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{57) ABSTRACT

A monolithic capacitor structure includes opposed and over-
lapping plates within a diclectric body, which are arranged
to form a lower frequency. higher value capacitor. Other
conductive structure is Jocated cither inside the dielectric
body or on an external surface thereof and is effective to
form a higher frequency, lower value capacitor in parallel
with the lower frequency, higher value capacitor. The result-
ing array of combined series and parallel capacitors integral
with the diclectric body provides eflective wideband perfor-
mance in an integrated, cost-effective structure.

34 Claims, 11 Drawing Shects

M ca
|-5”|!|||u we T w0 w2
i e b/
N e
| Pﬁ_‘: [ FRANERERIR ;'/r'o%
'y ¥ N1 93
‘ il " j aia.l t ST s
Al ; ':|i'||||||. i AV A A S
FLU/-’!/_{///F!/_:’J’ZJ WA AT I T TS i i ."/ra’t‘ i i

000001

EXHIBIT 1016
AVX Corporation
[PR2018-00292



U.S. Patent Dec. 11, 2007 Sheet 1 of 11 US 7,307,829 B1

o— o L R C
PRIOR ART O—T—W—| |0

FIG. 1A PRIOR ART
v FIG. 1B

PRICR ART

PRIOR ART
FIG. 2A FIG. 2B

24—
o—]}—o

§
\

PRIOR ART
FIG. 3A FlG- 28

O—fHF—0

PRIOR ART

FIG. 4B

32
PRIOR ART 33

FIG. 4A
o—{l—o

40
\ PRIOR ART
FIG. 5B
PRIOR ART

FIG. S5A

000002



U.S. Patent Dec. 11, 2007 Sheet 2 of 11 US 7.307,829 B1

.5,8—j
e .-""_5& II-__iI :

¥ > Y
7 Vd s "
v VR i 7o

e 'J/"f"'.!'

PRIOR ART

FIG. 6B

PRIOR ART =2 53

FIG. 6A

€y

T T — *
ey :

# Pl i L
Byt B R e T R Re R N R T
i A A T AP i
e e e e i i e Y T

A Pl L 5P AP b
Co <1 f

PRIOR ART AR \Q:
FIG. 7 k\ ,\\

PRIOR ART

FIG. 8B

I { ) o 75

P RO R R -
TN BT, T .

Ty A Fr s £

Bowce s R NN 8w Ny

P T A A AT il S V]

R T T R T

/] 13

= B

N
X
=

FRFRY

N
0 PP AT W AT AT B
B N SR e R R SR R R I
T _f bl L L z T
— it x =
7o - 2N
¥ &

6

Y
{

ling
H. L
i

£
J' | A e

ngﬁ%@£>7 68 49 %
FIG. 9A FIG. 9B

000003



U.S. Patent Dec. 11, 2007

Sheet 3 of 11

b5 13
7 # B
/0 ":(\/ff;r:l.!‘t""ffff..'r/‘d'--ﬁ-_.' -_| : : ;{5‘. i
NS e e e e e e S AP iy 2l
Wiy v s s v i o v NN U/ |
e — e i
s 4, |7 ”
| ™ i | &f &
6840 8 o7 =
0 74 72 7w 68 490 W &
| 1
FIG. 10A S Wy R
45 s FIG. 10B
P \ B
R S et sty
. =
e e e - £ !
i T P T T T W T . . Aie
Sesseassaas=ssaa\/MOY i || s
H-N— : 7
'~ ‘ S
e eemeeea/ 2 4 %;TJ_
y ] Tha B o— |—T7—| —0
7% b 7 57 o E_
11
FIG. 11A e T Uy

FIG. 11B

000004

US 7,307,829 B1



U.S.

2
D~

/0"— L F , / /s 7

0

e

Patent Dec. 11, 2007

b5 #
2

~ b

3

R
P 3

ANy
a4
T A
Y E

kS

P

‘\

5 \r

L
o

\
Z, '/'f ’f’f /z"f T AT

0

[, ACRNOR N TR

B SN R R RN RN RN

_\
..-"'..-""‘If"’/

O L a2 4 o

O, e R

W P T I, T )
iy b .

or

G0a| Tagp 415 b0a

b8b

FIG. 12A

Sheet 4 of 11 US 7,307,829 B1
3
b/
i 0
i
‘,Jﬂ N f’ﬂ

FIG. 128

FIG. 13

/ O O O W R B
e o i P o P o o o o o o o o i il 84



U.S. Patent Dec. 11,2007 Sheet 5 of 11 US 7.307.829 BI

10 7351_}

U SE SRS

EE) 144
P ¥ P 75 i
-~ /IR

e e Y gy f/('

L A L A

\\\\\\\\\\\\\\\\\ \, | 1

/I‘.:'_.-I‘"IL(:":JC/ iL:/.. f;il'

B e e rasiranres R 14 {'m N i

\J'fi’f BT LA A T LR ‘/_\‘:J é{? |i

Fi ’

RN i st o s e
. o e e 3 0
o e S T S T R Y L A '
= I L[—

A
i .-\ \“j\\'}\ \X/\.'\‘.:\ DRh

%f - ‘rf.r”,w;‘ '}@9 - ‘ r_-|
AT = 1 ﬁkyﬂ

mmwwmm ”
FIG. 20A < Hqgk%
FIG. 208

o
fi”/

000008



U.S. Patent Dec. 11, 2007 Sheet 6 of 11 US 7,307,829 BI

a7
¢

"

FIG. 16 e

Sfa F77

A9 -
Y ¢
9a

9in

i

B \;\;\:\?{\:\h

i

FIG. 17A

9
AP |
db
loss

Pl

FIG. 21A " frte

db
loss

FIG. 21B

000007



US 7,307,829 Bl

96

)
A

O4h

* 95b

13~

4
-

Sheet 7 of 11

o2b ¥
f,ﬂﬁ

—tr—y

AR

N /.m//x.mvn

2 —
J

P //X/IZ////V//.—’

Dec. 11, 2007

o

\1\\\\\\\\&\

DO

T IT

L//..-'..-’// ,7

FIG. 18B

SNCINS NN

.n/..// z,.f/,.._.., //

T ITAS,

T IT I

SRR A /.,ff

SN S NN

i L

DRERRAN

\Q\\\x\x

%\\\\\\\\\x\\

P, //f /z’/ /.-"//z'}-’/v’_f TP

oRa

oRa

L
L]
L]
]
[/
ﬁu
L]
|1

U.S. Patent

FIG. 18A

79

1
bz

00
7
i

i
5

m v

Kedi

\

L

Q00008

P~
P,

/

A

\

v 0 05

FIG. 19A
FIG. 198



U.S. Patent Dec. 11, 2007 Sheet § of 11 US 7,307,829 Bl
o5
e 0 /G 13
R N R Y
Y AN e 40
PR T AR
0 'f e "’:‘/:“‘{;‘ :}f\.‘-';:;:
;Eé' # - ” ‘ M
©8 b
70
/4 72 y R
FIG. 22A el
| {fg H'/f‘f" |
77
e, | 477 | o
N
o8 59 T
: FIG. 22B
& J
S
™
&l
10 i‘* 3
/K ; Q?M
74 /o
75
FIG. 23A )] A
B
P H/ ),
Ry —”:T 4 ‘f"g 13
KL
% &9 7o o
FIG. 23B

000008



US 7,307,829 B1

Sheet 9 of 11

153
/
2

k
"
E
F
.

a3
7]

|
|
|
|
FIG. 24B
BB
i
a5
o4 4

000010

FIG. 25B

Dee. 11, 2007

U.S. Patent

N N . J
_ // 3 NESSSSN Y BY:
SESES R ﬁm b H
=N
i = L
i =
i ﬂ;.v%mrk././ﬁ/rﬁ_ < 1
. ﬂﬂzﬂhﬂrffﬂﬁjlu./ Lo ﬁ
N R < SV e N A B Y
? b o 5 3[R RS
x ..“"_.. AR Nﬁf V./;u%ﬂ.ﬁ O y _\.__ \
1 Y
oo W/ Ny | W A
SN = iy
it | < [\ o Ny |
o g v <+ o NS o N < VLN
AR MA e i N S rﬁn =y
LR 1§V R 9 )
i 3 —
ANvEERRRAY } R\ Nk _ 4
e O Y it !
ST S o N _ L w./,__
X N S b
|
b R R
RN
R
SR
.r.._“r e ).JM..../ /_ #H
R = ||

/d"‘- o o



U.S. Patent Dec. 11, 2007 Sheet 10 of 11 US 7,307,829 B1

8
40 o P 40 b
I s 1Il 1 I 2 L - 1
/o PISILEIL LTSS f/* 160 l ///3 100
I '\Lf’ ol K 1 \\4 .
DAV AN N~ 10
65— 1 NZNG il |
MY AN Nl L — "5
/\.r‘\./" :\/K’/- :\/.-‘ __\ e l =l =
R BN I YA A 88 :EJW
AR NN ONIN AN AN SLTP 11 [\
B~poy AL SSS, /f}?f”_f;l-—.:éf — 1
FIG. 26A FIG. 26B
14!
40 '

x"ém/f/x 777777 ///’

"\\'
‘\:' ""{59 ‘,‘ﬂ-j_
5 —[ ﬁﬂ
N 44 “wf ‘}f‘ﬁ?""
________________ a4 N
FIG 27A FIG. 27B
o, b 13 » 163
I N +—"—\ ¥ é«/&ﬂ ¥
,,,,,,,,,, ez A |
::./’:\ i .a-.;\ q‘\._m_.-"‘" | kﬁ_’ﬁ.
NGRS ] |
YA Q:L - L oL
*:/\; 21N 7 _I"\(Bng'/"'- ‘ — E_f;ﬁ’ >
;4::-';5/,3,_;,;5 | ==
J WA /\'N’..-\:: é4 _H"\_;:f_.-r*"" . _éﬁ
Y ¥ //////..-’/‘;’E:)\—é/ , = | = il
LT 40
FIG. 28A FIG. 28B

000011



U.S. Patent Dec. 11,2007 Sheet 11 of 11 US 7,307,829 B1

] Yodo

.,l.!mnmmmuwm,4 4 ) o

““H a4 érié "

'g’fa'\ .f/r" /Jllrf i A /.-"JIH .r’-/
&5~ WA ¥4 f_gff?%
Fd 1 P 17

”||||i|||;|]|- Y Y 193

| |||||||||||”|”"'I1| 93&-*3 s ‘,f‘%j:; Z :}/ par: -E"‘Jé/

FIG. 29 1 -

000012



US 7,307,829 Bl

I
INTEGRATED BROADBAND CERAMIC
CAPACITOR ARRAY

CROSS RETERENCE TO RELATLED
APPLICATIONS

This application is a continuation-in-part of U.S. appli-
cation Ser. No. 11/199.978, filed Aug. 9. 2005, now U.S. Pat
No. 7,075,776, which 1s a divisional of U.S. application Ser.
No. 10/984,025, filed Nov. 8, 2004, now U.S. Pat. No.
6,970,341, which is a continuation-in-part of U.S. applica-
tion Ser. No. 10/412,992, now U.S. Pat. No. 6.816,336. filed
Apr. 14, 2003, which. in tum, is a continuation-in-par ol
U.S. application Ser. No. 10/150,202, now U.S. Pat. No.
6.587,327, filed May 17, 2002, the entireties of which are
incorporated by reference herein.

FIELD OF THE INVENTION

The present invention relates o miniature monotithic
capacitors.

BACKGROUND OF THE INVENTION

e developiment of imegraled eirenils his made it pos-
silile 1o ploce many clrenit elements oo single sémieoi.
duetor chip. Where part or all of the ciroun s an aonlog
circuil. such os o rdio frequency imnsmitler or receiver,
sudio amplifier, or other such circuit, circoit design reguires
Inmped elements that connot be readily. realized 1 mono-
lithie integrated cireuits, Copoacitors i particulor ore (re-
quently ereated o8 separte elements fom the mtegmed
circuit. [he electrome device thus typieally e hudes mome-
[ithie imtegrted ciremits combined with external copacitors

For suel applicitions, monalithic cernmic copocitons have
heen nsed. For expmplesingle capncitors made of ceranue
inikerials, are known in (e o, These are relatively small in
size and con be surfuce mounted to o surfice mount cireut
board, or gleed and wire bonded 10 o subsinie oo hybngd
circtil layoun

FIG. 1A shows o lumped element mosde] for o capacitor
I this iden] model, the copacitor provides an ideal voltnge!
current relationship

v

P ol
b e

Unfortunately, particularly at high frequencies, capacitors
used in electronic circuits deviate substantially trom this
ideal relationship. These deviations are generally modeled
as an equivalent series resistance and equivalent series
inductance, along with a capacitance that varies over fre-
quency. In accordance with this model, a capacitor behaves
as a series L-R-C circuit as illustrated in FIG. 1B. At lower
frequencies, the dominant impedance is the capacitive ele-
ment C; however, at increasing frequencies the impedance
of the capacitive element C decreases and the impedance of
the inductive element L increases: until, at the resonant
angular frequency (LC)™*, the inductive element becomes
predominant, and the element ceases performing as a capaci-
tor. Simultaneously, the capacitor dissipates some stored
energy (typically through heating of conducting plates and
traces), as represented by the series resistance R.
Capacitor design typically must compromise between
capacitance value and equivalent series resistance and

o

7
&

ta
o

G0

65

2

ductance: grealer capacitance typically can be created only
at the cost ol increased series resistunce and inductance
Accordingly. equivalent series resistance and inductance are
not avoidable. and electronic design must take them into
account, particularly in high frequency products such as
broadband receiver/transmitters. short wave devices. and the
like

Various monolithic ceramic structures have been devel-
pped 1o provide relatively smoll copaciiors for haghly -
arated applications. A first such structure, shown in FIG. 2A,
is known as a “multilayer ceramic capacitor”. This structure
is formed by stacking sheets of green tape or greenware, i.e.,
thin lavers of a powdered ceramic dielectric material held
together by o binder that i typically organic. Such sheats:
typically. although not necessarily. of the order of five inches
by [ive inches. can be stacked with additional layers, thirty
to one hundred or so layers thick. After each layer is stacked,
conductive structures are printed on top of the layer, to form
internal plates that form the desired capacitance. When all
layers are stacked, they are compressed and diced into
capacitors. Then. the compressed individual devices are
heated in a kiln according to a desired time-temperature
prolile, driving off the organic binder and sintering or fusing
the powdored eoranie materinl ite a monalithic stroeture.
I'he device is then dipped in condoctive matenal o Tomm end
terntinations for (he internal conductive strectures, suitable
for suldenng oo serlece mount cireuit boaed o ploing and
wire bondimg to o hvbrd circuit,

Ihe printed conductive struciures sre arrmnged ina pattenm
thm prowides one or more parallel-ploe. copacitors: For
example. in (he fypical strociure shown in FIG, 24, intemal
plutes 10 and 11 hove been lormed which extend [mong
adiernaie sides of the combingd struciure. The canductive
mizsterial 12 and 13 i eoch end [doms o common conneelion
pait foresch plote extending o than side. Plates 10 extend
in pairs, each ineluding an upper plate 10-and o lower plate
PO o the Jeht sidie, and plates 11 extend similardy in pairs,
each metuding an upper plate 11 and a lower plote 11" from
the nght side. forming parallel plate copacions between euch
seb of adiacent plates W0 and 01 smel 000 and 11 The
ilhisteited stroeture is arrnged W reduce equivalent series
reststance and induetonce, by virte of the plates 10 and 11
extending an poirs from each side. In other embodiments,
plates extend individually from opposite sides, such as in the
multilayer ceramic capacitor shown in FIGS. 7A and 7B and
discussed below.

tsach pair ot overlapping plates 10 and 11 extending from
opposite side metallizations 12 and 13, forms a parallel plate
capacitor, such that the entire device forms a network of
parallel connected capacitors as shown in FIG. 2B, which
can be soldered to the traces 14 of a surface mount circuit
board. The resulting equivalent capacitance value is rela-
tively large for the device size, albeit subject to imperfec-
tions due 10 resistance in the many current-carrying conduc-
live structures, and mnductance resulting from many plates
carrying currents flowing in opposile directions.

F1G. 3A shows an alternative known capacitor structure
developed by Dielectric T.aboratories, Inc. of Cazenovia,
N.Y. and described in detail in 1J.S. Pat. No. 6.208,501. This
structure includes a ceramic chip 20 having conductive end
plates on its opposed surfaces, which is bonded by conduc-
tive epoxy 22 (o conductive end terminations 24 which can
then be soldered to the traces 26 on a surface mounting
circuil buard. As can be seen in FIG. 3B, the net effect is a
single capacitor, rather than a parallel array, between the
conductive ends of the device. As there is only one capacitor
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3
in this device, it has pood high frequency performance
(reduced resistance and inductance) but has a relatively low
capacitance value.

['1G. 4A shows a second alternative capacitor structure
developed by American Technical Ceramics Corporation
and described in detall in U.S. Pat. No. 5,576,926. This
structure includes a layered ceramic chip having an internal
conductive plate 30 positioned to overlay conductive plates
32 and 33 extending along an outer surface of the device
from conductive end terminations 34 and 35. As before, the
conductive end terminations may be readily soldered to the
traces 36 of a surface mount circuit board. As seen in FIG.
4B, the net etfect is a series combination of two capacitors,
between the conductive ends of the device. As in this case
there is & series combination of capacitors (which has a
lower capacitance value than either capacitor individually),
the device has good high frequency performance but rela-
tively low capacitance value.

A third alternative capacitor is shown in FIG. 5A. Here,
the ceramic chip 20 with opposed conductive surfaces,
shown in FIG. 3A, has been mounted directly to the trace 40
ol'a hybrid circuit device. The opposed side of the capacitor
has been wire bonded through wire bond 42, to the opposite
trace 44 of the hybrid device. In this case, the equivalent
circuit diagram (I'IG. 5B), and performance issues are the
same as those with regard o the capacitor of T1G. 3A.

A final alternative capacitor is shown in FIG. 6A. Here. a
scries capacitor (F1G. 6B) has been formed between metal-
lizations 51, 52 and 53 that are strictly on the outer surfaces
of a ceramic chip 50. This alternative is similar to the device
shown in FIG. 4A, but the internal metallization has been
moved to the outer surface. This device is less complex to
manufacture than the device of FIG. 4A, but provides lower
capacitance value owing to the distance between the met-
allization layers 51 and 53 and the opposed metallization
layer 52

As can be seen, each known structure represents a tradeoft’
between capacitance value and broadband performance. One
known approach to managing series resistance and series
inductance, is to parallel connect two capacitors, such as
shown in FIG. 7. In FIG. 7, a larger value capacitor Cl1,
chosen for its large capacitance value, is comecled in
parallel to a smaller value capacitor, chosen for its small
equivalent series resistance. As will be appreciated, this
circuit exhibits multiple resonant frequencies, a first at the
frequency (L1C1)™°>, and a second at the frequency
(L2C2)™7. Typically the larger valued capacitor C1 would
have the larger scries resistance and inductance value and
thus the lower resonant frequency, whercas the smaller
valued capacitor C2 would be chosen for high frequency
performance resulting from low series resistance and series
inductance values. At low frequencies, the larger value of C1
will produce acceptable performance, whereas at higher
frequencies, where C1 behaves increasingly less like a
capacitor and more like an inductance, C2 will be below its
resonant frequency and perform well as a capacitor through-
out the frequency of interest.

The paralle] capacitor approach has been utilized in
conjunction with ceramic chip capacitors, to improve the
high frequency performance of those capacitors. Specifi-
cally. referring to FIG. 8A, one known broadband ceramic
capacitor structure uses a multilayer capacitor, such as that
described above with reference to FIG. 2A, which is stacked
above and soldered or bonded 10 a single layer, high [re-
quency capacitor such as that described above with reler-
ence o FIG. 3A. The resulting combined structure is wave
soldered or bonded together with epoxy. producing a parallel

o

Q

n
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combination of low and high-lrequency capacitors secking
to achieve broadband performance. A second known imple-
mentation of this concept is shown in FIG. 8B. There. one
of the side terminals of a multilayer capacitor such as
described above with reference to FIG. 24, is tilted against
the upper surface of a single-layer, high frequency capacitor
such as that described above with reference to F1G. 6A. The
upper surface of the single-laver capacitor thus forms a first
terminal of a parallel capacitor combination, that is wire
bonded to a circuit board trace 36 in the manner described
above with reference to FIG. SA. The opposite side terminal
of the multi-layer capacitor and the bottom surface of the
single-layer capacitor are connected to a second trace 36 of
the circuit board, thus forming the second terminal of the
combined parallel capacitor combination.

While parallel capacitor combinations such as shown in
FIGS. 8A and 8B have been used with some success in
commercial devices, these combinations sufter from a num-
ber of drawbacks. First, the measured capacitance of these
parallel combinations exhibit variations (resonances and
dropouts), likely due to a mismatch between the resonances
of the effective L-R-C circuits that are created by (he parallel
connected capacitors. Furthermore, the upper frequency
response of even these parallel combinations may not meet
the requirements of very wide band (Gl1z) devices in current
use. Also, the mechanical stacking of dual ceramic capaci-
tors in the manner shown is not casily compatible with “tape
and reel” assembly methods and thus, are cumbersome and
expensive to implement in mass production. Further,
mechanically stacking dual ceramic capacitors increases the
overall height of the circuit board assembly above that of a
board having only single ceramic capacitors.

There accordingly is a remaining need for a broadband
capacitor meeting the performance needs of modern wide-
band circuits, while maintaining the size and cost eflicien-
cles of existing ceramic capacitors.

SUMMARY OF THE INVENTION

The present invention provides a capacitor having an
effective wideband performance in an integrated, cost-effec-
tive structure, The capacitor of the present invention is an
integrated array of capacitors comnected in series and/or
parallc] circuits in a substantially monolithic diclectric body.
The composition of the integrated capacitor array can be
varied in order to tune the wideband capacitor to a particular
application. Further, the integrated capacitor array of the
present invention provides superior performance by provid-
ing less insertion loss than combinations of discrete capaci-
tors. In addition, the wideband capacitor of the present
ivention is smaller and easier to handle and mount on a
circuit board than combinations of discrete capacitors.

In accordance with principles of the present mvention, a
monolithic capacitor includes both a mulu-layer, lower
trequency, higher valued capacitor and a higher frequency,
lower valued capacitor. More specifically, a dielectric body
includes a series of conductive plates arranged in a substan-
tially parallel and opposed configuration in one region of the
body, to form the lower frequency, lower value, capacitor. In
another region of the dielectric body, other conductive
structures or plates are positioned to lorm a higher fre-
quency, lower value capacitance in parallel with (he lower
frequency, higher value capacitance,

In specific disclosed embodiments, the conductive struc-
tures may be one or more conductlive plates positioned
inside the dielectric body with respect to a conductive
floating plate. Alternatively. the conductive structures may
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be placed either on an external surface ol the dielectric body.,
ar inside the dielectric body and connected by one or more
vias 1o plates on an external surface of the dielectric body.
The conductive structures can further be opposed edges that
are positioned to form a fringe-cflect capacitance.

In the disclosed embodiments. the capacitor has a sub-
stantially monolithic dielectric body formed from a plurality
of ceramic tape layers laminated together in a green ceramic
state and fired to form a sintered or fused monolithic ceramic
structure. However, other dielectric materials and assembly
methods may be used. Further, in the disclosed embodiments
the dielectric body has a hexahedral shape, with electrical
contacts positioned on opposed end surfaces. However,
other shapes may also be used.

The above and other objects and advantages of the present
invention shall be made apparent from the accompanying
drawings and the description thereof.

BRIEL DESCRIPTION OF THE DRAWING

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate embodi-
meits of the invention and. together with a general descrip-
tion of the invention given above, and the detailed descrip-
tion ol the embodiments given below, serve to explain the
principles of the nvention.

FIGS. 1A and 1B illustrate a capacitor and the known
equivalent model therefor.

FIGS. 2A and 2B illustrate a known multtilayer monolithic
capacilor structure and its equivalent circuil diagram.

FIGS. 3A and 3B illustrate a known high [requency single
layer monolithic capacitor structure and its equivalent circuit
g,

FIGS. A and A8 ilTostrane o known ligh frequency baned
lnver el it capacitor stcture sid its egoivalen cireut
diggrnm,

UGS, SAaned B illustrote o koown el frequency single
litwer imonodithiee copacitor stracture und s eguivalent circnil
diogram

FIGE 6 and 61 illustrre o konown high frequenicy sinple
lnyer monalithic copacitor strictire and its equuvalent cironit
diagrm,

FIC: 7 illustrates o girenit divgram of @ known paraliel
combination of eapacitors to form o widehand capacitor

FIGS, 84 and 813 iHostrte known implementations of o
parallel combimation of capatitors using known capaciiors
previously dlustrated.

FIG, 9 illostemtes o st embodiment of an inteesited
widebond capocitor b occordance with one aspect of the
present anvention, oond FIG. 913 llustimtes an equivalen
cireuil diagrm

FIG. 10A Hustrmes a second embodiment of an inte-
wrated  widehand  capacitor in accordonee with fonthe
aspects of the present invention, and FI1G, 1013 ilhestrates oo
equivalent circuit diagram for this embodiment.

FIG. 11A illustrates a third embodiment of an integrated
wideband capacitor in accordance with further aspects of the
present invention, and FI1G. 1113 illustrates an equivalent
circuit diagram for this embodiment.

FIG. 12A illustrates a fourth embodiment of an integrated
wideband capacitor in accordance with further aspects of the
present invention, and I'IG. 1213 illustrates an equivalent
circult diagram for this embodiment.

F1G. 13 15 an end view of the embodiments ol FIGS. 10A
and 114 in accordance with further aspects of the present
mvention.
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FI1G. 14 is a perspective view of another embodiment of
an integrated wideband capacitor in accordance with the
principles of the present invention.

FIG. 15A illustrates an embodiment of the capacitor of
FIG. 14, and FIG. 15B illustrates an cquivalent circuit
diagram for this cmbodiment.

FIG. 16 is a perspective view of a still further embodiment
of an integrated wideband capacitor in accordance with the
principles of the present invention.

FIG. 17A illustrates an embodiment of the capacitor of
FIG. 16, and FI1G. 17B illustrates an equivalent circuit
diagram for this embodiment.

11G. 18A illustrates another embodiment ot the capacitor
of VlG. 16, and

FIG. 18B illustrates an equivalent circuit diagram for this
embodiment.

FIG. 19A illustrates a further embodiment of the capacitor
of FIG. 16, and

FI1G. 19B illustrates an equivalent circuit diagram for this
embodiment.

FIG. 20A illustrates a still further embodiment of the
capacitor o FIG. 16, and FIG. 208 illustrates an equivalent
circuit diagram for this embodiment.

FIG. 21A is a graph representing insertion loss of a
combination of discrete capacitors such as those shown in
FIG. 8A.

FIG. 21B is a graph representing insertion loss of an
integrated wideband capacitor such as that shown in FIG
9A.

FIG. 22A illustrates a further embodiment of an integrated
wideband capacitor in accordance with further aspects of the
present invention, and FIG. 2213 illustrates an equivalent
cirouit dimgram for this embodiment.

FIt:. 234 ilustmates o slill lorher eobodinwent ol on
integrated wideband coapacitor in accordance with further
uspects of the present pventon, aod Flee 2308 ilhustrates on
eequivalent eircait dingram for s embodinen

Flti, 24A illusirates a still funber embodinient ol an
inteprated Wideband capacitor - accordonee with furthar
nspects of the preseot invention. ood FIG. 2413 illustroates an
egiivadent circuit diagram for this embodiment

FIG, 254 illustrites o st fother embodiment of an
inteemited widebamd copacitor i actordance with further
aspevts ol the presenl inventio, aod FIG, 258 illistrates an
equivalent circuit dingram for this embediment,

FIG, 264 ilustrates o still forther ambodinsen of an
mtegrmted widchand capociter in necordance with further
nspects of the prosont invention, and FIG, 268 illustrotes an
cquivalent circuit divngrom for this embadiment,

FIG: 27A illustrates o still funber embodiment of on
integrated wideband copacitor in sccordonee with further
sepects of the present invention, and FIG. 270 illustrotes an
equivialent cireuit diagram for this embodimen

Flei, 28A illustrates o still fonber eobodiment of an
imegrated wideband copacitor mn accordence with lurilier
aspects of the present invention, and F1(G. 281 illustrates an
equivalent circuit diagram for this embodiment.

FIG. 29 illustrates an exemplary application of the inte-
grated wideband capacitors shown and described herein in
accardance with further aspects of the present invention.

DETAILED DESCRIPTION

Referring now (0 FIG. 9A, a [irst embodiment of an
integrated capacitor in accordance with certain aspects of the
invention can be described. In this embodiment. an inte-
grated multi-layer and high frequency capacitor includes an
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upper section 60 including a multi-layer structure similar to
that discussed above with reference to FIG. 2A. including,
plates 19 and 11 extending from conductive contacts 12 and
13, respectively, on opposite sides of a ceramic dielectric
body. In this embodiment. individual plates extend from
cach side contact. rather than pairs of plates as shown in
FIG. 2A. Using single plates in this manner increases the
series inductance and resistance. for the reason that more
current is caused Lo flow over each individual plate: how-
ever, more plates can be included in the capacitor using
single plates, allowing an increase in capacitance value.
Thus, the decision to use single or multiple plates 1s a
tradeoll’ between capacitance and series resistance and
inductance

In the embodiment of FIG. 9A, a high frequency capacitor
54 is formed in a lower section 62, from two additional
internal plates 66 and 68 which extend from the end contacts
13 and 12, respectively. These internal plates are connected
by vias 70 to external conductive plates 72 and 74, respec-
tively, which are printed on the first and second exterior
surlaces 58, 59, respectively, ol the ceramice dielectric body
65. Multiple conductive paths are thus provided (o the
interior plates 66 and 68 to reduce scries resistance. Plates
66 and 68 are capacitively coupled to a floating interior plate
76, forming a series combination of capacitances 67, 69,
from plate 66 to plate 76, and from plate 76 to plate 68. The
internal plates 10, 11, 66, 68 and 76 arc substantially
perpendicular to the external surfaces 58, 59; and the capaci-
tor 54 is often mounted with the external surfaces 58, 59
substantially parallel to a major surface 61 of a printed
circuit board (“PCB”) 63.

It has been found that the high frequency performance of
the device of FIG. 9A is atfected by the relative position of
plate 76 and the nearest mulii-layer plate 10 in upper section
60 of the device directly above plate 76. Accordingly, the
high {frequency performance 1s a function of the capacitance
between plate 76 and the plate 10 immediately above plate
76 in the upper section 60 of the device.

Referring to FIG. 9B, the equivalent circuit diagram of
operative capacitances in the capacitor 54 of FIG. 9A,
includes not only capacitances 67. 69, 75 between plates 66,
76 and 68, and between plates 10 and 11. respectively, bul
further capacitances 77 between plate 76 and plate 10 [rom
the upper section. The multiplicity of capacitances and their
interrelationship is believed to permit fine-tuning of high
frequency response of the device, e.g. by tuning out reso-
nances that cause dips in the curve of capacitance vs.
frequency. When the multiple capacitors have peak perfor-
mance arcas that are closely spaced in the high frequency

(GHz) range of operation, when combined, the result can be s

a flatter frequency response than is possible in prior
approaches of stacking multiple discrete ceramic capacitors
such as shown in FIGS. 8A and 8B.

FIG. 21A illustrates a typical plot of insertion loss as a
function of frequency that is obtained when discreet capaci-
tors are connected in parallel substantially as shown i FIG.
8A. 'lypically, the insertion loss experiences ane or more
increases, such as that shown at a frequency f1. FI1G. 21B
illustrates a plot of insertion loss as a function of frequency
for the broadband capacitor illustrated in FIG. 9A. As can be
seen, the insertion loss is relatively smooth throughout a
broad range of frequencies. In the example of F1G. 94, the
bulk capacitance in the Jarger value, low [requency upper
section 60 can be made 1o have a capacitance in a range of
about 10-100 nanofarads. Further, if the capacitance in the
lower value. high frequency lower section 62 is made to
have a capacitance of about 82 picofarads, the insertion loss
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plot of FIG. 2113 is relatively smooth over a [requency range
ot about 10 KHz to 10 Ghiz and higher.

FIG. 10A illustrates an alternative structure for a capacitor
55 that embellishes the capacitor network described in the
theory of operation of the capacitor of FIG. 9A. Specifically,
in this device, the external conductive plates 72 and 74 in the
lower section 62 of the device have been extended toward
each other so as to create a capacitance between plates 72
and 74 based upon fringe electric field extending to and from
the adjacent edges of those plates.

Also, the edges of floating internal plate 76 have been
withdrawn toward the interior of the device, which has the
etlect of lowering the capacitance and inductance between
plate 76 and plates 72 and 74. The reduced capacitance
results from the reduced area of plate 76 that is opposed by
plates 72 and 74. The reduced inductance results from
reduced distances through which there are opposed current
flows in plates 76, 72 and 74. Furthermore, the withdrawal
of the plate 76, permits some direct capacitive coupling
between plate 66 of the lower section 62 of the device and
plate 10" of the upper section of the device, introducing an
additional capacitance to the device.

Finally, in this device, dual plates have been used in the
upper section 60 of the device to reduce series resistance and
inductance, albeit at some expense of capacitance value. The
use of dual or single plates in the upper section 60 is a
possible design choice for any embodiment of the invention
described herein, regardless of the clements used in the
lower section 62.

Thus, the equivalent circuit diagram of the capacitor 55 of
FIG. 104, shown in FIG. 10B, as compared to the diagram
of FIG. 9B, includes an additional capacitance 79 between
plates 72 and 74. This additional capacitance is shown in
dotted outline in FIG. 10A, reflecting that the fringe capaci-
tance between plates 72 and 74 may be relatively small
compared to the other parallel plate capacitances in the
remainder of the lower section 62 of the device. However,
this capacitance may well affect the very high frequency
performance of the device.

The equivalent circuit diagram of FIG. 10B is further
different from FIG. 9B, in an additional capacitance 81
between plate 66 and plale 10'. This additional capacitance
will provide an additional resonance that can aid in Qatten-
ing the high [requency performance ol (he device.

The equivalent circuit diagram of FIG. 10B is still further
different from FIG. 9B, in that the capacitances from plates
66 and 76 to plate 10' in the upper section 60 of the device
arc independently connected to the end terminal, i.e., current
flows to and from plate 10' independently of any current flow
in the plates 10 and 11' which form the lowermost parallel
plate capacitor in section 60 of the device. Providing an
independent current flow path, via plate 10, for capacitive
current flowing from plate 76, may affect the equivalent
series resistance and inductance of the high frequency
portion of the device and thus prove an important design
feature. It will be appreciated that an independent current
path for capacitances coupled from the lower section 62 of
the device, provided by a plate positioned in the manner of
plate 10"in FIG. 10A, may be used in any embodiment of the
invention, regardless of whether that embodiment also
includes dual plates throughout the upper section 60 of the
device as is the case in FIG. 1A

Referring now to FIG. 11A, in a lurther embodiment, an
upper section 60 ol a capacitor 56 is formed as in FIG. 10A
wilh pairs of plates 10/10" and 11/11" extending, [rom respec-
tive end terminals 12 and 13. The lower section 62 includes
a structure distinet from that of FIG. 10A in several respects.
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Firsl. the internal plates 66 and 68 and the vias connecting
those plates (0 external plates 72 and 74, have been elimi-
nated. In the space occupied by plates 66. 68 and 76 in the
device of FIG. 10A, are two floating plates 76.A and 763,
which capacitively couple directly to the external plates 72
and 74. Plate 76A is placed closest to plates 72 and 74 and
has a smaller horizontal extent than plate 76B. Capacitive
coupling can thus oceur, between plates 72 and 74 and plate
76A, as well as between plates 72 and 74 and plate 7613,
Furthermore, plates 76 A and 7613 are capacitively coupled to
cach other. Also, plate 76B is capacitively coupled to the
lowermost plate 11' of the upper section 60 of the device.

The capacitor 56 has a complex network ol capacitances
as shown in FIG. 11B. As can be seen. the network of
capacitances provides a substantial number of capacitances
that can be adjusted (c.g, by altering the size. placement or
number of the floating plates 76, and the size of the plates
72 and 74), to optimize high frequency performance of the
device.

Another embodimoent i illosteoed o FIG 128, wheresin
a capucitor 57 hos single plotes 10 ad 11 in the upper
section 60 of 1he device. However, the single plates 1 angd
11 areswithelrwn pelative w their positions in the devices of
FIGS. 94, 10A and 11A, reducing (he overlap of sdjacen
plates 10 amd 11, As b oresull, e capaciinee amd series
inductapce of e éapacilors i e upper section 60 ol the
device are reduged, dve W decreased appased aren and
decrepsed opposed cument Dows, Furthermore, 1n the lower
section 62 of the device, the ormngement of plotes shown in
the preceding figores has been replaced with o plomlity of
interior plates 6.4, 60 and 660 extending Trom feminal
13, aml o plurnlity of inenor ploies 684, 681 and 68C
extending from teeminal 12, eoch respectively opposed
edge-to-edge by ane of o phoality of interior Qoolieg plote
ToA, ToB aml 760 1w form series capscilor s Further-
mare, e Aoating plates ToA. 7613 and 760 are vapscilively
coupled to each other, ond the uppermost doating plate 760
18 capacitively coupled w the. hvwemmusst plme 10 of (he
upper section 6l of the device: The momiber of Hoatmg plites
To and interior plates 66 and 68 s sobject o adjustment Lo
achieve o desired capacitance. Furthermore; the plites /6
and 68 may be positioned on aliemating lavers relative 10
plates” 76 1o decrease the likelibhood of breakdown paths

formang aloog layer boundores: in the ceramic diclectric

material,

Flca, 121 ilhstres the equivalent eireuit disgeam lor the
capacitor 87 of FICG. 124, Notably, the plural series capaci-
for pairs 1XT, 139 interconnected by capacitors 1460 in this
embindiment provide, g5 before, @ lanze mamher of capaci-
tnnces ot may be adjusted 1 oplimize ligh Trequency
perlormance. It will be poted it sddiional, variable
capocitinces may be created by stogzerng the widihs of the
Mosting plates 7o relative o the plases 66 and 68 =0
plates 76, 66 and 68 couple fce-to-fooe o each other aswell
s ol Gringee Gelds coupled e the alges of iose plites,

In a still further embodiment. external conductive plates
141 and 142 are connected to the external conductive
contacts 12, 13, respectively. An external floating conduc-
tive plate 143 is placed between the ends of the conductive
plates 141, 142 and is not connected to either of the contacts
12, 13. As shown in FIG. 12B. the floating conductive plate
143 is sulliciently close to the ends of the plates 141, 142 as
to form serial fringe-eflect capucilances 144, 145 (herebe-
tween and an interconnecting capacitunce 146 with plate
76a. Again, the capacitances can be adjusted to optimize
high frequency performance.

e

60
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Relerring now w FIG. 13, an end view ol the devices of
I1GS. 10A and 11A can be used to discuss additional high
frequency optimization steps. FIG. 13 shows a device
mounted to a surface mount circuit board 80, having a
non-conductive outer surface 82 and a buried ground plane
84 of conductive material. Conductive traces 86 run along
the upper surface 82 of board 80, to interconnect compo-
nents such as integrated circuits, discrete capacitors, and the
like. The devices of FIGS. 10A and 11A include external
conductive plates 74 and 76 which may be directly mounted
to these conductive traces using conductive epoxy, or wave
soldering.

F1G. 13 illustrates that the width of the capacitive device
may be wider than the width of the conductive traces 86
formed on the circuit board 80. In this event, the external
conductive plates 72 and 74 may be formed with a width that
matches that of the traces 86, to avoid unintended capacitive
coupling to ground plane 84 from plates 72 and 74. As seen
in FIG. 13, when plates 72 and 74 (plate 72 being seen in
FIG. 13) are the same width a% the (roees 86, no additioan)
vapaciive coupling o emond 15 ereated by plates T2 and 74
The weieleh of the dnteroal plites such as 66, 68, 76, 1 and
11 may be wade oarow s well, but likely con be made as
wide as the entire device, for the reason that plates 72 and
T4 are substntially closer o gromd plane 84 than the other
plates internal 1o the deviee and thus are more likely o
ereate coupling 10 gronnd,

FIGS. 14 and 15A illustrate a further embodiment of o
capicitor 1200 comprised of un integrated capacitor array
Crwverlapping conductive: plates 10, 11 are connected 1o
external conductive contacts 12, 13, respectively, Condue-
tive pads 121, 122 extend over respective upper md lower
surfaces al the capacitor 120 and are electreally conmected
i the contact 12, Simalarly, conduetive pads 123, 124 also
extend over respectivie upper and lower surfices of the
enpacitor 1200 and are connected to the enntact 13, The
conductive pads 121-124 faciitaie mounting (he capaciior
P20 1o circuits on o oprinfed circuit board. Ax previdosly
described, o lower frequency, higher value copacitor section
6l pravides o plurality of pamllel capacitnnoes 75 berween
conductive plates 10, 11,

Tl ends 125, 126 of e respective conductive pads 121,
123 twe dispused on the wpper surlbce of the cupueitor 120
sulliviently elose i eoch olher so thit o linge-ellee) cupi-
fance 127 (FIG. 158) s formed therebemween, The fringe-
effect cupacitor 127 fonned between the ends 125, 126, of
respective pads 121, 123 provides an imegmted, higher
[requency: [ower value copacitanee scetion 620 [ o similar
mimnner, o fringe-cfeer capacitance 129 is formed between
the ends 130, 131 of the respective pods 122, 124 an o lower
side of the integrted capacitor 120, The fringe-e{lec)
caprcitanes 129 provides o second, higher reguency, lower
valug enpienonce section 62h thel s substantially identicol
fo (e copocitonce seetion 62a. While the. Iringe ellic
capacitunees 127, 129 may be relativey simal] compared 1o
olher everdapping porallel plate cppocitances 75 within the
capacitor 120, the fringe effect capacitances 127, 129 have
been found to effect the high frequency performance of the
capacitor 120.

The ends 130, 131 may be separated by only 0.002 of an
inch. In order to minimize the opportunity for conduction
between the ends 130, 131 of the respective pads 122, 124,
an insulating coating or material 132 is provided therebe-
tween. The insulating coating 132 consists ol either a high
lemperature fired insulator, for example, glass, or a low
temperature curing material, for example, epoxy, silicone,
polymer, etc. However, in other embodiments, depending on

000017



UsS 7,307,829 Bl

11

the size ol the gap between the ends 125, 126 ol respective
plates 121, 123 and other factors, a capacitor designer may
choose not to use an insulating material between the ends
125, 126. FiG. 14 also illustrates another alternative
cmbodiment in that the ends of the chip arc provided with an
insulating coating 128 to provide an clectrical barrier from
shorting with other devices. The msulating coating 128 15
substantially similar to the insulating coating 132. An oxi-
dation process or an anodizing process of the underlying
termination material is also compatible and a viable alter-
native.

FIG. 16 illustrates another example of a broadband
capacitor 87 having integrated capacitor array. As shown in
FIG. 17A, the broadband capacitor 87 includes a low
frequency, higher value bulk capacitor section 60 comprised
of a first plurality of conductive plates 10 connected to an
external contact 12 and a sccond plurality of opposed
parallel plates 11 connected to the external contact 13. As
shown in FIG. 17B, in an equivalent circuit of the capacitor
87, the plates 10, 11 form capacitors 88 within a bulk
capacitance section 60. It should be noted that the plates 10,
11 are disposed at an orientation that is substantially per-
pendicular to an external surface 64 of the dielectric body 65
and a longitudinal centerline 89 of the broadband capacitor
87. [urther, in use, one of the metallized contact areas 12, 13
is attached to a conductor (not shown) extending over a
major planar surface 61 of a PCB 63, so that the external
surface 64 is substantially parallel to the major surface 61.
The plates 10, 11 are substantially perpendicular to the PCB
major surface 61.

The broadband capacitor 87 further has a pair of higher
frequency, lower value capacitor sections 62a, 626 that are
disposed at opposite ends of the bulk capacitor section 60.
Each of the capacitor sections 62a, 62b has a respective
conductive floating plate 90a, 905 that is not connected to
either of the metallized contact areas 12, 13. First electrode
plates 91a, 915 form respective capacitors 92a, 926 with
respective floating plates 90a, 90h. Similarly, electrode
plates 93a, 935 form respective capacitors 94a, 945 with the
respective floating plates 90a, 90b6. The plates 91, 93 arc
non-overlapping with each other and operative to provide a
series circuit of the capacitors 92, 94. In addition, capacitors
954, 95b are [ormed between one of the plates 10 and a
respective plate 934, 938,

Referring to FIGS. 18A and 18B, another example of an
integrated capacitor array is represented by the broadband
capacitor 96. The low frequency capacitance section 60 and
high frequency capacitance scction 6256 of FIGS. 18A and
18B arc substantially identical in construction to the low

frequency capacitor section 60 and high frequency capacitor s

section 625 previously described with respect to FIGS. 17A,
17B. However, as shown in FIG. 184, the metallized plates
12, 13 extend over an end of the capacitor 96 and have
respective ends 97, 98 sufficiently close to each other so as
to form a fringe-eflect capacitance 99 therebetween as
shown in F1G. 1813. Lo prevent conduction between the plate
ends 97. 98, the space therebetween is filled with an insu-
lating material 132 as described with respect to FIGS. 14 and
15; however, as will be appreciated, the use of such a coating
is optional and depends on many factors.

Referring to FIGS. 19A and 19B, a further example of an
integrated capacitor array is represented by the broadband
capacitor 100. The low [requency capacilance section 60 is
substantially the same as in other embodiments; however,
there are diflferences in the high [requency capacitance
sections 62a, 62b. In high frequency section 624, a pair of
conductive electrodes 101, 102 are disposed between an
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clectrode 11 i the low frequency capacitance section 60 and
i [irst oating electrode 104, That arrangement of electrodes
is effective 1o provide capacitors 105, 106, 107 as shown in
FIG. 198. Further. as shown in FIG. 194, the metallized
plates 12, 13 extend over one end of the broadband capacitor
100 and have respective ends 108, 109 sulliciently close to
each other so as to form a fringe-eflect capacitance 110
therebetween as shown in FIG. 19B. To prevent conduction
between the plate ends 108, 109, the space therebetween 1s
filled with an insulating material 128 as described with
respect to FIGS. 14 and 15.

In contrast. in the high frequency capacitance section 626,
a floating electrode 111 is disposed between a pair of
electrodes 112, 113 and an electrode 10 in the low frequency
capacitance section 60. That arrangement of plates 111, 112,
113 with the plate 10 provides capacitors 114, 115, 116 as
shown in FIG. 20B. Further, as shown in FIG. 19A, the
metallized plates 12, 13 also extend over an opposite end of
the capacitor 100 and have respective ends 117, 118 suthi-
ciently close to each other so as to form a fringe-effect
capacitance 119 therebetween as shown in 1G. 19B. [low-
ever, in contrast to the capacitance section 62a, the capacitor
design is such that an insulating coating is not required
between the plate ends 117, 118. In addition, the ends 108,
109 of respective contact plates 12. 13 form respective
capacitors 135, 136 with the floating plate 104.

IF1GS. 20A, 20B illustrate a still further embodiment of an
integrated capacitor array forming a broadband capacitor
133. TIGS. 204, 20D illustrate an integrated capacitor array
that is substantially identical to the previously described
capacitor illustrated in FIGS. 10A, 10B with two exceptions.
First, the floating clectrode plate 76 present in FIG. 10A has
been eliminated from the embodiment of FI1G. 20A. Second,
the metallized plates 72, 74 extending from the respective
contacts 13, 12 form a fringe-effect capacitance 79 therebe-
tween. Although small, the fringe-effect capacitance 79 is
sutliciently effective at higher frequencies to allow the
chimination of the foating plate 76 of FIG. 10A, thereby
reducing the manufacturing cost of the broadband capacitor
133 with respect to the capacitor shown in FIG. T0A. As will
be appreciated, in another embodiment, a capacitor designer
may choose to minimize the potential for conduction
between ends of the plates 72, 74 by applying an insulating
material in the gap between the plates 72, 74 similar to the
material 132 of F1G. 14.

Referring now to FIG. 22A, this embadiment of an
integrated capacitor is similar to FIG. 9A except that the
plate 76 now contacts one of the conductive contacts, in 1his
example, conductive contact 13. Thus, in this example, only
plate 68 is capacitively coupled to the interior plate 76,
which, referring to FIG. 22B, forms a single capacitance 69
from plate 68 to plate 76. that is, between the conductive
contacts 12, 13. The high frequency performance is similar
to that described with respect to integrated capacitor of FIG.
9A.

Referring now to FIG. 23A, this embodiment of an
integrated capacitor is also similar to F1G. 9A except that the
internal plates 66 and 68 and connecting vias 70 have been
removed. Thus. a high frequency capacitor is formed in a
lower section 62 by a series combination of capacitances 67,
69. trom floating plate 76 to exiernal conductive plates 72
and 74, respectively, which are printed on the exterior of the
ceramic dielectric body 65. The absence of the interior plates
66. 68 and vias 70 increases the series resistance. Again, the
high frequency performance is similar to that described with
respect to integrated capacitor of FIG. 9A.
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Relerring to FIG. 24 AL a [urther example ol an integrated
capacitor array is represented by the broadband capacitor
148. The low frequency capacitance section 60 is substan-
tially the same as in other embodiments with parallel plates
10, 11 that form the capacitances 88 clectrically connected
in parallel as shown in FIG. 24B. In the high frequency
section 62, parallel plates 150 are electrically connected to
external contact 12 and extend in a direction substantially
perpendicular to the external surface 64 of the dielectric
body 65. Distal ends of respective plates 150 are sulliciently
close to the external contact 13 so as to form respective
fringe-effect capacitances 152 therebetween as shown in
I'1G. 24B. The fringe-effect capacitances 152 are electrically
connected to the parallel capacitances 88 in a parallel circuit.
In use, the capacitor 148 is mountable on a PCB 63 such that
the external surface 64 is substantially parallel to a major
surface 61.

Referring to FIG. 254, in another embodiment. a broad-
band capacitor 153 has a low frequency capacitance section

60 that is substantially the same as in other embodiments 2

with parallel plates 10, 11 that [orm he capacitances 88
electrically connected in parallel as shown in FIG. 25B.
Further, the capacitor 153 has a first high frequency capaci-
tance section 62a with plates 150 extending through one end
of the diclectric body 65 in a manner substantially the same
as the high frequency section 62 described with respect to
FIG. 24A. Further, as shown in FIG. 258, the plates 150 in
the high [requency capacitance section 62« form respective
capacitances 152. In addition, the capacitor 153 has a second
high frequency capacitance section 6256 with plates 154
extending through an opposite end of the dielectric body 65.
The plates 154 have respective distal ends sufliciently close
to the external contact 13 so as to form respective {ringe-
eflect capacitances 156 as shown in FIG. 25B. The fringe-
ellect capacitances 152 and 156 are electrically connected in
a parallel circuit with each other and the parallel capaci-
tances 80. The low frequency section 60 is located interme-
diate the ends of the dielectric body 65 and between the high
frequency sections 62a and 62b. Again the plates 10, 11,
150, 154 are substantially perpendicular to a dielectric body
external surface 64; and the capacitor 153 is often mounted
so that the exlernal surface 64 is substantially parallel o a
PCB muajor surfuce 61

Referring to FIGS. 26A and 26B, a still further example
of'an integrated capacitor array is represented by the broad-
band capacitor 158. The low frequency capacitance section
60 is substantially the same as in other cmbodiments with
parallel plates 10, 11 that form the capacitances 88 clectri-
cally connected in parallel as shown in FIG. 26B. Further,

the high frequency capacitance section 62 is substantially 3

the same as the high frequency capacitance section 625
shown and described with respect to FIGS. 194 and 19B to
provide a series circuit of capacitances 115 and 116 shown
in FIG. 26B. In the broadband capacitor 158 of FIGS. 26A

and 26B, a resistance 160 is electrically connected to the 3

external contact 12. Further, the resistance 160 is electrically
connected in series with the series circnit of the capacitances
115 and 116. The parallel capacitances 88 are electrically
connected in parallel with a series circuit formed by the
resistance 160 and capacitances 115, 116. Again the plates
10, 11, 111, 112, 113 are substantially perpendicular to a
dielectric body external surface 64: and the capacitor 158 is
often mounted so that the external surlace 64 is substantially
parallel to the PCB major surlace 61.

Relerring to FIGS. 27A and 27B, another example of an
integrated capacitor array is represented by the broadband
capacitor 161. The low frequency capacitance section 60 is
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substantially the same as in other embodiments with parallel
plates 10. 11 that form the capacitances 88 electrically
connected in parallel as shown in FIG. 27B. Further, the high
frequency capacitance section 62 is substantially the same as
the high frequency capacitance section 62 shown and
deseribed with respect to FIGS. 25A and 25B to provide a
parallel circuit of fringe-effect capacitances 152 shown in
FFIG. 278. In the breadband capacitor 161 ot FIGS. 27A and
278, aresistance 162 is electrically connected to the external
contact 12. Further. the resistance 160 is electrically con-
nected in series with the parallel circuit of fringe-effect
capacitances 152. The parallel capacitances 88 are electri-
cally connected in parallel with a series circuit formed by the
resistance 162 and the parallel circuit of capacitances 152
Again the plates 10, 11, 150 are substantially perpendicular
to a dielectric body external surface 64; and the capacitor
161 is often mounted so that the external surface 64 is
substantially paraltel to the PCB major surface 61.

Referring to FIGS. 28A and 2813, a still further example
of an integrated capacitor array is represented by the broad-
band capacitor 163. The low [requency capacitance section
60 is substanually the same as in other embodiments to
provide the capacitances 88 electrically connected in paral-
lel. Further, the high frequency capacitance section 62 is
substantially the same as the high frequency capacitance
section 62 shown and described with respect to TIGS. 19A
and 19B to provide a series circuit of capacitances 115 and
116 shown in FIG. 28B. In the broadband capacitor 163 of
FIGS. 28A and 28B, the parallel capacitances 88 are con-
nected in a paralle] circuit with the series circuit of capaci-
tances 115, 116. Further, a resistance 164 is electrically
connected to the external contact 12 and is electrically
connecled in series with the parallel circuit formed by the
parallel capacitances 88 and series circuit of capacitances
11§ and 116. Agam the plates 10, 11, 111, 112, 113 are
substantally perpendicular to a dielectric body external
surface 64; and the capacitor 163 is often mounted so that
the external surface 64 is substantialty paralle! to the PCB
major surface 61.

In a further example of use of the broadband capacitors
shown and described herein, a broadband capacitor 87 as
shown and described in FIGS. 17A and 17B is shown in FIG.
29 mounted on a PCB 63 with an integrated circuit (“IC™)
166. The capacitor 87 is mounted such that the plates 10, 11,
90, 91, 93 are substantially perpendicular 1o the PCB major
surface 61. Further, the capacitor 87 is oriented on the PCB
63 such that the plates 90a, 91a, 934 of the high frequency
scction 62a are closer to the IC 166 than the plates 10, 11 of
the low frequency section 60. It is believed that such an
orientation of the capacitor 87 provides the best performance
of the capacitor 87 in terms of measured insertion loss
Capacitor performance is worse if the capacitor is rotated 90
degrees from the illustrated orientation, thereby placing the
low frequency section plates 10, 11 closer to the IC 166.

Further, the capacitor 87 is physically very small and
difficult to handle. "lo simplifv assembly of the capacitor 87
on the PCB 63, the capacitor 87 has a substantially identical
high frequency section 626 on an opposite end of the
diclectric body 65. Therefore, the capacitor 87 can be
mounted on the PCB 63 with the plates 905. 915, 935 of the
high frequency section 625 located closer to the IC 166 than
the low frequency section plates 10, 11; and again, a superior
capacitor performance is achieved in terms of measured
insertion loss.

In accordance with the [oregoing, an inproved capacitive
device is formed by integrating low and high frequency
performance in a single device. Providing one or more
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higher [requency. lower value capacitors resulls in fewer
resonanices and lower insertion loss amplitudes. With less
insertion loss, an improved response can be obtained over a
substantial bandwidth, for example, 400 KHz-100 GHz.
Further. for a particular application, by building and testing
capacitive devices using different combinations of the
capacitive arrays described herein. a particular size capacitor
can be designed to operate over a desired bandwidth

While the present invention has been illustrated by a
description of various embodiments and while these
embodiments have been described in considerable detail, it
is not the intention of the applicants to restrict or in any way
limit the scope of (he appended claims to such detail.
Additional advantages and modifications will readily appear
o those skilled in the art. Specifically, techniques described
in these muliiple embodiments may be combined in many
ways beyond the particular combinations shown herein. For
example, the independently adjustable parameters in form-
ing a device in accordance with aspects of the invention
mclude at least the following:

1. the usc or not of interior plates 66 and 68 in higher
frequency sections 62,

2. the gap between plates 72 and 74, 66 and 68, 97 and 98,
108 and 109, 117 and 118, 125 and 126, 103 and 131 and the
fringe capacitances created thereby,

3. the number of floating plates 76, 90, 104, 111 and their
distances from other plates in respective higher frequency
sections 62 and adjacent plates in respective lower fre-
quency sections 60,

4. the width, spacing and overlap characteristics of the
floating plates 76, 90, 104, 111,

5. the extent to which coupling is permitted between non-
floating plates in higher frequency sections 62 and adjacent
plates in respective lower frequency sections 60,

6. the use of fringe or face-to-face coupling between floating
plates 76, 90, 104, 111 and other plates in respective higher
frequency sections 60,

7. the use of dual or single plates, withdrawn or fully
overlapping plates in lower frequency sections 60, and

8. the relative geometry of external plates 72 and 74 on the
device, and the traces 86 on (he circuil board to which the
device 1s mounted.

A further potential variable to adjust, is the type of
ceramic used. Indeed, different layers in the ceramic struc-
ture may be made of ceramic materials having different
molecular structures. Different ceramic materials may
exhibit different performance in various atiributes, such as
relative dielectric constant, polarization, breakdown fleld
strength, curing behavior, mechanical strength and mechani-
cal stress and strain behavior. For example, a relatively low
dhclectric cermmiv hoving welalively good high [egueney
belavior may be used b1t Jower section 62 ofa device,
while a relatively high dielectric ceramic having relatively
poorer high frequency behavior may be used in the upper
section 60 of the device.

The invention in its broader aspects is therefore not
limited 10 the specific details, representative apparatus and
method, and illustrative example shown and described.
Accordingly, departures may be made from such details
without departing from the spirit or scope of applicant’s
gencral inventive concept.
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What 1s clauned 1s:

1. A method for mounting a capacitor comprising the
steps:

placing an integrated circuit on a major surface of a
printed circuit board:

providing a capacitor comprising
a substantially monolithic dielectric body having a first

external surface positioned on and substantially par-
allel to the major surface of the printed circuit board;

a lawer frequency, higher value, first capacitor formed
by a first plurality of conductive plates in the dielec-
tric body: and

a higher frequency. lower value, second capacitor
formed by a second plurality of conductive plates in
the dielectric bady:

placing the capacitor on the printed circuit board such that
the plates of the higher frequency. lower value, second
capacitor are closer to the integrated circuit than the
plates of the lower frequency, higher value, first capaci-
tor.

2. The method ol claim 1 wherein the first plurality of
conductive plates comprise respective major surfaces ori-
ented substantially perpendicular to the first external surface
and form a plurality of capacitors connected in parallel with
each other.

3. The method of claim 2 wherein the second plurality of
conductive plates comprise respective major surfaces ori-
ented substantially perpendicular to the first external sur-
face.

4. The method of claim 3 wherein the first capacitor is
clectrically connected in parallel with the second capacitor.

5. An apparatus comprising:

a printed circuit board;

an integrated circuit placed on a major surface of the
printed circuit board,

a capacitor comprising
a substantially monolithic dielectric body comprising a

first external surface positioned on and substantially
parallel to the major surface of the printed circuit
board;

a lower frequency, higher value, first capacitor formed
by a first plurality of conductive plates in the dielec-
tric body:

and a higher [requency, lower value, second capacitor
formed by a second plurality of conductive plates in
the dielectric body, wherein the capacitor is placed
on the printed circuit board such that the plates of the
higher frequency, lower value, sccond capacitor arc
closer to the integrated circuit than the plates of the
lower frequency, higher value, first capacitor.

6. The apparatus of claim § wherein the first plurality of
conductive plates comprise respective major surfaces ori-
ented substantially perpendicular to the first external surface
and form a plurality of capacitors connected in parallel with
each other.

7. 'I'he apparatus of claim 6 wherein the second plurality
ol conductive plates comprises respective major surtaces
onented stibstantally perpendicnlar o the frst extemal
surfacee

8. The apparatus of claim 7 wherein the first capacitor is
electrically connected in parallel with the second capacitor.

9. A capacitor comprising:

a substantially monolithic dielectric body comprising one
end, an opposite end, and [irst and second extemal
surlaces;

first and second contacts on the first and second extemal
surfaces, respectively;
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a higher [requency. lower value, first capacitor formed by
tirst conductive plates in the dielectric body near the
one end. the (irst capacitor being clectrically connected
between the first and second contacts;

a higher Irequency, lower value, second capacitor formed
by sccond conductive plates in the dielectric body near
the opposite end, the second capacitor being clectri-
cally connccted between the first and sccond contacts in
a parallel circuit with the first capacitor;

a lower frequency, higher value third capacitor formed by
third conductive plates in the dielectric body interme-
diate the one end and the opposite end and between the
first capacitor and the second capacitor, the third
capacitor being electrically connected between the first
and second contacts in a parallel circuit with the first
capacitor and the second capacitor.

10. The capacitor of claim 9 wherein the first, second and
third plates are substantially perpendicular to the first exter-
nal surface ol the dielectric body.

11. The capacitor of claim 19 wherein the first external
surface is substantially parallel to the second parallel sur-
face.

12. A capacitor comprising;:

a substantially monolithic dielectric body having o first
external surbice;

at least one conddetive first plate i the dielectiic bady
sithstomtindly perpendiculor to the tirst external surlace;

at desst e conductive second plate i the dielectne body
suhstantinlly perpencicular to e Hrst extemal surlhce
and fomung o first capocior with the first plate;

a condoctive first external contoet electrcally connected
o the first plate;

a condusiive seeond external contact elecidically con.
nected lo the second plate;

o eonduetive third plare lecated i the diglécine body near
one end ol the dielectric body, the third plate electri-
cally vompected to one of the st contact and (he
second coptact and fonming & noge capocitanees with
an nther of the first contact mud the seeond comact,

13, The capacitor of eliim 12 Torther comprsing:

o coniluenve lourth plate located in the dielectric body
near an oppesile epd of the diglectrie hody, the first
ple and the seconud plate being locnted infermedinte
the e el ol the appesite end of the dielectric body
anif between the third plate ond (he founth plate, the
firth plate electically commectad 1o e one ol the firs)
contact and the second contact and forming 4 I'ring}:
cispucitanee with the other of the first comact ond e
serodl contagt.

. The copacitor ol elaim 12 furber comprizsing;

aresistive elemen positioned between the dielectric body
antd the one o the st contoet and the second contact,
flie pesistive element being cledtrically  conpecied
Berween the one ol the liest contact aod (e secomd
contnct and the third plate, and the thind pline bemy
codoetively connected o the oie ol the first contact
ad the secom! contact raugh the resistive element,

15. The capacitor of claim 12 wherzin the first extemnl
surface is sdopted 10 be positioned substantially porillel 1w
o major sirface of & circud boord.

16, The capacitor of claim 12 whetein the first external
stirfoce is adapted 1o be positivned substantially perpendicu-
lar to a major surface of a circuit board.

17. A capacitor comprising:

a substantially monolithic dielectric body having a first
external surface:
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conductive (irst plates in the dielectric body substantially
perpendicular to the first external surface:

conductive second plates in the diclectric body substan-
tially perpendicular to the first external surface and
forming frst capacitors with the [irst plates:

a conductive external first contact electrically connected
to the first plates;

a conductive external second contact clectrically con-
nected to the second plates: and

conductive third plates located in the diclectric body near
one end of the dielectric body, the third plates electri-
cally connected to one of the contacts and forming first
Iringe capacitances with an other contact near the one
end of the dielectric bady.

18. The capacitor of claim 17 further comprising:

conductive fourth plates located in the dielectric body
near an opposite end of the dielectric body, the fourth
plates electrically connected to the other af the first
contact and the second contact and forming fringe
capacitances with the one of the first contact and the
second contact near the opposite end of the dielectric
baody, the [irst capacitors being lucated intenmediate the
ends of the diclectric body between the first and the
second Iringe copocitces,

19, The capaciter of claim 17 further comprising:

o resigtive element positioned between the dielecine body
amd the one of the first contwel ond the second contiet,
the: resistive clement bemg clectneally  eannecred
between the one ol the st contact and the second
contaet and the third plates; mnd the third plates being
eonductively conneefed 1o the one of the first compo
and the second contact theouph the resistive element.

2l A capacilor commprising:

a substantially monolithic dielecine body having condue.
tive liest and seeond contaets on respeciive first and
second extermal surfaces of the dielecine hody:

a Iower frequency, higher value Tiest eapoeitor formed by
concuetive first ane seeond plates inhe diclectrie hsdy
elecirically conpeeted w the first and second contacis,
respectiviely:

a higher frequency, fower value second Copaciior Tonmed
by funher conductive plates in e dieleceric hody;

it resistive element electrically conected betwen ong ol
the Tirst copucitor ol the secomd capaciion aid e Lis)
conkact; and

conduetive third plates in the dielectric body electrically
connected 1o one of the fest contact aml the second
comtact and forming respective fringe offect capuoci
tnees with an other of the first contaet and he secomd
contoel, the fringe effect capacitonees being electrically
conpected in oo paellel circui,

21, The capacitor of elaim 20 wherein the fitst surfee is
adapted 1o be posttivncd subslantially parallel 1o 2 mujor
surthge of o circuit board,

22 The capacitor of ¢ lams 200w herein the Hrse, second and
further plates comprise respective major surfpoes subsn-
tiplly perpendicular 1o the first external surfoce

I3 The capacitor of elaim 20 wheroin the fiher plites
comprise:

a eomductive thind ploe in the dielectric body;

i conductive foanh plate i the dielecrne body; and

o conductive fifth plae i ibe diclectric body oot electrd-
cally conneeted (o either e Tirse coner or the second
contact, the [ifth plate being substantially parallel to the
third plate and the (ounth plate and fonning respective
third and fourth capacitors therewith. the third and
fourth capacitors being in a series circuit.
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24. The capacitor ol claim 23 wherein the resistive
clement is electrically connected between the series circuit
and one of the first contact and the second contact to form
a resistance clectrically connected in series with the series
circuit of the third and fourth capacitors.

25. The capacitor of claim 23 wherein the third plate is
electrically connected to the first plate and the fourth plate
is electrically connected to the second plate to place the
series circuit and the first capacitor in a parallel circuit, and
the resistive element is connected between the parallel
crrenit mmd one of (he firstond second confacts o fonm o
reststancy electrically conmected in sencs with the parllel
circiil.

2h, e capoeitor of elum 23 wheremn the third plate
forms o it ringe effec) capacitor witle the fourth plite.

27, The capacitiar ol clam 200 wherein the resistive
element is electrically conpected between he parlhel cireni
of Tringe effect copacitanees and one ol the first contoct and
the sectmd comtact 1w o o resistance electrically con-
nected in series with the parallel circuit of fringe effect
cupacitances.

28. The capacitor of claim 20 wherein the first capacitor
is electrically connected in parallel with the parallel circuit
ol fringe eflect capacitances to form a second parallel
circuit, and the resistive element is connected between the
second parallel circuit and one of the first and second
contacts to form a resistance electrically connected in series
with the second parallel circuit

29. A monolithic capacitor, comprising

a three-dimensional dielectric body;

first and second external conductive contacts disposed on
the dielectric body;
first conductive plate internal to the dielectric body,
extending within the body and conductively connected
to the first external conductive contact;
second conductive plate internal to the dielectric body,
extending within the body and conductively connected
to the second external conductive contact, the first and
second conductive plates being substantially parallel
and opposed in at least one region of the body and
forming o capaclior therebetween;
third comluctive plate inwemal mw lwe dieleciric by,
extending within (he boady ol conduatively conmecied
fo we Lrst exteno] conduetive contioet, e second and
third ecnductive plates being substantinlly porallel and
oppuesed 1ol least cone region of the body and forming
i capacibonr thenshe baeen:
fourth conductive plate disposed within the diclecine
by and eonductively connceted 1o the limt external
conductivie contoel, (he fourth conductive plate sub-
stontially pamilel 1o and opposed (o the third conduc-
tive plate o form g capacitor therehetw een;

o first exrternal conduetive plate positioned on an external
surfoce ol the diclectne body ond conductively con-
pected 1o the hirst extemal conductive contuct;

o beast one frstovia filled with conduetive  moteraol
dsposed w fhe deelectre body andl extending between
thar first externnl conductive plate and (e ourth con-
e rive plote,

a fifth eonductive plate disposed within the dielectne
boedy and conductively connected 10 the second exler-
nal conductive contaet, the ffh conductive plate sub-
stantially parallel (o and opposed to the third conduc-
live plate;
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second external conductive plate positioned on an
external surface of the dielectric bady and conductively
connected to the second external conductive contact,
the second external conductive plate being substan-
tially coplanar with the first external conductive plate:
and
at least one second via filled with conductive material
disposed in the dielectric body and extending between
the second external conductive plate and the fifth
conductive plate.

A0, The monofithic capacitor of claim 29 funheér com-
prising adklitonal conductive plates internal 1o 1he dielecine
bl e bt i wailiin the body and conductiviely conectel
toe the conductive contacts on respective first aod secod
exterior-surfaces thereof, wherein the additional plates ane
substantially pamllel and wranged m opposed paits wm ol
least one region of the body, the respective plates 1 each
prir cxtending from respeetive ones-of the eontoets, ta form
additicnal capaciiors,

31. The monolithic capacitor of claim 29 wherein the third
conductive plate is substantially coextensive with the first
and second conductive plates.

32. A monolithic capacitor camprising

a three-dimensional dielectric body, having first and sec-

ond external conductive contacts;

a first conductive plate internal to said dielectric body,
extending within said body and conductively connected
to said first external conductive contact;
second conductive plate internal to said dielectric body.
extending within said body and conductively connected
to said second external conductive contact, wherein
said first and second conductive plates are substantially
parallel and opposed in at least one region of said bady.,
to form a capacitor therebetween;
third conductive plate internal to said dielectric body,
extending within said body and not conductively con-
nected to any external conductive contacts, wherein
said second and third conductive plates are substan-
tially parallel and opposed in at least one region of said
oy, 1o farm & capacitor Therehetwéen;

=1
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first external conduetive plote positioned on on exlemal
surfoce of the diclestde body and conductively eon-
nected 1o the fiest extermal conductive contoet; and
second external conductive plate positoned oo oo
external surface of the diclectric body and conduetively
connected 1o the second external conduetive contact,
ihe scennd external conductive plate being substan-
tially eoplanar with the first extermal comluctive plate.

33 The mowolithic capacitor of claim 32 further com-
prising additonal conductive plates internal to the dielectric
by, extending within the body mnd conductively connected
o the conductive comacts on' respective first and second
exterior surfrees thereof, wherein the additional plotes. nre
substantiolly pamllel mnd orronged i opposed pairs inom
least one region ol the bady, the nespective plates in each
panr extending from respective ones of the contacts, o fumm
additinal capaciioes,

3. The nwnelithic capacitor of claim 32 whercin the third
conductive plate 15 substnminlly coextensive with the firs
and second conductive plaes
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