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Conductivity Measurements at the Interface Between
the Sintered Conductor and Dielectric Substrate at
Microwave Fregquencies

Akira Nakayama, Yoshitake Terashi, Hiroshi Uchimura, and Atsuomi Fukideanber, IEEE

Abstract—A novel measuring technique of the effective conduc- particularly the interface conductivity, of a sintered conductor
tivity at microwave frequencies for both the sintered conductor formed on the ceramic substrate, while several studies have

surface and the interface between conductor and dielectric ma- been carried out for measuring the complex permittivity of
terials was developed. In the measurement, a dielectric rod res- .
ceramic substrates [1]-[7].

onator is placed between two dielectric plates, one side of which is . .
coated with a sintered conductor. For measuring the surface con-  Tanakeet al.[8] presented a technique for measuringdhat
ductivity, the dielectric rod is sandwiched by the conductor side microwave frequency using stripline resonators. They have sep-
of the plates. On the other hand, for measuring the interface con- arately measured the conducting and dielectric losses of printed
ductivity, the dielectric rod is sandwiched by the dielectric side of circuit boards, using several stripline resonators of different di-

the plates. By the configuration, only interface conductivity con- . . -
tributes to the conducting loss of the resonator, thus allowing the mensions. The result of their measurements indicated that the

measurement of the interface conductivity. Using the new tech- €ffective conductivity of the industrial copper foil, widely used
nique, the frequency dependence of both the surface and interface for cladding, was significantly affected by the surface roughness
conductivity of a sintered copper, formed on a glass ceramic sub- of jts bonding side.
strate by the co-firing technlque,wasmvestlgated mthefrequer_lcy Multilayered ceramic substrates and packages, including
range from 11 to 34 GHz. It was confirmed that the values of in- o . - .
terface conductivity of the sintered copper were smaller than the many transmlssmn Ilnes,_are made by co-firing with the con-
values of the surface conductivity. ductor. In this case, the interface between the conductor and

Index Terms—Complex permittivity, dielectric rod resonator, cergmlcs usually has rpughness, Qreactlon Iayer,_ "?‘“d aconcen-
glass ceramic substrate, interface conductivity, microwave mea- tration of glass materlal, depe”d'”g on the co-firing progess
surement, sapphire, sintered copper. and the compositions of the ceramic and conductor materials.
Such interfaces usually have low conductivity. To design the
microwave circuit and develop the process technology of the
co-firing, an accurate and simple measurement technique is

HE attenuation of planar transmission lines, such @&eeded fow; at microwave frequencies.
striplines, microstrip lines, and coplanar lines, are de- In this paper, we propose a novel technique for measuring

termined by conducting, dielectric, and radiation losses. It ith thes, ando; at microwave frequencies. The technique is
commonly known that the conducting loss is the major facttyased on the dielectric resonator method, a popular technique
affecting the overall attenuation of those planar transmissif@r measuring dielectric constants at microwave frequency.
lines at microwave frequencies. In the microwave rang¥sing the proposed technique, we have investigated the fre-
electric current is concentrated within a skin depth of the ordguency dependence of both and o; of a sintered copper
of micrometer thickness. This is taken into account as actdarmed on a glass ceramic substrate using the co-firing tech-
skin resistance, specifically the surface resista;e and nique in the frequency range from 11 to 34 GHz.
the interface resistanc&;, or effective surface conductivity
o and interface conductivity;. Evaluation of an accurate Il. M EASUREMENT PRINCIPLE
value of the effective conductivity becomes very important foA
conductor pattern designing and conductor formation process
development. When focusing on planar transmission limgis, ~ Configurations of thél'£o;, mode dielectric rod resonator
particularly important, because the microwave current is mol@ measuring surface conductivity and théI'Eo;; mode res-
concentrated on the dielectric side, rather than the air side,@yator for measuring interface conductivity are shown in
the conductor due to a high dielectric constant. However, thert®- 1. Fig. 1 also illustrates typical electric and magnetic fields

have been few efforts to measure the effective conductivifr €ach TE mode resonator by solid and broken lines, respec-
tively. The resonators consist of a dielectric rod and two test

. . samples of circular dielectric substrate, covered with a sintered
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_E whereW,,.q is the electric energy stored in the rd#,..y, is
d Dielectric rod Goaxial cable that stored in the substrate aHd, is the total electric energy
D of Eroq with loop antenna stored in the resonator structure. &) generally represents
b & . — / . relative permittivity in the resonant structure. T&en (1) and
T@ P Vi :,_\s[ _ﬁ_ [ P2 (2) is a geometric factor of the resonator [9], defined by
! ) . /l\/j\/l\ — — I a= who ffth H|2 dv (5)
Dielectric substrate €'y, Sintered conductor of g, and G; ff |Ht |2 ds

@) (b)
9 4 . . I
Fig. 1. Configurations of theTEy., and TE,: mode resonators for where [ |H,|? ds is a surface integration of the magnetic field

measurements of effective surface conductivityand interface conductivity at the surface side faf, in (1) or the interface side fof; in

;. Typical electric and magnetic fields are illustrated. BE..; mode (2) of a sintered conductor. Furthermore, the relatioRpfind
resonator fow . (b) TEq1s mode resonator for . o,, or R; anda; is given by

measurement af,,, both ends of the rod are short-circuited by
the surfaces of the sintered conductor of the sample, as shown in
Fig. 1(a). In such a configuration, only tlag of the conductor
contributes to the conducting loss in tfi€,;; mode resonator. Wherey: is the permeability of the sintered conductor.

For measurement ef;, the rod is sandwiched by the dielectric Values ofG, and Fe..q, - are calculated by exact equations
sides, as shown in Fig. 1(b). In this configuration, oalycan [10], [11], as follows:

contribute to the conducting loss in tlH&,;s mode resonator,

Ws(a) M

20’5(i) (6)

Ry =

allowing the measurement of. By unloaded? measurements Peroa,s =1/A (7)
of the two resonators;, ande; can be determined separately, G, =B/A (8)
when the conductor is much thicker than the skin depth. W

Moreover, it is important that the dielectric loss arising from A=1+— 9)
the substrate is very small in oUrEq;s resonator. The elec- €
tric field in the TEq;s mode vanishes on the both conductors Ao 14w

and reaches a maximum at the central transverse plane of the b= <2—H> 3072¢’ =12,... (10)
sapphire rod. The electric field is very small in the substrates
positioned at the both ends of the dielectric rod. AccordmglV

the effect of the dielectric loss by the substrate ondhgof Xo =c/fo (11)
theTE(1s resonator is relatively small, compared with the con- ,
ductor loss by interface conductivity and the dielectric loss of W = JE (u ) Ko(v)Ka(v) — K7 (v) (12)
the rod. The interface conductivity can be determined without Ki(v) Ji(u) - ]o( )J2 (1)
serious influence of the dielectric loss by the substrate. E)\

The value of7, is calculated from the measured values of the w2 = l s U 1] (13)
resonant frequency, and the unloaded, @, of the TEg;;
mode resonator shown in Fig. 1(a). The value of calculated Jo(w)

from those of theT'Eys mode resonator shown in Fig. 1(b). u Ol v K ( ) (14)
Whend is infinitely large, radiation loss can be neglected and 1 !
Q.. of the resonator in Fig. 1(a) is determined from the dielectridere, A and B are given by Hakki and Coleman [10], for de-
loss by the rod and the conductor loss by the surface resistatergnination oftan & using theI'Eq,,,, mode dielectric rod res-
as follows: onator.c is the velocity of light in the vacuum/ and K are the
_ first- and the second-order modified Bessel functions. For any
1/Qu.» = Peroa, s tan broa + I /s @ vae ofv, themth solutiony exists betweem,,, andu;,, in
In the same way@,, of the resonator in Fig. 1(b) is determined14), whereJy(uo,,) = 0 and.J;(u1,,,) = 0. In this study, the
from the dielectric losses by the rod and substrate, and conduct@iues ofP.,.q, s and G, are calculated from the first solution
loss by the interface resistance as follows: u of (14) and by setting = 1 in (10) and (13), since these pa-
_ rameters correspond to tA&;; mode.

1/Qu i = Ferod, s tanbioa & Fesun, i tan douy + R/ G- (2) Onthe other hand, th®;, P.,od.; and P, ; are obtained by
Here, the subscripts and ¢ indicate the resonator shown inaxis symmetric FEM calculation. Accuracy of the FEM analysis
Fig. 1(a) and (b), respectively. TH&,.q in (1) is a partial elec- is described in Section IV.

tric energy filling factor [9] of the dielectric rod ankLs., in (2) Equations (1) and (2) are derived by assuming that the plate

is that of the dielectric substrate, defined by sample has infinitely largé. In practice, a suitable finite size of
Werod  Ehod fffvmd |E|? dv the sample plates is permitted, since the TE-mode electromag-
Feroa = Wo, I e (W|E? dv (3)  netic field outside the rod rapidly decreases in the radial direc-

tion. We have analytically estimated the required value of the
diameter ratioS = d/D, as a function of a thickness ratio of

Wesub _ qub ffquub |E| dv
o the substrate to the ragd H ande’, ,, (see the Appendix).

fffv v)|E]? dv

Pesub (4)

su
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...... H Coaxial cable
with loop antenna

Coaxial cable
with loop antenna

Split—-cavity
resonator

Dielectric rod of €4 Conducting plate of o,

) Dielectric substrate
Fig. 2. Structure of'Eq11 andTEq:3; mode resonators for measurements of

relative permittivitys’_, and loss tangerttan é,.4 of dielectric rods. Typical Fig. 3. S TE d . f .
electric and magnetic fields are illustrated. (BEo1; mode resonator. (b) F'9- 3. Structure ofl k.., mode cavity resonators for measurements o
relative permittivitys’ ,, and loss tangentn é,.,;, of the dielectric substrate.

TE;;3 mode resonator. ) : e .
o Typical electric and magnetic fields are illustrated.

B. Complex Permittivity Measurement tric substrate of thicknegds placed between the sections of the

For measurements of, ando;, relative permittivitye” and  cavity of internal diameteD.., and heightH..,., as shown in
loss tangentan ¢ of the dielectric rod and substrate should firsFig. 3. Thee/ , andtan &y, are determined by resonant fre-
be determined. The/_, andtan 6,.q were measured by a di- quency f, and unloaded, @,,, measurements. In this study,
electric rod resonator method [10], [11]. In the resonator used, andtan és,, Were calculated by equations described in the
for this method, both ends of the dielectric rod are short-ciliteratures[1], [2].
cuited by the conducting plate. When beth 6,4 and effective At frequency above 20 GHz.,,, andtan .., were mea-
conductivity of the conducting plates, are unknown, a pair of sured by the rod resonator method above-mentioned, using
TEo1: andTEq;, mode dielectric rod resonators must be use@éd samples cut out from the substrate and conducting plate of
[11]. The two resonators are required to have the same vali@®wn conductivity.
of ¢/_, andtan é..q. Furthermore, same conducting plates are
used in these resonato¥sis commonly set td = 3 as shown [l. EQUIPMENT
in Fig. 2. Both dielectric rods have the same diamétand the . . .

The dielectric rod resonators for measuriag, oy, €.,

TEq13 mode rod is three times the height of th&,;; mode . )
rod. When the diameter of the conducting pldts larger than andtan éxoq, and the cavity resonator f(_)r measurirlg,, and
tan 6.y, Were undercoupled equally to input and output loops

four times the rod diametdD, the conducting plate can be as- e : !
sumed to be infinitely large. From resonant frequefigynea- on the top of semi-rigid cables. The insertion |1d4s at f, was

. adjusted to around 30 dBy, the half-power bandwidtlf, — f;,
surements of each mode, IS calculated by and! L, were measured using the HP Network Analyzer 8757C

A 2 ~ . .
g = Ao (W + %) +1 (15) by the swept-frequency metho@,, is obtained by
wD Jo ILo/20
N . O, = / (1 _ 10~ 1o/ ) . (19)
wherev? andw? are given by (13) and (14). Nextan 6.,q and fo— N1
o, are obtained frond),, measurements of both mode resonators
by the following equations: IV. RESULTS AND DISCUSSION
1/Qu1 = Peyoa1 tan 6roa + Ry, /G (16) A. Complex Permittivity Measurement
1/Quz = Peroas tan broq + Rp/G3 a7 The dielectric rod used fos, and ¢; measurements is re-
quired to have smatlkn 6, since the dielectric loss degrades the
R, = fudad (18) accuracy of the measurements. We used single-crystal sapphire
20p rods with a rotational axis parallel to tli¢ axis, because of its

where R, is the skin resistance of the conducting plate. Sulextremely smaltan ¢.
scripts 1 and 3 indicate tHEEq;; andTEq;3 mode resonators, Complex permittivity of the sapphire rod was obtained by the
respectivelyP.,.q1 and; are calculated by (7) and (8), sincedielectric rod resonator method [10], [11]. The copper plates,
those values are the samelag,q s andG;, respectivelyPe0q3  With a mirror surface of about 0.03m roughness, were set on
and(; are also calculated by (7) and (8), whiis setto/ =3 both ends of the rod for short-circuiting in the measurements,
for calculations of (9)—(14). When both dielectric rods preciselyy no applied pressure. The effective relative conductivjty
have the same diamet&rand theT'Ey;5 mode rod is precisely of these plates anthn 6,4 Of the sapphire rods were simulta-
three times the height of tHEE(;; mode rod,P.;cq1 = FPeroa  Neously obtained frony, measurements a&fEq; andTEq3
and(G; = 35 are obvious from (3) and (5). On the other handnode resonators [11]. Table | and Fig. 4 show the measured
if o, is known,tan é,.q can be determined from measurement&lues ofe’_; andtan é,.q4, perpendicular to th€' axis, of the
of the TEy1; mode resonator, using (16). sapphire rods used in this study, at 298 K and in the frequency
el andtan &, were measured by a split-cavity resonatarange from 11 to 34 GHz. The valuesa®y,., normalized by the
method [1]-[4] at 10-20 GHz, using substrates without a sistandard copper conductivity, = 5.8 x 107 S/m, of the copper
tered conductor. In the split-cavity resonator method, the dielgalates are also listed in Table I. The values/gf, of the sapphire
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TABLE |

MEASUREMENTS OF THERELATIVE PERMITTIVITY &/_; AND LOSSTANGENT tan é;,q OF SAPPHIRERODS, WHICH ARE VALUES PERPENDICULAR TO THEC' AXIS
OF THE SAPPHIRE CRYSTAL. RELATIVE EFFECTIVE CONDUCTIVITY &, VALUES OF COPPERPLATES USED FORMEASURING €} 4 AND tan ;4 ARE ALSO LISTED.
THOSE ARENORMALIZED BY A CONDUCTIVITY OF 0y = 5.8 x 107 [S/m] OF THE STANDARD COPPER

No. Diameter | Height Resonant Unloaded Q Relative loss Conductivity
of rod of rod frequency Q, permittivity tangent of Cu-plate
D H f & oa tand,.q O,
(mm) (mm) (GHz) (107) (%)
R1-1 11.814 5.639 11.7886 6710 9.416 1.16 91.5
TEy +0.001| =+0.001 +0.0006 *17 +0.002 +0.05 *+1.0
R1-3 11.818 16.645 11.9209 17137 9.390
TEqy5 +0.001| =+0.006 +0.0003 +62 +0.004
R2-1 8.005 3.724 17.679 5216 9.411 1.78 89.9
TEq, +0.001] =0.001 +0.004 +17 +0.006 +0.08 +13
R2-3 8.005 11N 17.690 13222 9.400
TEqy4 +0.001| =+0.001 +0.001 +91 +0.002
R3-1 6.504 3.015 21.821 4667 9.399 2.25 91.7
TEyy, +0.001| =£0.001 +0.002 +29 +0.004 +0.10 +2.1
R3-3 6.508 9.058 21.796 11610 9.399
TEys +0.001| =+0.001 +0.001 +76 +0.002
R4-1 5111 2426 27.340 4188 9.417 27 90.0
TEqy, +0.001| =+0.001 +0.009 +53 +0.008 +0.20 +44
R4-3 5.110 7.273 27.366 10256 9.409
TEy 3 +0.002 =+0.001 +0.001 +79 +0.003
R5-1 4.001 2.008 33.769 3773 9.419 3.24 829
TEy, +0.001| =+*0.001 +0.003 +22 +0.006 +0.12 +18
R5-3 3.998 6.022 33.807 9123 9.407
TEgys +0.001] =+0.001 +0.001 +56 +0.003
952 35 6.0 9
950 . 58 =
Zods | —5430% %56 | A
> 946 | ~ >54 | — s ch
g 944 | {25 g 252 | «g
£ el WS PN L
N : 05 o 48 r i i s $
g o | 5 fas| e—
S 936 —1.5;§ 2l -6§
934 o ar | 3
9.32 L L L : — 1.0 \
10 15 20 25 30 35 4.0 ) . ) . ' 5
Frequency (GHz) 5 10 15 20 25 30 35 40
Frequency (GHz)
Fig. 4. Frequency dependence of the sapphire rod relative permittiyity
and loss tangentn 6,4, perpendicular to thé” axis. Fig. 5. Frequency dependence of the glass ceramic substrate relative

permittivity ¢/ ,, and loss tangerttan é;,1,.

are about 9.41 and the frequency dependencernd,.  of the .

sapphire is expressed by frequenays = 1.01 x 106 GHz. WhereAejo, Aep, andAey are errors ot induced by the
These values have good agreement with the reported dielec ﬁ%ndard deviations OfO’ArOd dlametzrD, and Z‘Z’ghtH' In

properties of sapphire perpendiculartaxis, that isg’ — 9.4 1€ SAME WaYA tan 6g,1, A tan dqus, Aoqui, andAog,s are
and frequencyhn 6 = 1.0 x 10° GHz at room temperature defined as errors induced by the standard deviationg, gfor

[12]. Table | and Fig. 4 also show random errors of measur&x3- Here,Qu1 and@,3 are unloaded? values of thel'Eoy;

ments. The random errors ef,;, tan é.,q4 ando,,. are evalu- andTEo.s mode resonators, respectively. _
ated by To make a test sample, we used a new glass ceramic mate-

rial [13] developed by Kyocera. Fig. 5 and Table Il show the

(Aeroa)” = (Aego)® + (Aep)® + (Aex)®>  (20)  frequency dependence of dielectric properties of the new mate-
Atan uoq)? = (A tan Sour)? + (A tan dous)? (21 rial that relative permittivity” , is 4.8+ 0.1 and dielectric loss
(Atanbioa)” = (Atandgui)” + (Atandgus)”  (21) tangentan 6., increases from % 10~* to 8 x 10~* with in-

(Aopr)? = (Acgui)® + (Aogus)? (22) creasing frequency from 10 to 35 GHz. This slope in frequency
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TABLE I
MEASUREMENTS OF THERELATIVE PERMITTIVITY &/, AND LOSSTANGENT tan 6.1, OF A NEW GLASS CERAMIC SUBSTRATE (&) VALUES OF ¢! ;, AND tan ésy1

OBTAINED BY SPLIT-CAVITY RESONATOR AT 10, 16,AND 20 GHz, WSING PLATE SAMPLE. (b) VALUES OF ¢/ ;, AND tan 8., OBTAINED
BY A DIELECTRIC ROD RESONATOR AT 35 GHz, WBING THE ROD SAMPLE

Sample [ Thick. Resonant Unloaded Q Relative Loss Diameter and Conductivity
and frequency Q, permittivity tangent | height of Cavity of Cu—cavity
mode fo € tand,,, D.., H.., Caur
(mm) (GHz) 10 (mm) (mm) %)
Plate 0.965 10.287 3313 476 7.18] 35.050{ 25.079 86.1
TE, +0.08 +0.003 +22 +0.04 +0.05] =0.001| +0.001 +24
16.253 2047 4.76 7.89| 20.057| 14.327 81.8
+0.001 +43 +0.04 +0.18| =0.002| +0.003 +1.8
20.271 1689 476 8.12| 15.034| 10.829 72.9
+0.011 +12 +0.04 +0.06( £0.001| +=0.001 +19
(@)
Sample| Diameter | Height Resonant Unloaded Q Relative Loss Conductivity of
and D H frequency Q, permittivity tangent Cu-plate
mode fo €'ub tand,,, Opr
(mm) (mm) (GHz) (10 (%)
Rod 7.323 2.244 35.371 938 4.956 82 87
TEois +0.004| =0.003 +0.037 +23 +0.014 +03 +2

(b)

dependence ofan &, is very small compared with conven-the analysis model of the resonator, a side wall of the conductor
tional glass ceramics or other ceramic substrate. The measused placed at diametér The diameter ratio of the substrate to
values at 10, 16, and 20 GHz were obtained by the split-cavitye rod,S = d/D, was set to 5, to let the electromagnetic field
resonator [1]-[4], using a plate sample. Those at 35 GHz wdye negligibly small near the side wall.
obtained by the dielectric rod resonator [10], [11], using a rod Calculated results for the dielectric rod R1-1 are shown in
sample. Random errors of , , tan 6,1, by the split-cavity res- Fig. 6, as a function of the thicknessind relative permittivity
onator evaluated by el 1, of the substrate. The calculation model is also shown in
5 5 5 5 > Fig. 6(a). Fig. 6 shows some basic tendencies. The partial elec-
(Aeaun)” = (A j0)"+(Aer)” +(Aepeav)”+ (A rreav) tric energy filling factor of rodP...q_; decreases with increasing
(23)  tande’, . That of substrat@,,, ;, On the contrary, increases

sub*
(A tan Suup)? = (Atandou)? + (A tan Syear)? (24) with increasing ands., , . These dep_endenciestmnds’sub are
) reasonably understood from the definition/Qf,q and P, by

whereAe o, Aey, A peay, @NdAe .oy are the errors ofl,;,  (3) and (4). On the other hani/G; decreases with increasing
induced by the standard deviations fof plate thickness, in- ¢ and increases with increasing,,. Whent increases, the con-
ternal diametel..,, and heightH...; of the cavity. Inthe same quctor goes away from the dielectric rod where the electromag-
way, A tan 6, andA tan by, are defined as the errors by thenetic field is concentrated. In this case, magnetic field intensity
standard deviations @p., and effective conductivity of cavity at the conductor decreases drd?; also decreases. Whefy,,,

O.av. Furthermore, random errors ef,,;,, tan &, by the di- increases, the electromagnetic field concentrated in the rod rela-

electric rod resonator evaluated by tively spreads to the substrate. Then, the magnetic field intensity
(Acoun)? = (Aej0)? + (Aep)® + (Aey)?  (25) atthe conductor increases anlt7; also increases.

2 2 2
(Atandous)” = (Atan bgu)” + (Atandsy) 26) c. Conductivity Measurement

where Ae o, Aep, and Aey are the same as those in (20). values ofs, ando;, of a sintered copper 10m thick formed
Atan éq, and Atané,, are the errors by the standard devipn the glass ceramic substrate by co-firing were inferred from
ations ofQ,, and effective conductivity,, of the copper plate unloaded measurements &Eq;; andTEg;s mode sapphire

used in the rod resonator method. resonators. The sintering temperature was less than 2@00
. The substrate was 45-mm square with thickness 0.136
B. Calculation of Parameters far; Measurements mm with about 1zm surface roughness, and the sapphire rods

For o; measurements, a partial electric energy filling factasf R1-1~R5-1 with ends of about 0.0&m surface roughness,
of the sapphire rod and glass ceramic substr&lg,q ; and shown in Table |, were used for measurements in the frequency
P, i, and geometrical fact@¥; corresponding to each dielec-range from 11 to 34 GHz. Using FEM analysis of the measure-
tric rod (R1-1~R5-1) were obtained by axis symmetric FEM. Irment configurations (see the Appendix), it was found that the
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Fig. 6. Calculations of partial electric energy filling factor of sapphire rod and subsffate,, ; P..u1,:, and geometric facto&;, for o; measurements by
sapphire rod R1-1, using FEM analysis. )4, (b) Pesur, - (C) G;.

effect of radiation losses is below a typical resolution limit ofAc,, and Ac;, are estimated from the standard deviations of
our measurements and are therefore negligibly small, under thg, tan é,,q, andtan 6.y, by
condition of S = d/D andt/H in Table IlI.

Values of thes, ando; were obtained by unloaded mea-  (Aoc,,.)? = (A0g.)? + (AGiansrod)? (27)
surements oflEq;; and TEq;s mode sapphire resonator, re- 2 9 9 9
spectively, using (1) and (2). In the calculatief),, andtan 6,04 (A0ir)” = (A0qu)” + (Adtansrod)” + (A0tamesus)”  (28)
as a function of frequency showed in Table | were used. A ty,
ical complex permittivity of substrate materiaf,,,, = 4.8 and ‘ P
tan s — 8 x 10-%, were also used for the, ande,; calcu- or o;,- by standard deviations 6}, tan é,.q, andtan &,,;,. The

lations. Fig. 7 shows an example of resonant peaks in the mstandard deviation ofan &,.,, was assumed to be 2 107,
-M9. P P . ggmparable to the typical uncertainty and the variation in the

surements. Results of te ando; measurements are shown Infrequency range from 10 to 35 GHz of the substrate material

I-irsatzlg g’sv,zlr']tg f;ggigigﬂgﬁ;&?dgf*;l%refaggr?:g”azi; daLe used in this study, as shown in Fig. 5. The other standard devi-
y ol i y ations were determined from each measurement.

LT 7 .
ﬂ;]e sta?rt]}la;d copper %onduc(?vmé_ N ‘)];8 Xd 19 i\im' Fig. 8 The values ofAo,,. and Aoy, obtained by (27) and (28) are
shows [he frequency dependencies gt ando,. VWe can See. i Table Ill, with errors of skin resistaneel, andA R;.

that values ob;,. are smaller than those of,., and both values 7. and Ao, were estimated to be within 5%. To show typ-

: E
of las,, ar}dgi,, degraq(;a as;r:e frequefncy mcreﬁses. Thedsmal%(_glI values 0fAc e, Adtansrod, ANAAG n 5o, thOsE in Mea-
:{a U?S Olo; articqnta fere botcome tLom .rotug gess anda rg Cirements at 17-22 GHz are shown in Table IV. Table IV in-

'on 1ayer.on e Interiace bewveen the sintered copper and ik res thatho g, andAoan sroa are dominant errors. In con-
substrate. Table IV and Fig. 8 also show random errors of me ’ ‘

. ?éSt,AO’tangsub by Atan 6,4, = 1 x 10~* is negligibly small,
surementg. Th_e evaluation of _the random errors.pfando;; since the partial electric energy filling factor of the substrate
are described in the next section.

P..1, is very small compared with that of raf...q. Table IlI
showsP,,;, varies from 1/10000 to 2/1000 df,,.q. On the
D. Accuracy of Measurement other hand, because of the difference in the thermal expansion
coefficients of Cu and glass ceramic substrates, the substrate
Random measurement errors of,. are determined by somewhat bends in co-firing with the Cu paste on one side of
errors of @, and tanéd,.q. In the case ofr;., the error of the substrate. The bend of the substrate is considered to be a
tan &gy, Should be also considered. The mean-square erroain cause ofAQ,,.

R/'herer—Qu, ACian srod, ANAACT 1 ssu, are the errors of ;.
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TABLE Il
MEASUREMENTS OF THERELATIVE SURFACE CONDUCTIVITY o, AND INTERFACE CONDUCTIVITY ¢ ;,. FOR SINTERED COPPERFORMED ON GLASS CERAMICS BY
THE CO-FIRING TECHNIQUE (0, = 0/00, 05 = 0;/00, 00 = 5.8 X 107 S/m). RRAMETER S = D/d 1S A DIAMETER RATIO OF SUBSTRATE
TO ROD AND ¢/ H IS A THICKNESS RATIO OF SUBSTRATE TO ROD. ELECTRIC ENERGY FILLING FACTORS OF SAPPHIRE ROD AND
SUBSTRATE, Py;oq AND P,..1,, AND GEOMETRIC FACTOR G ARE ALSO SHOWN

Rod | S=D/d | t/H f, Q, o, R, | Pute | Poss | 1/G,
No. (GHz) or or or or
G R; [ 1/G,
(%) | (mQ) Q)
R1-1 3.8 - 11.762 6581 874 30.3 0.985 0.00464
+0.003 +16 +0.6] =01
R2-1 5.6 — 17.618 5117 86.0 37.3| 0.985 0.00477
+0.005 +60 +23| =*05
o, R3-1 6.9 - 21.724 4603 89.0 40.8| 0.986 0.00479
®,) +0005| 14| 11| *02
R4-1 8.8 — 27.301 4084 85.2 46.7 0.985 0.00467
+0.002 +46 +27| =+07
R5-1 11.2 - 33.687 3619 75.7 55.0{ 0983 0.00444

+0.007 +53 +26| %09
R1-1 3.8 0.024 11.289 6650 78.6 31.3] 0.983] 0.000127|0.00446
+0.002 +14 +06] =01
R2-1 56 0.037 16.534 5451 80.8 37.3| 0.983| 0.000400|0.00447
=+0.002 +52 +18| *04
o R3-1 6.9 0.045 20.203 4951 813 411} 0.982| 0.000709|0.00440
(R +0.002 +19 +1.1} %03

R4-1 8.8 0.056 25.010 4525 71.9 46.7| 0.980| 0.0009760.00419
+0.0056 +16 +16| =*04
R5-1 1.2 0.068 30.486 4273 74.7 52.71 0976 0.002100.00387
+0.013] *115 +47| *16

100
o S o
Z 2 90 o & st
8 = i
o
= S80 |4 B
.g § Gir
2 070 |
=
pres)
[&]
' ' ' £ 60 |
21.62 21.67 21.72 21.77 21.82 L
Frequency (GHz)
(a) 50 1 1 1 1 1
10 15 20 25 30 35

Frequency (GHz)

Fig. 8. Frequency dependence of relative surface conductiwity and
relative interface conductivityr;,. of sintered copper formed on the glass
ceramic substrate by the co-firing technique.

E. Accuracy of FEM Calculation

Insertion loss (dB)

The FEM analysis was used to calculate the paramétgrs
Peroa, i and Pegyy, 4 In (2). We have evaluated accuracy of the
L . FEM analysis by comparing’; and Fe..q, s Obtained by the

20.10 20.15 20.20 20.25 20.30 FEM analysis to the values obtained from exact equations in
Frequency (GHz) (7)-(14) [10]. In the FEM model, the outside of the resonator
(b) for o, was short-circuited by a cylindrical conductive wall of

. e AR )
Fig. 7. Resonant peaks for: (a) surface conductivityand (b) interface dla_'meterd = 5D, as shown in Fig. 9(b). T/able V shows calcu
conductivityo; measurements using sapphire rod R3-1. lation results forD = 10 mm, H = 5 mm, ., = 9.4, by total
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TABLE IV =50
EVALUATION OF RANDOM ERRORS OFRELATIVE SURFACE CONDUCTIVITY AND &
INTERFACE CONDUCTIVITY, Ao . AND Aac;,., BY (27) AND (28), IN
MEASUREMENTS AT17-22 GHZ A0 g, AND AG4an sroa ARE THE ERRORS OF d
0., OR0;, BY STANDARD DEVIATIONS OF (,, AND tan &,oq. THE AG¢an ssub L <Di—> .
IS CALCULATED BY Atanéd,, = 1 X 10—* t = §
T i‘:)rod l Es,sub Ri \c:%
fO Osr AO sr AGQu Actan&od Aolanﬁsub F4) ”<=;
(GHz) or or %) %) (%) . Ideal wave absorber <
c, Ao, <— Conductive wall
%) | O
o, | 17.618 | 861 23 22 07 Fig. 10. Calculation model for estimation of required size rétie= d/D in
21.724 | 89.0 i1 0.6 0.9 the resonator for interface conductivity measurements.
o, | 16534 | 808 1.8 1.7 0.7 0.0
20203 | 812 | 1.1 0.7 09 00 control the interface conductivity. The standard deviatios,.

of the relative interface conductivity;,. was within 5%.

Dielectric rod

of =94 APPENDIX

WhenS = d/D is small, skin resistancg,; at interface and
R, at surface calculated by (2) and (1) have eredi; ,.q(S5)
and AR, ,,q(S) caused by radiation loss, respectively. In
the samesS, the AR, ,,q(S) is expected to be larger than
AR, .a(5), since the distance between two conductorssfor

Peorfect aamductor measurements is larger. We estimated the required val$e of
@ ®) for R; measurement, by_calculating R, +.a(S) using FEM
Fig. 9. Configurations ofTE mode dielectric resonator models forfanalys-ls' ln-the- analysis, th-e resonator for measuremems-
corﬁpa’ring FEM analysis to exglclt analysis. (a) Exact analysis model. (b) Féﬁ/l set in Cy“ndrlcal conductive wall of no loss, as shown in
analysis model. Fig. 10. To estimate radiation loss, an ideal wave absorber, with
relative permittivitye/, . = 1 and loss tangentin 6,1, = 1, is
TABLE V filled in the outsided, the upper and lower side of the resonator.
COMPARISON OFCALCULATED PARAMETERS GEOMETRIC FACTOR G, AND The diametewl,,; and heighth,.y; of the conductive wall is

ELECTRIC ENERGY FILLING FACTOR P,,.a, s OF THE DIELECTRIC ROD BY - - - -
FEM WITH THOSE BY EXACT EQUATIONS (7)—(14), LNDER THE CONDITION OF fixed to 5 times ofd and 3 times oftf + 2t, to let the field be

D =10mm,H =5 mm,d = 50 mm,AND ¢/, = 9.4 negligibly small near the wall. Th@,, of the resonator, shown
in Fig. 10, is
Parameter FEM Exact Eq. | Difference 1/Qu i(S) = Ri/Gi(S) + Parod i(S) tan droq
f, (GHz) 13.6578 13.5545 0.02% + Peguy, i(S) a1 8suty + Poats, s(5)  (29)
— o
176, (17) | 0004433 | 0.004439 013% where F..;,s is the partial electric energy filling factor of the
Perods 098311 | 098321 | -001% absorber defined as
P~ Woni _ W 20—
mesh number of about 5000. The evaluated error is about 0.1% ’ Wet, i My €' (0)EP dv

for 1/G, and about 0.01% foF.,.q, s, as shown in Table IV. Here,W..., ; is the electric energy in the ideal absorber, which
These values of error are negligibly small compared with othall dissipates as radiation lod¥’,, ; is defined as the total en-

random errors described in the previous section. ergy stored inside the conductive wall shown in Fig. BQy,s ;
represents the reciprocal &f,,q, (?-factor by radiation loss.
V. CONCLUSION When S is small, (29) gives an accuraie from the measured

A microwave measurement method for the surface condl;;/glue OfQu,i(5). The use of (2) in place of (29) induces an error

tivity o, and interface conductivity; was developed. The di- o Al raa(S). From (2) and (29), the\F; raa(S) by radia-

. tion loss is written by\rm
electric rod resonators were used for the measurements. Using y

the proposed technique, we investigated frequency dependen-AR; raa = [Gi — Gi(S)]/Qu,i(S)

cies of boths, ands; of a sintered copper formed on a glass + [Gi(S) Parod, i(S) — G Perod, i] ban 6,04

ceramic substrate by the co-firing technique in the frequency F[Gi(S) Pasr, i (S) — Gy Pesup ] 521 S

range from 11 to 34 GHz. The measurement results have shown ’ ’

obvious difference between the valuessgfande; of the sin- + Gi(S) Peabs, i(:5)- 31)

tered copper, and their degradation with increasing frequency. To obtain theAR; ,,4(S), Gi(S), Ferod,i(5), Fesub,:(S)
Present measurement technique will give an important infand Fe..., .(S) are firstly calculated by FEM. SecondI§; =

mation for designing and developing multi-layered substrat€§(S), Ferod,i = Perod,:(S) and Pegui,,i = Pesu, i(5) are

for high-frequency circuits, as well as a process technology assumed for sufficiently larg€. We chose 5 as the sufficiently
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12.056 11.155
=0 t/H=02 —>
12.045 T Conductive wall 1 11.145
E £
£'rod=9.4 I'ﬁ’
~ 12.035 - - A 11.135’%
5 D=(5/0.48)mm S
12025 H  omemmmm—————— — —— — = {11258
/,
/ &’ sup=5 t/H=0.1
12.015 1 1 11.115
12.005 . : L L L 11.105
20 25 3.0 3.5 40 45 5.0
S=d/D

Fig.11. Calculation of resonant frequengy ; as a function of size rati§ =
d/D,inthe case of’ , = 5,t/H = 0.1 and0.2. The calculation model is

su

illustrated in the figure.

102

10!

109

107

AR;.4(S) [Q]

1072

1073

107

20 25 3.0 35 40
S=d/D

Fig. 12. Calculation of error of skin resistance at interfac®; ,..(.S) by
radiation loss as a function of size raio= d/D, fore/_, = 9.4 andH/D =
0.48 in the model shown in Fig. 10.

largeS, since calculation of the resonant frequetfgy(S) was

t/H, since the last term of (31) is determined not by the size
itself, but the size ratio of the resonator. This is attributable to
the fact that the partial electric energy factédr and the geo-
metric factorGG depend not on the size, but the size ratio of the
resonatorS = d/D must be set to satishR; ,,q(5) < 0.1
mg2, since the measuring error & is less than about 1 fhin

the present method. From Fig. 12, we conclude that 3.5
andS > 4.0 are required fot/H = 0.1 andt/H = 0.2, re-
spectively, in the case ef ; = 5.
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