%. The energy flux of (11)
and (12) can be obtained by use of (C10) and (C11).
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