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ii .
PREFACE

The pur pose o f thi s Handbo ok i s t o s he d li gh t on an a rea o f
t e chnology i n whi ch the re was fo rmer ly litt l e or no in fo r mation .
I n t he earl y days of Radio when i nves tigation i n t o t he cha rac ter ­
i s t i cs of c i rcu i t componen ts was be i ng mad e , it was de t e r mi ne d
t hat t he i ndu ct or was t he main sou rce of circui t l os s e s , and
that t he con t r ibu t ion by t he c ap ac i to r was ne g l i g i bl e .

Al t hough t h is was ce rta in ly true fo r narrow-ban d, vac uum t ube
vo l tage ampli fie rs up to a few Megahe r t z , today , h ig h -power ,
l ow impedance, wide band tr an si st ors a t many hundr ed s of
Megahe r tz a r e commonp lace , and thi s combinat io n o f mi c r owave
f r eque ncy , hi gh RF cu r rent , and u l t ra -high cur r en t de nsi t y
due t o e ve r small er s i ze has ma de t he l os s e s in t he capaci to r
a s ign i f i can t fa c to r in c i r c u i t effic iency. Even in cases
where the induct or i s s ti l l t he domi nat i ng los s e lement, tran ­
sis to r ga in s a re often so l ow ( 3 to 8 . dB) tha t f rac tions o f
a dB i n was te d RF power ha ve becom e into lerabl e econ omica l l y.
In fact, a t low imped anc e l ev e l s, s uch a s t he input t o a
power t ran s ist or, t he cur r en t concentra ti on in minia t ure c ap a c it or s
so affec ts th e capa c it or ' s co n trib utio n t o th e l os s of RF
ene rgy th at it may exceed t hat of t he indu ct or .

In th e light of t he s e p rob lems , ATC und e rt ook t o provide t he
eng i nee r wi th practi ca l design dat a . To accomp l ish t his :

Consi de r able r e s e a r ch was done i n t o pres ent day lit erature
on th e effe c t s of capac i to rs on RF c ircui t performan ce in an
a tt emp t t o locat e us abl e info rmati on . Lit t l e se emed avai lable .

Ul timate ly it ' appeared t hat t he unconden s e d , o l dest t ext s were
of ten the most luc id i n d i s cus s i ng c i r cu i t e f f i c i en cy . Unfo r t u ­
nat el y , t hey ne ither tre a t ed c a pac i to r t yp es no r f req uenc ies ,
imped ance l ev el s , o r cu rrent den s i ti e s app ro pria te t o t oda y ' s
c i rc ui t t e chnique s .

The refo re , Tr ans mission Los s t est s speci f ica l ly o rien ted
t oward mode r n capacit ors were f or mul at e d, fi xt u res de s i gn ed
an d bui l t , and t est s r un ove r a wi de f requency r an ge. The
r esult s of t he s e t e s t s ga ve ri s e to Appli ca tion Not es wh ic h
mathema t ica lly det a il ed th e r el ationsh i p be tween c apa ci to r
d issipa t ion l os s and th e eff i c iency of tun ed ne two rks .

In con t ras t wit h a s t anda rd t e xt boo k presen tation , t h i s Handbook
doe s no t r es trict ,i t s e l f i n s co pe o f co n ten t or aud ience
t ech ni cal l ev e l. It not on ly i n t ro duces t he r eader t o t he
t he ore ti cal capaci to r of a se t o f e lec t r odes i n a d ie lec t ric,
but goi ng f ur t he r , examines the i mpact of bas i c capaci tor
cha rac te ris t ics on be nc hwork cons i de ra tions important t o th e
c i r cu i t desi gn er .
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As a result .

THIS HANDBOOK CONTAINS

th eor e t i cal and empiri cal hi gh- f r equenc y ci rc u i t - des i gn
equa tions .

characteristics of cap acitor di e lec t rics , es pec i al ly
a t h i gh RF power levels and f r eq ue ncie s .

actua l t est da ta a t freque ncies from 100 MHz to 3 GHz.

prac ti ca l design techniques for s ignif i cantl y increasing:

ga i n an d power

DC- to -RF conve r si on e f f i c i enc y

bandwidth

transi stor li f etime

circui t NTBF

l ow- no i s e performan ce

your knowledge a nd under standing of
hi gh - fr equ ency, hi gh power eff ec t s on
cap acitor s, a nd the ir in f l uence on
ci r cu i t design a nd per form ance.

We si nce r e ly hope that t h i s will prov i de you wi t h
practi cal, s pe c i f i c ans we rs in many of t he f orme r ly
"gray areas " of RF ci r cui t des ig n .

To r edu c e tho s e a rea s of un certa inty whi ch have cas t th e
s hadow of Al ch emy a cros s hi gh fre quency work, we offe r
t o Handbook users the opportunity to con tribu te a r t i c l e s
to the Second Edi t ion whi ch will t end t o c l a r i f y UHF
des ign for both t he neophyte and the Senio r Engineer.
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RF CAPACITOR FUNDAMENTALS: A SYNOPSIS
The optimum des ign for ca pac i t or s used in tun ing, mat ch i ng, and

co upl i ng circu i t s opera t i ng a t h i gh power l e ve l s , or above ab out
100 ~lliz , requi res a d ie lec t ric having ext r emel y l ow loss at t he
f requency of use.

A ca pa c i t or may de depicted by an eq uivalent resistance (Rs ) in
series with an i deal capa c it anc e (C) . Rs may be de te rmined from :
Rs = (XclQcap) = (Xc) (ta n 6) . From this we can see t ha t capacito rs
wi th l os s y d1e lec t rics and small values of capaci tanc e wi ll be hi ghl y
r esistive t o RF ene rgy.

The fact t ha t tan 6 and DF t ypicall y i ncrea s e wi th r i sing fr equ ency
(and t empe r atur e ), and t hat capac i t ance values employed c ommonl y
de crease wi th i nc r easing fr e qu ency (not on l y fo r tun in g bu t also t o
avoid r es ona nce p rob lems c on t r i but e d by the ir own in t e r nal i nduc t ance) ,
accoun ts f or the serious capac ito r heat ing encount e r ed in RF ampli f ie r
desi gns employing l ow Q capacitors.

I f th e power input is grea t eno ugh , the capac i to r may fai l due to
inte r nal thermal run -away, often t aki ng t he tr ans i st or with it . At be s t ,
if the powe r l evel is low , low Qcap resul ts in degraded stage ga i n
and i n s t abi l i t y with t empe r a t ure, r e qu i r i ng 1ex t r a stages to make up
fo r i t . This i s especia lly t rue where circuit resistance l evels a re
low (e . g . the tran s i s t or i npu t) and where t he cu r r en t ha s i ncreas e d
to the level of Amperes f rom matching down from Zo=50. 1l. For examp l e,
at 300 . MHz a 30 . pF capacito r wi th low-frequency dielect r i c (e . g .
K1200 ma te rial) will exhibi t near ly 1. 11 of RF res i s tance. Wheth er
us ed for se rie s or s hun t matching , ex t remel y poor stage performance
wi l l r esult, s i nce the ba se - emi t t e r d iode may a lso exhib it t he same
l ev e l of r esi stance. Dis sipa tion Loss es of f rom 0 . 5 t o 3 .0 dB
~ er capac i t or are not unco mmon i n l os s y die lec t rics a t high powe r

evels . The l osse s affec t bo th ga i n and power , and can show up
eq ually serious ly as deg raded Noi s e Figures in low-noi se f r ont- en ds .
Unfo r t una tely, t he enginee r usually fi nds t hes e facts out aft er he
beg ins t rouble -shooting h i s a s s emb l ed breadboard . Al t hough such a
procedure is was tefu l and frus t ra t i ng, he generall y does no t hav e
t he time , budge t , and spec i a l equipmen t neces sary to invest iga t e
eve ry po te nt ia l c i rcui t componen t befo re i nstalla t io n .

As an a id to th e des ign engine e r , ATC has dev elop ed a wi deband t est
fi xtu re to measure th e (se r i es -e l emen t) VSWR, In sertion Los s and S-Pa r a ­
met ers of a rang e of capacitanc e values likel y to be high ly use f ul t o
t he engineer. The chips (ATC 100 , case A) were mounted on 25 mil
micros tr i p l i nes on 25 mi l al umina, and the da t a obta ined on a Hewlet t­
Packa r d 8542A Netwo rk Analyzer (co mputer controll ed ; syn thes i zer
r e f e r enc ed; phased l oc ked; line -printe r out put ) .

The t es t da t a in Sec t ion 3 of t h i s Handbo ok is a comput e r print- ou t
of t he I ns ert ion Loss, VSWR, and S-P aramete rs to 3. GHz for a va r i ety
of c apa c i tance values .
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AGuide toJudging
Microwave Capacitors Here's how
to evaluate the performance of the device before you put it into the
circuit, by considering loss tangent , dielectr ic, and insert ion loss.

posit ion when influenced by an electric field.
Many dielectric materials conta in dipole mol...
cules that are naturally polarized. The dipoles ,
when influenced by an external electrical field,
rotate until th ey are aligned in th e direction of
th e field.

When the elect r ic field alternates, the dipole
molecules rota te at a rate proportional to th eir .
frequency of alternation. The limited molecular
motion converts electri cal energy to heat energy.
The rate of conversion is generally in proportion
to the power and frequency of the applied micro- !a
wave energy. However , when the energy enters ...
a dielectric it is at ten uated at a rate proportional 0
to the frequ ency of the electric field and the loss ...
tangent of the material. Thus , if a capacitor
stores 1,000 joul es and dissipates only 2 joulee (3
in the process, it has a Q of 500. R. is responsible cr:
for the energy dissipated and is directly propor- Q.
tiona I to the dissi patio n facto r, DF . But how can ' .."
the diss ipation facto r be mad e nearly nonex- '""
istent? 0

The ideal capa citor ~
The forw ard transf er coefficient of a capacitor cr:

used as a series element in a sign al path is rneas- ;:
ur ed as a function of the dielect ric phase angle, 0
e. This angle is a measure of the difference in _
phase between th e sinusoidal voltage app lied to 0'"
th e capacitor pla tes and its current component.
In low-loss cap acitors, e must be very close to ~
90°. In th e ideal capacitor , e equa ls 90' . lIIIII:

The dielectric loss angle, B, is the differe nce CJ
between e and 90' . In microwave meas urement Z
of capacitors , the largeness of e is not as signifi- _
cant as th e smallness of 5. A convenient measu re CJ
of 5 is tan 5, which goes to zero as th e losses go 0
to zero ; hence th e name "loss tangent." :)

The meas ure of 5 is complex and is related to ..,
temperatu re and freque ncy. elo ss is a multi-function variable

The dissipat ion factor of a dielectric is also OW
the tangent of th e dielectric loss angle and is
re prese nted by the symbol DF. These terms are 5
used interchangeably in the literatu re. ,,,

At a fixed tempera ture, ta n B of a material ­
va ries with frequ ency and can be plotted on an

Repr I nted [ rom Mi c ro Wav es , Augus t 19 70

Vincent F-. Perna, Jr. American Technical Ceramics
Huntington Station. N.Y. •

P ICKING the right capac ito r
for a given design becomes

tri ckier with every advance in materials tech­
nology. Idea lly, the capa citor should be small.
Yet, if it heats too much, it will lose power and
ga in. Loss that nor mally occurs as heat can be
converted to power and gain in the amplifier if
the capa citor dielectric is chosen for low dissi ­
pati on factor.

Advances in materia ls techn ology hav e pro­
duced a wide choice of capaci tors in a variety of
sizes with high dielectric constant. But which
device is best?

A stu dy of microwave capac itors pr ofitably
begi ns with an examinat ion of th e publi shed loss
tangents of different dielectric materials . At a
single freq uency one loss tan gent may be 0.0001
and another 0.0002-a fact that is not very inter­
esting unt il one discovers that the capacitor with
the lar ger loss ta ngent would get tw ice ae hot as
the other .

Heat producers unmasked

The ta ngent va lue is only an indicato r of rela­
t ive heat loss. It points to the amount of seri es
res istance tha t causes heatin g.

At frequencies below self-resonance , a capaci­
tor is considered to consist of a pure capac i­
tance, C.. in se ries with pure resistanc e R. , and
both of these a re shunted by a par allel pure re­
sistance. R,.. The series resistance is the more
important of th e two because it car r ies most of
the curr ent. Typically low in value, R. is betwe en
0.01 and 2.0 ohms. R, consists of the combin ed
leak age path s a nd is of the order of millions of
megohms. At impedance levels common to t ran­
sistor circuits , RI' is ignored ; R. causes losses.

Losses of th e capacito r occur pr imarily in the
dielectric, the medium for ener gy sto ra ge and
t ra nsfer . The quality facto r of the dielect ri c, Q.
IS defined as th e ratio of the amount of energy
stored to the a mount dissipated per cycle.

Dielectric mate r ials ar e made of at omic cha rge
carriers which are displaced f rom their origi nal
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x - Y graph. R, is a fu nction of f requency,
ca pacitance and tan 6. Tan 6 va r ies nonlinearly
with fr equency. A capacitor with a value of R,
when inserted into a circuit, will exhibit a pro ­
portional decrease in output power. Th is decrease
is called "insertion loss ."

Common dielectric mater ia ls used in capacitors
have a high insertion loss at microwave fre­
qu encies . Ins tabilit y occurs becau se th e loss
tangent r ises with temperature an d freq uency.
This fr equency-dependent loss can result in
therm al r unaw ay , causi ng destructi on of the ca­
pacitor and other circu it compo nents as well.
At low power levels, stage gain is degraded by
" lossy" capacitors.

Internal heatin g due to power level

Loss tangent increases with temper atur e.
Capacitor tem per ature is the su m of th e ambie nt
and any contributio n mad e by intern al hea t ing
due to .losses . Th e magn itu de of the internal con­
tributi on is a fun cti on of the rf powe r level to
which the capacito r is subjec ted. Vacuum-tube
circ uits th at operate a t re latively low frequen­
cies require capacitors capable of hand ling large
voltages and moderate cu rrents. Th e dissi pati on
of these capac itors is expressed in the following
equation:

W = E' E. tan 6 f (55 .5 x 10 "),
where

W watts diss ipated per cubic centi meter
E r f pote ntial in volts rm s
E. t he dielect r ic constant
f fr equ ency in Hertz
tan 6 loss ta ngent.
Th e reduct ion of any of th ese factors will re­

duce th e diss ipated power.
Capacitors in microwave transistor circ uits. in

cont rast with vac uum-tube ci rc uita , must han dle
la rge currents. Ther efore th e power loss must
be determi ned in terms of current . Th e in ternal
hea t ing of the ca pacitor differ s dependi ng on
whethe r it is made of low-fr equency or micro­
wave dielect ri cs (Table 1) . Due to the ext re mely
la rge impeda nce t ransfo r mation. cur re nt in the
bas e of a microwave transistor may be in the
order of amperes.

The rela ti ve power dissipat ion of low-frequen­
cy and micro wave dielectric mate ri al s is dir ectl y
proportional to the loss ta nge nt or dissipation
facto r. Tab les published for var ious dielectric
materia ls do not ca rry data much above 100 MHz

because loss es rise rapidly above th is fr equency.
Table 2 shows losses for dielectric ma terials
suita ble fo r use up to 1 GHz.

Man y ca pacitors suitable fo r use at moderately
high f req uencies. but not speci fically designed
for microwave applications, cause large insertion
loss at ultra-hi gh f req uen cies . Th is simp ly t ra ns­
lates to power a nd gai n loss per stage, result ing
in poor circuit efficiency. Capacito r cha racter­
istics can be measured rapidly and accurate ly by
means of S pa ra meters. These figures provid e
the designer with a choice of capac ito rs a t micro­
wave frequencies.

Two key S parameters

Any tw o-part network may be descr ibed in
te rms of four paramete rs : input reflection coef­
ficien t , S ,, ; forward transfer coefficient, S ,, ; re­
verse transf er coefficient, SUI and output retlec..
t ion coefficient, Su.

Low-loss ca paci to rs a re described adequately
by two of these coefficients : reflect ion and for­
ward transfer.

Table 1. Power loss at
300 MHz is compared

Parameter low Frequency Microwave
Dielectric Dielectric

OF (tan 6) 0.04 0.0001

Q - -&- 25 1000

C 30 pF 30 pF

X. -
1 17.6 ohms 17.6 ohms

2lT'fC

R. = ~. = X.DF
0.7 ohm 0.0 176 ohm

Power dissipation 1.008 W 0.0253 W
@ 1.2 Amps

Table 2. Loss characteristic
of different dielectrics at 100. MHz

Dielectr ic type tan 6 = DF

K800 0 ' Bar ium t itanate 0 .1

KI200 Barium titanate 0.03

K30 Cera mic 0 .00 2
Kg Alum ina 0.000 5

KI 5 Porcelain 0.00 00 7

• K is dielectr ic constant
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The ratio of reflected and incident power, S,,,
for a bilater al passive network is the same as
the volta ge reflecti on, F, used in t he ca lculatio n
of VSWR.

Th e fo rward tran sf er coefficient , S", used as
a voltage -ratio measure of transmiss ion, has an
absohrte magni t ude of slig htly Iess than un ity fo r
capac ito rs of good g rade. A val ue of S" less tha n
unity indica tes unsuitability for use in low-noise
or power appl ications. A figu re of 0.943 is equi va ­
lent to an insertion loss of over 0.5 dB.

The forward t ra nsducer powe r gain, G" is ob­
ta ined fr om (S ,,) ' which , in th e measurement
of th e passive netw ork , may be converted to an
equ ivalent power loss :

G, = 10 log .. IS"I '.
The size and physical cons tr uct ion of a capaci­

tor may so dis tu rb th e electric fie ld distribution
on a transmiss ion line as to cause an impedance
bum p or mism atch at th at point. Th is, and t he
series resistance in ternal to the ca pacitor,
changes t he impeda nce of the line at th e input
to t he capacito r. Th is results in a reflect ion of
power toward th e generator. Th e sum of de­
lete rious effects is the insertion loss and is usu­
ally express ed in dB.

Analyzer mea sures S para meters

Computer-operated analyzers characterize two­
port netw orks at microwave freque ncies with

Fig. 1. Test j i~ speeds ! arameter measu rement of ce­
pacitors by uniform fee . Cam-applied pressure

assures low contact resistance.

Table 3. Computer read ou t
pr ints 5-parameter values

Freq.
Gain. dBMHz VSWR S" -,' S" Q J••

- .999 2300. 1.116 - .01 .055 - 81
350. 1.100 .02 .048 -78 1.002 1
400. 1.090 - .01 .043 - 75 .998 1
450. 1.082 -.02 .039 - 72 .998 0
500. 1.077 .02 .037 - 69 1.002 0
550. 1.072 - .01 .035 -65 .999 0
600. 1.068 - .02 .033 - 63 .998 0
650. 1.064 - .02 .031 -60 .998 0
700. 1.060 - .01 .029 - 58 .999 0
750. 1.057 - .02 .028 -56 .998 0
800. 1.054 - .02 .026 - 55 .997 0
850. 1.050 - .02 .024 - 55 .998 0
900. 1.047 - .03 .023 - 56 .996 - 1
950. 1.043 - .02 .021 -58 .997 -1
1000. 1.039 - .01 .019 -61 .999 - 1

• Phl w anale {"If re"ecled ••ve, H, varin with reshunce, reaerance t/J
."~. ~~~u T:~lJle of tranunJnN wave, It, b inftuenud by path kn.th. a:
Te&isunce and reacta nce . 0

t:::
suc h accuracy that stable ci rc uits can be designed 9
with ease. Data th at accurately descr ibes compo- .....
nent cha racter tstics in parameters suitable for 11.
com pute r read out a re especially use ful to the de- ~
signer. 0

A typical computer readout (T able 3) has the
capacitor cha racteristics ta bled according to t he W>
follow ing headin gs:

Frequ ency, VSWR. Gai n, S" and S,,, in which ~
f requency is ste pped in 50-MHz incr em ents fr om ~
100 to 1000 MHz or any other ran ge of interest. 0;;>
Th e S-param eter val ues a re pr inted in magni-
tu de and angle. a:

A test j ig loaded with capacitors is shown in 'O
Fig . 1. Each table of measure ments for a capaci- iE
to r is printed in less th an 60 seconds. Th e char- l1li:
acteristi cs of the test fi xture a re measured and ,ft
used as a zero reference for all subsequent meas - """
urement s, Eccentric cams press the launcher center, con-~
du~tors to the microstrip lines, maintaining low contact CJ
resistance. C

:::::»
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or in dB
GT = 10 log ,. (Is,.n (6 )

/500 T A~ LINES"\

f----'---.--,

If a , = O. th en :
S II = b, fa l' " ~ 1 = b ~ /a, (3)

Sim ilarly. th e set up for measuring s" and
s" is th is :

' 0

'0
RF SOU RCE

_ OlO O

-',

TEST
DEvICE

TEST
DEVICE

0, . 0 -

I sen T A A ~S IolI S S lO'" LINES \

'0

ec 0.-
""" Rf SOURCE',-

If a , = 0, th en:
s., = b, la" s" = b, /a , (4)

Anot her advantage of s parame ters is
that . being vect or qua nti tie s. they contai n
both magn itude and phase inform ation.

By definition . •' " an d s" are rati os of th e
r eflected and incident powers. or exac t ly th e
sa me as the reflect ion coefficient. I' , com­
mon ly used wi th th e Smith cha r t. The input
and outpu t pa ra meters of a two-port devic e
can be prese nt ed on a pola r display wit hout
any transform a t ion (see phot os in text) an d
the cor respond ing normali zed impedances
ca n be readily obta ined on the same cha rt.
Itnpedan ce transfo rmati on and match ing
can be done either g raphically or anal ytical'
ly, Mismat ch losse s th a t occu r between any
port and a 50·0 term ination ca n be calc u­
late d. F or example.

P" ,"". "." = 10 log'., (l - Ir !,> .
wh er e P, is th e misma tch 10 'S in dB at any
g iven port havi ng a . re flect ion coefficient · r.
When the s parameters are kn own, 8 11 or
s" can be substit ute d for r.

Th e transdu cer power gain of the two-port
network can be compute d by

GT = Is" I' (5)

In th is figure, 0 and b a re th e squar e roots
of power ; ( 0,) ' is the power incid ent at port
I , and (b,) ' is th e power leaving port 2.
Th e fr acti on of a , th at is reflected at por t 1
is 8" , an d the transmitted part is s". Simi­
la r ly. th e fr act ion of a, th at is reflected at
port 2 is s,,, and s., is t ransmitted in the
reverse direction.

The sig na l b, leavin g port 1 is the sum of
the fr act ion of a , that was re flecte d at por t
1 an d what was tr an smitted f rom port 2.

The out puts re lated to the inputs are
b, = 8 11 a l + Sit a:. ( 1)
b, = s" a, + s" a,. (2 )

When port 1 is driven by an RF source, a,
is ma de zero by terminating the 50-0 trans­
mi ssion line, coming out of port 2, in its
char acteristic impedance.

The set up for mea suring s" and s" is th is :

What are s parameters?

TEST DEVICEr----- ------,
: I '" I·.. i
: Sil l 511 I l
L ...J

S pa ramet ers" are reflecti on and transmis­
sio n coeflicient s, Transmission coefficient s
are commo nly calle d gnin or attenuat ion: re ­
flect ion coeflicien ts are di rectl y relat ed to
vswa and im pedance.

Concept ual ly, s parameters are like h, y ,
or .: para meters insofar as th ey describe the
input s and outputs of a black box . But th e
inputs and out puts for s param et ers a re ex­
pressed in terms of power , an d for h , y , and
z para meters as voltages and curren ts . Also,
s par am eters a re measur ed wi th all circ uits
te rm inated in an actual character istic line
impedan ce of the syst em, doing awa y with
th e ope n- and shor t-circu it measurem ents
specified for h . 1/ or z parameters.

The figu re below. whi ch uses th e conven­
t ion that 0 is a sig nal into a por t and b
a signal out of a por t . ex plai ns s param eters.

Reprinted from "Combine S-parameters wi t h Time sha r i ng" by Les Bess er,
El ec t r onic Design 16 , Augus t 1 , 1968 , pa ges 62 -68 .
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S-PARAMETERS:

PRACTICAL ASPECTS FOR BOTH RF AND DIGITAL

by

Vincent F. Perna
Vice Pre s iden t
Mi c r owave Engin~~ r ing

Ame ri can Techn ical Ceramics

(An ex t rac t from the pape r "High Bi t -Rate Hybrid Ci rcui ts and
Comp onen ts as Seen from t he Fr equency Domain" , de l i ve red at
t he November , 19 70 I SHM Hybrid Mic r oe le c t r on ics Int e rn at ion a~

Sympos ium in Los Ange l e s )

The rapid advance of digital technology into the region of

picosecond rise-times and Gigahe r t z da ta rates has e r ode d the

fo rmer ly clear-cut dist inction betwe en d i g i t a l and microwa ve

c i rcu i t designe rs . Some d i s c i p l i nes , such as comput e r so r t i ng

o f de t ec t ed radar pu lses , for e xamp le , are c omp l e t e l y indistin -

guis ha b le .

Digita l enginee rs co nside ring r i s e t i mes of t he orde r of

50 ps . mus t be wel l ve r s e d i n VSWR , r e fl ect i on coef f i cien t, a nd

t r ans mi s s i on-l i ne impedance ---onc e conside red the exclusive

domain of the microwave eng inee r . Fo r rise- times equ iva lent t o

s ev e ral Gllz of !Jandwi dt h , he must cope with s uch l ong-ti me

mi c ro wa ve probl ems as co mpone n t pac kage pa rasitics , impedance

transformation , une xpected cou pling , and t he unce rtai nti es o f

mic ros t r i p t ransm ission co e ffi ci ent s .

For t una t e ly , mic rowave compone nt manufa cturers now o f fe r

t he d ig it a l des igner rational and convenien t met hods of c omponen t

ch a r ac t e r i za t i on which accoun t fo r an othe rwis e con f us i ng a r r ay

o f invisi bl e and s t r ay influences viewed from the ti me doma i n .

Capac i t or s , f or example , abo ve ab out 1 Gllz ( that i s , rise

t i me s ;;~;; 35 0 ps. ) , a re no l onge r l ooked upon as a simp l e
BW
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assemb lage of pl at es, but are des c ribe d in t erms of t he ir

sca t te r i ng-pa ramet e r s i n se r ies or shunt on a transmis sion line.

Conseque n tly , to take advant age of t hes e us eful charact er ­

iza tion methods, t he r i s e- t i me and pu l s e -wi dth enginee r who would

work wi t h th e i np ut , out pu t , or just i nternal tr an sfer of dat a at

multi- megabits per second must be come a practitioner o f th e s emi ­

he ur is tic a rt of mic row aves , whe re probl ems such as t erminat i ng

a t ransmis s ion l i ne ove r a wi de ba ndwi dth wi thou t inc reasi ng

power su pply dra i n ha ve a l ready be en s ol ve d .

Ove r a certain ba ndwi dth, this may be acc omplishe d by

emp l oy i ng phys ica l l y minute, bu t hi gh -valued , ca pac itors wi th

e x t r eme l y low i nd uc tance.

To det ermine wha t t his usab le r ange is , r equ ires an

exami na t i on o f a proposed capaci t or 's tran s mi ssion coe f f ici en t

and refl ection c oe f fi c ien t ver sus f req uency. " S-Paramet ers"

a r e us ed, since t hey a rc far easie r t o mea sure th an II- , Y- , or

Z-Pa rame te rs above 1000 . MHz. I mi ght not e that t he da ta t o be

di s pl ayed here p ro v i des engi nee rs f or th e fir st time with

s i gn i f ican t component information i n graphi c form on capacitors

a t e leva t ed fr equenc i es.

Viewing pul s e circuit and c ompone n t probl ems f r om t he

f r equ en cy domain as well as from th e time domain will oft en

provide a key to sol ut ion o f ot he r wise apparent l y d i f f ic u l t

des i gn p rob lems .

Va r i ous network ana lyzers are available to de te r mi ne t he

ch aract er i st i c s of an y given two-port "black box" . In our cas e ,

t he "b lack box " cons is t e d only of a capacito r acros s a ga p on

a 50 0 mic ro s t r ip line .
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The me asuring s ys tem us e d wa s an HP8542A, a co mpu te r

con t ro l led netwo rk ana l y ze r . The pa r amete rs selected were t he

so-called "sca t te ring -pa rame te rs" des c ribed i n detail in the

Hewle t t -Packa rd app lica tion note #95 .

S-Pa rame t e rs are a meas ure of t he powe r transmi t ted and

r e f l e c t e d f rom some circuit compone n t on a 50 0 l i ne .

They are mor e conve n i en t to us e t han mos t o the r parame te rs

becaus e they do not re qui r e t ha t vo l tages an d cu r ren ts be meas ured-

a task whi ch demands open an d short c i rcu i t s , diffi cu lt to

ach ieve a t 1000 . ~~z and up.

For a b i l ateral, pas s ive de v i ce, such a s a capac i tor wi t h

a sho r t pa th -length ( f o r i ns t ance a cu bic shape ) , only t wo of

When us e d as a DC -b lock on a tr ans mi s si on l i ne, co efficien ts

Some r e pr e s en t a t i ve paramete rs a re displayed i n t he fo l lowing

as t wo ve c t or componen t s a nd t he ir signs ( t o show qu andrant ) .

s et o f g r ap hs , whi ch a r e vector quan ti ties displayed here as a

Gllz ,

They co u l d jus t as easily be d is played

Gllz , but we now have data to 3

ps .t o ris e times o f 50

an d a re worki ng on t esti ng f or da ta up to fr equ enc i es e qui va len t

t he four no rmal l y necessary parameters are r equire d : t he trans-

The y ar e shown up to I

magn itude and an angle .

mission co effic ien t 521 , and the r e fl ect ion co ef fic ien t , Sl l '

s hapes , migh t require t hat all four be measu red and provided . ) I«
<lo

~
~

~
~

S21 and 5 11 may be us ed to det ermine signal att enuation in dB ~
from: In s er tion Loss; 10 10g l0 ( 1/ 1521 12) , which for r ec i proc a l :.

dev ices may be se para ted into Di ss i pat i ve Loss; 10 10gI O(1- Is l ;l~ ch
\ S2l )

(o the r c apac i t o r phy sical configu r ations, s uch as oblong
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and Reflection Los s = 10 10gi 0 O- IS11 12) .

No t e that t he Transmis s ion Loss versu s Freque ncy graph

(F igu re I ), begins at 300. ~f z . Be low th is, th e ref lected power

due t o t he h i gh capac itive r e a c t anc e ( of t he val ue s he r e initia l ly

chosen for me asu r ement ) dominat es . The graph of S21 (magnit ude )

versus f requency is s hown i n Figure 2. An S21 magni t ud e of 1 . 00

s ign ifi es 100 . % signa l t r an smi s s i on, t hat i s, no tr ansmi s s i on

loss, and the refo re no pu lse attenua ti on.

An S2 1 ang le (Figure 3) of on l y a few de gr e e s over a

wi de fre quenc y ran ge signifies a capac i to r sui tab le for pul s e

tran smi s s i on due t o the l ow pulse shape di s tor tion t hat would

occu r ( t hru d i f f e r ent i al phase sh ift of it s va r ious Fourier

componen ts .)

The r efl e ct i on coeffic ien t , S11 (magn i t ude ) , i s equi va len t

to t he mic rowa ve engine e r's gamma ( r ), and f ro m i t s magni t ude

may be de termined (thru charts or cal cul ations) th e e qu ivalen t

amoun t o f power ref lec ted be f ore i t ev e r co u ld enter t h e cap aci to r

t o be trans mi t ted.

Gamma i s r el at e d t o anothe r quan t i t y , common l y us ed when

dis cuss i ng tr an smi s si on l ines, ca l led VSWR (Vol tage St andi ng Wa ve

Ratio). The thre e are a l l re la ted as fo l lows :

VSWR
+ Sll

r S11

The best pos sibl e VSWR is non e a t a ll , bu t thi s 'wou l d r equ ire

an Sl l o f ze r o , and that i s nea r ly imposs i bl e t o a t t a i n . The

eq u i va len t VSWR is di s pl ayed in Fig u re 4 .

One p rac t ical s ignificance is t hat it sets fo r t h t he r ati o
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of load impedance t o t rans mis s ion l ine i mpedance, t ha t i s, for

a 50 n line , a 25 n load , or a 100 n load woul d each hav e a

V5WR of 2- t o- 1.

As many of you are fami liar fr om t ime domai n ref lec tome t ry

in pul se t est i ng of t r ansmis s i on lines, whe n a pul se si gna l is

sent down a l ine and r eaches an i mpedance di f fe ren t f r om t hat -o f

the line, s ome of i t i s r e fl ected an d never ge ts a ch anc e to be

trans mitted f ur t he r .

This re fl ected power effec t ive ly sub t racts f r om the ori gi na l

puls e amp l i t ude , and is s hown in Figure 5 .

It may be r eadi l y s olved f or as shown in t he f ront pages of

the ol der edit i ons of t he "Hic r owave Engi nee r 's ~andbook and Buyers

Gu i de " (Hor iz on House ).

These technique s ca n be appl i ed t o any c ircu it i nte r­

connection or component, and whe re a ve r y wideba nd DC-block

is r equi r ed on a transmi s sion l ine , wi l l t ell in advance a gr ea t

deal about the suitability of a pa r t i cu l a r cho ice and its

exac t characterist i cs over any gi ven f reque ncy range. Whe re

loa d r esistanc e l evel s are low, a capacitor us ed as a DC -b l ock

must have a ve ry low eq uiva lent -s er ies -res is tance , othe rwi se the

transm i s sion loss wi l l be hi gh . Conve rse l y, a lo w 521 va lue oft en

~mp!~ e ~ a hi gh equi va lent - series -res i stance .

A capac i tance va lue t ha t is t oo sma l l wi l l produce a hi Rh

VSWR and a high 511 magni tude at t he l owes t frequency eq uivalent

of t he pu l se tra i n .

A capacitor that is t oo i nductive wi l l have a la r ge va riation

of the an gle of the transmis s ion coe ffic ient versus f reque ncy above

the range whe re the VSWR had fini shed i ts normal or ig i na l steep

drop off to a low va l ue .
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Line- t o- line coupl ing i n a proposed pu lse ci r cu it l ayout

will r evea l i tse lf beforehand by an incr eas e in line Inser tion

Loss, or a dec rease in t he t r ans mi s s i on coefficient of the line

at t he freque ncies at which coupl i ng occur s .

Thus , t he techniques of t he mi c r owave en ginee r , if employed

in pu lse ci rcui t desi gn , can have a very gr ea t bearing upon the

improve ment pos s ible i n tr ansmi s sion of in f or mation a t hi gh dat a ­

ra t es . They pr ovi de him wi t h a who le new s e t of eyes wi th which

t o see what i s going on in his components and their i nterconnect ions .
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CHIP CAPACITOR DB..ECTRIC EFFECTS ON HYBRD MICROWAVE AMPLFER

Vinc ent F. Pe rna , Jr .
Vi c e Pr e s ideo t

Microwav e Eng Lnee r Lng

Amer ican Techn ical Ceramics
1 Nor den Lan e

Hun tingt on Stat ion , N.Y. 11 746

ABSTRACT

To help the des ign eng ineer a t t ain t he f u l l capabi lity of hi s semi cond uc t ors . ATC provid es :
Tes t resul ts of ATC's p ro gram of meas uremen t of ca pacitor e qu i va len t RF s er i e s r e s r s t an ce
and r esona nce cha racte ris tics f or var i ou s capaci t an ce va lues f ro m 100 MHz 't o 3 GHz.

RF transistor inp ut cu r rent ve r sus inpu t p ower ; cu rrent magn i t ude a s a fun ction of
circu i t bandwi dt h ; powe r dissipated by t he resultin g c irculating current .

Inter-re l at i on s hi p o f Insertion Los s , unloaded Q and the Sv Pa r ame t .er s • . •• 0 •• wi th s pe c ia l
emph as i s on Q ve rsus VSWR .

Del ineat ion of tran s i s t o r ave rage min i mum collector e ffi ciency ve r sus a ve r a ge power gain
as funct i ons of f r equenc y , RF ou tput power, a nd DC workin g voltage .

A s t udy of the e f f e c t s of i n t e r s t a ge losses on drive r junct i on tempe r atu re, and t he result ­
i n g fa ilure mechanisms of f orwa rd - bi as, second · breakd own . al uminum/si l icon mass tran s port,
and t h e co nsequent expected transi stor l i f etime.

I NTRODUCTI ON

The e lectrical cha rac teri s tics of ceramic
materi a l s are s t rong l y i nfluenced by t emp ­
e r ature, applied r a d i o - Er equency , and
voltage. Thei r physi cal ch a r act eris ti cs ,
a s well , a re affected by these in flue nc e s .

Thes e ch ang es ha ve a ve ry direct bea r ing
upon no t on l y the installation method
"Wh i ch should be e mploye d when moun ting
chip cap acitors in hyb rid c irc u i t s . bu t
al so the ga i n, powe r ou tpu t , b an d -
wi dth, an d li f e time which may be e xpe c t ed
from the co mpleted ci r c u i t .

Due to th e i mpo r t anc e of t h i s in f o rmati on
to the de s i gn en ginee r , ATC offe rs i n
th i s paper: phys i cal -e f f e c t da ta (p a r t i c ­
u larly t h.ose of t empera t u r e on d i mension ­
al stab ili t y o f c e r aa i c e d i e Le c t r Lc cap a c ­
i t o rs) . r e s onance effect s ( bo t h se ri es
and p ar-a Ll e Lj ; apparent -Q ve rsus VS\... R.
more e x t en s Lve un Loa de d - D da t a , t he
r elat e d equ i valent series r e sistanc e --­
which i s r eally what th e eng i nee r wor king
with powe r hybrid s sh ould kn ow c onccrn ing
c a pacito rs -- - and , t es t da t a t o 3 Gilt on
our ATC 100 mic r owa ve porce l a in ca p ac -
i to r s.

Usin g this da t a t oday , we will examine
a t yp i c a l pcve r amp lifi er design in the
s eve r a l hund red ?-rll z reg i on. a nd discuss
bo t h the i ns t an t aneous f a i Iu r c and t he
slower ....se a r e ou t" me chan i s ras o f t rans i s ­
to r ch ips , pl us, we .ill al so ex a mine

ci r cui t pe rfomance imp r ovemen t s .t ha t have
be e n r e por t e d i n hy br i d amplif i ers when
us Lng ve r y l ow- l os s, chi p c apac i r o r s .

DISCUSSI ON

As many of you who have do ne wideband,
matching- ne twork designs fo r hyb rid
amplif i e r s know . we ha ve be en p roviding
the S ·Pa rarne te rs . Ins er ti on Los s . and
VSW R of ch i p ca paci to r s ..che n us e d as a
DC block on a 2S mil li ne on an al umi n a
substra t e . In add i t ion t o t he series
parame t ers. we will als o be shor t ly
prov id i ng t he sh un t parame t ers bo t h in
tty.. and S -Pa rame te rs at t he en d of a
t r a ns mi s sion l i ne t o gr ound . In a ddition ,
the unl oa de d capaci to r Q . whi ch wil l be
pr ovided, will be of a detail, a s t o
cove r t he c a pa c i t an ce va lue s t ypi c al l y
us ed i n s uch amplif ie rs fo r tun i ng pu r­
pos es up t o L- Band. Fo r e a ch o f t he
capacitance va l ues di splayed fr om 10 pF
to 50 pF, we wi l l a l s o be p r c v i d i ng t he
e qu iva len t ser i e s resistanc e o f t h os e
ca pa c i t an cc va l ues , bo th as f un c tions of
f requency and c ap ac i t a nce value . Wit h
thi s i n f o r ma t i on , t he hybrid c i r cuit
designer wi ll be a bl e t o de t e rmine wha t
hi s a c tua l I2R rcs s c s arc, and thus
de terminc, i n adv a nce , thei r influence
on the gai n a nd powe r ou t pu t o f h is
ci rcu it s . Or hc r h i gh e f r equency data
will shor t ly be p rovidc d up to X·B an d on
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Let I 5 examine s ome o f t he s e sp eci fic
effects in o r de r t hat we may be t te r app l y
capacito r s in hybr id ampl ifi e r s. I n some
ca se s thi s ampl if ie r may wi sh to be un ­
sealed o r open t o t h e a t mosph e re f o r
r ea s ons o f co s t. Di e le ct r ic po rosity
has the d i s advant a ge t hat it a l low s
a tmospher ic mois t u re and s ol vent - b orn e
chemi cal s t o penet ra te t he body of t he
capacito r . If you have a wet day you are
going t o expe r ience del ete r i ou s effec ts.
The s e pe net r ant s can e nhan ce i nternal
mi g r a ti on of the me tal e l e c t r ode s under
t he influe nce o f the a pp lied e le c t ric
f i e l d. and cau s e the c ap ac i to r t o
eventual l y s ho r t ou t , pos s i bl y cau s i ng

a ne w c apacitor whose loss characteri s ­
tics when used as a DC b l ock ha ve been
f ound to be nearly indis tingui shab le
from tha t of the l i ne itse l f up to
11 GHz .

As yo u can see from Figure 1 . whi ch i s
our t est data to 3 GHz on an ATC 100,
Case A, 47 pF uni t . even with a capaci­
tor a s large as a SO mi l c ube across a
ga p of 20 mi ls in a 2S mil l ine. t h e YSWR
is extremely l ow. e ven at S - Band. In
the r e g i on s above L- Band one might be gi n
t o e xp e c t so me transmi ss ion loss due to
fri ng i n g in a ir and its i nte raction with
the c apaci t o r . Howeve r, as we c an see
f r om Figu re 2. with highe r die lect ric
con stant subs t rates, f ortunately mos t
of i t i s sti l l basica ll y unde rneath
t he l i ne. Consequent l y, fo r a hy br i d
ampl i f i e r. a ' ca pa c i t o r chi p o f th is
part i cular size with internal metalli za ­
t ion not great l y diffe r ent fr om t hat of
t he l i ne on t he alumina s ubs t ra t e . wil l
give ve ry satisfactory perfo rman ce .
This may be seen f rom t he I n sertion
Los s co lumn, where t yp i c a l l oss i s
of t he orde r of . 05 dB to .03 dB
through ou t t h is re gion . Con se quen t ly ,
we h ave an a l mos t ne gl i g i bl e t r ansmi s ­
sion r e duct i on with mi crowave po r celain
cap ac itors , even when includi ng the
effects of VSWR .

When e xamining the sub j e ct of ca pa c i to rs
f o r hy brid microelectronics, it i s
us e fu l to gain s ome und ers tandin g of
the e f f e c t of t h e various di el e ctr i c
ma t e ri als t yp i cally used i n s uc h capaci­
t o r s . Here , for exampl e , i n Fi gu re 3
i s indi c a t e d a l i s t i n g of the va riou s
t ype s of ce rami c materi a l s common l y
used and their equi val ent die lect r ic
constant s and di ssi pation f ac to rs at
a fi xed f reque nc y o f 100 :·fHz. As it
na y be se e n here. Bar i um Titanate -type
materials ( f or ex ample , th os e us e d i n
the s o call ed h i gh "K" d i e le ct r ic
ca pa c ito r s ) , ha ve a diel ectri c con s tan t
of the order o f 8000 . Unfortunatel y ,
it also ha s the d i s ad va n tage t ha t i t
h as a r e l a t i ve l y hi gh di s s i pa t i on fa ctor
of 0 .1 .. DF. As we c an see f rom p ro­
gressin g down the chart i n t h e direct i on
of decre asi n g die lec t ric co ns tan t . we
ha ve an i mpro v i ng di ssi pat i on fa c to r .
In fa c t . i f ,,' C exam ine a n equat i on i n an
articl e of Augu st , 19 70 , i n xn c r oweve s
Magaz i ne e n ti t le d , " A Gui de t o Judgi ng
Microwave Ca pac itors " , t he eq u a t ion
fo r the di s s i pation i n c apac i r o r s in
wat ts pcr c ubi c centimeter. t hat i s, per
unit vol ume , i s given by : h' • E2 t r tan 6
f (55 . 5 X 10 - 6 ), which t en ds t o imp l y
t hat the di el ectric constan t . lo s s
t a nge n t (o r di s si pati on fa c to r) an d
frequenc y are the o r et i cal l y indepe nd ent
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o f one an o t he r. Howe ve r, in re a l l i f e ,
a s we c an s ee from t hi s presen t r ab uaa­
ti on, there is an app r ox imate de p ende nc e
of dissipation facto r upon t he magnitud e
of t he dielect ric c onstant . We se e .
by con tra st , a t the bottom of t he char t ,
that t h i s is no t a ha rd an d fast r u l e ,
sin ce the ATC 100 Mic r owave porcelain
has a som ewh a t highe r d i e l e c t ri c c ons t a n t
than a l umi n a , bu t it has a r a d i ca lly
lower dissipation fact or ( by nearly an
order o f magnitude). h'h a t is important
he r e is t hat the l\'atts -pcr -unit-voIUll\c
of RF power d i s s i pat e d in a hyb r i d
amplifie r will be drama ticall y l ower when
us ing mi c rowave por ce l a i n than with a l u­
min a, a s a c apacitor dielect ric, and
much more s o than the c ommonl y used NPO
dielectri c material .

It i s t hi s Wa tt s -- per *un i t - vo l UIIl: E: o f dissi­
pa t ion i n a ca p ac itor which is impo rtant
to t he hybrid c i r cu i t designer . It
necessitate s his examining ca r e f u l ly
manu facturers I pu blished data on both
the h i gh - po we r and low -p ower , un l oa de d
capac i tor -Q. (Q var ie s with t empe r a t ure . )
These data, i f no t av a ilable, may be t es ~

t ed f or (see co mi ng ATC App l i ca t ion Not e s ). tn
Refe ring t o Fi gu r e 4 fo r a momen t, we can ~
se e that the ma t e r i a l Ba r i um Titanate . 0
~~ rc~i:~~~ir~~: da t~ ~~~Yw;~r~~o~ ft~:P ~~ ~ - W
ca l led high - " K" t o the ~PO , an d t h a t it ha s LL
one very us e f ul cha r acte r is tic: you can LL
~: ; ~~~e~~~~ea:~~~t~t~f ~~~~~~~~~~:l )', w
~~ ~::r:o~~ : di ~ ~d~:~ t~:~ ~i ~~~ ~ a~n:f}~~~;d ~
on the t empe r atu r e coe ff ici en t of capac i- IX:
~:c~hy~~~:t: :~~~~u;a~ ~o~x~:~~~ ~nv~~ ;~~:, t-
t e mper a t u r e ; i t a ls o exh i b i ts pi e zo e l ec - 0
t r ic e f f ects and a gin g . In addi t ion, it W
has anothe r disadvan tage o f be ing very ~

po rous ( i n te r n a ll y a n d ex te rn a l ly ) pl us W
hav i ng instability wi t h t e mp erat ur e. _
f r e que ncy . t i me, and vo ltage , and , Q
of be in g " l ossy" whe n pa ssi ng RF e ne rg y.

eo
~
<o
Q.
5:o
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destruc t i on of ac tive componen ts on that
subst r a t e . as well .

Al l di e l e ctr i c s va ry in dielectric c on ­
stant wi t h t empera t ure . If we t ake fo r
e xa mple I the so ca lle d Kl ZOO material,
common l y not ed as having 3 "BX" cha r a c ­
ter ist i c, we see f rom Fi gure 5 tha t it
has a va ria tion of dielect ric constan t ,
and there f ore , capacitan ce. of around
+15 \ over t h e tempe ra t ure range of - SSGC
to +125 °C. In particula r, ve s ho u l d
no t e t he pe a k on t he ri gh t han d s i de,
which for various manu facture rs l ies
an ywhere betwee n 100 t o 150 °C . Th i s is
t he s o cal led Curi e Pea k (wh i ch, as
we will see l a t er , al so has physical
e f f e c ts associated with i t) .

Progre s s ing to the NPO n a t e rial , .... e s ee
that it i s much mor e stab l e t h an t h e
Kil OO mat e rial , s i nc e i t var i es in
temperatu r e coefficient on l y +30 PP~!/° C .

However , it ha s a d i sadvantage t ha t ,
although it on ly goe s negat i ve and
pos itive about ze r o with te mper a t u re , i t
doe s not fo llow the same pa t h on r e t ur n
that it did under i nc r e a s in g t emperatu r e
(due to i ts co n t e n t of Bari um Ti t an a t e ) .
Thi s inst ab il i t y, o r hys t e ris is , o the r­
wise known as i mperfe c t r e t r a ce , may
also oc cur with ot he r p a rame te r s s uch
as freq uen cy an d VO l tage .

NPO mate r i a l s go t t h e i r n ame f r om t he
f a ct th a t the ir d ie l e c t r ic cons tan t
vari e s a lt ernately negati vel y an d
t hen positi vely wit h t e mperature . Tha t
is t o say, if yo u want t o s t a r t v i th
any pa r t i cul a r c ap a c i tan c e va l ue (a s
" ze r o" r e f ere nce ) and if you he a t
the un i t up, it wi l l d r op down a li ttle
bit in ca pacitan c e , t hen excee d the
i n i t i al va l ue s ome , t hen dr op do vn
ag a i n , t yp i call y l y i ng v i t h i n a
s lightly ne ga t i ve - go ing " c one" , but
bas i ca l l y a l ways s t a ying wi t hin +30
PPM/ oC. Al t hough i ts t empe ra t ure
st ab i l ity l ooks goo d , yo u shou ld be
aware of i t s hys te ri si s and i mpe r fe c t
ret race .

Agin g i s a ch a ra c te r i s tic of ve t v h r gh
diel e c t r i c c onstant ma t e ria l s vhe re m ,
once t he tempe ratu re as so ci at e d v i t h
the Cur i e Pe a k i s excee de d , th e
die l e c t r i c cons tan t ex h i b i t s an
i mmed i a t e j ump upwa r ds of 10 t o 1St
i n ma gn i t ude , and do e s not co me bac k
down i mm ed i at e l y . I n f a c t , i t dr ifts
down ove r a pe riod of t i me desc ribe d
as " dec a de ho ur s " J s uc h t h a t , a ft e r
the fi rs t 10 ho u rs i t mar be on l)' down
3\ f rom th e peak t ha t it j umped up t o,
and aft er 10 , 000 ho u rs i t may on Ly b e

down ar ound 7% . In many applications
t hi s makes absolute ly no di f f eren ce ; in coup l ­
i ng or by - pa s s i ng i t may ac tuall y be an
advantage . Howeve r , you should not use such
a mater i a l fo r a t uni ng app l l cat Io n , or you r
c i rc ui t t uning would be va r ying a ll ove r t he
Smi t h Chart.

Compa r i ng now the Kl200 and NPO for the i r
Dis s ipation Fac tor effec t s a s fu nct i ons of
frequenc y , we s ee from Figur e 6 t hat th e K1200
mater ia l s t a r t s off a t a moderat e va l ue of OF
down i n t he audi o f r equency range of . 01 , but
by t he t i me it has got t en t o 10 MHz it i s
s t a r t i ng to c limb significantl y J and by t he
t ime i t is up t o 100 MHz, the r ate o f i nc r ease
of OF with frequency i s so s teep t ha t when you
ge t t o LcBand it i s of t he ord er of 0 . 1 = OF.
This mea ns it has incr eased b y a f a ct o r of 10
f ro m it s l ow freque nc y poi nt, and the impac t
o f t hi s on an RF ampli fier i s see n i n t ha t ,
t he un l oaded capaci tor Q is t he r at i o of the
capac i t i ve reactance of the equ iva l en t s er i es
r esist anc e (Xc / Rs = Q = l /DF ) J and by havi ng
a hi gh di s s ipation fa ctor , you end up by hav ing
a 10\0,' Q, whi ch means a hi gh equ ivalent s er i es
r e s i s t an ce . If we try to u se thi s mater ia l i n
a t uni ng capaci tor t hat is to have , say, 30 Ohms
of r eactance at L-Band , and i t has a dis s ipation
f actor of 0 . 1 , we end up wit h an equi va l ent
s er i e s r e s i stanc e in that capacitor o f 3 Ohms .
I f we try to put any s i gnt Hcant RF power t hru
such a capaci tor , it would burn up becau se of
t he high t emper a ture resulting f ro m the hi gh
di s s ipated- Watts -per -u ni t -vo lume . I t wou ld
hav e not on ly a poor lo w-p ower Q. hut an eve n
wors e high-power Q, s i nce capacitors when the y
di s sipate RF power a l so degr ade in Di ss i pa t i on
Factor and therefore in Q as we ll . The r e su lt
is thenn al ru n - away and s e l f- des t ruct io n.

Exami ni ng now the eff e ct on dis s i pa tion fac tor
of i nc reas i ng frequ enc y i n t he NPQ mat erial ,
we not e tha t it s t a r t s off a t a modera t e va l ue
of the or der of . 00 01 = OF in t he audio r a nge,
but once it ge t s up t o 100 ~mz it ha s r i s en
rather s i gni fi cant l y , and from t here on up t o
L-Band the climb is ver y dramati c, a lso r ising
t o a di s s i pat i on fa ctor of a bout 0 . 1 a t 1 GHz.
This is ro ugh ly an increase by a f act or of 1000.
The di sad vantage he r e aga in i s that the equ i v ­
alent seri es r e s i s t ance of a ca pac i t o r i s gi ve n
by : Rs = (Xs DF) and i f you t r i ed t o pu t any
s i gni fi cant RF curr ent thru i t , i t wou ld ge t
qui t e hot . To give you a f ee 1i ng fo r how hot
i n practi cal t enn s, if we were di s s i pating onl y
40 mi l liwatts of power in a c apac i t or 0 . 1 i nc h
on a s ide , we wou ld have the same ene rgy ­
de ns i ty in Watt s - pe r - uni t - vo l ume as t he



There a re a nu mbe r o f mounti ng met hod s ,
One c ommon l y employed wit h c h i p s is :
the c a pac I t or i s moun ted o n so l de r
p refo rms an d th en run t hr ough a furna ce
a t s uch a t emperat u r e t hat t he- s o lder
mel t s and a dhe r e s t o both t he c a pa c i t o r
a nd th e subst r a te to cause a goo d bo nd.
One common c a us e of fa ilu r e he re is
poo r si lve ring . The bon d a lso

For t una t el y f o r t he ATe 100 microwave
po rce lain, we do no t ha ve p ro b l ems .... i th
t he t h ermal c oe f fic ien t of ex pa ns i on of
our mat e r LaLs the way ce r ami c t yp es do •
The ATe 100 ma te ria l has r ough l y t he
expansion co efficien t o f a lumina , t he re ­
fore no bo nd disturba nc e wLl I oc cur.
e i t he r ,... hen coo l i n g down after r unning
through a f urna ce , o r mo un ting in a
f urna c e on a hyb ri d mic roe lec t ron ic
ampl i fi er whil e the bo nd i s st i ll not
SOlid , or. when being t empe ra t u r e c yc l ed
La ter .

meta ll i c portion of a 40 wat t Ungar sol­
derin g iron . The r e a s on it does n ' t me l t
i t s t ermin al s and fa l loff the bo a r d is
t ha t t he he a t r e mova l capabilit y of
a mi croelec t roni c circuit on an alumina
subs t r at e i s s ti ll s u ffici ent to car ry
the hea t o ff at a r a t e whi ch wil l keep
the t e mperat ur e of t h e s o lde r c onne c t i on
below it s mel ting po I n t . I f you t ry .
ho ....e ver. to put . a la r ge amoun t of RF
c urre n t t hrou gh t h i s c ap aci t or, i ts
rat e o f hea t ge ne ra t i on will at s ome
point exc e ed the r a t e o f coo l i ng ava Ll.­
able to the ca pa c i to r f rom the hybrid
circu it . and i t t h e n :Ji ZZ fall off t he
board . So , both NPO and KUDO , whi le
s atis fac t ory f o r s ome appl icati ons a t
lower fre quen c i e s, deg rade ci r cu i t pe r f c r -
manc e f rom about 50 . MHz on up .

Compa rin g t h e d i ssi pa t i on factor e f f e c ts
as a fun c t i on of RJ-IS v o I t-age , we no te
tha t t he Kl 200 material s ta r ts of f a t
its common value o f . 01 . but ne a r t h e
pea k of ev ery ha lf cyc le of RJ.IS vol t ag e
(let's say we a r e tal k i ng a bout a
Clas s-C RF amplifier n ow) we will find
t hat the D.F . has j umped up a full orde r
of magnitude or s o . As we see f r om
Figure 6, if we were t o hav e RJ.IS vol tage
sw i ngs of the orde r o f 30 vo l ts or s o ,
we wou ld eas i ly have a t i mes 10 increase
ove r a portion of each h alf cyc le . This
r esult s i n he a t generat i on pu ls es which
c on t ribut e t o the ove r a l l deg rada t ion
of t he amplifier be caus e of t h e r esidua)
hea t build-up i n s i de the cap acito r an d
it~ negative effect on Q:

NPO mater ials o n t he o the r hand are f ar
be tter. hav i ng only a ve r y sl ight effec t .
e ven f o r RJ.IS vo l tag e s o f t he o rde r of
35 o r so .

If we now go to Fi gu r e 7 an d ex a mine
t he modulus of e x tensi on of Bari um
Tit an a t e a s a functio n of temp e rature,
we wil l not e t ha t it has oJ crysta l l ine
pha s e s t a t e s and 3 po i n ts o f c rys t a Ll In e
r eo r gan i z a t i on . Nhen c ha ngi ng i rom one
of t h e s e phase s t a t es t o ano t.hc r v i t h
inc rea s in g o r dec r easi ng t cmpe r a t u r e ,
a phys i c al r eorga ni zati on i n the
crys t a l l i n e st r uc t ure of the die lcct r i c
mater i a l t a ke s plac e a nd t he physical
ext e n s i o n that r e sul t s ex te rn a l l y i s
not smooth . I f yo u were to t a ke a
me tal lic a l umin um r od and he at it ov er
a fl amc , yo u would be abl e to meas u re
a qu i t e smoo th i nc r e a s e i n i t s l e ng th .
Conv er s el y ) i f you wcr e t o pu t i t in a
r e f r i gc r a t o r , you wcu l d note a r a t hc r
d r a ma ti c , bu t smoo t h dc c r e a s e i n l e n gth .
Capaci t o r s c cn taini ng Ba r i um I i t a na t e ,
hcwc vc r , e xh i b i t a b ru p t chan ges in
d i men s i o n when go ing from o r tho rombic to
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to the tetragona l , or f r om the tet ra'ganal
to the cub i c , a nd i t i s up in th i s
lat ter phas e vcha ng e r e g r c n in the a r e a
of the Cur i e Pe ak t ha t y ou r un i n t o
difficul t y . Con s eq ue n t ly, when the
capacitor tr ie s to expan d i n length as
a fun c t i on of t emperatu r e beyond the
l imits i mpo s ed by t he s o lder pre f orms .
it tends to buckle. an d if y ou have eve r
tried bending a pi e ce of cha I k , yo c
kn ow it do e s n't wor k very we11. The
r esu l t is that the c a pacito r tends t o
delaminate o r crack int ernal l y , an d yo u
also f i nd f r ac tures a t the end of t he
capaci tor be tween t he i n te r n a l p la t es
an d the en d met a ll i za t i on . The s e don I t
show up un ti l you t r y to co o l the capaci ­
to r d own again , a s yo u c an see fr om the
bottom of Figur e 7 . The ceramic t ries
to s hr i n k. but i ts end met a llization is
contra i ned at. the bond to t h e subst rate ,
so t h e ce rami c pu lls away fr om t he
me t a l l i za tion. Si n ce this bond was
al ready f rac tur e d . th e end r e sult wi ll
be an open c i r-cu i t , whi ch can wipe out
your a c t Ive devi ces .

We fee l that a cub ic shape i s mo re r ugged
than a l on g an d slend er f orma t , s i n c e

~~aio~f:~n~t~n~~d~ha~~: ~ grea te r the t/)

The i nd us t ry has a lead-s ty le des ignat ion o""
f o r l e adl e s s un it s co nsisting of the
wo r d " chip" . Thi s means s i mpl y t hat t he W
c e ramic bod y has been si lver ed on i ts LL
t wo en d- f a ces . Sometim es t he y al so LL
use t h e t e rm " s o l de r- d i ppe d c h ip" o r W
"p r e - t i nne d chi p " . We designa te such a
unit a s a " pe l l e t " , which mere l y me an s 0
it is a silve r ed chip whose ends ha ve _
been d ipped in molte n s olde r. (Figure 8 ) a:
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has t o rely, i n some measure . upon the
capillary action o f the so lde r between
t he capa c itor and the s ubs tra t e . I t
als o must r el y up on s ur fa ce tens ion to
figh t gravi t y on i t s way up t h e face of
a capacitor to make a bo nd . As a r es u lt ,
i t is c ommon p r ac t i ce to che ck the b onds ,
after t he chi ps h a ve been f urnace -mounted,
by what s ome pe opl e call "ta p - tap" tes t ­
i ng, in which t he y t r y t o dislodge t h e
capac itor f rom t h e boa r d to see whe t hc r
o r not the r e was a good bon d f orm e d .
This can be a n e xpensi ve l ab or -prop o­
s it i on . Wha t we c a l l pel l ets. by
c on tras t , have the advan tage t h a t t h e
s older i s a l re a dy a l love r the fa c e of
t he capacit or. and whe n hea ted, j ust
runs do wn t o t he s ub s t r a t e , caus ing a
very ob vi ous , large , fi l l e t bon d tha t
do e s not req u i re an y manua l " tap- t a p "
test i ng t o see whet her o r no t a go od
bo nd was forme d . I t does , ho we ve r ,
have the di s a dvantage t hat pe l le ts
are mor e expe nsi ve than ch ips , so y ou
have t o t r a de off the c ost of on e
versus t he o the r f o r the mo s t economi -
cal produ ction s i t ua tion .

Now, t akin g t hese va r ious ca pac itors
and moun ti ng them on a t ransmission l i ne ,
we can t he n mea s u re the m on a netwo r k
analy ze r f o r the i r re lati ve pe r fo rmanc e
versus f r eque ncy and RF powe r l e ve l .
Refer in g t o Fi gu re 9 , we s ee that ,wi t h
a capac ito r mounted as a DC b l ock on
a tran smi s s i on l i ne and some RF
en ergy pr opa gati ng down · the l i n e , when
the RF c omes t o t he gap i n the l i ne
over wh i ch th e c ap a ci t or is s it ti ng,
it h as t o decide wha t i t s go ing to do .
Some o f i t t a ke s t he short , e asy pa th
through t h e f i rs t fe w layer s of the
c apaci to r , bu t much of t he r e ma i nde r has
t o c l i mb up t he f ace of t he capac ito r ,
go acros s ne ar t he top , t he n down the
other side . This r e s u lt s in d iffer ing
p a t h l e ng t hs J and a ph ase sh i f t among
curr en t s , which , at ha rmonicall y
relat e d f r eq uencies , Can r e su l t in
Ins erti on Los s pe ak s . If mount e d in
shunt t o ground , a s a t t he bo t tom of
Figu r e 9 , a ve r y na r r c ..... - band (hi gh Q)
incre a s e i n the r e s i s tive cha racte r isti cs
of t he c apa c i t o r r e s u l t s . It do es n ot
stay out on t he ne gl i g i b l e -Ohms po r t r on
of the ch a r t , but s tar ts coming In t owar ds
the ce n t er-r i gh t, wh i ch i s eq u i vale n t
to a n incre a s e in t h e r e s i s t i ve ch a r ­
act er i st i c . I f t h i s were t he r esult
of a hi gh c i r c u l a t Lng c u r r en t insi de
the phys ica l body of t he capaci tor ,
th i s woul d i mpl y the re .... ou ld be
mu l t i p l i ed l os s e s , b cca us c of the
incre as e d c u rren t t r a ve r s al o f the s ame
path . Thi s shows up as a rt in c re ase i n
r e s i s t a nce . There i s a lso an inc rease

in the VSWR of t he capacitor when
moun ted as a DC-b lock , so it t e nd s t o
indicat e t ha t there i s a parallel - t un e d
network wh i ch is r eflecting power .

It s t r uc k me t ha t t hi s migh t be r ed uc e d ,
i f, inst e ad o f ha v i ng all th e pla te s
pa ra lle l t o th e s urface o f the s ub s t r a t e ,
t he y c oul d be made vert Ic a l , anrl t hu s al l
o f the current wou ld re a ch a I I of t he
p late s s i multaneous l y. I n doing thi s
we fo und that th i s e limi na ted t he fir s t ,
t h i r d . fi ft h , an d a l l od d -o rdc r re s o ­
nan ces ( no t e : a ll a re app ro xi mate l y
ha rmon ica l l y r e l a ted), thus doub l ing t he
usab l e fr e quenc y r ange be tw e en thes e
re s on ant poi n t s . Thes e , inciden t l y .
oc cur ge ne r a l ly ab ove the f r eque ncy
of se r i es r e s on an c e . t hat i s . a f te r
c ro ssing f r om t he l.owe r (c ap a c i t i ve ) to
t h e upper ( i nduc t i ve ) po r t i on (If the
Smi t h Cha r t. Th is may come a s a s u rprise
t o SOTTle pc op le who ar e us e d t o think i ng
on ly of se r i e s resonance i n c a pa c i to rs
( p r ob ab l ya-Fiing -o ver f r om th e day s
of tubula r c a pa ci t ors . which wer e
l on g an d na rrow i n r el a t i on t o thei r
d i ame t e r ) •

Al l ca pa c i t o r s e xhi bi t this e f f e c t , bu t
the lo ssie r a ca pac i t or is , th e l e s s
sharp l y def i ned t h es e effe c ts a r c . To
bro aden t he ban dwi d t h a nd r e duc e the
ampl i t ude o f t he e f f ect . the p ri ce you
mus t pa y is gr eate r l os s a t all fre ­
qu enc i e s . Af ter conside rab le r es e arch ,
we have develope d a cap ac i tor, which,
using new ma te ri a ls an d new f orma t,
essen t i a l l y avoids t h i s p ro b le m up t o
11 GHz or more . Unti l i t is form a l l y
an no unce d , yo u can pa r tial ly avoid t he
prob l e m by a s k in g fo r "green do t "
ma r kin g , which a le rt s t he us e r t o the
option o f vc r t i cal or ien ta t ion of the
i n t e r n a l elec t rodes . The green dot
s houl d be vLewed somewha t a s the n ota tion
on a p a ck ing c r ate whi ch s ays " th i s e nd
up " . (Fig ure 10)

Ta k i ng no w so me o f the se ca pac i to rs t ha t
we ha ve been t a l k i n g ab ou t an d exam ini n g
the i r t e s t da t a ( pa r t i c u l a r ly VSWR and
l os s ) a s funct i ons of f requency , yo u will
not e in Fi gure 11 t hat a n ATC l OO- A
" SO mil cube " wi t h a 10 pF va l ue when
us ed as Do DC b l oc k on a tran s mi s s i on
li ne . ha s . a ne ga t i ve gai n . 'o r r a t her, an
i ns er ti on Los s , at the l ower f r equen ci e s
that i s 'f a i r'L y hi gh. I n f a c t t he VSWR
is qk ite h i gh , a nd t aking a look in
parti cular at t he a r e a of 15 0 ~Ill :, we
n o t e t ha t we ha ve a VSIVR o f nea r ly 6: 1 .
and an I nser t i on Loss of almost 3 . dB .
Some eng ine e rs hav e noted t h is , and th at
the In s e rt i on Loss decr ea se s wi t h tnc r e c s ­
ing f r equen cy , and they hav e fe l t t h a t



Refering now to Figu re 19 fo r a pr act i cal
a pp lication of all t h i s , l et us ass ume
t ha t we ha ve be e n given t he job of
dev is i ng a b l oc k di a gr a m fo r a 400 ~tH : ,

10 watt , RF anp Li f i e r in a hur ry . Pr e ­
l i mi nar il )", t he de s ign enginee r may be
as ke d whether o r no t he fee ls t hat such

the Q a t the lower f requencies must be pre t ty
poor , but ge ts i nc reas i ng ly be t t e r as one
goes up in f r equenc y . From t he mathematica l
de scri pt i on o f capaci tor Q i n Figure 12, we
see that Q i s given as the r ea c t an ce ove r the
equ ivalent se ries resi s tance ( Xc/ Rs) . We
note from the bottom fonnula , tha t with fre ­
quenc y in the deno mi nator we wou l d anti c i pa t e
t hat the Q would decrea se with increa s ing
f requency , and as you know from your meas ure ­
ments in t he l abor a t or y . this is e xac t ly
wha t happens . Cons eque nt l y . we must look
elsewhere fo r an exp l anat ion o f thi s pr obl em.

Refe ring to Figure 13 , we not e that . fo r
i ncrea s ing VSWR. we f ind an In c r oa s i ng
r efl ec t ed power and an I nc r ea s f ng t r an s ­
mission loss. so by t he t ime we ge t t o a VSWR
of 6: 1 we ha ve hal f ou r power r efl ect ed- - - - ­
whi ch i s t he 3 dB th at ....a s l ost a t the 150
MHz point . Thus . th e ca paci tors do indeed
have a very high Q. What is happening i s
that the po....e r nev er ge ts into t he capaci tor
to be dissipated . I t' s all being r efl ected ,
as one might expect f rom su ch ve r y small
value s of capacitance a s 10 pF a t a l ow fre ­
quency . You are s impl y c hoki ng o ff t he
current fl ow.

Refer ing to Fi gur e 14 . we s ee t he un l oa d ­
e d - c omponen t Q as a functi on of fre­
quenc y i n t he f requency r ange of 100 NHz
throu gh a Gigahertz. a nd capac i tance
value s t ypi c ally used for t unin g pur po s es
ov e r th is fre quency r a nge . Al though
t h i s dat a is what ha s tradi t ionall y bee n
hoped fo r , e s pe c i a l ly in t h i s deta i l,
what i s even mor e u s e ful ( Fi gur e IS)
is the equivalent ser i es r e s i stan ce
of these same c ap ac i t an ce va l ues ove r
t ha t f r equency range . From t h is we
may determi ne, f r om t he inpu t and cir ­
culat i ng cu r r en ts , ....h a t ou r I2R losses ·
a r e, and t he i r e ffe ct on gain and
powe r l e ve 1. As we may not e he re
f ro m th is grap h, we wi ll be t a Ik Iug
about equival ent se ries r es istanc es
of the order of 12 t o 40 mi ll i ohms .

From Figu r e 16 , we can s ee 3 s pe c i f i c
a pp l i c a t i on of th e i nformation tha t we
have be en develop i n g he r e . In to ou r
hybr i d amplifier t he r e i s a ce r t a i n
amoun t of RF inp ut power . The tran­
sistor , l et ' s as sume. is in the f r e­
que n cy r e g i on of a round 200 ~ IH z . and
t hu s mig ht be ex pec t e d to have an
input reac tan ce t hat i s i nducti ve .
In f a c t , t he induct an ce an d base -
e Diit t e r di ode -re s i st a nc e o f t h is de v ice
may common ly be obta i ne d f r om t l-e data
sheets o f t h e s e mi co nducto r manu f ac t ur e r
as a funct ion o f f r equency and po wer .
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From t h i s inf ormation, we can s ee ( i n
t he fi rst e qua t ion ) the l oade d Q o f t he
network tha t is ava i lab l e ....hen us in g
this t r ans isto r with a shunt capac itor
to prov i de a s i n gl e tuned network at a
gi ve n f requency. We can a lso see t hat
t here is a ce r ta i n bandwidth loaded cir­
cui t Q re la t i ons h i p , desc r ibed i n terms
o f an i nput -reac tance to inpu t-resistance
rat i o . We n ote also tha t the e f f e c t i ve
c irc u i t input resistance i s greater than
that of the base- emi t t e r diode a lone .
It is gi ven by t he loade d Q o f t h i s
network. s qua red, p Lus L, t i me s t he bas e
emitter d i od e resi s tance . This is the
e f f ecti ve r esi s t a nc e i n to wFi"i"Cli' t he i npu t
power goes . and determines the input
curre nt to t his s ingl e · tuned networ k
( a s given by t he bo ttom equation).

If we as s ume ....e have a t rans i sto r with a
base -emitter diode resi stance o f one Ohm
an d a loaded Q of Z(-SO ., bandwidth ). we
....ould t hen have an effect ive i nput r e s i s ­
tance at band center o f :

Reff - (QLZ+I) Rin- ( 4+1 ) I- S.O hms .
If we further a ssume that we must put
IS Watts into th i s device, Fi gure 17
s hows that we are f orced to acce pt an RF
inpu t curren t of ne arly 2 . Amperes .

Turn i ng no w t o Figure 18 , .... e may note ~
tha t t he cLrcu j a t I ng current is g iven by 0
t he l oa de d Q of th is single tuned ne t wo r k
time s the inpu t cu r r e n t . Thus. th e W
power dis sip a ted in this fi r st sh un t . LL
t un i n g capaci tor is gi ven by t he c Lr cu Lat - LL
~~~i~~r~:~~s~i~~~ef~ ~~:~s c~~:c~i~;~a lent W
The prob lem whi c h now ar ises is t o how 0
to r e duce this in orde r. to re du ce t he _
wasted RF power e vi de n ced as h i gh heat 1:1:
~: ~r~:~~ ~~~u~: ~P:~:t~~~ s i nn~~eo~;~acito r , I-
but al so increa s e t he ga in and powe r out - 0
put of the ne tw or k. W
As you can Se e fr om the bo tt om equat i on , -J

Wwe can't very .... e ll r e duce t h e i np ut cu r -

~~n~~w~~~a~~~c~h ~~ }~X: d:un~ }i ~~ ~;y t o Q
~h~u~:n~~!<i~~a~~ ~ · ~~~~~~ ;eQth: e

c~ ;~~c tThe a:
onl y t hing we can do t o r educe t he power 0
~; ~~~~a ~h~ i ~ne~~~~~fe~ ~P=~~i~~s r; ~ i ;~ an ce . I::
Thi s r e qu i r e s a low-loss , mLcr owa ve - ()
po rce lain die l ect ric . c:e

~
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power output over a certa in band width is
feasible , and , tak i ng a qu i c k look a t
s ome of the manu f ac turer' s data , one
would be led to the co n c l usion t hat "Ye s .
t h i s i s qu ite f ea s ib le" . No"'· , i n the
quest ioner's mind you have bee n committe d
to 10 Watt s over that ban dwidth . La t er
you may l e arn that the addi t i onal require ­
ments a re : al l co mpon ent s t o be as ch e ap
and a s f e w in nu mber as pos sible, l ow
current drain, min ima l he at sin ki n g area,
sma ll si te. and l i ght weigh t ; in
add ition, s ince the e n g i ne e r i n g staff has
be en r ed uced but t h e work has not. the
design time is short . As a r e sult, i f
t he en g ineer go e s t o t he bench t o mak e a
quick s tab a t see i ng whether or no t hi s
predict ion ( now) can c ome t r ue . and
trie s to fo l low t he de s i gn r e qu i r ements
and us e ch e ap c ompo nents (h i gh loss ) , the
result wi l l p robabl y be 9 ;\'a t t s ou t
inste ad o f 10 . Al though ' t h is may be
disturb ing, i t is afte rall, on ly 0. 5 d B
differe nc e , and the e nginee r ma)" f eel he
can p i c k t h is up s omewhere wi t hout to o
much troub l e. Fo r example, he may fe e l
that the d r ive r trans istor has eno ugh •
gain c apa b i li ty t h a t by i n creasi ng the
b ias he sh ou l d be able to get out c f
diffi cul t y .

Refering now to Figu re 20 , you will note
that by increasing t he d r i ve r s t a ge bi as ,
he l e t s h i ms e l f i n fo r p r ob lems in t he
a reas of the effi ci en cy of that s t a ge,
p a r t i c u l a r l y when r e l a t e d t o i t s t hermal
res istanc e . Fi gu r e 21 , s ho ws a s t udy
made of over 10 0 RF powe r t ransisto r s
pres en t l y o f f e re d fo r s al e i n t he ou t pu t
power r e g i on of I Wat t t o a li tt le over
40 Wat t s , exa mi n i ng t he av erage t yp i c a l
po wer gain and a ve r age t ypi cal rtinimum
col l e c t o r of e ffi ciency as func tions of
fre q ue n cy an d co l lecto r ope ra t ing vol t age .
Re fer i n g a gain to ou r -1 00 :.1Hz exarap I e ,
we no t e t h at t he c ollecto r effic iency
of t he ou tpu t s tage is goi ng t o be at
l east S5 o r more pe r c en t , whe r c as t he
co ll e c t o r efficiencr of t h e d r ive r stage
will be down so mewhe r e a r ou nd 4 0 ~ o r mo r e
. •• . • • r ou gh l y a '25 %-d Lf Ee r ence .

In di s c uss ing t his p r ob l em wi t h t he
transi s t or manu fac t ure rs , t he y poin t e d
out that t o s o l ve t he i r I l R p r o bl e ms
in the h i gh c u r r e n t s t a ges as soci a t e d
wit h h i gh po we r. the)" ha ve t o op t im ize
e Ef Lc i e nc y an d l et ga i n s uf fe r . In t h e
Iow - po wc r r e g i on , vh e r e t he y don ' t ha ve
qu i t e s o much RF cu r ren t t o con te nd
with , t he y c an s acr i fi c e e f f i c i ency
and o p t i mi ze ga i n . Thes e , p l us t he othe r
tra de -o f f s ....h i ch t he )" a r e fo rced t o live
wi t h in t he real wor ld , r e s u I t in t he
prob l e m of hov t o ge t ri d o f he a t
ge nerat e d b)" t h i s po o r e r e fficien cy in

the driver stage .

As we can see from Figure 22, if we have
a quoted minimum effici en cy o f 40 \ o r
better, and wish to c or r e c t fo r t he 0 . 5
dB l os s in gain b y increas ing t h e cur r en t
in the driver s t age, the po we-r tha t was
lost in t hos e ineffici en t cap ac i t c r s has
a l a r ge r effect than we expected beca use
of the poo r effic iency o f the d rive r
stage . Tha t 0 .5 dB r equire s about 250
mill iwatts more of DC power t hru t he
driver, and whil e it i s true that we would
Re t ou r 100 milliwatts of RF out, t he
p roblem i s that we will l eave be hin d 150
mi lliwat ts d issipated as heat.

If we are to ab ide by the des i gn c ons i de r·
at ions l aid down and us e a s f ew and as
cheap c omponents as pos sibl e , .....e would be
operat i ng mos t o f t he m up towa r d t he
max iJ::).W!1 po r t ion o f t he ir capabil ity . If
we try t o do this with trans i stors, we
h a d be t t er keep t he maximuCl. collec tor
j unc t Lcn te mpe r a t u re below ZOO· C. Some
people r eccmmen d a 10 \ safe t y a a r-g In , an d
operat e at lS O· C or be l ow.

The e ffe ct of t h i s type of fals e economy
shows up in t hat t he av e-ra ge t hermal
re s ist anc e of Low - power devices i n the
1 to 5 Wat t o u t pu t re gi on is more than
Z-' · C-pe r -h'att , and t he 15 0 mi l l iwa t ts

i~~;e:~ ch~~ t .;. ~i~~~r2 ~~;/~8 0§~v~~a~nwe
desi r e d . We h av e jus t los t 20\ of ou r
safety ma r g in . l'.'cl l , a l tho ugh t hat
doesn 't s ee m l ike much, yo u had be t t e r
s t a r t cons ide rin g po t en t i a l f ai l u r e
me ch an i sms .

I n Figure 23. we n ot e t h a t we lA' i ll h ave t o
f a ce not on ly the ....e ll kn own instantaneous
f ai l u re mec ha n i sm of Se co nd Breakdown . bu t
a Lsc the sl owe r wea r -o u t mech an isms of :
ma s s t ran s po r t of a l uminum a nd s i l icon,
e t ch pi ts f o rmi ng in th e silicon , and,
swel li ng a l ua i nun a t t he confl uen ces o f
t he e mi t t e r -s t r i pe s .

From Figure 2-' , we no te t ha t , i f we had
an infra · red s cann i n g mic roscope an d could
scan a c r o s s the t r ans i s t o r c h ip moun ted on
the s ub s t r a t e whe n put ti ng RF power
through it , we wou I d in de e d ha ve a n
avera ge junct i on t emp e rat ur e o f t h e o r de r
o f l aO·C . We wou l d a I s c no t e t h a t there
would be a re as t hat a r e co o le r than t h at ,
and some t h at are much hot t er t h an t ha t ,
for a s good as t h e t r an s i st o r manu f ac ·
tu r er i s , he s ti ll ha s the r e a l worl d t o
c on te nd wi th , a nd t he r e are a I ways Sligh t
i mpe r f ec t ions i n v indcv e tchin g , me t a l
depos it i on, p r ocessi ng o f s il i c on.
emi tte r ba lancing r e si sto rs , and so
f o rth. and he e nds up wi t h having a
pe r c en t.age o f dev i ce s wh i ch don 't



The third mech an i s m t hat we have t o co n ­
tend wi t h is s i milar t o t ha t at th e
delta mouth of a river. whe r e now, down
s t re am. t hi s e lec t ron win d is ca r rying
it s burden o f s ilicon and a luminum a l ong
and it co mes t o the poi n t whe re t he
c urrent de nsity dr ops bec a use t he c on ­
ducto r wi de n s , and s o it un lo a ds thi s
"sed i ment " . Th is sta r t s f o r min g hu mps
and h i l l oc ks on the s u rface , an d works
i ts way upwards in t he f orm of l ump s
and c r ystal s and othe r irre gu l arit i e s .
Si nce RF current t r av e l s mostl y on t he
s ur f a ce , it beg ins fi nd ing an ex t r emely
r ou gh , long p a th . In fac t , t h e l ite r a ­
ture note s t hat i n t hi s a re a of swell ing
a luminum, we can expe rien ce a pat h
r e s i s t a nce of up t o 200 t i mes t hat
of the normal e mi t t e r s t r i pe . If t h is
occurs . the tra ns i sto r wi l l ha ve so much
r e s i s t a nce i n th i s a re a t hat it canno t
effectively pc rfo rm it s des i r e d f unc tion .
an d pe rfo rman ce se ri ou s l y de c I i nes i n

perform optimally . In f act a cco rdi ng to the
manu fa c t urers . the re c a n be t empe ratures
on t hat chi p up to 200 \ of t he a ve rage
juncti on temperature . xow , if we do
get t e mpe r a t ur e s t hat h i gh , .....e wi l r
surel y wor r y about t he in t eg ri ty of the
trans i stor. since if we inadve rtantl y
augment t he temper a t ure o f a hot s pot
t o the poin t where i t mel t s , it wi l l n o
longer ac t a s a s e mi con duc t o r, bu t
rather as a meta l lic c ond uct or , de stroy ­
ing the ope ra ti on o f tha t po r tion of
the devi ce.

Let 's say howe ve r . t ha t the t rans is to r
we are us ing is not r eally poor , bu t
only "marginal ly defective" . Indivi dua l
se c t ions o f the t r ans isto r chip may then
be opera t i ng a t high. but no t i mmedi a t e ly
da magi n g . t empe r atu r e s .

Refer i n g now to Figu r e 25 , we note t h a t
if we were to put a current t ypica l o f
RF powe r t ransisto rs th r u a wi re 1 mi l
in cross - s e c t i on , and examine the
current density , we might have a
moderat e value of t he o rde r of 10, 000
Amperes per s qua r e cen t ime t e r . By
contra st , if we we r e t o e xamine the
tiny me t a l li ze d i.rrt e r e c cn ne c t Lcns on
the s ur face o f the s ili c on , we might
no te cu r r en t densi t i e s o f the orde r
of a million Amper es pe r squa re
cen t i meter , s ince we are now e f fec tive ly
deal ing with Angst r oms o f co nd ucto r
th i ckne s s .

The prob le m de s cribed in the lite r at ure
is t h i s : an "ele ctron wind" r e s ul t s .
wh i ch i n creas es i n fo rce wi t h t he
sq uare o f th e c ur rent de nsity . Thus .
a small i ncreas e in c u r r en t r e sult s
in a large i ncreas e in e le c tron wi nd
force . This mean s that i f yo u we r e t o
have a n a r r ow secti on o f met a l l i zation .
t he current f lowing would t e nd t o hav e
a scour i n g e f fec t on t he path through
which i t is fl owi n g . Fo r t hos e of you
who h a ve been ou t i n a r a i n s t o r m i n a
west ern deser t , this may r e c a l I t hat
when t he wa t e r comes r oa r i n g t h r ou gh
down t ho s e gu I Li e s , it li te rall y r ips
up tre e s , bus he s, an d bo J de r s , and
ca r ri e s t h em along un ti l i t fi nall y
dumps i ts burd en when t he path wi de n s
and t he wa t c r s l ows i t s r ate of fl ow.
We ha ve a n anal ogou s co nd it ion i n s i de
t he tr a n s i stor . Slight i mpe rfe c t i on s
i n t he mct a lliz a t ion t h r ough the s ili con
dio x i dc wIndow s f orm cus ps and ne ckc d ­
down po r tion s , and t he r e s u l t in g high
cu rren t densi t y t e n ds t o s t ri p away
t he a luminum as a f unct i on of time an d
t empe r a t u r e.
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When op era ting a tran s i stor. we are n ot
a lwa ys allowe d the mos t f avo rable e nvi r on ­
me n t . Oft e n we may face an ex te r nal
ambien t tempe r a t ur e of 125 <) C, which
con t r i b utes t o the inte r nal t emperature
o f the transi s to r . Th i s may r aise i t to
a po int whe re we a re n ow imparting
s ignifi cant Kinetic energy in t he fo rm
of he at t o t he lattice atoms, an d some
begin vib rating s omewhat free of t he
l att ice . The r esult i s. as we can see
f r om Fi gure 26 , that the electron wind
roar ing throu gh these conducto rs car ries
away a toms t orn free by impact. In
addi tion, we have the prop erty o f s i l i c on
t h a t it tends to di ssolve into the
a l uminum, an d the silicon may now be
scoure d away by t he el ec tron wi nd .
Furthe rmore, aluminum tends to f i ll a ny
v a c an cy whe re silicon wa s. thus, a Lumi num­
fi l le d e t ch pits start developing in
the s i l i con and wo rk t heir way down,
e ven t ua l ly s ho r t in g ou t that sect ion of
t he device . Thi s is the first o f t he
fa ilure mechanisms ment ioned un der
t've ar -cut " of transis tors .

Thi s scouring mechanism ca n b e more
r e ad il y grasped by loo king at the bot tom
o f Figure 26 . Let' s say we have go t 1
aluminum atom whi ch ha s been a gi t a te d by
this input e ne r gy i n t h e f orm of he a t (/J
~~~ ~~~~~~i ~~~~r~~ i~al t s ~~ ;~e ~ause s ...
ne i ghbor s on ei the r side o f i t t o i ncreas e. O
Thus ~ are more r ead ily s c our e d away W
than t.li'e'Y were be f ore , and th is pro cess U.
i nc re ases rap id l y t o t he po int whe r e a U.
e~~\ c~~u~e~:;~pa i~o ~~a in c~~:u~;~~i P :~ h W
which will caus e th e t r an s is to r t o 0
ce as e op e rati on in t h a t e mi t t e r s tr i pe . _

~
~
w
Q
a:g
o
~
<to
11.
:Eo



2 - 5 - 9

that area.

So, there a re severa l mech ani s ms all
wor k ing ccnpe t i t Lve Iy t o de s t r oy tran­
sistor ac t i on on a l on g t erm basis as
funct ion s o f cur r ent an d t e mperature .
The me cha nis m t hat u s ua ll y wi ns i s
swell i ng aluQir:.uCl . Thus, a s a fun c t i on
of t i me, you r t r an s i s to r j u s t s l owl y
d ies, and you may not kn ew why .

One of t he way s to a void t h is probl e m
is to r e du ce t he anoua t of cu r r e n t t hat
you are push i ng t h r u the t r an s istor
by usi ng 10", - 1 0 5 5 , In t e r s t a ga -ne t wor k
coupl i n g - ca pa c i t o r s , wh i ch 3.110\0,· you
to dr i ve the t r an s i s t or less ha r d
becaus e nov you don ' t ha ve los s e s that
you ha ve to ove rcome.

Let us n ow e xami n e what effec t t hat
extra 4° C a t t he collec to r j unc t Icn
ha s in re r as o f t ran s i s t or lifeticc .

In Figure 27, ve see t he rel a t ive
l ifet i J:! e of a t rans i s t o r as a fun c t fo n
of col l e c t o r junction t e a pe r a tu r e ,
Se mi conduc t o r applicati ons e ns in ee r s
have a ru le o f t humb tha t , io r ev ery
10:C y ou ca n sta y bel ow :O O° C y ou wi l l
have doubl e t h e de v i ce lifetime you
woul d ha ve had at 200° C. Thus, by oper·
ati ng a t 180 °C . you wi ll have ol times
the li f et i me we would have ha d a t
200 °C , The e f fe ct , t hen, o f OU T ~ oG

increa s e du e t o l oss y ca pa ci to rs ,
is t o cu t ou r rela t i ve t r a ns i s to r
l ifet i n e by 2 S ~. \'ie can see al so f rom
t h i s chart why t ransisto r manu f ac t.u r e r s
r ec oronend t ha t f o r a gccd j Lon g e t e r m
r e l i ab i l i t )' t he co ll e c t o r j un c t ion shou l d
not ope rat e h i gh e r t h an arou nd l .tO'='C .
Unfor t un a t e l )' , i n the rc a I .....o r Ld . ..... e
may h ave c ond it i on s vh f ch r e qu i r e
u s to ope rate in an a rab i cn t t e nne r a t ur e
o f 125 °C and t h i s ne a n s t hat ve vcu l d .. '
h a ve a r e s tr i c t e d ou tpu t pcw e r be cause
of t he b as i c e f f i c i cn c y o f t he t r an s i s t c r ,
An a f t e r na r Ivc , o f cour sc , is t o buy
a h i gh e r pcve r de v i ce \01 t h l o.....e r
t he r maLvr e s i s t an c e , Hov c vc r , t his
t yp i ca Ll y mc ans h i qhe r cos t , Lowe r
ga i n . and ch a nge d ba nd...el d til ca pa c i Ii t y .
Ccn s e quen t Ly , we of te n have t o opera te
hig her t han l 4;') ° C.

To keep t he tran s i s tor s a t the t cve s t
pos si bl e t c mpe r a t ur e . ...·e ha ve t o h ave
th e l o....'e s t po s s i b l c RF c u rr en t
flowi n g t hr ou gh t hc ra, To c o th is, '..e
have t o ha ve t he mi nim un ae ou n e of
unne ce s s a r y circu i t lo s s e s . $ 0 , to
have a go od t r an s r s t o r :·: i UI= ( and thc r c by
s y s t em ~ :T B f), we nus t nat wa s t c
po....c r i n t he in t e r s t a gc uc tv-: o r cs , l'ii s e
ec ono my , t hc r c f o r c , d i c t a t c s t hat one
e xa mine t he r c La t i vc co s t o i r c v - j c s s

versus high · loss capaci tors i n co aparison
to t he cost of t he power trans istors
needed in t ho s e t v a cases .

In Figure 28 , we can see s ome i mpr ov e·
menU repor t e d by enginee rs who . haV ing
exami ne d t he loss char a c t e r i s t i c s o f
var ious capaci t ors , have empIcye d 1 0100' ­

l oss e t e r e vave po r c el a i n i nst e ad o f
using t he c or..r.ton l y ch os e n :\ PO n a te r i a l ,
We fi nd f r om the se e xa mp les ( all o f
whi ch a re f r om d i f f e r e n t manu fact ur e r s)
that, in c ase numbe r one. pcve r outpu t
'Was doubl ed. f r om 7 ivat t s t o 14 wa t e s
s i mp l y by rep l a c i n g SPO c a pac i t o r s wi th
microwav e po rce l ai n . In t h e s e co n d
case, there was a b and wLd t h i n c r e as e of
2S\ du e t o t he el i mi na tion o f the
passba nd dr oop due to unn e ce s s ary lo s ses
at t he h igh e n d . ( As we no ted e a r lier.
capa c i t ors t end to i nc re ase in loss as
fr equen c y r i s e s . )

In t he n e x t c a se, by r e p l a c i n g lossy
NPO ca pac i t ors wi t h "mi c r owav e po r celain,
t he DC c u r r e n t d rain of a hand -h e Id
rad io was r e duce d to t he exten t tha t
in s te a d o f r e qu i ri n g 20 l'1:1t ts o f DC
to ge t 10 h·a t t s of RF outpu t , on ly 13
Watts of DC we re r e qu ire d . This dr amati c
imp rove me n t in t he ba t t e r y r equ ire ment
all o.....e d t he man u f a c t u r e r to oifer t hei r
cu s t omer s eve ra l op t l oas : a I O:1; e r li f e ­
t ime und e r norm a l ope r a t ing condi t ions,
a gre a t er pe r cen t a ge of t h e ope r a t in g
time i n t he h i gh - cu r r ent mode o f t r a ns­
mi t t i n g, a l owe r · co s t battery , a smalle r
bat te r y , or a Li gh t e r weight batte r y.

In a fou r th ca s e. the r e was a r equ i r e ­
men t fo r r educ I n g t he ph ysi c a l s i :e
o f t he h Lg hv pove r phase· s h iiters i n a
pha se d a r r ay radar f r on a bout l J fee t
l on g , 4 fe et wide . a nd 1/ 2 foo t t h Lck
(each ) do ....n t o t he mo re manag ab l e
p r c pc r t i cas o f a pac k o f c i ga r c t t e s .
With a ve r y large k ly s t ron gene r at i n g
mu Lt dr k i Ic wa t t s of pa \-:er t o a c orp or ate
f e e d wh Lch t he n di v i de d t h i s d c vn to t he
i nd iv i dua l a r r a y po r t s , t he phy s i ca l
vO]UJ:1e of all t he ph a se shif te rs neces ­
sa r y fo r the phas e d ar ray Ei.ll c J a
r a t he r l arge r oom. Thi s wa s no t ...-h a t
you "" ou l d c a l l a po r t ab l e sy s t era. Thi s
a ppr oa c h had bee n fo rced upon t b c m, since ,
to handl e o f t hc order o f 100 0 vo l t s o f
RF , and c u rrent s of ab out 10" ..'cspc r c s ,
th e y ha d t c mak e i t La r-ge e no ug h t o be
l ow l o s s an d no t s u f fe r d i el e ct r ic
br e a k- do.....n ,

The des ire was to shri nk t h i s us ing a
t h i c k a lumi na sub s t r a t c , a nd ATC v a s
aske d t o de ve l op a ca pac it or \oo"h.ich wouId
h a nd l e a s e vc r a I k Ll cv a t t s of pu l s e d RF
powe r at the SO Ohm l e ve l (s e ve r a l
hu n dr e d Wa t t s o f av e r a gc pc vc r ) . We not



only des igned th i ~· capac i tor, -bu t
improved i t so i t coul d h and le 8 ki l o ­
watts an d t hen IS 'k i l owa t t s . This is
equ iva lent to ove r 90 0 wa tt s of Cii at
IlUly hun d r e ds of ~Ieg ahe rt : fl owi n g .thru
• capacitor wi t h a phy s i caI v.JluJ:l7 of
.001 c ubic i nc he s . Ho....eve r . sens rn g
that t h is was not t he 1 i o i t of t he
capab i l ity of t he s e low-l os s . ::li c r o,,"ave ­
porce l ain ca pa c i tors ~ t he c us t cn e r t hen
connecte d ~ of the m. m :1 s e rie s -par a l l e l
quad and p ro ce ded t o pu s h. ove r .to k i l o ­
watts of RF power t hrough them.

CONCWSIOS

Where i mpedan ce le ve ls a r e low or RF
current h i gh. an y equ i va l ent s e ries
resistan ce i n a t un i n g o r n a tch Ing
capacito r act s as an un ....·an t ed pc wer
d ivider and degrad e s ga i n , power out ­
put , OC-to - RF c onv e r s i on .e f f i c i en cy ,
and c ircu i t MTBF .

Greatl y improved pe rforman ce and t ren ­
sistor lifetime rna)" be r ea d i l y
attaine d by simp l y re p lacin g l oss y
capaci t a r s b)" q l t r a e Lowe Los s mic rowa v e
porce la in ca pac i to r s .
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had b een a consul t ant on mi crowave ampl i­
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with East Coast companies . ar.o n g t hem
RCA , Ray theon . and IB ~I.
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varac t o r · mu l t i p l i e r des ign .
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deliver a paper on .f r equency mUlt ipl iers
before the Los Angeles IE EE O1apt er on
Circuit Theory .

These events were i nstrumental i n his
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and "c s c Ll Lato r-ymu.lt Ip Lf e r-s" us i ng the
pumpe d Cob of over lay -transistors .

Dur ing his associ a tion with seve r a l
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NOTEWORTH IES
FROM ATe

HTAURUS NON EST*"
DOUBLE YOUR POWER OUTPUT

WITH ATC CAPACITORS

Zl

14 WATTS OUTPUT
Z3 225 TO 400 MHz

Z4

c

*SPANISH TRANSLATION: "EET'S NO BULLl"

IN TWO SEPARATE INSTANCES , A ~IAJOR INTERNATIONAL ~IICROII'AVE

SEMICONDUCTOR ~~NUFACTURER HAS FOUND THAT US ING ATC MICROWAVE
PORCELAIN CAPACITORS , DOUBLES TilE AVAILABLE OUTPUT POWER ,
COMPARED TO THAT WHEN USING NPO TYPES .
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Why?-- -Because ATC microwave por ce l a i n ca paci to rs ha ve s uc h
extremely high Q that their los s es (powe r di ssipation ) a re
nearl y zero . How is thi s pos si bl e ?- --Quality Fac tor (Q) i s
the inverse of Dissipat i on Factor (D. F . )-- -b ot h fi gurati vel y
spe ak i ng and i n mathem atic al actuality :

Q = 1
or

A cap~citor may be sc hemat ica l ly r epresented as an i de al
capacItance (Cs) i n ser i es wi th a l oss (hea t ) generat i ng
resistanc e (Rs ) :

The r elationship betwe en the se two i s de fine d as:

wher e 1

21\ rc,
a t some s pec if ied f r eq ue ncy ( f .)

Conseque nt l y the seri e s re s i stance (Rs) i s a f unc ti on of Q and
DF:

or

Xs
Q

What do es all thi s mean ? - -Well, if a c ommon ordina r y c apac i t or ,
whi ch has a DF (quoted as a percentag e ) of perhaps 0. 8% at 1 KHz ,
is c hose n f or use in an amp l i f i er at say 200 t o 400 MHz , yo u 've
got mis eri es!

That' s becaus e th e same cap ac it or has a l oss that i ncreases
dras t ica l ly with frequen cy, and by the t ime yo u r each 300 MHz it
i s a t l ea st 8 .%

Thi s mean s a Diss i pa t io n Fact or (expr ess ed as a s t raig ht numbe r)
of .0 8 at 300 MHz instead of the les ser .00 8 at 1 KHz .

The se r i es r e s i stance of th e ca pac i t or then r eveal s i tse l f t o be :

Rs = (Xs ) (D.F) =
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. 08

6 .28 X 3Xl 02 X 10 6 X 30 X 10 - 12

56 . 6 X 10- 3

S . X 10

56.6
1 .4 Ohms

" Well-- - what' s s o hot abo u t that ?" , you s ay . Her e's what :

Whe n larg e amounts of RF power (P ' n) are pumped in to the "Base"
o f a t r a ns i s t or (a t po in t " b " ) , t fie appa ren t r esi stance of the
semico nduc to r materi al fa l ls t o about the 1. to 2 . Ohm leve l .

Those littl e electrons a re s i mp l y heat i ng themselve s t o dea th
in t he Rs of t he ca paci tor ins tead of s e rv i ng some use f ul func tion
l i ke i nc r ea sing t he power ou t pu t of t he tran s i stor .

This Rs is espe ci a l l y c r i t i cal i n C4 in the d iag ram , bec ause 14
c i rc u l a t e s bo t h in it a nd th e transi stor, too.

And what 's add i t iona l ly na sty a bou t the whole a ff a ir i s that Pi n
usually s tarts in a t s ome ni ce high i mpedanc e (2) l evel like
50 . SLwhe re not muc h current re sults, but by the t i me it ha s
go t t en s huff l ed fr om hand t o hand thru several imped an c e -l owering
l oops of th is wid eb and i mpedanc e- mat ch i ng c ircu it, it wil l be a t
th e 1. or 2 . Ohm l evel of t he tr an si stor, and the curre nt ha s
ri s en t o a horrendou s ill time s grea te r t han at the input . Th i s
occ ur s since t he power l evel has st aye d t he s ame bu t t he impedance
l ev el ha s dr opped, a nd sinc e " energy mus t be c onse rv ed" says a
f amou s eng i ne e r i ng l awgi ver, the cur re nt r i se s .

Wel l now- - Tha t ' s doubly nast y , since capacitors i n general have
th e unfortuna t e c haracter is tic t ha t hea t caus ed by 12K l os ses due
t o cur r en t causes DF t o ris e, wh i ch eq ua tes to ri se in Rs, whi ch
mea ns more he at---ad nau s eum .

Now, a long c ome s th e drag on - sl ayer, Microwave Porc e la in , with it s
e ssentia l ly non - ex i st ent Ks (ve r y cl ever peopl e , these ATC 's )and ,
voil a !, up jump s your po wer out pu t t o where it should be .

A f ur t he r happy s eque l to th is a rmcha i r ad ventur e i s that it on l y
t ak es th e improv ement of a fe w such s t age s i n a power chai n and
you sudd enl y discover yo u've go t mor e powe r sa fety margin t ha n you
ev er dreamed pos sib l e, a nd now you c a n look l i ke a he r o by
e l i mi na t i ng excess s tages , by saving all ki nd s of money , spa c e,
labor , spa re pa rts , manu f acturing time whe n s chedule s a re short,
cur ren t d rawn f r om the power supply, hea t , and the ne ed f or coo l ­
ing plus : i mprov ing the ~ITBF (b o t h yours and t he c i rcui t's) .
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Now the mor al of th i s s to ry is: cu t cos ts where i t coun ts.
Don ' t be fo o l ed by fa l se ec onomy. "Val ue Engi nee r i ng " means:
pu t t ing the va lue whe re i t va lues .

There 's a n old s ay i ng about quali ty : " you get what you pa y for."
For l ess than $1.00, you've just saved you rse lf $100.00 worth of
headaches and money .

So whe n de s ign t i me is sho r t (when i s i t ever long?) , don ' t mess
a round . The re 's a no t her pithy lit tl e say i ng band i ed much abou t
thes e days " : "You ne ver ha ve t i me t o do it righ t , but you a lways
have time t o do it over ." We ll, don't l e t it happen to you .

And while we're on the su bject of qual ity performance, it ma y
interes t you to know t ha t the Q of an ATC microwave procelain
capac i tor of a bout 30 . pF (the va l ue used as an example earl i er )
a t 300 . MHz is 1000. or an Rs of O.OlS.!l.- - -about 100 t i mes
be t ter t ha n the garde n- var ie ty t yp e .

Tr y t hat on for size.

......
~
a:I
o
Z
tJ)

Iu
w



2-7 - 1

HAVE YOU WONOERED WHY

YOUR COMPETITORS

EGUAL YOUR PERFORMANCE

WITH FEWER STAGES?
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QUOTABLE QUOTES FROM:

"MICROWAVE FII...TEAS, MPEDANCE-MATCHNG NETWORKS,

AND COUPU'lG STRUClURES"

by G.L . Ma tthaei , L. Young , and E.M.T . J ones,

Mc Graw-Hill, 1964 , page 87.

"Becaus e of thei r sha rp cutoff, Tchebyscheff

Characte r is tics are often preferred over othe r

possible charact eris ti cs ; however , i f t he reacti ve

e lement s of a filt e r have app reciab le di s s i pa t i on

los s the s hape of the pa ss-band response of any

type of fi lte r will be a l ter ed as compared with

the loss les s case , and t he e ffec t s wi ll be pa r t i -

cular ly l arge i n a Tchebys ch e f f fi lter . "
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ECONOMIC

CONSICERATIONS~_"""
Ca)

Two major difficu l t ies ex peri e nced by desi gners

of high fr equenc y transistor ampl i fie r s a re :

• t he highe r t he y go in freque ncy or power , the poo r e r

becomes the gai n ,

• t he gr ea t e r th e in pu t s i gnal l eve l ,

- t he lower t he input re s istan ce

-the gr ea te r t he c i rcu l a t i ng c ur re n t l os se s

- t he narrower t he ban dwidth .

Any power lost in t he ca pacitors a ssoc iated wi t h the trans is tor s

can never be re tri ev ed , and mus t be compe nsa ted for by s t eps whi ch

t ypically co st money , cut transistor li f etime , or a r e othe rwise

de t rime nta l .

Ul tra - low - loss ca pac i to rs so l ve t he se pr ob l ems , and hav e been

manu f actured by Amer i c an Tec hni ca l Cer amic s f or over f ive yea r s .

The se ATC mi c r owave por ce l a i n capaci tors a re , in fa c t , t he lowest

loss uni ts Cby at least a factor of 10) a va i lab l e on a production

basis .

Seve ra l r e pr e s en t at i ve exampl es of cus t ome r - r ep or ted improvemen ts

in pe rfor manc e t hat resulted from c hanging over t o ATC ca pac ito r s a r e :

• Doubl e the ga i n an d power output

• nearl y 30% gr ea t e r ban dwi dt h

• 35% lower current dra i n

• dramat i call y i nc r eased powe r - ha nd l i ng ca pabil it y
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( b) CUTTING AMPLIFIER COSTS .
WITHOUT SACRIFICING PERFORMANCE

According to a manufacturer in the Eastern U.S. , the use of ATC's
microwave capac itors in pl ace of NPO t ype s has so increased RF amplifier
eff iciency in mobile radios that his required battery drain has been
reduc ed f r om 20 Wa t t s of DC t o 13 Watts for the same 10 Wa t t s of RF
output power at 470 MHz•• . a 35% improvement; onl y 2/3 of the or i gi na l
battery requirement.

Impr ovements i n ga i n and power output of 20 % to 100% are a l s o reported
by other manufa ct ure r s and des cribed in de t ai l in ATC Ap pl i cati on
Not es ' AN l Ol and ANl04 . These re iterat e the fact t hat the use of
ATC mi c rowave capacitors al l ows :

• l es s stringent trans is tor ga i n sp ecs, permitt ing the use of
s t andar d rather than s elected t ypes; or ,

• a gain sa f ety ma rg i n , or instead, a decrease i n the number
of stages required to a t ta i n a given RF output l evel;

• a dec r eas e i n DC input power or battery drain;

• the ability to experience more full y the av a i l abl e tran­
s i s t or lifetime, und egrad ed by exce ssive current and in­
ternal heating;

• a s i gnificant reduction in t he co st-per-Watt of RF output .

Al l of t hese occur as a r esult of a grea t increase in c ircuit effi ­
ci ency-- - the result of replacing power-robb ing capacitors wi t h ATC
low-los s t ypes.

To successful ly accompl ish signi f icant cost s avings, de sign wor k
sho uld begin with ATC's nearly zero -loss, true-RF capac itors .
Then , l es s expensive, readil y available transistors may be used at
the out se t , thus avoiding r eworking t he de signs l ate r to make up for
loss e s . Al t hough r eduction in the number of semiconductors is po ssi­
ble , it is equall y importantly accompani ed b y an even larger reduc­
tion in the number of associat ed components (often handmad e ), plus
mechani cal assembl i es , and ampli f i er - cha i n volum e and we ight , a s
well a s manufac t ur i ng labor charges. Add to thi s the reduction of
time-consuming fine-tun1ng by ex pens i ve personnel i n order to mee t
spe c , and your overall savings can be 50 to 100 times the pr ice of
the ATC capacitor.

In addit i on to the cost savings, you have a s i mpler, more reliabl e ,
more mark etable product .

(*See Sect i ons 2-6 and 2-7)
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(c) A NOTEWORTHY QUOTE FROM: "Power forPortables" *
"Th e two -way radio us er wi th po r t ab le equi pmen t ha s t o c a r ry hi s

power I<it h h im. It wi l l us uall y be a n i c ke l cadmi um ba t te ry , and

it may c omprise on e - hal f o r more of t he vo lume an d weight of his

radio eq u ipment . As advanc e s a re made in c ircuit cons t r uc t ion ,

th e ba t t e r y is gradu ally be c oming t he l i mi t i ng it em i n th e ques t

fo r r adi os wi th hi gher powe r and s mal le r s ize ."

*by Mr . Robe r t F. Chase , IEEE Transac tions on Vehic ula r Technology,
Vol . VT-19, No.4 , November , 1970, pages 248-25 1 .

Se e a l s o : Page 1 of Sec tion 6 of Sa nde rs Ass oci a tes , Inc . Mic r ol< av e
Div i s i on 's i nse r t i n Microwave Systems News , May/J une , 1971, Vol . I ,
No.5 , pa ge 24 .

See also : Page 80 of Air Force Propu lsion Lab Technical Report AFAPL­
TR-70-70 (Unc lassif ied) of Decembe r , 19 70, Air Force Sys tems Command ,
Wr igh t- Pa t te rson AFB .

(d ) QUOTABLE QUOTES

----on t he t yp i c a l benefits de rived from high qua l ity components

whe t her th ey be po ten tiome ters or capac i to rs:

"We made many mis tak es , but we kept l earning . One o f our

mis t akes was t o us e ba r gain po ts fo r ou r cont ro ls. Tha t

turned out t o be ve ry po or economy as t hey became scra tchy with

wi th us e . Now we st andard i z e on Al len -Bradley po ts , even

though th ey cos t cons ide rab l Y more . "**

NOTE: no t onl y will Ameri c an Technical Ceramics ' 10l< - 10s s capaci to rs

not become sc ratchy , your cus tomers will no l onge r get the i t ch t o

t ry yo ur competitor ' s produc t "be caus e i t pe rfo rms bet ter. "

**" Design Int e r f a c e " , EDN/ EEE, May 15 , 1971 , pag e 58 .
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"MICROWAVE WARFARE . . . .
WITH EXPENDABLE JAMMERS"
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"The ing red ients fo r success a re a cc ur at e l y tunabl e microwave c i r -

cu i t s . . . . and high energ y- dens ity bat t e r y sources all with a

low pr i c e t ag . "

"Cos ts a r e only one probl em. . . . Get t i ng enough microwav e power and

good e f f i c i enc i e s out of a very r e s tri ctive vol ume is al so ve r y

cha lleng i ng . "

"Abov e S-Band , Gunn and Impatt source s a re considered as f unda -

men ta l mic rowave so urce s a s an a l te r na t i ve to mUltiplie rs . The

major disadvantage of bu lk dev ices , howeve r , i s their lower

eff iciency . "

"Anothe r c ri ti ca l p r oblem fac i ng t he deve l opment of ex pe ndables

i s t ha t of f i ndi ng ba t te ry sources whi ch ca n offe r suitable

vol tages fo r r e a s onab l e periods o f t ime. "

((N ot e : Thi s is echoed by an Ai r Forc e Repo r t which discuss es t he

pr ob l em t hat , bec au se of t he i nc r ea s i ng demands for DC current an d

hi gher powe r ou t put , small ba t te r ies are becoming a signi f i c an t

port i on o f the physi cal si ze of ECM and other sma l l - s ys tem packa ges .

An exampl e of pres ent-day limit s on batt e ry s i ze , we ight , an d

discharge -ra t e is : 6 cubic i nche s, weighing one-ha lf pound ,

pr ov i d i ng on ly 1 Amp ere a t 28 vo l ts DC f or 10 minu t es . Cost: as

much as an ex pe ns ive mic rowave transistor . ) )

"Anot he r maj or pr ob l em in the dev e l opmen t of ex pendab l es i s antenna

design . Si nc e t he ' e ffe ctive r adiat ed power o r ERP ' is already

constra i ned by exis t ing ba t te ry s ourc es a nd t he ava i l ab le ou t pu t

f rom pr es ent day s emic onductors , it is desirabl e to coupl e i n as

muc h j ammi ng power as possib l e . "



2-9 -5

(S i nce DC - to -RF c onve r s i on ef f ic i enc y ha s suc h a l ar ge influence on

Eff ec ti ve Radia ted Power , i t is imperat ive t ha t t he co upling and

tunin g ca pa c i to r s of expendabl e j amme r s ha ve the l owe s t pos sibl e

RF l oss, whi ch means t he h i ghes t Q, ~ t he frequency and RF current

leve l of intended npe r a t i on .)

NOTE : ATC cap acitors can handl e ex t reme ly hi gh cu r r en t - densi ti es

whi le s imu l taneo us ly provid i ng s i gn ifi ca nt f rac tions of a dB

(a nd i n so me case s , up t o 3 dB) more RF power output at uHF an d

a bove than any other ca pac i t or mad e . Thi s c an have a very fa vo r ­

ab le i mpac t on the j ammer's cos t - effec t i venes s.

REF : "Ni c r owave Warfare (Pa r t 2): Spoofing Hostile Rada r s with

Expendabl e Jammer s " by R. T. Dav i s , Mic r oWav es Magazi ne , Oc t obe r ,

1971 , pages 34 - 37 .

Pag e SO of Ai r Force Propulsion Lab , Te chnica l Report AFAPL-TR -70- 77

(unc lassi fie d) of Dec , 1970 , Air Force Syst ems Comma nd , Wr igh t ­

Pa tt erson AFB.

Electron ic Packaging and Pr oduction, June, 1972, page
Packaging: two approac hes ")

"Hand - he l d 2 -way HI rad ios a r e products d is tingu i s hab l e by t he
re s t r i c t i ons imposed on their design . The approach is mainl y t ha t
of obta i n i ng an opt imum e f f i c i enc y from packages severely r estr icted
in vo l ume and weight .

The ir duty cyc le is described (E'IA) as l a -l a-SO , that is.lO % transmit,
10 % r e ce ive a nd SO% s tand by a t full rated RF power output (maximum
about 5W, minimum a bou t lW) . Th i s transl a t es int o S-1 2 hr . o f
e ff ici en t us e , a f te r which the radio's ba t t e r y mus t be r echarged .
It is , i n fact, this limi ting factor of the ba t t e ry that prevails:
Any breakthrough i n radio pac kage design really awa i t s s ome progress
in ba t te r y development . . . . o r , mos t importantly , . . . . an improvement in
t i me - powe r efficienc y" ((in t he semi cond uc to r RF power ou tput stages .))

( f )
Ouot es and extracts from: "The Hand-Hel ds: ' c ommun i c a t i n



2- 9- 6

QUOTES AND EXTRACTS FROM:
(g) A 140. WATT , 175. MHz AMPLFIER

WHERE LOW-LOSS CAPACITORS ARE A MUST

(by R. Cus hman) , EUN/EEE, Novembe r IS , 1971 , r a&e 34

"Thi s l an d -mobi l e communica t ion amplifier by Communica tions

Transisto r Cor p . , San Carlos , Cal if . , must us e l ow-loss , low -p arasi ti c

inductance cap a c itors .. . " (since ) " ... t he circula ting cu r ren ts a r e

s evera l Amperes ... "

"Loss es cau s ed by an ineffect ive fir s t match may cause 3 . dB

l oss in ga in as we ll as saturated power out pu t . Ga i n is t oo hard

to come by at 140 .W and 175 .MHz to t hrow it away in a passi ve

co mponent ."

CTC engi nee r s have fou nd t ha t ATC low - loss por ce l a i n capa c i t or s

" have be t t e r RF di s sipa tion (higher Qu's ) and lowe r parasi tic

i nduc ta nc e than the more common barium t it an at e NPO t ype s of ten us ed .

"Though these porcela in capaci t ors a r e ab ou t thr ee times as

ex pensive as the NPO t ypes, t heir cos t is s ti l l small co mpared t o

t he expe nsive t r ans istors need ed t o produce l arge powers at t hes e

f requ en cies ."

using 2N5945 , 2N 5946 , and 2N6136 Trans i s to rs:

provide a n add i t i ona l 2. 5 t o 3 . 0 dB of ga i n ov e r that ob tai ned

for t he s eries e lem ent s i n the i nt erstage netwo r ks was f ound t o
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DO YOUR PRESENT CAPACITORS GIVE

YOU DOUBLE YOUR PREVIOUS OUTPUT?

"The use of t he" (ATC) "porce l a i n die lectric c h i p cap aci t o r s

QUOTE FRml : Mot or o la Semiconduc tor Pr oduc ts Inc . App l i ca t i or. ; ;OL C

#AN - 548 on a 25. Watt, 450- 512 MHz , 12 . 5 VUC , RF Power Amp l i fie r

(h)

wi t h compr ession t rimmers , as we ll as reduci ng the number of tuni ng

ad jus t ments nec es sary ." [Not e: " 3 dB of gai n" double]
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( i ) IIA LITTLE NEGLECT MAY BREED GREAT MISCHIEF"
[--Poo r Richa rd 's Almanac by Benj ami n Fr ankl i n (1758) ]

By Vincen t F. Pe r na
Ame ri c an Techn ica l Ceramics

Vi ce Pr e s i dent
Mi c r owave Eng ineer i ng

Thr ough long ex pe rienc e it has be en found that grea t

cau t io n i s advisa b le when co ns i de r i ng the use of a c heaper

compone nt , e sp e c ia l l y i n Mil i ta ry hardwa r e . That peop l e

nev er t he l e ss s e em inc lined t o "cu t co r ne rs " i s noth i ng new,

havi ng be e n commented upon eve n by wr i t e rs i n t he Mi dd le Ages.

Apparent l y s ome emba t t l e d mona r ch go t a bi t t e r pr e-tas t e

of th e ne ed fo r MI L-S pe c 's when he encount e r e d eve n t he

b lacksmi t h ' s r e luct an ce t o put fu l l va l ue in to hi s hor s e - shoe

na il s . Th is is evidenced by a p i t hy l ame n t t ha t immor ta l izes

some unknown fa r r i er's ne ga ti ve cont ribu tion t o t he wa r ef fo r t

by tr i mming a l ittl e on th e qua lity of h i s pi g- iron (pro bab l y

mot iva t ed by th e a ncien t eq u i valen t of th e ada ge: " a pe nny

saved is a pe nny earned . " ) Thi s commentary on t he Tr ue Cos t

of Owne rsh i p of components of not - qu ite -op timum qua li ty mou r ns :

" For wan t of a na il, t he s hoe wa s l ost, ... .

" For want of a horse, t he ri der was l os t , . . ..

"F or want of a ba t t l e , t he kingdom was lost ,

" ----- And a ll f or want of a hor s e- s ho e na i l. "
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In more re cent ti me s, to avoid such d i s as te rs , MI L- Spec 's

even tual ly did come in to being , but in some cas es seem t o have

got ten ou t of hand, leading t o t he tongue -in-cheek s tory t hat

an e lepha nt is a mouse buil t to MI L- Specs .

Pac hyd e r ms a r e , of course, fi ne in their place, but the

average non- Mil itary us e r of h i gh fre que ncy elec tron i c

equipmen t is ge nerally wi l li ng t o accep t a n animal- size

somewhere in be twe e n. Unfo rtuna te ly , whe n hi s le s s ponde rous

th i n- s kinned brother goes i nt o commercia l appl icati ons, the

age-old prob lem of unn eces s ary brea kdowns re- su rface s .

One difficu lty wi th t he slide-i t - on-by t ype of manuf ac tur i ng

phi losophy i s , however, t hat the r ep airman may be ge t t i ng paid

a t a sign ifican t ly higher r ate than the man who des i gned the

equipme nt- -- - -whi c h is a pecu liar ki nd of ec onom ic s . (One

radio company rep or ted ly pays out a ha lf-a-mi llion dol lars

a nn ual ly i n in-wa r rantee repair c laims.) (Af ter t hat , t he

cus tomer pa ys . )

Furthe rmore, as re ce n t Gover nment re spons e t o the

aspi rations of t he rising ge ne ra tion of cus tome rs ha s demons t ra t ed,

s tress is now bei ng la id on how t he produc t affec t s t he end-use r

(i.e . the cu stomer bit es bac k. )

Si nce a fa i l ure pu ts a seve re de n t (o r worse) i n t he

cus t ome r ' s p lans- ---about which failure he no doub t speaks out

freely---- it seems mone tarily appropria te t o r ecall t he s loga n

"A Satisf i ed Cus t omer i s the Bes t For m of Adve r t i z i ng." The
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co nve rse i s a lso true, and can be cos t ly to overcome when a

brand name gets i ts e lf in ge nera l bad odo r .

The so lution? Where RF capac itors are conc e r ned , ATC

100 Hi gh Q porce lain uni ts earn t heir keep by pr ov i d ing you r

transmitters wi t h more gain, wider bandw id th , mor e power

output a nd greater r el i ab i l i t y with no extra effo r t , ~

giving longer li fet imes to your semiconductors since now you

don't have to pus h t he m so hard to overcome ci rcui t l os s es .

As a re su lt , you can a lso often e limina te severa l ot he r

component s a nd th e i r assoc iated l a bo r cos ts .

To shorten your time from desig n t o produc ti on, we

prov ide i n ad di tio n t o pr oduct qu a l ity , th or oughly detai led

t ec hn i ca l charac ter iza tion of ou r c ompone nts. This can visi b ly

r educ e your in itial l abo r cos ts and mea n av o i dance l ater of

bo t t le - necks a nd crash- re -work progr ams ca used by co mponent

an d desig n "bugs" t hat surface afte r you r equi pment s ta r ts

rol l i ng down th e produc t io n li nes .

In keeping wi th our t r ad i t i on of qua l i t y, we have

con tinual l y worked t o maintain exce llence of servi ce plus

f as t es t deli very . We s trive to make your j ob eas ier in all

ways .

Your local ATC representative s tands ready to show you

how you can profi t from using our low-l oss pr oce l a i n capaci tors.
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MICROWAVE AMPLIFIER DESIGN*
HOW TO AVOID GAIN ANO POWER lOSS THROUGH PROPER CAPACITOR SElECTION

Typica l mi c r owave powe r ampl i fie rs suffe r hidden gain a nd
power l o s s i n componen ts ou tside t he trans i st or . Parti c u l ar l y
de t rim en ta l a re t he l os s e s incu r re d i f t lle engi ne e r us es ca pacito rs
norma l ly sui t ed onl y fo r audio freque nc i es. Loss e s may amount t o
s eve ra l dB i f ca r e is no t t a ke n in the cho ic e of d i e l ec t r ic Q.

~Io s t manufac tu re rs of l o w-f requen c y c eram ic capac i to rs quot e
d i e l ec t r i c ch a rac t e r i s tics in t e r ms o f Di ss i pa ti on Fac t or (DF)
a t 1 kc . Thi s data ha s li mi t ed us e f u l nes s at mic rowav e fr e que nc ie s .
To be ne fi t f rom a knowledge of Q a nd DF , calc u la t ion mus t be made
of t he equ iva le nt l oss i n t e rl11S of RF s e r i es re si s tance i n th e
capaci to r , and i t mus t be f rom data a t t he a nti ci pa ted fr eq ue nc y
of ope ra t io n . ~Ios t ce rami c c apaci to rs do no t h~lVC publi s hed
da ta abo ve 100 M.Iz . I f op era t i on at microwave f requencies is
desired , an unc e r t ai n ext rapo la tion mus t be made . For e xan ple ,
t he UF of ordina ry XPO mat e ria l is o f t he orde r of . 0003 i n t he
aud io frequency range . At L-Band , howeve r , t h i s has inc reased by
nearl y ~ or de rs of magn i tude , r e sult i ng i n a DF of abou t 0 .9
ac co rding t o one manu f ac t ure r .

Per f or mance Compa r i s on

To make a compa r ison be tween t he pe rfor manc e of a mi c rowave
porc el ain capac i to r d i e lec t ric and an aud io frequency c eramic
d ielec t ric , we mus t empl oy the re l a tions : Q • ( I /UF) • I / t a n 6) .

The hi ghe s t a t t ai nab l e Q i n a capac i to r i s nece s sa r y in ord e r
t o r eal ize t he fu l le s t gain a nd powe r f ro m th e t r a ns i st or. To
de te rmi ne th e loss es , we nlus t examine t he f unc t i on o f t ile capac i to r
i n t he ci r cu i t. Typ i ca lly , it i s us ed in i mpedanc e matchi ng, and
may be ei th er i n s e r i e s o r in s hunt ~i th t he transis t or · i nput .
The e f fe c t ive i nput re s i st an c e (Reff) of mos t broadba nd power
tran s i s t o r ne twork s i s o f t he orde r of 20 or l e s s , t ha t of ve ry
h igh powe r ampli fiers bei ng of t he orde r of 0 .250. Any ser ies
r e s i st an ce (Rs) i n a ca pa cit o r used fo r coup l ing or ma t c h i ng wi Ll
act as a powe r d ivide r in comb i na tion wi th t he in put resis tance
o f t he t rans i st o r .

Khe n matching down fr om a h i gh impedance t o a l ow, t he power
s ta ys t he same ; t he re f or e , t he cur ren t l e vel mus t rise. A typ ical
curren t mu l t i p Li c a t i on ra t i o is grea te r t han -/ 33. At a 2 Kat t i npu t Rin
l ev e l , the RF curr en t of t he s ys tem 500 i mped an c e l e vel, t r a ns f or med
down t o th a t o f th e tran si s t or input , wil l re s u l t i n ov e r one Amp
of inpu t current . The r esu l t i ng r 2Rs los ses thu s becom e ex treme ly
seve r e .

RF Capaci to r Res is ta nce

The RF r esi st an ce of a c apac i t o r may be det e r mi ned f r om
Rs • (XcDF) • (Xc/ Qcap) , where Qcap i s t he c ompo ne nt Q, an d XC
I S t he s er i e s re ac tanc e of t he ca pac i tor a t t he fr equ en c y of in teres t.
For ex amp l e , t yp i cal capa ci t or va l ue s of 30 pF migh t be en c ount ere d
in suc h a situa t i on , and if t he d i e lec t r ic used has a DF of 0 .8 a t ,
say , 300 Mliz, the re s ult i ng equiva l e nt s e ri e s re s is t ance i n th e
capaci tor wi ll be abo u t I .~ O . Th is equival ent r e s ist anc e in
combina tion wi t h t he I t o 2 Ohms of t he inpu t r e s i s t a nce of t he
' An ex pa nde d ve rsion o f an a r tic le by Vi nce nt Pe rna , Vice Preside nt ,
l-li c ro"" a \'e Eng i neer ing, pr i nt ed in :·licrowave Sys t ems News , Sep t . IO c t . , 1 9 7 0 )



" (See: Secti ons 2-6 and 2- 7 . )

2- 10- 2
t rans i s t o r netwo rk result s in sev e ra l dB o f di s sipati on loss ,
cu t t i ng bo t h gai n a nd power ou tpu t . In add i t ion , t hi s RF resi st an ce
i ncreases wi t h t empe r at ur e . The de t r iment a l e ffec t t h i s ha s on
dr i ve - l e ve l s ensi tive t rans i s t o rs is drama t ic , i n some cases
pr ev enti ng t ur n- on when RF i npu t or DC l evel dr ops , or when
t empera t ure rises .

The RF c ur ren t re s u lting f r om t he l arge i mpedance tra ns f or ma t i on
f ro m t he 500 l eve l down t o t ha t of Re f f may be ca lcu la t ed fr om
Pi n = l in 2Reff a nd l i..=~Pin/ Re ff . For a 4 Wa tt inpu t a nd an Re ff
of 1 . 50 , t his r esu lt s I n over 1 . 6 Amp s of inpu t cu rre nt . (Thi s is
then i ncreased t o lci rc by t he l oa ded Q of t he networ k. ) Mi c r owave
capaci to rs wi th a Q of 100 0 ca n r e s u l t in a capa c i t or Rs of on l y
. 0180 a t 300 ~ lIIz whe r ea s l ow-fr eq ue nc y ca pac i to rs wi t h a DF of
. 04 (a Q of 25) r es ult in a n Rs o f 0 .70 at t hat frequen cy . Note
t ha t at UHF, t he l ow- f r eque ncy ceramic - dielectri c has 40 ti me s the
se ries AC resis t a nce o f t ha t of t he mi c rowa ve porce lain.

For t he DF' s ment i on ed in t h i s cas e, t he power was t ed i n t he
l ow- f r eque nc y di e lec t r ic woul d be ove r 1 Wa t t , wherea s t hat dissipa t ed
i n t he mic r owa ve die lectri c woul d be on l y 25 mi l l i wa t ts .

The r esu lt an t hea t ing in l ow-frequenc y ca pac i to rs i s a l l t he
mo re i nt ens e whe n we c onsider t ha t i t is no t s pre ad t llToughout til e
v o l ume of so me t lt i ng so mas s iv e as a 2 Wa t t c a rbon co mpos i tio n
re si s to r, but is r ap i d l y bu i l d i ng up t he temperat ure o f perhap s a
sma l l disc -c e r amic ca pa c i to r 1/ 4 inch i n diame ter and 70 mi ls t h i ck .

The t otal inpu t power t o t he tuni ng ci rcu i t (a ssuming no l os s
i n t he i nduc to r) , there f or e, i s t ltat needed t o t Ufn t lte trans i st o r
on , p lu s t hat needed t o a l lo~ fo r d issi pa tio n in t ]te capac i tor; thus ,
fr om Fi gure 2:

P i n ( r eq ' d ) =[ Pt r a ns i stor/ ( Rin ) ]
Rs + Ri n

Cons equen t l y , (aga i n ass uming no l os s i n t he i nduct or ) the d i s s i pa ti on
l os s i nc urred due t o t he ca pac i to r i n a mat ch i ng-s ec tion a t t he input
t o an RF t ra nsis to r wou l d be g i ve n by :

Loss (dB) = 1010g l 0 [ (Rs + Rin )/ (Ri n) ]

Thus , fo r prop e r ampli f ier opera ti on , co nsiderati on mu s t be
g i ven (ea r ly i n t he b loc k diag ram stage) t o t he cha rac te ri s ti cs of
the capaci t o rs a n ti cipa t ed fo r us e , i n orde r t hat the ac tua l gain
l at e r atta ined by t he c i rc u i t may be nearl y that of t he capab i l i ty
of th e t r an s i st or. Th i s a pp roach wi l l incr eas e t he circ ui t DF- t o - RF
convers io~ e f fi ciency , incr ea s e th e gain and power ou tpu t , and increa se
t he tr ans is tor MTBF, s i nce t he r e wi l l be l e s s heat i ng i n t he t r a ns is to r
fo r the same ou tpu t power. I n add i t i on , s ys tem co s t wi l l be r educ ed .
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for the capacitor model :

: -- ' R; - .-- - - - - -~ - - ;

~. I I-I -!---
, I
1 I

VSII'R = ( 1 • 1SlJ I)
\,1 • I Sll I

VSWR' (1 .1 rl), where I -(2 - son)
\ll"FT ~

i t becomes clear that , fo r fixed Rg and Cs , Q
decreas es linearly as fr equency increases . Con­
sequently, one is forced to seek cla rifi cat ion
of the extraor din ary rise in I.L. (seemingl v
very low Qcap) evidenced at low f req uencies .
(I t is the nature of di e l ect r ics t o exhibit in­
creas ing los ses wi th increasing frequency J and
poss ibly fall in g capaci t ance wi th increasing
f req uency. At l ow frequencies, th ese shifts tend (/J
to cancel each other out and do not pro vide a a:
sui tabl e explanation of r adi cal changes in 1. 1. ) ~
One answer comes f r om the VSI\'R column of Fi gur e 1.
If we plot these several functions versus freq­
uency, .nat appears t o be dissipated -power
l oss is actually due t o the high capacit i ve :E
reactance choking off the signal flow, due t o th e <
~igh reflection of l?",:r being in duced . (See a:

Flgu: e 2) ~e tran5~S51on l oss curve shown is .If'
the insertron l oss minus VSI\'R effects, and is .....
that "hich would prevail if no power were lost Q.
due to reflection . I
For a test fixture consisting of a s impl e (/J
capacitive DC-block on a t ransmission line, the W
load seen by the genera tor becomes Z - CRg • Xc j!:
• SOn) , and as such can have a high VSII'R
gi ven by :

Q
Z
<
d
a:g
~
<o

Thus , the larger the Z due to either Xc or Rg,
the larger the VSWR and ther e fore the l arger i s
the r eflec ted power .
Since J .L . is a combinat ion of reflect ed and
di ssipated power, if either portion is high,
the composi te will appea r high .
The Microwave Engineer's Handbook (by Bor i zon
House) has a se t of t abl es on r , reflected
power ) and trans mission lo ss due to ref l ec t i on
. . . all three versus VSII'R.
Simi liar infonnation is derived f rom:

where the l oad ref erence i s SOn , and Sll
equa table to th e voltage r eflection coef f icient ,
Likewise t pert i nent infonnation on the power
reflected by an impedance mi smat ch i s
obtainable from:

P",ismatch (db) = 1010gl O (l - II' I 2)

and similar ly :

\ POI,er Loss = (l - Isu 1 2) X 100\

Power l ost through reflection does not enter
the capacitor and be transmitted . I t thus is not
involved i n power loss due t o di ss ipa t i on Of
radia tion in the capacit or . Keeping these
points in mind, examing the test data will give
a feeling for th ese relat ionships .

VI NCENT F . PERNA
Vice- Pr esident
Mi crowave Eng i nee r i ng
Hun t i ng ton Station , N. Y.
516 -271- 96 00

Reprint from ~IICROI'AVE SYSffilS NEWS
~larch/ Apri l 1971

INSERTION LOSS,
CAPACITOR Q,

AND THE
S-PARAMETERS

A1though mas t mi c rowave engineers are quite
famil i.ar wi th the concept of "Inser t i on
Loss" (1. L.), i t s actual r elationship to
the vari ous Scattering Parameters is l es s
c l ear , as is the non- independence of r e­
flected and t ransmi t ted power s ,

For example , gl ancing at th e 1. L. column of
th e t abul ated test data of Figure I , it might
appear t hat a 10 pf capacitor at 100 mt
would have a poor Q (=Qcap)

FIG. I -TEST DATA ON 10 pf ATC 100-A- l OO-J -C- 50
FREQ. FORWARD s-MAGN AND ANGLES
(l-lHt ) VS\\'R GAI N 11 21
"TOO 11. 513 - 5. 24 .84 0 -32 . 547 55
I SO 5.960 -2. 61 .71 3 -43 . 740 44
200 3.962 -2 .16 . 597 -51 . 780 36
250 3. 039 -1. 16 .504 -56 .87 5 27
300 2. 547 -1. 07 . 436 -59 . 884 25
350 2. 244 -0 .89 . 383 -62 .90 3 20
400 2. 037 -0. 66 . 342 -64 . 927 19
450 1.883 -0. 72 .30 6 -64 . 921 16
500 1. 772 -0.51 . 278 -65 . 943 16
550 1. 685 -0.4 5 . 255 -66 . 949 14
600 1. 617 -0 . 28 . 236 -67 . 968 13
650 1.554 -0. 24 . 217 -67 . 972 11
700 1.501 -0.2 3 . 200 -68 . 974 10
750 1.4 58 -0. 22 . 186 -67 . 975 9
800 1.4 24 -0 . 27 . 175 -67 . 969 9
S50 1.397 -0 .2 1 . 165 -68 . 976 8
900 1. 372 -0.23 .1 57 -68 . 974 7
950 1.355 -0. 18 .151 -69 . 980 7

1000 1. 338 -0.1 8 . 144 -70 . 979 6

(=Ou) but one that , s trangely , impro ves
rapi dl y wi th increasing f req uency.
Consi dering the defini t i on of Q:
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FIG. 3. -ATC 100- A-l Ol-J- C-5 0

Specifi ca lly . let us examine the 100 1:'f capa­
citor (Par t I ATe 100-A- lOl -J-C-50) llsted
on the f ron t of ANl02 and r eproduced for
clari ty in Figure 3.

FREQ . RlRWARD
(Ul t ) VSIl"R GAIN

S-IlAGN A'ID A'/GLES
511 521

At 1000 ~lHt th is capacitor exhib i ts a ' 'neg ­
ative gain" (=I. L. ) of . 01 dB. Frcrn our
discussion of Q ea rlier . we would therefore
expect that at 100 ~Ht the I. L. would be
so l ow (the Q so high) as t o require that
we go beyond two dec imal pl aces in the
t abulat i on of I. L. in order to see any
evidence of loss . Additiona lly . the lower
one goes in frequency. the lower a portion
of wavelength the dimensions of the capacitor
would appe ar t o be. and thus the lover the
likelihood of the losses ascribable to
radiation . We can therefore safely as sume
that the indicated I. L. i s due almost exclu­
sively to reflect ed power l oss. The same
principle applies in the case of the 10. pf
capacitor in Figure 1.
Although the basic 1.1. is higher at 1000
I1I1t . the dissipative lo sses can be as sumed
to be a negligi ble por t i on of the I. L. of
5. 24 dB at the 10 t imes l ower frequency
of 100 ~Ht. The remaining lo ss i s due to
reflect i on .
Consequently. when a quick eva luation of
re lative capacitor Q' s must be rendered on
the basis of transmission l ine DC-b l ock data •
i t is advisable to examine the low VSWR
r egion of the f requency spect rum in order
that the dissipative porti on of the Ins ertion
Loss not be masked by reflected power effects .
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A NOTEWORTHY QUOTE FROM
"A NEWLOOK ATMICROWAVE SILICON TECHNOLOGY": *
"Excessive he at i s by f a r the mai n ca us e of tr an s i st or

deg ra dat ion and fai l u re . For semiconduc to r de vi ces it

is the usual pra c t ice t o base t he maximum power r ating

as t he t heoret i cal al l owabl e t emperature th e j unc t io n

ca n at tain , Z50°C fo r si licon . Beyond t ha t t emperat ur e ,

conduc t io n be co mes i nt ri ns ic and th e j unct i on lo s e s it s

r ect i fi ca t i on p ro pe r ties. A conse r va t ive junction-

tempera t ure r at ing i s ZOO°C fo r s i licon dev i ce s . "

" The use of ex t remely f i ne s ur face ge omet ry ca n be

expected t o maximi ze the cu toff f requen cy ef t) . Howev er ,

th e la rge cu r re nt de nsi t ies conseque n t up on t he f i ne

s t r uc t u re pr ovi de incre ase d problems .. .. ,.

"Hi gher ga i n a t the expense of lowe r eff i ciency is co mmon

a t l ower power l evel s . "

*by E.J. Rice , R.D . Gromer , K.M. Fi nn , B. J . Ti l ley , and
W.E. Sch aub, The Microwave J our na l , February, 1969 , pp . 80 -86
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QUOTES AND ABSTRACTS FROM:
"RF POWER TRANSISTOR METAUZATION FAILURE"

" RF power tran sistors employi ng a l umin um met a l l iza t ion can
deg rade and f ai l when th e a luminum ca r r ies high -cur ren t de ns it i e s
a t eleva ted t emperat ures".

Under t hes e conditions. th e sh eet r e sistance of the al uminum
conductors inc r eas es and th e be t a f a l l s off , r e ducing t he de v i ce
effi ciency .

Especi a lly p ro ne t o fa il u re a re : " small emit te r a rea devi ce s
containing s ha ll ow j un ction s ." and. "hi gh frequ ency device s and
particularl y h igh -frequen cy power dev i ces ."

" Due to the s o lid s o l ub il ity an d r e l at ive l y rap i d d i ffus i on
r ate of si licon i n a l uminum, the latter can act as an e t cha n t fo r
s i l ic on" .

Et ch pit s gr ow i nto t he s i li co n under no rma l device opera ting
condi tions, r esult ing in dev ice "wea r out" .

Si l icon ions are swep t away (mas s t r ans por t ) from t he s i l icon ­
a luminum i n te r f a ce and carri ed down t he aluminum co nduc t or by
" e l e ctron wind" fo rces .

"As t he a l umi num ne ar t he si licon i n t e r fac e is depl ete d of
di ss olve d silicon, more s i l i con f r om the s ubs t ra te i s ab le t o
dis s olve i n t o the a luminum . The proc es s i s a c on t i nuous on e ,
r esult ing eve n t ua l ly in si licon e t ch pi ts f i l led wit h aluminum
whi ch may pe ne t r a te a ne i ghbor i ng j unc t ion , r e sult ing in an e lec trica l
short" .

The s i l i con swe pt out of s ol ution dep os it s where the e lec t rica l
path widens and the curren t densit y drop s . **

For long RF transi s tor li f etime, " t he curre nt density i n t he
me ta lli za tion and t he met a l liza ti on t emperatu r e mus t be main t a ined
bel ow t he l ev el s whi ch c au s e rapid e le c t romi grat io n i n a luminum
(J < 1 X 105 A/cm2 and T ~ 12s 0C) ."

* by J . R. Bl a ck , I EEE Trans . on Elec t ron Devices , Vol. ED-17 .
~o . 9 , September, 1970, pa ges 800 -803.

* * (No t e: t he se deposits build up sur f ac e rou ghne ss and resi stance,
r apid ly degrading t r a ns i s t or per form an ce . )
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Watch those losses in low-power ampl ifiers,
Otherwise you may be rudely surprised to find that
your transistors aren 't lasting as long as theyshould ,

All eng-inee rs know th a t efficiency is very im­
port ant in high -power rf a mplifier design. What
is oft en not appreciate d is tha t unexp ect ed losses
ca n hav e ca tast r oph ic conseque nces in low and
medium-power circuits as wel l.

Th e ca tas t ro phe comes ab out because economic
considerat ions usua lly dict at e that a n amplifier
should conta in th e sma llest poss ible nu mber of
transist or s, all pushed very close to th eir operat ­
ing limi ts, Th en , if a sma ll unexpect ed 10 RS is en­
countere d. tran sistor failure-either immediate
or sli ght ly delayed- is a lmost sure to fo llow be­
('RUSe of the "quick fix" measu res that are com­
monly employed to mak e up for the loss .

The mos t tempting way to compensa te for th e
loss is to push a little more de bias through th e
trunsls tur to pick up t he needed addit iona l gai n.
And her e is t he often-un ex pected r ub : L Ol O­

})rJll'(' t . lI ia h-!l uill derice« feud to lH' .'1 i.rl l/ i ji ca ll f l y
le ,'j .~ etticieu t t ho u t hei r lIig ll - /H,I/' ('1', lOIl ' -gai ll
(, ( II/1 If(' 1'/Ul rt .~ ( F ig. 1) . Hence, ~etti nJ.t a littl e
more power out of one of th em may inv olve dis­
sip a tin z quite a bit mor e heat. And if the j unc­
t ion tempera t ure is a lr eady operat injr nea r its
sa fe lim it , disaster is j ust a short ste p awa y.

lat ing cur re nt I . may be on th e or der of several
amper es.

Significant amounts of heat can be genera ted
in C, if t he capac ito r 's dissipati on factor is poor
(i n some typ es, it' s enough to melt the so lder ) .
For exa mple, if its equivale nt rf ser ies resis tance
were only 0.1 n. an input of only a fe w watts
would ca use about 0.25 W of diss ipat ion in the
capacitor.

Because of th e intimate connection between
thi s capac ito r and the t ransist or . th ey mutu ally
degrade each othe r 's ope ra t ion- t he ca pacitor
adding to th e tran sist or 's heat burden . and th e
tr an sist or' s heat deg ra ding th e ca pac ito r 's Q
(usually exponentia lly wi t h tempera t ur e ) . Since
th e t ransist or is usua lly opera t ing a t its maxi­
mum safe power level (T J typica lly hover-ing just
a t or above 180 e- C) , any heat in put from sources
outsi de the transist or will eat into t his safety
margin , ma king t he j uncti on mor e likely to de­
velop hot spots th at will lead to degr ada ti on and
event ua l fa ilure.

0 .5 dB may be bigger than you th ink

Direct heat ing is a problem, too

Lossy int erstage compone nt s can cre ate ther­
mal problems in yet an ot her wa y : They can
simp lv hea t up the t ransist or s dir ectl y. For wide
bandwidths. impe da nce-transf or ming' netw ork s of
th e ty pe shown in Fi g. 2 a re oft en used.

Alth ough each capaci tor cau ses some loss, C. is
t he most cr it ica l. s ince it must be placed directl y
at t he transisto r case . whe re th e metallic lead
ente r-s th e device. Th is ensures that th e input in­
ductance will not cause too g rea t an imp eda nce
ste p-up, which would increase the amplifier 's
load ed-Q. Since Pill. the inpu t power , rema ins
fixed despi t e t he drop in impeda nce leve l, circu-

To see j us t how serio us t hese seemingly simple
cons idera t ions reaII)' are. let us assume that we
wish to des ign a n inexpensive amplifier capable
of pr oduci ng 5 W at 400 MHz fr om a 28-V dc
supply. Accor ding to F ig. 1. t he average out put
t rans isto r will have ab out 7 dB of gain. Th er e­
for e the dri ver s tage will have to deliver about
1 W of rf power.

Now, if we are una ware of th e ex ist ence of
ext re mely low-loss ca pac itors for th e inter-st age
network. we may be r udely surpr ised to discover
tha t there is. sa y. a O.5-dB t ran smission loss be­
t ween t he dri ver and t he out put stage .

Two quick fixes come immediately to mind :
1. Pull out t he dri ver and replace it wi th a

high er ga in- but mor e expens ive-c-dev ice.
2. Bias the dri ver closer towa rd sa tu ra t ion to

pick up th e needed ga in .
Since high er-gai n devices have lower collecto r

Vincent F. Perna Jr.. Vice President. Microwave Engineer. efficie ncies ( F tx. I ) and cost mo re, a nd we al-
ing, American Technica l Ceramics. 1 Norden Lane, read y have a working device in the circ uit . we
Huntington Station. N. Y. 11746. choose to push mor e de t hro ugh th e one we have,

Repr i n ted from El e c t r on i c Design 10, May 13, 1971
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Keep cool: Heat can kill transistors in twoways

Secondary breakdown is sudden death

Seconda ry breakdown is t he resu lt of localized
current c ro wd ing t hat rai ses tem perat ures
eno ug h to mel t th e semico nd ucto r ma ter-ial . As
the materi al mel ts. it s rosi stivl tv i ~ drus tic ally
red uced. a nd the collector-to-emit ter j u nct ion
ta kes on the elec trfcal chm-acte ristics of a metal­
lic con du ct or . This t yp icul lv occurs between 200
an d :~OO ° C. dep end irtg u pon th e mater ia l.

Alt houg h ma nufacturers usually specify 200 °C
as t he max imum sa fe j unction temper a tu re.
T J""a, p it sho u ld be borne in m ind th a t t he
temper at u re a t a localized hot :\I'0t may be Wl- I!
above the average. If t hi s occu rs , t he hot spot
can t l'iJ.!'~e r seco nda r y breakdown at t hat poin t.

Opera t ing a trans lator at too h igh a tempera­
ture ca n lead to dev ice fa ilur e in t hes e ways:

• Secon da ry brea kdown-s-a catast rop hic fa il­
ure mechani sm in wh ich t he collector a nd emit­
te r get shor-ted toget her .

• The mass t ranspor t phenomenon- a more
subt le occur re nce in whic h t he tra nsi stor 's life­
ti me is J(l'l'utly s ho r te ned by the miz rntl on of it s
met a llizat ion und er th e in fluence of both h igh­
temp era t ure and hig h-currcut denait v .

T he effect of j un ct ion temp er at ure on tr ansi s­
to r lifeti me. t hro ugh the mass-tra nsport mecha ­
n is m, is profoun d. Going fr om a junct ion te m­
pera t ur e of 180 0 to 190 °C. cuts the device lif e in
half. And ~!Oing to 20QoC cuts it down to a
qu arter of th e 180 °C val ue. At th is r a te even
t he seemi ngly s ma ll t emp er at ure r ise of 4 °C
(cit ed in th e exa mple in t he text ) w ill red uce th e
t ransistor' s lifeti me to 75% of what it wou ld
have bee II at 180 °C ( see illu stra t ion ).

"

. i

t~u,~ ' ~~L :.,,,
,

'80 184 '90
JiUf'fCTIO... T[ MPERATIJIIEl"CI _

Conseque ntly most manu fa ctu rer s re commend
kee pin g T j we ll below I SO°C for relia ble lon g­
te r m operation .

Secondary b rea kd own is ene r-gy dependent -s­
tha t is. it is a function of li mp. volta ge and
current. To fight it. t herefore. some devices <I re
provid ed wit h cu rves s howtne sufe opera ti nz
con diti on s . when these an' not ava ilable-c-as is
often the cnse w ith micro wa ve t rn nai st c rs -c-th e
engineer must lie exceediu z lv care fu l.

Mass-transport phenomenon works 2 ways

Si licon devices with aluminum metnl liznt ion
exhi bi t t wo distinct wea r-o ut fail ure modes . Th e
first is t he formation of an ope n circuit ill <l

conductor , caused by t he ,'.;tl'ip p inJl away of
metal ions by the hi vh -Intens itv "electron wind."

T he seco nd is t he l>tch illll of pit s inlo t he
silic.:on. ca used h:v its d iffus ion int o the a lu mi­
num . and its SUhSI'(IUt'nt transpo rt aWllY fr om
th e Si -A I in terface. ..\ s th e s ilicon is cm-i-ied
a way . it is rcpl nrvd by a lum inum , and the proc­
e:ols con t in ues u nti l a pit JZTOWS deep en ough to
s ho r t out an under -lying ju nct ion .

T he t ruusported »ilicun an d a lum inum arc de­
posited where the conducto r pat h wideu s-c-wh erc
t he current dvns jty fulls-s-and huild up hil locks.
whiskers ann cr ystals tha t r a n t hen s hort out
to oth er ci rcu it po ints .

:\ll' ta l ion s call hl ' mor e ensi ly st ripped away
by t he elect ro n w ind when the y ha n ' been
t he r ma lly activated enough to be ess en t ially f'rce
of the meta l lnt tic e . T'hc squnre of t he cu t-rent
den s it y det erm ines t ho mngn itud e of t he force
ac ti ng on act iva ted ai lico n ions . T hus t hc mass
t r a ns port mech a ni sm is dependent up on bot h
current dl' ns it y an d temperat ure.

F OI ' typ ical s ma ll conducto r geometries ti uuor­
ins the Increa sed raft ' of fnilurv ca used hy a
positivc g radient in e it he r cu t-ren t densi ty. te m­
pe rat ure or iou-d iffus ion coerr tc tr-nt I . Iuilurvs
ca used hy muss transport become l'spl' t"iHlly im­
por ta nt when the te mpernturc excee ds l !j(l°C. By
t he ti me 200 "C Is renr-he d. t fu- li fetime can be
measu red in hou rs -c-prov ided . of l ·OUl'SP . that
se conda ry breakd ow n doesn ' t s t ri ke fir st.
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Z2

H e re ar e question s bal~ed 011 th e m ai~l

poillts of th is ar ticle . T heir pur pose is t o
help yo u ma ke sure you ha l'e not overlooked
an y importa nt ideas. You'll fil/ d th e allSlt'e rs
in t he a rticle.

.'1 . lVlly is it desirab le to mount t he
ma t r hiug ca pacit or (C~ ill F ig . 2) ,"lO clos e to
th e tra ll."l i.,t nr that m ut ua l heat i ng becom es
a problem ?

1 . n~h a t are two umys in icliich a los s y
iutersteoe ca paci to r cau lead to t ransistor
fa il ure?

2. Ho w a re the efficie ncy. po u.,'pr rat ing
alHl qai » 01 rl h 'a,lIsistors relat ed ?

For a driver collector efficiency of 40 ~f and a
need for 0.1 \\ ' of addit ional rf power, we' ll have
to put 0.1 WI 0040 = 0.25 mor e wat ts of de
throug h the devi ce, leavi ng 0.25 - 0.10 = 0.15 W
mor e power to be dissi pa ted as heat.

The average j uncti on-to-st ud (o r case ) th er mal
resista nce of the type s of transist or un der con­
siderat ion is approximate ly 24.3°C /W. Thus.
even if we assume that the t ransistor is operating
on an infinite heat sink with zero thermal resist ­
ance betw een itself and the out s ide wor ld. th e
te mpe rature r ise at th e ju nctio n due to the in­
crease d de diss ipation is 0.15 W x 24.3 ' C \\' =
3.64 ' C. Th is tempera tur e rise in the dr iver could
have been avo ided by using lower-loss capacit ors.

For a transistor with a maximum temperature
rat ing of 200 ' C-and which we'll push to the ac­
cepted limit and operate at 180°C- we would
discover tha t the hoped-for margin of 20 ' C had
shrunk to 16°C. Add to th is the fa ct t hat an
infinite hea t sink with zero ther mal resist a nce is
not ord ina ri ly availa ble. nor is a zero ther mal
resistance connect ion betw een th e heat sin k and
th e transisto r. and we see even more of that safe­
ty marg in disappear.

If getting out that last 0.5 dB fo rces t he tran­
s isto r into saturation , there will be a further de­
crease in stage efficiency . leading to an ad dit ional
temper at ur e ri se. And all of th is.does not include
the possibility tha t extra power will be dema nded
f rom the pre ceding sta ge beca use of the gai n non ­
lineari ty of the sa turate d t ra nsistor .

It should be noted here that the tran sistor-gain
data of F ig. 1 is based on ave rage- not minimum
- values. In practice, of course, the engi neer must
face the pros pect that he will recei ve a moderate
number of minimum-gai n devices along wit h the
ave rage ones , This is one further reason for exer­
cising care in selecting external compone nts that :-.c.
can cont r ibute to losses. •• VI

For b ib l iography , s ee Sec t ion 5- 1. UJ
of th is Han dbook . ~
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1. Gain and efficiency are inversely related below about
10 W, "especially at low frequencies. These curves are
based on the published data for over 100 devices made
by 10 manufacturers, The curves are only a guide to
typical behavior- they are not definitive for a specific
transistor. Note that an efficiency reduction of about
25% can be expected when a high-gain, low-power de'
vice is compared with its high -powered counterpart.
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2. If C. is lossy, it can get hot enough to melt solder
because of the high circulating cuerent : (I .) that flows
in a low-impedance circuit, Since C4 is intimately con­
nected to the transistor, this temperature increase
doesn't do the latter any good either.



2- 15- 1

Evaluate transistor bandwidths
the easy way. Circuit Qs and interstage resistance levels
provide a rough but rapid measure of ava ilable bandwidth.
Repr i n t ed from El ec t r oni c Des ign , Dec embe r 20 , 1970

A lot of t ime ca n be wasted in t rying to se lect
a t ra ns isto r fo r a wid eban d a pplication. Typi­
ca lly. a tentat ive cho ice is mad e on th e ba sis of
ga in , center fr equ en cy a nd power ; th en the en­
gineer uses a Smi t h cha rt to see if th e suggest ed
t ra nsi stor's immiUan ces (Z ,; a nd Y ,," I) when in ­
corpora ted into a mat ch ing net wor k, can provid e
th e req ui red ba ndwi dth. If t hey can't, an ot her
tentati ve se lect ion is made. and the process is
rep eated.

Th is ca n be quite tedious if sev eral ma tching
sections mu st be varied in an attempt to opt imize
the gain a nd VS\\'R over, sa y, a n oct a ve of ba nd­
width.

A better ap proach is to recognize that tw o
major fact or s limit the available bandwidth of
any t ra ns ist or . Th ese fa ctors, which ca n be eva l­
ua ted very quickly , are :

• Th e ra tio of t he transistor's se r ies input
reactan ce to inpu t resistan ce, XJR•.

• Th e qua nt it y [(R , /R ,l - 1] '1' . whe re R,
a nd R.~ are a ny two resi st an ce levels that mu st
be mat ched. For example, one can be a so urce
resi stance an d th e ot her the input res is tan ce of
t he t ran si stor. (When R, "" R" R , is always the
larger of the two.)

rea ctances a re a lways of the sa me type but will
usually not be of th e same val ue.

The quan ti ty X. JR. = Q impose s a fun damen­
t al limita ti on on a transist or becau se

( 1/Q) = RW" ,,,,I f.. = f ract ional ban dw idth (3 )
where B\\' , ,'" is the 3-dB ban dwidth of the tran­
sistor's in put circuit a nd f.. is the cente r f re­
quency at wh ich the measurem en ts of X_ and R.
wer e mad e.

To see how the second quantity. [(R, / R,
1] 11\ comes into play, imagine that th e cornbina ­
ti on of t he tra nsisto r's series input reactance. X1.0

and its se rie s inpu t res ist an ce , R., is lowe r th an
50 n a nd th at it mu st be matched to a 50-n
source. If a sui ta ble indu ct ive reactan ce, X L' is
added in se r ies wi th R. a nd X. it will build up
th e imp edan ce to the desi red level , R" = 50 n ,
when th e se r ies combina tio n is par alleled by a
suita ble valu e of ca pac itive react an ce, X,. (Fig, 2) .
R. a nd th e se r ies combinat ion X I. ..L- X. a re tra ns­
formed into the parallel combi nation R" a nd X,..
Th e ca pac it ive reactanc e is chosen so th a t X,. +
X,. = 0 at C, t hus making the circuit look like
a pure resi stance at th e f requency of interest .

To see how th is matching- pr ocedure a f fec ts
the bandwidth. rewri te E'I . 2c to read

( R" R.) = Q' + I (4 )

(I)

Series-to-parallel t ransformations
f.. R\\' " ", = Q = [(R,,/R.) Il ' '' . (5 )

This equa t ion. wh ich is ver y usefu l for pract i­
ca l. ra pid. impeda nce matching- ma kes deal ' that
th e q reuter th e d if fer ence i ll resi stive lel"d.~ to
be ma t ch ed , flu ' //(//.,.o /L"('r th e lJand w idth coo ·
re nieu tln uttaiunble.

In der iv ing Eq . 5. it was assumed th at R. a nd
X. were .!'IO low that a n additional reacta nce ,
Xl., had to lie added to ra ise the im pedance level.
Actually, the inducta nce of t he transistor leads
oft en is too high , ma king it necessa ry to match
up h om the source to the t ra nsis tor input. fur­
ther restrict ing th e ba ndwidth . E ach matching
secti on, of cours e. has it s own fr actiona l band­
width a nd red uces th e a vail uble ba ndwidth in
proportion to it .

Sin ce eit he r s ign of re actan ce may be used for
matchinz. what is often done in th is cas e is to
add a ca pac itor (C,) in se rie s with the 50-0
generator to ra ise its impedance up to the level
of th e tra nsi stor 's inpu t (Fig . 3a) . Ind uct or L ,

or

(2a )
(2b)
(2c)
(2d)

fr om Eq. 2 a re
R. a nd t hat th e

To see how th e pr ecedi ng facto rs a ff ect tran­
s isto r bandwidth , we must recall that a ny ser-Ies
res istance-reactance network ca n be replaced by
a parall el equiva lent (Fig'. I) at any sp ecifi ed
frequ ency other th an de. At the freq uency of
th eir equiva lence. th e t wo ci rc uits, na turall y,
ha ve the sa me Q :

( X ,/R.) = (R ,'/X,,) = Q.
Th e conve rsio n equa t ions a re :

R . =R,,/(Q ' +I)
X. =R.Q
R" = R. (Q ' + I )
X,.=R,. 'Q.

The main fa cts that emerge
th at R I , is a lwa ys greater than

Vincent F. Perna, Vice President . Microwave Engineer ing,
American Technical Ceramics , One Norden Lane. Hunt ­
ington Stati on, N. Y. 11746 .



2. Adding XI. raises the apparent input resistance
of the transistor (top) by increasing its effect ive

parall el equivalent, R Io, (bott om) . X,. is added to cancel
the inductance at the operating frequency.

~..~ -
~
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1. At any specif ied tre­
quency, a series resistance­
reactance pair can be
represented by a paralle l
equivalent. The parallel reo
ststence equivalent, RI••

will always be greater . than
the series resistan ce. R•.
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Don't forget the output circuit ~
So far. so ~o()d . But we ha ve been deal inu onl)".«

wit h th e transi stor 's in put circuit. The out put >
circ uit will a lso rest ri ct th e band wid th , and . un- LLI
for t una tely. outpu t-resista nce infu rrn a t iun i ~ not
a lways a va ila ble fro m the ma nufact ure r. It must
eit he r be measured, which is te dious. or calc u­
lat ed . wh ich iR qu icker but less accurute since it

~
~

~
av ailable wit h II sui tably low outpu t impeda nce. Q:
conj uga te over t he full ra nge. Altern at ively. if 0
we as sume a purely res ist ive SOUlTe . phlg'J.dn~ I­
into Eq . 2c. we see th a t a g-ener at or with a re - tI'J
s ista nce of 14.7 II is Deeded. . _

Most likely, such a driv er will not be availnble. tI'J
P robably a 50-ll unit will ha ve to be used . As aI
re su lt , t he ava ila lile bandwidth (u xirur a s ingle
L-secti on ma tch ing net wurk ) woul d be re duced
to 176 MHz. as ca n be ver ified by phurgirur int o
Eq. 5.

4. Output capaci tance COl can be integrated into a match­
ing network (a) at the output of a t ransistor. The easiest
way to see how the circuit works is to imagine the in­
ductor . L"" to be broken into two series inductors, I I
and L. (b), The colored line shows how the impedance
is aff ected by the inductors. C.. cancels out the eUect
of I I at f,,: C", does a similar job for l~ .

)1

¢SOURCE

is used to resonat e wit h C. at f.. a nd C~ is used
to s imila r ly resona te L..

If the admit ta nces of L, an d C, a re combined.
a ca pac itor. C~' , us ua lly results . Th is lea ds to th e
oft en-see n circ uit of Fig' , 3b .

fe
, '

G)
3. The parasiti c inductance compounds the problem by
making two impedance changes necessary (a) . The col­
ared line rep resents the impedance (to ground ) of the
vari ous port ions of t he circuit. L. raises the tr ansistor
resist ance R. above 50 n so that C, is needed to br ing it
down again. L, and C: can be combin ed. resultin g in C/
and a two-capacit or matching networ k (b) .

Let 's try a qu ick example

To see how easy it is to use t hese ideas, let's
t ry to get a rough idea of th e input circ uit ba nd­
width a va ilabl e f rom a 2N3375. Accord ing to th e
manufactu re r 's data. ta ke n at a collector current
of 200 rnA a nd a f requ en cy of 300 MHz. t he input
imp edan ce is 12.8 + j 5.5 n. For a rough a pproxi­
mation we ca n neglect the 6.dB-pe r-oct av e ga in
slo pe a nd the variati on of Q wi th frequ ency, a nd
s imply write : Q = X.l Il . = 5.5 12.8 = 0.43. T hus
the I ruct iona l ba ndwidt h is (I / Q ) = 2.:l3. At
300 1II1I z. t his gives a ban dwidth of 699 MH z. or
a passband extendi ng f rom de to beyond 600
~lH z.

All th is assum es. of course. that a driver is
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BI BLIOGRAPHY :

See Sec tion 5-1
of th i s Ha n dbook

involves several ass umptions.
If high accuracy is not needed, the follow ing

equation can be used :
R" = (V,.,. - V",,) '/2 PO'. (6)

R" is the output resist ance, P O' is the output
power, V,... is t he collector supply voltage and
V ~ " l is the rf saturation voltage of the trans istor
(on the order of 3 V) . Once Eq . 6 is solve d, the
r esult can be plugged into Eq. 5 for an est imate
of th e out put -circ uit bandwidth .

Fo r example, for a 2N5637 at 20 W with V,.,
= 28 V and V"" = 3 V, Eq . 6 yield s R" = 15.6 O.
Ther efore, from Eq. 5, an in itial estimate of t he
output-circuit ba ndw idt h for a 50-0 sys t em op­
erating at 300 MHz is 202 MHz.

Of cours e, th e transistor's output reall y has a
capa ci tance across the output resistance (Fig.
4a) . Thi s lim its the bandwidth by affecting the
circ uit Q as described by Eq . 1. The la rger th e
capac itance, th e hig her the circuit Q and the
narrower t he ba ndwidth .

Sometimes the sh unt output ca pacit ance is of
such a value that it can be usef ully emp loyed in
a simple mat ching network (Fig. 4a) . A pi net­
work is used to mat ch the 15.6-0 out put resist­
anc e of the transistor to a 50-0 line . The induc­
tor L", is theoretically equi va lent to t wo ser ies
ind uctors, L , and L " which perform t he match
in two stages (Fig. 4b) .

The two L-secti ons of Fig. 4b , of course, each
cont r ibute to bandwidth shrinkage, but the sec­
tion represented by L, usuall y ha s a very low Q,
and its eff ect on the ba ndwidth is t herefore
min imal.

As with other tightly coupled int eract ive net­
works. a wide variety of passband-g ain combina­
tio ns can be obt ained throug h tuning trade-oft's.
For quick transistor eva luations, assum ing sy n­
ch ronously singl e-tuned input s and outputs, th e
expected over -a ll s tag e bandwidth (from Eq. 3 )
is approx ima tely equal to :

BW,,, ,,, = f" / (Q""",, + Q",,,,,,,,) . (7)

Harmonic effects can be a problem

Th e usable por t ion of the avai lable bandwidth
is influ enced by harmonic currents which can
flow in the output cir cuit, lower ing the output
r esistance an d thu s shr inking the bandwidth.
(Som e multi -octa ve circuit s may. in fact , need to
go pu sh-pull to get r id of even -order harrnonl cs.)
\Vhere efficiency is critical, circuit element
values must be chosen to reflect an open circuit
a t the collector, even if the ha r mon ics are out
of the desi red pa ssband .

Thus, as broader bandw idths are required,
space will have to be incr eased to accommodate
the more elaborate matching networks that wi ll
be needed . Or , the eng ineer can reconsid er h is
choice of tran sistor. • •
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DON'T LET THE
WRONG INPUT Q WRECK

YOUR RF POWER AMPLIFIER
The very low Impedances required in RF power ampl if iers can
cause high currents and excessive I'R losses in passive match ­
ing components. Here is how to calculate what can be tol erated.

VINCENT F. PERNA, Amer ican Technical Ceramics

Repr i n t ed f rom EDN/EEE , Novembe r 15 , 1971

An RF power ampli fier 's input match ing net work
mus t tr ade voltage for current as it lowers the signa l
impedance from th e norm al 50n line down to the 1 or
20 of t he tra nsistor input. Th is trade-off cau ses very
large RF ci rculating cur rents to now in t he passive
matching compone nts . For exa mple . ca pacitor C:\. in
the wide ly used RF circuit of Fig . I , ca n easily hav e a
cur re nt of lA or more flowin g thro ugh it for 3W of
inpu t power. Thi s . in turn. ca n cause PR losses in C:I
th at can se riously degr ad e th e ampli fier gai n an d ca n
eve n melt t he solder th at holds C:1 to th e circu it. Th e
problem is aggravated at frequ encies over 100 MHz by
th e sma ll physical s ize of th e capacitor and the fact
th at th e dissipation factor s of most d ielect ri cs increase
wit h hea t and frequ ency.

The designer , in te nt upon achievi ng optimum im­
peda nce matching bet ween the 50n lin e and the tran­
sisto r, ofte n tend s to over look t hese la rge circula ti ng

p.

•sOO

Fig. 1-The high circulating currents (I ) in the fi nal
match ing stage of an RF amplif ier can i~7,e rate prohib i­
t ive PR losses in the passive component s (parti cularly C~

curre nts a nd th eir heat ing effect. He may uninten­
tio na lly ha ve too high a loa ded Q <Qt.) at the transistor
inpu t, which will increase the magnitud e of t his circu ­
la ting curre nt a nd the heat in g in the ca pacitor . Even if
he does keep hi s Q withi n reason . he rna)' unw ittingly
se lect a capacitor th at has too high a series resistance.

Wh at the des igner needs is a quick method for look­
ing at h is ci rcuit from th is sta ndpoi nt . and seein g
qua ntitative ly wheth er or not his design is with in
realisti c limits-li mits that are cons iste nt with ob­
tai nab le compo ne nts , and wh ich do not pen ali ze th e
perform anceor t he reli ab ili ty of the stage.

Step-b y -S t ep Procedure
S implif ies P rocess

Here is a seve n-ste p meth od f~r proper ly selec ti ng
the critical input capacitor, Ca' of the popular circuit
configu ra tio n of Fig. 1.

'CO" " ,,"rdJ

TRANSISTOR

v•/ '
/ '/ ,

/ 'I ,, ,
PASSBAND

in th is typ ical design). The designer must be able to calcu­
late this current if he is to proper ly specify the crit ical
components (Cl in th is example).
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Wrong Q (Cont' d)

Th e followi ng circuit and device pa ra meters a re
known at the sta rt:

1. Circuit ccnflgu ra t lon . . . . .. as shown in
Fig. I.

2. Power in 3W
3. Allowable capacito r loss . . 0.05 dB ( 1.1 <;fI
4. Ope rating cente r freq uency, f.•. . 300 MHz
5. Tran sistor input characteri st ics (at ope ra t ing fre-

que ncy ) . . . . . . . . . . . 2 + j5

R•• = 20

Th ese va lues were picked to rep rese nt common
practice.

STE P I - Cal culate R..D , th e effective parall el
in put re s istance of t he p a r a llel-t u ned netw or k
conta ini n g capacitor C

3
a t th e give n ce nte r fre­

que ncy .
Th e equation is:

R,u = ( Q~ + 11 R••

R,,, is kn own beca use it is given for th e tr a ns istor at .
t he 300 MHz ope rati ng freque ncy and th e circuit's bia s
conditio ns (not shown in Fig . 1), Thi s R,", of course.
must be for th e actu al la rge-sign al RF input with t he
device biased for hand ling the 3W sig na l. It is obtai ned
from measur ements , as any tr ans istor would ha ve to be
operating in a highl y nonlinear mode at th is power
level. Nowadays most RF tr ans istor manu facturer s
supply th is data on t heir device specifi ca tion sheets.

Th e circu it load Q (Qt.) ca n be obta ined from the rela­
tionsh ip:

20

18 -

16

o
o

I
2 .. 6 8 10 12 ,..

EFFEC TIVE INPu T RESISTAN CE -Rett iG)

Fig . 2 · Input curr e nt II in) is plotted as a funct ion
of input power {Pml and effect ive pa rallel input
res i sta nce IRelf I on the f ina l matching ste qe .

More will be sa id abou t th e practi ca l cons ide rations
for this paramete r later.

Putting th ese va lues into th e equa tio n for R,,i

R,u = 12.5' + 11 2 = 16.25 + l ) 2 = 14.50

STE P 2 - Find the inpu t cu r re n t. Ii ll , a s defined
in Fig. 1. Thi s is known also as th e line. or sus ta ining ,
current in RF circui ts . Use th e gra ph of Fig. 2 for thi s .
Th is graph sol ves the eq ua tio n:

R =...E.
..0 1,,,1

where P, of course, is the s igna l power wh ich has been
give n as 3W. Ente rin g th e grap hs with t hese known
va lues las shown in Fig . 2 ). th e RF input cu rre nt . I,",
is fou nd to be 0,46A.

ST E P 3 - Find t he ci rc u la ti ng c ur re nt in stage 3
by multipl yin g th e RF inp ut curren t fou nd in th e
la st s te p, STEP 2, b y th e load ed circ u it Q IQ,)
found in STE P 1.

I,," = I.. x Q, = 0.46 x 2.5 = U SA
or, say. 1.2A. Th e val ues for these firs t th ree steps
could also ha ve bee n obtained from t he graph of
FiJ(. 3.

ST EP 4- Ca lcu la te th e m a ximum permissible
ca p ac ito r eq u iva len t ser ies res istance fr om the
"a llo we d " or hop ed-for P R d issipa tio n :

R = p,. ,
, I....'

The allowed PR di ssipa tion , or p,,;••, was given as
0.05 dB or 1.1%. This mean s t he capaci tor can dissi­
pate only 33 roW. Ther efore.
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R ~ 0.033 = 0.0230
• (1.21'

STE P 5-Calc u la te th e ca pacitor's requir ed
min imum unload ed Q. Q...

x,
Q. ~ R:

The ca paciti ve react ance. X~, required for C3 at 300
MHz is given by:

x ~ !!", = 14.5 = 5 SO
, Q,. 2.5 .

Therefore.

Q. ~ 05ci~3 = 252

~

"~0.3

0. 25
,

IS
I
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~
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2.2 ~
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~
1. 4 ~

~
u

1. 0 ~

"
.S .!'

or, for a round figure, 300.
STEP 6 - Select a capacitor. Now that the allow­

able R1 is known , the designer can search for tbe com­
pone nt. The capacitance value would be found in the
customary two steps:

x = R,g ~ 14.5 ~ 5 SO ~ _ 1_
, Q, 2.5 . 2rrfC

C = 1 = 91.5 F
16.281 13 x 10") 15.81 P

Since present-day microwave power transistors often
have dual emitter leads to minimize lead inductance. a
sensi ble choice for CJ would be to use two separate
capacitors. one on each lead. This helps to achieve
balanced currents on the two emitter leads and relaxes
the specificat ions for the capacitors . Two 47-pF capaci­
tors could then provide the 91.5 pF.

The designer must now have infonnation on actual
capaci tors . He must either obtain this from the manu­
facturer or make his own tests on like devices. Fig. 4
represents the type of infonnatio n available on one brand
of microwave capacitors (device in this example is made
by American Technical Ceramics). Entering the graph at
the operating frequency and interpolating at 90 pF it is
seen thaI the R, is about .0380 at 300 MHz.

Having the capacitors' measured R. values plotted
aga inst capacitance helps the designer quickly evaluate
the candidate and make trade-offs. For example, a single

Fig. 3-Composite l raph shows interrelationships between the
parameters obtained in STEPS 1 through 3. To obtain these
plots , the tran sistor 's lead inductance was held to ec and the
base-emitt er diode resistance was varied (see Fig. 1 for
model of tr ansistor). Similar results can be obtained by hold­
ing the t ransistor resist ance fixed and varying the base-emit­
ter inductance of the base lead. These curves show very
clearly how the " dangerous" circ ulat ing current goes up as
Q,. goes up, substanti at ing the advice given in the text that
Q,. should not be made too high.

100 B 47 pF capacitor has an R, of .055 . Two in
parallel have a capacity of 94 pF and an R. of only
.0270. Since the computed allowable R, from Step 4
was 0 .0230. two 47 pF in parallel still fall a little short
of the specified .0230 . However. three30 pF in parallel
would meet the series resistance specification.

STEP 7 - Check temperature effects. The values for
Q. and R. obtained from measurements - such as those
plotted in Fig . 4 - will only apply to a single tempera­
ture , which is most likely room temperature. But RF
powe r amp lifiers will rarely run at room temperature.
They must be compact units able to operate within the
restrictions of short wavelengths. and they must be
shielded to prevent their RF from getting out and
moisture from getting in; so it can be expected that they
will run at some higher temperature - say, 125°C.

The tempera ture in the vicinity of the transistor will be
even higher - perhaps 200"C. This heal will directly
affect the tiny capacitors . which in typical RF designs
will be placed snugly against the transistor.
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Wrong Q (Cont 'd)

A 140-W, 175-MHz Amplifier:
Where Low-Loss Capacitors Are a Must

C.
lo-l 00 pf

C,
1(l_ 1001"

' S

~8· ""' ID E COPPf. R S T RAP
3' HIGH

II La . , 4 1001! STAIPUNES
U LA :?OI! 1,5" LONG SI RIP LINES
L5 l 6 2QI1 1.0" lO,,"Q STAIPLINES
L7 SAMEAS Ll HCEPT 1,4 ' ,ljIOE
L9 l OI,h

This tano-rnoone communications amplifier by
Communications Transistor Corp., San Carlos,
Calif., must use low-loss, low-parasitic induc­
tance capac itors at the inputs to the two paral­
leled RF power transistors. The impedance go­
ing into the transistor is less than an ohm, so the
circulating currents are several amperes, ac­
cording to Joe Johnson, the CTC application en­
g ineer who designed the circuit.

For the first impedance matching step to be
effective, the two shunt capacitors must present
a capacitive reactance of HI. If the capacitors
used cannot present this low reactance, most of
the current will flow in the shunt capacitors of
other matching steps ( ;, instead of ~ ). This
causes the 0 of the first effective matching step
to double or triple, with a similar increase in
circulating currents. Therefore, the loss will not
only occur in the ineffective capacitor but in
other matching components as well, because of
the higher circulating currents. Losses caused
by an ineffective first match may cause 3-dB IDSS
in gain as well as saturated power output. Gain is

too hard to CDrT'e by at 140W and 1is MHz to
throw it away in a passive component.

Johnson said that he used the low-loss "por­
celain" types of chip capacitors made by Ameri­
can Technical Ceramics. These he has found to
have better RF dissipations (higher O;s) and
lower parasitic inductance than the more com­
mon barium titanate NPO types often used.
(Vitramon and American Lava are said also to
make tow-loss porcelain units). Though these
porce lain capacitors are about three times as
expensive as the NPO types, their cost is still
small compared to the expensive transistors
needed to produce large powers at these fre­
quencies . The chips cost about a dollar apiece
in single quantities, while the transistors CDSt
over $50 each in single quantities.

Incidentally, note the straiqhttorward circuitry
for paralleling the two power transistors. Johnson
said that this eliminates the more exotic CDm­
biners, etc. often used to insure load-sharing at
these frequencies. See Ref. 5 for more informa­
tion.



The heat will work agai ns t the designer , for th e Q
II

will go down with increased te mperat ur e. Thi s in tum
will mean tha t the R. will go up, and this rege nera t ive
action could lead to disas te rcus ther mal ru na way.

To app recia te the touchiness of th e situa t ion, con­
s ider th at th ese t iny microw a ve ca pacitors hav e vol­
umes on the orde r of one- thous a ndt h of a cubic inch.
Therefore, eve n though their dissipation might only
be 30 mW or so, th e power densit y could be as high as :

130 roW , 110001 ~ 30 W/in'
Th is is close to the 40 W/in' found at the tip of a

solder ing iron like a n Unga r.
The only th ing th at may keep the capacitor's solde r

from melt ing may be the heat sinking prov ided by the
typi call y nat-strip microwave conducto rs . The author
recently heard of a n engi nee r who thought he sa w his
capacito r chip moving. and indeed it was; th e solder
had melted and th e device was being blown about in
the solde r puddle by th e cooling fan! Obviou sly, a n
overhea ted input capacitor is not th e nicest neighbor
for an expensive RF t ra nsistor.

The object ive of th is final step . then, will be to esti­
mat e or make measuremen ts th a t will forecast the
deteriorat ion of ca pacito r Q.. and R. with te mper ­
ature. 0
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Vince Perna is a RF engi neer who
~ot 80 involved in helping one of his
component supplie rs tha t he ended up
as vice presi dent for applications with
t hat oompany - America n Techni cal
Cera mics. Vince is impressed by the
thirst fer RF know-bow t hat exists
amon g tcde y's engineers. He finds
tha t his basic half-hour applica tion
lectures a t RF houses ofte n wind up
with 2-hr ques tion-and-answer ses­
sions.

Fig. 4 - Appropriate data on available chip capacitors is required if the designer is to
select an RF unit that will have sufficiently low series resista nce at the operat ing fre­
cuenc y. The data shown is for American Technical Ceramics ATC100-B chip capacitors.
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HOW TO CALCULATE REQUIRED CAPACITOR Q
FROM DESIRED MATCHING NETWORK EFFICIENCY OR LOSS

by Vi ncent F. Per na
Vice President
Microwave Engi neering
American Technica l Ceramics

As d i s cus s ed in Handbook Sec t i on 2, the power transfer

efficiency for a double -loaded , sing le L-C section with VSWR

condi tions of Sll I 0 and S22 lOis as given below in equation (1) :

(1)

More convenient to us e is its inverse expression in

equation (2) in terms of los s ( in dB) :

Loss (dB) = 10 10&10 [ 1/)1 ] = 20 10&10 [Qui (Qu - QL) ]
-L (2)

This article derives thes e equations, and, through charts

plotted f rom them, pre sents a rapid means of determining required

capacitor Q.

From equation ( 2) we may determine :

(A) th e r e q uire d c a p ac i t o r un~oaded Q. when the c ircui t

ban dwid t h, induct or un loaded Q, and a l lowed network loss are known;

(B) th e r e q uire d inductor un ~ o a de d Q. when t he maxi mum

avai lable capa c it or unl oaded Q, t he desi red max i mum c ircuit l os s ,

and the ba ndwi d t h are known ;

(C) t h e circuit ~oss we a re f or c e d t o accept wi th

commerc ia l ly avai lable componen ts when a given band wid t h i s r equ i r ed .
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A t yp ical circu i t appli ca t i on is s hown i n Fi gure 1:

"~-,
I

-~--

,
':'< - ' R.
. .:::~.;. Load

-~=.
Ze t us tak e cas e rA) , abo v e .

The power trans fe r ef f ic iency ( i n perce nt) as a f unc t i on of ci rcu it

unl oade d - t o- loaded Q r ati o i s s hown in Figure 2. At f i r s t g l anc e

a t the s l ope of Figure 2 , one migh t as sume t hat t he 90 t o 93. %

ef ficie ncy level fo r each LC sect ion was roughly t he po i nt of

such ne twork sec tions between t hem an d t he outs ide wor l d to atta in

I f we have decided upon an overall acceptable loss for a

This becomes especially clear when we consider t ha t RF power

r el a t i ve loss distribution throughout the network , we can then

>
eXPreSSiOn~

II'

~

I
;
a

~o
~
~

(The loss , i n

Loss (dB) = 10 10g l 0 [~ j = 20 l ogll) [ Q
u

Q
u

QJ

dimi nishi ng re t urns on Qu - to-QL r a t i o .

However , when we compare this (Qu/QL) of 20 with its

in power lo s s i n decibels (Figure 3) :

we f i nd thi s is ac tually an i nt ol e r abl y poor ratio .

this case , be ing 0 .46 dB for j us t one section) .

transis tors may have only 3 t o 8 dB gain , and may r equire severa l

ade quate band wi dth (e .g . dr i ve r trans istor, a tr an smi s s i on l ine,

or t he ultimate load directly).

compl ete network , and fr om experience have a f eeling for the

speci f y the r equired maximum l os s per sect ion .
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Handbook Section 2-18 indi cates t hat i n some 3-sec tion

impedance t rans fonners of the type shown in Figure 1, we may

experience increasing losses through netl>urk sections (A) , (B),

and (C) appr oxi ma t ely in the rat i o of 1:2:4, resp ectively , due t o

t he rapid fall of component Q' s wi t h circuit impedance level (and

rising RF cur rent l evel . )

Thus, if at some freque ncy we desire that the t otal network

loss is not to exceed 0.5 dB, then t he los ses i n section (la)

would have t o be (1+ ~ + 4) =(+) or 14. 3%of that. Similar ly ,

t he losses in section (Ib) would be (+) or 28.6%of 0. 5 dB , and

in sec tion (l c) 57.2%. Thus for sections (l a) , (lb ) , and (lc) we

would require l osses no grea ter t han 0.07, 0. 15, and 0.29 dB,

re spectively.

Let us asswne, that losses in C2[.2 should be 0.15 dB max,

and see what capacitor Q t hi s wil l require .

From Figure 3, we see t hi s necessi tates t hat (Qu/QL) = 60.

To determi ne Qu, we must know t he bandwidth of t he LC sec tion.

This is di ctated by the design method , and in t hi s case let's

assume t he BW i s 66. % (QL = 1. 5) . (See Reference 7.)

The unl oaded Q of section (l b) mus t th en be :

Qu = 60 QL = 60. X 1. 5 = 90.

I f we were t o asswne there were no losses in t he capacitor ,

t his would mean an inductor Q of 90 was needed. At UIF, however,

capacitors can have such serious losses t hat circui t per formance

is cons iderably degraded , even though the inductor i s usual ly

the major source of loss .

The question t hen arises as t o what must t he capaci t or- to -

inducto r l oss rel ationship be?
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C-II<CUIT UNLOAD£[)-TO- LOADED cst RATIO (~~)
lCarllhm k , 2 I 2 C1c1ft
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In t ui tive ly , we sense t hat if t he capacitor ' s loss were

on ly a few percent of that of the as so c i ated i nduc to r, the loss

due t o t he inductor wou l d be a su f f i ci ent appr ox i mat i on to the

r equ i r ed LC -sec tion l os s.

Fi gur e 4 , in f a c t , disp lays t h i s i nte r re l a ti onship ex ac t l y ,

an d was dev e loped (see Appe ndix II) f rom :

(l / Qu ) = ( l /Q ca p) + ( l /Q i nd)

whi ch becomes (see Appendi x IV):

( ~~nd )
whe re y =(~)

Qind

Sup pose now tha t t he inductor Q consis te nt l y a t ta inable i n

t he pr opo sed c i rcu i t l a you t turns out t o be on l y s light ly hi gh er

t o no morB than 3 . % be l ow the l evel ava i la b le from th e induct or

degrada tion wou l d requ i re a ca pa c i t or with a Q of 32 t imes that

ra tio that gives t he a l l owed de gradati on a re known , the ne ces s ary

resu lt i n a n un loaded c ircui t Q t ha t is degraded by the ca pa c it or

This g ra ph

This may be a prob l em, dependi ng upon freq uency

This fo rces us t o specify a capaci to r Q va l ue th a t will

Once t he r equi red un loaded circu it Q a nd the (Qc a p/Qi nd)

From Figure 4 we can see, howev e r , that to att a i n only 3 . %

~
Z
W

~
W

~

~
Z
~
o
~
e
a:

was de r i ve d f rom a reo rga niza tion of t he pre ce d i ng equa t ion t o be : ~

Qcapac i to r QU [ 1 + ( 6~~~:~ ~~ ~r) ] 0

where i n Qc ap wa s solved f or va r ious r atios ~of (Qcap /Q i nd) f or ~

specifi c values of circu it Qu ' 0
Th u s , in o u r c ircu i t e xam pL e wi th a Qu o f 90 and a (QcaplQin d)

rat i o o f 3 2 , we s e e from Figu re 5 tha t Qc a p must be ab ou t 2900 .

of th e inductor .

and phys i ca l configura tion .

ca paci to r unl oaded Q may be det e rmined f rom Figure S.

a whol e .

a lone .

(say , 3 .% ) tha n the un loaded Q required of t une d s ec tion ( lb) as
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Pract ica l Li mit ati ons on the Me thod:

For mul ti- laye r ca pac i t or s in t he UHF r an ge , ve ry hi gh Q

turns out t o be a cc ep tab le on ly for smal l va l ues of capaci t ance.

For example, if we hap pen t o be t al king about values of 10 t o

50 . pF i n the se vera l hund red Mega he r tz f reque ncy r an ge, we wi l l

face Q' s of ab out 3000 t o 250 , r espec t i vel y (s e e Refe rence 12. )

As a consequen ce , becau se of t he s e l i mi t ati ons i n comme rci al l y

ava i lab le c ompone n ts , simp l y desir i ng a cer tain l evel of di s s ipat i on

los s i n a network do es not mean that we s ha l l ex pe r ienc e it i n

practi ce.

Whe re RF power l ev e ls a r e l ow (hen ce t he impe da nce levels

r elati vel y hi gh ), we a r e more l ike l y t o a t tain on t he bench what

we de si re bas ed on theor et i c a l cons ide ra t io ns .

I f, on the other han d, we try putting s i gn i f i c an t RF curr ent

t hr ough a network, we may be rudel y s ur pr i s ed t o f ind that ou r

l os s es a re much h i ghe r t ha n a ntic ipa ted . The problem i s t hat I 2R

heat ing c aus es c ompo ne nt Q t o dec rease, r esult ing i n i ncre ased

loss es. This Q degradat i on - ve r s us-temperatur e is a func tion of RF

c ur ren t level, ambient t emperature, the Wa t t s - diss ipa t ed - pe r - un i t­

vo l ume, mounting method, heat removal r ate, an d t hermal r esistan ce.

(Se e Append i x III. )

Fur t he r more , addi tiona l power l os s caused by detuni ng may

be expe rie nc ed du e t o si gn i f i c a n t capaci ta nce shif t a t t emp eratur e s

beyond s ome manufa cturers' rated l imit s . Thes e t emp eratures can

easily occur whe n capacitors a r e carrying hi gh RF cu r re n t an d ar e

mount ed c l os e to a heat s ource inside equ i pmen t wh i ch i s subjec ted

t o an outside ambient temperature of 125°C.
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Thus, although i t is valuable t o ask: '~hat component Q

will be necessary, based upon some maximum desi red circui t l oss?" ,

ffillch time-wasting backtracking and frust ra tion may be avoided by

supplementing t hese preliminary calculations wit h an examination

of ,;hat the ci rcuit losses will be based upon avai lable component Q's .

To have confidence in t he results requires a compar ative

examinat i on among avai la ble capacitor t ypes for their Q-vers us -

temperature and t emperat ure-versus -RF current . Once th is i s known ,

t he circui t l oss may be determined in advance by employing Sect ion

2- 18 of t hi s Handbook .
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APPENDIX I

POWER TRANSMISS ION LOS S ( i n dB) OF ONE, DOUBLY-LOADED (gen­

erator + load) IMPEDANCE-MATCHING LC SECTION AS A FUNCTION OF

LOADED-TO-UNLOADED CIRCUIT Q RATI O.

,- - - - - --,
I I

~••----L- Qind
~i·-rvv I

I -S R.£ I
L ~ J

r - - - - --,
, I

Capa citor: --T-l~ Qcap
I Cs ReS I
I IL J

Component Q:

Inductor:

Unlo aded Circuit Q at Reso nance :

Rp

-- -where ~ is the parallel equivalent of the se r i es combina tion

of Rl and RC and fr om us ing the relationships:
s s

and from Bib liography Re f erenc e (5) on page 2- 17 -10 of thi s

Handbook , whe r e :
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~+~lS] and

Doubly- Loaded Circuit Q ( = QL ) :

If t he basic tuned-circuit (wi t h all self-resi stances and

reactances converted to a pa r a l l e l repre sentat ion):

is t he n loaded on both "ends" by being dri ven by a (purel y

resis tive) current generator an d connected to a (pur ely

r es i st i ve ) l oad. RL:

i~o-(0--lo--i - r r'L, lfR~,-i
L_____ ________ L _

GENERATOR LOAD
the effect upon Q of these two addit iona l shunt cur rent paths

must be added to t hat of t he or iginal R due to Land C alone .
p

Comb ining Ro' Rp • and RLp i nto a t ota l sh unti ng r esi s t anc e

designated by RT' we can then de term i ne t he doub ly - l oaded

circuit Q at res onance:
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Power Transfer at Reso nance : theoretical , ideal case

where Rp =~, so the re is no l os s in the parallel -tuned

c ircu i t r e actan ce s .

T
E

-L

Sha ring of cur rent is given by :

which , in t erm s of circuit resis tances , be comes

Thus, the power absorbed in the load in a doubl y-loaded cir -

>oz
!!I
~

If:w
~

!
z
:IEo
fE
e
g
~
c(
o

ne twork is :lossless LC
(1

0
R*)2

RLP

diss ipa t ion i n th e LC co mponents o f the circuit . (Rp "00) .

r?$1
0 ~ R ~ R

p
, RLp

0

Power Absorbed in the Load (RL ) in the Doubly -Loaded , Real ­p

Life , Non - I de a l Case where there is some power lost due to
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Sharing of curren t is given by

whi ch, i n t erms of re s i s t ances , is :

Thus, the power abs orbed in t he load in a doubly -loaded,

r ea l l i f e, lossy LC c i rcuit is:

PRL = (I RL ) 2 RL = (Io RT ~ RL
P p P RL 7 p

p

The Power Tr ans f er Eff ic iency : Rat io of Real-Life t o I dea l-

Ca s e Powe rs Absorb ed

PRLp (real- life)

PRLp (ideal ca se)

2

However, t he un l oaded ci rcui t Q (=Qu) in the rea l-l ife case

i s given by Qu = (R / XL ) = (R /XC ) a t re so na nce , and thus
p p P P

XL = (R /Q )
P P u
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Similarly th e loaded circui t Q ( =QL) in the real - life case is

gi ven by :

Consequen t ly

and therefore

solving this above equa t i on f or (G +GL ) :
o p

>oz

~
w
~a:

~z
:E
o
IE
a
a:g
o
~
e:to

PR
= (Go + Gtp J ( Qu - QL rL (r ea l life) RpQL

PRL (idea l case ) Go+Gp+ GLp

( Qu

TQL~

(G + G + GL )
o P P

i n the expr es sion f or the power - t ransfe r e f f i ciency :

an d :

The n , subst ituting th is plus :

GQ + Gp + GLp = Qu/(QL~)
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[M(~'PjJ' ~\ oJ {' -t~ )f ~
where~ i s de fined as the Power Tr an s f er Effi ciency of one , r eal ­

li fe, los sy, LC sect ion of an i mpedance match ing networ k .

The efficiency of a passive network ( i.e . its Inse rtion "Gain") is

a number less t han uni ty , and when expressed in de c ibe ls, it is a

ne gat i ve number. Howeve r , since passive ne twork ga i n i s mo re com-

monl y des cr i bed as "Insert i on Loss " an d as a positive number, i t is

more co nve nien t to i nvert t he mathema t i ca l expre ssion f or effi ciency

~~
~.~ and the refore obtain Inse r tion Loss

= 10 log [2J = 20 10g10 I Q" J
10 'l J [ ~t - QL

=I .L.) in non-nega tive

~ote : Thi s l os s is due onl y t o power was ted through diss i pat ion i n

r ea l-l i f e circuit compone nts , which , no mat te r how good they are ,

can never quite match the theore tica l , loss less ideal . It does no t

i nclude additiona l l os ses, if any, due to power los t in reflection

(VSWR) e .g . due to mis - tuning , or to radia tion, e t c .

APPENDIX II
(See Appendix I fo r def initions)

Let Ro be essentia l ly i nf in i t e (generator lightly coupled .)

The refore Go = O. Thus :

(loaded)

(un l oade d)

However, ( ~J

t" :,'''1'
Rp ~G~aJ + (G~nd .~
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a nd Gc a p ( l / RPc ap )

Qc ap (Rpc a/XCp)

R Qc ap XC pPcap

Gi nd ( l/ RPi nd )

Qi nd (Rp. d/X L )In p

RPind Qi nd XLp

( l/Rp) = l/ (QcapXcp ) + l/ (Qi nd XL )
p

but a t res ona nce XCp

t hus :

a nd:

( ~Cpp \ =( 1 ) =f( 1 \ ( 1 y =( XLP )
\: ") ~ ~Qcar / + Qind ~ ---rrp-

APPENDIX II I
In Fi gur es 3 a nd 4 it was ass umed tha t t he availab le

capac i to r Q was grea ter tha n t ha t of the i nduc tor . However , f r om

Tabl e 11 of Handb ook Sec tion 2-18 , it may be s e en tha t t he gene ral

t e ndency of capa ci tor- t o-induc to r un loaded Q r a t i os is t o

de c l i ne t he cl oser one ge ts t o t he tr ans istor i nput . I t is

c onc ei vabl e t ha t, a t t he t r a ns i st or i tse l f , especia ll y a t ve ry

h i gh power l eve ls (whe re t he capaci ta nce va l ue is l a r ge a nd it s

Q t hus l ow) , the r atio in some ca s es might be come less t han

un i t y (e .g. t n e induc tive pa th migh t be sh ort, wi de , a nd relat ively

l ow i n r e s i s t ance. ) In such a si tua t ion , the c apa c i t or an d no t t he

indu c t or wou l d be come t he pre domina t i ng l os s e l ement . W.he r e t h i s

happ ens , the wor ds "capac i to r" and " i nduct or" in Fi gur es 3 and 4

s hould be men ta l ly i nt e r cha nged .
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APPENDIX IV

Fi gure 4 of thi s a r t i c le was originall y drawn as s hown

below i n Fig u re A. I t was p lot ted usi ng t he equa tions and

method s hown be l ow:

Qu = (Qca pQind) I (Qind+ Qca p)

let y = (Qca p/Q i nd)

y Qi nd' and s ubs ti tu ting f or Qc ap :
2

y (Qind)
(l + y)Q i nd

Q =u ( ~ y ) Qi nd

r y ) rtha t is: a function of

Rat i os of (Qca p/Qi nd) f r om 1 . 0 to 100. were i nse r ted , and the

re su l ti ng (Qu/Qind) ra tios tabula ted. To determine the percentage

by which Qu differs fr om Qind due t o the losses in rea l-life

cap ac itors , the fo l lowi ng met hod was used:

(% de gr adat ion ) = ( 100%) - (QulQind) (lOO . %)

The advan tage of t he f orma t of Figure A was t he display of

the level of the unl oa ded ci rcuit Q attained versus the level of

t he Q ava i la bl e in the induct or , wh i le s i mu l taneous ly showing th e
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pe rcentag e degradat i on ca us ed by th e pre s enc e of th e cap ac i t or .

Addi t i ona l ly , si nce some l ow power c i rc u i ts near the 50 . Ohm

level do not deman d ultra-high Q capac i tors, having the

full (Qcap/Q i nd) s co pe of Fi gu re A av ai l a b le s e eme d useful.

However , f r om Figure A, we ca n see that t o ob ta in a c i rc u i t

un loade d Q that i s 97 .% of that ava i l ab le in the i nduct or, we

wou l d nee d a (Qca p/Q i nd) r at i o of r ough'l y 30. Unfortun a t ely ,

in thi s r an ge, a sma l l cha ng e in thi s r atio result s in a

noti ceabl e cha nge in network d is sipati on los s. Since t he s lope

of Fig ure A i s t oo c ompr ess ed i n thi s parti cul ar a rea f or good

acc urac y , it wa s replotted in Fi gur e 4 to ga i n thi s advan tag e

and s t i l l gi ve equa l clarit y over t he whole r ange. Unfor t una tely,

i n the p r oces s, we l os t th e us eful le f t hand sca l e .

For RF powe r amp l if iers , howev er, the r egi on t o th e r ight

of the a rrow in Fi gure A i nvo l ve d a n a re a of mor e r e as onab l e

circu i t l os s es . For th i s rea s on, and si nce th e l e ft han d ordinat e

of Fig ure A was so co nve nient fo r c a lc ula t i ons, it seeme d wor t hwhi l e

t o accep t th e i nc onven i ence of rest r i c ted s co pe , so Fig u re B wa s

deve lo pe d t o s how t h i s us e ful po r ti on . For t ho s e wi l l i ng t o

accep t th i s res t r i c tio n, . Fi gur e B s hou ld s peed ca lcu l a t i ons.

Th i s paper was de l i ve red at t he 15t h Midwest Symposi um on Ci r c u i t
Theo ry a t t he Uni ve rsi ty of Miss ou r i-Rolla , May 5 , 1972 .
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RAPID CALCULATION OF
MATCHING-NETWORK, DISSIPATION -LOSS

By Vi nce nt F. Perna

Vic e President

Microwave Enginee rin g

Ame rican Technical Ceramics

Ear ly in th e dev el opment of vacuum t ube voltage amplifi ers ,

it was de termined t hat t he vo l tage tr ans f e r e f f i c iency ( ~) of a

t ank circui t l, 2 ,3 was given by :

Eff (vol t age )
i

n

whe re QL l oaded c i r c u i t Q,

and Qu unloaded c i r c ui t Q.

Today, by con trast , we a r e conce r ned with h i gh - cur rent , l ow­

i mpedance RF, power t ransistors and t he power -t ransfer effi ci ency

of t he ir i nt erstage networks . Unfo r t unat e ly , many engine e rs are

unawar e of t he historical origins of th e precedi ng equat i on and

erroneously t r y to appl y it i n powe r- ampl ifie r ca lcula t io ns.

The correct r elationship f or power t r ans f e r e f ficie ncy4 . 5 ,6 ,8 i s :

More convenient t o us e is its inve rse expression i n t erm s of

l os s (in dB) :

Los s (dB) = 10 10gl O [ l /~l = 20 10gl O IQu/ (Qu - QL) ]

which i s s hown graphi ca l ly i n Figure 1 .
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As a practical application of this information , l et us determine

t he overal l 3-section , dissipat i on los s of wideband , i mped ance ­

matching network . The component Q's and loaded -circuit Q's for one

such network a t a specific fre que ncy are noted in Figure 2:

Ql = SO.

Ql 33.

Qc = 1800.
Ql 20.

Qc 500.

QC = 170 . s.n

QL • 0.84..... QL 1 .0~QL = 1 . 4

- - -=- -

sO.n

Network Sec t ion : (a) (b) ( c)

FI GURE 2
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Usi ng t he equa t ion : ( l /Qu) = ( l /Qc ap) + ( l / Qind )

we may de te r mi ne the ci r cu it unloaded Q from t he unl oad ed Q' s

of its components .

For ease of ca l cu l a t i on , t hi s equat ion is gr aph ica l l y d isp layed

in Fi gur e 3, a nd a s tep - by -s t ep t a bul at i on of th e overall netwo rk

los s at any pa r t i cu l ar poi nt in th e f r eque ncy spec trum is s hown

in Tab l e 1.

The me t hod involves t he fo l l owi ng steps fo r each of the s eve r al

LC se ct i on s of th e ove r all networ k:

(1) From the given c omponent Q' s a t th e freq ue nc y of i nt e r e s t,

determine the rati o : (Q ca pac i tor / Q induct or ) .

(2) Fr om step ( 1) a bove and the i nduc to r Q (gi ve n in Fig ure 2) ,

Fig ure 3 may be used t o de te rmine the unl oaded Q of t hat sec t ion

(4 ) Wi t h t he r es u l ts of s tep (3), us e Figur e 1 to de t e rmi ne t he

Not e : th e RS a nd Rp he re a re not j us t t hat of t he c ompo ne nt s
al one, bu t i nc l ude t he influen c e of the l oad res is tance .

of t he c ircuit ( = Qu) '

(3) From s t ep ( 2) and the l oaded* ci rcu i t Q of t he LC sec t io n

(l / RS) -{L;C

Rp~

Al l r e s i s t an ce s t r ans f or med t o
a-5ingl e ser i e s element :

Al l r esi stan ces transformed t o
a-5ingl e parall el el ement :

l os s in dB f or that LC-sec tion .

* (QL i s usual l y gi ve n by the r equ ir ements of the circu i t de s i gn
t echniqu e . Where thi s da ta is not av a i lable , s i nce t he ne twor k
may hav e been de s i gned preyiously by so me one e l se, QL may be
c a l cula te d f r om the L/ C r ati o as fo llows :

(5) Add up t he indiv i du a l LC- s ect i on diss i pa t ion- losses t o ge t

t he to ta l networ k l os s a t t he fre que ncy of i nt eres t .

UJ
UJ

9
~

~
=====================~

I.L
o
z
Q

~
:::)

g
<o



2 - 18 - 5

Circuit uvdoaded Q ( :: Qu) as a -+u~d;iol'l o-t~

(a) Il"Idu.c:t:ol'" Q
a ...d (b) C.apac.i t:o r - "to - I.., <! u c."to .... Q- Y"cf !: 'IO

I [1 1 II! Iii!':: iii: Ill:!!!:: r: !:'!' :,,: ~ ;,;. ! ~~ ' i i i ! i : : l i : i i : :rT i
3 Go... I ~ j : :~: ::: j .. ~u~~ : : ! i: iIi! . :: :~ :tii iHi ;!il t : 1! i: ;~ j i : ~ ll!J i !

" .. - .......
....... ...... ,."

" , . , .,, '" , . 1'..... ... ".: !
, , .:,,': i" , :: : I : " " ,,:: ,

0.3 .3 . 10. 30. too.

(
Q capacit or )
Q i "duc'tor

full LO,ltH ilhm ic. 3 " 3 ( yrl n Fi9u r~ .3(a.)
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TAB LE I

CA LCULATION OF
CIRCUIT LOSS NETWORK SECTI ON

STEP TO DETERMI NE (a) I (b) (c ),
:

(1 ) (Qcap/Q i nd) 1800 .
,

SOO. 170.
"""TI":- = 36 . ! --n:- = I S.

~
= 8.5

I

(2 ) Circuit Qu I( f r om Fi g . 3) 48 .
I

31. 18 .

I

( 3) (Qu/Q L) 48 . 57 .2
I 31. = 31. 18 . 12 . 9o:B4 = I r:lJ I:"4 =
I

(4 ) Los s (dB)
(f r om Fig . 1) 0 . 16 dB 0 . 29 dB 0 .71 dB

( 5) Fr om th is we find t hat our tota l i nte rst age networ k l oss i s :

( a) 0 . 16

(b ) 0 .29

( c) 0 . 71

1.16 dB

This i s t wice the amount that woul d ha ve been expec t ed f r om

(e r r one ous ly) employing the vo l t age e f f i c iency eq uation. Thus ,

the sq ua r ed te rm in the power eff i c iency equation is a caus e of the

sur pri s i ng dis cr epancy , ex pe rience d i n the l ab, between predicted and

actual ci r cui t l osses .
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Figure 3 is useful for a rough "eyeball" estimate . ~Iore accurate,

and perhaps easier t o use, i s Figure 4. The st eps to be followed

in t hi s case are:

(A) From t he component Q' s given at the frequency of int eres t ,

determine t he rat io : (Oeap/Qind)'

(B) From the (Qcap/ Qind) value of st ep (A), and assuming that the

inducto r Q i s t he maxi mum t hat the unloaded Q of the circuit could

hope to at tain, use Figure 4 t o determine the percentage degradation

below the Qindvalue tha t t he circui t will experience due to

the presence of t he capaci to r .

(C) Determi ne what t he actual magni t ude of the 6 Q in step (8) is .

(D) Subt ract the resul ts of step (C) from the value of Qi nd. Thi s

i s t he lJ.ttloa.ded Q of t he LC ci rcui t ( =Qu).

(E) Using t he resu lt of step (D), and the Loaded Circui t Q given

in Figure 2, calculate t he unloaded-to- loaded ci rcui t Q rat io : (Qu/QL)'

(F) . Usi ng t he results of step (E) and Figure 1, determine the l oss per

LC-sect ion in dB .

(G) Sum the results of step (F) for each net work section to obt ain

the tot al loss for t he entire network.

§

Iz
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CAP.ACITO~-To-INDUC.TOR. COMPoI'JENT -Q RATIO



This process is detailed in Table II :

TABLE II

2-18- 10

- - - ------ . -. . -
C\Lan.ATION OF CIRQJIT LOSS NE1WORK SECTION

- - _. - ----

STEP ro DETERt-lINE (a) (b) (c)
- - - . -- - ---

Capaci t or -t o- Inducto r ~l~g~} 36 ( 500)= 15. (170.\
I (A) Q rat i o 13." """7IT":"/ 8.5

= (Qcap/Qind) I I II

------t~c . I
I

- - - - - - -- - _. -

I(B)
I Percentage Degradation II below Qind of Qu due to 2.65% 6.1% 10. 05%

I Qcap (= liQin%) !- -_._- - - -- ---------
~lagni tude of liQ 50. X .026 33. X .061 20 X . 100

(C) (using Qi nd in Fig. 2) = 1.3 = 2.01 = 2. 0

I(D)
50.0

I
33.0

I
20.0

Qu = Qind - li Q -1. 3 -2.0 -2.0 ,
48.7 :rr:o T8.O I

(lH}
I

(Qu/QU = Circui t (~)= 58. eU} 31. 0 12. 9(E) Unl oaded-to-Loaded
Q Rat io

Loss (dB) per LC- 0.13 dB 0.29 dB 0. 71 dB
(F) section from Fig. 1

A comparison wit h Table I shows that , for all prac tical purposes , the

results are essentially the same . One decided advantage of using

Figure 4, however, may be ease of reading and a great er assurance

of accuracy.

~
9
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HEAT CONCENTRATION VERSUS
CAPACITOR POWER LOSS

When a physicall y small capa citor s e r ve s a~ th e tr an smi s s i on

path for l a r ge amoun ts o f RF cur ren t , there is i nva r iab ly a non ­

ne glig i b l e amount of RF power lost through 12R he a ti ng . The

amount of l os s is dependent upon th e quality f actor of t he

capac i to r . Th i s , howev e r , i s i n f l uen ce d by the t empe r a t ur e o f

the c a pac i t o r . Th i s t emperature c an ari s e e i the r due to:

(a) th e ambient t empe ratur e outside the unit in wh ich i t is

located, (b) prox imity ( i ns ide tha t unit ) t o a he at produc i ng

componen t , and / or (c) its own in te rn a l ly generat e d heat . Th~ se

f a c to r s indi vidual l y or co mbine d de g r ade t he Di ssipa tion Fa c t o r

of t he capacitor an d caus e i ncreased di ss ipati on ove r an d abo ve

what might be e xpec t e d at room temp e rat ure . A ge ne ra l ized

eq~3tion de s cribing t h i s s ituat ion is:

Tc ap = f (TA) + f (T DI SS + TQ ) + f (TLOC. ) - f ( CR)

Whe re ,

Tempe r a t u re of c apa c i t o r

TDISS

Amb i ent temper atu re of ou tside ai r surrou nd i ng
t he e qui pmen t

Gene ra l air t emperature in si de equ i pmen t cabinet
o r modul e (d ue to additional hea t inpu t fr om direct
s un l i ght , c t c , )

Capacit o r Tempe r a t u r e due to i ts own 12R powe r
d i ss i pa t i on (a f un c t i on of Watt s - per - un it -v olume ).

Temper a t ure co n t rib ut ion t o c apaci to r due to
l ocal he a t intensity of o t her s ou r ce s ( e . g .
trans i st or s ) .

Tempe r a t ure i nc re as e due t o de gr adat i on o f Q
by he a t ( = t.TDISS)

z
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CR

f

Coo ling r at e (hea t r emoval provided by micro ­
s t r i p lin e s an d pl asti c s ubs tr a te touching the
ca pa c i t o r )

(s ymbo l izes :) "A f unc t i on o f "

Capac i to r Q = ( l / DISSI PATI ON FACTOR)

As not ed e a r lie r , we ex pe c t a ce r ta i n amount of power l os s i n

a ca pac i t or. Wh at we may not be awa re of ho we ver, i s th e

mag n itude o f th e heat l ev el att ain ed in the capacitor due t o t he

co mb i ne d in f l ue nces o f th e abov e de s cri bed sources .

Tab le bel ow rel a te s the percenta ge o f RF power d iss i pa te d

a s heat t o t he d issipation los s in de c ib els .

TABLE I

Power Los s :

1. 0 dB d issipa ti on los s ~ 20% of the through -put power
l eft behind as he at

O. 1 dB d i s sipat ion loss ~ 2. % of the through-put power
l eft behind as he at

0 .0 1 dB d i s sipation l os s ~ 0 . 2 % of the through - put power
l eft behind as heat

Let us assume that we hav e a s i t ua t i on in whi ch the last case

in Tab le I applies , and we wish t o put 10 Watt s of RF through

a ca pac i t o r t hat i s sl i ghtl y l es s than a 50 mil cube i n dimen sion.

We the n want t o de te r mine what the watts-per -cubic-inch o f RF

power d i ss ipa ted is . We may proceed in the f ollowing manner :

0 .2 % of 10. Watt s = (.00 2 X 10.) W = . 020 Wa t t s = 20. Mil liwat t s

Capa c i to r Volume

. 050 in . X .0 50 in. X .035 in. = .Len gt h X Wi dt h X Thi cknes s

5 . X 10- 2 X 5 . X 10 - 2 X 3 . 5 X 10- 2 = 87.5 X 10 - 6 (cub i c Inches)
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Wa t ts-pe r- Uni t -Vo l ume (i .e. : temperatu r e ) :

) (

1. 14 X . 020 Wa tts )

= 100 . X 10- 6 c ubi c i nc he s

) = 2 .3 X 10 - 2 X 10
4

(Wa tt s / Cub ic In che s )

(

. 02 0 Watt s

87. 5 X 10- 6 cubic i nches

(

.023 Watts

I X 10 - 4 cubic in ch e s
230 . Wa t ts -pe r-cubic inch
( o f he a t i nten s i t y ).

Thus, we call see i f such a small capaci to r were di s s i pati ng on l y

. 02 % of the 10 Watt s o f power input and not coo l i ng its el f i n any

manne r that th e temperature which t hi s tin y uni t wou l d a t ta in

wou ld be ho tt e r t ha n most commonl y use d s o l de r i ng i rons.

Bor rowing a quo te ( Re f . 1) f rom t he RF Powe r Tr ans i s t o r f i eld ,

we s ee that su ch he at con centrat i on s are not a t a l l unu sual i n RF

power amp l i fie rs:

" Al umi num meta l un de r goe s e lec t romi g r a t i on a t a r ap i d rat e a t

c ur ren t den s ities ex ce e d i ng 1 X 105 A/ cm2 and film t emperatu re s

above 125 · C. It is intere sting to not e t hat th e co nc e p t of

e l e c t r omi g r a t i on of metal s i s not too di ffi cult to a cc ept i f

on e co ns i de r s t he power densi t y dissipa t ed in a luminum ( vo l ume

r es i s t ivit y 2 .7 ~ Q cm at 120a C) operating a t a c ur r en t

densi ty o f I X 106 A/cm2 i s 2 .7 X 106 W/cm3 ."

The on l y r eas on that th e so lde r j o i n ts a re not melte d i s t ha t

t he meta l l ic l ands on wh i ch t he capacitor is s e a ted , pl us any

o t he r componen ts t o whi ch t hey a re a t tached ( s uc h a s t he

s ub s t r a t e) , ca r r y th e hea t off a t a rat e g rea t e r th an t hat

a t which it i s ge ne ra ted .

z

;
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If, howeve r , t he r a t e o f he a t gene r a t io n exceeds t he r at e o f

cooli ng , t here wi l l be an almos t i ns t antaneous ris e in t he
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temp e ra t u re o f t he capacito r due to therma l run away . Th is oc cu r s ,

since , onc e the Di s s i pat i on Fac to r begins to c l i mb significantl y,

i t t hen r e s ults in an increa sed gene ration of hea t ( i n te r na l ly) ,

whic h r e sults in a ri s e in t he Diss ipation Fac t o r , and s o on

ad i nfinitum. Th i s will r e s ult in the des truct i on of t he capacito r

if the power from the gen erat or i s g r e at en ough (plus pos s i bl y th e

de struction of other c i rc u i t c ompone n ts as wel l.)

The way t o avo i d such prob l ems i s to us e capac i tors whos e

Di s s i pa t i on Fa c to r is so l ow th at t he inte rna ll y gene ra t ed hea t under

t he an tic ipa te d condi t i ons o f opera tion wi ll never be great

enough to ca use the rmal run away .

Even where thermal runaway is ba r e ly avoided , the re i s t he

probl em of c ircui t detun i ng due to si gn ifican t capacitance s hi f t

at t emperature s be yond s ome manufacturers' rat ed li mit s. The s e

t emperature s can easi ly occur when capacit ors a re c a r ry i ng

sign ifican t RF cu r ren t an d mounte d c lose t o a hea t sourc e

i nsi de equ ipme n t which i s subj ect ed t o an ou tside amb i ent tempera ­

tur e of 125 °C.

Thus far, we ha ve d i scussed on ly t he case of hi gh RF c ur ren t.

High RF vo l t age can als o be a so urce of des t r uc t ion of c a pac i t o r s .

Accor d i ng to Pas che n 's Law( 2), a vo i d or an a ir bubb l e in a

di electric betwe en two el ect rode s can hav e it s en t rapped ga s become

ioni zed. Once ionized, the gas becom es an e le c t r ica l conduc to r

and all e lec t r i c a l conductors have re si stance wh i ch gen erat e s heat

du ring t h e transmission of RF ene r gy . If the gas becomes sufficien t l y

hot, it can become a plasma wh ich abs orb s l arge amount s of RF

ene rgy directly, t hus i n c reas ing t he he at i nten s ity. The p l a s ma

then mel t s th e surrounding ce r ami c , furth e r i nc reas i ng the gas

pre s sure . The process conti nu es unt il the wal ls of t he capac i t o r
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melt and b low out (o r the capacito r body i n total exp lodes). The

r ema i ns , when minutely examined, may resemb le a min ia ture vo l ca no

whi ch has b lown it s t op .

Cne r ec ent adv erti sement by a ca pac i t or manufactur er cl a i med

t hat he had " f ewer hole s" (voids) wit hin hi s capaci to rs th an hi s

compe tition (Br ands X, Y and Z) . By compa r is on , ATC capaci to rs

hav e no ho les . Consequen tly , they may be used a t power levels

up t o 15 KW (p u lse d) , and ove r 1 ;"11' 01' at t he 50 Ohm l e vel

wit hout des truction . I f t he r e were vo ids , t here would be

vo i c ad o s .

Anot he r unp l ea s an t fea t ure of vo i ds is th e y a l l ow in t e rna l

migration of meta l whi ch can cause a shor t c i rcui t . In fact , i f

t here is sufficien t po rosit~ t his may provide pene t ra t ion paths

whi ch wi ll a ll ow ent rance and en t r a pmen t of moist ure and co ntaminan t s

which deg r ade performa nce .

From th es e f ac ts we can see that poo r con struc t ion methods or a low

quali ty fac t or d ielectric can r es ult in i nt ens e heating , and t hus

poor circui t pe rformance .

IEEE Tr ans ac t i ons on Elec t ron Devices , Vol . ED - 17 , No .9 , Sept embe r ,

Use of ATC 100 Se r ies low los s mic r owav e porcelain capac itors
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PRE-DETERMNATJON OF DC-TO-RF CONVERSk)N EFFICIENCY

by Vi nce nt F. Perna, J r .
Vice Pres ide nt

Mic r owave Engineer ing

Accur a t e l y predic ting t he DC-to -RF co nve r s io n e f fi ci enc y

of proposed eq uipment has l ar gel y remained a n a r t whos e su ccess

is rel at ed to the ex ten t of th e engineer 's RF ba ckg r ound.

This can cause s e r i ous probl ems when , i n t imes o f keen

co mpeti tio n, non- RF compani e s comm i t themsel ves t o a c on t rac t

whi ch wi l l r equire ex tensive RF circui t r y . Many pai nf u l month s

l a t er , t hey may di s cove r t hat one of thei r une xpected s t umbli ng

blocks was the pe r ha ps i nnoce nt - looki ng r estr icti on on avai lab le

DC cur r e nt .

Thi s ar t i c l e hopes t o minimi ze such probl ems by inj ecting

mo r e s c i en c e i n to t hi s ar t .

I t is not commonly reali zed t ha t there are several his t ori cal

r easons f or t he presen t d i f f iculty .

A good numbe r of yea rs ago t he t erm "c o l lec t or e f f i ci enc y" :

Eff . (collec tor ) = ( RF ou t \
DC In /

( 1 )

ca me i nto co mmo n us e and was ge nera l l y sat is facto ry a t l owe r

frequenci es fo r comparing transistors as oscil l ators or where

amplif i er stage- ga ins we r e high.

I n more r ec en t t i mes, whe re freque ncie s of opera ti on a nd

powe r l eve l s hav e r i s en, t he mor e acc ura te expression "overa ll

eff ic iency " :

Eff . (ove ra ll) ( DC
RF out
In + RF ( 2 )
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for c ompa ri ng transi stors has al so be en empl oy ed. I t has the

advant a ge that i t helps accou n t fo r t he fac t that tra ns i stor gains

at UH F and above a re much l owe r and the r e a re of te n significan t

amounts of f orwa rd -s ig na l fee d- th roug h .

The probl em i s that, by t h i s time , the designa tion: "co llec to r

ef fi ci en cy" had become a ge nera lly emp loyed s tanda rd of compa r ison

on dat a s he e ts , a nd thus ha d become tr ap ped there.

In a dd i tion , in h i gh- power UHF amp lifiers, c ircui t l os se s

ha d become qu i t e a n impor tant conside ra t ion due t o th e rapid

f a l l-of f of pas s i ve - c omp onent Q wi t h i-nc r ea s ing fre quenc y . Fu r t hermo re ,

ser i o u s d rawbacks of b o t h the "c o l l e c t o r " - a nd " ov e r a l l -" effi c i e ncy

conce pts are t ha t the y includ e circuit lo s s e s bu t d o n o t i n dica t e

e i t her thei r magni tud e , th e c ircu i t co n f i g u r a tio n , the ba ndwidth ,

or the ex t e n t o f un wa n t e d a ddi t i o nal l os ses i n bot h th e semi c o nd u c t or

and e x t e rna l circui t fr om u ns pecifie d ha rm on ic c u r r e n ts fl owi ng .

As a result , the a c t ua l semico nduc tor eff iciency i s

s i gnif icant ly higher than e i t her of the se figu res of meri t would

l ead one t o ass ume.

To c la r ify matt ers , i t i s he lpfu l t o sepa ra te t he pro bl em

i nto it s t wo main e lements :

• the power-tr an s fer eff iciency of the int ersta ge
matchi ng ne t works

a nd
• the effic iency of the s emiconduc tor i t se lf .

CIRCU IT EFFICIE NCY

At tempts a t ca lc ula ti ng circui t l os s e s have encoun tered th e

d i f f i cult y that mode rn t ext s on the s ubjec t a r e often

ambiguo us or eve n in seemi ng d i s agr e eme nt on th e mathema tica l
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exp ress i on f or ci r cui t e f f i ci ency .

One common l y l i s t ed equati on i s:

( 3 )

Wha t is not widel y real i zed by readers, however, is that

this i s the expression for the s i ngly - l oaded power transfer-ef­

f i c i ency of a tank c i r cui t , de ve l op ed i n the early days of low

f r eq uenc y "Rad i o", when va cuum tube output r esi stanc es wer e hi gh

compar ed t o l oad r es istances.

As might be ex pe c t ed , this equation entered the literature

of the period, a l ong with a discussion o f it s signi ficance. Ap­

parent ly , however, as more an d more use ful knowledge of radio

circuits was compil ed, the handbooks became overpacked with data

and had to be condensed . In many cases, the explanatory text

was c r owded out.

The re sult is today, SO ye ars later , we have some amazingly

compl e t e as semblage s of equations, but so metimes a le ss than

complete ide a of how to empl oy them e ffe c t i ve l y .

Fur t he r probl ems are ca used hy the fa c t t hat today we are

less co ncerned wi t h hi gh -impedanc e va cuum t ub e ampli fi e r s and

are i nc reas i ng l y more i nvolved wi th hi gh -current, l ow-impedance,

RF power transistors .

Unfor t una te l y , many eng i ne e rs are un aware of t he or i gins of

equa tion (3) and erroneousl y try to apply it where both source

and load r esi stanc es are low.

Al t hough t he r e a r e seve r a l a s pe c t s of such ca l cula t i ons

whi ch co u l d benefi t by c la ri f ic a t ion , t h i s present a r t i c l e wi l l

at t empt to t ac kle onl y one : t he ne ed t o dev e lop an accu r a t e means

of pr e -de t e rmi ni ng the DC-t o-RF convers i on effic i ency of an RF

amp li fie r - - - r ega r d l e s s of ci r cui t conf i gur a tion .
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Af te r extensive study of th e literature i n compa r is on with known

power tran smission-ver su s -ef f i ci en cy relations on a s li de rul e, i t

became clear t hat the pr ope r ex pre s sion f or the doub ly -loaded

power -transfer eff iciency of a s i ngle , LC ma t c h i ng- s ec t i on was

ac tuall y given by:

Eff. (powe r) = I'll (4 )

where QL = Doubly-Loaded-circui t Q,

and Qu = Unloaded-Ci rcuit Q.

The Qu of t he networ k has been known for decades to be directly

r e l a t ed t o t he compone nt Q' s of the c ircui t elements, and that to

attain t he highest c ircuit efficiency it was advisable t o employ

componen ts with the lowest equivalent-series - resistance. More

recen tly , in the low-impedance, high -curren t portions of modern

high-powe r RF semic onducto r c i r cu i t s , at ten t ion to t his fact has

be co me imperative.

Using this as a basis of decision, once the circu it e lements

have been sel ected, the reSUlting t otal in terstage mat ching netwo rk

l os s may be de termined in steps, beginning at one end of the networ k

and working t hrough , t ot all i ng the l os s es of individual LC s ec t i ons .

First, the unloaded Q=(Qu) of each individual matching sect ion

i s given by Equation (5):

(5 )

To avoid time -wasting calcula tions , Figure 1 [der i ved fr om a

rearrangement of eq uation ( 5) ] has been prov ided to determine dir ec t: y ~

th e unloaded circuit Q from : the known capacitor Q and the capac i t c r - 0
Q

t o -inducto r Q r atio . For example, if t he capacitor Q = 1000 and the

c ap ac itor-to -inductor Q- r a t io = 10, then from Figure 1 the unloaded

ci r c ui t Q = 86.
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(6 )
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Nex t , the bandwidth of each s ec t i on of the matching network

will provide the loaded-circu it Q ( ~QL) f or that sect ion f r om
f oEquation ( 6) :

QL (~), wher e fl/U ~h~;:o~"
J~BW~\ FIGURE 2

From the un l oa ded - t o - l oaded Q ra tio (~Qu/QL) fo r each LC

s ec t i on , the designer may then de t e r mi ne the power -transfer

e f f iciency f or that section of his interstage networ k ( from

Equa tion 4 or Figure 3 . )

Thes e ind i v idual, si ngle - sect i on effi ciency- factors,

whe n mUltiplied together, will g i ve the overall power -tran sfer

ef f i c iency of ea ch complete interstage -network .

SEMIC ON DUCTOR EFFI CIENCY

One method of f a i r l y c losely determining the semi co nductor

e f fic i ency might be t o (a) match the input and outpu t of the device

us i ng multi -stub tuners (Fi gure 4a ), (b) cal cul a te the res ul t i ng

"o ve ra l l " ef f ic i ency, (c) r emove t he semi conductor and match up

to 50 . Ohms again f r om each t uner's open port using an ad ditional

tuner a t each port (Fi gur e 4b ), (d) measure the I ns ertion Loss of

ea ch tuner pair, (e ) make the ro ugh assumption tha t the losses in

each tuner pair are about equally div ided between the tuners of

th e pair, and divide t he measured Inse rt i on Loss es of the i nput

and ou t put syst ems by two, ( f) co r r ec t the original "ove r a ll"

ef fi ci ency figure by increasing the "RF in " Wa ttage by the amount

of the i nput tuner l oss, the " RF out" Wattag e by t he amoun t o f a

t he s tage gain t imes the input tuner loss, and by t he out put

t uner l os s, (g) det erm ine the s emi conductor effic iency f rom

eq ua t i on (7) :
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Eff. (s emiconduc t or)
( 7)

whe r e : t he numerator is derived f rom step (f ) . a nd t he

denominato r is the power -tran s fer-effi ciency -equivalent of

the sum of the individual sing le- tune r l os s es of st ep (e )

[empl oy Fi gur e 5 . J

DEVICE CIIARACTERI ZATION

Da t a on ac t ua l s emi conduc t or devi ce efficiency mig ht

eve ntua l ly come t o be expres s ed in some f amily -of - curves f or ma t

such as :

Rout= (Vee - Vs a t) 2

ZPout

FIGURE 6

\ \:::~'Ri". "D"D
Rin ="A"n "Rin=f{l' in ' Vbe }

Eff. (Semiconduc t or) (%)

Al though th i s pr es en ta t io n may require some measuremen t

e f f ort, it ha s th e be ne f i t of e f fectivel y correla ting Rin' Rout.

RF powe r l eve l (i n and ou t ), a nd semiconduc to r effi ciency .

Perhaps more impor ta nt ly , i t wou ld move the pr esent des i gn

situa tion from the expe rimenta l c l ose r t o the a na ly tica l .

One weak ness of t he presen t met hods of examin i ng th e

immitt an c es of transistors i s the i nabili ty to accurately

de t e rmi ne ve ry low r es i s t a nce va lues when using a SO. Ohm

r e f erence d meas uring s ys tem . Under these c ircumstances, the real

part of the i nput impedance to be measurerl (s ay, 2 . Ohms) may be
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t he s ame or der of magn it ud e as th e unce r ta i nty of t he s ys tem .

Thi s c ond i t i on has d i s coura ged many th eoreticia ns a nd de si gn e r s

f rom pursu ing mea ni ngful s t ud i es.

However , i f we were t o use the se t-up of Figure 7

we cou ld change t he ce nt er of t he Smi th Cha r t from SO. Ohms down

to 5 . or 10. Ohms , gr e a t ly r educing t h i s u nc er t a i n t~ a nd s ig n if ica nt ly

i nc r e as i ng the accu racy of measu r ement . The ex t e nt of th e s ucce ss

of th i s met hod may be seen i n r e f e re nces ( 26) a nd (2 7) i n th e

Bib liography .

LIMITATIONS ON THE ~IETHOD

Si nce Rin ' c i rcu la t i ng curre n t , bandwid t h , a nd gai n a r e

i n t er -rela ted , if Fig ur e 6 i s to be a prac tica l aid, e fficie ncy

ma y have t o be quot ed on some specific perc entage - bandwidth ba s is .

APPLYING TlIE DATA

Ac t ive compone nt (semi c onduc t or) effic ie ncy t ime s t he t ot al

i n t er s t a ge ne two r k (pa ss i ve) ef fi ci enc y p r ovi de s t he t o - be - e xpec t ed,

amplif i er - stage ef f ic ie nc y f actor . (Subdivi s i on in t o pa s s i ve a nd

ac t ive -por tion effi cienci es ha s t he be ne f i t of prov id in g i ns i gh t

i nto wh ich a reas may r equi re c los e r i nves t iga tion , for ex ample ,

c omponen t Q and/or t r a ns i st or effi c iency ver su s t empe r at u r e. )

Fi na l l y , mUltiplying t ogether eac h of t he amplif i e r -s ta ge

e f fi cienc y - f act ors would prov i de the t ot al DC- to - RF co nv e rsion

e f f i ci enc y for th e ampl i fie r ch a in .

Using t his method migh t help indust r y avoi d t he pit f a l l s

presently encount e re d whe n relying upon educa t e d gue ss t i mate s

a lo ne .
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GUO TABLE GUOTES ON THE BENEF ITS OF

ATC CAPACITORS IN "LOW NOISE FRONT ENOS"

2-2 1a From ": IJC IWSTR IP ,~\IPLIFIERS CA~ BE S I:IPU" , (by Geo r ge lJ. O 'C loc k , J r . ,
Elec t ro n ic lJe.ig n I~ , J u ly 8 , 19 71 , pa g e s 66 - 68 .)

"The fre 4ue nc y r e l po n s e i s pri maril y l i mit e d by th e gai n-bandwid t h
p r od uct cr t) o f t he transi s t or and t he q ua Li t y o f th e c h i p cap ac i to r
c l eme n ts . I n t hi s c ase , ~ippo n Elec t r ic (~EC) 2~57b l t r a n s i st o r s
wc r e used ( f t = 3 . 7 GIJ : t o " .5 Gll z) al o ng wi t h Amer ica n Technica l
Ce ra mic po rce la in c hi p cupa c i t or c lem e nts . The f r C4UcJH::y res po ns e
of t he amp l ifie r ind ica tes o n f t of ap p rox ima te ly 3 .5 Gil: f or eac h
t ran si st o r s t ag e . The refo re , t ll C f re que ncy - res po ns e de gra Ja ti oJl
C311 Se U by th e c apac i to r ch i ps appea rs t o be min imal . "

2- 21 b Qu o t e s and Abs t r a c t s f r om " :,II.TIlOIlS OF RElJUC 1:\G ~O ISE OF J IJ.\CT I O~

F IELD EFFECT TRA~SISTOR ( J FET) A>IPLI F I ERS" , (by II. £. Ke rn a nd
J . }t ~ l c Kc n : i e , f EEL Trans ac ti on on Suc lca r Sc ie nce , Vol . XS- 17,
No . I , Fe bru ary , 19 70 , PI" 260 - 268 .)

"R a do ku's work a nd ou r own pa ra lle l s tud ies hav e s hown a n i mp o r t a n t
no is e s ou rc e t o be l os s )' di e le c t r ic mate ri a ls in - - - c apat..:ito rs, - - - It

"The ne ed f or hig h re s o l ut i on o r 10\..· noi s e , pa r t i cu I u r Iy in t he
e ne r gy range r c q u i r cd for ana ly t ica l " a rk " (( Le l a" 200 eV)) , "i s
a ppar ent Crom the se cu rves . "

~ R a J e k a lIa s s llown th ~lt l o s s y d ie lec tr ic lllat eria ls in c..: r i tica l in put
c;lpaci to rs -- -co nt r i but e s s i gnif i e all t l y t o t lle noi s e a t 11i g ll
f reque nc i es " (( i. e . 10 0 Kllz . ) )

"Equa ti on (1) s how s t h at t he hi g he r t he " ((pa r a ll e l , RI" o r
shun t l e a ka ge ) ) " loss r e s i st an c e o f a d i e l e c t r ic rnut e r i a I , t he
100..:e r wi l l be it s nois e contribut i on . "

"P orcelain capac i to rs manu fa c tured by America n Te chni ca l Ce r a mic s
Co r p. exhi b it ve r y h i gh" ((s hu n t)) " loss r e si st anc e " (( = ve ry l ow
lea kage c u r r e n t) ) . "Thes e c ap aci t o r s ---ca n be u sed q u i t e succes s ­
fu l ly a s ca l ib r a ti ng o r feed back capac ito rs in low no i s e a mpl i f i e r
c i rc u i t s . "

2 - 21c [JIll' RAlJA R FRO~T E~1J S

I n a UIIF pha sed - arr a y ra d a r, ATC 100 10,, -1 0 s s mi c r owa ve po r ce l ain
capac i to rs we re us ed in t lle re cei ver ' s front -e nd t o a t ta in a ~a i s c

Figu r e of 1.4 dB . Si nce t he s cmi c oriduc t o r device hod a ~ F o f 1. 2 d B,
the r e " a s o n ly 0.2 dB l eft f o r ci rcu i t l o s s e s f rom a l l c a us es . Th u s ,
ev en co mmon l y -ac cep ted , l o s s sour ces had to be mi n imi ze d ~l e re .

Thi s acc omp l is hme nt was a lso impo rtan t e conomi c aZly , s i nce to a t tai n
l ong-range capab i l i ty , t he only a l ter na t ive was t o rais e tr ans mitt e r
po"e r- -- bu t t h i s wo u l d ha ve cos t k i lo-bucks pe r ki lowa t t. I t was
less expens ive t o reduc e t he receive r ' s No i se Figure.
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NOISE FIGURE CONTRIBUTION OF
MIC MATCHING SECTIONS

By Vincen t F. Perna, Jr. , Vice Pres ident, Mi c r owave Eng i nee r i ng
American Techni ca l Cer ami cs

One school of t hou ght on Noi s e Fi gur e degr ada t ion ho lds t hat

the therma l noise contr ibution of circuit elements i s a func t ion

of the rela t ive magnitudes of the i ndi v i dua l r esistances involve d

in the c i rcui t . Fro m t hi s viewpoint, the base sp reading resistance

(and its t i ghtnes s of coupling t o the s our ce r esi stance ) in

r elat ion to t he ci rcuit ga i n strongly determines front-end

Noi s e Fi gure . Using this approach, a good 50. n input i mpedance

is impossib le , and t o meet the Nois e Fi gure specification, one

may have t o make VSWR trade-of fs and perhaps s e l ec t a noise

measuri ng ins trument from t he lab whose inaccuracy i s known to

r ea d in the company ' s f av or .

Another school of thought ma i nta i ns tha t any diss i pation of

signals in the circuit element s of t he r ece iver f r ont- end contri-

bu tes directly to s ys t em Nois e Fi gur e . Thus , only high- Q, low loss,

components are acceptable if the combination of a decent input

match, hi gh ga i n , and low NF i s to be attained . This lat t e r

approa ch may require interactive loss calculations , and t o sp eed

up t he pr ocess , t he followi ng met hod is of f ered.

If we say that we have a receiver front-end whi ch contains

i ndividua l impe da nce matchi ng sect ions of the form of Fi gure 1,

we may desire to know t he loss contribution to the Noi s e Fi gure

of t he sys tem of ea ch such section .

Fi gure 1 might r epresent the l ast in a ch ain of three

such LC sec ti ons i n a prese lector . If we al low abo ut 0.0 5 dB
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Fi gur e 1

dis sipation f or solder ing (a nd s und ry othe r signa l pa th l os s e s ) ,

an d approx ima tely eq ua l dissipa tive l os s e s per LC s ection, the

per-sec tion signal degrada tion would be 0 . 15 d B.

Now l et us ass ume we ha ve a s pec i f ica t i on for a sec tio n

of a r ec e i v ing system whi ch says t hat i t must exh ib it a

Noi s e Figure of 3. dB, a nd our avai lable t r a ns i st or

provide s us 2. 5 dB . To see i f th i s i s r eali st i cally

a t tai nab le , before inves t i ng t i me and mo ne y i n a breadboard

mode l , i t is i ns truc tive to ca lcula te t he matching ne twork

eff ic iency bas ed up on t he Q's of comme r c i a l l y a va i l a b l e or

a t t a i nab le ci rcu i t e leme nts a nd th e desi r ed ba ndwi dt h .

From Figu re 2, we can see t ha t 0 .15 dB l os s re quires that

e ac h LC- s ect ion hav e an unl oaded-t o -load ed Q ra t io (=Qu/Q L) of

60 .

If we fu r ther assume an LC s ec t i on ba ndwi dt h of 66 . %

(= a QL of 1 .5), we then requir e a n unl oade d Q for the LC

sec tion of:

Qu = 60 QL = 60 X 1. 5 = 90 . ( 4)

Fr om equ ation (5): (l /Qu ) = (l /Qcap) + (l/Q i nd) ' (5)

we see t hat if the ca paci t or inv o lved ha d a n infini te Q,

we would onl y need an induct or wi t h a Q of 90 t o a t ta i n the

desired No i se Figure for that s ect ion .
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I n r eal l ife however, we wou ld probably be happ y to

f i nd a n i nduc t or wi t h a Q that is co nsistent ly , say , 3.%

h i gher i n Q than ou r desired va lue. In that case , we mus t

emplo y a capaci to r whic h do e s no t deg r ade the circu i t

Qu more t ha n 3 .%, i f that sec t ion is not t o exceed a 0 .1 5 dB

Noise Figure con t ri bu tion .

Si nce reviewi ng t hese tr a de - o f f s a re of te n iterati ve

p ro cedures, we would not wan t t o have t o r ep eat ca lcu lat ions

an y more tha n nec e s s a r y, t her efore , Fi gure (2) was devised

f rom reorga nizi ng equa tion (5) i n to that of equa tion (6) :

[y / (l + y) ] , whe re y • (Qcap /Qi nd) (6)

an d p lo t ti ng (6) as in figure (3): af te r mod i f i cat i on as

i n eq uatio n (7):

(% deg r ad at i on ) (7)

Exami n i ng Figure (3) , we s ee t hat a degrad at i on in

circui t Qu of no more t ha n 3. % by the capaci to r r eq uir e s a

(Qcap /Qind) ra t i o o f a t l e ast 32.

Wit h th i s i nfo rmat ion, we can use equa tion (6) t o det e r mi ne

t he required c apa c i t or Q. Al ternative ly, Figure ( 4) may be

used for more rapid resu lts . From t h i s , we may see t hat for

a Qu of 90 and (Qcap /Qi nd) of 32, the r eq u i r ed Qc a p wi l l be

2900 .
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If th e capaci ta nce va lues we need i s 51. pF a t 400 .

~Ul z , Figure 5 shows t hat t he bes t avai lab le ca pa ci to r Q

is 200., whic h i s a far c r y f r om t he de s ire d Qc ap = 2900 .

We are now f ac ed wi th t he ne ed t o acc ep t a hi gher Noi se

Fi gu re contr ibu tio n from s uc h a n LC- s e c t i on t ha n we had

ant i ci pa ted , a nd mus t reverse t he ca lc u la t i on procedure t o

de t ermine , f rom t he availab le L an d C, what No i se Fi gu re we

mus t l i ve wi th .

We kno w now that : (Qcap / Qind ) = 200/ 93 = 2. 15 a nd t hus

f r om Figu re ( 4) t ha t t he c i r cu i t Qu which we mus t l i ve wi t h

i s 62 .

The re quired l oad ed circui t Q i s s t i l l QL

(Qu/QL) = 62/ 1 .5 = 41 .3 .

1. 5 , t here fore

From Figure (2) , we s ec t ha t the Nois e Figure corresponding

to t h i s (Qu/ QL) ra tio is 0 . 22 dB.

This is a NF c ont r i bu t i on fo r one LC sec tion wh i ch is

50 . % grea ter t ha n wha t we desired. I f t he re were th r ee such

s e c t i ons , we would en d up wi th a t otal Noi se Fi gur e for our

subs ys tem of :

NF • 2 .5 dS + 3 X . 22 =3 . 16 or near l y 0 . 2 dB gre a ter t ha n

what i s a l l owed .

Cons equ ent l y , for h i gh per forma nce MlC r ec e i ving s ystems ,

th e Q of t he c apa c i t or at even low mic rowave frequencie s

can be of more import an c e t han ge ne ra l belie f woul d hav e

l ed us t o s us pec t .
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Since t he capacitors a re us ua lly the on l y a r ea i n wh i ch

there is a ny f lexib i lity i n Q (si nce i nductor s are so low i n Q to

begin with ), t o ga i n a n i mpr ovement in N.F . may dema nd a n extremely

large increas e in capacitor Q. I f th is is unpa lla tab le , some

a l t e rna tives a r e : buyi ng a t r an s i s tor wi t h a l ower No i s e Figure

( = more money), accepting a n increase in ove r all Noise Figure

( = poorer s ystem sensi t iv i ty) , reducing the pre s elec t or ' s I . L.

by widening the ban dwi dth and/or reduc i ng t he sk ir t s lope

( = deg ra ded i mage an d spur ious- s i gnal r e j ect ion, p Zus making

a t r ade - of f betwee n lower I. L. a nd i nc rea sed KTB noi s e-powe r

fee d -thru . )

I n conc lus ion t hen, quo t ing H.T. Fr i is , t he or i g i nat or of

the Nois e Figur e equ ation (1) : "From a de sign point of vi ew

i t i s i mpor ta nt to know the re l at ionship be t ween the Nois e Fi gure

of a whol e rece i ver and t he Noi se Figur es of i t s compo nen ts

since i t i nd i cat e s t he componen t on which e ffo r ts for improvement

a re wor t h whi le ."

The pr ocedure devel oped i n t hi s pap er now a l lows a s imp le ,

rap id de te rmi na t ion of t he Noise Fi gur e con t ribut ion we ca n

expec t f r om t he dissipa tion l os s of availab le commerc ia l

capaci t ors and i nduc t o r s , a nd f r om t hi s determi ne whe re t o

conce nt ra te effo r ts fo r impr ove ment or t r ade -o f f s.
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DEFINmONS OF SYMBOLS USED IN SECTION 2

Qc ap Compo ne nt (capac i tor ) Qua l i t y fac tor;

(l /D.F . ) =(~\=(~\ .
Rs ) , - Xc /

D. F . Di ss i pa tion fac to r

Xc Capaci tive r e actan c e

Rs Equ iva l en t se ries resis ta nce ( t o a lte r na t i ng cu rre nt

of a path wh ich ca nno t pass d i rect curr e nt . )

Rp Equiva len t para l le l re s i stanc e (- r es ist ive r epres ent at ion

of a l l shunt l os ses involved . )

~ i nd Component (i nduc tor ) Qua li ty f a c t or

Inducti ve reactance - 1
~

~u the unloaded Q of an RLC c i rcu i t . Some times de term i ned

by us i ng extreme l y l ight coup ling , t hen measu r ing

the - 3 dB ba ndwid t h , a nd ca lcula t i ng f r om Q =(~\ .
f 2-f l /

Als o , given a t r es ona nce by (Rp/Xc ) or

t an 6 = Los s t a nge nt (wh i ch , in good dielectri cs a t h i gh f requencies ,
= D. F . )

[ .L . = I ns e r t l on Los s ( t he t ot a l combi na t ion of l os se s du e t o

r e flec ti on , d i ssipation, r ad i ati on , e tc .)

<e ff • t he effec t ive i nput r e s i s t an c e a t band -center of a

t r a nsistor plus some exte r na l tun ing r e actance

(us ua l l y a shun t ca paci to r . )

~o
a:l
:E
>
(J)

LLo
Z

~
Zu:
w
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Ri n the input r esista nce of t he t ransis tor at the

s emi conduct or chip i tse lf .

th e RF cu rren t in to Re f f ,

th e RF cur rent c i rcu l a t i ng i n t he ne twork compri se d

of the t r an s i st or a nd it s t un i ng e l eme nt (e .g . a

s hu nt capac i tor.) l c i r c = QL lin

Loaded circui t

for t he ci rcui t:

-fo

R -.3<jB
pOult

f, f ..

BlV :(Ins tantaneous) =(f 2 - f l) at t he ·3dB ~,o i ll t S .

NOTE: Thi s is not to be con fvsed wi th:

BW : (Tun ing) = range over wh ich t he £. u f L h ~ c i r c u i t mar be

moved wi t hou t ser i ous l y d i s t or; i :· r l : k r e qu i r cd £2 - f]

cha r ac t e r is tic .

F Nois e Fact or when express ed as a su m o f power

r a t ios (as in): F12 = [. +Fl +&2(; ; 1)+

or :

N. F. No ise Figure wUen th e No i s e Fac t o r i s e x~ r e s s e d in t e rms

o f decib el s .

power -transfer efficiency of a s i ngly - l oaded single -tuned

LC network = [ l - CQL / QuJ]

power-transfer eff iciency of a doubly-loaded, single-tuned
2

L-C network. [l - CQL / Qu)]
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INTRODUCTION

As an ai~ t o t he de s ign ca c ine e r , ATe has ~e¥e l ope~ a w i~eb and t est
f ix t u r e t o ~eas r e t~e (se r ie s -e lem en t) VS~R , I .L . an d S- Pa r amete r s o f
a range o f cap a c i t ance val ues l ike ly to be highl y us e ful to i hc en g inee r
The ch ips (ATC 100 , c as e A) were moun t ed on 25 mi l mi c r os t r i p l i ne s on
25 mi I a l umina , and the da t a ob taine d on a Hewl e t t e Pack a r d ·8542A Nc two r k
Ana l yze r (c ompute r c on t r ol led; sy n t he s i ze r r e f e r ence d ; phase loc ke d;
l i ne - pr i nter ou t pu t ) .

The da t a on t ile fo llowin g pag e s is a puo t occpy o f t he compute r p r in t ­
out of th e In se r tion Loss , VSWR, an d S- Pa r ame te r s for capacitance values
sp a ced f rom 10 . p F through lO OO .pl'. The da ta is un ique i n th a t act ua l
ope r a t i ng ? a r ame t e r s a re now a va i l ab l e over th e f r e que ncy ran ge of us e .
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An 5 11 angle (figure 3) of only a few degr ees over a
wid e fre quency ran ge signifies a ca pac itor espe c ially
su itable fo r both rada r and short ris e-time pul se
tra ns missi on due 10 the lo w pul se-shape distor t ion tha t
wo uld oc c ur. This is due to the differen tial phase sh ift o f
its vario us Fourie r components ver sus fr equenc y.

The refl ecti on coeff ic ient . 5 11 . is ess entia lly equ iva len t
to the mic row ave engi nee r 's " gam ma" { I" ) , and fr om it
may be determined. (lhru c harts or ca lc ula tion s) . the
eq uivalent amount of po wer reflec ted be fore it ev er
coul d enter the ca pac itor to be transm itt ed .

The inter re lat ionsh ips are given by:

The best po ssibl e V5 WR is non e at all . but th is would
req uire an 5 11 of zer o. wh ich is almost impo ssible to
attain. Capacitor VSWA ver su s frequency for a rang e of
commonly used values is di sp layed in figure 4.

Th is refl ect ed power . effe c tive ly subtrac ts fr om the
or iginal signal am pl itu de. and is shown in figure 5. It
may be read ily solved for as sho wn in the " M icrowave
Eng ineer 's Handbook" . (Hori zon House) .

S-Parameter measureme nt tec hniques c an be appl ied
to any ci rcui t interconnection or component. Wh ere a
ve ry wideband Oe-block is req ui red on a transmi ssion
line . it will tell in advance a great dea l about the
su itabili ty o f a pa rt icular ch o ic e and its ex act
characteri stics ov er any given fre q uenc y range . Where
lo ad resistance leve ls are low . a c apac ito r used in this
application must have a very lo w equiva lent series
re sistan ce . otherw ise the tr ans mission loss will be h igh.
In fac t. a low 5 ' 1value implies a high equ ivale nt series
resistance at fre quenc ies where 5 11 is low.

A ca pacita nce value that is too sma ll for a DC-block will
prod uce a h igh VSW R (h igh $ 11magnitude ) . Howev er .
fo r impedanc e matc hing appl ica t ion s thi s is not a
res trictio n.

A too ind uct ive capaci tor will have a la rge variation of
the tr ansm ission coefficien t versu s freque ncy abo ve the
ra ng e whe re the VSWR had fin ished its no rmal or ig inal
ste ep drop off to a low valu e

The data which ha s bee n br iefl y pre sente d here
provides the des ign engineer for the fir st time wit"
si g n ifica nt c apaci to r charac te rist ic s. graph ica lly
disp layed for eas e in visua lizi ng pa ra me ter variation s
a nd interr elat ionships versus freque ncy fo r spec ifi c
ca pac ita nce va lues . For mo re co mplete infor mation.
inc luding fu ll -scale gr aphs. contac t Am er ican Techn ical
Ce ra mic s.

Capaci tor S-Param eter s Versus

Frequency in Graph ic Form

Vincent Perna
Vice Pres ident, Microwave Eng ineering
Am er ican Technical Ceramic s
Huntington Station, L.I. , N.Y . 11746
516 -2 71-9600

Until the recent cha racterization of ca pacitor s by ATC
in S-Parameters at m icr ow ave frequenc ies. the only
data typ ically ava ilab le was Dissipat ion Factor in the
general reg ion of 1kHz and 1 MH z. w ith some
extrapolated esti ma tes 10 100 MHz. Unfo rtuna tely . not
m any m ic row av e am plifiers are bu ilt at the se
freq uen ci es . Addi t iona lly , tha t data is based on a thin ­
plate or the slug of dielec tr ic mat er ial alone. - not thai
of actu al mult ilayer ca pa c it ive struc ture . How ev er. if
ac tual capac ito rs are measured in terms of their S­
Paramete rs as a ser ies element on a tran smiss ion line.
they may be charac ter ized in co nsiderable detail well
up into the giga hertz reg ion s.

Th is " Scatt eri ng Par am eter " c harac ter iza t io n is
espec ially usef ul up arou nd 1000 MH z. since h-. v-, or z­
Parameters require the measurem en t of voltages and
currents .. . a task increasi ngly diff icull at UH F and
abov e

Measurement as a se rie s eleme nt on a 50 ~ !l ine with a
Hewte t t Pac kard 8542A Net work Ana lyzer has the
ad di t iona l advan tage of prov id ing m uc h g reate r
acc uracy than that o f a h igh V5WR, shunt-mo de
measurem ent at the end ot a tran sm ission li ne

For a bi la teral . passive device. such as an ATC
capacitor with its short patn -len q tn. on ly two ot the four
no rmally necessary paramet ers are r equi red : the
Tra nsm ission Coeff icient. 5 11. and the Refl ec t ion
Coeff ici e nt, 5 ,, : (o t h e r ca pa cito r p h ys ic a l
co nfigurat ions. such as oblo ng shapes. woul d requ ire
that all four be measured and provided ).

Some repre sentative par ameter s are di splayed in the
accompa nying se t of graphs . which are vec tor
qua ntit ies displayed he re as a magnitude and an angle .
The y co u ld eas i ly be dis p layed as t wo ve ctor
co mponents and the ir signs to show qua drant.

When used as a DC-bloc k on a tra nsmi ssion line , the
Iransm issio n coe fficient. 5 , 1. may be used to de termine
signal att enuation in dB fro m the equat ion shown in
figure 1. Note that the Tran sm iss ion l oss versus
frequency gr aph begins at 300 MH z. Below th is. the
reflec ted po wer due to h igh capa c itive reac tance
do min ates. In the gra ph of S11 (f ig . 2). a val ue of 1.00
signifies 100 .% signal tra nsmission. No refl ec tion,
dissi pat ion. or ra dia tion losses ar e indi cat ed .

VSIJR =
1 .
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TESTING FOR RESONANCE CHARACTERISTICS
For many years, when the "self-resonance" of capacitors was spoken of, what
was often meant was the~ re sonance of the capac i t or wi th i ts leads . A
convenient, rou gh l ab-v erification of the ser i es - r esonant char acteri stics of
leaded capac itors was gener al ly performed with a grid-di p me ter or with a
reactance bridge.

Reproducing this ori gi nal method in recent tests at ATC we noted that the
highest capac itance unit (1000 pF) in the style wi t h the highest lead induc­
tance (axial wi r e) resonated at over 200 MHz with approximately 1/8 in ch lon g
leads shorted by a bar. At t empt s to shorten the leads more than this made it
i mposs i bl e to couple su f f i cient energy from t he gr i d di p meter to obtain a
r eliable resonance i ndi cation . A gr eat ly i mproved way to t est leadl ess uni t s
with a gr id di p osc illator, and one which gives exce l lent r esults, is to con­
nect four equal, or nearly so, chips i n series so as to form a loop. Thi s is
done by soldering the capacitors at right angles at the t erminations . Thus
th is "loop" in the form of a cr oss gives exce llent grid dip coupling while
mi nimiz i ng the mut ua l i nductance between th e capaci to r s . See Fi g. 1.

C. TERMINAT ION PADS

The advant age of thi s system i s th at there i s no "direct" connecti on t o t he
capac itor under test, pro vided minimum gr id dip coupling is used . The series
resonant frequency of a l eadless ceramic capac itor can be qui t e precise l y es­
tabl ished i f a frequency count er is connected to the grid di p osc illator .
Si milarly, s i nce t he low f requency seri es capacity of t he l oop (1/4 of a s i ngl e
unit) and the r esonant frequency ar e known, the ser ies inductance of each
capacitor can easily be ca l culat ed.

As t he RF power and f r equency capabi li ties of transi stor s have risen well in to
th e Gigaher t z region , circuit techniques have advance d t o t he poi nt where mini ­
mum size i s now necessary and leads must be dispensed with. Furthermore, at
these frequencies t est f ixtures become critical .

To st udy the i nner workings of chi p capac itors at microwave frequencies , ATC
had to develop new met hods of test ing . These tests are compri sed basically of
an examination of the component as a DC-block on a transmission line for its
Insertion Loss, VSWR, and S-Parameter Characteri stics. They may be performed
on a Hewlett-Packard 8542A Network Analyzer wi t h the capac itors mount ed ac ross
a 20 mil gap i n a 25 mil wi de line on alumina . Extraneous reactances i nt r o­
duced by inadequate test fixtures ar e thereby reduced.

Testing in thi s manner and observin g th e Ins ertion Loss of the capacitor ,
allows an i ndi cat i on of th e se lf-reson ant frequency of t he basic component
with no ef f ect s ascribable t o leads . These t ests di sclosed t hat, with th e
capacitor mounted on the to p of t he substrat e with it s internal electrod es
parallel with the substrate , a series of harmoni cally-related frequenc i es
wer e found at whi ch t here was an absorpt iv e t ype of resonance . These poi nts
are t ypically above th e frequency of series r esonance of t he unl eaded chip ,
and all act as i f th ey wer e parallel-resonant in nature, since the VSWR ri ses
at that point (a s well as the loss i ncr eas i ng, due apparentl y t o internal
Q- mul t i pl i cat i on of cur rent). The effect is r elat i ve ly narrow-band, since
the capa ci t ors have very high Q.

If the capac itor i s phys ically rotated 90· about the axi s of the transmis s ion
line (so that the internal electrodes are now vert i cal with re spect to th e
surface of the transmiss ion line), one half of th es e "resonances" disappear :
the " fundament a l" and all odd- order harmonics (3r d, 5t h , e t c , }, We at t ribute
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thi s to a reduction i n the phase differential of currents pas s i ng thru
various se ct i ons of t he capaci t or (since now t he RF current r eaches all of
t he plates s imul t aneousl y) .

Wher e th e capacitor size (as in our Case A units) or l ead- st yl e precludes
ea sy identifi cation of th e correct orientation , a green marking is offer ed
by ATe f or the sur fa ce of t he capaci t or whi ch should be l ocated paralle l to
t he surface of t he subs t ra te (t o in di cate "thi s end up") . This also a ll ows
pr oper orientation with r espect to the cur rent in other circ ui t mountin gs .
Typical readings of para l l el - resonant f r equency obtai ned by this meth od are
i ncluded in Section 3- 3(b) .

Some test-fixturing i nfluences r emain . The width of the gap in th e trans­
mission line can significantly influence the in dicated resonant frequency.
The exac t relationship i s not clear yet , s ince di f fe rent customers have r e­
ported different directions of frequency shi f t . For example: in one case , i n
th e l ow UHF region, reducin g the gap from 20 mil s down to 5 mi ls shi f ted
the average r esonant frequency upwards by about 10\ . ~~ch hi gher frequency
t ests by another cus tomer had opposit e resul ts . The r easons fo r t he dif­
f erence have not yet been fully det ermined but seve ra l poss ib le i nf luences
may be at work : (a) t he commonly accepted model of the gap as a shunt-series ­
shunt set of capaci tances i n combination with th e path l ength thru t he capaci­
tor , (b) the influence on wave propagation of the physical di scont inui t y
intr oduced by th e gap-capaci t or pa i r , (c) t he apparent e l ect rical le ngth (r eac­
t ance versus frequency) of the t wo line "s t ubs " under t he capacitor i n shunt
wit h t he ends of t he capacitor at hi gher frequenc i es, etc .

It i s anticipated that further t ests will clari fy t he data. When def in itive
results become avai labl e , ATC wil l publish th em.

Al t hough we have found the S-Parameter t ests qui te va luabl e , we al so realize
they r equire special costly l ab equi pment. For es tablishing the se ries r eso­
nant f r equency of leadles s cerami c capaci t or s , th e above expl ai ned grid di p
osci l lat or system i s accurate and conveni ent for frequenci es up to I GHz .

Resonance-Free Frequency Ranges
"Par all e l "- Res onant Frequenc i e s (MHz) {appr cx , potential variation: .:~.? O\ )

(as DC block on SO.n.. line )
HORI ZOSTAL VERTICAL ~ VERTI CAL

ATe 100- B- I OZ-J - C ATe 100-B-201 - J

370 . ~IH: 825 . 'IH:
625 . 625. ~flz 1400 . 1400 . Mil:
900. 2000 .

1150 . 2550 . 25 50 .
1500 .
1750 . ATC 100- A- l 01 -J

ATC 100- B-4 71-J 1700 . ~IH:

270 0. 2800 . MH:
525. HHz (4 100 .)
900 . 925 . ~Ui: (5700 .) (5700 .)

1300 . (7000 .)
1650 . 1700 .
:W50. ATC 100- A-680-J
2400 . 2550 .

2000 . ~fh

Note : Lower- capaci tance va Iues (3000+) ( 3000+)
have resonances above 3.0 Gl z .
• :: re sonance - fr ee i n bet ween. ATe 100-A- 470- J

2750 . MH:
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SERIES-ELEMENT I.L., VSWR, AND S-PARAMETERS

L7~1

L9 SE PT 70
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SHUNT-ELEMENT REACTANCE,

ADMITTANCE, AND REFLECTION COEFFICIENT

A Smit h Cha rt plo t of a cap acitor' s r eact anc e versus f reque ncy

wi ll also sh ow its inc reasing equiva l ent series r esistanc e (by move-

ment in t oward the cent er o f the char t ) , its series resonant f requency

( by crossing t he horizontal centerline from the bottom ha lf into the

t op half of th e char t ) , and poi nts of parallel r eso nance (by " l oops " ) .

Per haps the most i nt erest ing featu re is the reve rs a l of di rec ­

ti on of t he t race exhib ited in t he loops. The reas on fo r i t may be

seen in Fi gur e I (be l ow) . where the change i f direction displayed by

the trace is quite apparent .

+
o

Figu re 1
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The ser ies i nduc ta nce , Ls ' progressive ly can cel s so me of the

capacitive reactance, so that, when approaching series re sona nce ,

a 43 .0 pF capaci to r could ( reac t i ve l y ) ac t more like a 1000 . pF

unit, that i s , t he e f f ective capacity , Ce , va r ies by fac to r

K= 1 whe re Co is th e l ow freque ncy capaci ty .
h J L s Co

This i s one r eas on for some o f t he difficulty experienced at UHF

when t r yin g t o conve rt a pape r -design to ac t ua l hardw are,

es pecial ly i n broad ban d amplifiers .

As an nota ted on t he graphs , thi s da ta was obtained f rom

The r eactance cur ves have been s light ly changed to correct

To signi fy the app r oxim a te center f reque ncy o f t he parall el -

like r esonance , a black dot is placed on t he r eactanc e plo t .

To improve thi s si t ua t io n , cha r ts of measured r eactance - ver-

fo r ampl i t ude r ipples inherent in the network ana lyze r r espons e in

his Bill of Ma teria l s ) of whatever capac itor i t is that provides

i n th e physica l sp ace ava ilab le , an d specify th e Part Number (for

it. (Typi c a l l y , t he nomina l value of t he capaci to r wi ll be less

order to demons t ra te t he genera l trend of meas ured r ea c t ance s .

>oz
W

s us -freque ncy -vers us capacitance va lue -vers us-p hysica l s i ze were :)
o

made (and are inc luded he re ) . With t hem, the engi neer may s e lect t he W
ct
LL
I

~
I

Wo
Zt han wha t the pu r e mathemat i c s of t he ci rcu i t desi gn would di c t a t e . ) <c
I­o
<cw
ct
I­
Z
w
::E
w
...J
W
~
Z
:)
~
tn

capac itor which provides t he required effec ti ve r eactance he needs ,

meas ur ements in whic h the capaci tor was physi ca l ly or i ented with
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respect to the current flow in such a manner that all of the current

reached all of the internal electrodes essentially simultaneously

(ve r ti ca l orientation}.

In addition to the smoot hed , graphical presentation of the

reactance, the raw data is also provided so that a preview of other

useful design information is available to the engineer.
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CAPACITOR OR IilDUCTOR REACTA:ICE VS, FREQUENCY

IOO "' H ~I OOk H~

I O• ..n..

.O l.n.

. OOI .n. ·....IBIBI•

i . ..n..

0.\..0..

I OO • .n..

• OOOI.!l.

1000• .n.

FREQUE:lCY



6-Z -Z

THE EFFECTIVE Qcap OF CAPACITOR COMBINATIONS

( 1) Two capaci tors in se r ies:

Ql ft Cl 1 Ce ff =Ccl x c z)

Rs T Cl Cz
1 •

if
Cz f Re f f =(Rs + Rs )

QZ 1 Z
Rs Z

r
Ql (Xq IRs 1 ) Qz = (Xcz / Rs Z) Qe ff =, oi Qz (Cl + Cz)1

L
Ql Cz + Qz Cl ...J

Or , otherwise s ta ted : Qe f f =(X
Ce ff

)

~

( I I) Two ca pa c ito r s i n pa r a l l e l :

Qt \~lt2
~

Ceff = (Cl + CZ)-,---
I

• ~RSI -.,.. Rs Reff =GRS I x R
SZJ~ z l RSI + Rs Z

Q values : ( a ) For any values of capaci t ance havi ng equa l Q's, t he
ef fec t Ive Qcap of the combined pai r equa ls tha t of ei t he r o f th e
i ndi vidua l ca paci to rs above .

(b) For equa l va lues of capac i tance but wi th uneq ua l Q' s ,
t he effective Qcap of the combined pair is gi ven by:

Qe ff = Z ( Ql x QZ )
'" Ql + QZ

(c) For the cas e of both unequ a l capaci tance va l ues
and unequ al Qcap va l ues :

Qe ff =(XCe ff) , or , a l t erna tive l y: Qe ff = [ 01 Qz (Cl + CZ ) ]
Re f f Cl Qz + Cz Ql

For much of t he abo ve, see:
The Handbook of Chemi s t r y and Physics , The Chemi ca l Rubber Co . ,
41s t . Edition .
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COMPUTER-AIDED RFcacerr DESIGN SERVICES

SOFTWAREPACKAGE NAME

C.O. D. and M. O. D.

FI LTAN a nd FI LTEST

MICAP , FILTAN, ~I IF I L ,

ASWMDC, QWT, CO LPAF ,
SH ICO, ASY1·ICO

MATCH a nd ~I I CRONET

AI.ICAP , ~II FI L,
FI LTER, ACAP

IIICAP

~II CAP

A~ICAP , ACAP ,
FI LTAN, HIPACT

SCEPTRE

~ICA P

ANCIR/TS

OPTINET

COM'ANY OFFERNG SERVICE

Opt ima l Sys t ems Research , Inc .
P. O. Box 11 6 9
Wa l l , N.J . 0 7719

Sanders Associ a tes , Inc .
~t icrowave Divis ion
P. O. Box 90 7
Nashua , N. II. 03060

Env ironmen ta l Comput i ng
21 Geor ge St ree t
Lowe l l , Ma s s . 01 852

App L i c on , In c .
83 Sec ond Av e nue
Burlingt on , Ma s s . 0 180 3

On- Line Sys t ems
230 Park Avenue
New York , N.Y. 10 0 1 7

Tymshare In c .
464 lIuds on Ter ra ce
Eng lewood Cl if f s , N.J . 0 764 7

Tymshare In c .
Uni ve r s i ty Ave nue
Palo Al to , Cal i fo rnia

Tymsha re I nc .
Bubb Road
Cupe r t i no , Cal i fo rn ia

Control Dat a Corp .
60 Hickor y Dr ive
Wa ltJlam, Ma ss. 0 2154

Sha r ed App l ica t io ns , Inc .
213 E. Wa shington Street
Ann Arbor , Mich i gan 58 108

W.\\' . Gae r t ne r Re search , Inc .
205 Sadd le IIi 11 Road
Stamf ord, Conn . 0690 3

Dean Hall Assoc . , Inc .
200 Third St reet
Los Al to s , Califo r nia 94 0 22
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COMPUTER-AIDED RF CIRCUIT DESIGN SERVICES

SOFnNARE PACKAGE NAME

DEllO!\

SCMIAT

AMCAP , /,IATCII I ,
LPFILT , ACTFI L

~ IATClI

~IATCII

MICA P. ACAP
FI LTAN , It·IPACT

DII'ACT and A!oICA!'

A/~AP , ACAP, MIFI L
FI LTAN, U1PACT

FILTA:\

A~~AP and DIPACT

OPTINET

COMPANY OFfERt.JG SERVICE

El ec t ro ni c Compone nt s La bo ra to ry
V.S . Army El e c t r onic s Command
Fo r t ~:o nmo u t il , N.J .

Insti tuto di El e t t ron ica
Un iv e rs i t a di Bo logna
I t al y

On - Li ne Sy s t ems , In c .
~25 Br oa d lIollow Road
~ e l v i l l e , ~ . Y. 11 746

Com - Shar e Inc .
1' , 0. Box 1588
Ann Arbo r , :-tich.

Applied Log i c Cor p .
1'. 0. Box 124
One Pa l me r Squa re
Pri nce ton , ~ .J .

Nu l t icomp In c .
36 Wash i ng t on St.
\'j'cll e sl e y Hil ls , Nass .

On- Li ne Sys tems I nc .
~ o Washi ngton St .
Welle s ley , Mass. 02 18 1

On-Line Sys tems
NcKn i gh t Road
Pi t tsburg , Pen na .

Comp/Ut r l i t y Inc .
One Cen ter Plaza
Bos ton , Mass . 02108

Conpu-Time
327 Orange Ave nue
Daytona Beach , Fla . 3201 4

Data Li ne Ltd.
Sain t Clai r ~est

To ron t o , Ont a r i o , Canada

Na t i ona I C55 , Inc.
4 6 0 Summer S t ree t
Stamford , Conn . 0689 1
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NATI ONAL CSS, INC.

For f u r t he r information on "Who offers Wha t in Remot e Access",
con tact :

Jane t M. Tapl i n o r Eugen e C. Gai nes , Jr .
Time- Sha ring En t e r p r i s e s , Inc .
Unive rsi t y Ci t y Sc ience Center, Bldg . 1 .
3401 Market St r e e t
Philade lphia , Pa . 19104
Tel : ( 215) 386 - 6250

Corp or at e Headquart er s:

460 Summer Stree t
Stamfo rd, Connect icut 06901
( 203) 327-9 100

Branc h Off ices:

BETHLEHEM
800 Os trum Stree t
Bethlehem, Penns ylvani a 18015
( 215) 691- 3616

CAMBRIDGE
10 3 3 Massa ch us e t t s Avenue
Cambr i dge, Massachuset ts 02138
(617) 868- 2950

CHICAGO
333 North Michigan Avenue
Chi cago , I l l i noi s 60601
(3 12) 368- 8770

ELIZABETH
27 Pr ince Street
El i zab e th , New J ersey 07208
(20 1) 965- 2250

LOS ANGELES
4311 Wil shi re Boulevard
Los Ange les , Cal ifornia 90005
( 213) 937- 4600

Branch Of fi ces :

SAN FRANCISCO
One Ca l i forni a St r ee t
San Francisco , Ca l i f orni a 94101
(415) 989- 3930

SUNNYVALE
430 South Pas tori a Avenue
Sunnyvale, Ca l ifornia 94086
(408 ) 739- 6271

NEW YO RK
485 Mad ison Avenue
New York , New York 10022
( 212) 688- 7930

PHILADELPHIA
Three Pen Cent er
Phil adelphi a , Pennsy l vania 19102
(2 15) 665-1 566

ROCHESTER
110 AlIens Creek Road
Roche ste r, New York 14618
( 716) 442 -7 660
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DESIGN TRICKS:

HOW TO MAKE
LOW-LOSS VHF INDUCTORS

Ext r ac ts and Quotes

(f r om Sol i t r on Devices, Inc. App l i ca t i on Not e of

26 April 1971 on a 40 . Wat t 175 . 1·IH z RF Amp lifi e r

operat ing at 12 .5 VDC )

In stead of having to mak e a special pur chase

of s ilve r me ta l r i bbon to manu fa c t ur e h i gh Q inductors,

"Ameri ca n Tech ni ca l Ce r ami cs capacitors " may add i t ionally

be employed "as inductors, as well as DC -blocks, wi th

their fl at l ea ds cut t o spec i fi c l en gths . The ATC

capacitors ha ve good l ow- los s ch aracteristics above

100 . ~IH z . "
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DESIGN TRICKS:

HOW TO DEVISE A
LOW-LOSS INDUCTOR FOR S-BAND

Even capac i tor s wi tho ut leads exh i bi t t he phenomenon of

se ries-resonance i f emplo yed at a sufficiently hi gh r adio­

f requ ency. This is due to t he f ac t t ha t they ha ve a f i n i t e

physical l engt h plus some inescapab l e re s idual in duct ance

inherent in manu fac t ur ing pr oces s e s . Fur t he rmore , t he l arger

t he capacit anc e va l ue , t he lower t he f requ ency at whi ch t h i s

re sonance will occur .

If th e capaci tor i s care fu lly cons tructed , t h i s i nduc tance

will be both extremel y small (sub - nanohenry ) and cons i s tentl y

re produci ble . In such uni ts , t hi s normally undesirable

charac teristic may be turned to advantage, i f t he ba si c des i gn

of t he capac i to r a l s o incorporates a di e l ec t r i c mate r i a l

ha ving extremel y h i gh Q.

A gr owi ng number of ATC' s cus t omers ha ve been empl oy i ng

hi gh-va l ued ATC 1 0 0-~ capacitors a t seve r a l t i mes t heir co mmonly

utili zed r an ge (be l ow 1000 . MHz) as i nduc t i ve e lement s of

impedance mat chi ng ne t wor ks . Us ed in thi s man ner, 470 . pF and

1000 . pF unit s prov i de a fur t her unusua l combi nation o f

advant a r.es :

• a mic rowave i ndu c t o r t ha t is also l ow- l os s ,

• ha vi ng a buil t-i n DC - bloc k ,

• easy t o ha ndle mechan i ca l ly ,

• 10\. i n co st,

• pr ovi di ng cons i derabl e desi gn f l ex i bi l i t y
for a t t emp t i ng nov e l s ubmi ni a t ure c i r cui try .
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