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ABSTRACT

The poor. stability of present MIC fqndamenta1 oscillators-is due to
the lack of a suitably stabﬁe MIC resonator. In this report, this-problem
is overcomed through the use of a high Q cavity coup]ed to the microstrip
c1rcu1t by means of a novel trans1t1on A simple analys1s js given for the
transition, based on Wheeler's equ1va1ent energy concept for small hole coup-
ling and an approx1ma{e paraliel plate wavegu1de model for the m1crostr1p
The analysis appears adequate for most des1gn purposes.a The tran5}t1on was
then incorporated in the designs of two different 12 GHz GaAs FET oscillators.
The stability achieved by these oscillators is comparable to that of a
crystal oscillator-multiplier unit. Theifgcillators éré intended to find

application as LO0's in small satellite ground terminals.
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( . PREFACE o
1 1 Introduction' This feport describes explorﬁtory development work ’

r

on ultra-stable fundamental microwave oscilllators for use as LOs (local oscillator:
and transmit frequency "sources in sate;lite_communications‘systems.
With the advent of high power communications satellites and consequently

smaller ground terminals -2, there arises a need for a simple

vécillator of high stability. ' -
. ' | ’ ’

In'order to meet the iiéid_requgfeme;ts demanded, present éourées

are cbmprised of elaborate crystal.oscillator-multiplier chains.

Since multiplication factors in the order of 100 are common, the

output power of such sources is of the order of a few millgﬁatts at

X-band. For applications requiring moderate power, & cavity oscillator

‘using either an Impatt or Gunn diode stabilized to a;cryatal reference

is used. Stabilization can be accom%lished in two ways. ‘The first

is éo incofporaté a loosely coupled varactor df%de in the cavity '

oscillator and use a phase-lock loop to 1ock this oscillator to the output

of the crystal oscillator-multiplier cﬁlin [343 An alternate approach

'4g.to injection lock the cavity oscillator to the output of the multiplier

> - -
unit [5-6] . Both of these techniques are complex and relatively costly.

5

The approach studied in this report is to comstruct a fundamental

-

oscillator using a device that is inherencly low noise. A high Q

resonator 1s then used to minimize the FM noise. The active device
£

used is a GaAs PET; since it is a two port device, the oscillator

15 constructed in MIC form.

"
- .

Current MIC designs either use planar resonators (Qo<500) [7] or

A A rbe e ki 4 Rgm e T T

o

!
|
|
1
!
)
1




"Open" dielectrie resonatora (Q <5000) [ 8] Both these types of '

-

resonators ave inadequate for use in a highly Btable oscillator because

a3

of their relatively 14w values of Q and poor temperature stability.

- —
What is required is a cavity resonating in s high Q mode, such as

the TEOl2 mode of a cylindrical-cgvity (Qo = 30,000 at X—band).

What would then be required is a simple transition between microstrip

-
-

and the cavity without resorting to bulky connectors. Such a transition
was constructed. Although sevefal authors[9-13]have describeg empirically
designed microstrip and stripline to waveguide transitions none of these

papess with the exception of [13] mentiee coupling to a pesonaet\
cavity. .

) ) ' ! ‘ .
This report comsists of two parts. The first consists of chapters 1 thru 4
and eescribes tﬁe analysis and evaluation of a novel teanaition between
microstrip and a cylindrical cavity [14-15] A review of the properties of
resonant cavities is contained in ch‘épter 2.7 T‘t;1e second part of the
report comprising chapeers 5 thre 7 describes exploratory hatgware.
Chapter 5 conpcerns the'implementation of the tramsition described in
the first patt of the report in the design of scabi;izing eavities
for MIC oscillators. Factors;influencing the.stability of the cavity
are examined in detaii. Chapters 6 and 7 deécribe two alternate éppraaches
tyg the design of a highly stable GaAs FET oscillator using the cavities
descr ehhin chapter 5. The trddeoff between FM noise perfqrmance and
output power;is examined. At present, Output pgwer is low due/to the
limitations of present GaAs FETs, however, as medium power FETs- [16-18]
become commercially available, outpet powers in excess of 100 mW at X-band
ghould be feasible from such oscillators..

—




CHAPTER 2 °

CHARACTERISTICS OF CIRCULAR CYL}NDRICAL RESONANT CAVITIES

2-1 INTRODUCTION:

1

L, At microwave frequencies resonaunt cavities are widely used

as highly‘seleq;ive microwave circuit components,; Unlike lumped element
L, C,:R resonant circuits, they possess mOTE than one resonant frequency
and have Q factors which are much greater than thdsé obtainable from
lgmped L,C, R components, The cavities to be descgibed later on will
have Q_'s of the order 30,000 - 64,000,

In the mést general terms, a ;avity is an} region of space that
is completely enclosed by a conducting boundary. gglutions of Maxwell's
eﬁuations are then found for the enclosed region.

For a source free_pegion homogeneously filled with an isotropic

medium the E and H fields satisfy Maxwell's equations in the following form[22-25]

Vx E_-.-jtmi : A . 2-1a l

B ¥ — B — "
¥ x H= JwekE 2-1b

Furtherfiore, t;g E’;nd 4 fields also satisfy the wave
equation:
v

r

!

. Bl

¢

#
ml wit

i

L~

[ ]

]
[ o]

The following shapes of cavities have been extensively
®
studied: [19-25]

1) rectangular paralletepipeds

2) circular cylinders L
. 3) ‘elliptical cylindérs
4) circular coaxial structures

5) hollow spheres
In the remainder of this chapter attention will be given to the

circular cylinder gs a practical cavity for the following reasons: " '

._ﬁ“:_-l_'\_- FUDETN W S 1N
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'l). of all the shapes mentioned above,#ﬁ;“
Y . ﬂ‘.¥.
: to machine . (F_

2) It will be mentioned that certafn modes*yield extremely

high Q 'g for cylindrical cavitiea.
9

3} The modes mpntioned in (2) require no electrical

contact between tHe side walls and cavity end

. M
plates (a fortunate fact as snch a contact

to realize); which all other modes do. The

" can then be suppressed by net providing thi

2-2 HODE SOLUTIONS FOR_THE CYLINU*EEAL CAVITY

. figure (

T ——
L1

The field expressions for the cylindrical cavity showm. in_

2-1) will be atated.

L —] 1
e

1
) B

i ;.:‘. A o ,i'z -
9

Fig. 2-1 Circular Cylindrical Cavity

is difficﬁlt )

- -y S "" ff"f;—

)

se other modes

g contact,

The field expressions are obtained by solving (2-1) and (ié2)3in

cylindrical coordinates and applying‘the appropriate boundary co
- i .

are give

n below for the TE. and TM modes.

- [
FY

; Er’E¢=O at z=0 and z=L
TE Modes ‘
—_— ) ! .
_z
AT =0 at p=R
>
/
Er,E¢=0 at z=0 and z=L _
TM Modes i //
, Ez=0 at p=R

nditions' these

2-4a

2-4b



LAl

The method of so

22-25

maghétics, for example[]. The magnitude of the express

jution is given in

L

“ the time factor has peen omitted and the E and H fie

A} -
Mod E = 0)
TER.mn odes ( .
< E . hE (k P gin (2 $) sin(ky2) 2 5a
> e ‘1_
woy) i 2-5b
E¢ -~ Jq (klp) cos(® §) s:.x‘-Esz)
' o . 2-5¢ "
E - 0 . - _
' h ' | 2-54
H = 337 (kP cos(t¢) cos(k32)
o R
_ k J;(klp) . rse
H, == 9.—9- 2l sin(R 9 cos(k32) )
ok kP
x 2-5¢€
) L g &) sdn(k,z
CH =g Jﬂ.(klp) cos (& §) sinlky )
~ R ‘ '\‘
) ™ Modes (1 = 0)
Lmn oz P
- N ’ ]'\ )
Y LS
) g ==/ % 35 ) (g0 cos(l ¢) sln(k 2) 2-6a
p e k .
. : -
—_—
- . l 3 . W I . 2_6b
By, =/ ‘E p = Jy(kp) sin(2 §) sin(kqz)
? E = [ B, _L g3 (k p) cos(f $) cos(k,2) 2'-—6c b -
z € L1 3
n(l ¢)'cos(k3z) 2-6d
ac,p) cos( $) cos(k,z) 2-6e
/ 2-6f

any text on electro-

{ons are glven below [19],

1ds are in time quadrature.
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' In.the above, the constants kl and k3 satisfy the following:

2 2 2 P

13

2-3 THE MODE CHART:

A convenient graphical relation between D,.L and the resonant

frequency f of a particular mode can be obtained from (2-7).

Subsqiruting the expressions for k, kI and k3 into (2-7) gives:

V\O
| 2t 2 9 ™ .
2 2.'[11 ) nm .
wyue = —m— + n¥_
" ( b ( L - 2 -8
. This last equation can be rearranged into: N ’
2 2
: 2
(¢ = €T 9m + ()2 (2 _
il 2 L 2 -93'
p .
. 2 ‘
or (§D)° = A+ B’ (%) ‘ . _
- g . 2 - 9b ' [

: Yhe values for A are given in table (2-1) for the first 30

\

modes given that f, D-and L have the following units:
t .

f - the resonant frequency of any'mode in MHz

D - the (inner) diameter of the cavity in inches

. # -
L - the (inner) length of the cavity in inches

- . )
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. 7 -

Mode Axlo8
01K  0.8156
" 02N 4.2975
03N . 10.5617
11N "2.0707
12N 6.9415 A
. 13N 14,5970 |°
CTM 21N 3.7197
22N 9.9923 "
31N 5.7410
32N 13.4374
HIN _8.1212
51N 10.8511 -
61N 13.9238
OLN 2.0707
0zN 6.9415 -
03N 14.5970 :
: 1IN 7 0.4781
! 12N 4.0088
\>\\\ l 13N 10.2770
' - 21 N 1.3156
© 22N 6.3426 “
23N 14.0175
} TE . 31 N 2.4893
: 32N 9.0606
? AN 3.9879
' 42 N 12,1520
51 N - 5.8050
61 N 7.9359
- . ! 71 N 10-.3772 -
o ' gL N 13.1265

Table 2-1. Values of A for the. first 30 modes,
For alr at 25°%¢C and 60% relative humidity, B has the following
value: ‘ ‘ .
B = .34799 x 108 2 -10
Plotting (fD)2 versus (-%)2 as related by (2-9b) gives the mode

chart shown in figure (2-2). . .

N $

[ ¥ ML S
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TE 12
40 TE 4t

™ 21
351

oo 3o}
@

2.5FTE )

TE 01
2O0FTM I

TE 21

TMO!
% 0.3 TE i *
L]

[+ 0.5 1.0 1.5

2.0 25 30 p ] 40
(2
L
Fig.2-2. Mgle chart for circular cylinder
fhsonant cavity [19]

PENSEE—— e S

This chart not only gives values of D and L for the tesonant

frequency of a particular mode, but it also shows the proximity of the

neighbouring modes. This last point is important when using the higher
! N . ‘
modes. 1#25

Cp & .‘

2-4 Q-FACIOR CONSIDERATIONS :

The Q factor foxr any mode can be calculated from the following[ZZ—ZS]:

. 1 . B~
2 cavitysu - BY dv 2 - 11
Q = 3

N Hx
. : cavitySﬁ . H* ds d‘




-9 -

The values of H are taken from (?—5) or 6;—6).
A more convenient factor for evaluating the performance of the

various modes is the mode shape factor, MS as gilven by:

* -

M.s.-% - 2 - 12

&

The MS factor is useful because it is only a function

of the ratio % for a particular mode. Graphs of the M.S. factor versus

. o
% are found in the literature and are reproduced in figures (2-3) through 4 >
(2-5) for some of the lower modes.
‘ 1.3
l . Ilz
. '1' ~
\ 1.1
ol
a
m‘ ‘
2 |
(SN
b .
"os
8
2 .

o
-

0.6

0.5

%
: |

Fip.2-3. Mode Shape'factor for circular cylinder
P rosonator - TE modes with =0 [19].
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‘ It is interestiné to note that in generél, the TEOln-modes
have the highest Q for a given volume [20].It is very important to keep the
volume of the cavity as small as possible since for a cavity of
volume V, the number N of modes having a resonant frequency lower than
a given frequency f is- approximately:
) . B8u ved

- 2 - 13
3c3

On the basis of what was just said, the TEO1n modes provide
the best possible Q-factors. Howevér, one particular problem must be-
taken into account. From table (2-1) or figure {(2-2}, it can be seen
that every TEOmn mode has a companionTMlmn mode resﬁnating at Fhe
same frequency. The TMlmn modes have a lower M.S. factor than the
TEOmn modes and will reduce the overall Q. In the presence of small
geometrical irregularities, these two modes resonate at slightly'hiffeqent
frequencies; the cavity response Vill then be split which is highly

undesirable. However, the TMlmn modes can be effectively suppressed by

perturbing the current density in the cavity walls at the appropriate

position, as will be described in the next section.

2-5 MODE SUPPRESSION TECHNIQUES:

%

Expressions for the current density in the cavity walls will be
given and then used to show how certain types of modes can be suppressed

by peFturbing the current density at the appropriate location.

The cﬁrrent density J induced in the inner walls of the cavity is given by [21].

T-'E:u,r - 2 = 14

Expressions for J are given in table (2-2).

e e A b o e e e S
; '

i
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. ) — s
i
gf ) End plates _ ’ Side walls
- k , i N
S |39l i 33 (kp) cos () EAE KL 3, cos®@9) sin(ks2)
odes
|Jp|= —LE— o gsin(2¢) lJz|= - Ei- R gin(l¢? cos(k!z)
ml' » |J¢|= = sin(%4) |J¢|= 0
oy Hedes .
IJp|= -Ji(k1o) cos(Ld) |Jz|= —Ji(k1R) cos(¢) cos(kiz)

Table 2-2, Expressions for the current density induced in
. . che inner walls of the cavity.

.

Considef the current density at the positions where the side walls
join the end plates. On consulting table (2-2), it can be seen that only
~ J

the TEOmn modes have no current path® between the end plates and side walls

at these.points. For the'TERmn.(2+0) and TMg modes, the current density is

—

S

zero only at certain pgints where cosl¢ or sin Rb ig null. By presenting . 1
an 1lmpedance to the current paths between the end plates and side‘walls, % i
all modes except the TEOmn modes can be suppressed to some extent, the amount ' %
of suppression depending on the magnitude of the current path for a %
'ﬁarticular mode. This impedance can be realized by either cutting concentric EI
m

slots in the end plates at the point where they join the side walls, or by
separating the end plaﬁes from the side walls by an annulus made of a

logsy material.

-
N The mode suppression method described not only suppresaés the
companlon TMlm modes, but all others not of the TEOmn type. This fact

greatly improves the stop band of the cavity when used under transmission.

This type of mode suppression will be used in the design of the cavities

i

to be described in chapters 4 and 5. .
: o e




(X%
,/"

2-6 EFFECTS OF ENVI@DNMENTAL CONDITIONS'ON THE RESONANT FREQUENCY:

As shown in section(Z!ﬂ the resonant frequency "of the cavity is
determined by the cavity dimensions D and L and the dielectric constant €
The.
of the material filling the cavityﬂ?requency shift caused by slight changes

in D, L and € can be written as:
w B ap B
Aw %5 6D + £ AL +@-. Ae 2-15

Expressions for gg-, g%-;‘%%-are obtained from(2-8)

Al

4t 2 ‘
9 2m
E% = - 3 ) 2:-158

WHED

22 -
Buw = —5 ) 2-16b
51T  wpel
2

Bw -1 4r!.m n2ﬂ2 : 2-16
§e~ 2 2 T2 -16e

2WHE D L

1f the cavity is made of a homogeneous material, the change in D
and L can be expressed in terms of o, the coefficient of thermal expansion.
AD = ODAT 2-17a

AL = GLAT ¥ 2-17b

Combining (2-15) thru (2-17) ylelds the following expression for the

normalized shift in resonant frequency

A

Iyl

2-18

ol

Af -1
Af L _qAT - =
rji*’ﬂ’jgl\\ 2

If the cavity is air-filled, the following empirical formula [26-27]

can be used forrthe_Qielecttic cqutlnt{

s

P 3\ 7P
e=1+2.1x10"' —-;- +1.8x1070 [ 1+ §._5_8_L!2 )_z 2-19
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’

The variables T, P, and P are defined below:

T-the temperature in % .

P _-the air pressure inside the cavity in mmHG

%

Pd—the water vapor pressure inside the cavity in mmHG

" Expression 2-18 can then be rewritten as:

BE g 11 (Bl % -
F ST (BIAT+ aAPa+-5I—’;APw \ 2-20

In the above,

the cavity is assumed to be tuned at To, Pao and Pyq .

The terms AT, AP, and APy represent the changes in temperature, alr pressure

and water vapour pressure from the reference values of T , P,q and P_,. The

quantity . [-&'— and

%ﬁ%;-are obtained by differentiating (2-19).
W

]
aT ' BhP,
% -4 p o . 1t1x1t) M 2-21a
F== - 2.1 x 10 a+ 1.8 x 10 1 + — —
T 5 T 2
T
T
x _ -4 1 -
S - 2lx 107" 3 2-21b
a
-4 5.58 x 10° | 1 -
% = 1.8 x 10 1 +-—'——,f—'—'"'— T 2=-21c

W

The above terms are evaluated at T, Poo and P and substituted

into (2-20)

- The frequency

stability as given by (2-20) is a function of

temperature, alr pressure and water vapour pressure. An improvement in

stability can be had by hermetically gealing the cavity witﬁ‘?ry air or

nitrogen. Under these conditions, the gas inside the cavity satisfies

Boyles’ Law.

!
i

[ P —"
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Pa Pao )
T = 5 2-22a
)
) *
. {
T T

”~

P ‘-

The terms TE and TE in (2-19) are now cénatants under the above

conditions and the frequency stability can be written as:
' - g'\, \

AT 2-23

m |-
i

1
-aAT - 5

H-.|I>

The value of %%- is obtained by‘differentiating'(2—19) and treating

P P v
& and EE- as constants.

T

P .
3e 9-24

a1 _wo
T 2 T .
T 0 )

It can be seen that the last term of (2-23)’cén be made null if the

-

'gas(%illing the cavity contains no water vapour (Pwo = Of. No improvement in

e : ' .
stability is obtained by sealing the cavity under vaccum. Graphs of frequency

stability will be presented in chapter 5. _ .

S PP TA 1
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Due to machining tolerances, some form of tuning method is required
to adjust t'.he cavity resonant frequency to the precise value required. For

cases where t:he cavity ‘must be tuned over a broad band, one of the end plates

t

|
can be moved re.lative to the other by means, jof a suitable mechanism The

-change in resonant frequency can then be found from(Z 16b) and 1s given below

% . —Bo- 2-25
3 :

' A} - . : .

If tuning over a broad band is not required,' a simple post can be
introduced into the cavity to fine tune the resonant frequency * The change in
resonant frequency can be obtained using Slater's perturbation formula [2z2- 25],

which is given Selow.

f (uu2 - eEz)dV f (1.1112 - EEZNV
) [
! : . Post . post 2-26

! amE + e2hav &
N~ . . fctvity "

A small metallic pcg"r,--of_ .,1enst’h‘ £ and radius r, is located

_at the po‘sition shown in figufre (2-6).
. !

T i
!
' !

CAVITY

|‘lI

!

}'G—Zr

o]

kd
! -

‘

b ‘-————- :pe2R——*] S

Fig. 2-6 Fine tuning of a TE ‘cavity by means
. , of a mll natallic Fat. |
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g
., From (2-5), it is noted that the H field tangentfal to )
. the end plate of the cavity is pull at the location of the post. Because

\\\\Qfﬁfhis, a good electrical contact is not required between the post and

o’

the' end platé. Using (2-5), the aumerator of. (2-26) is evaluated as

-

follows: ‘ ' A o
. . . .
J (un? -.EEZ) av. ~ wre2 [ 2 pi “ 2nTI' : _
. - 7 T 2 ] : 2-27
/ post . o .

The energy stored in the cavity, U, is found by integrating the

square of the H field over the volume of the cavity at the instant when the E

field is zexo. Using the value of H given by (2-5) and performing-thé

integration outlined above gives the following expression for U.

‘ - u'rTLR2
U= yH dv =

, :
(3, (k3 , 2-28

cavity -

The final expreséion for the change in resonant frequency is

obtained using (2-26) thru (2-28), along with the fact that Jo(kIRJ=-.403

fof the TE modes.

0ln
' b
A . 3.082% - L L 2nt g ] S 2-28
£ g2 2 lom L

Since the

the size of the post increages the resonant frequency of the cavity.

In a practical case that requifes the cavity to be tuned over a

broad band it s likely that a combination of the two tuning techniques

described would be used as the chan

an end plate slightly is still quite large. Tor a cavity designed to

mode at 12GHz, (2-25) predicts that a .001" change in

resonate in thn.13012 \\MJ!

L will ahift_thartclocant frequency app;oxilltely 4MAz.

post 1s located at the maxi;hm of the H fiéld, increasing

ge in resonant frequency caused by moying/’* .
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CHAPTER 3 . ‘ »

. ANALYSIS OF A NOVEL TRANSITION BETWEEN MICROSTRIP AND
A CYLINDRICAL CAVITY

€ »
-

. 3.1 INTRODUCTION

The microstrip,to cylindrical cavity transition to be analyzed

'1s shown in figure ,(3-1). The ground plane of a microstrip substrate forms’

one of the end plates of the cavity. The cavity is designed to resonate .

in a TE mode at the desired operating frequency; the TEOIN modes are used

01N
for the reasons mentioned in chapter 2. Coupling is by means of an aperture
1ncated'in the ground plane at the point of maximum radial H-field in the

cavity. The microstrip line terminates in an open circult 313/4 beyond the

aperture; this length of line maximizes the magnetic coupling-through the

aperture. This configuration is quite ﬁ;acqical as the -cavity can be machined

into the substrat%'holder.

. MICROSTRIP & SUBSTRATE

g idemskatwt 2 W
™

T ,. ” )

 TE o CAVITY

. FIG. 3= COUPLING ARRANGEMENT BETWEEN MICROSTRIP AND i
| A TEgy CAVITY. COUPLING IS BY MEANS OF AN |
| - APERTURE OF DIAMETER d LOCATED IN THE .
. SUBSTRATE GROUND-PLANE. o -y

N
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3.2 METHOD OF ANALYSIS

r 4

A rigorous analyseis of the transition shown in figure (3-1) is quite
formidable as the microstrip is an inhomogeneous structure and no c;losed—forp
solution is avallable. Since in mo.'ét applications c:;vities are undercriticallly
coupled 'tc; .congerve a high Q factor, Wheeler's equivalgnt ener@?comcept‘ [28] .
for calculating the coupling through sma‘11 apertures is employed. This yilelds
a gimple, analytic expresgion for the external‘Q of the cav.rity, Qe{?which

has beeﬁ found, useful for design p;nrposes,
Wheeler [2 B]i'las shown that the coupling between a w:lavegnide and a

resongqt chvity cap be evaluated by con‘sidering two sy?netrical coui:ling

problems. One’*;:t;blem {s the coupling between two waveguides due to the

normalized reactance x of a small aperture in a common wall. In thts case,

the waveguides consist of two microstrip lines, each terminated at orne end

by an open circuited stub an odd number of quarter wavelengths from the

aperture. The other pr.obllem is ﬁhe e‘avalu‘eit::l.on of the coupling fact:qr'k_ that

exists between two i(_iéntical cavities Bharing an aperture in a common

i'mll. The 1bading pow.er factor p = %im between the cavity and the guide .

is then found tosbe the product of the normalized reactance x and the coupling

factor k, with error 0(p). In the following sections, k and x are calculated

ny employing the e’quivalent energy concept and a gimplified parallel-plate

waveguide -model for the micros.‘trip‘.

13
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3.3 APERTURE COUPLII‘iG BETWEEN TWO IDENTICAL CAVITIES: : ’ . !

'As shown by\Wheeler the coupling factor.k‘ﬁefween-two identical

regonant cavities is as given by (3-1a) and (3-1b) for electric and magnetic

couplings respectively. d

; >
* 7 . v .
T a1 le C :
ke l' _v - 3 -'la
A : e
b4
K o= D B _
n % Vm 3 1b

are the effective volumes of the c;upling

In (3=1), V and Ve

aperture as defined by Wheeler Eor electric and magnetic coupling.‘ Electric
coupling occurs when there ig a component of the cavity E field perpendicular
to the aperture, while magnetic coupling requires that a component of the
cavity H field be tangential to the coupling aperture. Values of Vec and vmc.

: [28]
are glven in table {3-1) for elliptical apertures located in thin conductin%J

walls.- ‘ .

-

Field Orientation

Crrele Gengral

yT1 =N

L e

= V1 "A(":'/".'l):‘

- -l

Narrow
Tz << i

. tangential to major

L_ axis(Zr )
\

4

(;‘f.’."_)__ (-I:rr. ) 3
A 3 !-(LJ 2R

"

Spihere

(55)-
3 Ary

1

In —

£ra

e

“H{ - tangentiasl to minor
axis(2r2)

Sphere
~u

SE—

i\ 4 erard
\(i_.;__): (i’;’,: ) E(ky — (:— k)1 (k) |

(=5%)

E - perpendicular ’

- .~.—"\

4"“)2 ("_’_'_’.'_’i') !
3 /x 3 S EW

( dxr lr,’)
" 3

Table 3-1. Formulas for the effective volume of

thin elliptic apcrtures -

Y




. v - 21 - | A

T .

The volume V_ or A in (3-1) is the effective volume of the cavity
for electric or magnetic coﬁpling;' ihis is the volume which, when uniformly

filled with the field that exists at theaperture,would store the same amount

of -energy as the actual cavity. The effective volume satisfiles (3-2a) or
. , o

.

(3-2b) for efectric or magnetic coupling regpectively. T

N

2

1 2, . L v 3-2a
E EECVE 2 £ d

cavity

S R N 2 a : | | \ |
> o —a _2b -
WV =3 \;lf He av 3-2b -
- ' cqvity ’ . .

_\\\En,iQQZ), the subscript c denotes that Hc.1§ the field taat oceurs
on the wall at the location of'the_aperture,ﬂbut without the aperture present.
As implies (3-2), Ec aﬁd Hc are assumed constant over tﬁg are34£} the
aperture since the latter is assumed to be small compared to the dimensions
of the cavity. )

& :
For the TEOlN modes, there is no component. of the E-field perpendicular
to the cévity walls, because of this, only magnetic coupling can be used The
location of the aperture (S in Eigure (3-1)) is chosen to coingide with the

position of maximum radial H-field in the cavity. This gives the strongest : f

coupling for a given aperture. From (2-5), the value of " tangential to the

| _ p ‘
cavity end plates is: ) ' '

*

o

+ 4
3 -

The maximum value of Hp is found by differentiating the expression

for Hp and equating 1t to zero.
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| o,
-k |
T R
- (o T 0|7 o 3-4
P . p=S
Solving' (3-4) 1 for p=8 gives:
8 = .481R 3-3. r

The value of the H fleld at the coupling aperture is then given by:

-k3
BT 1% S S
&y
The value of the effective volume is, using (2-5), {3-2b) and (3-6):
. / gfay -~ mR? (3 (kR)]?
- o' 1
- cavity - 2 3-7
m -k :
2 3- 2 — i
He . 3, (k8]

For the circular aperture of diameter d showr; in figure (;J-l) s

the value of vmc i{s obtained from .table (3-_1) .

- L]

-2 gl 3-8
v 5 d '

me
a /

: . 4
Finally, the value of km is obtained using (3-1b), (3-7) and (3-8).

.-k =

_3. 2 !
k -li‘l‘i, .]_-.'gcﬁ [le(kIS)] 3-9 ‘
m 4 V= L 3 TLR®

LR (g, (kg R)2

L5

.
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3-4 A PARALLEL PLATE WAVEGUIDE MODEL FOR.MICROSTRIP:l

This section describes a simplified microstrip model consisting of
a parallel plate waveguide with magnetic gidewalls. The model will then be
used in the following section to calculate the normalized reactance of ah
aperture coupling two microstrips together.

The equivalence between microstrip and a parallel plate wavegulde
was used for discontinulty calcuiations by Leighton and Milnes [29],based on
earlier work by 0liner [30] for stripline. This equivalence will be made on
a T. E. M. basis although the microstrip does not support pure T. E. M.

{ . .
propagation. The microstrip and the parallel plate guide are shown in figure

(3-2).

.\

)
N

\ \\ \\\\ Y \\\ \\\\“‘ \;\

\ A \ 5\ ‘

\\\ W\ \\\ \\\\-\

€r ) Geff—\ &
(a) MICROSTRIP LINE (b) EQUIVALENT PARALLEL PLATE

ANAVEGUIDE WITH MAGNETIC WALLS.

e

FIG. 3-2 EQUIVALENCE BETWEEN MICROSTRIP AND A PARALLEL PLATE
WAVEGUIDE WITH MAGNETIC SIDEWALLS { T.E.M.-MODE.)

© Iran @ LA Bty Tt SR
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The boundary conditions for the parallel-plate guide are:
) top and bottom plates: £ xn=0 (electric wall) 3 - 10a
side walls Hxn=0 (magnetic wall) 3 - 10b
>
The folloq;gg_field expressions satisfy the wave equation for T.E.M.
o~
propagation and the above boundary conditions for the parallel plate guide: '
. _.sz - _sz 3 -1‘11‘ . -
Hx HOE EY Eoe ?P""
\ W
= = - = - 11b
H H, E. E, % 3.
»
B = w YUE E
Ez"“ 3 - 1lc
7 x
"(propagation in the +z direction assumed)
The characteristic lmpedance oI The paraiies prate guide is:
|
* h ,
‘ Z = ﬁ|n 3 - 12 2

o
-~ The values of Z0 and Eeff for the microstrip are given by Wheeler
[31] (electro-static analysis) or by Getsinger [32] (who accounts fot dispersion).
The parallel plate guilde is asgumed to be uniformly filled with

dielectric of relative value €off (u= uo). The equivalent width of the

&
guide is then found from (3-12).
n
W'=%E° 3 - 13
o "eff

%
i
i
]
i

Pinally, the wavelength in the parallel plate guide is:

A ‘f ,
‘ . 3//114{

I T = | -
: Cegf .\ i s,

e s~ == FTrTIINEEG
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3-5 APERTURE COUPLING BEWTEEN TWO IDENTICAL MICROSTRIFS:

A

‘An expression for the normalized reactance of a small aperture

coupling two microstrips together will now be derived. The actual coupling

configuration is shown in figure (3-3a) ;. the aperture (again of diameter d) g

is located in the common groﬁhdplane. Both microstrips terminate in open
circuits 3Ag/4 past the aperture. This length of line transforms the open

circult into a short circuilt (maximum H-field) at the location of the aperture,:

A

thus ylelding maximum magnetic coupling.

Z y4

t $

N 3\g/4 3>I\q{‘_‘__ L
:' \'w\-_f\z:()/{— \) |
| APERTURE
(a) APERTURE COUPLING (b) APERTURE COUPLING BETWEEN

BETWEEN TWO IDENTICAL TWO IDENTICAL PARALLEL PLATE
MICROSTRIPS. WAVEGUIDES WITH MAGNETIC

SIDEWALLS. X

+

FIG.3-3 THE COUPLING CONFIGURATION BETWEEN TWQ PARALLEL PLATE
WAVEGUIDES SHOWN IN {b) IS USED TO MODEL THE COUPLING
BETWEEN THE TWO MICROSTRIPS SHOWN IN {a).

e Y bk i bt R = T T
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For the purpose of analysis, the coupling configuration of figure
(3-3a) is modelled by that shown in figure (3-3b), which illustrates the

coupling between two parallel plate waveguides that share an aperture in

.

As in figure (3-3a) both guides terminate in open
circuits 3Ag/4 beyond the aperture.

thelr common broad wall.

The fields about the location of the aperture in the guides of

figure (3-3b) are given below for the TEM mode.

H = 2H cos 2n z
x o

3 3-15a
g L]
- ‘
. ) 2
FY 2Eo sin-x; z 3-15b

From [25] the transmission coefficient T through an aperture as

shown in figure-(3—

3b) 1s given below, with the variables as defined in [25].

)

] _ 2m§ .
: . T SOA (M;H°£H£+Mz_l-_l_°mHm+PiEqn’En) .. 3-16
The SO, a normalizing factor is given by:
1 = Tl ’ 3-17
. - — L(ExH ) ds
. s n | ® (X,

guide
The transmission coefficient can also be expressed in terms of the
- ’

normalized reactance of the aperture as follows [25]1:

- Zix ' -
2ix+l 3-18

T

The value of SJ ig calculated using (3-11) and {3-17).

"W! h

1 2
S, = T |E | (g dydx = wihH 3-19

A
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2 el D v

" S



For the remainder of this section, 1t will,be assumed that the .
aperture is small w.r.t. Aé. From figure (3-3b) and (3-15) it can then be

gseen that the E field is zero at the pbsitionﬁof the aperture, while the

H field can be 3Psuped constant over the aperture with magnitude 2Ho' The
normalized reactance of a small aperture (x<l) is obtained from (3-18)
in terms of the transmission coefficient.’

T
x = 73 » ¥<1 . 3-20

In this'patpicular case, the last two.terms of (3-16) are zero.
Since both guides in figure (3-3b) are identical; ;he term 2‘H& in (3~ 16)
reduces to 2H The value of the polarizability Mrjused in (3-16) is one .
fourth of the effective volume of the aperture as defined by Wheeler (28].
For the eircular aperture used, the value of Vmc is given by (3-8) ¢ Using (3-8),‘(3-16),

£3-19)and (3- 20) along with the fzgt that H EHR ZHOZ, the following expression

is obtained for the normalized reactance of the coupling aperture.

3
x= —T4 3-21
I ThA
g

n‘d

N . . -

3—6 APERTURE COUPLING BETWEEN MICROSTRIF AND l% TEOlﬂ CAVITY:

’ An expression for the external Q, Qext’ of the cavity due to the
loading of the microstrip will now be given. As shown by Wheeler (28], the ‘

loading power factor p can be calculated by referring to figure (3-4)
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APERTURE

-jXe XL l
[ mL .
C

(S £0.Q0  JKXLEIXZO Zo

|
R+ )X

MICROSTRIP x

?

FIG. 3- 4 — EQUIVALENT CIRCUIT FOR THE EVALUATI
S OWER FACTOR BETWEEN THE MCROSTRIP

CAVITY k<<l <1

OF THE LOADING
D THE TEqy CAVITY.

;The quantities r, C, L in figure (3-4) are used|to model the
characteristics of the uncoupled cavity about a partic

rgsonant frequency fa and unloaded Q, Qo’ of the éévity are given below.
e 1
f =
2nv-4C

o]
- wl
- -2 =4

The reactance of th% coupling aperture

3-22

can elther be expressed as

ka (in terms of the coupling factor X that exsist between two aperture
coupled cavities) or as X2 (interms of thenormalized reactance % that exists

between two aperture coupled microstrips). Since both Bfe equal:

. kXL -=xZ ' 3-24

The real and imaginary parts of the impedance R+iX that is transformed

into the cavity by the aperture are: -

R=2x* X=2Zx 3-25
o o

Using the definition of the loading power factor and equations

(3-24)  (3-25) yilelds the following expression.

1

—-.R
p=——"wk = kx 3-26
Qext xL S

4

i
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- The loaded Q, QL’ of the coupled cavity satisfies the following

r;lation.

- %— + %2—- 3-27
(o] ext

A

1 T
e W e o
q %

The ratio of the impedance coupled into the cavity by the aperture

to that of the cavity at resonance ig d&fined as thevgyupling coefficlent

2
B[ 5]and is given by:

B';‘ J' 3-28

From (3-23), (3-26) and (3-28), the coupling coefficient can be

axpressed as:

[ E 3-29

Finally using (3-9), (3-13), (3-14), (3-21) and (3-26), the

following expression for Qextlis obtained. H

’ e £ L°D*h*
Q. . = 5.423 x 10 ~ —T7=¢ -4f
ext n°Z, effd

3-30

In a practical design problem, one is most often required to

calculate the size of aperture required to give & certain B. Once the

parameters of "the microatfip and cavity have been egtablished; the aperture
‘diameter can then be found using (3-29) and {3-30). For high impedance lines,
(3-29) - (3-30) can yield values of d muéh greater than W, the width of the
microstrip. If this occurs, a lower value qf Zo (wider line} should be useﬂ
for the coupling region. Although the Qo of‘Ehe cavity can be found from

figure (2-3), it should. actually be measured as it depends critically

|
!
|
|
|

on the surface finish of the cavity.

N7
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" " It should be noted that the imaginary part of the impedance‘R+jx

that

is transformed into the cavity will slightly perturb the resonant

frequency from its value given by (3-22). The cxtent_of this frequency -

pulling is mentioned in chapter 4 and can be neglected.

Something should be said at this point concerning the approximations

made in deriving the exprcssion for the external Q. These approxinations are:

(1) The parallel plate waveguide model for the nicrostrip is based on a :
T.E.M. equivalence. However, it is gssumcd that this model is
sufficicnt to characterize the flelds im the microstrip atfzze position
of tne a;EQEyre which is located im the centre of the ground'plane

‘with respect to the microatrip (see figure (3-1)).

(2) Th& error in the loading power factor (% ) as éiven by (3-26) is of the
order (kx). ) EXt‘

{3) The expression uged for Vmc assumes that the aperture 1s located in a
thin conducting wall; this is a fealistic approximation as the ground .
plané‘metalization is thié‘iless than 30um for the substrates to be *

. described in €hapters A‘and 5):

(4) ‘Thé‘value ofQ, 38 given by (3-30) assumes tnnt the H field is constant
over the aperture with magnitude 2H°. As the frequency or the € of
thé*éubstrate increases, this approximation deteriorates. A correction
for this effect. is given in the next aection. |

The exp;eaaion for Q derived in this section 1is experimentally

verified in chapter 4.

© 3-7 EXTENSION OF THE ANALYSIS TO .COVER_LARGE Ai/APERTURE
RATIOS AND OTHER APERTURE SHAPES.
s was mentioned in the last gection, the assumption that the H

field 1s constant over the apertnre is. not alwaye valid. For certain values

of substrate € and reaonant frequency f o’ the H field can vary appreciably

over the apertute in the direction of propogationc ‘ Under these §

conditions, it is shoun in chnpter 4 that the coupling coefficient B as




{ e
ot F

obtained from (3—29);5nd (3—30) yields values that are l;rger than those {
obtained experimentally. To account for this discrep&ncy, a first order. -
correction is applied to the expression for Q by uaing the average value
.of the H-field over the aperture in the calculation of p.. This average value

»

H;vé; is obtained by integrating the H field over the area of the aperture and
dividing the result by the area of the aperture; it ia convienent-to

normalize this result a.r.t. the maximum H-field For the circular aperture.

shown in figure (3—1),j££§>nverage H field is calculated using (3—i5) [33]

. / : Q_‘[clz)dz\
' cOR
H aperture Ag

- _awg L (e
o " a Jl(x—g') 3-31

max aperture area
(3-6), :

FromY(B-lG), (3-20) and (3-26) it can be seen that an expression for
Qext which accounts for the variation in the H field over)the aperture is
obtained by multiplying the previous. expression for Q gi:SU) by a
correction factor q. This correction factor q is obtained using (3—14) and
(3-31).

2 /.
ZJIC“) d dfo Eeff

N e el m o, _of eff -32
am\— ) . UTx T B | 2

A similar correction factor could be applied for the transverse
bariation in the H field. However, the field variatdon in" this direction 18

not as severe as that in the directilon of propagation and 1t seeme sufficient
to indlude a correction for the first case only.. From ground-plane“curreut
density distributions!obtained by finite difference computations.[34],it is
estimated that the H field variation in the x-direction is less than -10%, even
for the largest anticipated aperture.

The analysis can be readily modified for use with other shapes of

apertures by using the appropriate value of Vmc' Froq‘a practical standpoint, it

-

may be advantageous to use a rectangular aperture instead of a circular one.

'
L
P
i
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QPiB might be so in the case of MIC fabrication where a mask containing a

. w
rectangular aperture could_ be easier to cut than one with a circula;/aperturb.

. An expression for Qeﬁt will now be given for coupling with the

rectangular apeérture shown in figure (3-5).

el

7 . -

RECTANGULAR ™ A EETU RE

lN GROUND -PLANE
| ‘;—'—3)\9/4
. Lvr-ﬂ'j_o ’
L_J
BN

MICROSTRIP

FIG.3—5 SECTION OF AN MIC SUBSTRATE TO'BE USED WITH . *
THE CAVITY SHOWN IN FIG.{3-1). COUPLING IS THRU
THE RECTANGULAR APERTURE IN THE GROUND-PLANE.

. ?
Although no theoretical expression 1s svailable for the magnetic

]

polarizability of a rectangular aperture as ghown in figure (3-5), experimental .

data obtained from electrolytic tank measurements is available [35]. Thia
data 1s presented in figure (3-6) for the case where the H fleld 4s parallel

to the width of the aperture (a dimension in figure (3-5)).
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Using (3-1b), (3-7), (3-13), (3-14), (3-16), (3-19), (3-20) and (3-26) '
along with the value of M obtained from figure (3-6) gives the following
t’ : \
. £ Lp%,? .
Q . = 1.506 x 1077 —— , 3-33

‘one.ffnz

expression for QEx

axt

It can be seen using (3-29), {3-30) and (3-33) that compared to a

circular aperture of diameter d, a rectangular one of length d/2 and width d

yielde a coupling_cogfficient only 11X less for small apertures.

For cases where the b dimension becomes an appreciable fraction of
Ag, the average value of the H field should be used in the calculation of p.
Performing the calculation outlined by (3-31) yields the following form for

the correction factor q for the case of a rectangular aperture.

F]
2
- sin(u) ) - T b foi- Eaff 3-34
u i Ag 9.55 x 107 .
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'EXPERIHENTAL_VERIFICATION OF A NOVEL TRANSITION

BETWEEN MICROSTRIP AND A CYLINDRICAL CAVITY

INTRODUCTION:

-

The transition analyzed in chapter 3 was experimentally verified

and the results wil

irregularities whic

1 now be given. The measurements were done at S-band.

. using oversized substrates in order to reduce the effects of geometrical,

h will have a more pronounced effect at KHigher frequencies.

DESIGN OF THE S—-BAND CAVITY:

The cavity was chosen to resonate in the TE012 mode at a frequency

of 3.333 GHz. The TE

012 mode has a higher Q than the TE011 mode and the

larger volume required for the TEO12 mode 1s not a problem.

A high Q mode permits critical coupling to be achieved with a

smaller aperture 80

!

that the analysis presented in chanter 3 may better .

approximate the coupling problem'for values of B up to critical coupling, A

ratio of 2-= 1.02 yields the highest Qo for the TE012 mode and faixly good

separation between the neighbouring modes. For the resonant frequency

chosen, the values of D and L were found using (2-9b) and are: D=5, 628

L=5.517".

The cavity was pachined of brass and the inside was then silver

plated An end plate was also made with a small coupling loop that

terminates Ainto an 0. S M. type connector. The loop was oriented to couple

to the'ﬁ field of the TE012 mode. Tor silver (6 = 1,109 x 10 "4 em at

8-band), the Q is approximately 64,000, as found from figure (2-3). A i

mode suppressor im the form of an annular gasket was machined of synthane

and served to suppress modes mot of the TEonn type. A photograph of the

cavity and mode suppressor is shown in Fig. (4-1).

>

;.
1
i
b
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urig;AﬂL.Photograph of the S-band Cavity and Mode Suppressor.
The coupling loop can be seen mounted to the end plate.

N : .
(:\ The resonant frequencies of the modes closest to the TEO12 mode

e —

A}
were calculated using (2-9b) and are given in table (4-1).

Mode TE TE TE ™ ™

212 B3y 012 112 210 TE113 B3z

fo—GHz 2.954  3.001 3.333 3.333 3.427 3.435 3.526

~ ' ) -

Table 4-1. Resonant frequencies of the neighbouring modes.

The return loss of the cavity was measured on a H.P. swept frequency

P

analyser. The results are given in figure (4-2a) and (4-2b); the two plots

% correspond to the response of the cavity with and without the mode suppressor.
The plots agree with the results gi§en in table (4-1); the dips in figure (4- 2a)
are all shifted up in frequency due to the absence of the mode suppressor.
The values given in table (4-1) take the thickness of the mode suppressor

. into account. The measured‘resonant frequency of Fhe TE012 mode 1s 3.356 GHz

(with mode suppressor).
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4-3 DESIGN OF THE MICROSTRIP CIRCUILTS:

The microstrip circuits were etched onto two {(oversized) substrates

with h = 200 mils. One was made of rexolite having er-2.6, the other
being of stycast and having e ~10. :

. At first though it seemed sensible to make the line impedance
50 ohms on both substrates, however for the ér-1o gubstrate, this leads
to an aperture diameter that is greater than the wi@th of the ﬁic€ostrip
at critical coupling (see section (3-6)). To overcome this di%ficulty,
a lower value of Zo'vas used for the line on the stycast substrate.
A value of 30-22.8 is found to yleld values for ;he averture diameter
that are still sﬁaller than the line width even "beyond :critical
coupling. _ r
The dimensions of the microstrio were calculated with a computer
program based on Getsinger's mpdel [32]. As was mentioned in section
(3-5), an open-circulted stub of electrical length 3/4 Ag was used to
present a short circuit condition at the aperture. The physical length
of the stub includes a corfection for the end effect [36].
. The actual layout of the microstrip ia shown in figure (4-3),
'with the corresponding parameters given in table (4-2). A photograph

of the stycast substrate is shown in figure (4-4)."

substrate S L . W h zb €off {at fo)
rexolite \ 1657 . 541" " ..
€r=2.6 1\354 . . .200 50.0 2.27 4.
stycast ’
e =10. 1.354" . 871" 626" 00" 22.8  9.45

~y 7

Table 4-2. Microstrip parameters for the rexolite and stycast substrates.
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FIG. 4~ 3. MICROSTRIP CIRCUIT ONjVERSIZED {0.200") SUBSTRATE.
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: ™
* . t
Fig. 4-4, Photograph of the microstrip circuit on

. the stycast substrate.
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V({UWALENT CIRCULT AND METHOD OF MEASUREMENT

In order to simplify the Q measurement, a two port transmission
Acavity configuration was used. The ;pefture in the microstrip ground
plane formed\f}e input port and the coupling loop on'the end plate
served as the output (detecton) ﬁort. Since a high Q cavity was
used, a comb technique [ 37) was employed to accurately measure the
3 dB bandaidth'of the couvled cavity.

The equivalent circuit used to interpret the measurements s
and the physical structure it represents are shown in Fig. (4-5). Z§¥

- This equivalent cifcuit represents the couﬁled cavity about the
resonant frequeﬁcy of the TE012 mode. The symbols used are
defined as: . ‘
Y01 — The characteristic admittance of th Ineasuremant
setup
pl; jB1 —- The transférmer and suSCthance represent the
tuner
jB, - The discontinuity susceptance of the coax to microstrip
transition - .

Y02 - The characteristic admittance of the microstrip

1ine (lossy)
n.; jB, - These parameters represent the coupling aperture. :
The susceptance représents the energy storage in the ’ E
evanescent modes that match the boundary conditions
at the aperture ' . ‘ |
L,C,8 - This parallel tuned circult represents the resonance

of the t!012 mode

lns; jB6 - Thgfe rcpr.;ent the coupling loop.; .

et e i P LS A e
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The tuner was adjusted to match the admittance seen at the
mierostrip transition to that of the system. The shunt gusceptances
jBS and jBA shift the resonant frequenc slightly., As the resultant

frequency shift is small. (less than 600 KHz) and does not effect

the measurements, these susceptances are neglected. .

The input and output coupling coefficlents as defined in

[25] are:

Y Y 5)
B, = —z. B, = = ////,/,// -1
nzc 'n3c

In order to evaluate the coupling between the microatrip and

the cavity, the latter is considered as a one-port structure at

reference plane c-c' with the detector port b-b' transformed Into

the cavity. The unloaded Q and coupling coefficient for the

cavity as a one port at c-c' are:

Q, = & .2 42
o G(BZH) 82+]
Vo2 B

- 4-3
2: 1
nG(B,+1) By

!
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' The insertion loss meaaured_between a-a' and b-b' in figuri’(ﬁ—Sb) »

is equivalent to that measured between c-c¢' and the transformed detector

impedance Y., B2 1in figure (4-5c) and can be expressed as: ”
B1 . .
)
B
48 2
I.L = — — 4-4
' ¢B+1) ( Bz‘H-)

The minimum insertion loss occurs when port c—-c' is critically

-

coupled to the microstrip {8 = 1). The ratio r between the insertion

loss and .the minimum insertIBn\lgis 18}

—
b

.4 - 45
r (B¥1)

The value of B obtained from the relative insgertion loss

is then:

B = &-1/E-Dn™ 46

Note that B is only -a function of the relative insertion loss,
Because of this, any loses in the microst;ip do not influence the measure-
ments. The-valué of Bz should not bé too small or else the minimum
insertion loss will be high and the system nolse could become a problem
when measuring small values of f. Por measurement convenience, the
coupling loop was adjusted so that B2 & 1.

Froﬁ a measurement of the loaded Q, QL, f is imdependently
obtained as: | |

g =% -

QL ' 47

The setup used to perform the measurements 1g shown in block

form in figure (4;6). A photog;pph of the actual layout is -howﬁ/;ﬁ
<
figure (4-7).
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b5 EXPERIMENTAL RESULTS ' -

The substrat@g”were in turn mounted on the cavity and the
diameter of the aperture was increased in steps QQ\
The total insertion loss and bandwidth (of the loaded Q) were
- measured each time and are glotted in figure (4-8) for the rexolite
_‘H‘substrate.and in figure (4-9) for the stycast gubstrate as a fupction
of the norﬁalized apertere diameter. From the data presented in
figures (4-8) and {4-9}, the following quantities were calculated
and are tabulated in table (4-3) and (4-4) for the rexolite and

stycast substrates respectively.

The total insertion loss

r - The ratio between the insertion loss of the cavity and
the minimum Iinsertion loss of the cavity
Bn: - The coupling coefficient obtained from the measured
{nsertion loss and given by (4-6).
QL - The loaded Q of tee cavity obtained from the bandwidth °
m

measurement. QL = f /Af

m2

Q; - The unloaded Q of the cavity considered as a one-port structure. _
m . .
'om +1 ;
% " % By, + D 1

- ‘

g '~ The coupling coefficient obtained from the bandwidth measure- ;
|

{

ment and given by (4-7).
*ﬂext — The external Q as calculated from (3-30)

er T The coupling coefficient obtained from Qait and given by
: c

(3-29)- -(3-30).
qg =~ The correction factor glven by (3—32)
g -~ The coupling coefficient obtained from Q, and Q as
: e

c2
modified by q and given by (3-29), (3-30), (3—32).

ai.n e e
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Fig.4~8. Measured insertion loss and bandwidth for coupling with
the microstrip on the rexolite substrate. ‘The aperture
diameter is pbmuud to the width of the microstrip.
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Fig.4-9. Measured insertion loss and bandwidth for coupling with
‘the microstrip on the stycast substrate. The aperture
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Aperture | Ingertion Af - 1 . a
Di-:ter Loss dB Az : r By QLm Q°m m2
3.1 31.3 150 1.738x107 | 4.35x107% | 22,373 22,383
3.3 27.8 155 3.890x107 | 9.73x10™* | 21,652 21,673
4.6 20.6 155 {2.062x107%] 5.16x1073 | 21,652 21,764
5.9 14.5 158 {8.318x107% [ 2.171072 | 21,241 21,702
7.1 - | 10.1 168 2.291x107 | 6.50x1072 | 19,976 21,274
8.6 5.8 176 6.166x107" | 2.35x1071 19,068 . 23,552 2.31x10”
10.2 4.1 225 9.120x10~ 1 | 5.40%1070 | 14,916 23,007 |} 5.74x10
11.2 3.7 281 1.000 1.00 11,943 23,886 | 9.66x10"
12.2 4.1 360 9.120x107 | 1.84 9,322 26,474 | 1.52
13.4 5.4 440 6.761x10" 1} 3.64 7,627 | 35,389 | 2.08
[ 14.3 5.5 s94 | 6.607x1071| 3.79 5,650 27,064 | 3.16
16.6 7.0 956 4.677x10" | 6.40 3,510 25,960 | 5.69
Table 4-3.

Calculated and measured parameters for couplihg w:

e e e S g
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' S
Q e, m2 Qexg Bc; q 3c2
m m ~ .
il 7 -4
22,373 22,383 o | 6.2ax0” | 3.76x10 .992 3.73x10"
21,652 21,673 ' 4.29x107 | 5.48a07 .993 5.44x10~4
21,652 | 21,764 s.85x0° [4.02x107 | 985 3,96x10"
21,241 21,702 1.31x10° 1.79x10™2 .978 1.75x10"
19,976 . | 21,274 4.32x10° | 5.43x1072 .965 5.24%107
19,068 23,552 | 2.3x07! | 137107 | 1725107 948 1.63x107"
14,916 23.007 | 5.70a07 | a.02xa0® fazsxao™ b Loz 4. 44x10
11,943 23,886 | 9.66x107" | 2.81510" 8.36x107 " .915 7.65x10"
9,322 26,474 1.52 1.68x10" | 1.40 .900 1.26
7,627 35,389 .| 2.08 . 9.57x10° | 2.45 .882 2.16
5,650 27,064 | 3.16 6.48x10° | 3.63 865 3.14
3,510 25,960 | 5.69 2.65:0° |8.87 822 7.29

measured parameters for coupling with the rexolite substrate.
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Aperture In.artion‘ﬂ\hﬁk\

D:L-:Iter 'LosadB b | r B QLm .Qc"m Bmz
2.2 37.0 j:o [5-37007 | 12700 | 15,256 . | 15,256 |
2.8 31.5 0 1.905x107> } 4.78x10™% | 15,254 15§81
3.4 28.2 230 4.074x1072 | 1.02x1073 | 14,591 14,606
3.8 24.5 9.550x10™> | 2.40x10™> '
4.8 19.4 3.090x107% | 7.85x1073
5.4 16.0 6.761x107% | 1.75x1072
6.0 13.0 230 1.349x1071 | 3.62x1072 | 14,591 15,119 .
6.6 10.5 236 2.399x107" | 6.85x1072 | 14,220 15,194
Tk 8.0 240 4.266x1071 [ 1.38x1071 | 13,983 15,913
8.4 6.1 270 6.607x1071 | 2.64x107 | 12,430 15,712
9.4 5.0 300 8.511x10) | 4.43x107" 11,187 16,143 6.05x10"
10.2 4.4 340 |9.772x107! | 7.38x107t | 9,871 17,156 | 8.19x10
11.3 4.4 410 9.722x107% {1.36 8,185 19,317 {1.19
12.3 4.6 490 9.333x107 [ 1.70 6,849 18,492 |1.62
13.4 4.9 590 g.710x107! | 2.12 5,688 17,747 | 2.16
16.4 5.4 730 |7.762x107! | 2.80 4,597 17,469  {2.91
15.6 6.2 900  }6.457x107" {3.94 3,729 18,421 | 3.82
16.6 7.0 1,110 LS.37ox10‘1 5.26 3,023 18,924 | 4.94

!
Table 47’6. Calculated and measured par}auiéteré for coupling with

bt

Fllsiacls =




};) % % . us %ee | Do q- Be,
n m ’ c
o | 15,254 15,256 2.66x10% | 6.82a0 | 987 6.73x107°
o™ | 15,256 15,261 6.20x07 |2.90x07%| .979 2.84x10""
073 | 14,591 14,606 ; 1930’ |o.20xi07| 968 | 8.99m07
073 5.92x10° |1.81x07 |-~ .961 1.74x107°
073 2.44x10° |7.35%107 .936 6.88x107>
072 ,zf> 1.21x10° 1.49x10"2 .919 1.37x1072
10°2 | 14,591 15,119 6.40x10° |2.81x1072}  .900 2.53x10" 2
1072 14,220 15,194 34p1x105 4.97x1072 .881 4.38x107 2
107 | 13,983 15,913 1.82x10° |9.87x1072 .853 8.42x10"2
107t ] 12,430 15,712 | 8.50x10° |2.11x1072 .815 1.72x107t
107t | 11,187 16,143 |6.05x1070 |4.33:10" 4.as5x07 ] 3.10x10° %
10t | 9,871 17,156 | 8.19x107" 2.65x10" |6.77x1071 737 ' 4.99x107 1
8,185 19,317 |1.19 1.46x10% | 1.25 .686 8.57x10
6,849 18,492 | 1.62 8.63x10° |2.08 .639 1.33
5,688 17,747 }2.16 5.16x10° | 3.48 .583 2.03
4,597 17,469 | 2.91 3.35x10° |5.36 .535 2.87
3,729 18,421 | 3.82 2.07x10° 18.67 476 4.13
3,023 18,926 | 4.94 1.43x10° |12.58 .428 5.8

o

Ad measured -parameters for coupling with the stycast substrate.
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As can be seen from tables (4-3) and (4-4), the value of Q'o

m

changeiy slightly between each measurement. This change is partially

due to measurement errors in both I.L and Af an& also to the fact that the
parallelism between the end plate and the microstrip ground plane depends

on how the bolts securing both of these pieces are torqued. The value of

Q'O used in calculating 8m1’ Bc , and Bc2 was obtained from the value of

1

Af at critical coupling as taken from figures (4-8) and (4-9) and differed

by a few percent from the average value as calculated from the tabulated

values. The values of Q'o that are used in calculations are 23,482 for

the rexolite substrate and 17,959 for the stycast substrate. The difference

.
between these two values ;E probably due in part to the fact that the
X

coupling loop became loose after the first set of measurements and had
to be‘repigg;g (the size of the new 160p being slightly different);
also there may have been a slight variation in the conductivity of the
ground planes between the two substrates. These two values of Q'o glive
values of Q (using 4-2) that are 74% and 56% respectively of the
theoretical Qo‘ assuming 82-1.

It can be seen from figures (4-8) and (4-9) that for small
values of B (aperture‘diameter), ghe insertion loss measurement is the
more gensitive to a change in B, while for values ;f B about .critical
coupling the bandwidth measurement is more gensitive. Using both
measurements enables one to measureé the coupling coefficient quite
accﬁrately over several decades.

.

The values of B and B (measured) are plotted_in

mi, m2 {
figures (4~10) and (4-11) for the rexolite and stycast substrates
respectively along with Bclland Bcz (theory) all as a function of the

normalized aperture diametex.
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I":l.g. 4-10. Calculated and messured values of B for coupling with
‘ ths microstrip on tha rexolite substrate. The aperture .
diameter is norsalized to the width of the microstrip. 5
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'er:Z;Il. Célculated and measured values of B for coupling with
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| 5. I
As can be seen from figures (4-10) and (4-11), the calculated
and measured vélues of B are in good agreement for vaiuéa of B up to and
greater than eritical coupling. The field variaéion in the z direction
over the aperture Secomes significant for aperture diameters corresponding
to values of f about critical coupling. At critical coupling, the aperture
diameter is 19% of Ag for the rexolite substréte and 38X of lg for the
stycast substrate. This fact explains whi the measured values of B for
the stycast substrate seem to depaft more f;om tﬁe values of Bcl (theory,
without correction factor) than do those for the rexolite substrate for
values of P greater than.approximately 2. in this reglon the values of
Bc2 ktheory, with correction factor) are in good agreement with the
measured values,
As far as experimental errors are concerned, the most sensitive
parameter 1is the aperture diameter as can be seen from (3-30). Error
bars on figures€4—10)'and (4-11) show the change in Bc1 due to an estiméted
worst case méasurement error of .010" in the aperture diameter. The
apérture diameter was iﬁcreased by using a knife blade held in a draving

compass and the aperture circumference usually had an edge ripple of a
3 7 .

few mils.

The analysis of the microstrip to cavity transition presented
in chapter 3 was experlmentally*;g?ified in this chapter and found to be g
useful for values of 8 up to and greater than critical coupling using a ‘
high Qo cavity mode. The Eranaifion will be used in the gecond paft off ‘ﬁ

»

this report in the design of stabilizing cavities for experimental

12 GHz GahAs FET oscillators.

td

.
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CEAPTER 5
. IMPLEMENTATION OF THE MICROSTRIP TRANSITION IN

THE DESIGN OF STABILIZING CAVITIES FOR MIC OSCILLATORS
5-1 Introﬁuction: The microstrip to célindrical cavity transition
described in the first part of this report was evaluated at 12 GHz.
The transition was then implemented in the design of stabilizing
cafitiea for MIC oscillators. The cavities were used to stabilize ”
the GaAs FET oscillators to be described in chapters six and seven.

s

5-2 Implementation of the Microstrip to Cavity TransiEIBn at 12 GHz?

In order to evaluate the microstrip transition at 12 GHz, A cavity

was designed to resonate in the TEj, mode in the viclnity of 12 GHz.
?he dimensions of the.cavity were obtained from (2-9b) énd are:

D= 1.667", L = 1.416". These dfqgnsio?élyield a mode ahaﬁe

factor of .78 as pé} figure (2-3); this corresponds to & value of

Q, - 33,200 assuming silver Plating. The cavity was machined oiaf
brass and the insidg gilver plated. A slot was milled into the top

of the cavity to accept a 2" x 2" x .025" alumina éuﬁstrate. The
measured frequency of thé TE012 mode was 11.950 GHz.

Pour different coupling. circuits were designed for use with the cavit&,
each one consisting of two coupling sections. Por the re?spn meqtioned
_in gection (3-6), wider lines are used over the coupling apertures.

In this case, tapered sections are used to match the lower Zo sections

to the 500 sectioms (.022" wide 1jnes). The tapered sections vary
linearly in width, tids gives an iﬁpedance vardation along the taper that
is approximately expo ential [38]. The tapers are 2)g long; the return
loss from such a tapex is greater than 22 dB assuming an impedance
transformation of 2:1 [23]. The layout of the circuits is shown in

figure (5-1).



4
3

R |
e o
l | N,
~2)\gy \\ .
. W\
_—L— \\\ ’ .
o
t ¥ I"
!
— }‘__ /l/! \\a \
g W, ///
/ :
R
===~
e A - -
U

Fig. 5-1 Layout of the circuits used for coupling with
. . the -cavity. The mode.suppressor etched into
: the substrate ground plane is ghown. by the
dashed lines. '

The circuits were etched anto 2" x 2" x .025" alumina substrates
using standard photolithograbhy techniques. The gubstrates were first ;
Sputterﬂcoated with Ti:W-Au metallization [39]1. A mode suppressor

consisting of a discontinuous circular slot as'shown in figure (5-1)

L

was etched intd the ground plane of some of the circuits. The slot

e
o

B

is interrupted under the microstrip lines to maintaingd continuity of
“the ground plane: The parameters used for the various circuité are
given in table (5-1). Since Qext is a critical function of tge w
aperture diameter, the dismeters of the céupling apertures on each \\\‘#'
circuit were measured using &n optical cdmparator and are glven in
table (5—1). The microstrip dimensions were calculated uéing‘the

methods mentioned in chapter 4.
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‘ _A photographmof‘tﬁe cavity and circuit MIC-034 with the microstrip .

~

1aqnchera attached is shown in figure (5-2). Figure (5-3) is a photograph
of the ground plane of cireuit MIC-034 showing the coupling aperturen.

'and'mo&p SUppressor.

l\

Fig.‘5—2 A photograph of the cavity and circuit M1C-033
with the microstrip launchers attached.
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Fig. 5-3 A view of the srowst piane of cireult WIC03
) " ghowing the coupling-aperturesnndmmde suppressor.
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Thelequfvaient circuit shown in figuie (5-4) 1is used to characterize

the coupled cavity at resonance. The conductance G represents the

cavity losses and reference planes 1- " and 2-2' are locatedwat the

~

input and output coupling apertures.{ Zl(Yl) and 22(Y2) are the

impedances (admittances) of the }pgut and output_microstrips over the

\/“\

coupling apertures. The tapered sections are represented by the ideal

o

transformers with turn ratios l:n3 and lznh; z. = 500 is the impedance

of the measurement system. The microstrip launchers are located at

reference planes 3-3' and 4-4",

( o 2

R NS { ng'zl : <6 ll Yaol,
|
] % |
—) - —o < o A
kny 1
2 ..

! kn o nél
3 ¥

5

Fig. 5-4 An equivalent circuit for the coupled cavity used to

)define the input and output coupling coefficients.

The jinput and output coupling.coefficients ﬂl and BZ are defined below

[7e]. It is assumed that the tapered sections provide a perfect match

between the 50§ lines and the lower impedance lines, that is Y, =n, Yl

2

and Yo = Il& Y2' !
Y Y
1 o .
By 2, 72 5-1
1 1 %3 '
Y, Yo
) 32 Ef‘ n 2 G ) n 2 n 2 G >
A 2 V4

2

the circuits were in turn mounted on the cavity and the insertion loss

and loaded Q were measured. In-the case of circuit MIC-035, the return

loss on the output port was also measured. This was done because unlike

the other circuits, MIC-035 has unequal imput afd output coupling ports and

@

-

.

[_—
-

=5F

'




— 60 -

an additional pénsurenent 1s required to uniqualy determine B, and e
82. The insertion loss and return loss on the’outﬁut port are gilven
below in terms of Bl and 82.
e~
48,8,

mw = 5 5-3
(L + 8y + By

B2(:"\-81 -1

By Byt 1 ~

Valﬁéa of Bl énd 82 were calculated uéing the measurgment data. The
results are compared.with the calculated values as given by (3—29),
(3-30) and (3-32) in Table (5-2). The measured values of B, and By
given in the table fer circuits MIC-026 thru MIC-034 assume that both .
apé&tures have equal diameters whereas the calculated values are based
on the diameters given in table (5z1). It can be seen on comparing
tables {5-1) and (5-2) that the coupling coefficients are extremely

gsensitive to the aperture diameter and that there is good agreement

 between the measured and calculated values. The value of Qg5 approximately ——

29,000, is B?Z,pf the theoretical value.

Finally, to show the effect of the mode supbressof; swept frequency
measurementa were made using circuits MIC-033 and MIC-034. These two,

circuits only differ in that the latter has a mode SUppressor. The

results are shown in figure (5-5). It is geen that the mode

suppressor has a dramatic effect on those modes which are not of the

'I.'E'mn type. The modes closest tO the TEOl2 mode that are not

‘suppressed are the TEOl1 and the TE013; these occur at 9.587 GHz

~

\Pnd 15.193 GHz reaspectively. These last two modes might present a

problem in some c;rcuit applications.
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Fig. 5-5 Measured insertion loss of the cavity using
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Fine Tuning the Cavity: A small metallic post was used to,fine tune

the resonant frequency of the TE012 mode? A micrometer head was mounted
on the cavity and the micrometer shang served as the guning post. Thg
micrometer head was located so that the shank would occupy a position
inside the cavity as shown in figure (5-6).' A photograph of the cavity

with the micrometer head in place is shown in figure (5-6).

Fig. 5-6 A photograph of the cavity showing the
position of the micrometer head used
for fine tuaing.

The radius of the ahagk used is 100 mils; the shank can be inserted
intq the cavity to a Vdepth of 500 mils. The‘ chaﬁge in‘resor:aht
frequency due to the shanﬁ was calculated using (2-29) and is plotted
in figure (5-7) as a function of its length, 2. Measured values

of the change in resonant frequency are alsﬁ indicated on the figure.
It was observed that the tuning post has a degrading effect on the

Q, of the cavity. To 'reduce this effect, the edges of the post were
rounded (50 mil rédius) and it was silver plated. Even so, inserting
the post into the cavity to a deptﬁ of 400 mils cauéed a 25% reduction

in Q,. The ‘tuning post should be made 6f arﬁaterial having a low

coefficient of thermal expansion in order to minimize changes in the
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resonant frequency . For example, if an invar (o = 1 ppm/oC)'post is

uséd having r = .100" and % = .400", the change in resonant frequency

l
d{iato thermal expansion of the post would be less than 1.0 kHz for a

variation in temperature from -25°C to 75°C.

5-4 Design Considerations for Highly Stable Cavities: A stabllizing

cavity

is

used to improve both the short term stability (FM noise)

and long term stability'(frééuency drift) of an oscillator. Improvement

of the short term stability_ls rehlized by using a high Qg cavity -

mode, such as the TEOln modes. Thé, long term stability is enhancéd

by minimizing changés in the resonant ffequency of the cavity due to

-~

environmental changes. Thege changes are due to two effects: {a)

thermal expansion of the cavity material, (b) changes in the dielectric

o A e e m e
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constant of the gas (air) £illing the cavity as functions of temperature,
water vapour pressure and atmospheric pressure. The first effect is
migimized by constructing the cavity of a material that’iaa a low
coefficient of thermal Expaqgfan [AO-Al] whereas the latter is diminished

by hermetically sealing the cavity.

Cavities constructed of brass or aluminum (o = 2o§pm/°c), invar

(a = lhpmeDC) and titanium silicate (o = .06 ppm/oc) were compared
with and without hermetic sealing. The titanium silicate used is

type 7971, made by Corning Glass Works, [42] and has an extremely

jow coefficient of thermal expanslon. A data sheet for this material
is given iﬁ the appendix. The total normalized shift in resonant
frequency dor the unsealed case, Af/f, was calculated for the three
cavities using (2-18) thru (2-21). The temperature was allowed to
vary from -25°C‘to 75°C. Thé range of relative humidity considered

was from 0% to 100%, however, the water vapour pressure inside the
cavity was assumed to never be in excess of- the saturated water vapour
pressure at 50°C. This 1s because although the air temperature outside
the cavity would never exceed 50°C, that inside the caviey could be
greater than 50°C if the cavity is in sunlight. Values of atmospheric
pressure of 760 mmHg and 500 mmig were considered; these cqg;gspond

to sea level and an altitude of approximately 11,500 feet. The above should
encompass all environmental éhangeé likely to be encountered by a
cavity stabilized oscillator. The results are plotted in figure (5-8)

with the normalized frequency shift given in parametric form.

~

N
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Fig. 5-8 Plots of the normalized shift in the resonant frequency
: of cavities constructed of {a) brass or aluminum ‘
(b) invar and (c) titanium silicate.

It would appear from figure (5-8) that there is no improvement in

stability by using a titanium gilicate cavity instead of an invar one. To
" improve the stability, the cavity must be hermetically sealed. The

normalized shift in resonant frequency was then re-calculated using

(2-23) - (2-24). The water vapour pressure inside the cavities

is taken to correspond to.ZZ relative humidity at 25°C, the temperature

at which the cavities are assumed to be gsealed. The results are given

{n table (5-3) along with those for the unsealed case. It can be seen

from table (5-3) that the change in resonant frequency of the invar and

titanium silicate éavit;es ig primarily due to the change in the dielectric ‘

constant of the air in the cavity. it is evident that the titanium

gsilicate cavity must be sealed in order to realize the full potential

of the material.

RN
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In order to evaluate the performance of a Eiﬁhﬁiix_m”s'ii'iéaté cavity, such
a cavity was machined of the material on an optical lathe to the
dimensions given in section (5-2). The cavity consists of a hollow
cylindrical piece 100 mils thick and a separate end plece 300 mils thick.
Both pileces wgigh less than 3 ounces. The inner qurface of each plece
was evaporated with Ty:W metallizatioq to a thickness of a few hundred
angstroms. The thickness was.then incre;sed'QO several skin—depths'by
electroplaing the ﬁieces with silvér. ' .
.
The end plece was then epoxied to ome end of the cylindrical piece and
a substrate similax to MIG<U3% was epoxied to the other end. This was
done in a bell jar filled with dry nitrogen. A jig was constructed to
hold the titanium silicate .cavity and the microstrip launchers.

Figure (5-9) is a photograph of the titanium silicate cavity along

with the substrate.

1

Fig. 559 A ohotograph of The titanium silicate’
| cavity parts. ] o -¥?

2L e it YA
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- Fiom table (5-3) it is seen that the normalized shift in re

sonant
frequency due to the cavity material and that due to the air inside

the cavity, are of opposite signs_qu the sealed case. To examine this

effect further, the total frequency shift Af waé calculateﬂ using

(2-23) - (2-24) for water vapour pressures correspondi

ng to 0Z, 2% and
5% relative humidity at 25°C. To improve accuracy, the term dg/3T was
evaluated at each value of T.

as a function of temperature.

The results are plotted in figure {5-10) .
vapour pres

It is seen that increasing the water

gsure decreases Af, however, the'dew.point of the water- vapour
in the cavity is increased.

For a water vaﬁour pressure corresponding
to 5% relative humidity, condensation inside the cavity would occur

arcund -15°C. Thus it is not that desirable to increase the water
'Qapour prsssure in ordgr”toimiq;mize Af,

g
N _

0% REJ.. HUMIDITY

.
.
—— - 2% REL.HUMIDITY AT 25*C
-20 — —_——— 5%REL. HUMIDITY AT 25°C
- LN
_30—
1 ] 1 1 H 1] 1] | 1 1
-25 =15 =5 5 15 25 35 45 55 &3 ™
TEMPERATURE °C)
| #ig. 5-10 Plots of the

.

shift in rescnant frequency of
the sealed titanium silicate cavit
values ©of initial relative humidity.

y for three
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‘;“*m‘em&’;ﬁi&a& cavity was evaluated in an envirommedtal

o

chamber. For a -25%C to 75°C variation in temperature, the resonant
e

frequency changed approximately 1.5 Miz. This value is at least

TRealm

ten times that predicted by figure (5-10). It was found that this
_@igg{gggggy ggp_due to flexing of tﬁe_qus;page Cfusgd by the pressure
“differential. For spacecraft application, this ié-of'no consequence
as the cavity would be vented. In other applications, some form of

support would have to be used to reinforce the substrate.. - _ :
. ' i

The one possible disadvantage of using a titanium silicate cavity is
that of the cost of machining the material. However, for spacecraft
applications, fhis disadvantage is offset by the light weight and
excellent stability of such a cavity. For ground station applications,
it might be more economical to use an invar cavity. In this case, LR

the cavity could be placed in an oven if increased stability was requiredﬂg .

%
i
|
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A 12 GHz PEEDBACK OSCILLATOR UTILIZING A TE012 : ‘ %

CAVITY AND A FET' AMPLIFIER MODULE

LY

6-1 INTRODUCTION

This chapter describes the analysis and evaluation of an experimenta1' b

~

A .
:;;;Ziietor eonsisting of an amplifier and a high Q cavity arranged in .

-

the form of a feedback loop. Thta approach is similar to that commonly u uged

for phase-shift 6scillators at lower frequencies. A similar canfiguration ' !

43-45 °
described in the iiterature [ ] was used to measure the €, and u "of materials

Mserted 1nto the cavity. The resutts presented in chapter 5 are used in

the design of the transmissigp cavity and its microstrip coupling circuit. :
46-47 !
A FET amplifier module [ ] provides the pecessary loop gain. -

~ *

6~2 OSCILLATOR CONFIGURATION . N

. The configuration of the feedback oscillator is shown in figure (6-1).

rl

P - Ce

0¢ .' OSCILLATOR OUTPUT
puT | FET S "
INPUT } AMPLIFIER

MODULE .

~ ' o ,

vz ‘ ‘Bg W) B,
AT G eyt

Fig. ¢-1 Configuration of the 12 GHz cavity feedback
PET oscillator.

I

‘I - . o ' I.e “ /?ff“\\\‘
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It consists of a loop which couzzlns a FET\amplifier module, a 3 pet
¢circulator anc a transmission cavity. The amplifier is inevitably operateéég;\a
non-linear mode. | _ ‘ : -
The circuit functions gs,follows. The outpu&f pouer of the amplifier
is directed to the 1nput port of the cavity via the circulator. The input
| port of the cavity 1is undercritically coupled (Bl <1) and as a consequence((7
some of the amplifiersoutput power 1s reflected. This reflected power then
appears at the third port of the circulator and 1s the useful output of
the oscillator. The remainder of the amplifier's output power flows into the
input port of the cauity. A fraction of this power 1s dissipated by the
cauity lvsses, The rest flons out the output port of the cavity and into the
input of the amplifier to sustain the loop at unity gain. The output port

of the cavity is critically coupled to provide an input match to the amplifier

module.

A directional coupler could have been used instead of a circulator "l
to obtain output power from the oscillator. However, there are disadvantages
when using 2 coupler, these being:

1. Some power 1is dissipatedwin tﬁe terminated port of the
coupler. | ‘

9., Tt is difficult to construct a coupled line coupler'in HIC
form that hca fairly tight couplin% ag the Bensitivity due to
the gap Width bécomes severe. Other coupler types “{e.g. Lange) are also

difficult to fabricate.

3. To Optimize the oscillator for maximim output

power, the coupling has to be adjustable.
\ ‘
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For the configuration shown in figure (6-1), it will be shown

in the next section that the oscillator can be adjusted for maximum output

power by simply vatrying Bl' the input_coupling coefficient to the cavity.

P

6-3 ANALYSIS OF THE FEEDBACK OSCILLATOR

For the purpoae of analys

is, the oscillator configuration of

 figure {6-1) 1s modelled by the equivslent circult showm in figure (6-2).

i IDEAL
CIRCULATOR

. AMPLIFIER
o/P

rd

Py

——
]

AMPLIFIER
/P

Fig. 6-2 Equivalent circuit of the oscillator configuration shown

in figure (6 -1).

The equivalence between figures (6-~1) and (6-2) 1s as givén below.

The source 2V1 in series with the

impedance Z at reference plane 1—1'

along with the impedance Z at 5- 5' represents the FET amplifier module. The

amplifier 1s asaumed»to be unilataral with ideal input and output match. The

parameter $ representa any phase 8

hift in the amplifier and connecting lines.

that is in excess of a multiple of 360°. The impedance Y. a’ parallel tuned

circuit consisting of L,'G, Q~and

the ideal transformers repregent the coupled

_.cavity about the resonant frequency of the TE012 mode, The coﬁpled cavity 1s

characterized by its input and output coupling coefficlents Bl and 82, its

resonant: frequency fo (mo) and unloﬁded qQ, Qo' as defined below,

"o
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Y, - G (1+ jEQOB) . 6-la
- wrw h
§m— -
© . | 6-1b
W -—-]_'—- - 62
° vic
wC
Q=T 6-3
xo
Bl".'""""- 6-4
hlzc
. Yo
Bz- 2 6-5
B, G
Since the cavity sees an admittance Y at.reference plane 2-2', the
\ .
admittance at resonance (5=0) seen at reference plane 4-4 is:
2
LR ST S S e
s *1 2 Y, B2
In order to present a perfect match to the input of the amplifier,
the above normalized impedance at 4-4' must be unity. This condition fixes
the value of 82. )
I3 By = By *1 : 6-7

The normalized input admittance of the cavity at 2-2" 1s:

-



- 76 -
Y, 0,2 148 +§2Q &
—-Z- - _1'._. 2’9. - 2 o]
T R (1+)2Q8) = ——F——
ﬂz 0 . 1

Ffom (6-7), the reflection coefficient at 2-2' is: °

]

1 -<%
Yo 1+ jQOG
Py ™ Y, " TTFEHQ S
1+ °
Y ,
[»]

!

[
The power reflected at -2, Pr’ is given below normalized ¢to

Po, the output power of the amplifier. The reflected power Pr is the useful

output power of the oscillator.-

e '

N I R
-—-r— - |p l - )
P 2. 222 .
o (By+1)°4q °8
' normalized to
The power absorbed by the cavity losses Fé" ' P, is:
: .5 .
Pa . 816 | .1 [ B
B adefhy e o]
P 2 2 21 7 B
o L 1\ 148,
i +n12G
J n-'zz [

Using (6-7) and (6-9), the above expression can be rewritten

-

as: ’ , \

L. g8/

. : R ; 1

P ’ 2 202 ‘.
o (Bl-l-l) + Q0 8

Since the amplifier sees & perfect output match,- the voltage at

[ ]
reference plane 5-5 1s given by:

S

6-8

6-9

6-10

6-11

6-12
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: B -3(2um) -
’ Ve =V, (D) - e L | 6-13

The above expreas_uion can be rewritten as below with the aid of

(6-4), (6-5), (6-7) and (6-9).

g @/ | Q.6
e =V 1 1 exp Q -} tan || + 2nmd 6-14
L, 6% 8, ) ”2\ - P

—

For oscillation to occur there must be unity gain and zero phase
. v .

shift sround the loop. This implies that vi = I.ZQ_- 1f the.el;zctricalv length

1 .
¢ of the amplifier and connecting lines is not exactly a multiple of 3_60o

at mo', the frequéni:y of oscillation will differ from o slightly and is obtaizked ‘

using (6-1b) and (6-14). " ! o
\/]
w
o . .
W - - 6-15
08C. P . (B1+1){J ‘
1 +5\ 3 ' tan (2nW+d)
m ot 10 . : . normalized to
Finally, t}}e power P’t transmitted through the cavityy Po can
be obtained from (6-14)
P, v, |? By (By+D)
4 'P—t' - TJ'-S‘ - 2 252 ' 6-16 ‘
o 1 (Bl+l) + Qo § .
P P. P. | ' !
Note that 3~ + Fﬂ * —£ = 1, as is required for congexvation of power. )
o 0 0 - .

an emp;rical
PN

}nﬂr{‘g}' to calculate the oscillator output power,
;1 compression 1is required for the transfer

expression thgt" account:hr E‘ai

[ 4

-

function of the amplifier. The following expression was chosen for the

-

reasons given in section (6-4).

-
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B = gPy (lmex -y/®)) ' ‘ 6-17

In the above P 13 the amplifier output power, Pl the input power,

g is the small signal power gain and y is a factor that 1s a function of the

compression point of the amplifier.

For unity loop gain, the amplifier gain must be equal to the loop.

t:ransmission factor. Using (6-16) and (6-17), this is expreased aa

(8,#1)® + Q78" . (802 + 0,78 )
=g [l-exp{-Y -
: . P B, (B

B, (By+1),

Solving for Po in (6-18) gives the following:

=Y [(Bl+1)’\+ Q, 36’]‘

P =
° (B+1) +Q262

Bl(B +1) &n |1 - =
gBl(Bi+1)

Al

is equal to P‘r and iB'(;bta.’g.ned ‘

',[‘heloscillator output power, P /
using (6—10), (6-14) and (6-19). P

-y [1+ (a 1)‘ ! (2nm+d)]

P =

08¢ ‘ “(31+‘1) gec? (20T49) -
61(8 41) tn |1 - — 1 6-20
381. : - .

For any value of Bl’ g and Y, the oscillator power-is a relative

maximum wl_m/e.n ¢ = 0. Under these conditioné , the output power is as-given

| below, normalized to Y.
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P - wl

osc _ T ) 6-21

Y B +1
o , _ 81(8+1) fn (1-T)

Once the value of g for the amplifier has been measured, it can be

" seen by plotting (6-21) as a functlon of B1 that there is ‘a certain value

of Bl for which the oscillator power is maximum. There is alao a minimum
value of A t"‘I:fe-.Io'w'. which there 1is no oscillation} tbia occurs when the product
of the loop transmission factor,PT/Po,a the small signal power gain g 1s
equal to unity.. An efpress;on for Bl.min }s cbtained by npting that the

above condition occurs when the argument of the logarithmic term in (6-21)

-

is zero. 2 -8

1
B = —
1min S-l
. - . &

Curves of P osc /Y are plotted in figure (6-3) as a function of B for dif-

ferent valueé of g;
ﬁaximum of each curve gives the optimué\ElJfor maximum output power as & -

function of the parameter g

Although no datliled nnalylia of oacill;tor AM tnd FM noise has

been done at present, it can be seen from (6-15) that FM noise is only a
funcfion of ¢ while from (6-20) it 1is seen that AM noise is a‘ﬁqnction

of both g and .

 Finally the pC to BF officiency of the odcillator is obtained

Po . 1

-_-— ,,_.__———-—-

Tosc  Ppc (g +1)? ’ .

whe}e PDC is the DC input power to the amplifier

6-22

¢ is taken as ‘equal to zero. The dashed curve drawn through ‘the

6-23
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The oscillatox configuratioﬁ snalyzed in this section was assembled
and evaluated., The results are giveS:;;\;ection.§6-5). Seetion (6-4) concerns "

the characterization—of the FET amplifier module used in the oscillator.

6-4 CHARACTERIZATION OF THE FET AMPLIFIER MODULE

The FET amplifier module used is a 3 stage, common source amplifier

using NEC-V244 GaAs FET's, The design and construction of the.amplifier

K N 46-47 ’
has been desciibed in detall elsewhere [ 1. A photograph of the amplifier

is shown in figurp (6-4).

Fig. 6-4 Photograph of the 3-stage FET amplifier
' module showing the bias networks and
/ coupling capecitors. The device packages
are inserted into the 3 holes drilled
through the substrate. [46-47]

[ L - » -

- the
The input and outpgsjﬁétch,andasmnll signal power gain of the
‘amplifier were measured and are presented in figures (6-5) and (6-6). Bias

" has been adjusted to maximize g around 12 GHe.

Y 4
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m transfer oharectoriutie of the qli!:l.or vas thux -umd
by plotting the output power P as a function of. the input-power Pl as shown
in figure (6-7). As was mentioned in section (6-3), an enpxrical expression
is required for Po as a function of Pl. Polynomialts wup to the fourth
order were first tried, but proved to give a poor fit. An exponential
—
expression as given by (6-17) gives a much better fit. The terms g and Y

bt ' :
are?usi%%eghe data presented in figures (6-6) and (6-7). The term Y can be

calculated using either the 1 dB or 3 dB comoreeeion point.

1.99 Py, E

LT e

1.39 P03
'Ta,dB - g

In the above, P o1 is the output power at ‘the 1 dB compression point

lnd P°3 that at the 3 dB co-pmoion point. Velueo of l’ as given by (6-17)

-_——;.;.-:sl i —— e

- ey
are plotted in fimo (6-1) !or Y as given by (6—2&-) and (6-255) The

values of P calculated using (6-17) are in good agreement with measured
~ values up to the 3 dB compression point. It should be noted that the

_exponential expreasion used (6—17) is not normally found in the literature.
‘ " 43,45

Most. other authors [ ] seem to apply Van der Pol's expression to the voltage

gain of an amplifier when accounting for pon-linearity. As stated earlier,
applying a polynomiai to the power gain of the FET amplifier gave a poor
fit; ‘the exponential expression used proved adequate for the range of gain

compression obtained from YET amplifiers (1’1<£dh).
-\ R -

6-24a

6-24b

-»

—— .

. 2
i .-‘,.;&-ﬂ' o
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6.5 EXPERIMENTAL EVALUATION P —~
. Tﬁe:perﬁormance of the feedback osciliator described in sections (6=2).
and (6-3) was evaluated expe:imentally.. The details éf thé cest configuration
are shown in figure (6-8). | ) ':' |
C : : FREQUENCY| I ’ .
, * | POWER | STABILITY | aneyEER
N . \\. ‘ 5 - . v
. \\ | SPECTRUM : X-Y
P T™ ANALYZER | . RECORDER] -
- \ &‘b ) | N - 0 .
RS 3dB -| -
N ISPLITTERT . ' OSMN - :
N/WR-90 9. w.,
' AUBKIARY TEST ..
_ ~| 1 . PONT . .
| f, 20dBCOUPLER /
) OosSMm i _ 1 ‘\ ) 4
A lRCULATOR] _1350/ L - "
' M e POWER SUPPLY WR-20
., ABLE . | g METERING + »
N/QSM > WR-90 7
WR-QOVT-— | ‘ ' T
. . L 'y C : )‘_‘ _ ,
: ,Wfi-SO / SWFTER[ w0 - - ,

Fig. 6-8 " Layout used for the evaluation of the 12 Giz
- feedback osqillato: » )

£

N

A phue lhiftorm included to study the effects of any ndditionnl
phase shift in the loop. The looplosses in the setup were measured and found -
to be approximately ‘2 dB. For the purpose of obtailning Bl, the losses‘are
gubtracted from the ‘pmall signal pawer gain of the amplifier (14 dB) giving
values of g = 13 (11.8 dB) and y = .4 mW. From figure (6-3) and (6-7), | -
Bl .18 and 82 w,1.18 are obtained. circuit MIC-035 was designed to give

graphs. *
these values (Bee chapter 5) and was.used for the measurehents. Photo¥é of the :

o-cillntor setup are shoun in figure. (6-9)




- -

Photographs of the layout
used for the evaluation
of the oscillator. The
cavity can be seen in

(a) to the left of the

" wavegulde phase shifter;

the FET amplifier is.
directly behind the phase =
shifter. - A dolly in the ’
upper right hand corner

of (b) cohtains the equip-

ment udgd for the FM noise

measurement. The metal box -
with the panel meters houses
the power supply for the

. FET amplifier.
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Measurements of oscillator power and frequency were made as a

© function of'phase shift ¢ and are given in figure (6—10)'alonk with calculatea N

values as given by (6- 15) and (6-20). Bias was adjusted to the vabﬁes

indicated on the figurea of section (6-4).

— 500

Gﬁj .
— 400
—300
—200
“nN
T
x
— 100 a
’_
W
-0 %
> .
- 0
2z
- 100 &
o
ul
. @
('
—— CALCULATED . — —200 ‘
Kﬁ MEASURED
£,11.9496 GHZ fosc fomf
g .!5 y—O 4 mw
- —400
! I 1 T I T T r '50.0.

_s0 -40 -30 -20 -0 0O © 20 30 40 50
“PHASE SHIFT ¢ (DEGREES) :

Fig..ﬁ—lo Measured and calculated values of oscillator output power,
and shift in oscillator frequency, Af, as a function of ¢.

C’

-

F

M
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‘he calculated and messured valuas of Af and PbB; given in

figure (6-10) are in good agreement. It is seen that the .
value of P osC is quite inaensitive to ¢ over a broad range, a change of
o ;
69 %?,¢:causeﬂ”ﬁos to change by only 400 kHz. Both of these facts indicate
that any random change in ¢ due to the amplifier will have a minimal

. also
effect on the oscillator'AH.noisé,while M noise shouldAbe quite low.
f. ‘ L) R .

‘The power at the output-of the amblifier,;?o, was calculated to be
6.8 dBm using (6-10). From figure (6-7) it is seen that this value of
_Po ig in the region where (6-17) -is in- good®agreement with the measured

-

- transfer characteristics of the ampl}fier. ' _ ] ™

Photographs of the" oscillator's output spectrTum are showm

4n figure (6-11). ™~

BY: 300 KHz

r

v (a)

yert.: 10 dB/div
: Horiz, 100 MHz/div

4

*



- 90 -

vert.: 10 dB/div
Horiz: 10 KHz/d1v
BW: 1 KHz
) -
Fig. 6-11 Photographs of' the output spectrum
of the feedback ‘oscillator showing
o - the absence of spurious gignals.
Poscnslndﬂminhoth(alﬂ.nd(hl .
The T noine of the oscillator vas measured using a Microwave
sttems frequency stability analyzer and a Hewlett Packard model 3390A
wave analyzer. For comparison, the FM noiae of an oscillator o ,
multiplier unit was also meabured} /£his patticﬁiar unit compniaedof a , q‘

108_§§§Agtyctal oocillntor follawed by a Y108 multiplier. “The outuut
power from the multinlier was anproxinately 10 m#. The results are

given in figure (6- 12) ( It 1is seen'that the FM noise of the fégdback ~

ogcillator is comparable to that of the oscillator—mnltiplier unit."*

- ? ; -~

I T -

calldy
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A feadback o-cuhtor hn been demonstrated having short ters
gtability (FM noise) gomparable to that of an oscillator-multiplier
unit. At preeens‘gutput power is low cimpga due to the limitatioms of the
¥ET emplifier. Use of a Guan or IMPATT amplifier would overcome this
problem. The long term stability (frequetcy drift) can be kept at a

uininun by using a tit-niu- silicate or invar cavity. (l.l ¢hapter 55
- uy e P
The effect of tenpernture on the 1 si;nll_gtin of the

amplifier ghould be kept in mind 2

t will effect Pos i the oacillator
is operated over a broad temper ture range. This

remedied by using a heater or dadjusting the ampl

through a temperature compensftion circuit it is planned to integrate
the oscillator unto one subst&q}e and perform detailed tempefatﬁre tests;

;emperature testing the oscillator-\g\its present form gave rise to erroneous

results due to the many connectors involved:
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» CHAPTER 7

A 12 GHz CaAs FET Oscillator in MIC Form.

Introduction:

an X-band GaA

!

This chiiter describes the design and evaluation of

s FET oscillatot in-#IC form. 1t is.intended

épplications as an L.0. in MIC comiunication subsystems. T

oscillator wa

performance ©

s stabilized using a TEOiZ transmiésion cavity.

to find
e basic

The

f the oscillator was evaluated with and without the

/

gtabilizing cavity. Although several authors have recently

48-51

similar GaAs FET oscillators [ ], this is apparently the £

that a cavity

Characterizat

gtabilized version is reported [52- -53].

L

ion of the GaAs FETs: The devices used yere t

Electtic (NEC
pata sheets £

have values ©

described

irst time

he Nippon

) V-244 and to a lesser extent, the Plessey GAT-3.

or these devices are found in the appendix. T

£ Inss

the GAT-3, 20-60 ma 1s typical. Both devices were procured

form -and bond

devices are m

ed jnto a special

ounted in common source configuration, single

and drain bonds are made to the tabs on each side of the pa

with double b

he V-244

that are typlecally in the range 40-110 ma; for

in chip

package devéloped at CRC [46-47]. The '

gate

ckage,

onds for the source-to-pedestal connection. A drawing

of e package 1s ghown in Fig. (7-1). ’



1
I
! , 3
Fig.7=1. The package dcv‘iﬁiid'ltfbﬁc for
- use with GaAs FET chips. [46-47]

"

L3

A jig was cbnstructéd to mekaure tﬁg S—parameters of the.
devices. It consists of a 500 section of microstrip mounted in a suitable
carrier with OSM connectors at each end. " .085" hole is drilled chrough
the substrate to accept the FET package. Rexglite finge}s extending Erom
the top plate of the jig keep the.package tabs in contact with the
micrpa;;ip.

A photograph of a jig similar to that used is showm in. Fig. (7L2);*

L

Fig.7-2..A Jis sinilar to the_ome wsed for 500 ' v

S-pakaneter siddsursments.
I e - e e

# The circuit of Fig. 2 .has a matching transformer | /-
natwork oun the drain side, onot used for 508 -
.S~parameters.

e Amma - R
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The packaged devices were inserted into the jig and

. §=parameter measurements were made using a Hewlett Packard network

analyzer. .The results obtained from oné of the v-zba devices are

‘ .
of Fig. (7-3) for 11 GHz <f< 13 GHz; bias

‘C;lotted on the polar chart

used is indicated on the figure. These results are typical of all the

devices measured.

" 180°-

B ) f90°

TN

! In‘- 7-3- A pol‘t
one of the V-
range covered is 11-13 GHz.

plot of the S-parameters as obtained from
244 devices in a 500 {ig.The frequency

The gain compression peints of the devices were obtained by

Femguring output power as a function of imput power. Typical results as

(7-4) for the

obtained from one of the devices are presented in Fig.

values of blas indicated.
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o]

QUTPUT POWER P, (dBm)

———— Vgg=—20V,Vpg 40V

Vgg:—!0V, Vpg=4.0V

=10 f T T T - T 7 T
-4 -2 -0 -8 =6 ~4 -2 (8] 2 4 3 B 10
. INPUT POWER P; (dBm)

—

Fig.7-4, Trapsfer baracteristics of one of the V-244"devices
in a 50 jig for two different values of gate bias.
The frequency is 12 Gz, . )

. 7-3 Analysis of the Oscillator Circuit: In order to achieve oscillacépn, v

" the admiitance—looking into ong'port.of the device must have a nega-
tive real part when”;he other port iz terminated by a certain admittance.
Thit is satisfied when the stability factor k is less than unity.

- The k factor is given below in terms of the device S-parameter [54-55].

‘ 2 2 2
1 + |S11822-512 Szx|-|511|'|522|

k= 7-1

Z\Slz\lézll

For the S—parameter values given in Fig. (7-3), the k factor 1is
calculated to be greater than unity about 12 GHz and external

feedback must be applied, to the device. Feedback can be applied

in two ways. . S

.
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" (1) - An Inpedance can be ifserted into the source._ This
approach.héa been described in the literature [48-51].
For therv—2&4 device, a Yflue of XL =7.9 G is

required at 12 GHz.: . )

l (2) An impedance can 5e inaerteq‘between-the gate and

f ' l- drain. ‘_ - .

Since packaged devices were .used, the second approach was chosen

i as the most convenient. A transmission line connected betéeen the

v gate and drain of the device as shown in Fig. (7-3a) provides the
- P
. necessary feadback. ‘

l GA'-I'E : PRAIN )
. 2 T OUTPUT
! GoAs FET ™ T —4 . : ]
! (COMMON SOURCE) ll Zo J IV le—Yosc - 2
] A N S ! 1
(— .

! - 2 2,12 4 .
; - I 3 i
. L 1 B\
| T !
1 T 1 ,
| ' | - .
i T < | 7
! o (0) . N
‘ 3
i |
] JT_
i M 4 ]
| L= 222 | | /
! i i
Zn : Z2 | Iv | «—Yosc
| | UL S
: | 4 |
| -

[ ]
Ly
| (b)

Fig.7-5. (a)A schematic of the oscillator circuit. The gate and
drain microstrip lines have 2 = 50.{b) quivalent circuit
using Z-parameters for (d) betwaeen r erice planes 3-3°

andé-4’ . T A
The lengths %; and 2 must be adjusted so that RA[YOBC] <0.

' The S-parameters of the device at reference planes 3-3", 4-4" are given

| below in terms of those messured.at 11, zzf'/ o
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‘Performing the above multiﬁlicatien gives the following

form for S3-u.

S, e

~§2¢1 -S}gfe_j(¢1+¢2)
Ssmy = ) '
P So1 e‘J(¢1f¢2) Szz‘eijz¢2

The circult between 3-3' and 4-4' can be described in terms

of 3 parameters as shown in Fig. (7-5b). Furthermore, the FET is

agsumed to be unilaterial; it can be seen from Fig. (7-3) that this is.
] . . .

a valid approximation. That. is Si12 = %12 = 05 the remaining & para-

meters are giken as follows.

» .
»t

a+ |311|ej(¢11*2¢1))

_ _ Z,1 = %o 7-4a
. . a - ls;llej(lpll—2¢1))
i ]
@+ [sagled W02y et
z22. = zﬂ ) - ( 2 -
(1 - lszz'lej ‘l’z‘z‘ ¢2)) |
) . 2l521[61(¢21-¢1'¢2) T e %
“ 7 =
~ 21

(1_l522131(sz-2¢2)) (1f|511|ej(w11-?§1))

—_—

The admittance ¥ .. geen at the output port of the oscillator

is calculated by referring to Fig. (7-5).

v - 1 + (:_L."ﬁ.Z.L) 7-5
osc B11 Ao2 .

Using‘(7-4), the above eéxpression forl"iosc can be,rewriﬁten

in terms of ¢1> ¢2 and -the measured device S-parameters.
v

ej(W11‘2¢1)) (l—lSzzlej(w22-2¢2)5 - | Z‘SZIlej(¢21‘¢1‘¢2)

)

7-6

L+|lele

o thar202),

+ — 1-
3 (%1-2%)'():, 30 (1+]532| o (¢'zz'2¢2)) (1-|s, llej (¥11-241) (-} S22}

—— o ——n o = [

— -
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“"$n order to du:l;n ‘the ouc:lll‘m 4&

‘must be satisfiled.

:Re [Yosc (foac' vosc)].+ Re [Yi (EDBC)] =‘0
‘ |
‘Im [ (fosc ,osc)] 4-&m [YL (fosc)] =0

>
In the above, fosc is” the frequency of

-

foiibvins conditions

7-7a
7-7b o

oscillation and V '
osc

i
s the corresponding RF voltage. Under large signal conditions,

la[Yosc! is

voltage; as

Ra[YL].' Since the qutput power is given as Vgs

1_v:l.lue of Rel

| .
This value of Re[¥ ] is less than the small signal value of |RelY

In order to

expression f

assumed to be a monﬁtonicaliy décreasing function of the RF

V increases, |RelY
08

YL] for which the oscillator power P
08C

obtain the value of Re[Y ] that gives t

2
or Y osc is needed that accounts g@} large signal effects.

--‘-b
LR \_,.

To a first approximation, it might be assumed that

of S, decre
However, bec
change both

is difficplt

S-parameter

L - &
a maximum negative value of Re[Y ] in the vicinity of f osc The values

“of £ and
o8C

placing small dielectric chips o

slightly. Maximizing Re[Y

ases as the device‘is operated under la
ause of the forfh of (7-6), a change in
h .
the réil_gnd imaginary parts of Yosc

to attempt an exact dasign.

An approximate design'is'obtained by using the small signal

4

c]|'decreases until it is equal to

c Re[YL],'there is some

will be a maximum.

OSC]

he optimum P , an
osc

1

only the magnitude

rge signal conditions.

lSle can acﬁually fﬁ,w¢¢t‘

i, .‘-;\"

Because of this, it

data of Fig. (7-3) and finding values of Ex and %2 that yleld

P cc e then adjusted by varying the bias ﬂlightly and

n the microstrip lines to vary ¢y and &2

] enables the oscillator to deliver the

optimum power to the load. Due to the complexity of (7-6}, the design

was done using a comﬁ/Ler program Values of

%2253 mils were obtained assuming an alumf®a (

resulting values of Re[Y ] were negative over an

ﬂ 11 GHz-13 GHz; the values of Y

i

21=398 mils and

(e -10) gubstrate. The

interval greater than

o ate plotted in Fig. (7-10). 1t is

-

N




(s

~

=100 - _

* "y
- ° . \\
e - oot Shaban e et

seen that Re[Y ] has a mle.m negnti.ve vnlue at practically the same

frequency where I tY 1=03 both are, satiafied at f = 11.3 GHz. .
m - 0Sc sc

Because of this the load admittange need only be real.

As stated earlier, it ié difficult to calculate tHe value
of Re[Y ] that wil%’give the optimum P .- It was decided to use a
value of 20 mmh?. — is means that the oscillator sees a 5000 load
and no matvhing circult is needed on the output porél From Fig. (7-10),
the ratio of Ré[YL]';o the small si?:?l value of [Re[Yosc][ is calculated | " .

to be .714; a ratio of .3 was used '._[49]..

'

Several oscillator circuits were built, each ome having
slightly different values of 2; and L2  The topology of one of the

clrcuits (FETA Dﬁg-Bj is shown in Fig. (7-6).

' FETADE2 B - '
fa

. .. ‘ ' _
L} G - ’
0.100 .
jo— . .
\Fig 7-6. Topélégy of one of the oncillntor circuitn(?ETkDGZ B).
The two pads labelled "p" and "G are for drain and -

gate bias.
The corresponding vnlual h{\/{'and % are given-in Table (7-1)

It is seen that the values are centered

along with those of %1 and Ly

about 2,=398 mils and %,=53 mils, the values for which Yosc is plott?d

4n Fig. (7-10).
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1 L 4
i Circuit 'Ea—mils lb-mile 2,-mils | f,-mils :
| S
1 FETA D 62-A 167 54 400 ‘| - 53
‘ FETA D 62-B | 167 50 392 53 .
| .
- FETA D 63-A 167 58 408 53
T‘ 7 FETA D 63-B | 167 | 62 416 53
. Coa]

'Thblé'7%1:'ﬁhiuésmaful;;Lb.ll,lg'used for the oscillator circuite. - .

£y

The gate and drain bia;[circuitg gqpsiat;of A& sections of
high impedance 1ine each terhina@ed by a section of radial line. The
iatter provides a broad-band short circuit [f 1. A 22 mil gap in 21
is for a D.C. blocking capacitor to isolate gate and drain bia%. The
phase shift jntroduced by, the capacitor is approximately equal to the
electrical lgngth of the line it replaces around 12 GHz. ‘Miters are

" ised on the bends to reduce the VSWR, as described in [56]. To account

for the tee junction, the lengthg %, and %, are measured ffom the mid

4
i

point of the junction; no compensation was made for any junction dis-
continuity. The cross and the two semi-circular iines shown in

Fig. (7 -6) serve as alignment matks for d%tlling the hole that accoﬁ—
modates the device package. The performance of the circuits is described
in section i?-S); gsection (7-4) discusses the use gf a high Qo cavity

to stabilize the oscillator.

7-4 Cavity Stabilization of the FET Oscillator; The oscillator des-—

v?ibed in the preceeding section was stabilized using a high Q,
cavity. The cavity can be connected in either the transmiasion

{57], reaction [58] or reflection’ [59] configurationn.» For this-

particular application. the transmission configuration shown in

?is (7-7) was used The trnnamislion line is ABIZ long at f;.

S
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Fig.?-?.m(h) Transmission cavity configuration used to stabilize
the FET oscillator circuits.(b) Equivalent circuit for
(a),used for analysis.

. The values of Yc, s, @;, Qo’ B, and B2 are as given by
(6—1) ~ {6-5). The normalized admittance seen at the input port of the

cavity (oscillater port) is:

o ;o
Ymn 1 B2 2Q 6 _
e — ) — 7-8
T, B1 B 81

In order-to achieve the same loading as used in the upstabi—
lizéﬁ,case, the oscillator must see a value of YL=20 mvho at resonance.
Also, Mullen [60] shoqed that the loading of an oscillator that optimizes
output power also gives the optimum AM noise performance. This implies

that Y;/Yo=l; for this to hold, the value of Bz (load port) must satisfy

L ]
-

the following: 9.
By = B1 -1 7-9
A measure of the gtabilization.introduced by the cavity is

. given by the's;gbiliza;iog factor S asg defined_pgluq_{57,58]-

—— -
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F .2

. S
dw %
dB |w/o cavity 2Q .
ext . 7-10
§ = =
dw \ o
dB |w/cavity ) '

Z[E";l + Qexe)
In the above, the terms dw/dB are évaluated.at reference
plane 3-3' with whmo. It can be seen from the definitfon of S that
adding the stabilization cavity reduces the FM noise by 1/S. The ;
external Q of the unstabilized oscillator, Qext is obtainé& from the .
pulling figure L [58] which is a more commonly used parameter.

[

417 £
o

L= —

Q

7-11

=

ext

The pulling figure is defined as the total shift in the
: .
frequency of the unstabilized oscillator as a 1.5 VSWR load is phased

through more than 180°. Using (7-11), the expression for S can be
rewritten as below.

~% 2.4-Q°L

'
S=1+

1 fo

;o 1-12

Réferring to figure (7-7) and (7—93, the following expression
is obtained for the insertion logs introduced by the cavity. PL is the

power delivered to the load at 2-2' in Fig.‘(7—7).
A, ¥
Fo P
® L B;-1
i1.L, =2—= — ]
) Posc B

7-13

' In a practical application, the values of QO, fo, and L are
known. The choice of B involves a trade-off between stebility and
insertion loss. If the required value of S occurs for a value of By
that gives an insertion loss that is too great, a larger value of Qo |
must be used. Values of S and IL as given by (7-12) and (7-13) are plotted

in Fig. (7-8) as functions of B1 with Q°=29,000 and fo=11.950 GHz. The

value of L (21 MHz) is obtained from section (7-5).
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'Fig.?-ﬂ. Values of the stabilization factor and insertion’ |

loss plotted as functions of 8.
.. In order to ses how the conditions given by (7-1r=gxe satisfied, ‘
the locus of YL was calculatcd and plotted as a fumction of frequency.
The expression for Y. ig obtained referring to Fig. (7-7) and 1s given
below. The transmission 1ine is assumed to be A /2 long at f=f;.

Y = GL+jBL - Y Yl + f\\an (ﬂf/fl)j} 7-14

L o
1 +y, ta? (TE/£1)

The value of y) 1s obtained using (6-1) - (6-3).

et D a 7-15

B8 B
? 1 1

Using (7-14) and (7-15) along with the value of Bz as given

Or
d

&y [7-9) gives_ “the :_f_o;].pyifag expr_es__sions for GL and BL'

PRI
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. - “ 1--t:au‘2 !\('nf/f;) ; . R - ’ . .
f 6L 1, z - - 7-16a .
: [:1_ % (1-f /f) tan (vf/fIE] + tan® (TE/f1)

B1

W @£ /) |y By (1-£ J8) tan (nf/f2) - tan® (TE/£)
} T B ' B1

. ] 7-16b
. BL = Yo - - i

2Q
1- —2 (1-fo/f) tan (wf/f,)|? + tan® (WE/f1)
1 -

The values of G and By are plotted on the Smith chart of

Fig. (7-9) for the case where Bi=1.18, Q_=29,000 and £ =£,=11.950 Gliz.

9000

[:Jelals]
11,949.9 Gy ,BL N MMHOS
' 18,000
11,949.0
15,000

|
|
!
i

1,249,

' . 14,000\-]40

~
~
\V 13,500 11,949.0
 -i90 |
13000 .l
12,800 12,800 o i
rig.7-9. A plot o‘fhtﬁL £) as sesn at reference plane 3-3° _ }

of figure (7-7).The portion of the locust enclosed .
by the dashed line is re-plotted in figure(7-10).

e = - -~




described in section (< ).

dag

m ["'}osc] iﬁﬁﬁhos)

SUSCEPTANCE By,I

éd rectangle are re-plottedin Fig.
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tive of the oscillator admittance, -Yoac'
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These values are obtained using the TE

012

cavity and circuit MIC-035

The values of GL and BL enclosed by the

(7-10) along with values of the

ot Y cncloud by tha dashad 1line in fi;urc (1-9)

-

i
;

PREEFT VT WP oy e



- 107 -

Fl
%

The locus ~Y,_ (7:) represents the small sigual valieof

Yoac as’ calculated from (7-6) and the S—pérameter data of Fig. (7-3).
The estimated locus —Yosc {(Vz2) vhere Vv, <V, satisfies the conditions
required for oscillation as.given by (7-7); this occurs at.point‘TA)
in Fig. (7-10). Values of fosc“;l'9497 GHz and Vosc-vz are o?tained
from Fig. (7-10).
It is noted that the value of fosééll.9497 GHz for the sta- i -
bilized oscillator ies different from that of fosc-11.3 GHz for the
unstabilized oscillator; (viz.) fosc (unstabilized) =11.3 GHz whereas,
£ =£1=11.950 Ghz. .- i ' [::j<;;/,//,//
In a practical situation, one would wish to vary the frequency.
of the stabilized oscillator by tuning the cavity. It is quite difficult
to predict the frequency of the stabilized oscillator and the corres-
ponding output power under these conditions as ghe values of fosc
(unstabil?zed), f; and f0 are likely to be all slightly different. The
simplest case occurs when fosc (unstabilized) =f6-fl as.the freqhenCy
of the stabilized oscillator is then the same as that for the unstabili-
zed case. It should be mentioned that if the circult is not properly

adjusted, the stSh}lized ogcillator can operate at more than one

frequency. For example, if the value of V=V was greater than V2, the

locus oﬁf sc (V3) would be to the left of-Yoac (V,). It can.be seen

o
from Fi k?—lO) that (7-7) could then also be satisfied at points (B)
or (C)'depending on the value of V3. However, since the value of GL is
of the order 1x10 ° mmho at these points, the corresponding value of
Pose is much swmaller than that at point (A).

®  1This problem could be avoided by ua}né a tightly coupled
AB/Z resonator ' in the feedback path between the drain and gate of
:‘ the device, as shown in Fig. (7-11). The effect of this would be to

decrease the range over which Ra[Yosa'to. -
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MICD-002 A

!'1..7-11. An alternate topology I.ncorporll:m Y I!

_resonator to reduce the frequency range over
lhi.cl! : {'! }<0. : f

1
For exnnple, if the resonator is 164 mile long and a coupling
. ~ .
gap of 1 mil is used, the coupled ragonator has an insertion less of
' dB at 11.95 GHz. The insertion loss at 14 GHz is greater than 3 dB;

at 8 GHz, it 1s greater than 11 dB. The range over which_Re[?b;g]s@Luging

“the above mentioned resongtq‘b}s now no greater than approximately 1 GHz.

7-5 Egperimental Evaluation of the FET Oscillator Circuits: The circuilts
describéd in section (7-3) were fabricatedfon 1"x1"x.025" alumina
substrates (er-lo). Each substréte contained two.such circuits along
with a section of line. A photograph of one of the substrates is
ghown in Fig. (7-12) mounted on top of a carrier plate. A device 1is
1ocated in the upper circuit under the bar that supports the two
rexolite fingers. The blocking capacitor used to isolate gate and
drain bias can be seen jn the lower circuit along with the bias

eircuits -and the hole drilled through the carrier plate for the

device package.
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Fig.7-12. An alumins substrate containing two oscillator
circuits mounted on a jig. The bar over upper
circuit supports the two ruolit- fingersy.

i

- The performanée.bf the fopur circuits was then evaluated using

several devices in each circuit. Tt _@found that a few of th{a devices
with low values Of‘IDSS didn't oscillate when jnserted into the dircuits.
Tpese devices could be made to oscillate by placing a small dielec rié
chip~oh the circuit and moving it about. For those ﬂevicestﬁaving igh
Lyss values, the frequency of oscillation could be varied ovel\ieve al
hundred MHz by placing a small dielect;?§ chip on the feedback portion |
of the circuit. It was also observed that the devices didn't yield
maximum RF power all in the same circuit. Initially, a modulated
spectrum was obtained with some of the devices. This was found to be
due to a low frequency (~10 MHz) bias circuit osclllatioh modulating

the oacillator output. This oscillation was someghat :\Tunction of gate
bias and disappeared for certain values of VGS' It was ﬁotally elimi-

pated by inserting 8-3.3 KQ resistor in series with the gate blas port,

rphysically close to the bias circuit.

'aaﬁ I
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T The olcillatot outp&ingd;or P § and‘efficiency n obtained
from one of the circuits are plotted in Fig. (7-13) both as a function of
‘ gate bilas VGS with constant drain bias and drain bilas VDS with cqrstant .'
;ate l.:»ias.' The device used had values of IDﬂSS =64 mA .and VP' -3,56V.
. The values of P osC and N plotted in Fig. (7-1,3) can be considered as ,

 median values when compared to those obtained from different devices

in diffqrant circuits.

% o -12.5

Posc V8 Ves
VDS= 5.0 Vv

—

" OSCILLATOR OUTPUT POWER Pggc (mw)
o
1

5 — . Posc VL) VDS
VGS=_| qV o5
- T o I ©
0 | 2 3 4 5
. - DRAN, GATE BIAS Vps,|Ves| (V)

!1| 7—13. Plots of oscillator output power and efficiency
b a8 fum:t:lonl of drain and gate bias.

\'

OSCILLATOR EFFICIENCY (%)
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It was observéd that the maximm value of B__ attainable

t

from a device is proportional to IDSS' The maximum value of P .. measured
_ ~o8ec .
was 27 mW at an efficiemcy of 11% for a device having IDSS- 98mpA and
VP-“-A.asv. ‘Bilas uéed was VDS-S.OV and VGS-~2.0V. The™ results given in
Fig. (7-13) are in good agreement with those reported for the FET
48-4 )
oacillator described in P ? for comparable values of VDS and VGS'

48-49 - .
However, the authors of [ ] continued to ‘increase VDS to 9V for which®

'-they obtained values oflPosc =40 mW and n=12% from a device having j
IDSS=76 mA and VP--&.3V. The values of Posc and N shown in Fig. (7-13)
weren't measured for values of vDS greater than 5.0V as this ‘is the rated
ﬁaxim%p.value of VDS for the NEC-V-244 devices. \
The same osclllator circuit (with a different &evice;IDS§= 60mA
e -3,33v ) vas injection-locked to a stable source. The lock-in é%l
bandwidth BL was then measured as a function of the locﬁ&ng gain Po

v

where P, is the injected power. The results are given in Fig. (7-14).

sc/Pi

¢

Bias was adjusted to give the valffs of Posc and fosc indicated on the #
figure. | : ) -
o The eiternal Q of the osci;lator, Qext was calculated

5,61
using the data of Fig. (7-14) and Adler's equation [’ ], given below.

N

7-17 -

10 Mz, £ =) ' =2 oW and P,=.02 mM,
‘r;[;ng B 10 MBz, £, 11.5 CHz, P__ =2 uW and P,=.02 @

"a value of Qext-230 is obtained. The slope of the curve of Fig. (7—1%)

.

is.constaht at 20 dB/decade as predicted by (7-17). The pulling figure

. of the oscillator was calculated using (7-11). A value of L=21 MHz
»

vas obtained. | . - - s
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20 dB/DECADE

POSC"! 2 mW
fosc ~ 1.5 GHz

' | =1 T : % |
-5 10 15 20 25 30 35

o LOCKING GAIN Pggc/Py(dB) ‘

‘ ru.?-—u. A plot of the injection iock:l.n; bandwidth as a
function of the locking gain.

i ‘ .. . S ,
' "~ The ocillator vas then stgbilized. using the TEy,, cavity
and circuit MIC-035 described in chapter 5. For this combination,
Fig. (7-8) predicts an {nsertion loss of 8.2 dB and a stabilization
. factor of 105. It should be noted that these may not be the optimum
‘. values for a particular application. A photograph of the FET oscilla-

or wil:h theptabiluing cavity actached is shown in Fig. (7-15).

-y
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Fig.7-15. A photolraph of the oscillator circuit shown in-

*
|
s

figure(7-12) attached to the stabilizing cavity:

: The o.cillator frequency was then measured ‘for both the

‘ unstabilized and stabilized cases as & function of gate and drain bias. The

frequency of the unstabilized oscillhtor was first adjusted to approximately'

11.95 GHz using a déelectric chip. The results are plotted in Fig.{7-16).
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Fig 7-16. Plots of the oscillator frequency for the stabilized

and unstabilized cases as functions of (a) drain bias
‘and (b) gate bias. ) : ‘

It is seen that adding the cavity caused a dramatic reduction i

in the push&ng figures‘ofvthe oscillator. For the unstabiliied case, -

4

the pushing figurés are calculated to be afosc/av = 38 and

of
08

values dropped to 9f ’ Jav .. = .8 MHz/V and 9f JOV._. = .6 MHz/Vyg,
osc osc

GS ’-

c/BVDS = 9.2 MHz/V. With the stabilization cavity connected, these

GS DS

However, when the drain bias Ggg decreased beyond +4.0V, the frequency

quped fro
below .01 mW.
(7-4).

had to be increased to 5.0V, The measured value of £, = 11- 939 GHz

m 11.939 GHz to B.342 GHz and the value of P dropped to

The reason why this can occur was mentioned in section

To bring. the frequency back up to 11. 939 GHz, the drain voltage
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- . R ' . . . . -
is 15“¢oaa'.g;aa.;ae“aies“chA"eiih;"sf”ggg;'ali:gso GHs predicted by
Fig. (7-10). It can be seen from Fig.)(?-lS) that the cavity was g
connected to the oscillator using an OSM adapter; becausé-of this, Ehe-
vaiug of £, was p;gbably not equai to 11.950 GHz, the'vaiue assumed in
Fig. (7-10).. Also,-fosc (unstabilized) was'agjusted to apprbximasely

o]
11.950 GHz, a value of 11.3 GHz is used in Fig. (7-10)# The change

, L
in fi is the more significant of the two.

Photographa of the oscillator's‘output'spectrums-are shown
inﬁFig. (7-17) for both the unstabilized ;nd stabilized cases showing
the ‘dramatic decrease in osecillator noise. "Bias used was'VDé=5.0V and
Véé=-1.7v. The output power for the ungtabilized caé% was 13 mﬁ; this
.dfopped to approximately 1.3mW with the cavity conﬁected.. The insgrtiop

loss of 10;dB is in good agreement with the value of 8.2 dB greﬁicted
by Fig. (7-8), which doesn't accouat for the losses in'fhe microstrip

Y

lines and connector.

Vert.: 10dB/div.
Horiz.: 500kHz/div.
B.W.: 30kHz

L

(a)

ad
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Vert.:-1048/div.
Horiz.: 500kHz/div.
B.W.: 30kHz

(b)

Fig. 7-17. Photographs of the oscillator's output spectrum for
{a) the unltabililcd case and(b) the stabilized case.

. ) 1

" The FM noise of the unstabilized oscillator was measured
using tie setup described in chapter 5. Bias used was VGS=-1.7V and

Vis -5 ov correspondiﬁg to values of £ =11.943 and P__ =13 m¥W. The
osc o8C

resulta are given in Fig. (7- 18) 2

* The ™ noise parformance of the FET oscillator described'gn [49]
is also indicated on Fig. (7- 18) for comparison. No values vere given
for £_1less than 10 kiz. This oscillator had a value of Q. =300 and

bias was adjusted to .give values of £ =10.14 GHz and, P__ =23 m¥W as
08C 1184

.

reported in [Qf]a Since the value of.Qex"for the present oscillator

is.lower than that for the oscillator described in [49] and operates at

— . LI

a slightly higher frequency, the latter should have a lower

value of Af at any given value of fm; However, it can be seen from

“ Fig. (7-18) that this 1s not 80. This discrepency 1is probably due to

- [ .
the different measurement systems used and in any case is relatively small.
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No change in Af at aﬁj ﬁivéﬁwsslﬁa of_fm wss”ﬁoticéd vhen the drain bias
was varied from 5.0V to 3.5V provided the value of fosc was held constant
by adjusting the gate bias. The value of Af obtained from the oscillator
with the cavity connected was calculated assuming a value of S=105 and is

also plotted on Fig. (7-18). Measuring this value proved to be a

problem due to-the low output power of the stabilized oscillator. The ©

calcuiated value of Af is comparable to that-gf the feedback oscillator

described in chapter 6.

Finally, the behaviour of the unstabilized oscillator was
evaluated as a function of temperature T using an environmental cham-
ber. Bias was fixeq at VGS=—1.0V and VDS=5.0V. The value of f;sc
decreased from 11.869 GHz to 11.833 GHz in a linear fashion as T was
increases from 5°C to 55°C. The value-of P . decreased from 15 oW
10.5 mW over the same teﬁperature change.- The device used for
this test had IDSS'B SBmA -and VP = —;.ZZV.

The value of fosc was then adjusted to 11.853 GHz at room temperature by
adjusting the gate bias. - The temperature was then varied from 5°C to
55°C and the frequency was adjusted to 11.853 GHz at each value of T

by adjusting VGS' The value of Posc was also measured. The results

are given in Fig. (7-19); drain bias was helgZconstant at 5.0V.

Fig. (7-19) shows that the vilue of f oc CBP be made independent
of T by adjusting the gate bilas. The relationship_between VGS and T is
almost linear and a simple thermistor circuit can be used Eg_compensate
ths sscillatdf. Even if a stabilizing cavity is used, the oscillator
chould be temperature compensated to avold the possibility of mode
jumpiné. |

A 12 GHz GaAs FET oscillator in MIC form has*been described. -

A transmission cavity has then been used to stabilize the baslc .osclllator.

At presént, power is low due to the limitation of the devices.' However,

the efficlency is at least twice that of present Impatt and Gumn oscillators.

-
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Pig. 7-19. A plot of tha gate
fraquency constant

bias required to keep the oscillator
as a function of temperatura.The

prrupgpd:l.ng valuas of oscillator power are also shown.

With a stabilizing cavity, the oscillator can be used as an L.0 for mixers

in MIC communication subsystems.

Fig. (7-8) that an unstabilized oscillator having a value of P .

For example, it can be seen from

=27 mW

(14.3 dBm) connected to & cavity having parameters.fo

Qo-29,000, B;=1.66 will give a value of PLfS.B dBm.
the value of A;/in
" calculated to be .2 Hz/vHz.

number of L.0. applications.

=11.950 GHz,

From Fig. (7-18),

a 100 Hz bandwidth at 1 XHz from the carrier 1s

These values should be sufficient for a

N

OSCILLATOR OUTPUT POWER Pgsc (mW)
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CHAPTER 8 ‘ ~
L CONCLUSIONS

8-1 Summary

A novel microstrip to cavity transitiomihas been analyzed. Values of
the coupling coefficient calculated using the expression derived for the
external Q of the cavity were ‘found to be in.gbbd agreement with measured
values. .The transjtion was then used ;h the design of two different
-cavity stabilized FET oscillators. In summarizing, the work desc;ibed in
this report can be considered in two parts, {a) the microstrip to cavity
transition apd (b) the FET oscillators.

Although the transition was used in this report to stabilize FET
oscillators, it could also be used to stabilize a microstrip IMPATT or Gunn
diode oscillator. Consider, for example, the design of a Tow cosf f
converter for the reception of signals from a_brbadcast sa£e11ite [1-21.

The front end of such a converter might'consigt of a rat race mixer, a Gunn»
L.O. and an I.F, amplifier. To minimize cost, the unit could be constructed
in MICIform. “The Gunn L.0. would be stabilized using the microstrip

to cavity transition with the cavity machined into the substate holder. L.O. ‘
tuning could easily be accpmplished by inserting a post into the cavity as
described in sectioﬁs (2-7) and (5-3). It would probably be more economical
to use a sealed invar cavity instead of a titanium silicate cavity in this
case, A heater cou]Q\QEaB;eg to further imprdvé the frequency drift if.
‘required. If, for a 12 GHz cavity, the TEqyyq mode is used instead of the
TEyp, Modes the length of the cavity would be 708" instead of 1.416" with
the Q of the TEqyyy mode being 85% of that for the TEg12 mode. It might
be desirable to use the TEgyy to reduce the depth of the cavity. A

conve?ter constructed using the above technique would make use of the desirable



- 121 - —

-3
wh

properties of both microstrip (ease of productibn through photo]ithogfaphy
and ease of connecting active and passive components) and waveguide
cavities (high Qo and temperature stab%1ity, using approrpiate matérials):

_ Two different FET ossi1latof coﬁfigurations were analyzed and
expéfimenta1ly evaluated. The F.M. ﬁoise spectra of both were comparable to
that of a crystal oscillator multiplier source. However, no measurements'éf
A.M. nqise were done and the E.M. niise-spectra were not compared with those
. of IMPATT or Gunn diode oscillators. Output power was low due to the
limitations of the FET's used. As medium power FET's become commercially
avaflab1e, output powers in excess of 100 mW at X-band should be feasiﬁ::.

It is noted that in the-osci]]atqr configuration described in Chapter 6,
the output poﬁer is obtained at the output of the FET amplifier. In the .
oscillator described in Chapter 7, the output power is obtained at the

output port of the stabilizing cavity. It is yet not clear which 6f the
-two configuration; is'the optimum‘in terms of noise properties. For the
- case of Chapter 7, the stabilizing cavity could also‘be connected in the '
reaction [58] or reflection [59] configuration. The trade-off between output
power, noise spectrum, and tuning range for these three configurations has ‘
not been examined. Also, the trade-off between cost and both short tgrm and
long term stability for (a) a crystal oscillator-multiplier source {b)
a.lstabilized IMPATT oscillator (c) a stabilized Gunn oscillator and (d)

a stabilized FET oscillater has not been examined for various L.0. applications.
It might be possible to design an electronically tunable FET oscillator
(without\a stabilizimg cavity) Raving a tuning bandwidth larger than

that of either an electronically tunable IMPATT or Gunn oscillator of com-
parable power. This is because-the frequency of osc111ation of both the

IMPATT and Gu;n oscillators is a function of the transit time of the

carriers in the device. _The frequency of oscillation of an FET oscillator

-
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-

is determined, primarily, by the feedback network and not by the

device.
A Y

-

8-2 - Recamendations For Future Work
————

- The following recommendations for future work can be made based on
the context of the prev1ous section.
1. A compar1son of the oscillator conf1gurat1on of Chapter 6
with that of Chapter 7 using (a) a transmission cavity

(b) a reflection cavity and (c) a react1on cavity in terms of

kY
\ -

output power, noise spectrum and tuning range.

2. A comparison of (a) a crystal oscillator- -multiplier source
(b) a cavity stabilized IMPATT oscillator (c) a cavity stab111zed
Gﬁin osci]1ator and (d) a cav1ty stabilized FET oscillater
in terms of cost and both Tong term and short term stability for

* various source applications.

3. A study of the maximum output power obtainable from én FET
oscillator us1q§ medium power FET's. *

4. A study of the ggswgn of an e]ectron1ca11y tuned FET

oscillator to see how broad a tuning range is possible while still

maintaining reasonable output power.

\_
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APPENDIX A

-

DATA SHEET FOR CORNING TITANIUM SILICATE-
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JLE™ Titanium Silicate, Code 7971— Fused Silica, Code 7940
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APPENDIX B

DATA SHEETS FOR THE PLESSEY GAT-3 AND NIPPON V-244 DEVICES
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GENERAL DESCRIPTION
The GAT 3 is intenaed for use in microwave and oscillator applications up to a frequency of

ELECTRICAL CHARACTERISTICS (AT 25°C) -

: 12 GH'z. The performance
of the device depends upon the method of mounting. A P102 packaged device can be used effectively up to B8 GHz

whereas a device mounted in the P103 microstrip package can be used up to 12 GHz. Optimum performance, however,

is obtainkd by mounting the transistor chip directly into an alumina microstrip circuit. Devices are available as chips or
mounted in either the P102 or the P103 microstrip package. : . -

Characteristic Min. Typ. Max Units Test Conditions
Gate-source voltage -10 - - Volts, ig = 10pA vds = 0OV
Drain current - - 50 mA .| Vds = 5V Vgs = QV
Pinch-off voltage - -5 -10" | volts | Vvds = 5V lds = 10pA
Maximum available
power gain (M.A.G.}) )

Chip - 8 |- ds )
e N B R I | R o
In P103 packa - -
o PR v 5 - dB 12 GHz Vgs = OV
Noise figure ’ ) 7
GAT 3 Chip - 55. - dB l S\
1n P102 package - 6.0 - dB 8 GHz
{n P103 package - 5.5 - dB
Chip - 10b - d8 |’ 12GHz
) {n P103 package ~ 10.0 - g8 | 12GHz | vds = 5V
GAT 3/010 Chip - 27 35 - dB 1 Ids = 15mA
in P102 package - 4.0 45 dB 8 GHz
tn P103 package - 27 35 dB
Chip - 5.0 6.0 dB 12 GHz
In P103/package - 5.0 6.0 dB 12GHz 7/

[

TYPICAL GAIN AND STABILITY PARAMETERS FOR A DEVICE OPERATING IN THE P102 PACKAGE 1N THE

COMMON SOURCE CONFIGURATION. Vds = 5V Vgs = OV

1

i bility Factor Maximum Available Maximum Unilateral
cque:‘cv Mé:il:‘ ?I':‘.Sstggla St &) Gain (M.AG.) Gain (GUmax)

) (d8) (dB} {dB}

4.0 13.0 085 - 12.0

6. 129 0.83 - 115

- 6. 12.5 0.86 - 10.1
70 12.6 13 9.3 8.3

8.0 135 22 7.4 69

i
“
i
]
{

7 _ ' ’

|
/

B e



Noisa flgure anél gl!h (dB}

18

18

14

12

10

Typical small-signal S-parameters — GAT 3 series
For a Device in the P102 Package in the
Common Source Configuration.

Vds = 5V Vgs = 0OV Zo = 500
S12 . v
Frequency ) Magnitude Angle
(GHz} (degrees) .
4.0 0.050 64.6
50 0.055 - 671
6.0 I 0.067 66.5
70 0.067 - 833
8.0 . 0.056 799
. ¥
< 1
\\GAT 300
Blas conditions
Vds =5V
Ids = 10mA

T4

\

Noise figure
L]

. \'l
4

p b1t

Tuned for minimusn noise

,GAT:!

1’ e 102

4 menemde P103
(4

x GAT 3/010

L

)
2 3 4 5 678

10 12 Fraquency {GHzZ)

Noise figure and gain
versus frequancy
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0acillatox applications up to X-band.
HE24400.

KE244 Features:

GALLIUM ARSENIDE FIELD EFFECT TRARSISTOR

The WE244 is a Gallium Areenide FET designed for Low Noinc Amplifier and
The NE24406 is’ packaged in a
stripline pnclrjgc with low parisitica . The desipgnation for the chip is

Outline: mm

D!
Very High fm 55CHz, (Packaged Device) - - - ! §.0MIN
High MAX 11dB at 8CHz . =R
Low Noise Figure 3dB at 8CHz R Ri g
l“ |
New Stripline Package ‘ D _l :
. . U,
ABSOLUTE MAXIMUM RATINGS (T =25°C) X
Jrr———
SYHBOL RATINGS URIT E _tz—m-%—-—
- -~ ' :'
Drain to Source Voltage v "5 v : '
& DS Connect fons:
Gate to Source Voltage Ves -]_.0 v 1. GCate
Drain Current Ip 160 nA 2. Source (Case)
Total Power Dissipation Bk 500 o - 3. Drain
Channel Temperature Tech 175 °c 4. Source (Case)
Storage Temperature Tetg -65 to +175°C Package Copacitances:
Co - D less than .0IpF
sperate ot 300°C/W from 25°C (channel to awbient) Cg - D .2pF
Derate at 200°C/W from 25°C (channel to case) Cg-S .2pF
ELECTRICAL' CHARACTERLISTICS (Ta"ZSOC) (RE24406)
PARAMETER SYMBOLS TEST CONDITIONS MIN. YP MAX. UNIT
Drafn: Current Ipss Vpgw3V, VGS'O 30 1 60 100 wA
Pinch-off Voltage Vgs (off) Vpg#3V, Ip=100wA -2 -4 -10 v
Transconductance -4 Vpg=3V, Ip=30mA 15 20 | waho
Haxisum Frequeney of Oscillation fMAX Vps=3V, Ip«30nA 40 55 Gliz
Maximum Available Power Gain HAG Vps=3V, ID-30tru\
. ' friGllz 15 dB
! : E=6CHz 14 dB
f=8Cliz 11 dB
y ‘ NF V=3V, Ly=10mA
Noise Figure ps =t £Ehcllz 1.8 2.5 4B
f=6GHz 2.5 3.5] dB
. f=8GHz 3 4.5 dB
¢ 14B° Compressi P V,..=3V, Inv30mA
Output Pover { mpression) 0 ps™"" lucuz 10 dBa
' * f=BGHz 8.5 dBm

EDWARDS COURT »
SALES

URLINGAME, CALIFORNIA 94010
nTs For  Njopon Efectric Comparny. Limited v.s.A. — CANADA — EUROPE

o (415) 342-7744 TELEX 34-9309 '

Lalnban bl
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«. .. v NE204406 " . - a ‘
L. .- COMMON SOURCE &' PARAMETERS

o Ip=lomn _-yDS-\Av "
. . Frequency in Ghz . h

811 and. 322 . - '
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NE24400
fLECTRICAL CHARACTERISTICS (T, =25° ’ : |
PARAMETER SYMDOLS TEST CONDITIONS . HIN. TYP. THAX. ONIT
Drain :Furrcnt Ipss | Vpg*3v, Vgs 0 : a0 60« 100 A
Pinch-off Voltage Veg (off) Vps=3V, Ip=300uA ) -2 -4 _10 "
Tranaconductance - Gg . Vps=3V, 1p~30mA - 15 " 20 gy
NE24400, CHIP DIMENSIONS, MICRONS - -‘.
’ H
1. Source
2. Drain
3. Cate ‘
Chip size 500y nquare
\\.__,.-—"-
f\-\
- © RECOMMENDED® BONDING Pl +URES:
7 1. Clean chip thoroughly with trichlorethylene (CﬂCl:CClz),-;
acetone (Cl|3CUCll3) and iso-propyl-alcohol {(CII3)2CH-—02HSOH].
2. Dry thoroughly. oLt . .
3. Use 20 micron purc gold wire. . )
4., Thermal compression bonding technique with unheated wedge
bonding tip. . . .
5. _ Chip temperature of 300°C T 5°C.
6. Probe bonding pressure of 22 + 2 prams.
) .
-+~ . .
S
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