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ABSTRACT .

-

.

Tn this. thesis , a new on-line system for the measurament of
' 1 - : . . -

‘ : ) e : '
rescnant frequancy and J \éactor is describsed.The existing
syst=ms ara reviewed; this is followed by a descripticn of

certain theorestical aspects ,the principle-of operaticn and

advantages of the new system,.The experimental arrang=2ment is
presanted followed by a description of the systam simula-

tion, Finally , the performance of ths measurgmént_system-

is outlin=zd.
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Chapter I .

INTRODUCTION
..

"he need for accurats datermination of resonant frequaency

-

and @ factor of r:sonant structuras arises from the us2 of
radio.fraguency (FF)} and microwava (MW} rcsSonators in conti-

nuovs monitoringd of electric and non=-electric parameters[1].
Th® resonators are used as$ sensors , particularly in in=~

\accessible conditions such as =xtrams tcmperatures, intanse
.- 7

radiation ,large slsctrPc and magnetic fields,=tc.

4

"he resonant frequency of th: resona*tor is a function of

+he m=2asurzd non-elactric quantity and ,if monitored conti-

nuously, providas continuous information about that quantity.-

Accurats knowledge of resonant frequency and (Q factor is

also required in applications such as m=asurzmsnts of die-

¢

lectric and magnetic -properties of materials,desterminations
; , :

. L7 : . L y
of absolut= intensities of spectroscopic lines and thz de-

siqgn, £ zlectronic devices {1]. *

mypical applications of resonators in non-zlrctric param-

eter monitoring include “-monitoring moisture content,liquid
hydrogen density,size and volume of food = preducts

,temparature in nuclzar reactors and cryoganics , and in

T e

[ -
t



m=asur=n2nts of didgmeter of dislzctric gibres and m=tal

~

wires T71]. ’

[—

4

In additioﬁ;wheﬁ conventional m§thods (such as evaluation’
of permittivities from' reflection cgefficiant measurements)
‘are‘usod te m%?sure the permittivity of lossy materials,
such as biological tissues,the uncertainitiss of éxp?rimen-
tal measurement incredse rapidly (2] for mater;als with lar-
ger dielectric constants (& >10) and lossy materials (tand
>0.1}_‘.In such cases a resbnétbr can be used and *he' per- ’

mittivity can be inferred from expsrimsntal evaluation of

resonant frequncy and ¢ factor of the resonator.

This thesis dealt :with'the developmént of a new auto-
matgd‘system.for the-measq:ement 6f resonant frequency éng Q
factor.This éystem was ‘intended.for use in monitoring die-
lectric propartiss ¢f materlals .Thz system is not, however
, dependant on the arsa of application.The ~ following seg-
+ions provide an outline of the work that comprised this

thasis.

-

. Thapter II consists of<a comparative study of =2xisting
systems for rasonant frequancy and @ factor measure~

"+ ment;important featurss of the s¥stsms such as mesasurement
accuraciss , fraquzncizs of operation, mode of measurment
(manunal or automated) as well as a brief description of the

L]

' measurement technique are providad.

]



Chapter III\ deals with «certain thegrétical aspacts;the
- v : -.._-a - .

L e . - . {
principles of oparation of the neow maasun@msnt system and
its alvantagss are enumerated. An estimate of +he theorati-

cal measuramsnt unceitainity'is obtained.

Chapter IV provides a description of the 2xparimental ar-

i
/
&

rangement.Th2 measurement preocess is detailed . followed by

i

the system hardwar:s and software, Ths hardwaras s=2ction de-

scr%@es the =quipment.used while the softwar> section d=als

with +he algorithms and the programs uss=d.

N . .
% .

A,simulation of the measurement systenm is preseonted in
Chapter.Vv,The simulation was usad %o investigate the offzcts
©of-VCO uncertainitiss-and sighal/noise ratios on 4he fza-

surem=nt systz2m , since these factors were considered to af-

f2ct the measurem2nt uncertainity most.

Chapter VI describes the performance of +h> mcasuremant
system,.The systém ‘was tested on a coaxial rTasonator Whose
resonant fregquancy %fd Q factor wsre variable,Th? sys+tem was
tested at d*fferent frpquonc1esr and for diffzrsnt Q fac-
tors;statistical variations of thé measured paramsters were
computeé. An analysis of the usefulliness of the measurement
sys+ﬁm for the intesnded areas of application were then con-

sidérnd followad by a study of the factors affacting the, 2x=

perimental m=zasurems2nt uncartainitis



Finpally , conclusiodns are -presented in Chapter VII , de-

.y s . - - . . . » .
+ailing th=z ‘"evolu*ion of the. sysy2m including . *he -various
stages of exacution of this project ¢, the intsnded'design \

objectives and th2 extent to which these objectives wer:z sa- - -\

"Misfied. ) ' : v v '
- . ' : i
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Chapter II . (fw=

Q FACTOR MEASUEEMENT TECHRIQUES,
‘ . L ‘ L7

-

SN S = :
mable 1 shows the difﬁerent \Bffaetqum@asur9mant techni-
‘ . . v .
quas. _
TABLE 1
‘Q factor measuremant techniques.

.ﬁ 1
| . R l
| Q0 factor Mesasuremen¥ |
1 | u
| i - B B i
| Bandpass " Dscra2mant |
1 Method . . Method, |
| | - !
1o | - |
| Transmittzd Signal Transmitted Signal }
| Emplitude _ Phase |
{ Characteristic Characteristic |
1 |
| !
L B |

The two genural methods [3] ar=2 :
. b ;L
(1) Bandpass method.

(2) Decrement method.

.The bandpass method analyies the response of ths reso-

nator to CW signals around resonancs.The measuremsnts can



-

-

e -

be mdde zith=r point-by-point or by a frgﬁuency swaep tech-

nigue, Amonyg *th2 various bardpass tachkniques ,the transamit-

S '

tad=signgl- amplitu@é and phase-charactsristic-based tech-
- ’ ' : .

| : "

niques are us=2d wid=aly. These n=thods
are,howevar,unsuitable for measurzment of high values of Q

owing tc *the frequsncy instability of th= signal sources.

Th2 dacrement method is particularly suitabls Zor mea-

q

5'- .
surement of high wvalues of -Q:10 to 10 .This m=thod usss

+he transisnt response of the circuit to a sudden applica-
tion or removal of an exciting‘signal at a fr=quancy close
to tkre resonant'fraquency.ﬁoﬁevef,as the Q fglue decreéses v
measursm2nts of shoii time intarvals requiéed in this me;h-
od become more difficult [4]. Chirkov & Rozak howeva?‘P;e—
sented [13] a ﬁeasurement technique usinq ;he decfément

method for lowsr Qs of the order of 5. The m=2thod will be

consid4r:d in gr=ater detail later,

;

Further classification of Q0 factor measurement techniques
can b2 mad: “in terms of whether the control and processing

is done using analog or digita1 techhiques.'

tunalog techniques of Q factor. me2asurzment havs beeh docu-
mented guite extensively in [3] & [4].50ome. mors racent ap-
. .
proaches, particularly automated systems,are—hescpibed hare
. alongfwith digital measurement techniques. Tabl= 2 com-

pares the relative uncertainities of ths diff=zrent measure-

mz=nt techniques,
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LY

- Thage éig, c}assified,into manually-oparated systems-and._

automated, systems.

2.1.1 Manually-operated Systenms.

Hanuallj—operqted systems cédn b2 further divided as fol-

lows: .
e . :

(1) Transmitted-Signal-Amplitdde-characteristic=Based"

Systems R

{2y Transmittzd-Signal-Phase-Charactesristic-BRased Sys-

“a

tems

{2) Other Systens

2.1.1.1 Transmitted~Signal-Amplitude-Characteristic—-Based

Systenms. .

Francis [ 5] Hescribed a method of measufing the 0 factor
, the capacitance and the series resistance of capacitors in
the 100-10,000 range at freéuencies below 1 GHz with accura-
cies of about six to twenty six - percent.The test capacitor
was connec+ed ih seriss or in shuﬁt to a resonant coaxial

line whose characteristics were knownj;the mzasur=d ¢ factor

of the combinaticn was used along with the known O factor fof
the rasonant lin= to determine the @ factor of the +=st

pacitor, The parameters of the test capacitor wzre eval

s ——— e —



side of the ra2sonator response a* a pre-detarmined ratio of

. . “ - .

ra2sonant ‘to off-resonant voltage., T“This m=thod roguirs:s a

'stgnal ganarator with sxcellen: fraquendy’stability , as

.
Y

wall as a highly accurate detector and a frequency countar.

) ¢
Kneppo { 6] presantzd a 'comparison mgthtoed of measuring
the 0 factor,The differcnca b=twaen the transmittsd signal
- t

of a test resonator and a réfarence resconator was displayed

cn the Y-axis of an oscilloscbpe;the transmitt2d sigral of

the refsrenc?2 rescnator was recordad on-the K-akis.Th? shapsz

of the displayz:d curve dzpends on the difference'in parame-

tors O0f both rasonators and the displayz=d data was ussd to

A

calculate the Q factor of the tzst resonator. . - )

The authOr‘feels that thié mathod is extrem:2ly sensi<ive
tc small cﬁaﬁges inJ;ha Q fdctor. Tt requirss a stable,
level-controllad.sweEP generator , linzar micrewave power
neters agd (manrual) measurement of diffsrenc: in transmitted
signal on a calihrétéd oscilloscdpe.

2.1.1. 2 Transnitted-Signal-Phase—Characterisfic—Based
Systens,

Cullen & Davies [ 7] described a method of measuring the

4 5 .
Q ‘factor in thz 10 to 10 range in the ¥-band , with an

estimated accuracy of 1%. The system used a phase lockin
sysfem to obtain ¢+ 45 ° points on the resonancs curve o a

*

high degrea ofﬁaccuracy‘- by measurinrg tke phase shift at a



constant inmtarmediate frequency (IF). The + 45 © phase shift

in ;he sourc:?: ;iénal transmitted through the rescnator was
éoméarea with a & 45 © phasé shift produced at +he in-
termédiute frequancy by aﬁﬁﬁfmonically-locked phass shifting
tgchniqvé. ‘

' .
i

This method can bs used to measurs the loss' tangant of a

low-loss dielectric material.The loss tangent is de*ermined.

by measuring th=2 loadad_dnd unload:d ¢ factor of an open re-

sonator.

2.1.1.3 Other Systems.

Kneppo [Bj also described a technigue which used the in-
tegral of thé resonance curve around resonance of a *ran-
smissf%n typa cavity to calculate tke Q factor. The integ-

ral of the transmitted pover of the cavity over a known

interval was related to the Q factor and the latter was cal-

culated from a knowledgye of the transmitt=d power at reso-

nance , the resqnant frequency and the integraticn inter-
val.The'syStem vas tested with two cavities with o factors
of 7500 and 11,750>with-an accuracy of about five percent.
The main advantaqe is that +he 2quipment requirsd is simple,
and precisz? measurements of 3-dB frequencies - as used in

t+ransmission charactaristic methods - are not nscessary.

-1 0.7‘_:_
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2.1.2 ., Automated Systems.

v

THe dejraé of autroma<tion of “the measurement prcqesé,
. \ . o
among the systanms cons;dered here, varciaes from automation of
handw;dth_ measurament - to total automation yieiding ithe
computad valﬁes of the Q £factor and *k> ressonant frequsncy

from the measured parameters, S

s before .-th2 mpeasurement systems can be classified in
toerms of whathar.the transmitted sigmal amplitude or ~ phas2

4

characteristic are being used. .

-

2.1.2.1 Transmitted-Signal~Amplitude~-Characteristic-Based
Systams. ' '

‘Miller [9] used a VCO operating in an automatic frequsncy
control (AFC) loop to obtain tha rasonant’ fraquency of a
ﬁest#cavity;a 3-d3-attenuator was then insertzd inte tha
‘line .The detected output was £2d4 to the diffzrence gutput
.0f a comparison circuit and theJ;mplified cutput was raducad
to zero .hy means of a reference voltage.Removing +the 3-dB
attenuation causes the amplifier to drive the VCO in the AFC
loop to a fraquency .,at which the d2tactad output £quals that
of the refsrence voltage.The other 3-dB point was obtainad

by introducing a 180 phase change in the loop.

tccuracies of the ¢ factor better than 0.1% for a high 0

resonator with a Q of about 7000 aré réported,



" . - Il
Ney & Gardiol [10] proposed , an automatic cavity mcnitor
which measuras the” resonant"frequ§ncy and loaded ¢ factor.

‘Q factors below 1000 can be measurad with an dgcuracy'het-

tar than 2%.

A swesp oscillator was used to sweep betieen twd points
on the resonanc: curve o2f the éaviyy and puLsés correspond-
ing ti&the 3=-dB banwidth (DEL F) and the difference (F24F;)
batwe2n tha sweep and point ;?2~ and *he resonance freéuenéy
Fr were Qg;pinad;iéﬁse pulses wérz tlen smooth=d and Fr and

DEL F ware det2rmined by a calibrated wavemeter,

*

Fugen2 & Mollat [11] reported an automatic device capa-
ble of op=2rating at 9 GHZ and detsrmining the Q fFfactor to

within g'feu parcent.The resonant frequency is measurad to

within 100 ppn,

Th

|-

s method us2s the principle of locking a VCO to th=

. peak of +h2 rasopance curve and to +the 3-d@B points and

determining the Q factor from the frequencies obtained.

This davics was uwsed for dielsciric mzasuréments using

th2 cavity perturbation technigu=z.

2.1.2.2 Transmitted-Signal-Phase-Characteristic-Based
Systems. .

A

Linzer & Stokesbefry [12] d2scrib=d a system for mea-

surement of' the @ factor of reflection and +transmission



.‘.
S

A

type cavities in the X band. Ths autho
system was :

rs claimed that tha
(1)

kighly accurate and fast

(3) '

readily automated

(2)~indhpendqnt of scource frequeancy

(4)

.....

suitable for measurement of low as w
of aither

“3;"7?-'.
z11 as high Qs
transnission or reflection typs cavitiesfym
and (5) capablz of . measuring very small changss in O
, Using th2ir systeﬁ ~a manufacturer - specifiaed @ of 7000
has been measured with an accuracy better *han 5% andr -

changes in Q are detectable with accuracies of 1%,

| - A
Th2 method used the information <containsd in  +he phase
shift of the resonator

as a function of frequency; an oS-
cillator was usad to lock in to séme point away from tha
centre of +th2? resonance curve:;this fractiornal ~ff%quency
4 -
shif+ from the centre depends-on the loaﬁed‘Q-factor of the
cavity as -w2ll as a known. pﬁése offset.used to obt;in'the
fractional frequency.shift.'/ghe Q factor was tkan 2valuated _;
from the phase and frequenc; shifts. | ' )
2.2 DIGITAL TECHNIQUES. ~

Information on digital techniques for Q factor m=zasure-
ments is somawhat scarce, Chirkov & Kozak

{131 propos=d a
low frequency digital ¢ meter, for tuned circuits with 0 fac-
tors of less than 5vand

measurament accuracizs of 2%, Their
system used th2 decrement method.

13 -
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’-'rcspondlwqxfiggnnﬁéles or tlmn'perlods.

- »’

Popvic [1&] broposed a'method of diéitally measdring Q

for Frﬁqunncxes batween 00 kHZ to 600 kHZ and a o rangn of

-h30 to 100 dntnrmlned Hlth an accuracy of 2 5%. Thelr sy:tem

related. th= ratio of the ‘tuned c1rcu1t voltage odtput at re-

o

sonanca and the corresponding 1nput voltagé to the 0 Eac-
tor-ﬁulses proportioval to these €wo voltages' at rescnance

wﬂrexag\?lned and }be Q factor was svaluated \from the cor-
‘ﬁl

. Akyel‘ & Bosisio [15] descriped a microprodessot;cont-

rollad digital technique for m2asuremsnts of fhe resonant

frequency deviations of 20 MHZ ¢ 2.5% and Q- factor vafié€,
tions in the 500-7000 range with an accuracy  better than’

1.2%. This systam was ﬂesigned'to racord tpe'changes of the:

. e -
resonant frequency.and the Q factor when a resonmant cavity

_was:perturhed.

.
LY

The phasa-cha*acterlstlc of a transm1551on type resonator

was used. The syStem operated as follows = an electronic

phase shlftnr introduced a . periodic pha5° shift in£4de é.

loscd 1oop contalnlng the cavity, a varlable attnnuator, an

‘f

electronic phase shifter and a mlcroprocr550:—controlled me-

' chanlcal phase shlften.The corresponﬁlng frequency was nea-

sured ‘by a frequsncy. counter connectzd to the systam through

the.IEEE 488 bus.The micrdprocessér then adjusted the me-

chanical phase shifter so as +o minimize thz amplitude cf-

the measured fraquancy shift. At this setting of the closed

-~

T -

TN



loop system the average frequency (F0) and the frzquency
shift (DEL F0) were used to calculat=e the loadad 0 factor
of th2 parturbad cavity, the Q factor cf the unperturbed

cavity being known,

Rkyal & Boéisiq- also describad [16]) a methed of measur-
ing Q under microprocessor control and using it in the cal-

culation of the permittivity of materials.



. ‘ _+ Chapter III

THEORY

3.1 BASIC DEFINITIONS. '
. !

Th2 Q factor of a ra2sonant circuit is. a measure of the

energy stored and dissipatsed :

q = énf‘Energy stored in the system

- 3.1)
Energy dissipgted in the system per cycle

~

A resonator near resonance can be represented by -a simple
series or p?fallel-resonant circuit [;J. This representation
refers to certain referance planes in the input and output
transmission lines viz., ,a voltage node (standing wave mi-

‘—\\ nimum) or a voltages antinode fstanding wave maximum) .

Figure 1 shows tﬂe egquivalent cifc;if representation of &
resonator at a voltage antinode.fhe 0 factor can be calcu-
lated from the energy stored a;d dissipated in the cir-
cuit,Accordingly , three differént kinds of Q factors are f%;
defined , depending on the circuit used in the cafeu1ation

. of the dissipated energy. _ R

. N - 16 -



o

reference plane

5 - .
Figure 1: Equivalent circuit representation of a.resonator
at a voltage antinode. . )

- 17 -
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The unleoaded ¢ factor (Q, 1) includ=as only the losses of
the ra2sonator in the calculation of the dissipatéd.enerqy.

Thus

4

, / 9.2)
o, « WL o -
I*R/z R

. where w, is the résonant frequencf and the ofher symbecls are
defined in Figurz 1

The loaded ¢ factor (QL) includss all sources cf dissipa-
*ion in the circuit :

1)

&L = w°L172' ' ':-- mOL
In(Ri'ig)/z R+ 2Z,

(39

- Tha 2xtarnal Q factor ( ch) accounts cnly for the exter-

nal losses :

W, L I/2 - Wob lkB‘A-)

Bex =
1220/2,

Defining Z, /R as tha coupling paréméter (B)

8, - a.o/(H'P) | (39)
Qep &"/P k3'5>



]

- Th2 coupling parametsr (P) is a ma2asure of tha efficiancy
with which the snergy stored inithe T2sonator is ccuplsd to
tﬁ%ﬁ%xﬁgfﬁal load and dissipated thsre, -

Fiqursz 2 shqus a.cavgty couﬁling syétsm consisting of a
generator with E3=z° cgﬁgléd to the rescnator input and a
load R, =2, coupled to tha resonator output, Figure 3 depicts
an-equivalant circuit with the r=2sonator rspresentad by a
seriss resonant ciréﬁit"and the coupling circuits by ideal

Pr———

.transformers of turns ra<tio n, and nl . TFigures 4 shows th2

circuit with input and output resistances transformed *o tha

centre loop. ' -

Figure 2: Transmission-type resonator with input and output
transmission lines, ‘



rigure 3: Equivalant circuit representation of the
reasonator from Fig.2.

Pigure 4: The circuit from Fig.3 with the impedance
transformed to ‘the niddlz loop.



- The transmission loss T () batveen the input and output

ports of a resonator , is given by :

‘T = B = ox z
L @y

whera :

P, is th2 output powar

7+ Py is the input power

Sw =w-u, , while w=2Tf is the angular frequancy and W, is
the angular resonant frééuency.‘

P anqlgz are the input and.ouvtput coupling coefficisnts
I ‘ : _ . :
. _.a -
with i =n,Ry/Z, and Ex—n%EL/ZO. . : .

2t resonance , maximum power is transmittsd and ,

ab b | -
U'+ Pl + pﬂ)l ,°'

‘ﬂpg=
- The normalized transmission loss is :

Titoy) (1 + 482 (5/wy)
or '
JAS l -
TW (14 ag>(34/4,) ) (3:7)

vhere 8f=f-f and £ is the resonant frequency.

The inflection points om the resonance curvz can bz ds=t-
. .. & . .
armined by obtaining T (f) from (3.7) and =quating it to

zero. Thus , .
_2&\.('9!]3.";0) S

= —_ 3.8)
f, ' = L

where £ are the frequencies corresponding to thes firs:t and
'/2 a
second inflection points ., Th=2 inflection points ars as-

-.21 -



"'"\,-
suped to 1i=2 symmetriéally about the resonant <£fra2gquancy.
. *:. :
Thus , .(: _ £, + 4

D - ————
2

(2)

From (3.8) and (3.9) , therefore ,

&L = -Fl + '?2_ o ta.lb) -
ANF \“p:."cﬂ) .
In tkis way , +th2 resomant frequency and ¢ factor ars ob-

tain~d in terms of the inflectien point frequzncies of the
r:sonance curve. @

1
"

3.2 ?EEIHEEL’LE OF OPERATION. :

Systems used for wmeasurement of the ¢ factqr generally
., make usz of frequ=ncy swesp techniqu=s to obta;h the feso-
nant structure rasponse as a continuous function of_gre—
-quency {1]-[16 ]. Thase Systems usually detect the transmit-
ted power at resonance as well as at th: 3-dB or inflection
points on thz Tesonance curve.This féature makes these sys-
tens depehdané on the destector chqracteristic.!n addition
relative flatness of the resomnance curve in the,viéinity of
resonancs kes it difficult to estimatz the resonant fre-
quency and hance (Q factor accurat=ly.dlso ,if +the msasure-
m2nt procass 1is slow, source éignal instabiliti=s (such as
¢ -
frequancy and power level instabilities) nay cause addi-

a2

tional errors. This latter problem also occcurs in systems
utilizing +the phase characteristic . -Moreovar , theszs sys-
t2ms require preacise measurements of +the 3-4dB bandwidth

which is difficult 2specially for high-Q cavitiss. These

problems also occur in inflection-point techniques based on.

—22_
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measurements utilizing the linearit 0f tha detected output
g Y outp

[

at.tﬁé inflection points [3].

A different approach is taken in the proposed system., 1In

this system , the irflection .points on the r=sonance curva

'J-

h
}.l-
W

are idanti d through a process of mathematical evaluation

LAh the inflection-pdints the sacond derivative is equal to
zaro while the firs+t darivative resaches maximum -positi;q or
negative values , By identifying therefore‘. the points on
the resonancagngife at which the positive and neqativé_deri-

vative maxima occur, *he infl:ction peoints can be locatad,

Th2 system operates as follows . The resonator fregquency

responss is sampled ,und2r computer control, over a certain

range of Zraquencies and +*he sanples are digitized:  and
p g

(Y]

[Fa]

stored in +the computer memory,along with the corresponding

frequancies which arcs neasured wi+h a digital counter in-

tarfaced directly +to the computzr, UNumerical tzchniques ara

o

pplied to ths éaméled data to identify +h2 inflaction
points on the resonancelcuIQe. Once the inflaction points
ara located , the corresponding(frequencies arce identified.
Pa2sonant f£raquancy and Q¢ factor are th=n calculated from tha
measured inflection point freqhencies {3.92) & (3.10}.

Tha pfimary advantage of the system is that it is inde-
pendant of the resonator transmission céefficiqnt(fraquehcy
characteristic) at thé resonant frequency as well as th2

3-dB or inflection points .In this system , +the inflection

.
-

. wlm .



points are obained , as mentionzd , bj mathematical evalua-
tion , and are thus not affected by imstabilities in the de-

tector such as : ‘

- Deviations of the detector charactersitic from “the
square=law . |

- Temperature instabilities of the detector. (Typically .
0.015db/° C).

- Tregquency responsa of- tﬁe detect?r.(Typically ¢ 0.2

dbsoctave in 10 MHz to 8 GHz range)i

Since +the dstector output is digitized through the sam-
ple-and-hold circuit of the A/D converter ., short term inst-
abilitises of +the detector have little or no =2ffect on the -

convarted signal,

Ths inflacticn points on the resonance curve can be eval-
vated VETY accufately using numerical techniques and there-
fore ,+he resonant frequency and 0 factof can also ba deter-
mined vary accurately. In addition , +the measurem=ent
system is vary fast , so that the VCO‘instabilities may have
less effect on the computed resconant frequemcy and Q fac-
+or. {#hen the mesasurement process is slow YCO instabili-
+ies causa fraquency drift during <+the measuraments , Te-
sulting in errors)., Higher measuremaat speed m=ans that the
syéfem responds fastef to changes,in‘the resonant fraquency
and Q factor , which can be used to monitor changes in th=z

ralated paramet=zrs such as dieletric coanstant and loss fac-

tor.



.

Evaluation of the Q factor from the inflac*ion point fre-
quencises =liminat2s the necesqéty of making precise mea-
sﬁremants at tha 3-dB pdigzgﬂzﬁtbthe resonanc2 curve thus
making‘ this m2thod émin%:tly suitable for m2asurament of
high valﬁes of 0 factor , \§ince the rerultihq sharp changes

: ) \
in the first or sacond derijativa are sasily dotesctsd.

The system‘is completely auvtomatad and thareby aveoids hu-
man error and fatigus during the measurement qrocéss ;- in
éddition to making mesurem2nts faster.manualhmaasurement of
the resonané frequa@cy and th:s 3-84B frequenciss requires
car=ful and oftan tedious secarch for +hzse point§ with the

resulting possibility of, introducing errcrs.

Since the progessing of the data and ths evalua*ion of
the resonator parametaers are a¥l don= by a’ cémputer,ths
transfer of the data and results—Betwesn different systens

.

is possibl2. Thus , for example , using the IEEE 488 bus ,
data acquired by bus compatible instruments can be transfer-
red to the computaer so as to utilize +the readily available

signal processing software.

3.2.1 'Numerical Processing Technigaes.

The main task to be performed by the computar is th= det-

ormination of the fraquenrcies corrssponding to the inflec-

1

ticn points,.This is accomplished by d=tzrmining the inflec-

tion peints from th= sampled data and identifying the



cdrrésponding frequancies.The infleétién points on the curva
may be identifiad by'tuo general methods viz.:
-0b+taining the positive and negative maxima of the first .
dzrivative and the corresponding fraquencies.
—Obtainiﬁq the points at which éhe second de:ivatife of
the resonaﬁce curve is iero‘ and ideniifying the:corraspond-

ing fraquencizs, !

Pl

"he sappldd data gathersd from the exparimental systen
may contain inherent errors due to nois2 {these errors ars
not ushallf predictabie and are distributed according. to
some statistical pattzrn.Interpolating this data and diffe;-
entiating the resulting interpolation function Qould causa2
errors’ in the deriygtives as w2ll.The sample@ data musﬁ
+herefore b2 ‘smooth2d' befcre.being uszd , +0 r;move as «

many of th2 statistical errors as possible. Thus thse in-

flection points can be determined by : .

1. Smoothing the ioput data by lincar interpolation ,
and '
2. Differentiating the smoothed data to obtain the first

derivative,

3.2.1.1 - Smoothing The Input Data.

Sﬁppose_that a set cf sampled data points Y|'y2""yn is
cbtained at fraguencies xl,xl REEE .Then the smoothing

function provides a vector z =-'[zl,%l....z“] Where except



Sl

for the =nd points"x| and Xe Y =ach value Z; is-obtained by
evaluwating at X; the least squaras polyhomial of d=agr=a2 1
relavant to tha 2 succeassive. points (xiﬂ ,yi‘ ) e (;i,& }

a (x ,y. 171,
an (XH Yia )-[ ]

3.2.1.2 Differentiating The Smoothéd Data.

Once the data-has becsn smoothad , numerical differsntia-

tion algorithms are appiied to it,.Thase algorithms provide a

vector of first derivatives z=[zf}z .,..zn] givan a s=t of

2

smoothad data points Y=[ﬂ ,yl;..%] at the fr?gueﬁcies x={x,
. » )

,xa ...xn].Excapt for the end points X, and X . z; is the

derivative of the lLagrangian interpolation polynomial of de-
gree 2 r=lzvant to the 3 successive points (;Lr ,n ‘),-,jgi

:YL) and (xlﬂ Y ) .

If the data is obhtained at equaliy spaced points , other
algorithms can bz used to compute a vec+or of first @eriva-

+ives , whavre each point except x, ,x_ and x X

e Xa -1 are pb-

n
tained from the Lagrangian intarpolation polfnomial of de-

+ ' ive i
gree 4 r=2l=svant to the _5 succss§1vc .points (ﬁ+k ,%HJ

'k=-2';1'0002.,

If tke spacing f.h ' between samples is made small , +hen
.the interpolation polynomial f(x) is essentially a straight
_1ine over the 3 or 5 sampled points so tkat ths above- algor-
itms ars applicabls here.ilso , since the linea;ity of tha

‘resonance curva is also the greatest at the inflection



L

-

.

i

.

-

pdints .[31 its correspondence to _f (x) is also the .best
around the infl=ction points + SO that the éboﬁé algorithms
. : L b -

give the best results around the inflection points,

m

3.3  DUNCERTAINITY ANALYSIS. A | -

s
- P

In the following analysis , tha detecctor affac*ts are as-

: ) ~
sumed negligibl=2, This is because the detector characteris-

. * =3 - 3 B ’ ’ : L] :
*ic can b2 considered to be pieca-wise linear . Wwith a spe-

cified constant sensitivity over a given range of " input

poﬁer. Tspecially at hlgh values of thn Q factor , the +uning

u-'

bandwidth is small so° that power levs l var1at;ons of *hn VGO~

- Te s

(over the tunlng banduldthL are also small. Alse , as long
e

+ .

as. the detettor_inputﬁ,pougﬁ does not =2xce2d the range of

.square-law operation, the output voltage of thz dgiector can .

" be assumad to bz a function of the input power only.

-

Th2 .uncertainity of a measursd zXxperimental quantity can

" be estimated on the basis of " the uncertaipities of the pri-

' mary measurements. Thus , if a given function P = P(x

i ' y r %g
,..;.xn); and.wﬁis_the-uncerpainify of B whila w , LAREERY

are the uncertainithies oF XXy gensX o, ,the uncertainity Wo of

thé‘functlon FE can be expressed in terms of the uncortalnlty

W '%1""wn'“f the unc:rtalnltlcs L l,...w are given with

[

the same odds , - the unc=rta1n1ty wR will be specified with
. .

~—

v&

thasﬂ cdds. Thus [23]

SRR O S

i p
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Using the above rslation . the uncertanity of the Q factor

can be éxpressad in zerms of ‘the uncertainity of tha in-
flec{ipn point freguencies f| and fz.This would howsver
require ppibr knouladge'of the true (or the closast approxi-
mat2)} valuas of the inflecﬁipn point frequenci2s.In ordar to
make a more gensralizad uncerfuinity analysis , the theoret-
‘iéal maximﬁm-ﬁncertainity will ba'svalua*sd instaad uéing a
.knowledge of only the ?eqpnaht fraquency and ths Q factor of
a reépnator.. éuo compoﬁents contribqie ~o the absolﬁtﬂ unc-
srtainity in frequency Af:

-the countef-unc%rtainity Ac ., and

* =the uncartainity resulting from the algoritkm ussd to
. 1

e

determine the inflection, point Aﬁ(

) Afﬂ includes.: .
- the absolute uncertaimity in VCO frequsncy A fye
- the =2ffect .of intersample spacing F (V]

- the 2ffoct of A/D convérter gquantiza*ion' zrror q [V] .

. T'et the slope of the. VCO characteristic be S [Hz/V].

From Figurz 5 it is evident -‘that since the systen avaluates

H-

the first derivative of. the voltagss obtaigsd , the actual

voltage measurad is-:

]
.

v=AvViq[V].

i

The ‘absolutsz uncertainity due to intersampls, spacing AfR,;_

= SP [(Hz].



.

AV +q A

J__'L

. 1} ' ' +
Figurs 5: Effects of A/D converter quantization arror g on
the intersample frequsncy spacing.
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" Thersfore , from-® Figure 5 the actual increment in fra-
y ' .
uency , taking into account the effect of th2 A/D converter
, d :

quantization =rror is

£= Nfp + q'.é‘[Hz].

The maximum uncartainity in frequzncy is then

Afi(AfR +q,8) +Af,., +Ac (3.11)

-

The resonant frequancy is. fo =(f, +f; )/2 , wher= ﬁ and

£, are th2 inflection point’ frequencias, Thus , the awso-

lute uncertalnity in £ is. Af, = Afi+Af, , whare Af and

Af, are the absolute uncertainities in dstermining f ‘and £,

. . |
respectivaly. .o -
Assuﬁing AL, = Af, .= Af , ther;}bré r the absolute uncer-
tainity in measurad resorant frequancy is :

Af, /£ =2 AL /f, (3.12)

2lsc , using (3.10) , -

bho /o "= 241 .( 1+¥3 o ) /£, (3.13)

3.3.1 Uncertainity Case Study.

In this case study , the above analysis is uszd to derivs

the systam spzc¢ifications using resalistic paramsters.

Let the resonant freqﬁency fD = 1 GHz ,



-the D/A convarter resolution R =2.44 v , (12-bit con-

verter with f.s. ‘range of £+ 5V Y e

-the A/D co_nverter quantization erxor q = 1.22 nv , .(for
a 12-bit converter with a f.s. raﬁge of + 5 V),

-the unc,ertai'nity in the counter reading A'c/c =10 ’
so that Ac=1 kHz, |

- A fvw =20 kHz. and ~the slope. ‘s = -1 MHz,

Now , Afy=R.5 [Hz]

and Af = (AfR t g.5) +Af,.  +Abc [Hz)
b 3 3 3

Box (3.66) x 10+ 100 + 20 x 10

=2¢,66 kHz.

Therefere A £, = 2(Af) =49.32 kHz.

1

A’pp " 50 ‘317“’)

Fo
Also , from (3.13) , for‘QL =+1000 ,

AB
aL

= 866

Thus , the theoretical maximum uncertainity in fesonént
frequ=ancy is 50 épmuﬁﬁile that of tﬁe Q factor is 8.66 % for
a0 of 1000.It is seen from (3.13}) tﬁat the uncertainity of
the ¢ factor is a funct;cn of the rzsonant frsguency and the
Q factor;thz uncertainity of the .measured Q0 factor will
therefore increase with higher values-of thelQ factor,

I
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The above valuas of the uncertainities of fo and ¢ factor
are us2d in evaluating the performance of the measurement

system,

e



Chapter IV

. SYSTEM DESCRIPTION.

4.1  INTRODUCTION

-
L

This chapter 'prov%des‘a description of ‘the exporimental
systﬂm and is divided into twoﬁgéctionS'f

1. Data acquisition | '

2. Data processing

The des;ription 'is further sectiqnéd into tweo areas :
hardvare and software.The h;rdware describes +he équipment
and componants usad , while the software deals with algor-
ithm and program developmen%.

4.1.1 Data Acguisition.

Fiqura 6 shows a block diagram of lthe cxperimental sys-
tem. In ths Data Acquisition Phase the resonator response is
obtained cn a point-by-point basis between any two frequen-
. cies { 5;,?5) . The &ata is obtained as follows. 2 starting
digital code is apﬁlieifto the D/XA converter and the corres-
pondihg analog voltage is fed to the WCO , thus providing
an output siénal at a frequency F. Th2 VCO output signal is

A
applied to the resonator and the resulting resompator output



as well as the input are "detected and introduced ir;t:o
the computar via the A/D convertar channels. The VCO fre-

quency , as m2asur=2d by the counter ¢ is also fed into tha
, A \
computer through the Digital I/0 lines,

. The transmission loss T{w) , which is a ratio of the out-
put to the input-powsr of the resonator, is calculated and
stored in an arfay , along with the corrasponding fr@qdency

.Th2 naxt point is obtained by incrementing the digital
code thus providing an output ' signal at a higher €roquency

« and the transmission loss a+« this fraquency is obtained

and stora2d along with the corfisponding frequzncy as be-
X .

fore. \\\;

This procedure is carried out ovar the complete range of

frequencies from ¢

A to FB At +*he end of this data acquisi-

tion phase , th2 transmission loss and the= corrzspending

frequancy at 2ach frequency between Fg and FB are obtained

and stor2d in the computer'membry s

Any change occurring in the input data is <+hus racordsad
immediately within the survival time of +he data.This data
is thten processed at a slower rats.Thae calculatzd valuss of
£, and Q factor are available a= the ené of +he data pro-

ceSsinq stag%.chanqas in fD and Q factor . (in r=peated m2a-
surements) indicate changes in the input data samples and
. hence ipn the process‘being monitorad. The data processing

phase is ssperatad from the data .acquisition phase in ordar
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+o permit the‘system to captur2 any . changes in +the input
data in real-tima , - so that tha 31opef ‘execution times of

the mathamatical routines do not dagrade the systam sp=ed.

Once th2 data’ havs bean acquired , numerical techniqu=s
are used to idantify the inflection -points.is mentioned =2ar-
lier , smoothing techniqua2s ar= appli=d to the data tc ob-

;
tain th2 lsast squar?é fit ¢cf degree on2 .The ‘smoottad data
is then differantiatéd. |

Otte +he derivative af.each point is known , th2 maximuam
ibositive and negative derivatives and their corresponding
frequancies ars idéntified;. These are the iﬁflection
points.The Q factor and f ars célculated‘ from fhe inflec-

tion points and the results print=d.

4.1.3 System Control.

The déta .acquisition and processing as well as thea
print-out of the results are'carried out under computer
control, through thé K~Series Laboratory Periphesral routinss
of the PDP  11/34 computer. A command file is used *o run
+he experimént continuously , providing a print=d4 output of
+he rasonant frequasncy and Q factor at the end of zach mea-
surem=nt so that the réscnator can be monitored continuously
for changes %ﬁ its characteristics. The programs and su-

broutines us2d are discussed in the softvare section.

. .
-
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4.2  HARDWARE.

Tha equipment used ih the system includss a PDP 11/34
computar, a HP 8699B oscillator , a NAVTEL 49507 frequency

counter , 423: crystal dstectors -, D/A convaerters and as-

t

sorted signal conditioning amplifizars for the D/A converters

and A/D Convertars.A brief dascription of cach of thesc ele-
b -

mants 3is provided here.

4.2.1 The PDP 11/34.

"2 PPP 11/34 pinicomputer using the 5S¥-11M rsal-time nul-
tinser operating systen is utilized for data acquisition’,
 data processing and overall'system control through the K-

Sferies Peripheral Drivers.The computer system consists of a
b h ' ,
KD11-EA central processor communicating with the KY11-La

console unit , the core/MOS memory unit and various pari-

pheral devices through a Unibus [26].

4,2,2 The 0Oscillator.

w

The Model HP 8€699B oscillator is an electronicaliy tﬁned
signal source covering the frequency range from 0.1 to 4.0
GHz in two bands (0.1 to 2 GHz and 2 to 4 GHz) . It consists
of a solid-state oscillator that uses a h?bfid micro-cir-
cuit YIG-tungd oscillator and mixer , an intagrated circcuit
amplifief « and a PIN modulator-attenﬁatof [217.

- 38 - -



$:2,3 The Counter.

Th2 NAVTEL #9502 frequency counter covers the frequacy

rang= from 80 MHz to 1.25 GHz ., It has-an 8-digit LED dis-
play with automatic decimal point positioning.Di%play reso-
luticn is front-panel salactabla at 1 kHz , 100 Hz , 10 Hz

1 Hz and 0.1 Hz.Measursment unit indicat%}s {MBRz , kHz or

Hz) and an overflow indicator are providad. All displayed -

measurement data is also available . in a CMOS compatibls ,

parallel BCD output on a rear panel connsctor [20].

-

4,2.4 Multiplexer Interface.

——a e T2 e —— —— — — s S St s

Figure 7 shows the multiplexer interface used to transfer
the BCD ocutput correponding to the displayed measurement
data from the counter to the"computer via +he D5 11-K
lines.Xn the figur=s , Dk1 - Dk8 afe thz BCD outputs from di-
gitkx ,  k=1,2,...8.The- DOOT line 3 is used to provida tﬁe
, strobe pulse , whilé the DOUT lines 0 - 2 are connectzd to

- ,
the seﬂ%ct lines of the multiplexers.

I

Cne diplayed digit is read at a +time onto *hzs DINP bus

and the frequency is calcilated using :

n,

Frequency = Digit 0(0.001) + Digit 1(0.01) + Digit 2(0.1) + Digit 3

+ Digit 4(10) + Digit 5(100) + Digit 6(1000) (4.1)
The decimal point 'in the displayed frequency is fixed

+hrough thsz front panel resolution selector . Once this is

fixed , the digits rsad imn through the DINP lines are
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'weighted'rappropriately to iiéld'tﬂé displayéd frequency.as

“in oqq.Uh]}.

- Lot

< L ' m - ) . ) ‘. :f! R
4.2.5 - Theoretical System Specificatioms. _.~ \\

-
. ]
-

In the Uncartainity Ca;9 Study of Section'k3.3} ¢« *ha A P
canverter'and' D?A cﬁnverter specifications were presented\ |
In this section thase speéificatip%s will‘b; usad *o deteé—xxg{‘
ﬁine the  range of Q-factﬁrs that the system can, measure
: wi£hin spec}ﬁiéd uncertainiﬁies.id In order *o d6~th§s 1«£;/
must first be énsured'thatwthe A/D céPvértars are abla to
detect the smalLeét change inm detgétor output occurringf@ué
-*o_an increment in the frequency.This is done by eétimating-
--*#he smallest chang® in this output voltage that can occur

over a spscified range of resonant'frequencies and @ fac-

tors. This estimation is carrizd out in the following -way.

”

In section 3.3 , the normalized transmissioh loss was ob=

e

‘tained as ‘ l )
RIS I ' - (4.
T4 (L+ 402 (B34)) (4:3)

and the condition at the inflection'point as

28U Lt (a-3)
£, 'E) :

where 2quations (3.7) and (3.8} have heen renamed for conpve-,

L8
nience as {4,2) anpd. (4,3) Tespectively. Obtaining T'(f)

-

from (4.2) and substituting (4.3) in it gives , =

T =1 36 Tig) 8 \44)
165 A

-at the inflection points.
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From

i- T T(-ﬁ; —_—. ) q'Pl pz .
| S (£ X N
wl*b crltlcal coupllng v R. = =

qubst1+u*wng thlS in (4.4)

T'$) = 3 %{:

&lope of the curve ,
h , .

r2fore , T(f°)=9/9.

{45

T (f), at the inflection point.Considef

the operation of the system in a 1 GHz to 2 GHz range.

-

"ha maximum slop= dT/df occurs when'

.

Max T G) =% &‘-\ré

-

231 GHZ.

% 1D

From the Uncertainity ,Case Study .,

..

VCO *uning characteristic is 1 MHz/V,

-9 | [Hz] Ul-"é) R .

_tﬁe' absolute uncer-

tainity in_maasu:ed'freqhéncy =24,.66 kHz -, +th2 slope &6f the

and ths A/D converters

as well as the D/R converters have 12 bit resolution and a

f.s.-range of 5 V.

,‘\T si\f:ﬁaxloq

d#-inflection 3 ‘
BTG = a4 4Ty

b

-

A

from (4.6)

inflection '

3

. -9 -
Since Af=25 kHz , therefore AT(f) = 25(‘5/3) Q, % lO 35-(4'7)

Now , T(f) = Detector voltage at cavity outLt

v, (f)

Detector voltage at cavity input

"Therefore ,

A zee) <S8 .

h2 -

) vln(f)

(4.8)



o

.Vin(f) is the detected voltage at the cavity input.This
" voltage is proportional *o the power at' the input of the
cavity.vin(f} is measured exparimontally as' w9 0,16 V . fron

(4.7y and (4.8) ,

23 Lxo s V) OV
¢ ] (49

Tquation (4.9) represents the changs ir thz dutput signal

AV, (£)

= 207 8 x10"

corrasponding to a single frequancy increment.

The maximum output voltage VO (f)max occurs at resonante

DT ) % Vi (D= A youqs =007V -
q

(aslsuming critical coupling so that 91 =;92==l).~|

TabIxX 3 avaluates the ratio A""o@/ Volflyay for various |
for the above z2xperimental system,The values obtained for . r«_///,
’ + ’ - - N -\\
%g)andwﬁnm”phange d2pending on _the attequation intrdducgd )
into the system (to prevent reflections).The A/D ccnverter

specifications must be defined for a particular rat?o'of ~—

vV, .
AOHD' correspeonding to a particular configuration.
VO (“'} mox - ’ ’

4

Tn the case of the above system’, if 12-bi% A/D convart-
~ T
~rs were being used , the guantization error with a 5 V.

f£.s. range is 1.22mV. Therefore the ratio of : >

. e
quantization error q 1.22 x 10

. Boms =/ "= .
© maximum voltage V 10 78.3 dB.

MAX



TABLE 3 | -
Theoretical system specifications.

Ratios of the smallest change in output vdltagé (AV, (£)) to the

maximum output voltage {vo(f)ﬁ;x) for various ) factors.
. X [ ]

3

Q ‘A'V,(f)‘ (v) AV, (£) AV, (£)  (dB)
% o Vo
10 2.17 x 10°° 3.1 x.10°% -20
100° 2,17 x 10 4 3.1 x-1073 50
500 1.085 x 10 ° . 1.55 x 107% '_ ~36
/ 1000 2.17 x 1073 3.1 x 1073 ~30
/,///—‘10,600 2.17 x 1072 *0.31 ~10
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A

From an insp=2ction ¢f Table 3 , it iS‘seep'that the ratio of

VOG)/V@is =70 dB for a Q of 10 , while the ratio of? "-lv/V-mn,‘
. Pimax ‘ :

for tha A/D converter is -78 dB.Thus 12-bit converters can
be used tq mzasurs: a:Q > 10, fable 3 , thus has Fhe dual
purpcses of .
1. "Sp2cifying the A/D converctar resclution requirad in
| ordar to.measure a givep 0 faétor , and
2. Specifying ;he miniwum nQiSﬁ /signal lavel in the
| system,
The‘second polnt follows , . since if the noisa/signal leval
is not smaller than the ratio of av&yvo(g)&en the changs AY
in the signal outputs will not be detectad, This is sspe-

cially important in the Lasa of low Q resonators , whers thg

- ~

.signal chang= AV“le bmgll(( bztween adjacent samples).This

implias that in such cag' , the nolse/signal l2vels must b=

smallar than Ag@/fu)-_for the above hardwars specifications
, therefore, the smallest Q Factor that can be ms=asuvred by

the system is =10 , with an uncartaln‘-y of 0.08% , when

P . = s )
uncertainity of £, is 50 pPpm. From the uncartainity analy-
‘lr - . .

sis of section 3,3 , the thecretical measurem2nt uncertaini-

ties were found to be 50 ppm in frequency and é(&f%‘in Q for

ao fabtor of 1000;

o)

i



‘The smallest Q factor that can be méasqréd bf th2 s}s-
“+em with an uncertainity of 0.08% is 10.The uncertain-
ity in £, is 50 ppn. Also , the measuremsnt uncer-
tainity increases with Q factor so ’tﬁat a Q factor of

1000 is measurad with an uncertainity of-8.86%.

[~ oem e s SN m R R T e —A
L .
e e ik e e e — — — )

4.3 SOFTHARE

This section describes the algorithms used and the compu-
ter program development, It is divided into three :sections::,
1. Smoothing and Pifferentiation of Sampled Data.

2. EK=S2rids Peripheral Routines.,

3. Systen intééfation.

4.3.1 Smoothing and Differentiation of the Sampled Data.
. \ .

-

As describsd in earlier sections , the data samples are

smoothad using lincar l=ast squares interfpolation technigies

L]

- D .
before differentiation. Once the derivatives are known the

pz2ak positiﬁg and negative values of +the.derivatives are

sden«ified as the inflection points.sincé the features of

&#

¥ ! ] . .
interest are the points at which +the slopz maxima occur ,-

the ac*tual magnitudes of the derivatives arz not as impor-
tant as the relative valués of the deriyatives at the diffe-

rent'points. Thus , as long as the truncation and round-off

*

[=c}



.

2@TYOrS ara not largs enough to make the\calculatad values of

-

the first darivatives completely wrong , they can be toler-

ated, In the following sectionls the truncation errors for
the 3-peint am"i.S-point formulas are calculatad , to deter-
mine whether the errors are small enou‘gh .to allow the ,use of
thesa formulas .

' g

The truncation error for the Lagrangian interpolation

formula: corr2sponding to <the 3 points (x.i-l 'Yi—l ',) '_(x.'l 'Yj\)

and (x.l-ﬂ'yi-\‘l is [17] M | ) |
. eta o —L‘Mﬂ_' q”’(@ = , 5?......?-)_1
o b Ky . TN & < xu-l

For the 5 point Lagrangi_an interbolatlon formula using

2qually spac2d points (x k==2,=1,40.2 ,

FESTRR S POR I _
e ‘M 24— ’ DC.'—X.'.;|
£S = h Y (Q,) &)hc;-z. zf;\ ‘-Et‘ :é b2k

.Hqsu,m...nq h=25 kHz (thn mlnlmum allouable?/fraquancy step)

and Dstlmatlngf y (Q{) and y (Q‘} at the inflection points . on
the curqe whare 2QLLf-fo)/f°=i1/\r3‘ .
- - b -l
&5 o 292 Lol
o €rs v (-89

The p2ak positive and tive.magnitudes of the firs+t deri-

vatives (correspondingx to the inflection points) are on the

-2 -
ordsr of 10 _[fH-zl]. Thus , the above truncation errors are

acceptable and the above 3~-point as well as 5-point formulas

can b2 uszd here.

- 47 -
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4,3.2 K-Series Laboratory Peripheral Routines.

“Labératory peripheral‘modules (KQSeries)‘are”supported on_
fhe PDP 11/34 through a,s;t éf prégram-callable routines
that are linkad withtthg 'ﬁser'éltask during task building
'[22].' The paripheral modules'%sed‘here are the DR 11-K di=-
gifal I/0 iﬁtef}ﬁcq . th; AD 111K A/D.chverter'énd the AA

11-K D/A convarter,

-

K A/D converter.

Th2 AD 11-K is a 12 bit successive approximation convert-
er'that énables th2 user to sampla aralog data at specifisd
rates and to store the equivalent digital valus for subse-
quent processing., - Sixteen A/D coavarter chanhels aée'avai-
lable on this modules with #5 v input range andjﬂ2-bit reso=-
luticn.Sample-and-holgd circuitry is available at +he input

s .
to th=e ceonvertar,

The A/D converter channels are used here to anter the

voltages corresponding to the resonant cavity input and out-

put powers(to the computer.

P

4.3.4 AR 11-K D/A Converter.

The A3 ‘11~K’module includes four 12~bit D/s2 convertars
and an associatzd display control.The input range of the

]
converters is 35 v, '

- 48 -



Channel zaro of tRYIS module is used +o outpu* +he analog,

tuning voltags +to the vCC ’ at <2ach sample point.

4.3.5 DR 11-K Digital I/0 Interface.

This is a general purpose digital &/0 interface capable
of the parallel transfer of upto 16 bits of data under pro-=
gram control b2atween the PDP'11 UNIBUS and an axternal dev-

ice,

The K-Series pefipheral support routines are used for the
following processes :

1. diéital input

2. digital output
3. sinéle A/D inpuct.
4. single.D/A output.

@

4,3.6  Program use of g;gggies‘ﬁoutines.

The K=-Series support routines are linked to the main pro-

gram at taskbuild time, The formét for +hase routines are

given here im FOBRTRAN , but they\ can be accessed by MACRO-11
programm2rs using subroutine 1 nkage. programs or through
other special purpose macros«Table 4 shows thz FORTRAN su-

broutinas for the K-Series/laboratory peripherals used here.



TABLE 4 o

?

K-Ssries peripheral ?Butinés used . -
L] }

3 ¥
Subroutine . Function
.ADTNP Initiates a single analog input.
DAQUTO ) Initiates a single analog output,
DIND | Initiates a digi%al input.
pouT : Initiates a digital output. .

The ADINP routinz obtains a single word as input €from the

3/D converter., It is invoked as follows:
CALL ADINP ([iflag],[ichan],ival)

iflag specifies the gain options in the input signal and
is usable only with the AM 11-K multiple gain multiplexer

optidn not available hare,
ichan specifies the channel to be sanpled.

ival recisves the sanple.

R
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.3.8 DAODTO
DRODIO

-

"his routina outputs a single word through D/A convaertar
channel zero. It is invokad using :

CALL DAOUTO(IX)

IX : specifies the input word to be convertad.

8.3.9  DOOT.

This routine outputs a single 16-bit word through tae DR °
11-K interface. Only the bits spocified in a mask are al-

tered.

This routins is invoked as follows:

-

CALL DOUT ([iunit],[mask],I0SB,idata)
iunit i$ the DE 11-K unit number(d=fault is zzro)

mask indicates the bits that can be altered (177777 Indi-

cates that all bits can be alterzd).

I0SB is a 2-word I/0 status array specifying the status

. of the call and the buffer size in words.
Nl
idata is the 16-bit output word that is sent to the DR

11"Ko

. e

A fasier version is available and is imvokz2d as a su-

breoutine:
%



iout=IDOUT (0,, ,IDATA)

vhare iout racieves a copy of the data transfarrad.

. The DOUT routine is used to provide the digital code to

lines 0 to 3 which are mneed2d by the DINP intarface circui-

+ry during exacution of ,a DINP routine.

This routine inputs a 16-bit word from the DR 11-K intar-

face ., It can be invoked as follows:
CALL DINP ({iunit ],[mask],IOSB,input) -

iunit is the DE 11-K unit numbexn (default is 0)

[

mask indicates which of the bits in the input buffer are

to b2 cleared- (d=fault is 177777)

I0OSB is a two word I/0 status block array sp2cifying the

status of thza cali and the buffer size in-words.

input racieves the data from th= DR 11-K . 2-""--\\./5
2 faster varsion is available and is invoked as a su-

broutine:

input=IDINP{0,,,s) '



vhere input is as abova, On the completion of tha DINP

routina the contents of the 1nformat10n on the =xtprna1 dev-

ice(the counte:in this case) is transfprred to” ?hn UVTBUS cf
s ‘ .
the computar.

4.3.11 -System Inteqration.

Figure 8 shows the integrated flowchart. of +hs system.Tha

flowchart is self-explanatory.

“‘
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Set sampling range
in digital code

"Output signal correspond-
ing to the code

through D/A converter

<

- o 7

Trhnsfer measured
freqﬁency through -
A/D converters

Transfer measured freq-
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)
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‘dentify corresponding
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i
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@ Fig.g:System flow diagram.
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Chépter v

SYSTEM STIMULATIGN,

S%mglation perfornms % vegy useful rolevin the developmgnt
of new maasutem@ht'éystems.It‘ provides a m=ans ;by wﬁieh
various design concepts can be used to evaluate the perfor-
manée of a éiven system , prior to its fabricdtionlﬂ/iThe
information and daﬁa obtained by simulation kave ‘real
world applicationé;éimulatiSn provides informa£ion ndt only
ébéut the system's potential , but also about its liﬁita—
tions.In this way a fuller undarstanding of_ the potential

® .

problems of <ha 2xperimental system car b= obtained.

.

Simulation -involves selection of a‘ﬁathematical model ef
the experimenfal system. This model is then used; in the simu-~

laticn process to

Pl

1. Predict system performance under specifi=d operation-

-

al ccnditions

2. Test and =valuate the system or its suhéystems
3. Identify those parts of the systen t?ht Tequire

further investigation [2“].'

In a simulation it &s relatively easy to stuﬁy the a2f-

f2Cts of changes in one or more of the system paramsters.



NS
k

This is usually more difficult in an actual experimental ar=

rangamsnt. Also , it is often difficul; to study the axpar-

.
el -

. - . i
imental results and to try to datermine which factors con-
. . - P

triButed to tha achieved experimental results.For exdample ,

v

in a measurement system such as the present on2 ., these fac-

- tors could ba noiss , VCO frequency uncértainity } drift in "’

f:equsncy ¢  Iesolution of the A/D and D/ﬂ converters or er-

-

rons in the differentiation algorithnm.

- > L L N L3 — N - L)
In a simulation , it is relatively easy to change vari-

ous paramaeters individually or simultaneously ,~and *o study

+

'the effects of thes: changes on the systam.No previous know-

l2dge of the sﬁfects'of these changgep is required, Jsi@ulaf"

tion 1is thus used ﬁssantial%i//fgqex o:

these changes,

Simulatiop allows a wider- var?etyﬁoﬁ parameter changes

than can be obtained in ;ﬁe ?mysical system.In additidn , if
. . - L.

there are re2asons to believe that—cn2 or more particular .-

causes are rasponsible for the achieved =xperimental accura-

cy , the effects of t?ﬁse'causes can be verified by simula-’

.

tlon thls helps in eliminating vafious causes as possible

~

sgu*crs of exper*mpntal €rror. Flgurc 9, shows the function--

_,/al bleck d*agram of the matbematlcal modol us2d in the simu-

1at10n.The basic features of the varlous component blocks

\\HJ//’ are defined and lntegrated'lnto .a systamjthe algorlthm simu--

lates th' perFormanca g;/,the component blocks Tha following

;T : . < '
D2 s

. Y | /‘

.



- . . i b‘ ‘

. .
[ T - -~

i

sections provide a description of the noise generaticn al-

gorithm used in the simulation and the various compament
blacks of the ‘mathematical model. B
1 ‘J‘
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- The Pseudo-Random Noise Generator.

Fundamental to the simulation process of a measurement

system is the simulation of noisa.This section describas an

3

algorithm which 'simulates the noise in thke system.. h2

nois2 componesnts considered are the Gaussian noise and the

power line noise.In the .expsrimental setup this would be
sampled by the A/D conve:ters_along with ;he detector out-
puts,The power line noise'level'convert@d will d=2p2nd on the
nois; leval at the instantSof sampling.In:thsz simulation
procass th2 instant 'T!' at which‘the néise is sampled is s=-
lactad randomly , so that the noise level.selec*ad for con-
version is random.

-1

Tha nomss\%s Sinulated” u51ng the psoudo-ran om numbsar

—

generator routlne‘, ths RAN(IL,IZ).-"ls routine provides a
randon number betuegn 0-and 1. Th= numbers so obtained are
then wa2ighted appropriately to obtain %he raquired signal to

noiss levels.

According to thé Central Limit Theogem [18] , +the proba-
bility density function of thke sum Lg; (x))rof a set of ran-
dom variables X, 0%y rovesXy with respective densities gi(x)
tends to a normal curve regardlass of the shape of the

41(X)-

Thus , if X = X + &Z+ creeaat X
f(x) = f' (x) * fz(x)* --convfh(x)

C A



v

.

.

___The factors. which are most—important—in—a—VCO—simulation

. . 2 : I .
\ ' ' b 3
| o (- [2o
Then , £(x) ¢ Fom '
a
where Y| is the mean and ¢ the variance of the resulting random variable
§ - 2 2 a
Qanc.l n = N, F Nt ol e O G, e + 'y
Tf ¥ is scaled down by a factor 1,yn , then the above be-
comes an 2quality. as n ->o0o0 provided that :

2 2
(1) & 4y 4 ovnnns +o‘;.:"—v—oo
(2) For some «>2 fx {£;{x) de <« € = Constant.

COndlthﬂ {1y is satlsfled IE-gT—>—ET>0 and this is +he case‘

e

for given random variables hav;ng aqual, variances.

Condition (2) is satisfied if all denstities f£,(x) are

ZeTO Eor[x\)pc2[18].

=

The resulting random varlable x = 1/dﬁ(x'+xg+.....xn) has

a Gaussian density function. This random variable is scaled

approprlatﬂly and used as the Gaussian noise voltage at the

datector output . to select the instant '7T' at which the
» _
power line noise is sampled by the A/D convert2rs and to si-

mulata the VCO drift and non;linEarity aeffects as =xplained

later. o _ o .

5.0.13 The ¥CO.

are the post-tunming d4rift , the power output variations over

the +uning bandwidth , "-jitter and non-linearity of the vol-

L

‘tage/frequency (V/f) characteristic. The jitter in the V/f

characteristic causes ths output frequency to be different



for :epeat%d' tuning at the sams tuning- voltage.The cutput
frequency is thus no longer a singla-valued function of the
tuning veltage,

The VCO was simulated as follows.A linear approximation
of the Vv/f characteristic'yas obtained 5§E§qun in‘FiQure 10
thg frequency at;eaéh of the sanple points was found by ax-
trapolation from a specified tudiﬁq voltage and slopa of the

v/f characteristic.A randon fréquancy is *hen addad to tha

extrapolatad frequency obtained from the lin=ar tuﬂing ChaE:\____j

RS
acteristic of Figure 10. Thus the extrapelated fraqushcy

. !
of th=s k th sample ,£f =f +K V k=1,2,...0 wharg f 1is
PRE R Tatad R e ’ Stact
tha initjal frequency used in the =xtrapolation (Figure 70)
R Klfis the slope of thke V/f characteristic and %( is th=
-+uning voltags of the k th sample;‘

Tn addition , a random frequancy Afk' is added to f; to
take into account the 2ffects of tuniﬁg non-linearity.fhus.
the fr;quency of the k th sample'is fk =ﬂ: + Afk ."he sample
frequancy (fk ) is thus dépendant on the initial ffequency

(%k as wzll as the random frequnscy (A N I

o
The zffects. of jitter cam then be simulated simplf by

changing the value of fﬂmﬁin differant sipulation runs;ths:

'sampling frequancy fk corresponding to thes same tuning vol-

tage Vv .would thus be different in cach simulation.

k
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Figure 10: " Tuning characteristic of the VCO. v
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Powsr laval variations of the VCO are simulated in a si-
milar manner using a linear power/fraquenty (P/f) character-

istic.p =P y , k=1,2,...1 , where

+K
nk k) A K-1
- K, is the slope of the P/f characteristic ,

{fk -f

-

8

.o

- B is the ~VCO signal power lavel for tha k th sample

‘and tha initial values P.l Dat f, are obtained from the cali-

In.

bration curves of a given VCO.

5.0, 14 The Resonator. | \

The normalized theoretical ., transmission coefficiant of

the resomnator 1is :- T
1:_(_"91 s} 2 2
Tiwo) '(‘ A& @%9) |

The simulated Tesonance curve is obtainzd for a given f,
i .

~and
. 4%

0 factor by obtaining the variation of T{w)/T(W,) with £ ,
the sample frequency. This ratio is evaluated at eachk of

+he sample frequ=ncies.
r

) N
5.0.15 /?&e’ﬁgi;ctog and Amplifier .

The +transmission coefficient can be expresszd as :

T(w) Detector voltage at resonator output

T (W Detector voltage at resonator input

The d2tector characteristic is assum2d to be constant over a

spacifiséd range of inputi power, T(w,) 1is the *ransmission

loss at rasonance and is a  constant for a given coupling
coafficient.Thus ths d2tector action can be simulated by ob-

taining the detector voltage corresponding to a given input

Le



. power with a specified slope of th2 detector charactaris-
tic.?A gain factor may bs’ added to indicate amplifi=r action
‘although an amplifier with a low noise figure was assum&d

forssimplicity.

< | | ,

In yhe exparimental arrangement , the detector oﬁtputs
are nplified and introducad to the computer through ths A/D
conver*er channels.*hasr signals are affected by n01se.$hus
+he Gaussian noise and the power line noisa are added to tke

datector output levels .

5.0.16 Simulation Flow Diagram.

Figure 11 shows the similation ffow diagram. The simnla-
+ion was undertaken after a study of éhe results from inj-
.tial experiments , as vell as the theoretical uncertainity
and system'spacifications. From this study , 1t was conh-
cluded that +he main factors that influenced the measursment
uncértainity were the VCC Yeffects (frequency jitter , powér
and frzquancy drift and non—lineariﬁy of the tuning charac-
teristic) and signgl/noise levels at the destector out~

puts.Rccordingly ,the simulation was used to ,

1. Investigate the s=ffects of the VCO jittzr and noa-li-

hezarity on the meﬁaug&gi::(ﬁcifzzfy .
2. Analyze the effescts of iou Ygnal/noise ratios on

thzs systen.

- €4 -



The mathematical moded dascribsd ihfthp previous s=ctions

vas usad; the various blocks of ths model were intsrlinked
by tha simulation algorithm and approé@&ate parameters wera
changed to study the =ffects of  jitter or S/¥ lavels on tha

maasurIment uncartainities.

As ip the exparimantal arrangement +hes simulation process
wvas divided into a data acquisition phase and a data pro-
cessing phase.The following description of the éi@ulation
alqoritﬁm is thus ‘considered in terms of the two phases of

operation. y

5.0.16.1 Simulation : Data Acquisition Phase.

The sampling ranée was fixad lin terms of digital
code;this range 1is such as to provide the requir=zd4 tuning
bandq}dth for a given range of ¢ factors.The second paraﬁe-
t2r to be considersd was the ipitial frequegcy‘(%h;i s Q2n-
tion=d in the mathematical model (section (5.0.13)). In the

study of the vCo jitter , different values were assigned to

fmn£for a given tuning voltage).In the study of the effects
19

of various S/N ratios , %E gas fixed at a particular value.
. a‘ .

The random number routine was usad to obtain *he Gaussian
noise as well as the sampled valus of the powsr line noise
+ as described in section 5.0.12, In the study of the ef-

facts of S/ ratios , the amplitude of these noisz compo-

nents were alter=d , thus providing a range of S/N ratios.,

>

» -

",

()



elect sampling range

3

Obtain random numher;
add appropriate weighting

“|factors to get the

Gaussian noise

|

D/A converter-

icode - - : X
Vk_ IEE?ETX vrange +vinit

.3

VCo

- l ;
:fM = fK +Af _ )
L IL(R..)Kz( £ =f_,)

' Detector
. v:m-x =K3 Pi

l

n-k

Regonator
T{w ) - 1
P(w,) L+hQE (5 /5, )

i

Increment

code

1".

B, =B T(W)/T(w,) ]

1

Detector
Vo K3 B

6K
!
Add noiseé

. vin-kzvln-k+n( t)
Vo =Voue +n(t)

range over ?

Smooth data by first
degree interpolation

Differentiate data

3

Identify inflection

points and calculate
f, and Q-

Fig.li: Simulation flow diagram.
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Tha tuning voltage for the VCO (a) wﬁs~p:ovidéd by tha
L . .
\

D/A converter is simulated usihg H

[
1
1

i ' 1
v = Jeodex ange + vinit

Kk ilevel
. . e . . .\"—F‘—’ - s ] .

where , icode is the digital code corresponding to a sampla
v ilavel is the total number of lavels available for an n

bit D/A ccnvarter, vrange is tha D/A convertsr output rang=:

« and vinit is the lower limit of this range.

r

lected value of V,  was used along with € and K
K Stavk !

{section 5,0.13) to obtaip the VCC signal fragquerncy fk =fé +

Afk ¢ k=1,2,..4n.The VCO signal poJer level vwas alsc obtained

The s

as qwk:thQKltfk-kol’ r kK=1,2,+..n. In this way , *the E th

sample point was obgained at a frequency fk~=fL + Af and a

A = = - m ] 2 3
power level qWanm$K2(fk.fk4 ) «This signal was applisd to

the simulated resonator to obtain the corrz2sponding cutput

4

cower : 3 . \
Ft%< = Fﬁn-k ‘T-Eél
| o Ty

Tha datactor outputs corresponding to the resonator (in-
put and output) 1levels were thean calculated.The two detec-

tors were assum3d to have a constant and equal sensitivity Kg

£ 3 - =K. ,
otfz thke ranges of ;ngpt powers used, Thus , ka Ks(qwg and
Wtwrxsgnkr(m)/T(mol were obtained whare : Whﬁls the detac-

tox cutput leval corresponding to the power level at the re-
sonator input for the Kk th sample point , and %lfs output

lavel at the r2sonator output for thz same sample pdint.
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The noise level n(t) was added to v .and v .-In the study
" .

of the VCO jitter a fixad level of noise was added to v, and
: nx
Vvk:in. the study of  noisz effects various simulation runs

were carri=2d out with a different noise level in each case .
thareby providing a set of simulation r2sults corresponding

to different S/N‘levels.

. The transmission coefficient T{), was obtained as a ra-

{
+ig 1 . i

" T, Vo TN,

and storead in an array along with the corrasponding fre-
guency.The digital cods was then incremented by a specifiéq_
amount(correspon@ing_to’a ;iven intersample spécing) to ob;h
tain the (k+1)‘ fE sample point.This procedure wvas repeated
until arrays E(m); and Ek . (};:1,2,,_,r9vgefre obtained over

the sampling range.
=

5.0.16.2\ Sipulation : Data Processing Phase.
. S

it the&end of the data acquisition phase , an array of

'“ngvalueshéhd\acorresponding 'érray of freguencies were &b-
tainad.These Sgta\ saﬁples vere then smoothed using the
smoothing routine dé;cribed eérlier;the'émoothed values were
diffzarentiat=d .An éfray of first.derivatives vas obtained
in this way . From this arraY , the peak positive and neqa--
tive first de;iva£ives and <thz cortesponding {(inflection

point) fraqueéncies were identified. The resonant frequency

- 68 - __ .
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fo and +h2 Q factor weré calculatad from thase inflection

point frequencies along with their uncertainities.

Tn studying the VCO jitter , the simulation process uas

rerun with a differsnt value of fﬁ:ﬁ}n ¢ach case and ths re-
. a

sulting uncertainities in f° ﬁhd Q were calculated for =ach
case. Insgtudyingfthe noise effects , the simulaticn pro-
CasSs wWas rarun ,.as mentioned earlier; 'qith a different s/
level in each run,, and the resu;i;ng uncertainities in £

and 0 wers calculatsd as above., . s

-
v
L]

Tha next section descibes the use o‘.tbﬁ above nrocadurg

in a typical case. - o ) 4

£

5.0.17  Simu lation Case Study. ' | ; o

-Consider an experimental, setup with :

[

-a resonator at f =1000 MHz .and Q= uso; 7
~a calibfated VCO with a tuaning charac 2ristic of 14.3

MHz/V;a power/frequency characteristic of 2.95 nW/KHz ovér

ot
b

+he FrequanC1ns of operatlon and an accuracy of +10 kHz. "

- -a detector with a sensitivity of 22.mW/mV over the rangé\\H

aof operation.

The simulation process described above .was then used .

The critical com%onents of the experimenial system werza tha

VCO characteristics and the noise levels at £he. detec-

tors.Théfsimulation deals with these aspects. It must be



(3
L}

" | . FA _"r. X - )

mantionad ‘that the simulation was intended primacily to stu--
. dy the present experimensal system;tﬂus +he simulat+ion con-
S~ : :

centrates on factors decmed to b2 critical in ‘the experimen-

' tal arrangamant.The contribution of othker factors such as

e
4

quantizaticn noise t& the medsured inflection'points ¢~ Was
considerably smailer;ﬁhus , for- the pressnt exparimental -//> "
system , <his ATFOT Was apprcxiaakély 2 kHz , while the er-
ro;\}he‘to the.vco f#pquency ﬁﬁpertqinity uaS'approxinatély

20 kHz.SiAce-thé uncertainity of a function is:prpportiénal'

to th2 squars of the uncartainity 0f  the largest combonent
[23]1, it vas decided that the quantizatien noise, was negli-
gible.When the VCO fraquency unéé;tainity is comparabls to

the contribution due -to quartizatidn noise , <+he

‘no longsr be ignored.. Since this case study de with the

'
fl

casz2 of a VCO with aifraquencyw accuraéy of‘i 10 kHz , ths -

effects of quantization noise could bhe cbnsidergd negligi- °
‘ble...The VCO charaterigtics of intarest were : o

. ,,Iﬁ_' ¥CO -frequancy Jitter , non-linsarity of the tuning

4

chatactearistic and drift ' y

A7 —
+ ®he-other factor of interest ‘in the éimulation was the noise’ - '
. . . : . ’ . 1 ’ ) j

leval at the ,detactor and .the effect of different signal/

2. power lavel variation ' a A “ . | /j

-

-

noise (5/1) ratios. _ ) : :
~ . .. - R . " . . . .
. - . 4 '
Bofore considering the ac¢tual simulation itself , it'is !
0 . - - . . ,
S ~

L} ' . . "
-~ useful to - consider certain additiomal aspacts.In both the

exp2yimental arrangement and the simulation ,. tha uncertain- .

1
e, A

.. - o o T2 70 - . ¥ o

. . " - . 1 .
[3AS \) ’ v ) ‘ i .
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ities in £ and Q factor can be reduced by decreasing the

intersampl2 spacing.The intersample spacing is determined by .

*he VCO fresquency accuracy.Figur2 12 depicts'tha ccnsequ=nc-

o

.es of +his action f3rﬁa caseé of a VCO with a freguency accu-

“racy of +10 kHz,

Prom Figure 12 , when the VCO is tuned by a'voltad% V‘ R

~the output frequency F, -is obtainad with an accﬁraty of 10

kHz;thus the actual 'frequency can be nyuherg‘in the ﬂh?-ﬂ

ranga,When the VCO is tunzd to Vi . the frequsncy Q is si-

milarly obtained in the qa -er

“v,) increment is-sufficigntly large , V and",.v1 may give

. . S )
risa2 to th2 same output fraquency.It is for this.reason that

*h2 twning increment 1is made larges =nough to prcvide a

.range.Thus , unless thd (v,

8

20-kHz increm=z2nt b=twagn F and ¥, , ' for the given VCC;Thus

the intersam
"

¢ s - . » . ) . -
was choszn in order to consider tha cas? of the VCO ussed in

pl2 spacing ' is fixed at 20 kHz.

:10 kHz accuracy of the VCO used in this cases study

tte experimenﬁal arrangément 2 th= HPBE99B RF uni+t - which

Y

has a:f;eqpehcy accurfacy of +10 kHz.
£ ) '
5.0.17.1 Sisulation Besults : VCO Effects.
. \ o
. k
sampl2s var$ not "Pnly with tﬂé rTandonm freqﬁency 5fk addead
,

’ "‘ \ + - - o ~
to them , but., also with the initial frequency £

used i
Skart sed 1in

"obtaining fi in Figure 10 This'.was used , - as alr=zady . indi-~-.

|- '71.‘-

J
5 . ‘\ & ’ ' & . .
. 4 L]
. . . .
. * -

Xs mentioned =arljer , +the frequszncies £ of %he data

[



* Figura2 12: Effects of the, VCO frequency accuracy.
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4

.and 0 factor. .

T

cated , in simulating jitter by using the simulation algor-
: . a

‘ B
‘ithms with a differant value of £ in erach run;this caused
. Shask : A .

th2 sample fraguencies f to ba differznt in sach case

, K

Gincé fk = F{f , Af 9. The other vCoO frequency effect ,
Stark L8 :

non-linearity of the tuning charactaristic , was simulatad
by th2 random frequency component Afk of the sample fr=quan-
£ -
cy £,
-

The numarical first darivativse is a function of +thre tran-
smission loss T(w) , over a set of 3 or 5 points, Changes
in the sample ffequenci&s due to jitter , etc. cause changes
in the corresponding transmission loss T () {for thes sama

digiteel code) , and therefore , 1in. thke numarical values of

‘the first derivativ&s.Thése—changes in the firs+* derivatives

may cawse changes in the peositions of the psak positiva and

1

Table 5 shows +this phenoménon:in the exﬁerimenté',' the -
) - RE L

initial fraquency fﬂhgas chang2d in dffferent runs of tha
3 .

. . B J
.simulation , causing changes in +he calculated valuaes of £,

‘and @ factor .The table_alsé shows the r;éuff'ng uncertaini-

+ies in f@ and 0 factor,The uncertainities“were calcelated
from the £ and 0 factor obtain2d by identifying the inflecs

tion points on the simulated resonance curve and ccmparing
. ' B .

them with the actual f° and Q factor of the resonator used

N
] )
. >, .
in the Simulation.

negative first derivatives ,, thereby causing ‘changes in £,

™~



TABLE 5
Fffe;cts of VCO jitter em the uncertainities of £, aﬁd o .
- factor.
VCO indtial | g, | .q "0 7| “Uncertainities of the Simulatio
Freq.m (Obtained froh the Simulation ' Experiments.
(MEz) : Experiments) J ah (ppm) A0 (%)
3 - H , I
h-u—T:'j)'—— -
982.78 988.58 4,88 ' 121 ol 8
[ J SN . T .
982.8 - |+ 988.6 482 101 7.11
982.82 l. | 988.6 - 482 . 101 7.11
- ’ .
- 1 .
982.83 | 988.57 538 | 131, . L -19.6
982.84 | 988.57 | 538 131 BRRETN:
982:86 | 988.57 | 538 > 131 T 19.6
Actual f, = 988.7 MHz. - E ' T T
© pctual Q =450. . o~
_ (
“' a7y -
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5.0.17.2 Simulation Results : Noise Effﬁéﬁs.

A difficulty arises in evaluating the effacts of nois2
alone in this case study.As shown in Table 5 , uncartaini-
ties in £, ard Q factor <irom the simulation are affec*ted by

+the sample fraquencies fk , Which ar= in turn affected by

the initial frzggency f When the intersampls spacing is

Skavt
ralatively large (20 kHz in this case) , if the inflection

points of the actual rescmance curve happen to lie clese to

+he sample frequencies £ , the resulting uncertainities ara2

K

smaller]Thefgfpre . depending on the value of %t %sed . the
. . oy

sample frequencies could lie near or far frog‘the actual in-

: .
flection points of the curve , causing corresponding changes

in tha uncartainities in £ _and Q factor.As leng as fm“%?f-
. . 3
fects the resulting uncerzzzl%ties « the effact of ncise al-

. . i
ona cannot bs evalnated.This 4is becaussa fgmﬁFfEECts the unc-

ertainities mors than any changes in the noise 1level.

TF the intersample spacings ‘- were smaller , +this problen
would probably not afise R siﬁce the resulting samplés would
be vefg_close to zach other _and will hemce be less affactead
by £, .. In the case of the pieéent case study , intersam-
ple spacing baing 20 kHz . 1t Lwas decided to carry out éhé
simulation runs. with the combined affects of varying S/N
ratios and;jittef éince the latter.uas going té affect the
uncertainitie;’anyuay. ‘Table 6 shows *he results from th§§
test.From Table 3 , sectibn u.g.u, it is s=en that ?o'mea-

+



sure a Q factor of 500 , the S/N ratio must at least be 36
A8, Table € shows that for a Q factor of 450 , with an Sﬂq
ratio of 27 .dB no readiﬁg can bhe ‘made.Th? simulation runs
ware carriad out at 27 . 35 , 55 and 70 dg”since intermadi-

ate changes in S/N ratio did not. indicate any change,

Two factors become apparent from this study (Table 6).
“ 1. It is difficult to state catesgorically what the ef~
fects of lowering N/S ratios will be- (once an accep=-

table miqimuh h%g been achievad , as gi&en in Table 3

a

for a given Q”factor). v since the VCO initial fre-
quencyffﬂméas a larger effect on the fesultinq uncer-
tainity.One factor which tends to lead to the conclu-
sién that S/N raties are not too’ Eritical to tﬁe
system performance is the fact that repéated runs at
different S/N. ratios indicate very little change.ih
the values of the first derivatives and hence the p%—
sition of the peak positive and negative.first deri-
f/’\>§$ives . and therefors in the calculated values of
f; and 0 factor, However ; as indicated both by Ta-
ble 3 and Table 6 a 'threshold' S/N ratio may be re=
gquirad for é given Q factor , as an‘S)N ratio of less
than 33 4B céuld not be used , since the highét
noise levél affected the differentiation , and pro-
duced numerous positive'and jnegatiii;izzZp{ (instead
0f one sst of ma%ima) , rendering th =sults uﬁusa- :

blg.



TABLE 6

Comblned affacts of varylng S/N levals and VCO -111'+°r on tha

uncertainities of f

. Actual £, = 988.7 MHz.

and Q factor

Actual Q = 450. |
Intersample spacing = 20 KHz.
VCO initial Signallevel £, from Q ‘froml : Ai‘a (ppm) AQ (%)
frequency Noise level Simulation Simulstion '}:_ _Q"'
(£, KMHZ) (aB)
. 21? »* »* » »*
© 35 988.58 1488 121 8.4l
982.78 Xt
55 988.7 517, 0 14.88
\) 70 - 988.7 . 517 0 14.88
2? . .* * * *
35 . 988.6 82 101 7.11
'982.80 )
- 55 988s7 550 0 22.22
. 70 - 988.7 1 550 0 22.22%
27 - * * =
i { f
35 988,56 537 141 19.3
982.83 .
55 988.72 540 20 20. 2.
70t 988.73 (| 5% 30 22.2
¥ - i
* : Indicates no reading possible. - 77 ’
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2. Table 6 also evaluates the uncertainities  , which
~ ' . '
wera, obtained by comparing the values of fo and Q

factor calculated from_the simulation with the actual

‘ﬁ& and Q‘ of the resonator used in the simulation.
Al£hou§h Zero &arrors in £, are indicated with high
erfors in 0 factor these zefb ECCOrS ars érobably Que
to the occurence of symmetrical errors in the two in-
flection points so that +the resulting errors in. £,

are z2ro vwhile the errors in the inflection point

bandwidth cause the errors imn Q factor shown,

!

.
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Chapter VI

PERFORMANCE

This chapter prdvides a description of th2 system perforJ‘

mance. In crder to varify the basic concept . the'system

‘was initially tested at low radio frequencies using an IF

transformer. as a resonant circuit and then at microwave fre-

~

quencies using a coaxial resonator. \En\the first case the
. . . . . - I .
inflection pcints were idsntified by detérmlnlnq th2 points

on the curve at whichk the second derivative was zzaro;this

L

approach was found +to be unsuitable héwever , Ssince noise
and VCO instabilities reﬂdaréd. tha rgsulting'calculated va-
lues of ths second dgrivative unusable, When the system was
radesigned at microwave frequencies , the repeatability cf

the rasults, was still not satisfactory;this 124 %o a study

of the thsoretical measuremen* uncertainity and the dasign
of a simulatioﬁ , where the effects of VCO accuracies

and varying signal/noise levels, w2rs considered.

el

' The experimsnts were designed to ‘consider “.the following,
aspects: . ,
. 'System parformance with circuits opefﬁting at diffe-

rent rraguenc1es over an octavg-bandwidth VCO. :
2. Systen performance‘w1th resonant c1rcu1ts,with diffe-

rent O factors. . ' o



B
hd

Tt was d2cided to perform the éxperiments at.differa
Frequnnc1=q over an .P ve-banduidth”vco in order to stu@
the system porformanca ovar widely dl fering fraquonc1es and
to se¢ whethdh thfb caused appraciable changes, in the‘meaﬁ
surement uncertainities. ~ The FroquchLes: considerad were

990, Mtz , 1003 MHz and 1100 ¥Hz , represznting a total tun-

ing range of 110 HHz}

-
»

Tt was also decided to test the system over a rangs'of Q

factors in order to chack the m2asurement accuracy over tha

ranqc cons*dcred . From'a stuéy"of system S 2cifications
p

H

sectﬁon (4.2.5) ,' it was found that the system was capable

of mEasurigg Q factors in the . 50 to 1000 range.

The performancé was  evaluated on the basis of a series

of a2xperimsnts. Statistical variations of £, and the 0. fac-

" tor. wher2 then calcu;ated. The measyrement uncertainities
of fb and the Q fdctbf-ue:e calculated using standard devia-

tions. o -

i

The expsriments were performaed under comput=T control;a

command file wds used to run a serizs of experiments conti-

nuously , the mgasured fo_and o factor being stored op the

system disk  at the end of each erperiment;The values of Fo

and Q factor were latar used orf-};ne'té calculat= tﬁé-hean-_

and standard deviation of thc\Jﬁrles of cxperlmcnts .
e J N oL i}

B e e Lo
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6.0, 18 The Resonant Circuit. ) ' ' .

.Tha resonant circuit used in the testing of +the systen
performance was an opan-eénded coaxial resopator whose fo and

0 factor were variable .The resondnt frequency was :
" ] .

+t = C
£ S

\whqré .-

£, is the rzsonant frequency

{H

{f ¢ is thz velocity ofllight,, and
1 is-tha langth ¢f the inner conductor.
By chanéiug " the length L therefore ', ' £, can be

changed.Decreasing the line length increases the fraquency.

The Q £factor can b= éhanﬁ@d by adjusting +he coupling
loops.As was shéwn in Figs.3 and 4 *ke resonator can be
raprasentad by a séries resonant circuit at a voltage anti-
node (datunad -open position) . The source and léad Impedanc-
es can be fraﬁsformed to the inner loop , the coupling loops
acting as transformers , as é;B?n'in‘Fig.ﬂ,Fhus , at maximum
coubling'the axternal impedances tranéformed“to the inner

circuit are maximum so that the loaded (@ factor 1is mini-

mum.Dacreasing the coupling , therefore , 4increases the Q.

factor.

©

-t



it e T e S —— i — —— t—

6.0.19 Experimental Results : f

Tha coaxial resonator was tuned , using a movable plun- -

ger ;the rasonant frequencies were measured in threa sets of .

-

experiments , each set censisting of ten repetitive measure-

D’

mants at a single tunlng. Tablas 7-0 daplct the results.
The mean valuas were 990,54 MHz , 1003 48 MHz_ and 1100 4e

MHz, The D factor changed at -higher Fraquencms (from H430 to

v

380) .- The standard dev1atlons of the frcquency yere of the
same order of magnltudeh,“J4523 kBz , as where those of tha

¢ factors , B8-11. ’ ot

L

TABLE 7

Experimental results for a Tesonator at-fo = 990.54 MHZ.

o "
- (XYM YOO, 54 Ui 49 et3r
— FOT T ww0, B 43 440 .5/

FO; PP a4 W3 “43Y. /4
FQy YYU. Wi 20 . 802

FOir 990484 0 4uv. 4
: FOR 99050 Qi w429,y
- FOE 990057 Wi aum.ug
FOR - 9Y0.56 ¢+ Wi 441,46
FO PFOLLE Wl 448.08 . .

FOs PYO B 13 43Y ., /4
MEAN- K¢ PY0.54. MEAN W 4u4,0

S ey ur oy T 0L0IE /82
el 8L BEV Uk oy Heldogingly
. . | . Q&
. | . K
J - 82 - ;
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TABLE 8 : -
Exparimental results for a resonator at f, = 1003.48 MHz. . o
. FOT  100s.4/7 . Wi 4T sy T A -
- | FOT 1004000 W dab.an . - i .
FOI 100848 Wi aly.1w . - -
Foi  1voa.ay L33 40 /. )
' FOI 1008048 "HIT 415010 - A
FOr  1008.4/ Wi das A ‘ ‘ v
FOI  100s . 4l Wi D38 Y . '
COFOE Louss a4y W3 4va;s——f’ ' : N
FOI 1008500 W3 4/ 4 '
FOL 1Uuseas W alhisy <. ' -
. Ceed MEAN RO 1003.498 0 MEAN WE Al e ~
' N U U1~ VIR N TS ST R A W e U130 L e ; -
S10 LEV UF Y L, 6120, 3 -
z . i O .-‘

- / | - | —

~ TRBLE 9 ; . ' :

o’

.

xperimantal restlts for a.resonator at f .= 1100.46 MHz.

1]

b |

- . v

B TR0 120044 L SHY 64 o ) o
. : S KO 1100441 0 U3 S/6aYL -
N\ S RO lluwia/ BN BATe A S T L

| e FOE 1100.%0 Qo sk
Foi JLlov.4an (B Ay« 64 .
FO: 110044 Wi GLO /0

COFOIT 1100546 Wi sur.04 | - )
K ] FO: 110040 Wi WYLt -
T PO 110047 0 ssELUM : ,
FOi  1100.46 A3 S8Y 56 _ ;o )
MEAN FOL . 11lu0.46 MEAN. W sd3.U S ’
oI UMEYV UR RO o QL0Wss0NE ) i . -
co LS DEV UF ' 7682086 )
. ‘ ' " ‘ .
. ) j o ’

Tt would sezn from this that the system parformance was

\:\ an ) . ?q
< - ' ) .
A
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not degradesd at highsr frequencies,This is quit2 reasonablz

since the Vco-gccufaby‘is +10 kHz over thg‘o;tavea'bandwidth‘

of 0,1-2 GHz.The above variations in ths system pecformancs’

- -

can b= attributad to variations in .the- VCO pow=zr lavel with

frequency , variations-in the det=2ctor charattesistics with

input. pover and frequency , and variation in th= directional

3

couplers with f;equenc}.The resulting changes in th= signal

levels can cause changes in the signal/noise ratio thzreby

causing small changes in .the calculat2d derivatives.

-

6.0.20 Experimental Results : Q factor Variatiomns.

‘Thea couﬁling loops wergladjusted to three di'fferent posi-

tions and the resulting Q factors were measured.Tables 10-12

4

indicate the results. Table 10 shows the «case of maximum

; . * E
coupling;Table.12 that of mirimum coupling. Pzpetitive =x-

periments were performsd about thkirty times so as to g2t a

1\

Better sample set with which to ‘evaluate the statistical

variations., 1In Table 10 with maximum coupling i mean va-

lue of £, was 990.52 HHz while the mean ¢ factor was

390,9.In Table 12 with minimum coupling , " ths mean value of

' £ was 989,97 MHz while the mean Q factor was 887.4, The

O.

standard deviations of the frequency were of the same order
e A -

in Tables 10-12 , viz,,10;11 kHz.The standard d=viations of
the ¢ factor wzare comparéble'(Tables 1d and 11) , about 6 ,

whils in Table 12 the standard deviation was  20.The higher

value of standard deviatiom in ' the latter case was expected

-
[ ) .



since the uncertainity of measurement was expected to rise

with the ¢ factor ,,from section 3.3.

~

s
-

.mable 13 conmpares theoretical and experimental uncertain-

ities for the three . resonator settings® of Tables 10="2 ,
. , - . & R B
with Q@ factors of 380, 415 and 890,The thebretical unc-

were calcdulated for an £, of 990 MHZ , whi-

o/ factor were calculated for 0 . factors of 381,

ertaintizs of

le those of

15,5 and 888 , wusing the 'foimu%as presanted &p the uncer-

-

tainity analysis of section 3.3. The. exparimental un'cer-

4

tainities were calculated to withip three standard davia-

tions (3 5D) from Tables 10-12.A$ indicated ir Table 13,

the,tﬁeoretﬂcal and experimental uncertainites were ‘compara~ /

ble' ) ) . b

A\l ~
1
. . .
b
B! el
L .
P D
N
B S -
ER .
g ., . )
- - . o
. . -
7 I * L R '
4
w,
“.l -
- R
~
T . '
. . C .
.
v M LY
. *
] 1 .
' .
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Expnrlmpntal results for mdxlmum coupllnq._rﬂ m=zan valuns

[
'
"~
)
r
'
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are,

'f

= 990,52 kHz and 0

= 380.9.
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( TABLE 11 . i . S

-

T

Txparimental results for redicsd ‘coupling.The mean'valp?s
are. : fb=990;59 MHz .and - Q=415.5.

"

)
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- . TABLE 12

.
-

results withk the lzast coupling. Th= _mean values
arev: £,=989.97 MHz and (=887. u{

hY
N
. ' ' 'l ‘
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b O YHY YO W Ryeas :
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TABLE 13

Comparison of theoretical and experimantal uncertainities

)

Maximum Experimgﬁfai
.o Theoretical Uncertainity.
Resonator 5 £, o] Uncertainity. (3.8D)
(MHz) & (ppm) {28 (3) | AR (ponisics)
% ] % &
1 \9;90.0 381 " 50 3.3 34.27 |4
2 990.0 §15.5 50 3.6 | .35.2 | 4.6
v ‘ '
3 "990.0 888 50 7.7 39.4 6.7
4
Ir' ~ » ) J
/
. {
P ¢ L ]
, X ] ,
o

89 -
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6.0.217 A low QO Resonator.

-

The measuremenf system was also tested with another reso-.

. ! -
nator with a very low Q0 factor of appgeximately 10.Th2 re-
sonator was .a 504 microstrip transmission lins ;the cou-

.pling was such that the outer jackdt was connested - to the

ground plane of the microstrip whils the inner conducter was
connected to the transmission line.The device acts as an ab-

sorption'type‘resonator the transmitted power bzing a mini-

-

mum at the resonant frequency of 520 ﬁ%z.

The measurement was not very accurate as indicated In Ta-

'

ble 14, orom Table 3 , a Q factor ‘of 10 requirass a sig-

N

by
nal/noise ratio of 70 dB , which was not availabl= in this

case.llso thke VCO accuracy was 10 kAz.Thess £4ctors com-

bined to produce random positive and negative ,péaks in tha

cglculated first d%rivativés,,-making the,résults unreliable

and possibly wvrong.In order tc measurgl a Q facter of this
order of magnitude,the factors that’need to be considered
are péis? levels at fke output ; f%o accuracies and A/D‘as'
well as D/A resolution,These asp§¢£s will be consid=rad in
moregdetail later. . ' | ;'

A



. S . TABLE 14

pxperimental results with .a, low Q resonator.The mean values
. are : f =5l4-66 ¥Hz and Q¢ = 10.3%,
. ° * } 1
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'6.0.22  Analysis of the Systenm “Performance.

As indicated in Tables 7-14 ,° the experimental system was

tested at diffe;ent f"and different Q .This was done with a

view to obtaiﬁing a better basis on which to considar the

system performahce.Thz simulation as well as the uncertaini-
ty analysis ‘also helped in 'qdantifyinq system ?er%or-

mance.frog.a consideration of the overall systen {including

+he expsrimental system , the simulation and th2 uncertdini-

ty gnalyéis) . 1t is pbssible to 1

1, Evaluat2 th> ussfullness of the measurement systen
for the intended areas of- application , and
2. Consider the factors which affect the achieved expar-

imental accuracies. % :

These aspects are considered below.

-

6.0.22.1 Suitability of the Measurement. System for the’
: Intended Areas of Application: '

-

Tha measurement system was designed to be ussd prinmari

L4

for menitoring changes in £, and 0 factor , which are na=

: "
in measuring e'ande througk cavity parturbation ¢t

.. Y X
ques.This requiras : ;

- s °

1. Response times on the ordar of 2-3 s , and
2. Typical measuremznt accuracies of about 0.25% for a Q
factor of uOOJ, so that éhanges of 1 in Q factor can,

be measured. L . &



r

.

. rF * .
" . The present measurement system takes about 400 ms for tha

data acquisition phase;tte complete measurzment *+akes about

15 s.All the programming was done® in.FORTRAN.It is felt that

-
»

optimising the main proéram and programming in the assambly
language of a given machine would ;mprove the system speed.
considerably so as to permit systen fesponse in rfal-time,

As fér thz ofher fdctor., th2 m=2asursment accuraei « the
.preseqﬁ measur2mant uncartainity is.abproximé;elyls% for %,Q
factor oé 400.The factors respohsible for th2 achieved accu-
racy will be dealt with in the naxt section.This work having
provided a goo& indication of thess factors ¢ it is falt
%hat the measurzment acéuracies can bhe iméroved‘relatively
'g\\?asi;y , So that accuracies of 0.25% at a Q f;ctbr of 400
lare feasible..‘ |

-

. 6.0.22,2 Factors Affecting Hégsurement Accuracy.

s indicated both - by the uncertainity analysis {section

.3.3) and the simulation case study (section 5.0.18) ,the

.largest componznt in the uncertainity of ths nmeasured in-
flection points is the VCO frequency accuracy of 110,
k#z.Drift in the VCCO frequency is negligible since the mea-.
sur=2ment i5 carrisd out very fast;power leval variétion ove;'*
the tuning bandwidth is also small fof high ¢ factors (whe?l'
-the iﬂflectiPn point bandwidth is small).The effeéts)of D/A

convarter resolution , RA/D converter qgantization error and

e
T



S
countar’uncertainity are small,Thus it would s=2m tkat ths
accuracy of the measurement .could be imprevaed considerably

by ohtaining a'vco_wifh a better frequenc? accuracy.

-

T™he eff2cts of the VCO frequency accuracy,K were noticed

very clearly during the performance of the axperiments.The

specification shest of the VCO - +the HP3FOAB - indicats that

the freguency accuracy is £10 kHz.Thus +he VCO attains a

frequency corrasponding tgo a specified tuning voltage with
"an accuracy of 10 kHz,ks was explained in tha2 simulation

. case study (section-5.0.18), it 'is not possibie to *une th»>

VCO in voltage increments that cause changes in VCO fr=squen-

cf of less than 20 khz.fhare ara2, in addition  the =ffacts
df'th@ g/A convertar resolution and i/D conve;ter qﬁantiza-
tion ?rror.The intersample séacing must take ;ll‘these fac-
tpfs into account.The spacing was thus s=lectad as 25 kHzZ.:s
n2ntioned earl?er , the intersamplz spacing affacts thsz ac-

curacy with which the inflection points of the curv=2 can bz

determinad. The major component in fixing the intersample

spacing is the VCO accuracy .If a more accurate VCC such as

a frdguency synthesizer with a frequency accuracy o%f.1 ppam
at 1 GHz is used , the intersample spacing could bs reducsd
considerably , so that the inflaction peoints on the curvs

can be idesntified mors accurately. .
1

Noise at the outputs of the datector is another factor

tha+ affects the measurement accuracy , especially at low Q

/

l - 04 -
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factors};gkth case .0of resonant structures with 10; Q fac-
_térs , the voltage differences bétueeﬁ adjacant ;amples is
small;thus a numﬁér of sampleé miéht have @assantially the
‘'sam® output voltage.Unless,‘.tﬁeiefore , bandlimited signal
-conditioni@@‘dmplifiers and high rasoiution converters ara2
used , th=s converted Ieveis will be the éame fdr a nunber of
shmpl@s +If thz A/D resolution cannot'be improvad , largsr
diffsrances between gdjacent sample voltagss can be obtained
by increasing the ;ntersamplé_spacing. This latterrapproéch
¢ “ however . 'affeéis the hécuracy with which +h= ihfiection

points cam be dqterﬁined , and hence the ac acy with which

'fd and Q factor can b2 calculated.High VCO fraquency uncer=-

taini*y further aggravates this problem.Thes=2 probiems were

found *o b2 particulégly troublzsome -in measuring-the Q fac-
tor of the resonant structure with a 0 factor of aﬁp:oxi-
mately 10 and €, of 520 'kHz mantioned in an earlier sec-
tion. T : p

6.0.23  Comclusion.

- -

This work has dealt with the dsvelopment of a. nsv mea-
surem2nt systen. Tha accuracies obtained were 40 pPpon in
frequency and neérly 7% in @ factor for a Q faétor of 890 ,
which are comparabls to measuremsnt.accuracies obtained from
other syst2ms.Thz factors causing thé qxperiqehtél 2CTOLS
have been investigated, This study of exparimental er;grs

has indicat=d that the measursment uncartainity 3is mainly

dependant on :



- A Ta

1. VcCo freduenc§'uncertainity N

I

2. Th2 noise levels at tﬁé~dat9ctor outputs

-
[

3. A/D and D/X resclution, . .

’

These are se=>n to bz the factors important in szlecting tha

intersampl2 spacing and therefor= in' locating th2 in€flection

~pointsTon k3 Curfve accurately., Th2 majdr component in, tha

measurement uncertainity is th: ¥CO ﬂréquengy‘ uncertaini-
kL] ’ i ‘— ' L L] ] I3
ty.Inproving the ©VCO frequency uncsrtainity would improva
the accuracy of the measurement , as indicat2d =arlierc.
In order to reduce the unc2rtainity with whkich' the in-

- B

flection points could be deteérmined , other dpproach?s Warsa

tried.Thus , once the peak derivative maxima had been iden-
~ ‘_‘

*

tified , a second degree polynomial was £itted to the deri-

vatives around the beak . and the darivative of.this palyno-
mial was, obtéingﬁ\; the inflection :poinﬁs would than bz
identified as tﬂe points at which this dsrivativs bacane
zero.. Tha valﬁes obtained wers however random posifife and

neqa*tive values,It is felt , neverthiless, . that this ap-

proach descrves further investigation.

~

Another possible épproach is to consider 'fitting a.
least—squareé polynoﬁial to the n sample points , using th=
eéuation of thé transmission loss T@W)  given =2arlier,This
"approach poses furtﬁer problems , 'since thers 'are tﬁo uﬁk-

nowns to bz detarmined , viz., , Q and resonant fr=quency ,

from the sample points,



¥odifyingy the measurement .system-in the above wmannar to
raduce the maasuremant errors would satisfy the intended de- ¢
sign'objectives of high accuracy and total automation.The
system Would then be suitable for a wide range of applica- -~
= i ‘ . ‘i
*ions,
‘ - 4‘:‘-"’5;“ .
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Chapter VII

L CONCLUSIONS.

, 2
9w approach to the mpasurament of resonan+ frequency

-and @ fact as investigated in this work. . Th2 need for
il . .
’ R o 1y - a Y
. . - ' L . .
:;_\\' accurats m2asurgment of resomant frequency and Q facto:-ér-

ises from their use in monitoring dielectric propertie§\cf
materials. The system can also b3 used for other industrial

+

. o
d blological appligations .Quality factors 04 in the

v L]

10-18400 range can b¢ measured at raﬁioxifd microwave fre-

-

ies, .

e

L study of the state-of-the—=art in ¢ factor measuren

ats
-

[

ar

2

{ . /}ndicated that th= majority of tha availaﬂfa systens.
dependant on the detector and résonator chéraé??‘iétics an

T

only ora was totally autonated.It was thereforz de 24} to

\ﬁ /}455§;én a measufement_éystem that would be very accurata ,
e {total;y autdmated and ind2pendant of detector , resonator
and VcCoO characﬁeristicg.Thfﬁ_'led to the devélopment- of tha

ﬁresént measuremnent systém + In this system the inflection

points of the resonaﬁgi\:urve are identified by a Pprocess Bfi

mathematical evaluaticn™and the resonant frzquency as well

as 0 factor are calculgted from the inflection pcint fre-

quencies,

w
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By e . f - ot
A [

L

Thz2 measuremant system operates 'in.two phases : a data
L . . )

acquisition phase, and a data processing phas=.In. the data -
. acquisition phase. , the reSonator'responsq'isﬁ captured in
[ : L ‘y s '

. _ , S,
r2al-time ;this data are then manipulatzd at a sloweg\;ata-

dn th=2 data processing phaseé.k®PDP . 13/3ﬂ'ﬁ§nicomputer  is

nsed for overall systeﬁ\cohtrol~ and for ddfq processing.The

» -

rasonator’response is monitored continuously , a ‘printout of

£l

the 0 factor and ressonant f:equency‘b‘inﬁ avallable at the

[

end of each measurement. .
. . /
- . . '

"In the following sections , the various stages in the ex-

.ecution of this project are described.Cnce formulas for re-

.

(SOnant frequéﬁcy and Q 'factqr-in" terms of the inmflection

e

C - ‘Jﬁpoint frequencies were "derived . ‘the system was tested at

radio frequencies ,. an IF transformar being used as the re-

. sonant circuit.The inflection points ware identified by ob-

*

*+aining 'the numerical second gerivative from the data
points, The second derivatives oﬁtained'we:e unusable be-
caus<e of noises and VCG inaccumacies , so it was decided to
identify the'inflection-points-by identifying the peak posi~

tive dnd naqgativ® first darivatives .instead.

At this étage , an uncertainityJanalzsis was carried out

) in order to obtain a theoretical basis’en which to evaluate
ths systen performancey Further analysis ' was then made to

N - : , .
defin2 the system specifications in +terms of the Tange of

-

measurable Q factors for a .given range of £frequencies and

for a specified hardware.’

+ ¥
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- The’ systnm was then reconflgurwd at microwave frcqucnc1es

u1th +he d*gltal I/0 llaes 0 1 of thﬁ PDP 11/34 balnq used

L]

to.supply ' the 1nput code to the D/A converter driving, th2

VCO ' dNKTEYSCANrmodel VTO 100..The *F transformer was re-

el
CRET
ook

placed by a coaxlal reS@nator.

. . - N B ‘.
n 51mukatlon of the system was thau dksquOd to study’ thp

Nl
et

affnofs‘oL thﬁ VCO chdractﬂrlbtlcs and 51qhal/nomsa rdtLOb;

on mﬁasurement uncartalnltles. .The Sxmula+1on showed that'

a,‘...."‘. - ] - ‘
“hn VCO fr queucy unueitalnlty is th¢ largast component of

-
byt

Y

the mﬂasurcmbnt unccrtalnlty ¢ ODC2 A sppc1f1°d minimum sig- |

+

nal/novsé ratlo 15 avallable fo' a g;ven O factor.

. £
L '\?-. *, -

Trom th;é?étudyfof the theoretical analysis and the sime-

"I

lation_:§§ﬁlt§.}-uphé‘systém .was:fedeSiqned{the AR 11-K D/A°

converter moﬁuie'h?ving_bylthen ‘becoms gyvailable on the PDP

1/348, _Lflwés used o répiacé_thé'qxtGrna; “n/t convart-

o,

usad to

=
1]

er;Bandlimited signal condltlonlng amplifiers W3

+ransform the detector- outths to" the dynamic Eange af the

’ e

A/D cpnverters.A stablllty study of th= 'VCO haé indicatéd'

that Ehgffpéquency unce:ta nxty of thc V”0-100 was t35 kHz .,

so this was replaced yith‘the,ﬁpsﬁggB , which hasra frequen-
» [y . -

cy unC@rtaln ty of 110 kHz.

2 whole:gerieé,of'EXPgriﬁEEES' were then parformed cn‘éhe

‘ . . . . . N - . - . .
coaxial resonator, The resonant frequency and Q factor of

the resonator being varlable .e the measurpmen+s were ‘'madz at -

-

different VﬁTﬁbs of these’ parameters The rasults obtained

X  .-._-"~100 - 0

o

| @__‘



5 o fﬁﬁ _ _ . . .
from these'measﬁreménts wére;tabulated along giéi“the E}a-
tistical variatidns of thé réesonant f;equénéy and Q fatm:
tor.From this , iﬁﬁuas f;un¢ltha€ tha measuremen* uncertain-
ibxrin the résonant‘frequéhcy.(3 ép): was 40 ppm while that
of the dvfactor Qas.nearly 7% for_é’@ factor of890;_‘T§e re-
.sults'yéreb‘then dnaiyzéd and intarpreted,Various %possible
*.cadsgs_-fpr thé achieved measureﬁenf uncerta@pitieé wersa
considerad. It Was concluded- that the main compoﬁent of the
uncertainity of- the measured -inflection point frequency was

the uncertaintiy of the VCO. . . /

N Higher accuraciss on the order of 2 ppm 1in the regonant

@;.
fraquancy can be achisved with a- morae accura%i VCO Such as a fka\
frequéncy synthesizer , This would'provide an Ancertainity

of 0.3 % in the Q factor for a Q@ factor of 100, If , on
the other hand , a portable , relaéively cheap Ynstrument is
envisagad , the system could be built with microa;oaessors

and off- the-shelﬁ{microwave‘componenté y Soms form of Jit-

t2r control being used on the vCo. ,

Other appfbaches to redﬁcing thé uncertainity of the mea-
sured frequency include fitting a second degree curve (a
parabola) to the derivative §alueslarcund - +he ma;imaEthe
derivative of this curve can then be obtained and ‘the in-
fi=zction point identified as the zerq-cros;ing poinf&%&so e "
least-squares curve fitting uéing the known aquation Pf the
t%ansmissipn response T(S) to the sample set can be iﬁ;esti-.

‘gated, i

‘= 101 -
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Whan th2 system was fiTst designed it was intended , as

mantioned sarlier , to be very accurats’,  totally automated

.~

- and fﬁﬁfpendaniAOE the detector. :and -resonator characteristics

asiwell as the VCO. As was seen in the préceding chapters ,

L N .

not all the intended objectives- were achieved.Some of the

problans .that arise in the development of a new madsurament

or instrumsn%ation system became appa

the 2ndeavour’

o, . X . -
to achiave +ha2se obYectives.k few of these problems were

inﬁ@rr@lated.Thus high accuracy could ‘not be achieved with-

possible sources of errer such as;frequenqy,_drift ¢ DOWET
. »
~variation , etc, were seen-to be less important.Ind=p=ndenca
& . ) - :
o7 the measur=ment uncartainities from the detactor and re-

sonator characterisgics were attainad and ths measuremepht

syst2m was,totally automa ed.

Even thaugh not all of +the intended objectives wer= ac-

= N

hieved , . the causes for this were at 1least enumerat-

-

2d.Possible m2thods to overcome these - problams wers also
discussed.Infspite of these problams , it is see2n that the

.mzasursmenfjaccuracies were comparable +to those attained by

—

50 ving the problems in the pmanner indicat=d will improve

e .measuremant accuracies considerably.It can bs statad
e

P
therefore , that this geasurement:_systep beats a potential

P -

to be very useful in‘d wide range of app%éy&tions.

A e o s o ol o oo ool o o ke ek ok
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other measufenent sysiemg.lt is felt , in addition , that:

cut somz form of jittar contgdl being used. on the VCL,Other

M
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