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SUMMARY

A small signal equivalent circuit for GaAs dual
gate MESFETs, valid for 2-11 GHz, is presented. And also
a large signal equivalent-circuit model of a GaAs dual-
gate mixer containing twelve elements, of which six are
voltage dependent, is solved for local oscillator and
signal frequencies of 11 and 12 GHz, respectively.

A new method for determining the steady-state
response of nonlinear microwave circuits with periodic
excitation is described. The method minimizes time-
domain calculations by iamtroducing a criterion for
selecting the variables to be considered as unknowns
and for solving the resulting nonlinear system by a new
and efficient algorithm,

Investigation of the oscillation conditios is
done by using 2-port S-parameters. In the case of a
dielectric resonator coupled to a microstrip line, the
methods for determination of the reflection coefficient
at the resonant frequency have been represented.



OZET

KENDINDEN UYARMALI CIFT GECITLI GaAs MESFET
KARISTIRICININ BILGISAYAR DESTEKLI TASARIMI

GaAs Alan-Etkili Tranzistor'lar ve mikrodalga tiim-
devre teknolojisindeki (MIC) yeni gelismeler sonucunda
osilator, kuvvetlendirici ve karistiricilarai X bandinan
izerinde tasarlamak olanagi ortaya ¢ikmistar [1].

Bir ¢ift-gec¢itli GaAs FET'in X bandinda belli bir
kazangla Kendinden Uyarmali Karistiraci (SOM) olarak
kullanilabilecegi gosterilmistir.

Kendinden uyarmali karagtirici FET'li bir alica
on—-katinda da kullanildiginda, 6n-katin tiim islevi sade-
ce li¢c FET'le gerceklestirilecektir.

Bu durum GaAs'in yapi malzemesinde ekonomik bakim-
dan verim saglanmasi y6niinden Onem tasimaktadair. Bu yiiz-
den iki katla tek geg¢itli FET'li kuvvetlendirici ve bir
¢ift ge¢itli FET'li kendinden uyarmali karistirici her-
hangi bir hibrid alici ig¢in gerekli elemanlardlr[loj.

GaAs ¢ift—-ge¢itli MESFET tek bir eleman olarak
6n kuvvetlendirici, karistiraici ve lokal osilatoriin ye-
rini tutar. Birinci ge¢itteki giris isareti (w F) igin
¢ift ge¢itli FET, ortak gegitli MESFET'e seri olarak
bagli ortak-kaynakli MESFET kuvvetlendirici olarak tanim-
lanabilir., Tim FET'in geg¢is iletkenligi FET'in ikinci
gegidindeki osilasyon sonucu olugsan lokal osilatdr geri-—
limi (w 0) ile modiile edilir. Gikis akima wa=|wRF—wL0|
agcisal %rekansll spektral bilesenleri igerir,

Tek ge¢itli FET yerine ¢ift gec¢itli FET'leri kul-
lanmanin yarari, tek gec¢itli FET karistiricilara ait
olan doniisiim kazanci ve diisiik gliriilti 6zelliklerinin di-
sinda, igaret ve lokal osilatdr kisimlarinin ayri olmasi
ve ayri empedans uydurma olanaginin bulunmasinin yanisi-
ra olusan giiglerin dogrudan birbirlerine eleman ig¢inde
eklenebilmesidir., Cift gec¢itli FET'lerin c¢alaisma karak-
teristikleri, iki tek gegitli FET'in analizi birlestiri-
lerek analiz edilebilir. Genellikle kaynagi topraga bag—
lanmis 3-kapili devre olarak da karakterize edilir [11].

Birinci béliimde tek ve ¢ift ge¢itli FET'lere ilis-

kin daha fazla bilgi verilmigtir. Yine bu boliimde her
iki FET ig¢inde kiigiik ve biiyiik isaret esdeger devreleri
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incelenmigtir. GCift gec¢itli FET igin iki tek gegitli
FET'in esdeger devresinden meydana gelen, esdeger devre
Onerilmistir. Son zamanlarda ¢ift geg¢itli FET esdeger
devresi, iki adet birbirine eg tek gegitli FET varsayi-
larak ©lgiilen S—-parametrelerinden belirlenmigtir. Gals
¢ift gecitli MESFET'in esdeger devresi olgiilen 3-kapila
S-parametrelerinden elde edilebilir. Bu devre 28 ele-
manli olup, 2-11 GHz frekans araliginda gegerlidir ve
tel direng¢leri, baglanti endiiktanslari ve elektrodlar
arasi kapasiteler gibi parazitik elemanlari da kapsamak-
tadir.

Daha 6nce de belirtildigi gibi GaAs MESFET kulla-
narak osilasyon olusturmak olasidir. Mikrodalga osila-
torleri i¢in frekans kararliligi, kararli ¢aikis gilicii gi-
bi elektriksel Gzelliklerin yanisira, yiliksek giivenilir-
lik ve diisiik maliyette ©Onemli unsurlardir. Bunun yani-
sira haberlesme cihazlara kiiciiliirken, osilatériinde az
yer kaplamasi istenilen bir baska 6zelliktir. Osilato-
riin elektriksel karakteristik, maliyet ve biiyilikliigiinii
belirleyen unsurlar, osilasyon ig¢in kullanilan aktif
eleman ile osilasyon frekansinin kontrolunda kullanilan
rezonatdrdiir. Son zamanlarda X bandinin lizerinde g¢ali-
san osilatdrler, Silisyum bipolar tranzistor ve GaAs
FET'lerdeki gelismeler sonucunda tasarlanmaktadirlar.

Bu aktif elemanlarin yanisira, osilasyon frekansinin

kontrolunda dielektrik rezonatdrler kullanilarak daha

kaliteli ve az yer kaplayan osilatdrlerin gergeklesti-
rilmesi miimkiin olmustur. Ikinci boliimde sdz edildigi

gibi, mikrodalga osilatdrlerinde kullanilan dielektrik
rezonatdrlerin elektriksel karakteristikleri hakkainda

sunlara dikkat edilmelidir:[7].

1) Rezonatoriin boyutlarinin kiigiik olmasi dg¢in yilksek ba-
$11 dielektrik sabiti (g ),

2) Kararli osilasyon frekanSinda osilasyon gii¢ kaybina
azaltmak ve frekans kararlialigini iyilestirmek igin
yiiksek Q ,

3) Osilasyog frekans kararliligini iyilestirmek i¢in re-
zonans frekansinin 1siyla degisme katsayisa Tf kiigiik
olmalidar.

Dielektrik -rezonatdrler bu kosullara saglayacak
big¢imde kullanllmaktadlrlar.()Ornek olarak Q 'i1 10 GHz de
5000, sr=28~30 ve T_=+41 ppm/ C olan tipik bir dielektrik
rezonator (Ba(Zn Ta Yra — Ba(Zn Nb YAa)
verilebilir. 1/3 2/3703 173 2/3°03

Osilatdr gibi mikrodalga tiimlesik devre uygulama-
larinda dielektrik rezonatoriin mikroserit hatlarla bag-
lanmasi gereklidir. Baglama faktérii B, sabit koruyucu
ortamda dielektrik rezonatdr ile mikroserit hatlar ara-
sindaki uzakligin bir fonksiyonu olup, rezonans baglan-
ma direncinin rezonatdr disi dirence orani olarak tanim-
lanir.

vidi
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Rext 0

B ayni zamanda ¢egitli iyilik faktdrlerine asagidaki
ifade ile baglidar.

Q, =0, (1+8) = B.Q_

Qu’ QL ve Qex sirasiyla yiiksiiz, yiikli ve dis iyilik fak-

torlerini gdéstermektedir.

Osilasyon frekansi, gereksinime bagli olan farkla
yaklasimlar kullanilarak dar bir frekans araliginda ayar-
lanabilir. Tranzistorlu dielektrik rezonatérlii osilato-
riin frekans ayari mekanik veya elektriksel olarak yapi-
labilir.

Mekanik ayar durumunda, ayar vidasi kutunun iist
kismina dielektrik rezonatoriin lizerine gelecek gekilde
yerlesgtirilir.

Ayar vidasinin derinliginin (d) arttirilmasi ge-
nellikle TEO s modunda kullanilan dielektrik rezonatdriin
rezonans fre%an31n1 arttiracaktir. Dielektrik rezonatdr-
den geri besleme elémani olarak hem seri hem de paralel
geribeslemede yararlanilabilir. Seri geri besleme ig¢in
asagidaki yol izlenmelidir: Tranzistor {i¢ kapili bir-
eleman olarak diisiiniiliir, ii¢ kapila S-parametreleri 61—
¢iliir veya ortak-kaynakli iki kapili S-parametrelerinden
hesaplanabilir., Ug¢ kapila S-parametrelerini kullanmanain
yararlari soyle ifade edilebilir:

(i) Geribesleme analizi i¢in, devreye geribesleme empe-
dansi eklemeden dnce S-parametrelerini Z veya Y pa-
rametrelerine doniistiirme gereksinimini ortadan kal-
dairair.

(ii) Bir MESFET'in ii¢ kapili S-matrisinin satir ve sii-

tunlarinin toplami 1l'e esittir.

Bu ¢alismanin iiciincii boliimii ¢ift geg¢itli MESFET
igin iki kapili S-parametrelerini olusturmaya ve osilas-
yon kosgullarini belirlemeye ayrailmistir. Gift gec¢itli
bir FET yerine ayni 6zellikte iki FET kullanilmistzir.
Iki ayri FET'in (AVANTEK 10650 ve AVANTEK 11671) dagilma
parametreleri, ¢ift geg¢itli FET'in S-parametrelerini el-
de etmede kullanilabilir. Iki gecitli elemanin, ortak
kaynakli birinci FET ve ortak ge¢itli ikinci FET'in ard
arda baglanmasiyla olustugu diigiiniilebilir. Cift gegit-
1i FET'in iki kapili S-parametrelerini hesaplamada su
yontem izlenebilir:

1) Mevcut 2-kapili ortak kaynakli S-parametrelerinden
3-kapili S-parametrelerinin elde edilmesi.

2) Gegit veya savagar gerekli yiik veya empedansla kapata-
rak 3-kapila elemanin S-parametrelerinden 2-kapila
elemanin S-parametrelerinin hesaplanmaszi.

viii



3) Ortak kaynak ve ortak geg¢itli veya ortak savakli
FET'in zincir dagilma (¢l, ¢2) parametrelerinin elde
edilmesi.

4) ¢, ve ¢, yi garparak ¢ift ge¢itli FET'in dagilma mat-
risinin“(¢=0¢,.¢,) elde edilmesi.

5) ¢ matrisinden S matrisine doniisim yaparak ¢ift ge-
¢itli elemanin dagilma parametrelerinin bulunmasi.

FET'in ikinci geg¢idi, rezonans frekansinda ' yan-
sitma katsayilia mikroserit hatla kuple olan dielektrik
rezonatdrle sonlandirildigi i¢in iki osilasyon kogulu
saglanmalidir [16].

178y, 15 IT]
aci (1/sll)==ag1 )

Bu kosullar 1/s in cinsinden diigiintildiigiinden
osilatér tasariminda o}%ukga yararlidair. (l/s1 ) Smith
abaginda ¢izildiginde R ve X in degerleri okunip negatif
direng ve reaktans degerlerini elde etmek igin -1 dile
garpilir.

Birinci osilasyon kosulunun (!l/slll < |T'|) saglan-
dig1 bdlgede sadece bir frekansta ikinci™ "kosul
(ag1 (l/sll)==a91(F)) saglandiginda kararli bir osilasyon
olusacaktir. Grafik olarak, sayet 1/s 1 Ve I' nin fazlara
degisen frekansla zit agisal yoénlerde %egi§iyor ise ka-
rarli bir osilasyon meydana gelecektir. Diger bir deyis-
le, 1/s rezonans ¢evrimini kesmeli ve frekansla degisi-~
mi g&stéren yon zit olmalidair.

Cift gegitli MESFET'in diger bir uygulama alani da
karistiricalardir. Bu tiir uygulamalarda ¢ift gec¢itli
MESFET'in biiyiik isaret esdeger devre modeli dérdiincii bo-
liimde gésterilmigstir. Schottky-engel kapasitesinin ge-
rilime bagimliligini veren ifadeler ve dc karakteristik-
leri kullanilarak, model zaman domeninde ¢oziilmiis ve
meydana gelen frekans bilegsenlerini belirlemek i¢in so-
nuca Fourier Analizi uygulanmigtir. Bu boliimde de gos-
terildigi gibi yiiksek frekanslarda FET'in esdeger devre-
sinde ilk FET'in birinci geg¢it ve kaynagi arasinda, di-
ger FET'in ikinci geg¢it ve savagi arasindaki kapasitele-
rin gerilimleri V,(t), V,(t) ile kontrol edilen lineer
olmayan elemanlar vardir,

Lineer olmayan kati-hal, mikrodalga devrelerinin
optimum tasarimi lineer olmayan performanslarini belir-
lemede dogru bir teknik gerektirir.

Bu tiir lineer olmayan sistemlerin ¢oziimiinde degi-
sik niimerik teknikler kullanilmaktadir. Newton-Raphson
yontemi lineer olmayan devrelerin c¢&ziimiinde en c¢ok kul-
lanilan niimerik tekniktir. Bununla beraber tiirev deger-
lerini hesaplamadaki bilgisayar siiresinin fazlaligi se-
bebiyle, harmonik degerler ve nonlineariteler diigiiniildii—
siinde pratik bir ydntem olmamaktadir [13].

ix



Bu ¢aligmada bilinmeyenler olarak diisiiniilen de-
giskenleri seg¢mek i¢in bir kriter veren analiz yontemi
agiklanmistair.

CARLOS CMACHO-PENALOSA [13] tarafindan 6nerilen
yeni yontemi kullanarak lineer olmayan sistemin ¢dziimi
zaman-domeni analizini lineer olmayan elemanlarin akaim
ve gerilimlerini hesaplamaya indirgemistir.

Biiyiik isaret siirme durumunda devredeki biitiin akim
ve gerilimler zamanin peryodik fonksiyonu olduklarindan
Fourier serileri ile gbésterilirler:

ool

X(t) = X xk‘exp(jkwot)
k= ~o

Ilgilenilen biitiin fonksiyonlar gergel olduklarindan ve
yerel osilator frekansa
W, *

fo = S oldugundan X_k==Xk olur.

Herhangi bir 1lineer olmayan sistem lineer olmayan-
gercel denklem sistemi X=f(X) big¢iminde yazilabilir ve
¢Oziimii dordiincii boliimde anlatilan iterasyon teknigi
kullanilarak niimerik yolla bulunabilir. Akim veya .geri-
limlerin Fourier katsayilari kolaylikla bulunamadigindan,
bu katsayilar bagintisi .asagida verilen ayrik Fourier
déniisiimii (DFT) kullanilarak belirlenir.

N-1
Y2 X (kAt)e
k=0 °©

X (kAt); X(t) fonksiyonunun Srneklenmis durumu, N; &rnek
sayisi, At=T/N f0=1/T.

g =L ~j2mnk/N

=N =0,1,...,N-1

Sonu¢ olarak esdeger devredeki ¢ikisgs akimlari 1i-
neer olmayan elemanlarin Fourier katsayilarini kullanila-
rak ve devrenin lineer analizi yardimiyla bulunabilir.

Kiigiik RF igaretinde karaistiricilardaki frekans
degerleri fS k=kfo+sfS bagintisiyla verilir. Burada
b

~wgksgeo, s=0 ve +1, fo ve fs sirasiyla yerel osilatdr ve

RF frekanslaridir. Buna gore devredeki tiim genlik deger-

leri,
[eo)

X(t)= X I X exp[j(kw +sw_)t]
k= —@ §=0,+1 k,s o s

bigimindedir [14]. k=+5 ve s=0,+1, N=10, f =11 GHz,
S=12GHz i¢in ¢ikis akimi, degisik VLO genlfﬁi ve bes-

leme degerlerinde hesaplanmistair.



CHAPTER 1
INTRODUCTION

The development of GaAs MESFET devices in the
early 70's has significantly influenced system designer to

consider it as a multi purpose microwave active device.

The transferred electron or the Gunn oscillator,
which has been the main selection for low power solid-
state oscillator applications, suffers from two main
drawbacks. One is the low d.c to r.f conversion effi-

ciency and the other is the threshold current requirement.

The GaAs FET oscillator provides a higher d.c to
r.f conversion effibiency (>10%) and does not have any

threshold current requirements.

Being a three terminal structure the GaAs FET is
an extremely versatile active oscillator circuit element
and by making use of this feature it is possible to
control the behaviour of the oscillator to provide modula-

tion, compensation and stabilisation, etc.

The GaAs FET oscillator activity has received much
attention in the recent years. High efficiency fixed
frequency oscillators have been reported in the litera-

ture for frequencies up to 25 GHz and beyond.

Electronic tuning of FET oscillators by YIG
resonators and varactor diods has been extensively
researched., Although most of the GaAs FET oscillators
are realised in low Q microstrip circuits, efforts have
also been directed towards improving their carrier noise
and temperature stability by employing stabilisation

techniques.



Other applications like monolithic oscillators and
pulsed RF oscillators etc. have also been extensively

researched,
In this chapter GaAs FET microwave oscillator
design and the techniques for frequency stabilisation of

these oscillators using dielectric resonators reviewed.

1.1. The Criteria For Oscillation

The criteria for osillation may be stated in

several rigorous and equivalent ways:

First an oscillator containing a two part active
device must provide a feedback - path wheré by part of the
output is fedback to the input., If the feedback signal
is larger than, and in phase with the input, osillating
begin and grow in amplitude until saturation reduces the
gain around the feedback to unity. Therefore criterion
one is that, a circuit will oscillate when a feedback
path is present providing at least unity loop gain with
zero phase shift. Conceptually, a circuit containing
such a feedback path is an amplifier that can generate

its own input. - ‘

Hence a second criterion for oscillation is that
the stability factor (K) of an oscillator circuit must
be less than 1.

When a circuit meets either of the first two
oscillation criteria, that determinant of its node voltage
or mesh current equation goes to zero, and this is a

third criterion for oscillation.

Equivalent circuits and most of the analytical
tools of circuit analysis are based upon linearity, a
condition that does not exist in most oscillators. This
means that the steady state operating cénditiohs of an

oscillator in general cannot be predicted accurately by



simple mathematical techniques.

The circuits reach steady-state operation only
when a transistor has been driven into nonlinear opera-
tion that its gain averaged over each output cycle drops

to a small fraction of the nominal small signal value.

Data sheet tabulations of transistor parameters
define only the initial conditions of an oscillator
circuit, the transitional and final value are usually

unknown.

In order for oscillations to start, the output of
an amplifying device must be feedback to the input with
gain greater than unity and with a phase shift of 0° or
some multiple of 3600. In an ideal oscillator circuit
this can occur at only one frequencey, this will be the

frequency of oscillation.

If the phase shift through the feedback network
and active device is independent of the transistor opera-
tion conditions, the frequency of oscillation will be
the same at steady state as it was when oscillations
began and it may be predicted accurately by small signal

analysis of the initial circuit.

It is also possible to predict the minimum tran-
sistor gain that will initiate oscillation, but this and
the operating frequency are about all that small signal

analysis can yield.

Frequency dependence of passive component values
is another complicating factor. Capacitors larger than
a few hundred picofarads tend to look inductive above
about 10 megaherts, and stray capacitance between turns
may cause inductors to become capacitive. These effects
are difficult to model in conventional circuit theory

and they may allow a circuit to satisfy the conditions



for oscillation at frequencies that are not predicted by

circuit analysis.

Circuit analysis of an oscillator is thus only the
beginning of the design process. It will yield values
for perhaps all of the frequency~determining components
in the circuit, but it can say little or nothing about
such things as power output, efficiency, waveform purity,
frequency stability, and sensitivity to temperature and

supply voltage variations.

These points are most often resolved by taking the
small signal computations as a starting point, and then
building. The circuit and adjusting component values

until the desired performance is achieved.

Microwave oscillator for the communication and
radar systems must satisfy the following characteristics:
1) Good frequency stability:
a) Temperature stability
b) Load variation stability
2) Good output power stability
3) Low thermal noise of the active device
4) Small dimension and low cost.

5) Reliable operation characteristics.

In microwave oscillators the dielectric resonators
have recently become very popular asa feedback element.
In general two type of feedback cbnfigurations are used.

1) Dielectric resonator as a series feedback
element

2) Dielectric resonator as a parallel feedback

element.

Figure 1.1 presents these possibilities. Where in
Fig 1.1.a and ¢ DR is blaced as series element and in
(b) DR provides parallel feedback between drain and gate

terminals.
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Fig. 1.1 Different configurations showing how the
dielectric resonator may be used as a feedback
element.

1,2. Basic Mixer Theory

Any nonlinear device can serve as a mixer.
Nonlinearity is required for the production of frequen-—
cies which are not present in the input. Thus mixers may
utilize diodes, FETs, BJTs.

The design cholces hinge upon considerations of
gain (or loss), noise figure, stability, dynamic range,
and possible generation of undesired frequency components
that produce intermodulation and cross-modulation distor-

tion.



Figure 1.2 illustrates a simple mixer that consists
of a nonlinear device with two input voltages Vl(t) and

v2(t) of different frequencies fl and f,, respectively.

If the device were perfectly linear, the output

voltage or current would contain frequencies f, and f

1 2

only.

The nature of the nonlinearity will dictate what

other frequencies are generated.

mm+
TN
A
vi{e)
+ N\ -
1

v;(l) o

3
Nonlinear

. e
device folr)

(o]

Fig. 1.2 Nonlinear device used as a mixer.

In general, the input-output relationship of a
memoryless system in the time domain can be expressed

by a Taylor series.
i0(t) = Ip+av, (£) +b[v, (£)]%+cfv, ()] +... (1.1)
0 0 i i i tte '

In which I0 is the quiesent output current and Vi(t)
represents the summation of the effects of all input
signals. ITf the input contains only one frequency, the
nonlinearity will generate harmonics of this frequéncy
and will alter the direct-current component. If several
input frequencies are present, sum and difference

frequencies as well as harmonics will be generated.

The sum and difference frequencies generated by
the square term in (1.1) are called secon-order inter-
modulation products; those generated by the cubed term

are third-order products.



A square-law device is ideal as a mixer element,
since the least number of undesired frequencies are

produced.

If the device has the transfer characteristic

1,(t) =av, (£) +b[v, (£)]? (1.2)
and input

vi(t)==V1Cosw t-+V2Cosm t (1.3)

1 2

the output current becomes

. 2
10(t)==aVlCoswlt+-aVZCosw2t+-bVlcoszm1t +

2 2
bVZCos m2t+-2bV1VZCoswlt Coswzt (1.4)
The first two terms in (1.4) are of no interest
for mixer action, except that in a practical circuit it
may be necessary to filter them out. By the use of the
trigonometric identity
2 2 b .2
bVlcos wit= 3 V1(1+Cos2wlt)
the third and fourth terms are seen to represent a dc
component and second harmonics of the input frequencies.
The final term in (1.4) called the product term, yields
the desired output, that is

2b V,V,Cosw, tCosw,t = b V,V,[Cos(w ~w,)t + Cos(wy+w,)t] (1.5)

Note that the amplitudes of the sum and difference
frequency components are proportional to the product V1V2
of the input-signal amplitudes.

Usually, in receiver mixers, only the difference-
frequency output component is desired, so the original

frequencies, their harmonics, and their sum must be



removed by filtering or other means.

A general mathematical. treatment of the spectral
analysis of mixer output is necessary. This is desirable
becaues the approach given in the preceding paragraph
would be very cumbersome if it were extended to modulated

input signals and nonlinearities of higher order.

By mean of Fourier transform theory, a time func-
tion f(t) and its transform G(f) in the frequency domain

are related by

[0}

£(t) = [ G(£)ed2TEE 4¢ (1.6)
and
G(£) = J £(t)e J2TEE 45 (1.7)

Now, if Go(f), Gl(f) and Gz(f) are the Fourier
transforms . of fo(t), fl(t), and fz(t) respectively, and if

fo(t) = fl(t).fz(t) (1.8)
the convolution theorem states that

Go(f)= _i Gl(k).Gz(f—k)dA (1.9)

in which A is a dummy frequency variable. Although the
integration of (1.9) may be formidable in general, it can
be done easily by a graphical process for problems that

involve discrete frequencies.,

For an example of graphical convolution, let fl(t)
and fz(t) be given by
fl(t)==Cos(m1t+el) (1.10)

and

fz(t)==Cos(w2t+92) (1'113



By the use of a trigonometric identity, the

product function is found to be

Fo(t) = £,(£).£,(t) = 5 {Cos[(w +u,)t+(8,+6,)]+

Cos [(w1+w2)t+(61-82)] }

(1.12)

The same result is obtained by graphical convolu-
tion in Fig.l1l.3 the spectrum of G2(X), the Fourier
transform of fz(t), is shown in Fig.1l.3a as two impulse

functions at + f2.

The impulses have areas or weights of 0.5 and

phase angle as shown on the diagram.

To obtain the spectrum GZ(—A) as in Fig.1.3b all
components of the Gz(k) spectrum are inverted or folded
with respect to the origin; that is, each component appears
at the negative of its original frequency. The Gz(f—k)
spectrum of Fig.1l.3c is produced by sliding the Gz(-k)
spectrum to the right by the amount £, which can be

chosen arbitrarily.

Multiplication of the spectrum of Gz(f—k) by that
of Gl(k) (shown in Fig.1.3d) yields the spectrum of GO(f)

according to the convolution integral (1.9).

The infinite integration is easily performed
because the two spectra in the product contain only
weighted impulse functions, and a product term will result
only if lines in the two spectra coincide., For the spectra
shown in Fig.1l.3c¢ and d, Go(f)=0, because f was chosen

such that no lines in the two spectra are coincide.

Now let f decrease, which will slide the lines in
Fig.1.3c to the left, until line A corresponds with line
D of the Gl(l) spectrum.
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Fig.1.3. TIllustration of graphical convolution.
(a) spectrum of fz(t)=Cos(w2t+92); (b) inverted

spectrum of fz(t) obtained by folding or inver-
ting the components of (a) with respect to the
origin; (c) the G2(—X) spectrum is shifted to

the right by the value of variable f to obtain
the spectrum of G,(f-)) shown here; (d) spectrum
of fl(t)=Cos(w1t+5 ) and (e) spectrum of the
product fO(t)=fl(t .fz(t).
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Integration over the entire A axis will now yield
a value for Go(f); that is, it will be the product of the
two impulse functions A and D, the product of their

weights and the sum of their angles.

The value of f where all this happens is F=f +f

17727
and the resulting value of GO is 0.25|61+62. The other
lines in the GO spectrum are obtained in the same :way.

1.3. Theory Of Self Oscillatihg Mixer:

It has been shown that a dual-gate GaAs FET can be
used as a self oscillating mixer with gain in the X-band

implanted in to an FET receiver.

In this work two identical FET's in cascode
connection will be used instead of a dual gate FET as the

self oscillating mixer element.

As shown in Fig.l.4 The RF signal is injected at
the gate of first FET and the second FET acts as local

oscillator.

An openmicrostrip line which its lengths it X/4
would be shortcircuit at resonance frequency and short

circuits the pump signal at the output.

So, the conditions for oscillating and mixing for
these two FET's must be provided. 1In Chapter these
conditions by using two computer programs will be

discussed.

In Chapter 4 more rigorous analysis of a dual gate
MESFET mixer is presented which takes into account the
nonlinear components in the actual circuits. Nonlineari-
ties in a dual gate MESFET, requirs an extremly compli-
cated circuit analysis methods which can not be solved

without resorting to numerical methods.



dielectric
resonator

500 g A4
microstrip

2000 microslrib

Fig.1l.4. Equivalent circuit of a dual gate FET self
oscillating mixer.

1.4, General GaAs FET Qharacteristics:

A MESFET consists of a semi-insulating GaAs
substrate on which an n-type expitaxial layer (also called
a channel) of about 0.2 um thichness is deposited by
epitaxial growth. Sometimes a buffer layer is introduced
between the epi-layer and semi-insulating substrate. The
buffer layer restricts the diffusion of impurities from
the substrate. The source and the drain electrodes are
deposited on the active layer using photolithography

technique.

Another contact, a metal-semiconductor Schottky
junction is added between the source and the drain. This
is called the "gate". The gate length is typically 0.5

to 0.7 um and source-drain spacing is about 2 um.

Metal-semiconductor FET's (MESFET's) find applica-
tions as low noise amplifiers, power amplifiers, oscilla-
tors, mixers, modulators, and in logic circuits. For all
these applications the device should be characterized,

accurately and equivalent circuits must be obtained.
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1.4.1. Small-Signal Equivalent Circuit For The Single
Gate GaAs MESFET:

For CS configuration the small signal equivalent
circuit of a GaAs MESFET can be represented accurately by
lumped elements up to 12 GHz for the extrinsic and 14 GHz

for the intrinsic FET as is shown in Fig.l.5.

In the intrinsic model, the depletion layer capa-
citance under the gate electrode is denoted by the source
gate capacitance Ci and its charging resistance in the
channel by Ri’ Cf represents the fringing capacitance
between the drain and the gate, and RO shows the effect
of drain-source channel resistance. Rs’Rg’Rd’Ls’Li’C
and L0 represent the extrinsic parasitic elements,

O’

g
x
n

-=
3
2
©.

B Vi

—MWA—
& :b—
=
P D, I
Il
1
o

Fig. 1.5 A GaAs FET small-signal equivalent circuit.



- 14 -

For a 0.5 U gate GaAs MESFET, T0=Lg/vs=2.5 psec.
The activity of the FET is determined by its maximum
frequency of oscillation wmax.where the FET becomes
passive. Consider the intrinsic model of the FET in Fig.

1.5. Its admittance matrix Y=[Yij] is given as:

2
w TiCi . gm .
o tIw(CyHCe) 57~ JuleyT+Ce)
T+w 1y T+w™ Ty
Y = (1.13)
- JwC Go + JuCy
" )

where T, =C.R. and G,=1/R,. When the FET is passive we
1mei i 0 0

T*
get Y+Y 20,

hence
2w2rici g,
. . : ~ jwg T.
14+w2r2 1412 20
1 1
%
Y+Y = 20 (1.14)
®m 2G
—— 4 jug T,
1+w2T§ o3 0

%
implies that the determinant of Y+YT is none negative,
that is, '

szt.C.G
1
1+w21

2
0 Em 2 2
- 2,22 W o8nT

1

2
(14w TS 1

20 (1.15)

He N

in practice w;ix>>Ti’ and (1.15) can be approximated as

2 2 2_2

2
AwmaXTiCiGO-gm-wmaxgmria 0 (1.16)
which yields
~ ‘ 2_2.-1/2
wmax..gm(4TiCiGo-ngi) , (1.17)
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For a GaAs MESFET with a 1 y gate length, the
maximum frequency of oscillation is about 30-40 GHz.

For the extrinsic FET, the parasitic elements

reduce Woox considerably. The maximum available power

gain Ga max of the extrinsic model can be approximated
by
w
~ T.,2
a,max'"a(tu) (1.18)

where

wT=8m/(Ci+Cf) (1'19)
and -1

1

o= [4G0(Ri+Rs+ 3 wTLS)+2mTCf(Ri+RS+wTLS)] (1.20)

From (1.18) we see that the FET has a gain roll-of

about 6 dB/octave. This is true for most microwave GaAs
MESFETs.

Furthermore, in the operating range the feedback
capacitance Cf is very.small compared to Ci’ and the
reverse transmission scattering parameter 312 of the GaAs

FET is very small in magnitude compared to 821 [4].

1.4.2, Dual Gate MESFET

Although the single gate structure has become the
most widely manufactured and used device the dual gate
FET has the advantages of an increased capability due to
the ability of the two independent gates to perform such
functions as gain control and mixing as well as reduced
feedback and improvement in signal gain. The dual gate
FET, however, is in general much less well understood
than the single gate FET mainly due to the r.f interac-
tion which can occur between its three accessible ports
when it is used in a particular configuration, usually

common source.
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The applications of the dual gate FET are nume-
rous, It has been used in up and down converters, modu-
lators, and pulse regenerators as well as in oscillator

applications.

The dual gate device can be considered as two
separate FETs connected in cascode as shown in Fig.l.6a
where the current characteristics of the bottom FET are
determined by the top device. Fig.l.6b. shows a represen-
tation of a dual-gate device where the first and second
Schottky gates G1 and G2 are formed between the source

and drain ohmic contacts [5].

-0 First Second
—] s gate gate o
. ource ", Ny rain
R \-‘\1
p77777777 A f§ \1' K N 777 S/ AP,
o—1 FET2 T
G2 jve laye
™
—J Butfer layer
o— FET1 S.l. substrate

G1 .
l 5 ib)

(@

Fig.1.6 (a) Equivalent circuit configuration of two
single gated FETs,
(b) Cross section of dual-gate MESFET,

The operation and characteristics of the dual-gate
FET can be analysed by combining the analyses of the two

single gate FETs.

1.4.3., Equivalent Circuit of GaAs Dual Gate MESFETs:

An equivalent circuit for GaAs dual gate MESFETs
valid for 2-11 GHz, and including 28 elements, has been
derived from measured 3-port s-~parameters. The
bi-dimensional transfer characteristic of the device made
possible separate microwave measurement of each FET part
and determination of precise starting value for the opti-

misation.



For a certain number of applications of the GaAs
dual gate MESFET (AGC amplifier, mixer, phase shifter
and detector, oscillator, self-oscillating mixer and
power divider), there is a need for well founded
knowledge of its RF behaviour, that can be described
more efficiently by an equivalent circuit than by S or Y

parameters.

Wideband small-signal equivalent circuits are
determined by curve fitting between measured and calcula-
ted s-parameters. For a large number of elements,
however, the error function EF to be minimised may have
several local minima and makes a straight forward optimi-

sation procedure senseless.

Precise starting values are necessary in order to
find the global minimum. This is pronounced valid for

dual-gate MESFETs with a number of 25-28 circit elements.

For the internal parameters (transconductance,
input, output, and feedback capacitance and channel
resistance) of each FET-part, little can be said, espe-
cially since the internal biases of the FETs are not
known. The bidimensional transfer characteristic,
ID(VGlS’ VG28/VD8=constant) of the dual gate FET given
in Fig.1.7 [6].

605 . FET 1 oV
. o v
\ G1s
501 N\ -0
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< 300 N pev' M . A
E~ N _\‘-TO_QV_ - ___\_\_< \ \-15V
.-9 ‘\ N hY - < = ~ \
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N N - —— \
4 . N~ \ \-ZV
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e S AW s =AW
— —-\:“— —— —~§ —_—— .-..\‘.\:_ LZ_V. :'\___}\\\
4] 1 4 5
Vois .V

Fig.l.7 Bidimensional transfer characteristics of
dual-gate MESFET.



- 18 =

In Fig.l.7, VG2Dl is the effective gate 2 to
channel (D1) voltage and vertical broken lines (-.-.-.)

correspond to V,,=constant [6].

This diagram can be constructed by appropriate
combination of the output characteristics of the two
single gate FETs comprising the dual gate FET. It gives
the values of all internal voltages of the DG FET:

(a) Intrinsic gate 2 to channel voltage VG2Dl

(b) Voltage across FET1l: V and FET2: V

D1S DD1°
For extermnal bias: YDS=5V, VGlS= -1v, VGZS=12V
(point P1).
We find: VDlS=2,1§V, 'évDD1=2,85V, VG2D1= -0,15V,

ID=34 mA,

New bias conditions can now be defined in order to
keep the bias of one of the two FETs as before and drive
the other one in the ohmic region: For bias point P2

v 0 — v . . :
(VDS—2,8V, VGlS_ 1v, Vst 2,5V) FET 1 is biased as in
P1 where as FET 2 is nonsaturated and represents a

resistive load (VDD1=O,65V, VG2D1=0,25 V).

The S—parameters of FET 1 can now be measured and
its equivalent circuit can be determined giving starting

values of the intrinsic FET 1 (Fig.l1.8).

External bias:

Vie=5V, V =42V, ID=34mA.

c1s=1 V. V

DS G2S

Internal bias:

FET 1: V =2,15V, V =-1V, ID=34mA

D1S
1=2,85V, v

G1S

FET 2: V =-0,15V, I =34nA [6]

DD G2D1
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0-42 nH

S o

(0773

Fig. 1.8 Equivalent circuit of GaAs dual-gate MESFET
valid from 2 to 11 GHz.

The same can be done for FET 2 at the bias point
P3 in Fig. 1.7. The external bias is now VBS=3’2V’
VElS=OV, VEZS=O’2V' FET 1 is non saturated and the
s-parameters of FET 2 can be measured, and give, after
optimisation, the starting values of the second intrinsic

FET in Fig. 1.8.

A comparison between measured and calculated

3-port s-parameters is given in Fig. 1.9.
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&f=1GHz
a O measured
® calculated

5 O measured
® calculated

Fig. 1.9 Comparison between measured and calculated 3-port
s—parameters of GaAs dual-gate MESFET for 2 to 11
GHz.

1.4.4. Dual Gate MESFET As Three Port Device

The dual gate MESFET is characterized as a three-

port device with the source as a common terminal.

The source pads are grounded in this fixture with

negligible lead inductance.

S—parameters measured at 10 GHz in a 50§ system

are illstrated in the signal flow graph of Fig., 1.11,

The reference plane for port 1 and port 2 is located
at the first gate, and the reference plane for port 3 runs

through the center of theichip perpendicular to the gates.

The dc bias has been chosen to yield high gain and

allow a simultaneous image match at port 1 and port 2



for a 50Q termination at port 3. As expected, strong
signal coupling is experienced from gatel to drain. But,
in addition, nearly the same amount of power is feed from

the first gate to the second gate.

The reverse couplings are weak, especially 812.
The forward coupling from port 3 to port 2 is less
pronounced because the output impedance Z01 connected in
series with the second-gate capacitance (Fig. 1.10b),

keeps the extrinsic transconductance of the second low.
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o g B 1 o
(b) [ Vos ! G“me, ;}Vc,s Vos
V6,8 { PORT 1 1 )77 PoORT 2
S o 1 3 5
SOURCE’ ; SQUR.CIE
. !
FET 1 H
' 1
lps . !
ey VG!S 0 :
L s
(e) e }Vc.s‘o :
—t———— k '
$ 13
s
Vosar Vous

Fig. 1.10 The dual MESFET is modeled as two single-gate
MESFET's connected in cascade. The first
MESFET is operated with a common source. Its
drain current feeds the source of the second
MESFET. The drain current versus drain voltage
of the first MESFET is shown in (c¢).

ZOl’ acting also a series feedback impedance,
enhances the reverse signal flow from port 2 to port 3.

In comparison, the parameters 811,312,821, and 822
of a single-gate MESFET with the same geometry are listed
in parentheses in Fig. 1.11 [15].



The three port s-parameters fully describe the
dual-gate MESFET's small signal behavior,
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Fig. 1.11 Three port signal flow graph of the dual-gate
MESFET at 10 GHz, operating conditions:

Vpg=4:5V, Ve15=0 Vs Veog=20V, IDSS=46 mA;

ZO=509, f=10 GHz. The s-parameter of a

comparable single-gate MESFET are listed in
parentheses.



CHAPTER 2
DIELECTRIC RESONATOR OSCILLATORS

2.1. Introduction

The microwave oscillator is one of the important
devices in microwave communication equipment. It is
necessary for microwave oscillators used in those systems
not only to have good electrical characteristics, such as
frequency stability, stable output power, low thermal
noise, etc., but also to have high reliability and low
cost. It is also required for the oscillator to be
compact in size, as communication equipment is getting

smaller.

Electrical characteristics, cost and size of the
oscillator are determined mainly by the active device for
oscillating and the resonator for controlling the oscilla-

ting frequency.

Until around the 1970 s, Fmax (The highest
frequency able to oscillate) had been limited to about
2 GHz, because of the electrical characteristics of the
sillicon bipolar transistor. Consequently, for oscilla-
tors required for oscillating a higher frequencies than
2 GHz, its was neéessary to use frequency multipliers.
Cavity and coaxial resonators have mainly been used for
the resonator. Accordingly, the oscillator size was A
rather large because of the resonator size, and use of
the frequency multiplier. At frequency higher than the
X-band, the Gunn diodeﬁand the IMPATT diode have been
used as the active device. However, oscillators with
those active devices have had some problems, such as
complexity of mechanical parts in constructing, the oscil-
lating circuits, large oscillator size and high oscillator

cost.



Recently, direct oscillators at higher than the
X-band without frequency multipliers have been designed
by active device development of Si bipolar transistor
and GaAs FET.

By using a dielectric resonator for controlling
the oscillating frequency addition with those active
devices, it is possible to produce high stable, low cost

and small size oscillators.

In this chapter the coupling parameters between
a dielectric resonator and a microstrip line is investi-
gated. Additionally oscillating circuits controlled by
dielectric resonators and stabilization of the oscillator

stabilized with dielectric resonators are also presented.

2.2. Oscillation And Stability Conditions:

A GaAs MESFET oscillator can be represented in an
arbitrary plane on the output line by a nonlinear impe-
dance, ZNL’ having a negative real part with a load impe~
dance ZC' In certain case, load impedance can also be
non-linear (e.g, when the oscillator is directly connec-

ted to a mixer diode).

In the analysis it is assumed that this circuit
has a sufficiently high Q for negiecting harmonic
currents. We also assume that if the amplitude and the
angular frequency of current varies in the circuit, this
variation take place slowly, so that a quasi-stationary

approximation may be applied to the circuit.

Taking these hypotheses into account, suppose
that a current IOCoswot exist in the circuit (Fig. 2.1).
We can apply the Kirchoff law and write in plane T.

(ZNL+ZC)IO=O at  w=wg (2.1)

where Wy is resonate frequency.
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Now let
ZNL+ZC=ZT=RT+J‘XT

Since I0 is supposed to be different from zero,

the Equation (2.1) is satisfied by:

RT =0

XT =0 (2.2)

MESFET |

ASSOCIATED ‘ z

CIRCUIT | 4| = \'U
I

Fig. 2.1 Oscillator circuit.

Since Re(ZC)>0, equation (2.1) necessarily implies
that Re(ZNL)<O. In the following paragraphs the methods
which permit this condition to be realized using a Gals
MESFET will be reviewed.

Oscillation conditions in terms of reflection
coefficient can be determined as follows:

Calling INL the reflection coefficient represented
by the output line, the proceding conditions of oscilla-

tion become

that is,

|T ITol =1

AR
LTy +/Tq=2Kn, X=0,1,2,... (2.3)
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For investigating the oscillation conditions in
general case first we consider generalized oscillation

conditions for n-port active device.

A MESFET oscillator can also be considered as a
combination of an active multiport (the MESFET) and a

passive network as shown in Figure 2.2,

4]
< i
ACTIVE 7;’ ‘1;“' EMBEDDING
DEVICE NETWORK
T rd
[s] - [S]
.an an >
— "‘—"
bp bh

Fig. 2.2 N-port device/load interface for active
oscillation,

Suppose the active device and the passive circuit
characterized by their scattering matrix; for the active

device

1 11 In 1
= . . (2.4)
bn Snl nn an

or [b]=[s][a]

and for the passive network

] ] ] 1

b1 S11 .o Sln ay
| o= . . (2.5)
1 1 1] 1

b Snl Snn a1

or [b']=[s'][a']
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To make an oscillator, the active device and the
passive network are connected such that corresponding i

ports are connected together so that we have

[b] - [a]
and

[] = [a']
we can then write

a'=[s][s'][a"]

({s][s']-[1]} [a'] =0 (2.6)

where I is a unit matrix.

Since [a'|#0

[M] = [s][s']-[1]

is a singular matrix

or
Det [M] =0 (2.7)

This expression represents the generalized oscil-

lation condition for a n active-ports oscillator.

In fact the scattering matrix of the active device
is only defined at small signal levels, so oscillations

will start if

|Det[M] | >0 (2.8)
and

Arg Det[M] =0

Then they build up until device non-linearities

cause a steady state to be reached.

Now if the active device and the circuit are
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defined by their Z matrix we have

for the active device [V]:[Z][i]

for the passive circuit [V']=[z2"][i"]

and by connecting the port i to i' we have

[i]=[4i"]
[v]=[v']

so that

{[z]+[2']}[i] =0

Since [i]#0
The matrix [Z]+[2'] is singular, or

Det{ [2]+[2']} =0 (2.9)

similarly if the multiport is defined by its admittance
matrix

Det{ [Y]+[Y']} =0 (2.10)

for this work the two port GaAs MESFET will be used, so

we consider the oscillation conditions for a two port
active device.

At the first we consider a two port active device

which connected to a generator as shown in Figure 2.3.

b a

S

—w ——e
———

Generator Active

a

w
o

(source)"‘| ™~ device

!
E ﬁ=‘sn

Fig.2.3. Tow Port Active Device
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By using Mason's gain formula for signal flow
graphs and drawing the signal flow graph for above

circuit we have:

Fig.2.4. Signal Flow Graph For Fig.2.3.

211
s 1-T Ty
by =ay(1-T Ty)
b
1
G, (I_Psri)
1
b
1
— ' ——
Pl - Sll & a,
?
by Iy 51y
—_ —_ []
b_ T I-T T, T I-T_S],

If there is not any source at the input port then

bs=0 and we have
T
1—FSSIl-O

or fssil=() (2.11)

this is a condition for oscillation at the input port.

For showing the oscillation condition at the output

port a theorem can be used as follows:

Theorem:
Consider the two-port in Fig. 2.5 represented by

an S matrix whose elements are 811’812’ 821, and 822.
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Let a reflection coefficient Pl placed at port 1
result in a port 2 input reflection coefficient of séz,
and a reflection coefficient r2 placed at port 2 result
in a port 1 input reflection coefficient of s! Then

11°

. Lo I ' T = ' T -1 simul—~
the oscillation conditions S11 1 1 and 822P2 1l simul

taneously represent boundry conditions for the two-port

to generate oscillations. That is:

81171 =1 & 5,0, =1 (2.12)
1 2
l—o0 o— o0—
[S]
T 77
LS, ,
1 1 522[—2

Fig. 2.5 Theorem block diagram,

Proof:
If [s] and [s'] be the scattering matrix for
active device and passive circuit connected at thé input

and output port respectively, Then we have

! 1
511 S12 511 S12 'y 0
S = , S'= or S'=
t t
Sa1 S22 S21 S22 0 T
as we showed before, det {Islls'l-I} must be equal to

zero. Therefore we have

(sllrl—l)(szzfz—l)-312821F1F2=() (2.13)

From

s s T
! s .+ 12 21 1
22 22 1—311F1
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We can show that

1 -84

859 Szz‘lslrl

where |s| is the determinat of the S matrix. Substituing

for 811 from
s ol _ 81289175
11 11 1—322F2
we have
SynSa,1.T
(1-S:'L1P1)+ 112—-321 I‘l 2
1 2272
s, S, 8.l
22 1272171
Snn(l-s! I )¢ —=5—
22 11°1 1—s22F2

by using silP1=1 (threshold of oscillations); then
we have
1 512100

s T =T
22 8128211

2

sézP2=]_ (2.14)

Let's consider the implications of the theorem.
For every P2 there corresponds some Sil and, for the case
where the F2 chosen results in oscillations, there exists

v
some value of Pl such that Plsll—l.

Moreover, this value of Pl corresponds to a value

) 1 —
of S50 such that stzz—l.



- 32 -

In the design of oscillators, there are the follo-
wing questions.
1) Is there a set of loads that can be placed at port 1
that will have the effect of causing oscillations?
2) If so, are there loads that can be placed at port 2
that will enhance or can inhibit such oscillations?
3) What, in fact, would be the loads at ports 1 and 2

that give the desired performance?

One way to proceeding to obtain answers would be
as follows. We assume that we can synthesize any passive
load placed at port 2; i.e we can generate any load such
that [legl (|P2|=1 represents a boundry circle for the
load at port 2).

Since the S matrix is a bilinear transformation
that maps the circle in the sil plane into a circle in

=1/a"'
the Pl plaqe defined by Pl—llsll.

Thus |T,|sl and the condition TI';sj;=1 represents
a further bilinear transformation that maps the circle
in the Sil plane into a circle in the Pl plane defined by
1t TR |= .
Fl-l/sll. Thus |F2|§1 and the condition Flsll 1 combine
to generate a circle in the Pl plane, which represents

the boundry conditions for oscillations.

Let this circle be represented by the equation
Irl—a|=b where b is the redius of the mapped circle and

a its vector offset from the origin.

Consider first the case where the area defined by
Ileél maps within this circle. Then for any point
X€_|I‘2|<1, there exists a point Y€|1"'l-a|<b, such that
1 . .
Plsll—l.
To answer question 1, Then, we have only to
investigate whether |P1—a|=b intersects, contains, falls

within or outside of lPi|§l. If it intersects or falls
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ﬁithin, a passive ]Pl|<l exists such that Plsi1=1, so a
load Z1 can be synthesized that will cause oscillations
at wq. The area within the intersection of the two
circle in fact denotes the impedances Z1 that make oscil-

lations at port 1 possible.

If lPl—a|=b falls outside of |P1l§1, however, it
would require a negative resistance load of sufficient

magnitude and phase to create oscillations at port 1.

Now consider the case where lleél maps outside
the circle IFl—aléb, then any T, outside the circle

|F1-aléb will cause oscillation at port 1.

For there to exist passive loads such that oscil-
lations are possible, It is only necessary that |T1—al§b

not enclose the area |F11§l.

For second questions, we determine the map of the

lFllél into the T, plane, given by, say, |F2~c|§d.

As in the previous case, the relation between this
circle and |P2]§l determines the oscillation condition

at port 2.
The third question is answered by the use of the
actual Fl chosen at port 1, for example, and by designing

the proper match at port 2 for desired performance.

2.3. Microwave Dielectric Resonator

Previously, cavifies were used in microwave
oscillators for controlling the oscillating frequency.
Cavity sizes are the, uniquely determined by the wave-
length of the desired frequency, so it is difficult to
make it smaller. Microstrip line resonators (1/4X, or
1/2 X length) have been considered in stead of cavities

to reduce the resonator size, but it has a major defect



in the electrical charateristics, so that Qo (unloaded

quality factor of resonators) is reduced.

Dielectric resonators have begin to be used
instead of the resonators previously used. The following
items must be considered for dielectric resonator
electrical characteristics as used in microwave oscil-
lators.

1) High €, (relative dielectric constant)
To make the resonator size small.

2) High Qo
To reduce oscillating power loss for stabilizing
oscillating frequency and to improve the frequency
stability.

3) Small'Tf (coefficient of resonat frequency drift Vs
temperature)

To improve the oscillator frequency stability.

At the present time, dielectric resonators can be

used to meet the three conditions mentioned above,

The resonator mode for the dielectric resonator,
which is used in the oscillator, is TEOlG’ which refers

to resonant mode TE011 in the cavity.

Accordingly, as the dielectric resonator's Qo is
becoming lower by its radiation loss, in case it is
mounted in free air, it is necessary to surround it with
a metallic case, When the metallic wall of the case
closes, the dielectric resonator Qo becomes lower by the
conduction loss in the metallic surface. To reduce this
loss, it is required that the metallic case size be about

three times larger than the dielectric resonator size

[7].

In Fig. 2.6 measurement values, QOVS the metal
case width, are shown. In these data, Qo values er=30

and ar=39 are becoming the breakdown at a point lower



than W/D=3, and W/D=2, respectively [7].

/ y -
L i 7
,// v

£ 14
10000 ' P ot
-
8000 Ve
O e s
. 6000 /"
4000
2000 - . .
1 2 3 4

w/D

—* =39 H/L=33
e—=0 4=30 £156 GHz

Fig. 2.6 Q0 Vs metal case size.

To a first approximation, a dielectric resonator
is the dual of a metallic cavity. The radiation losses
of the dielectric resonators with the commonly used
permittivities, however, are generally much greater than
the energy losses in the metallic cavities, which makes
proper shielding of the dielectric resonator a necessity.
The shape of a dielectric resonator is usually a solid
cylinder, but one can also find tubular and spherical

shapes.

A commonly used resonant mode in cylindrical
resonators is denoted by TEOlG' The magnetic field
lines are contained in the meridian plane, while the
electric field lines are concentric circles around the

z axis, as shown in Fig. 2.7,
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For a distant observer, this mode appears as a
magnetic dipole and for this reason sometimes this mode

is reffered to as a magnetic 'dipole mode.

When the relative dielectric constant is around
40, more than 957 of the stored electric energy of the
TEOlG mode, as well as more than 607% of the stored
magnetic energy are located within the cylinder. The
remaining energy is distributed in the air around the
resonator, decaying rapidly with distance away from the

resonator surface.

=
V4
\ ‘Q

/ y

Fig. 2.7 Field lines of the resonat mode TE016 in an
isolated dielectric resonator.



2.4. Coupling of a Dielectric Resonator With a Microstrip

Line:

The dielectric resonator is used in a number of
different configurations depending upon the application.
In order to effectively use dielectric resonators in
microwave circuits, it is necessary to have an accurate
knowledge of the coupling between the resonator and
different transmission lines. The TEOlﬁ mode of the
cylindrical resonator can be easily coupled to microstrip-
line, fin-line, magnetic-loop, metallic, and dielectric

wave guides.

In this section the most commonly used configura-
tion of the dielectric resonator, that is TE016 mode

coupling with a microétrip line will be discussed.

Figure 2.8 shéws the magnetic coupling between a
dielectric resonatof‘and microstrip. The resonator is
placed on the top of:Fhe microstrip substrate. The
lateral distance between the resonator and the microstrip
conductor primarily determines the amount of coupling
between the resonator and the microstrip transmission
line. Proper metallic shielding required to minimize the
radiation losses (hence to increase Q) also effects the
resonant frequency oflthé TEOlG mode. The reason for the
modification of the resonat frequency can be explained
by the cavity perturbation theory.

Namely when a metal wall of a resonant cavity is
moved inwards, the resonant frequency will decrease if
the stored energy of the displaced field is predominately
electric. Otherwise, when the stored energy close to the
metal wall is mostly magnetic, as in the case of the
shielded TE016 dielectric resonator considered here, the
resonat frequency will increase when the wall moves

inwards.
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Fig. 2.8 Coupling between a microstrip line and
a dielectric resonator.

The TEOlG mode in a dielectric resonator can be
approximated by a magnetic dipole of moment M. The
coupling between the line and the resonator is aacomplis-—
hed by orienting the magnetic moment of the resonator
prependicular to the microstrip plane. So that the
magnetic lines of the resonator link with those of the

microstrip line, as shown in Fig. 2.8.

The dielectric resonator placed adjacent to the
microstrip line operates like a reaction cavity that

reflects the RF energy at the resonant frequency.

The equivalent circuit of the resonator coupled

to a microstrip line is shown in Fig. 2.9,

In this Figure Lr’ c_, Rr are the equivalent

r
parameters of the dielectric resonator, Ll’ Cl’ and R1
are the equivalent paraméters of the microstrip line,

and Lm characterizes the magnetic coupling.
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Fig. 2.9 Equivalent circuit of the dielectric
resonator coupled with a line.

The transformed resonator impedance Z in series
with the transmission line 1is easily determined to be

2

m

. 2
Rr+3w(Lr-1/w Cr)

sz

Z = juLq + (2.15)

Around the center frequency, wL. can be neglected and Z

1
becomes
L 1
Z=onu L'r . 1+jX (2.16)

Where X=2Qu(Aw/w), and unloaded Q and the resonat

frequency of the resonator are given by

w L
[ollD
Q= % (2.17)
r
w, = S — (2.18)
/T C
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At the resonance frequency, X=0 and

L2
Z=R=0Q L"‘ (2.19)
r

Equation (2.19) indicates that the circuit shown
in Fig. 2.9 can be represented by the simple parallel
tuned circuit as shown in Fig. 2.10, where L,R,C satisfy

the following equations [3].

Ly
L= T
T
Lr
C = —3 (2.20)
w L
o m
and
Ly
R = onu L
r

The couplingling coefficient B at the resonant

frequency wo is defined by

o‘u m
= (2.21)
0 L

Z, € 2

(a)

(b)

Fig. 2.10 (a) Simplified equivalent circuit,
(b) Final equivalent of dielectric resonator
coupled with a microstrip line.
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The quantity Li/Lr in (2.21) is a strong function
of the distance between the resonator and the microstrip
line for given shielding conditions and substrait
thickness and permittivity. The analysis of B involves
the use of known electromagnetic concepts and finite-

element techniques.

The relation between different quality factor is
well and given by

Q, = Q (1+8) =Q_ B (2.22)

where QL and Qex represent loaded and external quality
factor [8].

Resonator: D =14 mm

iy | 7 H=7.5mm
2000 ¢ =35
Substrate: h=0.8mm
€, =254
1500 -

" Microstrip
G 1000 |- /—
: L y 3
d
500 ~ ; T
DR
0 1 1 | ]
7 8 9 10 11

" d {(mm)

Fig. 2.11 External Q factor as a function of d.
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The external quality factor Qex(=Qu/B) is
generally used to characterize the coupling. Fig. 2.11
shows an example of the variation of Qex with the

distance between the resonator and line.

The S-parameters of the dielectric resonator
coupled to a microstrip with the lengths of transmission

lines on input and output, as shown in Fig. 2.9 are given
by [8].

( B o230 1+jQqu/wo o320
‘ B+1+JQuAm/w0 B+1+JQqu/w0
S= (2,23)
1+3Q Aw/u, .-230 B .-230
LB+1+jQuAm/mo B+1+jQuAm/mo ]

where 20 is the electrical line length between the input

and output planes.

2.5, Circuit Realization of Dielectric Resonator MESFET

Oscillator:

Fig. 2.12 shows a dielectric resonator oscillator
circuits. In this figure Z1 and Zm would be used as

series feedback element and output matching network.

The represented symbol in Fig. 2.12 are defined
as follows,
I';: represents the reflection coefficient from the right
hand side of A-A' to the input of DR.

Pi: represents the reflection coefficient from the left
hand side of A-A' to the output.
FL: represent, the reflection coefficient of output

matching network and load.
and PO is the reflection coefficient at port 2 of MESFET,
as mentioned before for oscillation conditions at port 1

the following condition must be satisfied.
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Fig. 2.12 DR oscillator circuit.
1
I‘i.I‘i>l (2.24)
or
1
lri]|ri;>1 (2.25)
and arg(Fi)+arg(Pi)= +2Kw , K=1,2,... (2.26)
to find Pi Fig. 2.13 can be used.
Zil==Z(w)+ZO (2.27)

at oscillation frequency w=w and the equivalent circiit

of parallel resonant circuit reduces to R0 then
Zil=Z(m0)+ZO=R0+Z0 (2.28)
and normalized impedans, is equal to

Zil==r0+l (2.29)
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2,13 DR coupled to a microstrip line and equivalent
circuit.

Fig.

Now we can determine the reflection coefficient

at the left hand of M-M' and gives:
. B Zil—l
il Z,.+1
il

at the oscillation frequency this reflection coefficient
would be as:

_ Zil(mo)—l . r0+1—1 r (2.30)
il Z. . (w )+l ~ r +1+1 T r +2 *
il %o o o)

at any frequency other than w (osillation frequency) we
o

need to determine the input impedance at the left side

of M-M',

In Fig. 2.13, Zil in the plane MM' of the dielec-

tric resonator is given by [8].

R
Z.,. =72, + ———— 2.31
il =0 1+32Q 8 ( )
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where 6=(f—f0)/f0 is the normalized frequency deviation.

. _ _ _R _ _
By using B—R/Rext— 220 and QU—QL(1+B)—BQext the

normalized input impedance Zil=zil/ZO can be written as

o 1a — 28 _ 8 - — 28
11 =M Tyjaqs - M Te37q (Teeys © Mt Teiaqes (23
zil—l
from Fil = -, Dow we can write
il
28 2B
| 4 352qs ! T+32Q0 6
r.. = u u - B (2.33)
il 14 28 +1 2+j4Qu6+28 1+8+32Q. 6 )
11320 6 . 4
u l+32Qu6

If the electrical distance between MM' and AA’
planes in Figure 2.13 be equal to 0 then the reflection
coefficient at the left side of AA' plane equals to

. -j20
- -326 _ _Be " "~
Pi(m)-Fil(w)e = 1+B+j2Qu5 (2.34)
Using (2.24) and substituing for Pil from (2.34)

gives

g -3j28

S = 1 J0
T7Er120.3 ° Jriled®z1 (2.35)

where ¢ is the phase of Pi.

Two equations can be written from (2.35) as follows

B .1
[+82y+(20,8)%) 12 7 11 (w)]

r, () = (2.36)

and the other is
2Q .6

-26 — arc tan ( 1;% Y+ =0 (2.37)
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at oscillation frequency (where w=wo) using 6=(f—fo)/fo,
equation (2.36) and (2.37) give

Bo 1
1+8 T (w)|

IT;(w )] = (2.38)

o

and 60=¢O/2=Y02 (2.39)

where
BO: Coupling coefficient at resonans frequency (w:wo)

Yot Propagation constant at resonans frequency (m:wo).

Using (2.38) we can find Bo with respect to Pi as
follows

= /1T )| (2.40)
© 1-1/]T} (w )| '

as shown in Figure 2,12 Fi(wo) depends on feedback element
(Zl), so we must investigate the oscillation conditions
at port 2 of GaAs MESFET while Z1 is used as series

feedback element.

At the begining of this investigation, s—parameters
for two port device from 3-port s-parameters while the

third port terminated by impedance Z1 will be used.

In Chapter 3 there is more information about
s-parameters of 3-port device, and for this section we

use from those relations.

Figure 2.14 shows two-port device while there is
an impedance at source. If the s—-parameters for this

configuration denoted by ST. Then we have
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., sl ., S13%3901
11 1—3331"1 12 1—333F1
sT = | (2.41)
- 83152371 - 52353201
227 15, 227 =844l

where Fl is the reflection coefficient related to Zl and

equals to Zl—ZO/Zl+ZO.

Fig. 2.14 Determination of Zl'

The aim is to determine the value of the series
feedback impedance Z1 that will result in the modulus of
Szl and ng being greater than unity and hence, create

instability in the transistor, that is

T

1, 1>1 and |s32|>:1 (2.42)

|s
The |F1|=1 plane determines a circle when mapped
in the input and outputr reflection coefficient planes

using the mapping technique.

The following formulas can be used for mapping:

any sT parameter from sT matrix can be written as

S = A+ —DBC (2.43)

1
T P
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Z-7
Z+Z

0
0

where T =

for drawing the results (2.43) has another form as

Z-NZ,
S=M+R (———) (2.44)
Z+N Z0
where
IS b3
M==A+-—§9——§ .D (2.45)
1-|D]|
*
r 2 __BC 5 1-D (2.46)
1-|D]| 1-D
14D
N S (2.47)
1-D

: . T
for mapping |F1|=l in sy

A=sg , B=s , C=s

" , D=syy , Z=Z; , [=T

11 31

. - T
and for mapping IFll—l in s5,

B=s

22 93 » C=s

A=s D=s

32 7’ 31

Figure 2.15 shows the IF1|=1 plane mapped into the

s{l and sgz planes for the half-micron GaAs FET at 10 GHz,
The shaded area represents inductive impedance
and the unshaded area représents the capacitive impedance

in the source.

From Figure 2,15 it may be noted that a negative

reactance greater than 309 can be used to make both

T T
S11 and s,, greater than one [9]p
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(a)

(b)

. . . T T
Fig. 2.15 Mapping of |P1|=1 in (a) sqq and (b) Spo-

A dielectric resonator coupled to a microstrip

line can also be used as impedance Zl in Fig. 2.14.

The reflection coefficient Fl, in this case is
a function of the coupling coefficient B and the distance

6 between the transistor plane and the resonator plane.

After determining Zl for impedance matching at the

output port Fig. 2.16 can be used.
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z! Zy

Fig. 2.16 Impedance matching conditions.
The impedance seen at the right side of BB' plane is

ZL==ZO+Zm (2.48.a)
since Zm for impedance matching selected as passive

element then Zm=ij, the normalize impedance equals to
zL==(ZO+ij)/ZO==1+ij (2.48.b)

for oscillation at port 2 of FET FL.FO>1 must be satis-

fied, and,

ZL+ZO=0

or

=-—-1-—jX (2.49)

7. =-Z
m

0 L

If the normalized impedance at the left side of

AA' plane in Figure 2,16 represented by
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z, =1-Jy

and oscillation condition at port 1 of FET be
r.rr>1
i i

and also the sum of impedances at this port be equal to

zero, Then we have

or

z; = -z; = -T+jy (2.50)

Then for reflection coefficient at these ports

one obtains:

2
z,= —5— = -1-jX (2.51)
0 1-s! m
22
l+s!
1 .
z£= 1_Si1 = ~r+jy (2.52)

. t ot [ . .
Since sll—Fi and SZZ—PO’ above equations obtained

like this form.

Using (2.51) and (2.52) gives

A __j_z (2.53)
8927 X .
m
and
v _ ltr-iy
811 = r-1-4y (2.54)

Sil and séz can be determined in another way by using ST

matrix. For two port FET which is loaded by T

LJ
That is
T T
T . 8328917
- C12721°L 2.55
S11 5811t T p ( )
l-s591y,

and
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T T

Si,8,40.
séz=s£2+ —1-2—,1;2—1—1 (2.56)
l1-syTy

For oscillation conditions at two ports the

following relation must be satisfied.

t
811 1/I‘i (2.57)

1
and 599 l/FL (2.58)

using (2.57) and (2.58) in (2.55) and (2.56) gives

T T T
LT, 12 (2.59)
r 22 l—sT r
L 1171
T T T
1 _ ST + 12 21 L (2.60)
r L 1-sT T
i 111
from zL=l+ij for reflection coefficient we have
z;—1 -jX
L m
[ = = (2.61)
L zL+l 2+JXIn
and for z£=-r+jy,
z)-1 .
A | _ ~—r=1+jy
Fy= zi+l T o—r+1l4iy (2.62)

Thus by satisfying (2.59) and (2.60) simultaneously

XIn can be determined.



CHAPTER 3

COMPUTER AIDED DESIGN OF DUAL GATE
MESFET OSCILLATOR

GaAs MESFET have been used for X-band mixer
applications as externally driven and self oscillating
mode operation. When low IF's are used the dual—gate
MESFET is preffered because the isolation between RF and

L0 is readily accomplished.

It has been shown that a dual gate GaAs FET can
also be used as a self oscillating mixer (SOM) with an
appreciable amount of gain in the X-band. Implanted
into a FET receiver, the self oscillating mixer will
increase the degree of integration and all receiver
functions will now need only three FETs. This will be
important in order to economise wafer material of a
monolichic GaAs front end and to choose the best archi-

tecture.

To find the best configuration for a self-
oscillating mixer with a dual gate FET, a stability
analysis using S-parameters has been carried out. It
showed that for a short-circuit at the drain, the insta-
bility region of gate 1 covers the whole area of the
smith chart (R>0), while at gate 2 the instability
regions are located at the periphery [10].

This fact has essential advantages since gate 1
can be matched for maximum gain at 12 GHz without

altering the oscillation conditions.

At gate 2 (near drain), on the other hand, the

oscillation condition can be realised using a dielectric



resonator only at its resonance fregquency in order to

avoid parasitic oscillations.

In Fig. 1.4, a common source dual-gate FET opera-
tes as a dielectric resonator stabilised oscillator at
the local oscillator frequency fLO (~11GHz). The
stabilisation circuit, using Ba2T19020 dielectric reso-
nators, a 508 microstrip and a 50 damping load, is
connected with gate 2 and imposes the frequency and

temperature stability of the oscillation.

The requirements to the oscillator circuit are:
(a) The circuit oscillates only in the presence of the
dielectric resonator at the resonance frequency of
the resonator.
(b) The magnitude of the oscillation is sufficient for
conversion gain of the circuit in mixer operation.
(c) The oscillation frequency has low variation with
temperature. All these conditions could be satisfied

by the used stabilisation circuit.

For investigating the conditions for unconditional
stability at gate 1 and oscillation condition at gate 2,
we need the s-parameters for common gate and common drain
FET configurations from the general scattering-parameters

which are available for CS configuration.

For obtaining s—parameters for common gate and
common drain FET, the s-parameters for 3-port device from
2-port FET are obtained and then these three-port
s-parameters are changed to 2-port s-—-parameter according

the condition at any time in the circuit.
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3.1. 3-Port s-Parameters From 2-Port Device:

For a three-port device as shown in Fig. 3.1 we

have:
a, a,
b1 A b2
O- - O
3
Fig. 3.1 3-port FET.
by S11 S12 Si3||21
bol =1821 S22 S23||22 (3.1)
3] |S31 32 ®33)|%3]

By using the property of S-matrix for three port
device that states the sumation of elements in any row or

column is equal to 1 we have six equations as follows:

s(i,j)=1 i=1,2,3 (3.2.a)
1

J

i tmMw

s(i,j) =1 j=1,2,3 (3.2.Db)
1

I MW

i

If the third port in Fig. 3.1 is grounded then we
have P3=b3/a3='-l (I'3 is reflection coefficient at port-3).

By substituing instead of aq, b3 in (3.1) we have:

b1==slla1+slzaz+sl3a3 (a)
by =82181 + 89285 + 85325 (b) (3.3
by =8g78) + 85589 + 83483 (c)

where b3/a3=—1
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and then in (3.3.c) we have

~8g3 = 8q78; 83989 + S3484
—(1+833)a3==s31a1+832a2

So.a.+8,,8
317173272
ag = —(l+333) (3.4)

by substituing the value of a4 in (3.3 a,b) we have:

8135318, . $1353289

o
|

+

=8 a + 8 a g
1 11°1 122 —(1+s33) —(1+s33)
(3.5.a)
b e a 4s..a.4 o23°31%1  23%32%
2 21°1 22%2 —(1+833) —(l+s33)
or equivalently;
1T 17
b o . o13%31 F13%3a|)
1 11 1+s33 12 1+s33 1
_ (3.5.Db)
523531 52332
bol 18217 138, 892~ TIts a,
33 33
L J L JL o

By defining the s-matrix for common source FET
S’é[sij] and using (3.2),(3.3),(3.4) after some manipula-

tions we obtain:

1) 33 I SULDJ- 2 8'(,)
i,4=1,2 i,9=1,2
l+s

- 33 1 1
2) s39= —73  (1-s1,-895)
l+s
- 33 1 ]
3) sg3= 75 (l-s5;=89,)
S S
23532
4) s,,=8! + ——
22 =539
l+s33
5) s13=1-873-833
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6) s3) =1-533783;
7) 819 =1-8,9-83,
8) 821==1—822—823 | (3.6)
9) 811 =1-8y;-83;

3.2. Conditions For Oscillations And Unconditionally

Stability In A Cascode Circuit:

Fig. 3.2 shows the dual-gate MESFET represented
as a cascode of two single-gate FET's, FET 1 and FET 2.

Terminal voltages and currents are defined in the figure.

[

Fig. 3.2 Cascode equivalent of dual-gate MESFET.

As described before and shown in Fig. 1.4 for
gate 1 the unconditional stability conditions for mixing
function and for gate 2 the oscillation conditions must

be provided.

In investigation of this conditions we will use
the cascode equivalent circuit of dual-gate MESFET. At
first the stability conditions for gate 1 will be

considered.

3.2.1. Unconditional Stability Conditions Of Gate 1

Fig. 3.3 shows the equivalent circuit of dual gate
FET where the gate of second FET is terminated with an

impedance (ZB) with reflection coefficient PB'
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Fig. 3.3 Equivalent of dual-gate with an impedance
between gate 2 and ground.

The following symbols will be used for this

configuration:

S'=|s"j;i,j=1,2 |: S-matrix for single gate common source
J ’J 3
FET (FET 1)

S =[sij;i,j=1,2,3]: S-matrix for 3-port device from S'

S =[s ij;i,j:l,Z]: S-matrix for common gate FET from
A 3-port device (FET 2)

S =[scij;i,j=l,2]: S-matrix for two FET which are
¢ cascoded with each other

S'llz reflection coefficient at gate 1 of cascode circuit.
with short circuit load at drain

¢é=[¢sij;i,j=1,2]: chain scattering matrix of FET 1
¢s=[¢gij;i,j=l,2]: chain scattering matrix of FET 2

¢C=[¢ ij;i,j:l,Z]: chain scattering matrix of cascode
¢ circuit

K: stern stability factor.

According to the defined symbols we have:

S'= ¢ given s-parameters for FET 1
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3;11 can be determined by considering the cascode

circuit step by step as is explained as follows:

Step 1:

obtailning S-matrix for three port device from

given S'-parameters which the third port is

floating.
Step 2:

by terminating the third port (gate of FET) with

an impedance which its reflection coefficient is

F3 as shown in Fig. 3.3 we have

or b, =T_a

by/a; =Ty 1=T3

1

by substituing (3.7) in (3.3a) we have:

Fga) =syqa) +8798, + 8484
or +s
N S1289 T 51383
1 FB-Sll

as result we have:

S1989 * 81384
Fg-sqq

3=871( )t sgga, + 83484
S1989 T 81334
F3=814

2 =897 ( )+ 8998y + 5y3a4
for a common gate FET with source (port 3 of

input and drain as output we have the matrix

1T T
531513 e 8318712 s ] .
3] | Ty=syq "°33 Ta=syq  32||%3

-

591513 5901%12 a
F3-8yy F3=8q1q 2

+s

+S94 22

and the configuration related to

Fig. 3.4.

(3.7)

(3.8.a)

(3.8.b)

Fig. 3.1) as

as:

(3.9)

this matrix is shown in



Fig. 3.4 Common gate FET.
Now we define the above matrix as §

g’ that is:

b s

3 gll  Sg12/|23
b s s a
2 g21 g22 2
where
s . o31%13
gll P3~Sll 33
Snq,8
31712
s = —=—=%=4+38
gl2 P3~Sll 32
(3.10)
Sn.S
21713
S o= =———=+ 8
g21 P3~Sll 23
S, 8
21712
s = =——==+8
g22 F3~Sll 22

Step 3: obtaining chain scattering matrix for each FET,.

For common source FET we defined S-matrix as S',

then we have

-1 o=l
21 21 722
o (3.11)
-1 1 1 1—1
511501 S127511%21 Sp2

S
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and for common gate:

- —‘s~1 s
g21 g217g22
¢ = (3.12)
g 1 -
Sg11%g21 ®e1275%5115%g21%g22
for cascode circuit these two ¢ matrices would be
multiplied by each other. That is
¢C=¢S"¢g
where
[ s'—1 s! 1s' s—1 —s"1 s
21 21 722 g2l g217g22
o = (3.13)
¢ -1 -1 -1 -1
s!l.s s! s! "s! S ..S S .n—S8 .8 -8
11521 1275 11521 522|(%g11%21 812 551185215422
be11 ®c12
¢c21 ¢c22
where
-1 -1 '
$c11 =521 5421754118 g21 (-s3q 22)
= -1 ‘1 =1y _ -1
012 =781 852155201 (789178990 (8,195,718,518,59)
(3.14)
) e +(s s 5.)(s!,-s! s'—ls' )
c2l 11721 "g21 gll g2l 12 11721 T22
o o= (sl 8l ) (=87 )+(s s )(s! st si7tsl )
c22 ll 21 g21 g22 g12 gll g2l g22 127 ll 21 22

Step 4: Obtaining scattering matrix for cascode circuit

from ¢c matrix
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| -1 -1

¢c21¢t11 ¢c22_¢c21¢c11¢c12
S = (3.15)
¢ -1 L1

L ¢c11 —¢c11¢c12

Sc11 Sc12

Sco1- Sc22

If port 2 of cascode circuit (in Fig.3.3) termi-
naited by a load which its reflection coefficient is
equal to Py then the reflection coefficient at port 1 of

this circuit will be as:

s s r
1 _ cl27c2l’y
Sc11 " %c11t T1ss T (3.16)
c22y
and stern stability factor (K) equals to:
2 2 2
1+lal-1s o %= 1s ., |
K = cll c22 (3.17)
2ISC128c21|

where A=s 1.8 59-8.198.9]

for unconditionally stability at gate 1 of Fig. 3.3 with
a variable impedance 23 which its reflection coefficient
changes as 1/0-360 there are two conditions which must

be satisfied together. These conditions are:

lsélll <1 (3.18)

and K>1 (3.19)

By using a computer program as (cascade 1. For)
program, these strains are investigated by changing the

phase of F3 from zero to 360 degree by step 59,

As mentioned before for terminating gate 1 by RF
signal, port 2 of this circuit must behaves as a short

circuit that is, Fy:l. Then we have
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_ Sc12%c21

s! =g
cll cll l+sC22

(3.20)

in the next sections the results of this program will be

considered.

3.2.2, Oscillation Conditions:

For self oscillating mixer at gate 2 (near drain)
which is terminated with a dielectric resonator coupled
to a microstrip line with 50 characteristic impedance,
conditions for oscillation must be provided. These
conditions are K<1 and |séll|>1 (reflection coefficient

at port 1 or gate 1).

Fig. 3.5 shows the cascode circuit for this type

of conditions which will be used as local oscillator.

Z, O[
M, =14 036(

Fig. 3.5 Equivalent circuit of dual gate FET which gate 2
is as input and gate 1 is as output for cascode
circuit.

The following symbols will be used for Fig. 3.5.

S'=[s'ij;i,j=1,2]: S—-matrix for single gate common source
(FET 1)

S =[sij;i,j=l,2,3]: S-matrix for 3-port device from S'

S =[s ij;i,j=l,2]: S-matrix for common drain (FET 2) from
d d -
3-port S-matrix
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Sé=[scij;i,j=l,2]: S-matrix for cascode circuit

s"llz Reflection coefficient at gate 2 of cascode circuit

with terminating gate 1 by Fl=l/0—360
¢S.=[¢S,ij;i,j=l,2]: chain scattering matrix of FET 1
¢d=[¢dij;i,j=l,2]: chain scattering matrix of FET 2

¢é=[¢éij;i,j=l,2]: chain scattering matrix of cascode
circuit

Séll can be determined by using Fig. 3.5. The

steps for finding thes reflection coefficient are:

Step 1: Obtaining 3-port s-parameters from given S'-matrix
for common source FET which the third port is
floating.

Step 2: Obtaining 2-port s-parameters for common drain
FET from three prot S-matrix by terminating drain

with a short circuit load as shown in Figure 3.6.

3 S D,

Fig. 3.6 Common drain FET,

with short circuit load at port 2 we have:
b2/a2=-—1 or b2=~—a2 (3.21)

by substituing (3.21) in (3.3) we have:

b1==slla1-+slzaz-fsl333 (a)
b2:=—a2:=szlal'F82282-+82383 (b) (3.22)
b3==s31a14-s32a2+-83333 (c)



From (3.22.b) we obtain:

89181159384

89 = -1-s

22
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(3.23)

in Figure 3.6 gate and source will be considered as input

and output respectively.

Then from (3.23) we have:

[ [ S12%21 S12%23
by s11t Tios s13% 128 ap
22 22
= (3.24)
821%32 S93%32
by s31t 715 833% 73 a3
22 22
| il
Now, we define the above S-matrix as Sd’ that is
By, Sq11 Sd12]|21
b s S n; a
3 d21 221|123
where
. S12%21
d11 = %117 “T-s,,
S, A8
_ 12°23
Sd12 = 8137 15
22
(3.25)
SA- S
21532
s =8,,+ —/——=
421~ °31" “1-s,,
SAnnS
2332
s = St ——=
4227 ®33" “1-s,,
Step 3: Obtaining chain scattering matrix for each FET,.

For common source FET the chain scattering matrix
is like as (3.11) and for common gate this matrix

defines as:
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-1 -1
Sdq21 S421%422
b, = (3.26)
d -1 -1
Sq11%d21 S41275%d11%d21%4d22

for configuration which has been shown in Fig. 3.5 chain
scattering matrix can be obtained by multiplying the ¢d
as the first stage by ¢S, as the second stage which in

it port 2 is input and port 1 is output. We have

O =bg-bgn
[l —s~1 s : s'_1 —s'“ls'
8421 4215422 21 21 S22
or ¢é=
S S_~1 8 -S S...8 sl.s!” -1 s!7 -1 s!
di17d21 dl2 d117d217d22 ll 21 12 ll 21 22
B 1
d>(:ll cl?2
= (3.27)
1 1
c2l c2?
where
1 . =1L |_ -1 -1
®i11 = 8421521 t(=84978492)(8118577) (3.28.a)
¢'. =8, (—s'_ls' )+(—s~l s )(s! l '.)(3.28.b)
cl2 d21 21 22 d217d22 127 11 21 22 : *

', =(s o )(s )+(s —1 )(s!,s! 1) (3.28.c¢)
c21 d117d21 d12~ dll d2l 8422 118 21 * *
¢! = (s s_l Y(-s! Y+(s -8 s_1 s Y(s!.,~s!. s\T -1 s!.)
c22 d117d21 21 22 dl2 “d117d21 "d22 127 ll 21 22

(3.28.4d)

Step 4: Obtaining scattering matrix for cascode circuit

from ¢é matrix in this case:

t 1
¢c21¢c11 22 <bc21¢c11¢c12
S' o (3.29)
C
t—l ¢| ¢
cll cll¥cl?2



cll cl?

t T
Sc21 Sc22

If port 1 of cascode circuit (gate 1 in Fig. 3.5)
terminaited by an impedancé (Zl) with reflection coeffi-
cient Pl which its magnitude is equal to 1 and its phase
varies from zero to 360° by step 50, then for reflection

coefficient at port 1 (gate 2) we obtain:

s'. ,s',.T
127¢21° 1
o' =gt 4 —Cl2 (3.30)
cll cll 1—sc22Pl
and stern stability factor (K) is:
2 ' 2 ' 2
b l+|A1 —lsclll‘—lsc22l (3.31)
1 i ]
AERPLICH
where
= a! ' oat 1
A=8.118522 " %¢c12%g21

for oscillation conditions at gate 2 of Fig. 3.5 with a
variable impedance Z1 at gate 1, there are two conditions
which must be satisfied together, These conditions are:
ls211|> 1 (3.32)
and
K<1 (3.33)

It is written a program (cascode 2.for) and these
conditions are investigated by changing the phase of Pl
from 0° to 360°.

The results of this program will be discussed in

the next section.



3.3. Tnvestigating Oscillation Conditions:

There are many ways to view an oscillator,
ranging from positive feedback to negative resistance,
and each will yield an oscillating circuit if applied
correctly. Another way to view oscillator design is as
a 'reflection amplifier". This intuitive approach to
oscillator design has been applied to yield consistent,
repeatable results and ‘provides insight as to why certain
problems occur and how to avoid them. The reflection
amplifier approach also provides a way to model and
measure (using S-parameters) a circuit's potential as

an oscillator and to predict its performance.

For simplicity, a one-port circuit with input

S-parameter s and a resonant load with reflection

coefficient Pl%Figure 3.7) is considered (both 817 and
I' are measured at the same refrence plane). If a noise
(signal) E is incident on the number l-port, a portian
will be reflected, given by SllE This signal will then
be re-reflected by the load to give SllE ' Which will

again be incident on the input of the one-port.

ONE-PORT . Al e
ACTIVE AN RESONANT

k)
CIRCUIT ' 1) LOAD

sll

Fig. 3.7 Oscillator consisting of an active circuit
with a resonant load.

These reflections add up to give an infinite
series. Rather than including all of the terms, however,

3 S
consider just SllE ' For oscillation to occur, this
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re-reflected signal must meet two requirements, First,
it must be greater in magnitude, than the original
signal E, second, it also must have the same phase as E.

This gives two oscillation conditions:

|s7,E'T| > |E| and (3.34)

ang(sll)+ang(P)+ang(E)==ang(E) (3.35)
or

|1/s,4] < |T] (3.36)

ang(l/s11)==ang(F) (3.37)

Equations (3.36) and (3.37) lead to important
observations. It is very helpful in oscillator design

to think in terms of 1/311.

This is in line with the "negative resistance"

approach as well, for it 1/s is plotted on a smith

11
chart, the values of R and X can be read and multiplied
by -1 to obtain the correct values of the (negative)

resistance and reactance.

3.3.1, Oscillator Stability Criterion:

In the range where oscillation criterion 1
(equation 3.36) is satisfied, there will be stable oscil-
lation only when criterion (3.37) also is satisfied at
only one frequency. Graphically this means that there
will be stable oscillation only if the phases of 1/s11
and T are changing in apposite angular direction with
changing frequency [16].

In other words 1/s must intersect the resonance

11
loop, and the "arrows" indicating changes with frequency

must point in apposite directions. As shown in Figure
3.8.



Fig. 3.8 Rotating 1/s to match the resonator T
provides sta%le oscillation.

In this work for determining the direction of
l/s]'_1 for cascoded circuit, first of all a matching
network for port 2 which will be terminated by RF signal
at 12 GHz frequency, when port 1 is terminated by 50 Q
(characteristic impedance of microstrip line) and drain

is loaded by an open stab which its lengths is A/4 and
1, £

50 “8" 211

(at 11 GHz behavesas a short circuit load), must be designed.

its admitance at any frequency is Y=]j

For designing the matching network at port two,
we need to find the input impedance at port two when
port 1 is terminated by 50 . The procedure for this

work, as shown in Figure 3.9, is as follows:
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|
=, L
P%rtl : _l 7T !
! B |
e e e L o ) — — — —

== I

50Q Port 1
Fig. 3.9 Cascoded circuit of FET 1,2.

for FET 1 we have:

3 2
O~
'
1 b,
o 2‘2'=FL = by=Tya,
Fig. 3.10 FET I
by =syj8) + 81589 + 57484
by=syj8) + 8998y +s95a3=T2a,
by=sg3y8) + 8358, + 554854
or
(b . Fs . 212821 o _ -12%23
1 11 PL"SZZ 13 PL_S22
S S S S
21539 23539
b Baqt 7 Sqq—- T
L 3 L 31 T -s,, 337 T -s,,

(3.38)

(3.39)



and for FET 2 we have:

1=

—————e e

Fig. 3.11 FET 2

by chainging the input and output ports we will obtain

= (3.40)

we can obtain ¢ matrix for any FET as mentioned before,

and then we have:

bpe = Opy Oy (3.41)

and S.c can be determined from S. g (cc: refers to

cascode) and

1+Scc11

in 0 1—sCcll
For a typical FET (Avantek 10650) at 12 GHz Zin
for cascoded circuit is equal to 0.28+3j0,89 (normalized

impedance).

Note: For designing input matching network determining
input impedance of cascode circuit (Mat. for) and (Imp.

for) computer programs and smith chart are used.

Two type of matching network for this work are
designed which for one of them Lumped element and for
another type open stub are used. These circuits are
shown as follows:

a) Matching network by using lumped elements where it's

input impedance is complex conjugate of the input
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impedance of cascoded circuit.

R=50Q L 0,41nH “]
2°-0.28-j0.89

Fig. 3.12 Lumped’ elements circuit.

b) Matching network by using open stub.

1,=0.322A

) S—

R =502 l, =0.318 A

*
Z, =0.28-j0.89
Fig. 3.13 Open stub network.

The input impedance of both matching circuit as

shown above will be changed by changing frequency.
In this work for this type of FET only changing of

impedance from 12 GHz to 11 GHz is determined. Then for

open stub type by using smith chart we have:

l, = 0.322\ = 0,295\

—_J)—
- l =0. =
R =500 1 318X =0.292 Z:n=0.26-j1.68
and
iy * _ o_ s
I, =0.87 /=62°= (0.4-0.77)

Fig. 3.14 Open stub network (f=11 GHz).
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For both matching networks at 11 and 12 GHz, s!

for cascode circuit is calculated from:

*
scc(1,2)‘scc(2,1)~Tin

s!l.=s_ (1,1)+ ¥
e 1-s_ (2,2)-T,
cc in

%
where Pin refers to reflection coefficient from matching

network at port 2 of circuit.

Figures 3.15 to 3.18 show this procedure. As shown
in Figure 3.18 for lumped elements type and for open

stub type at 11 and 12 GHz we have.

a) Lumped elements type:
frequency: 11 GHz, 1/si1==0.33L:99.7

" : 12 GHz, 1/Sil:=0‘36l:78

b) Open stub type:
frequency: 11 GHz, 1/si1==0.361:98

" : 12 GHz, 1/s{,=0.36/-78

These results show |1/sill<|F| and the direction
of l/sil by increasing frequency is in opposite angular
direction of reflection coefficient of load which has

been obtained by experiment.
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1 EASREAA - Ryrnepynen

T 77=0.28-j0.89

= = F= 12 GHZ

Fig. 3.15 Lumped elements for AVANTEK 10650-10650.



2. =0.28-j0.89
F = 12 GHZ

Fig. 3.16 Open stub for AVANTEX 10650-10650.



l, = 0.322A = 0.295\

Z: = 0.26-j168
R =509 [,=0.318X=0.292 2 in
F = 11 GHZ

Fig. 3.17 Open stub for AVANTEK 10650-10650.
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By increasing frequency the direction of
l/s'1 is the opposite of the direction of
r a% port 1,

Lumped elements
~--— Open stub

AVANTEK 10650-10650 (f=11,12 GHz),



Fig. 3.19 this. figure is related to the CFY18 GaAs FET.
Where frequency changes between 9 to 14 GHz by step

0.2 GHz and reflection coefficient at port 2 is equal to
r=1/0-360° output port (drain) is assumed as short
circuit (ALO/4).

Here is another example for Avantek GaAs FET (11671).

As shown in Fig. 3.23 the direction of 1/Sil by increasing

frequency is the same as reflection coefficient at port 1
(DR).



Figures 3.20 to 3.23 show the designing of
matching network by using lumped elements and open stup

(port 2).

C =0.24 PF

11
1

R=50% L=0.47nH

-

L 27,=0.31-j0.61
- F= 12 GHZ

Fig, 3.20 Lumped elements for AVANTEK 11671-11671.
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Open stub for AVANTEX 11671-11671.



l,=0.334) =0.306X

- fre———

R=509 ,=0.338X =031\ __l
= 7"-03_j 118
F = 11 GHZ

Fig. 3.22 Open stub for AVANTEK 11671-11671.
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By increasing frequency the direction of
1/s!. is the same of the direction of T
at port 1.

Lumped elements
———— Open stub

AVANTEK 11671-11671 (f=11,12 GHz).
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Fig. 3.24

Another type of L Section matching network.



CHAPTER 4
DUAL-GATE MESFET MIXERS

In modern microwave superhetrodyne receivers GaAs
FET's are used as preamplifiers, local oscillators, and
mixers in hybrid or monolithic versions. Both single
gate FET's (SGFET's) and dual-gate FET's (DGFET's) are
used as mixers, the second one had applications up to

Ka band frequencies.

The advantages of employing DGFET'S as down
converters instead of schottky diodes or SGFET's are,
except for conversion gain and reasonable noise figure
which are inherent also to SGFET mixers, the intrinsic
separation of signal and local oscillator ports and, the
possibility of separate matching and direct combination
of the corresponding powers inside the device. This
avoids cumbersome passive couplers and is an important

requirement of monolithic circuit design.

In spite of the obvious importance of the mixer
application of DGFET's the mixing mechanism of this
device is not yet completely understood. This is due to
the floating potential of the intergate channel region

(D1 in Fig. 4.1) strongly dependent on the two gates.

The bias and saturation conditions of both FET
parts of the DGFET are consequently changing during L0
voltage excursion and cause them to act as a mixer, or
as RF respectively [ll]. Fig. 4.1 illustrates the

principle of DGFET mixer operation.
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Ve [1° FET 2
Va Dy
< FET! JXe
ZL0 ZRF -
VLO VRF SOQ

|
]
1
|

Fig. 4.1 Principle of DGFET mixer operation,

The signal and local oscillator power are injected
into either one of the two gates. Usually, the local
oscillator is connected with gate 2 and the signal is

injected into gate 1.

In this way, a separation of signal and local
oscillator power is assured so that well-known techniques
for input power and noise matching of gate 1 can be

applied.

The If signal is extracted from the drain and
feed after reactive matching either to a 500 load or to

the input port of a post amplifier.

The higher frequencies (fLO’ fRF) are short
circuited at the drain port using a A/4 open microstrip-
line at fLO for the MIC design or a 1 PF interdigitated

capacitor being in series resonance at 11 GHz.

The parameters to be adjusted for optimum band-
with, conversion gain, and noise figure are:

1) The bias voltages VGl and VG2 for a given VDS’

2) The impedance at all three ports at the main frequency

components W w w
p RF’

V=2l TR
3) The level of the local oscillator power PLO [11].

1F* “Lo’ and the image frequency
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4.1, High-Frequency Model Of The Dual-Gate MESFET Mixer

The dc model is of course deficient in the
reactive circuit elements that become important at
microwave frequencies-in particular, the capacitances
associated with the schottky barriers, which results in
power being drown from the RF and L0 sources. Inclusion
of these in the model means that a new method of solution

must be used. For which we proceed as follows.

In general, for a single-gate device,

v v

- GS.2 DS
TS (1- -88y2(¢7__ 4 DSy (4.1)
DS T, pss* X,

or
Ipg =FVggsVpg) (4.2)

where F(VGS,VDS) is a function of the gate-source and

drain-source voltages., Differentiating gives

5F 9F
GIDS = m v .(SVGS-i- aVDS v .(SVDS (4.3)
DS GS
which can be written
AV g
$Ipg =6y (VegsVpg)AVggt 17— (VegsVpg) (4.4)

DS

where GM and RDS are the voltage-dependent, small signal,
transconductance and source-drain resistance, respecti-
vely, and are given by

aF

GS VDS DS VGS

The functional forms for GM and RDS can then be
formed by differentiation of the IDS—VDS expression which,
for this model, gives

Vl
GS
Gy = Gyo(L- 7, ) (4.6)
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and

R
DO
RDS= 7N (4.7)
(1. -G8y2
Vp

where GMO=48 mS and RDO=143SL

In (4.7), Vés refers to the voltage across the

input capacitors C and CGS2 as appropriate.

GS1

The high frequency model analyzed here is shown in

Fig. 4.2, with the GM and RDS of each FET given by (4.6),(4.7),

and the gate-source capacitances given by

Veg —172
Ces = Cegolt- Vbi) (4.8)

Vbi==Zero bias barrier height=0.8YV, CGSO==O,5 PE

Also

-12
RGSl’CG81=:RGS2'CGSZ==T where T =10 S (4.9)

Equation (4.8) and (4.9) with VéS replaced by VGD’
are also used to determine the gate-drain capacitances
and resistances, which are calculated from the dc condi-

tions and held at these values throughout [12].

4.2. The DC Analysis Of The Dual-Gate MESFET

The dc behavior of the dual-gate FET can be
described as that of a cascode of two single gate FET's.

From Figure 3.2 we deduce

I, =Ty, =Ipg | (4.10.a)

Vps =VYpp1 * Vp1s (4.10.b)
-V -V 4.10.

Veop1 = 'c2s T 'pis ( c)
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S,
1 .
41
Trs: T/ %ua Yos2
l —
b H v
R DD
csz
a1 Fam
!
1
e Sy Fos1

Fig. 4.2 Circuit used for high-frequency of the
dual-gate MESFET mixer.

By using Equations (4.6) to (4.8) and Figure 4.2

we have:

Yp1s = (Ipg = Cm1 Vg1 Rys1 (4.11)
where V'. 1is the voltage across C and
gl gsl
R
0
R 5 V'd/v 5 (4.12)
“Vg1/Vy)

v
if we assume (1—-W§l)=X. Then we have
b

Vgl-V -V X (4.13)

and then
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d0
Ris1™ 2 (4.14)
X
Vl
_ g1y _
Gyy = Cyg (L v ) = Gy X (4.15)
v v
G1S.2 Vp1s
Ipg == ) " (pget 7 ) (4.16)
p d0
From (4.11) we have
R
d0
Vp1s = Ipg=CumeX(V,~V, %) 22
or X2V =TI .R.,.-G. VR, X+G..V R, X2
p1s = IpsRao CmoVpRao**+CmoY pRao
or X2V .-G )+V - GyoRgoX-IpgReq = O
p1s CMmoVpRao CpoRaoXIpsRao
Ve /(G V)+4I (Voo =GV R, )
i 1 moRaot” CuoRao’p sRa0p1s~%M0" pRdo (4.17)
2(

(Vp157Go" pR a0’
H

v
in equation (4.17) X=(1- jflj is a function of IDlS and
p

VDlS and since IDlS is a function of VGlS and VDlS is a
function of VG2S (eq. 4.1), this implies that the vol-
and V

tage across CgSl is a function ofV

G1S G2S*

If V', be the voltage across C we can also find
g2 gs?2

this voltage as a function VGlS and VGZS as follows:

vr. "Vp%moRaosv(R, v G, ) 2+4T

* R A(Via=Vira=R AV G,r)
R Vg2= . d0'pMO D1S"d0*'DS 'D1S "d0 p MO
p 2(Vpg=Vp157RygV pBug)
(4.18)
For VDS=Constant and chan .ging Vng and ngs

according to the DC characteristic of a dual-gate FET
as shown in Figure 4.2 a (DC. For) computer program is
written and Figures 4.3 - 4.8 show the variations of

any element in the model by changing -2<V <4,V_=3 and

g2s ' L
—1<Vgls<—2 at VDS=5 Volt.
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Note: For each value of Vgls’ Vg2s changes as follows:

' +V

VgZS= g2s0 LSinmLOt

where VngO is dc voltage, VL21,2,3 and mLOt varies from

0% to 360° by step 10°.

o
]
¢._‘.“~.

o
<
s

A2
&

40

38

Fig. 4.3

Gy = FVg1gs Ygog)
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Fig. 4.4

Gy = F(Vg15: Vaag)



RDS1 (ohm)

Figo 4’5
Rpgy = FlG1s0 Veas)



RDS2 (ohm)

Fig. 4.6

R, = F(V

DS2 c1s’ Vg2s)
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Fig. 4.7
Cogq = P15 Vo2s)
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4,8

Fig.

F(Vg1g: Vgas)

Ceso



4.3, Numerical Analysis Of Nonlinear Model Of The
Dual-Gate MESFET Mixer

The optimum design of microwave circuits contai-
ning nonlinear solid-state devices requires an accurate
technique for predicting their nonlinear performance.

The most common techniques are based on the analysis of

a circuit-type model which simulates the nonlinear
behavior of the device. Much work has been done on
microwave solid-state device modeling and it is possible
to find appropriate models for practically any device.
However the high computational cost of the numerical
methods used to analyze the interaction with the external

circuit is the major drawback of these techniques.

Nonlinear microwave circuit have two important
features:
1) The device-external circuit model usually includes
many linear elements,
2) In most cases the excitation is periodic and only

the steady-state response is required.

In order to reduce the number of unknown variables,
separating the nonlinear network into linear and nonlinear
subnetworks has been proposed. However, no general rules

for optimum circuit partitioning have sofar been given.

After partitioning the frequency-domain and time-
domain equations are written for the nonlinear and linear
subnetwerks, respectively: The response of the network
is then described by a set of nonlinear equations whose
unknowns are the harmonic components of the current and

voltage magnitudes at the terminals.

Several numerical techniques like Newton-Raphson
method have been employed to solve this nonlinear network
in this work an analysis method is described which avoids

the partitioning problem by introducing a criterion for



selecting the variables to be considered as unknowns and
solving the resulting nonlinear system by a new and
efficient algorithm. This method reduces time-domain
analysis to the computation of currents and voltages at
the nonlinear elements from the variable they depend on,
and consequently takes full advantage of the linearities

of the network,

4.3.1, Describing The Method:

Consider the situation represented in Fig. 4.9,
where M-port is an arbitrary network, which contains both
linear and nonlinear elements, is excited by M periodic
sources (P-Voltage generators and Q-current generators,
hence M=P+Q) all with the same period. It is assumed
that a steady-state solution exists and the objective is

to find it.

So

- B[

<
ron

8

NONLINEAR
NETWORK

-y
-

% o

o

Fig. 4.9 The general nonlinear problem.

Every nonlinear element of the network can be
considered either as a voltage generator or as a current
generator controlled by other voltages and/or currents

of the circuit.
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Let T+U be the number of nonlinear elements
(T-voltage generator—-type element and U-current generator-
type elements) and let vf(t),vg(t),...,vE(t),i{(t),ig(t),
...,ig(t) be the voltages and currents controlling all
the nonlinear elements. The aim of the method is to
consider these voltages and currents as the unknown
variables. Then, by this way, time domain analysis is
reduces to the computation of the response (voltage or
current) of every nonlinear element from the magnitudes
it depends on and that the nonlinear problem is solved

if these magnitudes are determined.

24 4

y
B s R B E R R B
N o

Q LINEAR on
‘5: NETWORK it
¢

Fig. 4.10 The general nonlinear problem (rearranged).

The circuit in Fig. 4.9 can be rearranged in the
way indicated in Fig. 4.10where a (M+R+S+T+U) port linear
network, which includes all the linear elements of the
primitive circuit, has M ports excited by independent
sources, R ports open-circuited, S ports short-circuited,
and each of the other T+U ports loaded by one nonlinear
element. The voltages and currents at the open circuited
and short-circuited ports, respectively, are the variab-

les controlling all the nonlinear elements. If these
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magnitudes are known, voltages and currents at the non-
linear elements can be calculated and, after that any
electrical magnitude of the circuit can be obtained by

linear transformations.

If the network is in the steady-state with peri-
odic response of period TO’ there will only be nf0
(n-integer) frequency components in the circuit and every

magnitude can be expressed by Fourier series

[ee]
x(t) = z Xn exp(jnwot) (4.19)
n= —®
with w0=2W/TO=2wf0.

According to Fig. 4.10it is possible to write for

every frequency of interest:

v
V1,n
X v
Vlan VT,]’I
X i
V2,n Il,n
X i :
= 4.
R o n [An] 10, a (4.20)
y g
Il,n Vl,n
y g
IS,n vp,n
h
Il,n
h
I
L an
where V¥ , ¥ , vY , I% ,Vg and Ih are the Fourier
J,n J,n J,n Jsn° ]J,n Js
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coefficients of the functions v%(t), i§(t);... and ib(t) res—
pectively, and [An] is a matrix of (R+S).(T+U+M) elements
obtained by linear analysis of the network at the
frequency nfO.
. v \' \ i i i
Since Vl,n’ V2,n""’VT,n’ Il,n’ IZ,n""’IU,n

nonlinear functions of vi(t), vg(t),...,vE(t), i{(t),

are

ig(t),..., ig(t), the relation (4.20) is equivalent to an

infinite system of nonlinear equations of the form
X. =F, (Xl’x2"'°’XR+S) (4.21)

i 1,2,...,R48

n 0,1,2,...

X; (X5 10 %5 )

If only N harmonics are considered the problem is
reduced to solving a system of (N+1)(R+S) nonlinear
equations., Its solution can be numerically found using

the iteration technique defined by the expression

[(Fi,n)k_(Fi,n)k—l]'[(Xi,n)k—(Fi,n)k]
[(Fi,n)k“(xi,n)kJ”[(Fi,n)k~1"(xi,n)k~1]
(4.22)

(X

i,n0%+1= (Fi n)ic*

Note that the proposed iteration technique is a
direct iteration "corrected" to take into account the
behaviour of the functions in the last two iterations and
that it is only necessary compute the values of the
functions Fi,n at each step.

The iteration formula (4.22) fails if the denomi-
nator of the "correction factor" is equal to zero. In

this case a direct iteration is used, i.e.

(X5 w1 = (Fyn)k (4.23)

- Wo o
%ﬂkﬁ@ké&rmWWv.?umﬂu

PaTnage ..

v R
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For the two first iterations the formula (4.22)
is not defined and, consequently, it is necessary to
assign appropriate initial values. A choice which has

given excellent results is the following.

1) First Iteration: Assign to Xi,n the values obtained
when all voltage-generator type elements are short-
circuited and all the current-generator type elements
are open circuited, i.,e setting

vI(t) = v;(t) = .= v,‘li(t) = iji(t) = i%(t) = ... ilil(t) =0

2) Second Iteration: Use a direct iteration i.e
(Xi,n)Z = (Fi,n)l [13].

4.3.2., Nonlinear Analysis Of Dual-Gate MESFET Mixer

Under Large Signal Excitation:

For dual-gate FET there is an equivalent circuit
as shown as below Fig. 4,11, In mixer application the
output is short circuited for the whole harmonic currents

except the one at IF,

Fig. 4.11 Dual-gate FET.
(high frequency model)
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It has been found in equivalent circuit that some
of the elements in this circuit are so small that they
can be ignored, for the sake of simplicity of nonlinear

analysis, the equivalent circuit can be considered as

in Fig. 4.12. (NOTE: In this Figure Vl’vi’Il’Vz are not the

same current or volrages as shown in Fig.4,12),

lin Ics Cgsz +Rgsz_ A °
>k N {
I V1 vl
i = Cgs]
Vio ~> ‘h Im2 Iy %Rdy
: Vs, Rgsl

—t
VBZ T

l |
L—1|-~\/vv\~——-j; T Vg

RgdZ
A Cyaz _'_[__ |

Fig. 4.12 Dual-gate FET (rearranged 'model):

Since under large signal excitation VRF<<VLO’

VRF can be neglected and also we assume that the effect
of the branch nglhRgdl is so small.
From the loop equation we have

Vig=VytV+V, (4.24)

Since Im2’ RdsZ’ RGS2 and CgsZ are nonlinear and

all of them dependent on the voltage across Cgs2(vl)

then we have

'\'il(t)=VL0(t)—Vi(t)—V2(t) (4.25)

Because the nonlinear elements are periodic

functions with period T=21/w by harmonic analysis we

LO?
have

v -V, -V (4.26)

ln:=vL0n in 2n
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1 and RdSl are

dependent on the voltage across Cgsl and this voltage is

where n is the n,th harmonic. Since Im

equal to VBl then Iml and RdSl can be assumed as linear

elements.

By using kVL and kCL, For v2(t) we have

R, (e)[T -1 ,(t)-i . (t)]R, R, .,V
vz(t)= ds2 ml “c2 m2 dsl “dsl'D (4.27)
“Ris2(t) —Rygg

where
() 4.28
lcft);CZ(t) BT (4.28)
and
o j;.woﬂ,t
v, (t) = I Vv e (4.29)
1 0= —m 1,2
vy ()
C2=C20/ 1- % (4.30)
where ¢ is a constant, then we have
© j..-.u)oﬂ,t
2=§WV1,2e o j_mort
1c2(t)=020/ 1- ; . L Vl,r(J”wor)e
r= —®
(4.31)

and Fourier coefficient of ic2(t) at any harmonic can be

found by using DFT (Discrete Fourier Transform) techni-

ques.
L, N-1 - jw_knT/N
IC2 k= N X 1c2(nAt)e (4.32)
L] n=0
1 N1 CO © i21me/N | -j2mkn/N
= T b X Vl leJ -(jwo‘q') e
n=0 2 /N Qa="'°° ’
T v, eJc™h
r= o 1,r
1-
- ¢ J
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N-1 0o C . '
= 1 5 L V.2(jw 2) 0 eJZﬂn/N(Q—k)
N n=0 f=-« 1 ° j2mrn/N
- h TV, el
. 1,r
X
(o}
o N-1 C .
= T VAR ). & 2 0 e J2T/N(A-K)
Qe —c0 n= 5 v ej21Trn/N
i,r
1. I
¢
= 2=§4» VlQ(ijQ)CR_k (4.33)
For im2(t) we can write
imz(t) =gm2.v1(t) (4.34)
vy (6)
=80(1_ Vp=constant) v1(t) (4.35)
and
S j2mrn/N )
80 N-1 _Zoo Vlgrej 4 o 19 2 /N 9k /N
I == % o Iy, ,ele™n ?e—J g
IIl,k N \Y 1,2
n=0 = —oo
P
~  (4.36)
For,Rdsz(t) we have
Ro
(1- ___:L___).‘Z
vV
P

Then the Fourier coefficients of this resistance

can be written as:

1 N

Ris2, k= W

™

n=

1
0

Ro A2k /N
j2rmn/N
)} Vl,me .2
1o
v
P 4

(4.38)
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For vi(t) we have,

dvl(t) dvl(t)
Vi) =T g(E)R o (1) = Colt) —p Ry o (£)=Cr ()R () —4g—
dvl(t)
=Ti T (4.39)
Therefore
© jwokt o jwort
Vi(t)= k={w Vi’ke =T, rf_w (onr)e (4.40)

Then vi,f=Ti(jwor)=j(worTi) where r=-N,...,N. For N

harmonic, We also have,

e—jkn2n/N

Vz(nAt) (4.41)

Since all these equations are dependent on Vl(t)’

they can be written as X=F(X) and the solution of
e % %
this equation is X=F(X) where Xis found by using a
%
computer program (DC. for program):X is found after 8

iteration until,

* *

|X - F(X)| <0.04 (4.42)
is satisfied.

In Fig. 4.11 if we assume, the branches between
(Gl,Dl) and (G2,D2) can not be neglected and also the
impedance matching network from small signal analysis in

Chapter 3 added between G1 and source (source is grounded)

from loop equation we have:
(v,] = [a,10x,] (4.43)
where [Vn] = (Vl’n’V2’n)T

and [An]:=(An,1’An,2)
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2
Z°(R,+R,) ZR. R -ZR.R ZR.R
vhere A 1={ 17720 ’ 172 172 172
n, D D D D
Z(R.+R.)  ZR
-1, 0, 1- 1 2 , L , 0] (4.44)
D D
Z+Z R, +R 7. +7 -R.R
ed A - [( gl)( 1 2)+z (z, gl)( 1R9)
n’z D 1} D ]

(Z+Zgl)(RlR2) (Z+Zgl)(—R1R2) 0 ) (R1+R2)(Z+Zgl)

L4 ’ ’ ’

D D D

(-Ry)(Z+Z ) ?J

(4.45)
D
and
X =(I T T T 4 v Voo Vo,V )T
n ¢l,n’” ¢2,n® ml,n’ m2,n’ il,n’ i2,n’ Bl ’ "B 'LO,n
(4.46)
where Z can be calculated from Fig. 4.13.
L=1nH
YN o
R=5002 %czom pF
Z,,=0.28-j0.89
Fig., 4,13 Impedance matching network.
and Rl’ R2 refer to Rdsl’ Rdsz
Iml==GM1Vl (4.47)
Im2==GM2V2 (4.48)
7Z =(R , ——1 ) (4.49)
& 8d o onng
gd* 0



In DC case for determining vy Fig. 4.14 can be

[ ¥
{1

Fig. 4.14 Determining Of.V1 (DC case)

used.

C951

Rgﬂ

b

From Fig. 4.14 we can write,

V1 = VB1 (for steady state case) (4.51)

and for V2 from loop equation we have:

L T _ A% i gl Vo4V
2 R +R, “Tml T R R, Tim2~ ®;+K, 'D* VB2

(4.52)

From the method as described in section (4.3.1)
and using another computer program (NL. for) Vl and V2

obtained after 11 iteration.

4.4, Small Signal Analysis Of The Mixer

Under RF small signal conditions, the frequencies
being present in the mixer are given by

fk,s = kfoi-sfs (4.53)

with —©sks4+o and s=0 and +1, fO and fS are the LO and RF

frequency respectively,

According to this, all the magnitudes in the

circuit have the form

@©

x(t) = % by X exp[j(kw +sw_)t]
k= - §=0,41 k,s o s

= XLO(t)+xMX(t) (4.54)
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where
XLO(t) = k=z__°° Xk,o exP,(J‘kwot) (4-55)
xMX(t) = _Z p) Xk,s exp[j(kwo+sws)t] (4.56)

Obviously xLO(t) is the local oscillator component
of x(t), while XMX(t) denotes the small-signal mixing
products., Since all the magnitudes involved are real, then

*

=(x—k,—s)

X (4.57)

k,s
It is only necessary to take into consideration one of

the two values for s (s=1, for instance).

These coefficients are more conveniently repre-
sented in matrix form as follows:
T

X=(X X s X

-N* PoNg1 X X

g****? N—-1° (4.58)

N’
where the second subscript has been omitted for the sake
of simplicity, and it has been assumed that a finite

number of components are considered.

It can be shown that the relationship between the
mixing products of the voltage and the current across

CgS can bg expressed by

I, = jacy (4.59)

with

T = (I T T T T. )7 (4.60)

c=Ue,-n Yo,-n4100 te,0000 Ie,n-10 le,n :

Vo= (V .,V v v v, )T (4.61)
= Uy Vongroeeor Voroees Vyors Vi :
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(v Nw 0 0 W
S (@]
@=1 0 w -, 0 (4.62)
0 0 msgngj
CO » ] - L[] —‘
c * ook
. o ©1 9
b3
c=|. ¢ ¢ ¢ (4.63)

For the resistance RGS(V), the relation ship is given by

Vi = 3140V for k=1,2 (4.64)

with

T

Vi.'_—' (Vi,"'N’ Vi,‘-N"l"l"“’ Vi’ojooa’ Vi,N"’l, Vi,N) (4.65)

while that for the current generator im(v) has the

following form

. =G .V, j=1,2 (4 .66
mj=Cnji¥y 3 ( )
I = (I T I I I )% [14]
m m,-N’ "m,-N+1’""** "m,0°"°*°*’ "m,N-1" m,N
[hmO
* *
GmO Gml Gm2
*
Gm= ml Cno Gn1 (4.67)
Gm2 Gml GmO
GmO
b -

once vector V1 and V2 are determined, terminal current

(Fig. 4.10) Id can be easily computed by the formula
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where IR2 and I2 are the current, that flow in RdsZ

and the branch between G2 and D respectively.

By using "H" character for showing the elements

in A , A vectors in (4.44) and (4.45) section 4.2
n,l n,2
we have
An’1==(Hl,Hz,—HZ,Hz,-J.,0,H3,H4,O) (4.69.a)
An,2 = (H5 ,H6 ,—H6 ’H6 ,0,-1 ,H7, H8’ 1) (4.69.b)
Then for V, and V., the voltages across the C s
1 2 gsl
C we have
gs2
— _ - 1
Vl—HlIcl+H2Ic2 H21m1+HZIm2 Vil+H3Vg1+H4VLO (4.70.a)
i . _ 1
VZ_HSIC1+H6Ic2 H6Im1+H6Im2 Vi2+H7Vg1+H8VD+VLO (4.70.b)
where I , I V. (for n=1,2) can be obtained from
cn mn in
(4.59), (4.60) and (4.61). Then we have
V1=Hl(jQC1V1)+H2(jQCsz)—H2(Gm1V1)+H2(Gm2V2)—
. '
JTQV1+H3Vg1+H4VLO (4.71,a)
V2=H5(jQClVl)+H6(jQCZV2)—H6Gm1Vl)+H6(Gm2V2)-jTiQV2+
t
+ H7Vg1+H8VD+VL0 (4.71.b)
or
ot
A11V1+A12V2--E1 (4.72.a)
ot
AgyVq +Ay,V, =K (4.72.Db)
where
A11==I-—jHlQC1-+H2Gml-+jTiQ (4.73.a)
A12:=—(jH2902-+H2Gm2) (4.73.b)
A21==—jHSQCl-+H6Gm1 (4.73.¢)
A22==I~—jH6QC2-H6Gm2-ijQ : (4.73.4)
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where I is a unit matrix and t=2,5 PS and

v 1 -
E = H3Vg1 H,V o (4.74.a)
x — _ 1 —_ _
E2- H7Vgl H8VD VLO (4.74.Db)
where
__— s , 1
vgl = vgl( J/me)/[R+J(wLm— —“’Lm J (4.75.a)
where _
Vg1==VB1-+VRfCoszft (4.75.b)
VLO==VB2-+VLOCoswLOt (4.75.¢)
and
r -
Hj(ws—mo) 0
Hj= Hj(ws) 0 (4.76)
0 H.(w_+w )| for j=1,2,..,8 and s=1
jts o]
with
1T
L S 4 - ' ! =
B! = [Em(ws ) E'(w) Em(ms+mo)] for m=1,2
A A
and wa=mS s wLO=wO

By using SMS-FOR computer program Hj and then
whole the elements in Aij (i,3j=1,2) matrices are found,

so we have

(4.77)

where All’ AlZ’ A21’ A22 are 3x3 matrices in this work.

By using another computer program (Root. for) V1
and V2 for faur different values of Vgl’ ng, VLO are
found.

Now we can determine the output current id(t) for
the large signal case (s=0) and small signal case (s=1)

that is
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Jwy gt
40 +Id(+1)e + I
T ejwst+ I ej(wsml‘o)t
d(1,0) d(1,1)

-j t J(U) t)
id(t)=Id(*1)e "0 +1 a(1,-1) © 510 +

(4.78)

from loop equation for large signal case we have

VontVi2a*VLon (VLoa~"p)
I, = + G v, - (4.79)
dn R m2n 2n Z
d2 g2n
where n refers to rth harmonic, 2 is equal to Z and
g2n gln
must be calculated at any harmonic of frequency and
%2n=anV2n' For small signal case we have
Id=(yz+jﬂry2+sz)V2 (4.80)
or
- . - - = o g s - - -
Tagy) (|72 0 © T I P S Ya(-)
*
Lacoy|= | | O ¥2 O |HTyy Wg m21 ®m20 Cmo1| | {V2(0)
Lacoy| 1O O 7y O gty 1 O Cror Cgol ||V

where y2=1/Rd2 and Id(—)’ Id(O)’ Id(+) are the Fourier
coefficients of (ws—wLO), (ws), (ws+wo) respectively, and

they are found by sms. for computer program.



CHAPTER 5
RESULTS AND CONCLUSION

Instead of using dual gate MESFET, two identical
FETs, are used for describing self oscillating microwave

mixer.

By using the small signal scattering parameters
oscillation conditions are investigated. For this
investigation three different computer programs (cascade.
for, math. for, imp. for) are used. Using those programs,
S-parameters for two port cascode configuration, input

impedance, matching network are calculated.

In this work S-parameters of two types of FETs
(AVANTEK 10650 and AVANTEX 11671) are considered, but
only for the first one, as shown in Chapter 3 oscilla-

tion conditions are provided.

Since the amplitude of the voltage of local
oscillator is much greater than the RF signal in mixer
application, FETs has been modeled under large signal
excitation. In this model, the magnitudes of the
nonlinear -elements are controlled by the voltages across
Cgsl>and CgsZ (As shown in Chapter 4). A new method for
nonlinear analysis has been described. THe reduction
in time-domain calculations obtained by systematic
selection of the unknown variables (The voltages across
the capacitances), and the convergence characteristics

shown by the proposed algorithm [13].
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Using the NL-FOR program those voltages (Vl’VZ)

M1’ Cm2r Cge1r Coeo

are obtained. For small signal analysis those Fourier

and also Fourier coefficients of G

coefficients are used as the input of SMS-FOR program

for determining the output current.

Different values for bias conditions and amplitude
of local oscillator with VDS=const. are choosen in these

programs.

In the case of:

Vm +1 V, VGlS 2V and VGZS i1v (Vm refers to
the amplitude of VLO)’ the term:

Id(If)
VS(Rf)'

by comparing with the other cases has a maximum value.
The Fourier coefficients of nonlinear elements and id(t)
under this condition are also shown in the attached

figures.

Fourier coefficients for id(t), CGSl’ CGSZ’ GM2 and GMl'

ld(f)“[mAJ
4
3. t
24
1 4
0 1 } $ -
We- W, Wy Wy Wg + Wy t(GHZ )
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La(f) [mA]
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34
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We-W, Wy W Ws ¢ W, t(GHZ )

Fig. 5.2 VL0=1.2V, VBl=—4 V, V82=-—2.5 Vv
I,(f) [mA]

’

4 !

3-.

2.

1

oLl | 1 N

Wy =W, W, Wy . Wwe +W, ' f (GHZ)
Fig. 5.3 Vjg=+l, Vy =-2V, Vyy= -1V



- 117 -

UJs - wo wo ws ws 0(")0
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Fig. 5.5 Fourier coefficients of Cos2-
Cos: u)ﬁ [pt]
0.6
0.4
$0.2;
S i I TR
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Fig. 5.6 Fourier coefficients of Cgsl'

f (GHZ)
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G, (f)[ms]
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Fig. 5.7 Fourier coefficients of‘GMZ.
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Fig. 5.8 Fourier coefficients of GMl'
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APPENDIX-A: PROGRAMS
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&Lrﬂm¥§%+¥ki

LEi21,fid1le . £i21pp
Fi2z.£122p . £142pp
a
W
|

Pryt aagoodl For e
CQHQJI&;.‘afli‘H she b
comple eum,gl,tf,
Comp Lex d(d.g),dt,ﬁ " {
complex F111,£412, fi1
complexs doelbta bh,sf,of
dimension phid,2)
fm{cwizaabs (ox)
falox)=180. fptatan?{aimag{cxy,.real{cx))
p=3. 14159286
read{6,%) s(1,1)Y.,a(1.2),8(2,1),8(2,2°
raad{(6,+%) ph(1,1),ph{l,2),ph(2.1y,ph(2,2
der 10 1:21,2
do 10 j=1,2
writ#(?,ﬁ) a(i,j),ph{i,j)
dov 15 1=z1,
do 1b j=1, °
ph(i,jl=ph{i, j)¥p/180.

Y¥coa(ph(i,i))

sroreal{s{i,]
ai=real(sa(i, )*nln(ph(l,J))
1
)

,'—"HT

L2y, 8c(2.2)
“p,filZpp.8c
afe,sf3

11p

3
)
al{l,jl=cmplxi{ar
writc{?,f) a
sum=cmplx(0.,0 .)
do 20 1i=1,2
do 20 j=1,2
aum=sum+z{i, j)
hz4 . -gum
write(7,¥)aum.b
d{3,.3 1 =sum/ b
A3, 23=(1.+3A03,8y¥{1.-a(1,2)-2(2,2))/2.
d(u.ds~(1 FACI, 3NV ETL . -a{2,1)-5(2,23Y/2.
A{2.2)V=(2,2)+3(2,3+A(3,2)y/(1.+3{3,3))
d(d,l):1, ~d{d,3y~ d{ﬂ
dAi1,3¥=1.-a(2,3)-a{d ,3)
d01.23=1.-d(2,2)-d(3.3
di2,1)=1.-d(2,2)~ d(u,»)
di{l,1)=1.-d(2,1)y-d4{(3,1)
do 50 1=1.,3
Ao BO 3=1.3
write(7,%) d{i, )
f=126.
r=f¥p/ 180,
gr=0, rg*ﬁu-(l)
Zi=0.5%%ain(r)
gl=zcmplxigr,gi)
i;zgl—d(l 1]

B
{
(i

!'..-

sail,1y=d403,8)+d(3 . 13%d(1.3)/de
& 1,3)~d(1 2y4d( 3 ,J)*d(l,ﬁ)/de

ﬁ‘-

(2, 1)y=d(2.,.3)+A02, 11y+d(1,3})/de
(2,2V=d02,2+d07, 1yed 1, 2) /de
1.[?’ l)
1 K .
1=
]

L Y1g+ (1,1 y¥badi{ -1 Fta¥as (2,81
A1l

sz- 1 ok haktgkesg (2,2

qrus {1, 1) yktgrag(2,2)
fiigpp"~i.itb#agu,u}kpag(1,2}~gf)
fi12=fi18p+f112pp

Fi2lp=al{l, likta¥tye

asflzta¥a(2,2)
Fiflpp=zsg{l,yktge(ai{l,2)-a(l,1)¥afl)

r-‘rf‘!"!”.“.“c*m

r
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fiZl=FfiZlp+FfiZipp

fFi22p=s( 1, %t (-1 . ¥tgesg(2,2))
sfZ=(s(1.,.2)-8(1, DNxteks(2,2))
figd2pp=(sg(l,2)-s8g(l, 1)**&*&2( L2 yxefl
fiza=fiz28p+£i22pp

so(l,ly=fizi¥tf

se(l,2)y=fi22-f121 kbR FiI12

ac(¢,1)= L f

sc(2,2y=-1. 2t fx£3112

arllp sc(l,1)-s8c(l,2)4sc /(L. +ec(2,2))
slm=fu{sclip)

sla=fa(ecllip)

ri=zl./elm
delta=sc(l,1)¥sc(2,2)-8c(1,2)%a8c(2,1)

sf3= Labbfﬂbfu,u))

ac=z1l . +caba(delta)¥¥Z-cabs
cm=2 . %cabas{sc({l,2)¥¥sc(2,1
sk=so/cm

s2a=-1%gla

write(7,8) f,s8lm,sla
format{bx ’fi(dg\"’ £6.2,3%x, 1alliti=",el2.6)
WIlt&(7,J) ri,s2a,sk

format(bx, " {1/a° 11'“‘,31” 6,8x, <1/8"11=",£8.2)
atop

end

(8c(l,1))*%*k2-af3)%X2
)
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ek bonscode?, for programiddty
complex s(2,2),d(3,3)

complex ox,sum,b,s8d(2,.2),.8c(2,.2)
complex de,£1d(2,2),td, 1&
complex fis(Z2,2),flc(2,

comnplex tE,delta,glp, abllp
complex zc,zl,arl,zgp, asgpen
dimension phi{2,2)

fm(cexyzcabe(cx)

falox)=180. /pratenZ(aimaglcx),reallcx))

p=3.14159%6

f=9.

Fa=9. ®10%%(+9,

a=0,402%10%% (-

r=50,

r1=0,37T#10%%(-9.)

do 110 k=1, %6

lﬁdd( JEY (1,153,801, ‘),5(2,1),5(2,?)
'ad(b,*) ph(l 1y,ph(1,2),ph(2,1),ph(Z

du 10 1i=1,

do 10 j:1,2

write{7,%) s(i,3),eh{i,

do 15 1=1,2

do 15 j=1,2

phi{i,ji=ph{i, ji*+p/ 180,

sr=real(s(i, i) )*cos(ph{i,]

sizreal(s{i,i))*sin(ph(i,]

a(i,jizcmplz(sr,sl)

sum=cuplx(0.,0.)

do 20 1=1,2

do 20 j=1.,2

sun=gum+s (1, 1)

b=4 . -sum

d(3,3y=gum/b

Aid,2y=(1.+4(3,31)¥% (1. —a(l,ﬁ) 2(2,2)y/2.

A(2,3)=({1.+a(3, d))kfl -a8(2,1)-a(2,2))/2.

da¢z, 2 :n(3,2)+d(2,3)*d(3 )/(1 +d(3,3))

A3, 1y=1. d(ﬂ,d) -d(3,

d(1,3)=1.-d(2,3)-d(3, 8)

d(1,21=1 —d(ﬁ,ﬁ) d(a,d)

d(2,1)~1.—d(3,2 ~-d{2,3)

d(1,1)=1.-d(2,1)y-a(3, 1)

de=~1.-4(2,2

ad(l,1)y=d(1, 1)+4(1,2)y%d{(2,1)/de

s3(1,2 :d(1,3)+d(2,8)*d(1,2)/de

2d(2,13=4(3,1)+4(3,2)%d(2,1)/de

ad(2,2 d(ﬂ ? )+d(3,2)%a(2,3)/de

td=1./s8d(2

fid(l,l):td

Fid(1,2)y=-1.%t3%ad(2,2

fid{2,1)=ad(1, 1)*td

Fid(2,2)=ad(1,2)-ad (1,1 ¥td*sd(2,2)

te=1./8(1,2)

fis(1l,1)=ts

fia(1,2)2—1 ¥taka(l,1)

fia(2,1)=a(2,2)¥Ls

fis(ﬂ,ﬁ)*“( 1) -8(2,2)%taks(1,1)

fie(1,1)= fid(l 1y%fia{1,1)+£1a(1 . 2yxfis(2,1)

fic(i,2):fid{1,1)$fis(1‘2)+fid(1,2)*fis(2.23

Fio(2,1)=fid(2,1)%fia(1,1)+£1d(2,2)*fis(2,1)

fiL(B,E) fid(2,1)*fis(l,2)+fid(2,2)*fin(2,2

)
-12.)

)
))
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tf=1./fic(1,

sge(l, 1)=fiaj 1)*tf
so(l,8)=Ffic(2,2)-filc(2,1ybf®fic(1,2)
se(?,1)=1E

so(2,2)=-1. ka*fiP(l

deltazgc(l,1)kaec(2, )‘ub(l,Z)*ﬁC(z,l)
srizcabs(sc(2,2) 442

go=l.+cabs (delta)ddZ-cabs(asc(l,1))*%Z2-g1r1
om=2 . *¥cabg(ec(l,2)*sc(Z2,1))

sk-sa/cm

do 100 1i=1.,2
do 1060 j=1,2

100 write(7,#%) ac(i,j)
write(7.8) sk

8 format(by,’ k—",elz.ﬁ)

xe=1./(2. ¥pkfzsc)
xl=d¥pkfakrl
zlzcmplx(0.,1.4¥x1)
zezoemplx (0., -1.%xc)
zrl= (r%vl}f£1+ 1)
zgp=zrl+ac
zgpn*zgp/r
glp=(zgpn-1.)1/(zgpn+l.
gpm-tm{glp)
gpa=fal(glp)
srz=1.-scl(Z, 2)tglp
scllp=gc(l, 1)+&r(1 Zy#gc(2, lixkglp/er?
sln=fm{scllip)
sla=falsclip)
g2a=-1.%sla

ri=i./elm

write(7,32) f,zgpn

az format(bx, £(QHZ)=",T5.2,3x, "2g=",2e12.6)
write{7,.34) glp

34 format(bhy, "gamnlp=",2:12.8)
write(7,33) gpm,gpa

a3 format(by, "lgamlpi=z=",f9.4,5x,f8.2)

write(7,9) slm,s8ls

format(bx, "is"11li=",212.6,3x,£f8.2)

f=f+0.2

Fa=Ffa+ (0. 24 10%¥(+9.))

110 urite(7, 31) ri,ela

31 format(2 “,“‘l/a 11i=",812.68,3x,£8.2)
stop
end

<e]
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¥EkEmatoh, for programedis
complex s8(2,2),21,8c,28p
complex zgpn,sp,ox,glp,arl
fo(ox)=zcabs{cn)
fa(ex)=180. /pratanZ (aimag(cx) ,reallcx))
p=3.1415926

Fa=11.%10%%(+8.)

read(8,%) s(1,1),8(1,2),8(2,1).,8(2,2)
cz=D.245%10%%(-12 )

~=5H0.

rl=0.294%10%%(-9.)
xo=l. /(2. *prfakc)

x1=2 kpdfmkrl
Flzcmplx (0., 1.%x1)
zoezcmpla (0., -1 kxa)
zrl={r*zly/{r+zl)

zgp=zarl+ac

EEPN=EER/ T
glp=(zgpn-1.)/(zgpn+l.)
zd=1.8(Z,2Ykglp
sp=s(l,)+a(l,2)%as(2,1)*glp/ad
slm=fm{sp)

sla=falsp)

g2a=-1.%gla

ri=i./slm

write(9, 10)glp

10 format(by, "glp=",%2e12.6)
write(2,1liiri.as2a

11 format{bx, "11/a"11l=",e12.6,3x,£8.2)
slLop
ericl

complex gama,s8{2,2),0H,8p
fm{ox)=cabs(cx)

fa({cex)=180. /p¥atanZ{aimag{cu),real{cx))
p=3.14156926

read(8,¥%) a(1,1y,8(1,2),8(2,1),2(2.2)
gama=zcemplx{0.4,-0.77)
dd=1.-8(2,2)Y¥gama
sp=a(l,1)+a8(1,2)%a(2,1 ) kgamna/dd
gim=fm(ap)

sla=fa(sp)

SZL :—1 .*Sla

ri=1./slm

do 11 i=1,2

do 11 j=1,2

11 write(3,%) s(41i,3)
write{(3,12) ri,sla

12 format(bx, "'1/8"11!=",212.86,5%x,£8.2)
stop

end
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Fh¥dinp, Tor programe¥Es

complex de,zl,zr

complexy zf,z0,zcout

compley 811,812,821,822
sll=cmplx(-3.154,-1.98)
glZzcmplx(3.24,0.233)

g2lzcmplx{ -0.075,-0.208)
grdzcenplx(-0.57,0.29)
de=(1.-allik(l.-a822)-a12kg2l

2i=E0 . % {( (1. +a81l¥4 (1. -a221+812%s21} /de
z2r=hH0 *2 kg12/de

z2f=100. %821 /de

zozh0 #( (1. -gl1l)*{1.+822)+sl12%s21) /de
zontz=go-(zar¥zf) /(21+50.)

uritel{+,%) “de=",de,” , &i=",zi
write(®,+) "zaf=z",g8f," T, Taoz ", B0
agtop

erd

~
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FRAEERDO FOR PROGEAWM Sk

dimension vg2dl(4),vgls(4),v1(3)

data v1{1y,v1l(2),v1(3)/1,2,3/

data ve2dl{1),vel2dl(2y,ve2d1(3)/0.,-0.5/
data vg“dl(?),vgddl'&}/ 1.,~l.5/

datsa cgeo,vgleso, gno/0.5,1.,0.048/
data vbi,vp,rdoe/0.8,-3.,143./
vde=5

idss=0,0564

do 20 i=1,4

vgle(ji=velddl(])

do 15 n=1,3

do 30 k=1,4

do 40 m=1,361, 45

fm=m-1

d=fm

w={3.14%d) /180,
veedg=vagiaotvil{n)ytein ()’
vdla=vglie-vg2dl (k)

vegldl=vglal{k)-vdils

1 (vgldl. gt . 0.7y go 1o 21
cgdlizcgsod (1. -veldl/vbiykx(-1./2.)
veiddzvelds-vds

cgdZz=cgaot{l, ~vglidZ2/vhidek({-1./2 )
idis={1-vglasl{k) vp)Y&¥2¥({idast+vdlis/rdo)
dz=vdls-gmorvprrdo
deltal=z{gnotrdotvpi®eit+d ®idls*rdokdsz
del=2. ¥ {vdls-gno¥vpdrda)
xl=({-1.#¥gmo¥rdotvp+eqri(deltal})/del
x2={-1 . ¥gmokrdodvp-gqrt{deltal))/del
vpglzvp-vpEx? .
dz2zvds-vdle-rdotvplgme

dwlt Ze(rdodvprgmo )¥E2+4  widlskrdokdaZ
dez2=2 #({vde-vdlg-rdokvpikgmo)
vi1={-1.%rdo¥vp*gmo+asqrt{deltaz)) /de2
vZ=({-1.¥rdokvpigmo-sgrt(deltal))/de2
vpgl=vp-vpkyZ

a=1.-vpgl/ve

b=l.-vpgz/vp

c=l,-vpgl/vhbi

h=1.-vpgZ/vhi

if(a.eq.0.) go to 31
gmlzgmo*(l.-vpgl/vp)
rdsi=rdo¥{l.-vpgl/vp)*+(-2)
if{o.eq.0.) go Lo 32
cgsl=cgso¥ (1. ~-vpgl/vbid)¥¥(-1./2.)
if{b.eqg.D.)go to 33
gnz=gmo¥{l.-vpg2/vp)

rdg2=rdo®{l, -vpgl/vp)eE(-2)
ifth.eq.0.)go to 34

cgel2=agao¥ (1. ~vpg2jvbi)**(—l./2.)
writel(7,.9)n,k,m, gml .
formatbt(byx, n=",13,82x, "Bk=",13.2x, 'm=",14)
write(7,11)gm2,rdsl, rds2 ‘
format{by, "gmé="f7.4,2x, "rdel=",£f6.2)
write(7,8)vpel,vpe?,cgal .
format(bx, "vpgl=",f6.2,2%, "vpg2=",£6.2)
write{7, la)vgldl,vgddz‘cgdd cgdl
format(fx, "vgldl=",f68.2,%x, "vg2dZ=",f6.2)
write(7,12)cge?, vgddl(k} vi{n)
format{bx, "cgs2=" fB8.2,2x%x, "vg2dl(k)=".£6.2)
contlimie 15 Continue end
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vt l . for pfggpam$$$$$

complex
complex
complex
complex
comnplex
complex
complex
complex
complex
comnplex
comp lex
comp Lex
complex
comp Lex
complex
complex
complex
complex
raeal
real
real
data
data
data
m=1

cg=0,05
sd4=-1.5
vegl=-3,
cm=0.4

Im=1.1

ox,a,vi(11,21)y,vlo(11),hl, h2
pume,v11(11,21),ful(256,25)
al{Zl),sume,sumnzl,tops,ets, dep?
sz,zl.eb,sumi,zi ,ch,topb,gm3
cr,sal,del,ar.eth, fn2(25,25)
che,ricl{1l),siml,simZ2.ebl, 283
zgd,.s02,de?,c2l ,sunvl,v22{25,258)
eg,ptl,zaZ,2al,vil(25),rim2(11)
vE(LL,21),,svmv?,sumic?Z, sumin?
et,eb?,pay,.sunkz, sumkk, vx(11)
zgli(1l),s8imlp,2alp, 38a2p,8ve,gmn3p
avi?,evi,sic,svio,zn(l1i).ze(1l)
viZ{1iy,rit {11y, k3 hd4,b5,hE,h7
svl,svil,sil,ass,silp,s8ill,zgl

he . hS,hl10,chop,ric2(11),22(11)
sumsp,sumzale.c2(21),sumip, chp
riml(ily,gm2{11),gml(1ll),simlp
h#d hpb,he7,hpd,sopl,depl, so0p2

n.nhd , neel, iz, nhe, 110, mhl10 . musl, im
nep?,. nhid, nil? ., nhl1Z,nhl4d, isp,nhip
Y, im7,im8 ,nick, ik

rg,
Vi,
7 d .

rin/40, ,50/
n,vh,vyp/+0.8,10. ,06.8,-3./
ro,ri,r2/58.0,143.,427. ,427./

p=3.1415693

f=11.

to=2 . 5410%%(~-12)

cdo=0.5

gmo=0,05

azcmplx(0.,0.)

do 1 il=

1,4

vZ2(il,m)=a

vZz(5,m)=

cmplx(vm/2.,0.)

va(B,m)=cmplx(-rl/(ri+r2itvd+ed, 0.)

v2(7,m)=
do 2 1i2=

12=312+7

cmpls{vn/2.,0.)
1,4

v2(1Z2.,m)=a

do 21 121=1.,5
vio(i21)y=v2{iZ21 ., m)
vio(B8)=cuplx(s4,0.)
do 2721 kd4=1,5

k4l1=k4+8

vlio(k41l)=vi(k4l,m)
do 22 122=1,11

vZa(lzz,

mi=va(122,m)

do 81 nZz=1,56
vi(nZ,m)=a

vi{(8,m)i=

cmplxf{vgl,0.)

do 82 n3=1,5

nd=n3+s

vi{nd, mi=a

do 83 nh=1,11

vil{nd,mi=vi{nd,m)
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do 3 13=1,11

3 write(7,%)Y vZ2(1i3,mY=",v2(13,m)
do 684 n6=1,11
64 write(T7,4¢y " vi(ng,mi=",v1i(né,m)

do 100 k=1,182
if(k.eq.1ligo to 44
do 68 116=1,11

66 v1{116,k)=v11(116,k)
do 87 nu7=1,11

67 va{nT BEi=vi2(nT.k)

44 ndl=i

do 4 14=1,21
nhd4=i4-11
SUME=Aa
sUMesp=a
do 5 nsl=1,20
neplsnsl-1
sumzl=a
sumzlp=a
do 8 izm6=1,11
iz=iz6-6
vizgin(ig®Z ., ¥pknspl 7 20.)
ez=cmplelcoa (142 tpEnepl /20,50 ,v1)
sumzlzsumsl+vZ2 (126, kiten
6 sumzlo=sunalptvl(izs , k)ikez
sezgumzl
gZp=sumzlp
gums=1.-a82/vb
sumzp=1.-82p/vb
rbhggrt{suma)
rbp=aqrt(sumnzp)
tzl=1./rb
tzlp=1./rbp
vaz-1.%gin( 2. ¥pinhdénspl/20.)
ebzoemplx{cos( 2. ¥pknhd¥nspl /20.),v2)
sums-gumst+ebdtal
sumsp=sumnsp+ebrtzlp
c2(id)y=c2o/20. sums
cl{(id)=cZ2o/20 *sunsp
4 continue
150 agl=1.
do 8 1i8=1,11
gumi=s
sumip=a
do 8 18=1,11
19=319-~1
110=19-6
gizomplx(0.,0.089%110)
ch=c2{18+10-19)+xv2(19,k)
chp=cl(18+10-19)%v1(19.,k)
chozzltch
chop=gitchp
gumip=sumip+chop
9 sumiz=sumitcheo
ricZz{if)=sumi
rici{(ifji=sumip
8 continue
151 BeZ=2.
do 27 m7=1,11
im7=m7-8
27 vil{m7y=conplx(0.,0.172%in7)¥vi(n7,k)

w
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do 28 md=1,11
imB=m8-6
28 viZ{m8)=zcmplx(0.,0.172%im8)%v2(m8,K)
do 10 110=1,11
gimZ=
sim@p=a
nhl1l0=110-
gmi=a
gmap=a
do 11 na2=1,10
nap2-nsl-1
siml=a
aimlp=a
do 12 112=1,11
nilt2=ii2-6
yad=gin(2. Tpfnil“*nhpﬁfn)
ug~ cmplx(cos(2.¥p¥nill*nep2/n),y3)
sal= gtv°(11 k)
zalp:eg*vl(i12,k)
siml=gimli+zal
12 aimlpz=simlpt+zalp
ptli=1.~-giml/vp
ptlip=1.-g8imlp/vp
saZ=ptl¥aiml
zalp=ptlip¥simlip
yvd=-1.%ain{2.*p¥nhll+¥nap2/n)
ebizemplx(cos(2.%p¥nhl0¥nap2/n),v4d)
gmd=gmI+ptlirebl
gndp=gm3p+ptlpkebl
simZ=siml2+zalkebl
11 simZp=aimip+zalp¥ebl
rim2{i110)=gno/n*¥sim2
riml{il0)y=gmo/n¥esimip
gnZ2{i10)Y=gm3*gmo/n
gnl(110)=gmip¥rgmo/n
10 aontinue
do 336 ji6=1,11
jh=3136-6
if(jh.eq.0.) go to 337
dB:(E.0*p*f*jh)**4*lm**2*cm**2
d3=(2 Ofpkf*jh)**QWGm**Qﬁrm**Z
dpl=-2 % (2., ¥pkfRih)I*k¥2%1lm*om/1000
di= (i“+d?)/1000000.+1.+dp1
alz=rm/dl
bpl={2. ¥pFfkih)komFrmkk2
bp2=(2.¥ptf+ih)*EIkImkk2kcm
Pl={bp2+bpl)A1000.%(-1.)
b2=(2.%p¥kf¥rjh)¥1Im
b3=bl+b2
b4=h3/d1
z2m{ j36Y=cmplx(al,-b4d)
2821 (J38)=zemplu(re,-1000. /(2. ¥pkfiihkeg))
82(336)=r2*r1+(v2+r1)*{=m( JjA6Y+21(336))
337 sm{6Yzemplx(0.,0.)
a2{6i=cemplx(0.,0.)
335 gg1(6)zcmplx(0.,0.)
do 13 ne=1,11
if(nc.eq.68) go to 131
hi={zm(nc)**¥2%(r1+r2)/a2inc)-zminc))
hizhl¥ricl(nec)
hZ2=(zm(ne)*rl¥r2/al{nc) )¥riml(nc)
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he={zm{neitri¥r2 /a2 {(nc))¥ricl(ne)-h2?
h3=(azm{ncidridr2/aZ2{nc) Y¥rin2{nci-vil(ng)
vilinc k+1i=hl+h2+h3

go to 132

cp=cl{il)

vil({no,k+l)=vgl

hil3=ritrZ/(ri+r2)
hiO=ritrd/(rl+rZ2i¥rinl(8)-h13%rim2(8)
vaz{ne, k+11=hl0-rl1/{ri+r2ikvd+vio(B)
go to 13
hpb=({sm{na)+esgl(ne) )k {ri+r2)¥(-1.%zm(nc))
hbEzhpb/aZine)+sm{nc)

hé=hb¥ricl(nc)
hp7=({sn(nci+zgli{nce) s {-1.%rl1%r2)/a2(nec))
h7=hpT7*ricZ{nc)

h8={(zminc)+zgl{ne) ¥¥ri¥r2/a2{nc))¥riml (nec)
hp9=(zm{nc)+zgli(ne) }*{-ri¥r2})/a2{nc)
h9=hpftrim2(nc)-viZ{nc)+vlo(ne)
v22(ne,k+1)=h6+h7+h8+h0

write(7,%) vil(ne,k+1)=",vii{nec,k+1)
do 28 ne2=1,11
write(7,%) v228(nel ,k+1)=",v22(ncl, k+1)
if(k.gt.1)z0 to 88

do 15 i1b=1,11

Ful(i1h,k)=v11(i15,k+1)
Fu(i15,k)=v282(115,k+1)

write(7,+%) ful(ilb,k)}=",Fful{i115,k)

go to 100

n81=1

do 17 117=1,11

ful (117, ky=v11(117,k+1)
gopl=ful (117 ,k)-ful(11l7,k-1)
gol=sopl®(v1i(117,k)~-ful(117,%k))
depl=ful(117,k)-v11(117,k)
del=zdepl-{ful (117, k-1)-vi1({(117,.k-1))
if(del.eq.a)ge to 83

v11(117 , k+1)=ful(117,k)+s80l/del

go to 171

v11(117,k+1)=Fful(117,k)

Ful (117, k)=v22(117 ,k+1)
aop2=fu2 (117, k)-ful{(117,k-1)
So2-gop2%{v22(117,k)-ful2 (117 ,k))
depZ=ful{117,kK)-v22(117,k)
de?=depf-{fu( (117 ,k-1)-v22(117,k-1))
if(def.eq.algo to 31
v22(117,k+1)=Fful {117 ,k)Y+r02/de?

go to 17

220117, k+1)=ful(117,k)

write(7,%) v11(117,k+1)=",v11(117,k+1)
do 1782 km=1,11

write(7,%) ¢v22(km,k+1)=",v22(km,k+1)
continue

end
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¥ FRELT . FOR PROGRAM¥##®%¥
complex v1(11),v2(11),22(21),eml (1)
complex gm2(11),rin2{11y,.8iml.ec2,cg
complex riml(ll},&uma,aumzl sim2,.zal
complex ptl,sumvl,et,ebZ,z228(11)
complex sumi,ch,che,.s8r2,srl,sunv?
conplex sinlp,egwldp,simlp,zalp, 2a2p
complex ebl,eb,ricZ2(11),riZ(11),8r(11)
complex v2(11),r1(11),a,z1l,gm3,za2
real nhd . nepl.iz,n,nhid, nep?, 110
real mhi0,metl, im,j hir, nil/
data p,clo n,rm/3 1415,0,5,10.,143./
data cg,f,egmo, vb/O‘lﬁ,ll.,Q.OS,O,Q/
dats rg,vps50.,-3./
do 1 i1=1,3
111=11+4
read(8,4%) vi(i11)
do 2 12=1,3
121=12+4
read(8 . %) v2(121)
do 24 md=1,11
writel(9,¥)Y vi(mdi=",v1(md)
do 25 mE=1,11
writel 9, 4) " v2(mby=",vZ(ud)
azcmple{0.,0.)
do 3 13=1,21
nh3=13-11
BUME =&
sril=a
do 4 nsl=1,20
ngpl=nsl-1
gumzl=a
do b 1z5=1,11
iz=iz5-6
el=zgin{iz*2 *pinspl/ 20.)
erzcmply{cos{ig#2 kpt¥nepl 20.),=21)
sumzl-sumzl+v2{1lzbites
sZ2=gumnzl
samz=1.-1.%{s2/vb)
gu-sums :
rhzeqrt(sn)
tzl=1l./rb
eZ=-1.%ain( 2 *prrhItnapl /20.)
ebzomplx{cos (2. kpenh3tnepl/20.),22)
sums=sume+ehbktzl
sril=srllt+ehbttzl
continue
Cc2(13Y=cZa/20 . ¥sums
riz{i3y=2.5/(cla¥n)dsrll
write(9,#%) c2(i3)=",c2(13)
do 8 i8=1,11
sumi=a
do 9 18=1,11
19=i9-1
110=19-8
zizomplx (0, ,0.089%110)
ch=c2(i8+10-19)4v2(19)
chez—zitah
gsumi=gumitche
riczZ(i8)=sumi
write(9,%) 1ic2(18)=",ric2(iB)
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de 10 110=1,11
simZ=an

simZp=a
nhlh=110-6
Em3=&

gm3p=sa

do 11 ns2=1,10
nspl-nad-1
giml=sa

simip=a

do 12 112=1,11
nilZ=11%-6
ed=alin{ . *pknil2+nep?/n)

>

egmoemplx(cos (2. ¥p¥nilZtnep2/n),e3)

zalzegdv2(112)
zalp-egtv1(i12)
slml=giml+zal
simlp=simiptzalp
phiz1l.-siml/vp
phlp=1.-simlp/vp
zaZzzphtlksiml

zaZp=ptlp¥simlp

ed=-1 . ¥gin{ 2. ¥pinhl¥nesp2/n)

eblzcuplx(coa(?. . ¥ptahlldénsp2/ny .ed)

gu3zgm3+ptlrebl
gudp=gn3p+ptlptebl
simZ=zsimZz+zazichl
gimZp=simZpt+zalpiabl
continus
rimz2{il0)=gmo/n*eing
rimli(ild)=gmo/nteinip
gunz(i110)=gmitgmno/n
gnl{il0)=gmipkgmo/n
write(9,®) im2(i10)=",rim2(110)
do 42 ki=1,11

write(9,%) GMZ(ki)=",enZ(ki)
do 38 12=1,11
write(9,4+) IMi=" ,riml1 (1)
do 37 13=1,11

write(9.,.4) GHMI=",gml(13)

do 110 mlo=1,11

mhl0=m10-6

sra=a

griz=a

do 111 mas=1,10

mgl=me-1

sumvaca

guamvi=a

do 112 wmiZ=1,11

im=milz-6
ebzgin( lm*2 *prmel/n)
etzcnply(cos(im*:2 ¥ptmal/n) ,eb)
gumvezsunva+vZ{mli2 ket
sumnvizsunvi+vi{iml2 ket
2lpz=sumvl

XZp=sumv?
sumkal=(1.-xlp/vp)*x2
pumkEaZ={1.-x2p/vp ¥k
ef=-1. ¥sin(2.¥pruhlldmel /)

ehZmomplx{cos{ 2 . ¥pruohliltnsl/ m),eB6)

grizerl+sunkalreb?
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grzosr2teunkaZieh?

r2(mid)i=ro/ntsr2

ri{midi=ro/n*¥ari

do 50 ib=1,11

JjEp=jb-8

1f(jbp.eq.0.) go ta 5O
zgl(iby=cuplx(rg,-1000. /(2 4prfribprcg))
urite(9,%) "Z2G(J5)=",8g(3ib), "jb=",1b
end
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Atk p e IME | FOR PROGREAM#® Fdd bk bk
complex zZn,=zz,ap, 28N, 222, 28p,83
complex w(9), hn{8),ha(8) . .hp(8).s1
complex x(9),den,des,dep,.gnin,gmnlz
compler yv(9),ul,uZ,ul3,toe,v2(3),gnlp
complex rid(3),v2l{3),v1o(3),rid1l(3)
complex z(9),gmin,gm2z,egm2p,t,z22(3),q93
complex cln,clz,clp,cln,cla,clp,al,q2
real lm

data wn,vws,wp,p/6.283,76.4,144 .5,
data lm,om,rm,rg,.c25/1.1,0.4,50., .4
data rl,v2/427.,427./

u=1000.
sg{1Y=cmplx(rg, -1000. /(2. %p¥xl1l. *cg¥(~1.)))
zg(2)¥=emplx{(0.,0.)
sg{d)=coplx(rg,-1000. /(2. .%p¥xll. ¥cg))
vi=1.,/r2

tozemplx(0.,2.56%yv2/1000.)

do 21 i=1,3

read(8,%¥)v2(1)

do 31 3=1,3

read(8,%)v21(3)

do 41 k=1,3

raad(8,%¥ivlo(k)

do 51 11=1,3

write(7,%} vBal(il)y=",vE(11), "11=",11

do 61 ji=1,3

write(7,€Y ¢21(31)=",v2(31), Ji1=",j1

de 71 k1=1,3

write(7,%) vio(kl)=",vio{kl), "ki1=",k1
ul=emplx(0.,2. 5¥wn/1)

uZzemplxz(0.,2. b¥gz/u)

3.1415/
0.,0.05/

udzemplxz(0., 2. b¥up/u)
cln=cmplx(-0.21,0.12)
cla=zomplx(0.48,0.)
clp=cmplx(-0.21,-0.12)
cZnzemplx(-0.0584,0.246)
cZazomplx(0,.49,0.)
cfpzemplx(-0.0584,-0.2486)
gmln=cmplx(-0.0083,0.0031)
gmlzszcmplx(0.000016,0.)
gnlpzcmplx{~-0.00583,-0.0031)
gnln=zemnplxz{-0.00133,0.00603)
gmPzzemplx{0.003315,0.)
gmn2pmemplx(-0.00133,-0.00603)
t=zomplx(0.,1.)
dAn2=1.-2 . ¥wnEk 2 Imkem/1000.

dz2=1. -2  fuzk281m¥omn /1000,

dp2=1.~-2  ¥ypkk2%Im*em /1000,

dnpowretf 48 Tk R om¥ 2yl 2% eme Rk Bk emkd 2
dn=dnp/ /1000000, +dn?2

dzpowasr s Inir2emEt 2w aF R 2¥onkr 2¥ rmock 2
da=dzp,/1000000.+d22

AppowpEH 4R Tnk 2omick 2+ wp Rk 2 omik 2k prmick 2
Adp=dpp/1000000.+dp?2

an=rm/dn

az=rm/da

ap=rm/dp
bin=-({wn¥kJ¥Imek2kom+wnkomkrmrs2) /1000,
ble=- (w3 lnk2¥ontustomirm®k2) /1000,
Dlp=- (wpERd3EInek2kon+twpronkermtk2Y /1000,
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bEn=wn#lm

bZz=wuzgtln

bip=uptlm

b3n=(bln+bin) /dn
h3z=(blz+b2z) /dz
b3p=(blp+biZp) /dp

zon=cmplx(an, -b3n)
zrzcmplyxlaz,-b3z)
zp=cmplxlap, -b3P)
zgn=cmplx(rg, -1000., /un¥cg)
zgz=cmplx{rg,-1000, /uzsteg)
zgp=cmplxl{rg,-1000. /vpteg)
denz=r2iri+(rZ2+rii¥(zn+zegn)
dez=rZ2tri+{rZ2+riik{zztzgz)
depzr2trit{rZ2+rii¥{zp+zgl)
hal{ li=zandez2e(rl+r2) /den-zn
he{lizgzsx2{rl+r2)y /dez-2z2
hp{lizzp¥¥2¥ (vit+rey /dep-zp
hn(Z2i=zn¥risr2/den
hz{Zjzzag¥rikr2/des
hp(Z2)=zprrlitrs/dep
ho(3i=1 ., -en®(rl+r2) /den
ha{3)=1l.-za¥{rl+rd)/dez
hp{3i=1.-ap®{rl+r2) /dep
hn(dy=pa¥rl/den
ha{dizzedrl/des
hp(4di=zzprrl/dep
hn(Ei={zntagn)¥(rl+r2i% (-1 .%2n)/den+zn
ha(b)={zaztagz)d(ril+riid{-1.%z2z2)/dez+zz
hpl(S)=({aptzgp)¥(rl+r2)E (-1, %zp)/dep+ap
ha(8i=-1.%{mn+zgnisrlir? /den
hz(B8)=-1.*%{zga+zgz)+ri¥ri/dez
hp(Bi=-1.%{z2p+agpitrlir?/dep
hn{(7i={ri+rZ)*{zn+tzgni/den-1.
ha{7y=(rl+r2i*(zz+zgz)/dez-1,
hp(7)=(rl+r2)*(zp+zgp) /dep-1.
hn(8)=-1.%r1l®{zn+zgn)/den
hz{(8)=-1.%rl1%(zg+zgs) /dez
hp(8)=-1.%rl1%(zpt+agp)/dep

do 1 1i=1.8

do 2 3=1,8

write(T,%) ha{iy=",h={3y, 3=".,3J

do 3 k=1,8

write(7,%) hp(k)=",hp(k), "k=",k
w{l)=1, -t¥hn(1)*unkclz/ +hn(2)*¥gmlza+ul
wi2y=-tthn{1)Y¥wnkcln/a+hn{2)*¥gmln
w(3)=-tkhz{l)twztkclp/u+hz(2)Y¥gnlp
w{d)=1.-tdha(l)ytuzclz/uthz(2)¥gmliz+ul
w{bH)=-trha{l)dwatcin/utha{2)Y*gnlin
w(B8)=—-tkhp{ 1 )kupkclp/ut+hp(2)+gmlp
w(T)=1.~-tkhp(l)kwpkclaz/uthe(2)+gnlz+uld
¥ 1)=-thn(2)Ydun*cl2a/u-hn(2)*kgniz
2{2V=—-tdhn (2 YkunkeZn/u-hn( 2 ykgmin
X{(3)=-tkhz(2)kustelo/u-ha{2)¥gndp
X{dy=-tkhz(2)kuztcZa/u-hz(2)kgniz
X(BY=—tthza(Z)%uzkcZn/u-ha(2Y¥gmsn
X{B)Y=—-tdhp(2)rwpkclp/u-hp(2 ) kgmlp
x{T)=-t¥hp(ZykwpkceZz/u-hp(Z2)kgmia
y(1ly=-tdhn{ S iyduntcla/ut+hn{6Y¥gmlz
v(2Y=-t*hn(b)Ykunkcln/uthn (6 Ykgmln
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vidy=-tdha(bivuzkalp/athz (B dgmlp
yv(d4y=-t*hz(birtwzkclz/u+hz(Bi*gmlz
v{(B)y=-trha{Hi*uskcln at+tha (8 ikgmin
v(B8)y=-tthp(Hikupkaclep/uthp(B8idgmlp
v(?)=—tthp(HitwptclzsMthp{B)kgmlz
z{1)=1.-t*hn(6)y¥rwnkcZa a-hn(8)¥gmZz+ul
z{2y=-t¥hn(8Y+untczn/u-hn{BY+¥guin
2(3)y=-trha(8)+ruztcZp/n-ha {6 tgmZp
z(4)=1. -tdhz(8)duskclz/u-ha (8 kgnZz+u?
z(Hy=-thha(8yruakcdn/a-he(Bi¥gmin
2(B)=-t*hp(B)Y¥upkc2p/u~hp(6i*gmilp
z(7)=1.-tdhp{6)Ytuprclaz/u-hp(B)*gnsz+uld
do 4 14=1,7

write(7,%) w(id)=",w(id), 14=",14

do 5 i5=1,7

write(7,%) w(ibh)=",x(418), "156=",15

do 8 i6=1,7

Wwrite( 7, %) v(i68)=",v(16}), "1B=".16

do 7 17=1.,7

write(7, %) a(i7)=",a(17). 1i7=",17
slzcmplx(0.,-1.%2.56%2 %3 ,14156+11./1000.)
s3zcmplx (0, ,2. %2, 6%3,14158+11./1000.)
rid{1)i={y2+un*tot+gn2z)¥vi{(1)+gmin*vz(2)
alzgmln*vz(3)
rid{2)=gmn2p¥v2(1)+{(vE+tokuztgml2z)*vi(2)1+ql
rid(3)=gmlpkv2{2)+(gmls+y2+toXwp)¥v2(3)
Ql=gmZn¥v21{1)-vic(l)/2g(1)
ridli(1)=(v21 (1) +s1%v21{1)-vico{l1))/r2+qg?2
ridI{2)¥=(vE2I{(2)-vIio(2)Y) /r2+gmBz%vi(2)
gdzgmlp¥v2l(3)-via(d)/2g(3d)
ridl(3)=(v21(31+ad¥v21{3)~-v1a(3))/r2+q3
do 100 m2=1,3

write(7,%) rid(m2)=",rid(m2)

do 101 m3=1,3

writse(7,4%) ridl(md)=",ridl{mnd)

end
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FEEEFEROOTS , FOR PROGRAMF# k%
COMPLEX#16 Q(64,84),A(864),B(64)
READ(*, %) H
DO 10 I=1,H
DO 10 J=1,N
READ(1,4) X,¥Y
Q(I,T)=CHFLL(X,Y)
bo 20 I=1,H
READ(1,#) X.,7Y
A(IY=CHPLX(X,Y)

CALL GAUSS(N,Q,B,A)

DO 30 I=1,H

WRITE(Z,%) REAL(B(I)),AIMAG(B(I))
STOP

END

SUBROUTINE GAUSS(N, CHMN,EN,EM)
COMPLEX*16 CHN(64,64),EN(64),EM(64),D2,T,DA
DO 30 K=1,N-1

D=0.0

DO 40 I=K,N
C=CAES({CMN(I,K))
IF(D.GE.CY GOTO 40
D=C

LL=1I

CONTINUE

Li=LL

IF(L1.EQ.K) GOTO 50
DO 60 J=K,N
DA=CMN(K,J)
CMN(K,J)Y=CMN(L1,J)
CMH(L1,J)=DA
D2=EM(K)
EM({(K)=EM(L1)
EM(L1)=D2

DO 70 I=K+1,N
T=-CHMN{I,K)/CMN(K,K)
CMN(I,K)=T

DO 80 J=K+1,N
CMN(I,J)=CHMN(I,J)+T+CHN(K,J)
EM{I)Y=EM(I)+T*xEM(K)
CONTINUE

EM(M)Y=EM({N} /CMH(N,N)
0o 80 I=N-1,1,-1
DA=EM(I)

DO 100 J=1I+1,N
DA=DA-CHMN(I,J)Y¥EN(J)
EN(IY=DA/CHMN(I,I)
RETURN

END
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APPENDIX-B: OUTPUTS FOR PROGRAMS
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FrEthe output of cascodZ.for programids
S5-Parameter for Lwo port common sourse FET

(6.400000E-001, .0000000) 128.0000000
(1.020000E-001,.0000000) . 11.0000000
(1.1300000, .UUDOUDO) ~17.0000000

(6.000000E-001, .0000000) -142.0000000

S-Parameter for cascade clirocuit which the gate
of common drain FET is as input and the gate of
common gource FET ia as output ports.
(-2.00894320,3.172233E-001)
(2.8896819E~001,-1.1003920)
(-9.022268E-002,-6.0287680E-002)
{(~3.909161E-001,4.505720E-001)

k=-.69827TE+01

f(GHZ)Y=11.00 so= L 150872E+02 ,210778E+02
zin= 1BOBT2E+02-.210778E+02

z2inn= 0.301 ~-0.4215

gainn=-,390815E+00-  450572E+00

rgainni= .EO65 <gainnz -130.94

g1l 1924978401 <y 1ll= 170,06
:1/8‘11:: CB19488E400 <1/8"11= -170.06
S-Paramater for two port common sourse FET

(6.700000E-001, .0000000) 108.0000000
(1.100000E-001, .0000000) =1.0000000
(1.0500000,.,0000000) ~33. 0000000

(6.100000E-001, .0000000) . -145.0000000

S-Paramater for cascade circuit which the gate

of common drain FET is as input and the gate of
common source FET is as output ports.
(-1.5667360,9.345811E-001)
(-3.497517E-001,~-1.0832280)
(-9.924534E-002,3.3928581E-~-003)
(-2.488641E-001,5.797698E-001)
k=-.512811E+01

f£(GHZ)=12.00 zo= 1587HEE+02
zin= .158755E+02w.105819E+02
zinn=0.317 -0.611
gainn=-.248864E+00- ,879770E+00
tgainn!= L6309 <gainn= -113.23

g 11ll= 1710798401 ¢g™1i=  150.03
11/8711 = .BB4EZ4E+00 <l/8711= -150.03

o5

08819E+02

S-Parameter for two port common scoursge FET

(6.800000E-001, . 0000000) 117.0000000
(1.290000E-001,.0000000) -88.0000000
(1.5800000,.0000000) ~-47.0000000

(4.700000E-001, . 00000003 157.0000000

S-Parameter for cascade cirecuit which the gate
of common drain FET is as input and the gate of
common sourcse FET ia as output ports.

(~1.683214E-001,2.7989190)
(-7.239437E-001,-6.048806E-001)
(2.389210E-001,~-5.357920E-003)
(-3.020485E-001,7.263950E-001)
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E=-.T7T84043E+01

f(GHZ) 11.40 so= ,8B7218E+01 .328766E+02
zin= .8B7218E+01~.828766E+072

2inn=0.1714 -0.6535
gainn=-.302050E+00-.726395E+00

jgainni= L1867 <gainn= -112.58
s 11l= [ 32b976E+01 <a"11= 8bh.22
V1/87 11 = L 308T771RE4+00 <l/8711= -85.22
S-Parameter for two port common scurse FET
(8. 700000E-001, .0000000) 103.0000000
(1.300000E-001, .0000000 -100.0000000
(1.4500000, .0000000) -84, 0000000
(6,000000E-001, . 0000000) 142.0000000

S-Parametar for cascads circuit which the gate
of common drain FET is as input and the gate of
common source FET is as ocutput ports.
(6.2844109E-001,2.0115230)
{(-4.191723E-001,-1.684499E~-002)
(1.395013E~-001,-1.228903E-001)
(-8.371017E-002,6.979936E~-001)

k=-.125013E+02

£(GHZ)=12.00 o= L,1B7140E+02 ,431213E+02
zin= .157149E+02- 411“1?E+0°

zinn= O 314 -0, Q6°4
gainn=-.637102E-01-.697994E+00

tgainni= LT008 <gainn= -95.22

te”11l= .220373E+01 <g"11= 71.38
1/87111= . 4B3776E+00 <l/8"11= -71.38

Z-Parameter for two port common gourss FET

(6.800000E-001,.0000000) 117.0000000
(1.290000E-001, .0000000) -88.0000000
(1.5800000, .0000000) -47.,0000000

(4.700000E-001,,0000000) 157.0000000

S-Paramster for cagcade circuit which the gate
of common drain FET is as input and the gate of
common scource FET is as output ports.

(- 83214E-001,2.7989190)

(— L.239437E-001,-6.048806E-001)

(2.3%Q°1OE 001,-5,357825E-003)

(-3.02049E8~ 0(1 7.263950E-001)

k=—.T784043E+01 ’

f(GHZ)Y= 9.040 ag= .149015E+00- . 523692E+00
gamlp= ,340000E4+00-.770000E+00

tgamlpl= . 8417 <gamlp= -~B66.18

te”11i= .276867TE+01 <g ll= 98 .78

V1/87 111 = . 361184E+00 <1/ 11= -98.78
S-Parameter for two port common sourse FET

(6.700000E-001, .0000000) 103.0000000
(1.300000E-001,.0000000) -100.0000000
(1.4500000, .00480000) -64.0000000

(65.000000E-001,.0000000) 142.,0000000

S-Parameter for caascade cireouilt which the gate
aof common drain FET is as input and the gate of
common souras FET is as output ports.
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(6.284419E-001,2.0115230)
(-4.191723E-001,-1.684498E-002)
(1.396013E-001, -1, 22B903E-001)
(~6.371017E-002,8.978836E~-001)
k=-.,125013E+62

f(GHZ)= &, 20 gg= . 1546876E+00- . 499074E+00
gamlp= . 340000E+00-_.770000E+00

tgamlp :: L8417 (gamlp= -66.18
Yyt 11:: .220651E+01 <a'll= 74.29
Ml/s7 11 CABR3ROBE+00 1/8°11= -74.29

S-Parameter for two port common gourge FRET

(6.400000E-001, .0000000) 128.0000000
(1.020000E-001, .0000000) 11.0000000
(1.1300000,.0000000% -17.0000000

(6.000000E-001,.0000000) -142. 0000000

S-Parameter for cascads cirecult which the gate
of common drain FET is as input and the gate of
common gourcs FET is as ocutput ports.

(-2.0094320,3.172233E-001)
(2.889619E-001,-1.1003820)
(-9.022266E-002,-6.028760E-002)
(-3.908151E-001,4.505720E-001)
k=-.686277E+01

£(GHZ)= 9.00 zg= .149015E+00-.523622E+00
gamlp= .160000E+00-.760000E+00

lgamlp!l= LTT67 {gamlp=z ~-78.11
1e”11i= L 20B105E+01 <a"11= 167.74
11/87 111 = _487556E+400 <1/ 11= -167.74
S-Parameter for two port common sourse FET
(8.700000E~-001, .0000000) 108.0000000
(1.100000E-001, .0000000) -1.0000000
(1.0500000,.0000000) -33.0000000
(6.100000E-001, .0000000) -145,0000000

S5-Parameter for ca:eadc caircuit which the gate
of common drain FET is as input and the gate of
common source FET 1a as output ports.

.BB67360,9,.345811E-001)
LA9THBITE-001,-1.0632280)
924534E-002,3.392251E-003)
LA88641E-001,5.,797698E-001)
k=-.512511E+01

£(GHZY= 9.20 zg= .1B4676E+00-.499074E+00
gamlp= .160000E+00-.760000E+00

tgamlpl= LrAeT <gamlp= -78.,11
fgT1ll= L173931E+01 <g"1ll= 146.00

11/87111= .B74041E+00 «1/s°

11

~146.00
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##¥the output of math.for program¥Es
glp=-.1415669E+00-.838036E+00
11/87 11 = (44BZL3E+00 “1/8°11=  1566.27

clp= .36BSSTE-N1-.78BE28E+00
' 1i= .339307E+00  <1/8°11= -99.74

(-3.000000E-001,7.260000E-001)
11/ 11= . 363028E+00 «1/8°11= -98.58

LE000000,-3,140000E-001)
L980000E-001,-2,1000000)
L000000E~-002,1,.650000E~001)
.1000060E-0G1,6.770000E-001)

11/e111= .4B2584E+00 «1/8°11= 1867.61

1

o~~~ —
i
W 00 > 8D



F¥+4THE QUTPUT OF DO,

n= 1 k= 1 m= 1 gml= 0458

gmz= .0402 rdsl=157.23 rda”*dDB 95
vpgl=z -.14 wpglz -.49 cgsl= .46
vgldi= -1.00 wvg2dZ= -4 .00 ‘cgd2= .20
cgegl= 389 veidl(ky= L0000 wvl{nd)= 1.00
n= 1 k= 1 m= 48 gmi= .0443

gmz= 0414 rdel=187.69 rdsi2=192.40
vpgl=z -.23 wpglZz -.41 cogsl= .44
vegldl= -1.71 wvg2d2= -3.29 cgdi= .22
cEgaa= 41 weZdl(k)= D0 vi{n)= 1.00
n= 1 k= 1 m= 81 gmi= .0438

guz= .0419 rdsl=172.13 rde2=187.70
vpgl=z .27 wpglz -.38  cgsl= .43
vgldl= -2.00 wvg2d2= -3.00 cegdz= .23

cgsl= 41 wvglZdi(k)y= DD vl{ny= 1,00
n= 1 k= 1 m= 138 gml= .0443

gm2= 0414 rdel=167.71 rdsZ2=1892.38
vpgl= ~.23 wvpgiz -.41 «agel= .44
vgldl= -1.71 wgZd2= -3.29 cgd2= .2
cgpe= 41 wgiddl(k)= L0 wi(n)= 1.00
n= 1 k= 1 m= 181 gmi= .0458

gmZ= 0402 1rdel=157.25 1rds2=203.92
vepgl=s -.14 wvpgZ= -.49 cgel= .46
vgldl= -1.00 wg2dé=z -4.00 cgdi= .20
cEsdz .39 vgZdl(k)= 00 vi(nm)= 1.00
n= 1 k— 1 m= 226 gml= .0473

gmz= .0391 rdel=147.1%2 rde2=215.82
vpgls -.04 vpgiz - KB cgel= .49
vgldl= -.289  wgldiz -4.71 cegdi= .19
cgee= .38 wvgZdl(k)= 00 wvl(ny= 1,00
n=z 1 k= 1 w= 271 gmi=z .0480

gmz= 0388 rdesl=143.00 rdg2=220.88
vpgl= B0 wpgl2=z -.58 cgsl= .50
vglidl= A0 wg2d2z -5.00  cegd2= .19
CER4= .38 velZdi(k)= .00 vl(n)= 1,00
n= 1 k= 1 m= 316 gwl= 473

gmZ2= 0391 rdslz=147.07 rde?=215.88
vpgl= -.04 wvpgi=z -.56 cgsl= .49
vgldl= -.29 wvgidli= -4.71 cgdi= .19
cgpds .38 veZdlilk)= o000 vli{ny= 1.00
n= 1 k= 1 m= 381 gml= .0458

gmz=  .040Z rdsl=157.18 rda”“*Dé‘OD
ypgl=z -.14 wvpg2= -.49 cgsl= L4AB
vgldl= -1.00 vgad2= -4.00 ogdé= .20
cEsZ= .39 wgzdli(k)= 00 vi(n)= 1.60
n=z 1 k= 2 m= 1 egml= 0447

gmZ= 0410 rdel=z=18684.59 vdsZ2=185.74
vpgl=s .20 wpgl=z -.44 cgsl= .45
vgldl= -2.00 wg2dZ= -4.00 cgdZ= .20
cgei= LAD wegldil(ky= .50 wl{n)= 1.00
n=z 1 k= 2 mwm= 46 gml= .0434

gmz= 0423 rdsgl=175.29 rdsB=184.43
vpgl= -.28 vwpgé=z -.38 oggl= .43
veldl= -2.71 vglid2=z -3.29 ocgdi= .22
cga2= LAZ weZ2dl(ky= - 50D wl(ny= 1.0
n= 1 k= 2 m= 81 gml= (D428

gmZ= (0428 rdsl=179.83 rds2=172.83
vpgl= -.3% vpg”* -.32 cgel= .42
vgldl= -3.00 gadg= ~-3.00 cgdi= .23
CEEZ= .42 vgadl(k)~ -.50 wl{n)= 1.00
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FOR PROGRAM*+&¥

.33

.27

2
o0

.33

.43

.43

.33



n=
gme=
vpgl

vgldl=

1

CEB L=

n=
gmz2=
vpel

vgldl=

cga?
n=

gmz=
vpegl

vgldl=

cgaZ
=

gm2=
vpegl

vgldl=

cgal
n=

gma=
vpgl

vgldl=

1

1

1

1

CERZ=

n=
gmz=

1

vpgl=

vgldl=

cgea=

n=
gmZ=

1

vpgl=

veldl=

cgei
n=
gmZ2=

1

vpgl=

vgldl=

cgai=

n=
gmz2=
vpgl

vgldl=
cgei=

n=
gma=
vpgl

vgldl=

cEs2
n=

gma=
vpel

vgldl=

cEsZ
n=

gma=
vpgl

vgldl=

cge?
n=

1

1

1

1

1

D432

0428

k=

[

L0423

-. 29
-2.71
N

k= 2

L0410

-, 20
-2, 00
.40
k= &

0388

-, 11
~-1.23
.39
k= 2

L0394

-. 07
-1.00
.39
k= 2

L0389

-.11
-1.29
.39
k= Z

AN

L0410

~.20
~-2.00

.40
k= 3

L0418

-. 27
-3.00
.41
k= 3

.D432

-.35
-3.71
.43
k= 3

.D438

-.38
~-4.00
.43
k= 3
-.35
-3.71
.43
k= 3

0419

~ .27
-3.00

41
k= 4
- .32
~4.00

42

k= 4.
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m= 138 gmil= L0434
rdel=175.31 rdes?2=184.41
vpgdz -.36 ocgels .43
vgldi= -3.29 cgd2= .22
vgadl(k)= -.50 vl({n)= 1.00
m= 181 gmi= 0447
rdel=164 .82 rdsg?=195.72
vpgZd= -.44 cggl= .45
vgidZ= -4.00 cgd2= .20
veZdliik)= -.50 wvl(ni= 1.00
m= 2726 gml= .D4BZ
rdel=154.24 rds?2=207.38
vpgi= -.51 cgsl= .47
vg2dz=z -4.71 cgdz= .19
vgeadi{k)= -.50 vl1{(n)= 1.00

m= 271 gwmi= .04869
rdal=150.03 rdez=212.33

vpgd= ~.54 cgsl= .48
vgidid= -5 00 cpdz= .19
vgzdli(ky= -.850 wvl(n)= 1.00

m= 3168 gml= .0482
rdsl=154.20 rde2z=207.43

vpgi=z ~-.51 cgslz AT
vgldi= -4.71 cgdZ= .19
vgZdli{ky= -.50 wv1l{n)= 1.00
m= 3681 gml= .0447
rdel=164.54 rds2=185.789
vpgd=s —.44 cgel= .45
ve2did= -4.00 ogdi= .20
vg2dl({k)= -.50 wvl(n)= 1.00
m= 1 gml= .0438
rdel=172.13 rdsgZ=187.70
vpga= -.38 cgel= .43
ygadiz= ~-4.00 cgd= .20
vg2dl(k)= -1.00 +1l(r)= 1.00
m= 468 gml= D4z4
rdgsl=183.07 rde2=176.62
vpged= -.30 cgsl=z .42
vgadz= ~-3.29 cgdé= .22
vegldl{ky= -1.00 vl{n)= 1.00
m= 91 gml= .D419
rdsl=187.70 rde2=172.13
vpgZ= -.27 cgal= 41
vgedz= -3.00 ogdi= .23
ve2dl(k)= -1.00 wvl(ni= 1.00
m= 136 gml= .0424
rdsl=183.08 1rde2=176.61
vpgZ= -.30 cgsl= 42
vg2di= -3.29 cgdé= .22
veedl(ki= ~-1.00 vl{ny= 1.00
m= 181 gmli= 0437
rdel=172.15 rdeZ=187.68
vpgd= -.38 cgel=s .43
yezd2= -4.00 cocgdé= .20

ve2dl(k)= -1.00 vl(n)= 1.00
m= 181 gmi= 0428
rdsl=179.858 rde2=179.81

vpgZ= -.32 cgsls A2
vgidZ= ~-4.00 cgdi= .20

vgedli(k)= -1.80 ~vl(ni= 1.00
m= 228 gml=z 0447

.31

.33

.31

.23



vpgl=
vgldl
CERLT
n= 2
gmz=

vpgl=
vegldl
cgs?=
n= 2
gma=

vpgl=
vgldl
CERAS
n= 2
gmz=

vpgl=
vgldl
CER A=
n= 2
gma=

vpgl=
veldl
cged=
n= 3
gmz=

vpgl=
vzldl
cEsZT
n= 3

{1

1

il

1

L0394

L0415

- .24
-3.29
.41
E= 4

L0410

-, 20
-3.,00
40
k= 4

L0415

-. 24
T, .29
.41
k= 4

L04z8

-.32
-4.00
.42
.46
k= 4

. 0468

-.h4
-8.00
.48
k= 4

. 0456

-. 43
-5.42
.48
k= 4

L0428

-.,33
-4.00
42

k= 4

L3403

-. 15
-2.58
.40
k= 4
- 07
-2.00
.39
k= 4

L0403

-.15
~-2.58
40
k= 4

L0478

-.32
-3.94
AL
E= 1

402

~.14
~1.00

.38
k= 1
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radel=1688.01 rdgZ=180.89
vpgz= -, 40 cgsl= .44
vgidz= -4.71 cgd2= .19
veddl (k)= -1.680 vi(ni= 1.00
m= 271 egml= 0447
rdsl=164.59 rdsZ=195.74
vpgd=  ~.44 cgsl= A5
vgidZ= -5.00 ¢gd2= .19
vgZdl(ki= -1.580 vl{n)= 1.00
m= 316 gml= .0442
rdgl=168 .96 1rdes2=191.04
vpgé= ~.40 cgsl=s .44
vgddé= -4.71 ogdé= .19
veZzdl(k)= -1.50 vl(oi= 1.00
m= 361 gml= (0428
rdgl=179.78 rds2=179.88
vpgs= -.33 cegsl= 42
vgadd= -4.00 cgdi=
vgZdl(k)= -1.50 vli(n=
vgadl(ki= -1.50 vl(ni=
m= 91 gml= .0394
rdsl=212.33 rde2=150.03
vpgd= =-.07 cgel= .39
vegddid= -2.00 cgd2= .27
vgldl{ki= -1.580 vl(n)= 2.00
m= 136 gml= 0403
rdel=5002 .56 vrdsZ=158. 45
vpgéd= -.15 cgsl= .40
vgldd= -2.58 ogdz= .24
veldl(k)i= -1.50 +v1(m)= Z2.00
m= 181 gml= .D423
rdsl=179.88 1rdsZ=1795.78
ypgZz - .32 ogsl=s 42
vgadiz -4.00 cgd2= .20
veddli(k)= -1.50 wvl(n)= 2.00
m= 228 gml= . 04586
rdsl=158.52 1rde2=202.48

.20
1.00
2.00

vypgsd= -~-.48 cgsl= .46
vgid2= -5.41 cgdZ= .18

vgZdl{ky= -1.50 vl{n)= 2.00
m= 271 gmi= 0469
rdsl=150.03 rdez=212.33
ypgsd= - . b4 cgsl= .48
veZdi=z -8.00 cgdz= .17
vgedi(k)i= -1.50 wvl{n)= 2.00
m= 316 gmi= .0458
rdsl=158.4% rds2=202.8680
vpge=  ~.48 cgsl= .48
vgidiz= ~-5.42 cgdi= .18
vgedli{ki= -1.50 vli{n)= 2.00
mw= 361 gwml= .0428
rdsl=179.73 rds2=179.93

vpgsz  -.33 cgsl= .42
veddz= -4.01 cgdZ= .20
vgldli{ky=z ~1.50 wl(an)= 2.00

m= 1 gml= 0458
rdel=157 .23 rdsZ2=203.05
ypeg2= -.49 cgel=s .48

vgidz=z ~-4.00 cgdi= 20
vgldl{k)= B0 wl(ny= 3.00

m= 468 gml= L0417

N
Ak}

o
o

N}
[ e]

.17

.18

24

.20
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gEmZ= L1440 rdesl1=189.8%2  1rdeZ=170.30

vpgl=z -.39 wpgi= -, 25 cgslc 41

vgldl= -3.12 wvgidi= -1 88 cgd2= .27 23
cgain 44 weEZdliik)= L0000 wl{ny= 3.00

n= 3 k= 1 m= 831 gml= 0402

gmz= L0458 rdesl=203.95 rde?Z=157.23

vpgl=z -.49 vpgé= -,14 cgsl= .39

vgldl= -4.00 wvg2dZz= -1.00 cgdz= .33 .20
cgsis 46 vgidl(ky= 00 vl{ny= 3.00

n= 3 k= 1 m= 136 gml= L0417

gmz= 0440 rdsl=189.8688 rds2=170.24

vpgl=z -.40 vpgl2= -.25 ogsls .41

vgldl= -3.12 wgldz= -1.88 ogde= .27 .23
cga= 44 wgldli(k)= D0 vil{ny= 3.00

n= 3 k= 1 wm= 181 gml= ,0458

gmZz= L0402 rdel=157.30 rds2=203.87

vpgl= ~.14 vwpeiZ= -.48 cgel= 48

vgldl= -1.00 wg2d2= -4.00 opdi= .20 .33
cgai= .39 wglZdl(k)y=z OO vi{ny= 3.00

n= 3 k= 1 m= 2Z6 gml= .0D5DB

gmz2= 0370 rdel=127.91 rdeZ=240.58

vpgl= AT vpgZ= -.88  cgsl= .56

vgldl= 1.12 wgidé= -8.12 cgdz= 17 .33
cges= .37 wel2dl(k)= O wl{n)= 3.00

n= 3 k= I m= 271 gml= .05832

gmz= 0388 rdel=l116.587 rds2=256.75

vpgl= .32 wpegZ= -.T78 cgel= .65

vgldl= 2.00 wglddé= -7.00 cgdi= .18 .33
CEsZ= 38 veZdi(k)= D00 vi{a)y= 3.00

n= 3 k= 1 m= 316 gml= .0508

gmz= 0370 rdgl=127.77 rdai=%240.78

vpgl= .17 vpgZ= -.89 ocgsl= .57

vgldl= 1.13 wvgid2= -8.13 cgd2= 17 .33
cgal= 37 vgldli(ky= A0 vl{n)= 3.00

n= 3 k= 1 m= 3681 gml= .0458

gmZ= .0402 1vrdsl=157.09 rdsgi=204.11

vpgl= ~-.14 wvpgl= .49 cgsl= .48

vgldl= -.989  wgéddé= -4.01 cgdz= L 20 .33
CERZS .38 wvgddl(k)= L0000 vl{n)= 3.00

n= 3 k= 2 m= 1 gmli= .0447

gmz= 0410 rdel=164.589 rdaeZ=185.74

vpegl= -.20 vpgZ= -.44 cgsl= .45

vgldl=s -2.00 wvg2df=z -4.00 cgd2= .20 .27
cgpiz A0 vgldl(ky=z -.B0 wl{ni= 3.00

n= 3 k= 2 m= 46 gml= ,0408

gm#z= 03450 rdesl=197.70 rde?=16%Z.830

vpgl=z -.45 wvpgZz=z -.19 cgsl= .40

vgldl= ~-4.12 wgid2= -1,88 cgdé= .27 .20
CERY= AR wvglZdl(ky=  -.50 vl{nd)= 3.00

n= 3 k= 2 wm= 891 egmiz .0394

gmz= 04889 1rdsgl=2Z212.33 1rdsZ=150.03

vpgl= -.54  vpgl= ~-,07 cgsl= .39

veldi= -5.00 wvwgidz= -1.00 cgdZ= .33 .19
cge?= .48 wvelZdliki= -.50 vl{n)= 3.00

n= 3 k= 2 m= 136 gmlz= (0408

gmz= 0450 1rdel=187.768 rdsd=162.75

vpgl= -.45 vpEg2= -.19 cgsl= L40

veldli=z -4.12 vglid2= -1.88 «gdg= .27 20
CEBE= 45 weldli(k)= B0 vi{ny= 3.00

n= 3 k= wm= 181 gml= 0447
gmz= 0410 rdsl=164.68 1rds2=185.66

3



vpEl=
veldl=
CERZ=
n= 3
gma=
vpgl=
vgldl=
cEsls
n= 3
gmZ=
vpgl=
vgldil=
cgsZ=
n= 3
gma=
vpgl=
n= 3
gme=
vpgl=
vgldl=
cgea=
n= 3
gma=
vpgl=
vgldl=
cgeg=
n= 3
gma=
vpgl=
vgldl=
cgee=
n= 3
gmZ=
vpgl=
vgldl=
cgsl=
n= 3
gma=
vpel=
veldl=z
CcEBA=
n= 3
gmz=
vpgl=
vgldl=z
cgai=s

- 20
~2.00
4D

o

D377

LDg
.12
.37

k= 2

L0385

L 24

1.00

.38
k= 2

L0377

.03
k= 4

L0471

-.5b
-6.12
.48
k= 4

.428

-.33
-4.,00
A2
E= 4

L0382

-. 0686
-1.88
.38
k= 4

L0379

.07
-1.00
.37
k= 4

L0382z

~. 05
~-1.87
.38
k= 4

L0428

-, 3%
-3.99
c4Z
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vpga= -.,44 ogel=s .45
veadédzs -4 .00 cgdl= .20
vezdli(ki= -850 wvl{n)= 3.00

m= 228 gml= . 0485
rdsl=134.56 rdsi=z=231.88

vpgidz - .B4  cgsel= .53
vegddiZ= -6.12 cgdz= .17
vezdi{k)= -.50 v1{n)= 3.00

w= 271 gml= LAB18
radegl=l122.93 rdei2=247.53
vpge= -T2 cgsl= .60
vglddzz -7.00 ogd2= .16
vegZdl(ky= -.850 wl{n)= 3.00
wm= 316 gml= 0495
rdsl=134.42 »rds2=231.83
vpgéd= -.B4 cgsl= .53
m= 136 gml= 0382
rdsl=214.43 rde2=148.27
vpgsd= ~-.0b cgel= .38
vygddiz= -1.88 cegdZ= .27

vezdl{k)= -1.80 vl{nd)= 3.00
m= 181 gml= .0428
rdel=179.90 1rdez=179.76
vpgld= -.32 cgsl= 42
vgzdZz= -4.00 cgd2= .20
va2di{k)= -1.50 vl{n)= 3.00
m= 228 gml= .0471
rdel=148.37 rdesi=214.32
vpgeé= -.5b cgel= .48
vgidZ=z -6.12 cgdi= 17
ve2dl{ky= -1.50 vli{n)= 3.00
m= 271 gml= .0482
rdel=136.14 rde2=229.59
vpgd= -.83 cgsl= .53
vgzdi= ~T7.00 cagdi= .18
vg2dl(k)= -1.50 v1l{n)= 3.00
m= 316 gml= .0471
rdel=148 .22 rdg2=214. 49
vpgd=s  ~.bBbh  cgel= .43
vg2did= -6.13 cedi= .17
ve2di{ki= -1.50 wvi(n)= 3.00
m= 361 gmlz .0428
rdsl=179.68 rds2=179.98
ypge= ~.33 cgal= 43
ve2d2= -4.01 cgdZ= .20
yg2dl{k)= ~-1.580 v1l(n)= 3.00

.17

.33

L20



#ARKTHE OUTPROT OF

v2(i3,m)=
vZ2(i3,m)=
vZ2(i3,my=
va(i3,m)=
v2(i3,m)=
vZ2(i3,m)=
v2(i3,m)=

HL,

-~ 150 -

FOR

(.0000000,.0000000)
(.0000000,.0000000)
(.0000000,.0000000)
{(H.0000D0E-001, .000Y13=5h
(-3.5000000,.0000000)13=8
(5.000D00E-001, .0000)Y13=7

PROGRAM####

13=1
13=2
13=3
i3=4

v2(i3,my= (.0000000,.0000000) 13=8
v2(1i3,m)= (.0000000,.0000000) i3=9
va(i3,m)= (.0000000,.0000000) 13=10
vZ2(i3,m)= (.0000000,.0000000% 1i3=11
vi(nB,my= (.0000000,.0000000) n6=1
vi(n6,m)= (.0000000,.0000000% nB=2
vi{(nB,m)= {.0000000,.0000000) nB=3
vi(ng,m)= (.0000000,. 0000000 nb=4
vi(nB,mY= (.0000000,.0000000Y n6=5
vi(nB,m)= (-2.0000000,.0000000)n6=6
vi{(n6,mi= (.0000000G,.,0000000Y nB=7
vi{(n6,m)= (.0000000,.0000000) n6=8
vi(n6,m)= (.0000000,.0000000) n6=9
vi(nd,m)Y= (.0000000,.0000000) n6=10
vi(nB,m)= (.0000000,.0000000) n6=11

k=1
vlil(nec,k+1)= (-4.455097E-006,8.850168E-007)
vil{ne,k+1Y= (-5 620B20E-006,1.341832E-005)
vil{ne,k+1)= (-7 .522283E-004,2. 387687TE-004)
vili(ne,k+13)= (-3.827024E-002,-5,2683928E-002)
vil{ne,k+1)= (-3 .088815E-002,1.,1205070)
vil(no,k+1)= (-2.0000000,.0000000)
v1ll{no,k+1)= (-3.068815E~-002,-1.1205%070)
vil(ne,k+1)= (-3.827024E-002,5.263928E~-002)
vil{ne,k+1)= (-7.522283E-004,-2.387687E-004)
vil(ne,k+1)= (-H.520B20E-005,-1,341532E-005)
vilt(nae,k+1ly= (-4.488087E-006,-8.850168E-007)
vE22(neZ , k+1)= (-2.B63800E-0086,3,031064E-005)
vE2(neZ,k+1)= (-3.143534E-004,3.297422E-004)
vZ2(ne2,k+1)= (-4.161178E-003,4.0024768E~-003)
v22(nc?,k+1)= (-3.508301E-001,-2.328017E~001)
vE2(nel, k+1)= (3.1600960,4.7577560)
vZ22(neZ , k+1)= (~18.6229100,.0000000)
vZ22(nc?2 k+1)= (J3.1600860,-4.7577560)
v22(nel , k+1)= (-3.508301E-001,2.328017E-001)
vEaZ(neZ, k+1)= (-4.161178E-003,-4.002476E-003)
v22(ncl k+1)= (-3.143534E-004,-3.29T7T422E-004)
vZ2Z2(ne?Z k+1)= (-2.563900F-0056,~-3.031064E-005)
ful(ilé, ki= (~-4.455087E-006,8.850168E-007)
ful(ild, k)= (-5.620520E-005,1.341838E~0058)
ful(i16,k)= (-7.522283E-004,2.387687E-004)
ful(ilb, k)= (-3.827T024E-002,-5.2630828E-002)
ful(ilb, k)= (~3.0B881RE-002,1.1205070)
fual(i1s6,k)= (~-2.0000000,.0000000)
Ful(11B,kY= (~-3.05881BE-002,-1.1205070)
Ful{iis, k)= (-3, 827024E-002,5,.263928E-002)
ful(ils,k)= (~-7.582283E-004,~2,387687E~-004)
fal{ils, k)= {-E.B20OB2OE-00F,-1.341532E-005)
ful(ilb,ky= (-4.455097E-006,-8.850168E-007)

k=9
vil({ne,k+1)= (5.514188E-007,1.500965E-008)
vil(ne,k+1)= (4,383811E~-006,-5.167405E-008)

vil(ne,k+1)= (-1.363836E-003,1.1517583E-003)



viline , k+1)=
vil{nc,k+1l)=
vil{nc,k+1)=
vil{nc,k+13=
vil(nc, k+1y=
vil(nc,k+ly=
vil(ne, k+1i=
vil(nc,k+1)=
v22(nc2 k+1y=
vE2(ncZ, k+l=
vE22(ncZ k+19=
vEZ(ncZ, k+1)=
v22(ncsd, k+1y=
v2Z2({(ncl k+ly=
veaz(nc? k+ly=
vE22({ncZ, k+19=
v22{(ncd, k+13=
vazZ{nc?Z k+1)=
v22{nc?, k+li=
vi1i(11i7,k+1)=
v11(117,k+1)=
vil(117,k+1=
vil{(11i7,k+1y=
vii(11i7,k+1)=
v1i1(117,k+1)=
v11{117 . k+1)=
vi1(117,k+1)=
vi1(117,k+1)=
v11(117 ,k+1)=
vi1(117,k+1)=
v22(km,k+1)=
v22(km,k+1)=
v22(km,k+13=
v22(km,k+1)=
v22(km,k+1)=
Z(Rm,k+l):
2{km,k+1)=
V:-u(km l""l)*
v22(km,k+1)=
v22(km,k+1)=
vaZ{km,k+1)=
k=10
vil(ne,k+1)=
vili(ne,k+1)=
vil(ne,k+13=
vlil(neo,k+1)=
vil(na,k+1)=
vil{ne,k+1)=
v1il(ne,k+1)=
vil(ne,k+1)=
vil{na,k+13=
vil(no,k+1)3=
v11 ne,k+1)=
2{nc?,k+1}i=
2{nec2, k+1)=
2{nc?,k+1)=
v22(nL2 k+1d=
vazZ{ne? k+1)=
vaZdinal, k+1)=
°°(uﬂu,k+1l—
Z2(ne2,k+l)=

f

l

|

!
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~-1.3366840K- Uﬂj 2.8BEBTZE-DGE)
(5 £1834BE-001, 740419E 101)
{-2.0000000, . D)UOUOD)
(3.618380E-001,-2.740448E-001)
(-1.336221E-003,-2,952811E~0602)
(-1.3838B7HE-003,-1,151880E-003)
{(4.378B474E-006,5.187T407E-0058)
{5.504500E-007,-1.500583E-008)
{1.155841E-005,7 .783340E~-008)
Z2.1862895E-004,-3.501831E-004)
-5 ?135P3E Uﬁj 1.225551E-002)
G.240143E- L. 0250928~ 001y
(1. 3056‘30,3‘477F43E 0013
(-4 ,2031580,5.709758E-008)
(1. QDZbP W, -2, 27T7T838E-001)
(9.240785E-003,-2.025181E-001)
—5 7T19848E-003,-1.225803E-002)
-2, 162776E-004,3.501620E-004)
1 1E5TIDE-006,-7.785218E-008)
' 3.8B8B1269E-009,-1.3687788E-009)
7 389326E-008,1.530752E-007)
L 9B8B31RE- Dab,— .D418B08E-D0OB)
LOZ2TB48E-003,2.897680E-004)
.b9ﬂ114E DOS,— L1B0B30E-002)
LO000000, nDUO)OO) i
BED122K-D0Z2,2.180819E-002)
LORTTTRE-0D3, 2 BO9BZE4E-004)
3.508227E-008 A DZ5876E-008)
7 014341E-008, —1 531153E~007)
(3 405Z205E-008,1.370836E~-008)
(-7.177368E-008,-2.680231E~-007)
(2.010012E-0086,2.692570E-008)
(-2,.979534E-005,-2.983958E-008)
(-9.833798K-003,1.542404E-003)
(7.T443728~ Ona,u.813803E—002)
(-4.3089770,1.8528B04E-005)
(7T.T7T443TZE~-002,-5.813821E-002)
(~9.833522E-003,-1.541784E-003)
(-2.8979720E-0058,2.8830Z6E-006)
(2.010231E-006,-2.688830E-008)
(-7.18727T3E-008,2.658044E-007)

(-
{
(

m,\mﬂm,\f-\m,—\mmﬁh
wb—*{-—-“t\:‘r—-‘l—dw

{(-1.7685481E-007,1.6568T74E-008)
{-1.320329E-0058,-6.524463E-008)
{3.881221E-005,3.078399E-004)
{(-6.280873E-004,-1.824403E-002)
{(-1.6028743E-001,2.021335E-001)
(-2.0000000,.0000000)
(-1.680277T4E-001,-2.021306E-001)
(-6.2759848-004,1.824372E-002)
{(3.886422E-005,-3.080018E-004)
{-1.3189958E- 005 6. 512798E-008)
{(-1.772675E-007,-1.606548E~-008)
(-9 .277728E-007,1.046657E-006)
{~-1.210070E-004,1.379788E-005)
€1.24477]F 003,1.888121E-003)
{~3.358331E~ 00:,—1 178039E-001)
(5 48500°E 001,1.4787030)
{(-3.76883040, 3.306723E—004)
(ﬁ 1%48?:h 0@1,~1.4787090)
(- SET4T0E-002,1.178033E-001)



VvER(noZ , k+1
vE22(ncl, k+11
v22(nc?2, k+li=
v11(117,k+15=
vi1(117.,k+13=
vi1(117 . k+1)=
vi1(117 ,k+13=
vi1(117 . k+13=
vil(11i7 k+13=
vi1(117 , k+1y=
vil(11i7,k+13=
vi1(L17,k+13=
vi1(117 . k+1)=
vi1(117,k+1)
vE22(km,k+1)=
vE2a(km, k+1)=
va2(km,k+1i=
vea(km, k+1)=
ved{km,k+1)=
v2i(km,k+13=
ve2(lkm, k+1)=
vR22({kw,k+1)=
ve22(km,k+1)=
v22(km,k+13=
vEaZ({km,k+1)=
k=11
vili{nc,k+1)=
vil{nc,k+1)=
vil(ne,k+1}=
vil(nec,k+1)=
viline,k+1)=
vil{nc,k+1)=
vil(no,k+1)=
vil{ne,k+1)=
vil(ne,k+1)=
vil(na,k+1)=
vil(ne,k+1)=
vZ2(nel,k+1)=
vZ2(ne2,k+1)=
v22{ncZ,k+1)
v22(nec?, k+1]
vZ2Z2(ned,k+1°
vZa2{ne2, k+1]
v22(ne2,k+1’
v22(ne2,k+1]
v2Z2{ncZ, k+1;
v22(nc,k+1)
v22(neld,k+1)=
v11(117,k+1)=
vii{(117,k+1)=
v1ii(117,k+1)=
vi1(117,k+1)=
v11(117,k+1)=
vil(117,k+1)=
vi11(117 ,k+1)=
vi11i(117,k+1)=
vi1(117.,k+1)=
w11 (117, k+1)=
w11 (117, k+1)=
vZ22(km,k+1)=
va2(km,k+13=

ton

i
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{1.244534E-003,-1.8B82E5E-003)
(-1.208B741E-004,-1.385B07E~-008)
(-9.28124ZE-007,-1.046276E-0086)
(3.818911E-008,-1.38501BE-009)
(8.121723E-008,1.3801Z8E-007)
(-4.266214E-006,~-2.042245E-006)
(7.455250E-004,-2 . 757685E-004)
(-2,1157HEE~-001,6.130421E-001)
DODBGGO, . 0000000)

L 1156483E-002,-6.130445E-001)
CALOEETE-0G4,Z. 7T57B28E~004)
4. 2D585T6E~-006,2.028383E-008)
7.8141068E-008,~1.391043E-007)
3.342961E-008,1.388193E-009)
(-7.2601644F-008,-2.610412E-007)
(2.082611E-008,2.306248E-008)
(-3.146933E-005,~2,323184E-008)
(1.23931BE-003,-6.172433E-004)
(4.037076E~-001,3.833918E-001)
(~3.8742280,8.692441E-007)
(4.037072E-001,-3.933918E-001)
(1.239173E-003,6.172061E-004)
(-3.147148E-005,2. 322486E-008)
(2.089846E-006,-2,304517E~-008)
(-7.2510668E~-008,2.600172E-007)

i
P
o
P

([ -
(2
(7
(-
)
(

(6.417624E-007,-9.656231E-008)
(-1.174290E-0056,7.504756E-0086)
(2.690122E-004,~-1.640738E-004)
{(-1.084035E-002,-4.498118E-003)
(-2.333594E-001,5.973856E~-001)
(—-2.0000000,.0000000)
(-2.333673E~001,-5.973977E-001)
(-1.094024E-002,4.498215E~-003)
(2.699833E-004,1.640036E-004)
(-1.17469LE-005,-7.502089E-006)
(6.408122E-007,9.711827E-008)
(4.038654E-006,-4.227445E-006)
(-4.836276E-005,1.002090E-004)
(1.368439E-003,-1.887989E-003)
(-8.100894E-002,3.474305E-003)
(56.175b69E-001,3.1091380E-001)
(~3.38b15670,2.443060E-0086)
(5.176550E-001,-3.1091400E-001)
(-8.100843E-002,~-3.473282E-003)
(1.368349E-003,1.887898E-003)
(-4.833d781E-005,-1.002084E-004)
(4.036457E~-006,4.227154E-0086)
(3.867683E~-009,-1.372072E-009)
(6.0597384E-008,1.379826E-007)
(~-4.115282E-006,-1.943437E~0086)
(-1.464970E-005,-1.248749E-003)
{(-2.1161203E-001,5.133825E-001)
(-2.0000000, .0000000)
(-2.116606E-001,~-5.133861E-001)
{~1.458079E-005,1.248665E-003)
(-4.,05567T7E-006,1.9827576E-006)
(6.224036E-008,-1.380795E-007)
(3.381676E-008,1.375213E-008)

{(-7.176277E-008,-2.649348E-007)
(1.712968E-006,2.380810E-006)
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vE22(km,k+13= (-3.03BD0OBE-0QDR,-2.0B8700E-006)
v22(km,k+1)= (-3.063105E-003,-5.884849E-003)
v2Z2(km,k+1)= (5.800337E-001,3.242393E-001)
v22(km,k+1)= (-3.5267110,1.615459E~0086)
v22(km,k+1)= (5.800307E-D01,-3.242384E-001)
v22(km,k+1)= (~-3.0BZ234E-003,5,884494E-003)
v22(km,k+1)= (-3.038242E-005,2.08800ZE-006)
v22(km,k+1)= (1.714572E-006,-2.378576E-006)
va22(km,k+1)= (~7.168327E~008,2.648117E—007)
k=12 l

!

t

vil(ne,k+1)= (6.399412E-007,1.071462E-006)
vil(ne,k+1)= (7.273284E-006,-1.350215E-005)
vil(nec,k+1)= (-3.174525BE-004,-2.830937E-004)
vil(ne,k+1)= (5 DBl?BZE 003, 7.259468E-003)
vil(nc,k+1)= (—2.4219323E—001,4.929649E—001)
vili(ne,k+1)= {(-2.0000000, .0000000)
vil(ne,k+1)= (-2.4119327E-001,-4.928655E-001)
vil(nec,k+1)= (5.081308E-003,-7.258313E-003)
vili(ne,k+1)= (-3.173568E-004,2.830050E-004)
vil(ne,k+tl)= (7.260830E-006,1.355017E-005)
vil(nec,k+l3= (6.380954E-007,-1.070825E-006)
vZ2(ncZ k+1)= (1.034244E-005,3.774506E~-0086)
VAQ (nc?Z k+1) -1.173590E-0056,-1.2568623E~-004)
2(neZ,k+1)= (-2.851560E-003,-8.810053E~-004)
VZ"(na Ji+1)= (5.224088E-002,4.579705E-002)
vZZ(nﬂu,k+1) {5.30B871E-001,3.881749E~-001)
Z22(neZ k+13= {(~3.7154230,2.938838E-008)
Y= (B.I0VB2E6E-001,3.881736E-001)
3
)

1

i

EE(nLB,k+1

v22({ne? k+1’ (5 .22375EE-002,-4.879594E-002)
v22(ne2, k+1 (-2.851430E- OLS,S 8085685E-004)

v2Z2(neZ, k+1) {-1.178550E-005, 1 2B7971E-004)
v22({ned , k+l)= (] 034062E-005 LTT73880E-006)
v11(117 ,k+1)= (3.815842E- OOQ ~1 357307E~-009)
v11{117 k+1)= (7 4533098-008,1.383733E-007)
vi11(117,k+1)= (-4.170870E- 006 ~2.056083E-008)
v11{117,k+1)= {(1.466088E-004,-6.902125E-004)
Vll(l]7 k+1y= (-2.215169K- OOl,a 361161E-001)
vi1(117 . . k+1y= (-2.0000000,.0000000)
vi1(117 ,k+11= (—2.215103E—001,—5.361231E-001)
vil(117,k+1)y= {1.466502E-004,6.901845E-004)
v11(117,k+1)= (-4.111265E-006,2.040702E-0086)
vi1(117,k+19= (7.077551E-008,-1.384706E-007)
vi1(117 k+1)y=z (3.339882E~-009,1.360480E-0089)
v22(km,k+13= (—7.039671E~008,—2.607846E—007)
v22(km,k+13)= (1.9068367E-006,2.2844981E-0086)
vZ22(km,k+1)= (—B.OQ“QSQF 005, -2.586027E~-008)
VZZ(km,k+1): (-2.131881E~003,-2.472617E-003)

v22(km k+1)= (5.393307E-001,3.469684E-001)
vZ22(km,k+1)= (-3.2882498840,4. 18 475E—008)
vZ2(km,k+1)= (5.303314E- 001,-3.469702E-001)
va22(km,k+1)=z (~-2.131853E~ OOR ‘.47“011E—003)
vZ22(km,k+1Y= (-3. O%W132E~005,L.JQEQSQE—OGS)
ve22(km,k+1Y= {(1.8907307E-008,-2.282701E-0086)
v22(km.k+1)y= (-7.029212E~-008,2.606646E-007)
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H



##k4xTHE QUTPUT OF

vi(md)=
vi(md)=
vi(m4)=
vi(md)=
vi(m4)=
vi(md)=
vi{md)=
vi(md)=
vi(md)=
vi(md)=
vi{md)=
vZ2{mb)=
va{mb)=
v2(mb)=
vZ2{mb)=
vZ(mb)=
v2(mb)=
vZ({mb)
vZ2(mb)=
v2(mb)=

i

c2(13)=
a2(13)=
c2(13)=
a2 (i13)=
cZ(id)=
22(13)=
a2(13)=
c2(1i3)=
c2(i3d)=
az2(133=
a2(133=
c2(1i3y=
aZ2(13)=
ic2(i8)=
ic2(1i8)=
ia2(1i8)=
ic2(1i8)=
icZ(i8)=
ic2(iBy=
1e2(18)=
ic2(i8)=
ie2(i8)=
ic2(i8)=
1c2(1i8%=
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ELT.FOR PEOGRAM#:#®¥
{.0000000,.0000000)
(.0000000, .
(.0000000,.,0000000)
(.0000000,.,.0000000)
(-3.800000E-001,~-1.380000E-D01)
(~2.0000000,.0000000)
(-3.600000E-001,1.380000E-001)
(.0000000,.0000000)
(.0000000,.,000000C
(.0000000, .
{.00000040, .
(.0000000,
(.0000000,

,0naooon)
L0Dooono)
LBooonom
(.0000000,.0000000)
(H.400000E-001, -8, 200000E-001)
{-2.5000000,,0000000)
(5.40000D0E-001,6.200000E-001)
{.0000000,.0000000)
(.06006000,.,0000000)
(.0o0o0000, ., 0000000
(. 0000000, ., 0000000
(-8.8970498E~-0068,3. 00887T3E-004)
(-4.77T312E~-005,2.644584E-004)
(-6.476045E-005,2 . 2688404E-004)
(-2.7T717578E-000,2.33787E-004)
(1.228601E-008 5, 124211E-004)
(-8.092357E-004,1.540889E-003)
(-6.54B661E-003,1.92207T1E-003)
(-2.474931E-002,-1.5968844E-002)
(-1.890698BE-00%,~-1.360269E-002)
{4.615433E-001,-5.301083E-001)
(5.40510ZE-001, . 00000G0C
(4.615438E-001,5.301083E-002)
(-1.890688E~-002,1.3050289E-001)
(-2.474931E-002,1 . 596844E-002)
{-6.0H4B661RE-003,-1.882071E-003)
(-8.082357E~-004,-1.540888E-003)
(1.228601E-005,~-5.124211E-004)
(-2 F7TTET6RE-005, -2 353787E-004)
{(-6.476046E-008 -2 26B8404E-004)
-4 TTT3L2E-005,-2.644584E-004)
9704985006, -3, 008873E-004)
L320B41E-004,1.402388E-004)
LAN98T6R-004,1 . 509218E-003)
4,.013813E-003,6,154771E-003)
-3.7684286E-002,5. 241919E-003)
-1.728308E-002,-1.508743E-002)
1.404769E-005, . 0000000)
(-1.728308E-002,1.508743E-002)
(-3.7842968E-002,-5,.241918E-003)
(-4.013813E-003,-6.1547T71E-003)
(4.408976E-D04,-1.508219E-003)
(3.320641E-004,-1.402388E-004)

-

el

¥
¥

(
(-8
3
4

:
(
;
(
(
{

imZ(110)=
im2(110)=
im2(i10)=

(~1.8Z29863E-007,-1,.800342ZE-0086)
(3.311038E-007,-1.321137E-008)
(6.530bB49E-007,-1.001080E-0086)

im2(110)= (-1.545846E-003,-1.118100E-002)
imZ2(110)= (-1.789954E-002,2.066894E-002)
im2(110)= (1.701076E~003,.0000000)
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im2(i10)=
im2(110)=

{ OR4E-00Z, -2, DB8B84E-0D02)

{
Im2(110Y=

(

{

1.7499

1 545946E 003,1.116100E-002)
B.535648E-007,1.0010680E-0086)

im2(110)= (3. 11038E 007,1.321137E-006)

1.

im2(110)= 1.823863E-007,1.680034ZE-008)

GMZ(ki)= L977469E-007 ,-8.717179E-007)
GMZ(ki)= LTB0283E~-007,-1. 168017E 008)
GMZ(kid)= (- 1 358986E-007,-1.528683E-0086)
IM1= (1.8954Z8E-007,-7.85 BulPE Do07)

IMl= (3.141185E-007,-5.885853E-007)

IM1= (4.012138E-007,-4,310808E-007)

IMi= (1.843115E-003,1.855765E-003)

IM1= (8.00DB71E-003,2,299827E-003)

IMi= (-2.8378B88E-00Z,.0000000)

IM1= (6.000671E-003,-2,.298827E-003)

IM1= (1.8343115E-003,-1.855765E-003)

IM1= (4.01Z2138E-007,4. 310908E Do7T)

IMi= (3.141165E-007,5.8856358E-007)

IMl1= (1.8B854Z8E-007,7. BFH 18E-007)

GM2(ki)= ( 3D8YEE6E-D007,1.528683E-008)
GMZ2(k1)= (-4.780283E-007,1.188517E-008)
GMZ2(ki)= (-6.8977469E-007,8.717179E-007)
GM2(ki)= (-8.4Z9587E-007,5.733887E-007)
GM“(ki)“ (8.999342E~003,-1.033335E-002)
GMZ(ki)= (B.33Z628E-003,.0000000)
GMZ2(kij)= (8.99934ZE-003,1.033335E-002)
GMZ(kid)= (- 8 429587E-007,-5.7339B7TE-007)

(-

(-

GMl= (~-7.84546Z2E-008,2 . 82685588E-007)

GM1= (-1.23977T7E-D07,2.187B83E-007)

GMl= {(-1.6H4953EE-007,1.680600E-007)

GMl= (-1,750328E-007,1.083343E-007)

GM1l= (-6.0003BBE-003,-2.300018E~-003)
GM1= (1.666B87E-002, . OGHOOOO)

GMl= (-68.000366E-003,2 . 300016E-003)

GM1= (-1.750328E-007, —1 0B3943E-007)
GM1= (-1.549535E-007,-1,.805L600E-007)
GMl= (-1.238777E-007,-2.187883E-007)
GM1= (-7.845462E-008, -2, 82BRE8E-00T)
ZG(J5Yy= (50.0000000, 19.»920806)

ZG(J5Yy= (HD . 0GO0000,24 . 1151000)
2G(JH)= (uO 0000000,32.,1534600)

ZG(Jby= (50.,0000000,48, 2301900,
ZG(J5)= (au.uuDDDuQ 96, 46803800)
Z2G(JE)= L Q0D0oaan, . 0000000

ZG(J5)= (5u‘uuuunnu -96,4603800)
ZG(JBY= (L. 0000000,-48.2301900)
2G(J5)= (50.0000000,-32.1534600)
Zu(Iﬂ;- (50.0000000,-24.1151000)
ZG(J5Y= (54.0000000,-19.2920800)
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FhEHLhe ontput of ams.for programbdiik

v2s(11)= (7.0000E-004,-4.0000E-004) il=1
v2s(1il)= (-1.0000E~003,1.0000E-003) 11=2
vea(il)= (6.7000E-004,-4.6000E-004) 11=3
v2l(jl)= (7.0000E-004,-4,0000E-004) j1=1
v21(jl)= (-1.0000E~-003,1.0000E-003) jl1=2
vzl(jly= (6.7000E-004,-4.6000E-004) j1=3
vie(kl)= (3.000D00E-0D01,.0000000) k1=1

vlie(kl)= (-1.0000000,.0000000) k1=2
vio(kl)= (3.000000E- 001 .0000000) k1=3
hn(i)= (-42.4281700,5.8187039E-001) i=1
hn(i)= (35.7118900, b 310265E-001) i=2
hn(i)= (8.32731ZE-001,-2.956627E-003)1=3
hn(ij)= (8. 383441E~002,l,477814E 0031 i=4
hn(i)= (356.7118800,6.310284E-001) i=5
hn(i)= (-63.88960000,4.1649780) i=6
hn(i)= (-7.007213E-001,-1.95089E-002)1i=7
hn(i)= (-1.49B6393E-001,9.754046E-00311=8
hz(j)= (-17.1770600,-39.4558500) i=1
ha(j)= (14.3798500,33.2677200) i=2
hz(J)= (9.32B4BDE-001,-1.558207E-D01)j=3
hz(J)= (3.367599E-002,7.791035E-002) j=4
hz(j)= (14.3796500,33.26877200) j=5
hz(i)= (-46.7268900,-27.5795000) =6
hz(j)= (-7.85B225E-001,1. ”917an 001)3=7
hz(3)= (- 1 D708BTE-001,-6.45889E-002)j=8
hp(k)= (-2.0936B20,-18.9739600) k=1
hp(k)= (1. 74149 0,15.8824200) =
hp(k)= (9.918432E-001,-7.4356911E-002)k=3
hp(k)= (4.0784189E-003,3.742956E-002) k=4
hp(k)y= (1.7414850,15.9824200) k=5
hp(k)= (-35.1370200,-13.2170800) x=6
hp(k)= (-B . 364238E-001,6.190669E-002)k=7
hp(k)= (-8.2268D9E-002,-3.09534E-002)k=8
w(id)= (1.0023260,1.436681E-001) 14=1
w(id)= (-2.239B4BE-001,5 . 18227E-002)14=2
w(i4)= (B.070BD3E-001,-1.35880E-001)14=3
w(id)= (-4.277574E-001,8.10704E-001)14=4
w(id)= (2 899844E-001,-7.80724E-001)14=5
w(id)= L34B2540,16.2448000) 14=6
w(id)= (1‘12 4670,16.4888500) i4=7
x(ib)= (-1.16442E-001,-1.12037E-001)1i5=1
%(156)= (1.08284E-001,~2.04117E-001) 15=2
x(15)= (-5.83B851E-001,-4.276E9E-001)15=3
x(15)= (1.1814410,-6.4165630E-001) ib=4
x(15)= (3.509959E-001,68.331479E-001)15=5
x(15)= (-2.80B873E-001,-5.22705E-001)15=6
x(16)= (1.12E5BB20,-1.7628768E-001) 15=7
v(iB)= (8.PU7368E~DO4,~1.D?BB&E—DOl} i6=1
y(i6)= (3 51B301E-001,-1.72556E-001) i6=2
v(i6)= (-5.000122E- 001,:.1460F7E 001316=3
v(ig)= (1 gn§z34n -5. AGGS?bE 001y 16:4
yv(iB)= (- B‘PBOQIOE N0Z,5.331118E-001)16=
y(iB)= (-3.699307TE-001, —4 53145E-0D02)i6= e
y(iB)= (1.1079780,-1.210008E-D01) 16=7
z(17)= (1.2246380,1.986153E-001) 17=1
2(i7)= (-1.600388E-001,3.7556910E-001)17=2
z(17)= (1.0659410,1.296020E-002) 17=3
2(17)= (1.326324E-001,1.9693520) 17=4
5(17)= (-9.629891E-001,-4.586884E-001)17=5
2(17)= (1.3851150,-3.380157E-002) 17=6
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rid(m2)= (-7.254416E-004,-9,.597019E-005)
rid(mzi= (-7 .558672E-004,6.178369E-004)
rid(mzy= (1.153930E-004,2.664649E-004)
ridl(m3)= (3.120971E-003,3.427561E-003)
ridl(m3)= (~-3.516186E~-003,3.315000E-006)
ridl(m3)= (3.180871E-003,-3.427561E-003)

a{171= (1.808440E-001,2.8929410) 17=7
=7
1
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#¥¥the outpul of roots.for programiiE
vin=0.6 vgisg=-1. vegles=-3,
v1{(-)=-3.027902E-004 5.4774586611545E-004
vi(0)=-2.445992E-003 1.5808337308411E-003
vi(+)=Z.26T0Z2ZE-003 -1.5382378B175278E-003
v2(-)=7.037981E-004 -4.7722440223511E-004
vZ2(0)=-9.431413E-004 9.513563548327T82E-004
v2(+)=6.788T748E-004 -4.89984713692058E-004

vin=1l., vgls=-1. vgla=-2.
vi(-)=1.034799E-003 1.48383573841733E-003
vi{0)=-1.839563E-003 7.2858734833433E-004
vi(+)=1.750801E-003 -6.41806842303031E-004
v2(-)=2.627621E-004 B .331056688037591E-004
v2(0)=3.118BB4BE-004 -1,3680371638143E-003
v2(+)=1.229882E-003 -1.1133892317142E-003

vin=1.2  vwgig=-2.5 vgle=-4,
vi{-3)=3.180030E-003 —-4.66903835BQ07742E-004
v1(0)=2.941187E-004 -9.79113503008Z1E-004
vi(+)z=-4,882147TE-003 3.8544170715134E-004
v2(-)= 2.7513B4E-003 -1.0402688757015E-003
v2(0)=-3.484556E-004 -1.58934573346000E-003
v2(+)=-5.069612E-003 6£.9650649735357E-004

vm=0.8 veglez-1.5 vgle=-3.
vi(-)Y=-1.509933E-003 6.6988804264321E-004
v1{(0)=1.328337TE-003 -7.8439359105888E-004
v1{(+)Y=7 . 719222E-008 1.03217158583838E-003
v2(-1=1.802613E-003 ~-1.5341939661654E-003
v2(0)y=8_T75928E-003 -4.818321R2478357E-004
vE(+)=3.448912E-004 5 ,BEETOUZE50113E-003
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