A LOW NOISE OSCILLATGR

BY EUGENE A, JANNING, JR.

JUNE, 1967



INTRODUCTION ......... ta e e e e

OBJECTIVE

SECTION I:

A
B.
C.
SECTION 1I:
SECTION [II:
FAW
13.
C.
D.
k.
CONCLUSION
APPENDIX

Measurement Technique

TABLE OF CONTENTS

Theoretical Characterization of Qscillator Spectra ...

Calculation of Oscillator Power Spectral Density

(PSD)

L N T T .

Oscillator Equivalent Circuit . ................

OSCILLATOR DESIGN OPTIMIZATION . ... .. .....

91.7 Mz TO 122, 7 MIlz, OSCILLATOR . . .. .. .. ..

General Discussion . L,
Helieal Resonador .., ..

Varacior Tuning .. ...,

Breadboard Oscillator

Finul Design . ..., ...

-----------------

BIBLIOGRAPHY ..... e e

....................

....................

....................

--------------------

--------------------

................

(]

¥}

69

69

82



INTRODUCTION

Most existing HF (2 to 30 MHz) radio receivers are grossly inadequate for many
intended applications. This is primarily due to the increasingly overcrowded
conditions of this frequency spectrum since many long-range radio communi-
cations links presently use this spectrum because ol 1ts desirable wave propagua-
tion characteristics. The situation is not likely to improve until UHF satellite

communications links alleviate the problem.

Typical HTF Communications Receivers have a useable sensitivity of =120 dBm
(10-1 watlls, 8 klz bandwidth). Trunsmitlers in this specetrum operating in the
Kilowalt region are commonplace, and il is nol unusual Lo find signads on o re-
ceiving antenni from a local transmitier on the order of 120 dBm. Thus the re-
coiver must be eapabloe of processing extremely wenlo signals in the presence of
very strong (140 dB greater) interfering signals occupying adjacent channels,

For [ixed-station or land-based operations, the problem may be alleviated some-
whatl by locating the receiving antennas at some distance from the transmitting
antennas. For mobile operations, however, such as are encountered on aircraft

or scuagoing vessels, separation ol the antennas is not generally practicable,

Although HF receivers have been under constant development [or more than three
decades, only recently have any significant stridcs been made toward improving
dynamic range to the ultimate goal of 140 dB. (Typical HF reccivers exhibit a

dynamic range of 80-90 dB for adjacent channel interfering signals.) The dynamic




range referred to here could be more accurately described as de-sensitization,
that is, the receiver is rendered insensitive to a weak desired signal by the pre-
sence of a strong interfering signal. De-~sensitization may be causcd by scveral

mechanisms:

1) Saturation or non-linearity of the active circuitry, causing a loss in

gain to the desired signal.

2) Heterodyning of spurious signals from the receiver frequency conver-

sions (or other internal signals) into the receiver passband.

3)  Heterodyning of noise from the receiver local oscillators into the ro-

ceiver passband, causing an increase in noisc in the desived chunncl,

Until quite recently, the limitation of receiver dynamic ramge has heen due Lo
suturation of the nctive circuitry.,  Paramectric amplificrs, however, have elimi-

nited this problem and it is not difficull o provide a parametric amplilicr with a

lincar range of 110 dB3 over the I band. Spurious signals may lhe eliminated by

rigorous design and adequate shielding. Thus, the dynamic range of HF re-
ccivers is presently limited by noise on the receiver local osciliators which is

heterodyned into the receiver passband by strong interlering signals.




OBJECTIVE

The primary objective of this thesis is to develop an analytical design procedure
to enable the optimum design of a low noise oscillator for use as a pump source
for a parametric amplifier used in a wide dynamic range HF receiver. The de~

gired apecification ig:

1) Irequency Range; continuously tunable from 94,7 MHz to 122.7 MHz.
2) Power Output; 0 dBm nominal.

3)  Oulput Noise Spectrum; extraneous noise power output in a2 | Ilz band-
widih shall be a minimum of 145 dB below the desired cutput at all fre-
quencies removed from the desired outlput by greater than 50 klly (-110

dB Tor 3 kHz bundwidthy,

It is desirable that the oscillator be all solid state and contain no moving parts
(ull tuning accomplished clectronically)., The initial design may not necessarily
be temperature compensated but must be capable of compensation over the range
from -55°C to +85°C. The frequency stability of the oscillator is not critical
since it is infended for use with a frequency synthesizer. Other criteria such as

size, weight, power consumption, etc., are of secondary importance,

A major thesis objective is to arrive at a design analysis technique which will
reliably predict the noise power spectral density of an electronically-tuned oscil-

lator and allow the synthesis of an optimum design.



A secondary objective is the development of a suitable measurement technique

which will provide accurate, repeatable measurement of the oscillator noise

power spectrum,



I. OSCILLATOR NOISE SPECTRUM
A. Theoretical Characterization of Oscillator Spectra

The oulput voltage (or current) from an oscillator may be described! mathe-

matically by
v{t) = E(t) cos [“’o” ¢(t)] (1)

where E() and ¢(1) are narrow-band (with respect to wo) stationary random pro-
cesses and w, is a constant (carrier [requency), E(1) is the amplitude or enve-
lope funclion describing amplitude variations Irom the mean valuc, I, o)

desceribes variations ol phase from the ideul, W, and the time origin are ehosen
{

such that the mean vidue of ¢(Y is zero,

Thus the vscillator outpul muy be characterized by o single spectral line which
is both amplitude and freguency modulated by stationn ry random funclions of

time. The process described by (1) may be assumed {o be a narrow-band

Gaussian random process. Under this assumption, it has been shown? that the

random variable Et’ which defines the possible walues of E(), posscsses a

Ruyleigh probubility density function. Also the randorm variable {‘bt’ which de-

fines the possible values of ¢(1), possesses a uniform probability density [unc-

[ion aver the interval 0O < d't < 2y, l'lt and ;,‘,t ure statistically independent.
However the envelope and phase random processes, E(t) and ¢ (), are not

statistically independent.



The instantaneous angular frequency, wi(t), is
y = L t+ oft) | = + ot (2
GO = G [t an]= o, 0 )

. d
where ¢{t) = a p{t) . Trom (1) and (2) it is apparent that ¢(t) is the in-

stantanecus oscillator phase angle, and q'b(t) the instantaneous frequency depar-

ture from wo.

It is convenient to define several characterizations of oscillator performance or

oscillator spectral densities.

1} The complete RF spectrum of the oscillator; SHF (w)

2y 'The spectril density of B(); SAM (w)

3)  The spectral densily ol ¢ (ly; S! (w)
[¢8)

1) The speetral density ol ¢(t); S} (W)
)

For purposcs of the present discussion the amplitude spectral density, SAM(w) ,
will be ignored sinee for the intended application it is of negligible significance
compured o the phase or freyuency perturbations. With this assumption and
also assuming low modulation indices, the RT power spectral density, SRF(w),
is identical (with o scale [ucetor) Lo the phase spoctrul density, S(h(m), hecause
only firsi-order sidebands are of any consequence, @ is the modulation, or

oflsct, Mrequency associated with the noise-like variations of ¢ (1).

The spectral density of a random signal may be defined as the Fourier trans-

form ol its autocorrelation [unction’ . Thus




qu(u) = f qu () E-ij dr 3

where qu(f) is the autocorrelation of the phase and is defined as

R, = o - o= 4)

The bar sipgnifies statistical average. The inverse Transform of (3) is
+o0

R @) - %E [ s, @ Y dw (5)

-
For r = 0, {4y and (5) reduce to

—_—

“‘f, o (1) ) ()
{0

_ o ,
n(p (0 = 5= f b(ﬁ(w) dw (7

Combining {6} and (7}, wc obtain

too

T = 5o [0S, (@ dw ®)

—00

for two-sided spectra. It is common to consider the power in a 1 Hz bandwidth.

i1 Sd)(w) is constant over a 1 Iz bandwidth, (8) reduces to

S¢'(w) = o) (9)

BW =1 Hz

The units of Sq)(w) are radians® per Hz bandwidth or more commonly expressed




as dB relative to 1 radian’ per Hz bandwidth, By similar reasoning to the

above, qu(w) may be found to be

S(f:(w)l = &A1 (10)

BW =1 Hz

2
where the units of S+ (w) are Iiﬁ%l—):' per Hz bandwidth,
o (sec)

Since (;‘_;(t) is the time derivative of ¢(t) and since differentiation in the time

domain is equivalent to multiplication by jw in the frequency domain,

S.(w) = o . 8, (W Fravweme e et (11)
(b d) \d Loy ,:7

bl j {w) and H} (w) ure commonly referred Lo as "power! spectral densitios (S,
oy i
hough there is no power involved in the units.  ‘Phus the units of Sf {w) will
i§y

sometimes be referred o as walls per 1z bandwidth.

B, Culeulation ol Oscillutor Power Spectral Density (1°SD)

Many attempts®™® 8272829 b, 06 heon made to arrive at a usable expressioun [or

the output spectrum of an oscillator, Perhaps the most guoted is the classic

hl

work of Edson's". Dr. Edson shows that in general noise perturbations in an

oscillator result chiefly in phase or {requency disturbances and have only a

second order effect on the amplitude of oscillation. Edson side-steps the dif-

ficult problem of nonlinearity by using a process of equivalent linearization and
arrives al the conclusion that small nonlinearities result only in a reduction of
S

AM(w). Using a far more sophisticated nonlinear analysis, Hafner' arrives



at an expression for oscillator PSD which in general agrees with Edson® for
small nonlinearity. Therefore based on the work of these investigators it is
assumed that a relatively straightiorward analysis will yield a close approxi-

mation for Sd)(w).

A simple block diagram representation of an oscillator is shown in Figure 1,

where e, represents all thermal and excess noise sources in the system

A —» e, {wm)

B [

Figure 1

Ogcillator Block Diagram
relerenced 1o the input, eo(wm) may be represented by

A
) = (o) e, (12)

As the product Ag approuches unity, co(um) increases withoul bowxd, Ina
practical oscillator however, nonlinearities limit the magnitude of eo(wm) to a

finite vilue such that the product Ap is slightly different from but very close Lo

unity. Thus for sustained oscillation, A—+=1/3. II we assume that the [eedback

network is a single tuned circuit with u loaded quality factor of Q, 7 is given by
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w

1+j2Q ”
o

At w = 0, =1, and thus A—s1, With this consfraint

) e (w_ = 0) (14)

eu(wm) = 1 ( n m

The approximations used to derive (14) deteriorate as v 0. At w =0

{the frequency of oscillation) the value of eo(wo) =e is determined by the oui-

put capabilities of the oscillator. Using the fact that the bandwidth (B) of a

tuned circuit is cqual to wU/ZQ, {(14) may be expressed as

2
v“(w ) \/I ] (H/mm) e, (w0 )

I m

Thus lor @ within the bandwidth of the tuned circuit,

B .
(,‘O(wm) o "“’_n-,l e (w_m < D) (16)

Tor “o outside of the bandwidth,

G’O(WIT]) & ej'l (wm > B (17)

Thus the feedback network increases the noise oulpul within its bandwidth,
For Irequencies outside of the bandwidth, the feedback is oul of the circuil and

since A 1, the noise voltage output is identical to the equivalent amplifier
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noise input voltage, e, given by*

e = \/ FkTRin (effective volts/YHz BW) {18)

where;
F = effective noise figure
I = BoHrmann's constant (1.28 x 10-3)
R, = amplifier input resistance

1n

The signal input hower, PS, is (05)2/Rin. Thus the input noise to signal power
ratio is

I'kT

I
]

(NSR)in = (per Hz BW) (19

Fhe oulpuat neise o signal powor caliv is cqual Lo €1 Wines e squire ol Lhe

vollage transler ratio. Using (14);

2
w
O FkT
S = —— e 11, :
(NSR) R wm) b {(per 1z, BW) (20)

Again assuming phase noisce to be the controlling phenomenon, Srf (w ) muay he
] m

obtained as twice the vidue of (NSR) ul oblained from 20y, A laetor of two is
U

required sinee S] (“”m) is delined for two-sided spectra.  Thus
(4]

w

2
. 2FkT
S =1 it

qs(wm) b 2Q w ) J Rl

: m 5

{(per Hz BW) 21

* All thermal and excess noise sources are assumed to have a Gaussian

amplitude distribution and a flat or "white" [requency spectrum,
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As belore this can be broken into two components,

2
w
0 2FkT _
qu(wm <B = (2Q ” ) P (per Hz BW) (22)
m s
2Fk'F .
Sq‘) (wm >B) = -3 (per Hz BW) (23)

The [ollowing conclusions may be drawn fruin (21);

1) The noise should decrease at 6 dB/octave as Q increases or as w

increases (for w < B).
2} The noise should increase at 6 dB/octave as @, increases.

2 3)  The noise figure adds directly to the output noisec.

¥ .1 lherensing ascillador focdbael powor should doorense phuasie noisc,

In order 1o test the validity of (21), several oscillators availahle in the Enbor—
tory were measured using the measurement technique outlined in the Appendix.
The resulls are shown in Figures 2, 3, and 4, The lollowing comments are in

order regarding the resulls.

) As assumed, the AM noise component is far below the phasce noise for
all of the oscilladors tested,
/‘* 2y At values of w . less than 10 kHz the curves rise on a much higher

stope than the predicied 6 dI3/octave.

4)  IFigure 3 (the only oscillator for which approximate design data was

available) demonstrates the validity of (21) lor w greater than 20 kHz,
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The discrepancy noted in 2 ahove has been described by Leeson®, and is believ-

ed to be due to 1/{ parameter variations which give rise to a 9 dB/octave slope

for tower valucs of “n where these cffcecis predominate.
1

C. Oscillator byuivalent Circuit

The simplified block diagram (Figure 1) used to generate the expression for
the oscillator power spectral density (PSD) is not suitable for use as a practical
design tool. In the present section a more definitized equivalent circuit will be

analyzed to allow optimization ot the oscillator circuit.

Consider the circuit ol I'igure 5,

NOISELESS AMPLIFIER

Oscillator Fquivalent Cireuit
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where,
FKT . .
Erl = <. T equivalent RMS noise voltage per root Hz at the
1

amplifier input, (Hafner!® has established that
all oscillator noise sources are essentially eg~
uivalent and may be represented by a single
equivalent noise source),

Yii = amplifier input admittance

you = amplilier forward transadmittance

Y19 = amplilier reverse transadmittance

Yo, =  amplilier outpul admitiance

(}l_ 2+ inductor ualoaded conductance

G o = capacilor unloaded conductance

G - lowd conductance

Q

Ty, T, and Ty are ideal transformers. In a praetical circuit these are replaced
by capacitance (Colpitts) or inductive (Ilartley) taps on the tuned circuit without
loss of generality.  To simplily the analysis, the amplilier self and mutual ad-

mittances will be assumed real. This is equivalent to absorbing the reactive

components into the tuned circuit and representing the total effect as single

lumped 1. and € components, By similar reasoning it is easily shown {if

Yiz << yg) that y,, may be assumed equal to zero, resulting only in a slight

change in the value of n, and n, necessary for sustained oscillation. A more
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workable equivalent circuit is thus generated as shown in Figure 6. The load

conductance has been absorbed into Gu'

MNSELESS AMPLIFIER

1 L&t |
[ iy |
E/’LE”T | S6y @_‘ Gz | TEZ
t N |
— - 4 4 |
L 1
_ TUNED CIRCUIT ;
/"ﬂ/

28E

Ft-————-
|
l
|
§—i-<
1

o—
IMigure G
Simplificd Equivalent Circuit
Here,
Gy; = amplifier input conductance
G,y = amplifier forward transconductance
Gyy = amplifier output conductance
G
G = G +G 2
il T C 9
g

An equivalent two-terminal oscillator may be generated by transforming all

conductances and the current generator through Ty, Ty, and T, &s shown in
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Figure 7.
E{_ %c G T I TE}-
(R
Figure 7
Two Terminal Oscillator
where,
_ Gy Ggy _ ) .
G = G ¢ =5 4+ —5 = total loaded conductance
1 u n, ny
Cigp (15 4+ 15)
T I i 1
ny

The tank vollage, 1'1[, duc Lo the inpul noisc is;

Gy (I, + En)

L n, [GL—rJ(wC—-E)J
Letting w = w + w_, where w << w , and transforming variables;
8] m m 9]
‘ oy (13 + 1)
J"‘41;((")111) h w
|53}
o]
From I'igure ¢,
Ly

E1 = -

(29)

(25

(27)
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Solving (26) and (27) for Et (wm) yvields,

n
Et (wm) N w (28)
. m Ga
1y GL {1+3j2Q T) -
) 1
At w = 0{w= wo);
4+ G2l En
L) = G (29)
ny GL - '—ZLnl

For sustained oscillation, Et(()) >> B_, and therefore,
n

G
ny G - —ni’-L or nyn; G, —= Gy (30)

tnder this constraint, (28) becomes

ny En

1"t{wm) T o m (wm = 0 (31
2Q —

O

The oscillator noisc-to-signal ratio (NSR) is cqual to the magnitude of the ratio

of the mean squarce noise voltage, EL2 (wm) to the mean square sipnal voltage,

DL
TS
B2 (w ) w ¢ pt E?
L m 0 1 e
NSR = T—T— - 2w ) A (wm/ ) 2)
1Y m TS

As helore B b(w ]) may be obladned as twice this value, or
N

w toznt EG
n

S(t(wm) = (-5@3;) "“sz;g—" (wm:ﬂ 0) (33)
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This may be converted into more familiar form by noting that F‘.n = %}-{—T—-
V it

i)
{pex root Hz), and EIS = nTS = gignal input voltage to amplifier;
1

w ] .
_ 0 2 FK1 ]
S(f) (wm) = e wm } o EISZ (per Hz BW) (wm = 0) 34

But Gy EI‘iz = I’S = signal power input to amplifier. Thus,

93] 2

FK
S0, = (Sge—) () GerHzBW) (u, » 0 | G5
m S

which is identical to equation 22, However (22) was valid only within the band-
width of the tuned circuit whercas (35) is not so resiricted. This result was

anticipated by Leeson'! and is duc to the fact that the output is taken [rom di-

reclly across a phrallel resconant tuned circuit rather than the output of an

amplilice with a servies regonant tuned civewdt in o fecdback path (as used Lo de-

rive Fquation 22).

Equatiun {35) indicates that S b(f.um) tends to zoro o W is increcasced. Actually
{

the minimum value is limited by thermal noise at the output (not considered in

the analysis) and hy the noise figure of the following stages.




H. OSCILLATOR DESIGN OPTIMIZATION

Using Equation (35) as a design guide it is possible to formulate some qualita-
tive "rules of thumb' regarding oscillator noise performance. TFor a given os-
cillator frequency (wo) and a given frequency removed (wm) (these are usually

specified or known), three factors control the gscillator noise spectrum;

1) T, the noise rigure of the active element
2) Pin’ the signal input power to the active element

3 Q, the loaded, or effective, @ of the tuned circuit

These [aclors are not usually completely independent. Tor example the noise

[igure of a4 bi-palar frangistor is a function of the emitier curvent, which in

e is determined hy 1P, I',n and Q arve inler-reladed due to the toading effectl
in 1

on the funced circuit of the active stage input impedance.

In order to procced anolytically it is necessury to choosc o particular circeuit
with specified components, determine the functional infer-dependence of T,
Pin’ and @, and then attempt to minimize S(b(w). But how does one go about
choosing a circuit as . reasonable starting point? A circuit which allows
simultaneous minimization of I and maximization of Pin and Q ig reguired.
The type of oscillator (Hartley, Colpitts, etc.) is apparently not significant
unless o particular configuration allows better optimization of the three design

parameters.
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Selection of an active device is a compromise between noise figure and power
handling capability. Truly this is a problem of device dynamic range, Once the
oscillator power level has heen established, an active device which has the low-
est noise figure at this power level is an optimum choice. Other device para-
meters such as gain and input and output impedances may be important, as they

contribute to loading of the tuned circuit.

An attempt will be made in this section to arrive at a design procedure, whereby
an optinum design may be established given specified parameters ci the active

element and the tuned circuit,

The problem of asciliator design optimization has received littie atiention in the
fiterature, Mosl authors have limited their contributions to the anildysis rather
than the synthesis of oscillators. The synthesis of an optimum design, that is a
design which will yicld the lowest Sd)(w) for given parameters, is & Jormidable
Ltusk because ol the many diflerent ways in which non-lincaritics miy enler he
problem. By making certain simplifyving assumptions, however, it is possible

to arrive at some general conclusions, at least for varactor tuned oscillators,

The principle assumption to he made is tha, Tor o varaclor tuned oscillator,

the limiting non-lincarity is the wmount of a-¢ sipnal voltage which may be im-

pressed across Uhe tuning vaenetoes, thus Tandtiog the ascillalor power,  There-

fore il is tacitly assumed that an active element will be chosen which will handle

the necessary power to keep the varactors as the limiting elements. A
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secondary assumption is that the noise figure (T) of the active device is a con-

stant and not a function of source impedance., This assumption is justified

somewhat by the [act that the dependence of I' on source impedance is very
small, being nearly constant for wide variations of source impedance, Never-

theless it may be necessary to correct the value of I' taking the source impe~

dance into account,

From equation (34) and noting that ETS =y EIS;

w 2 5
Q n .
S () = —r——rr—— 2 FKT 36
cf)( ) (2Q wm) ( _r—.ETSG—_“} (36)
w, C a
Since -E'—)—— , and G- -;;if-:: (from 30);
lJ =
KT Gypy?
R - ; @)
O 2’ 5
(me) E TS G“ l‘lz

For specified parameters, the only design variable in (37) is n22. Obviously a

minimum value of qu(w) is obtained by maximizing n22.

G G
From (30) and noting that G, = Gy b =2

Gay + T\ Ghi -4 Gy Gpp - 4 n Gy Gy o
ny = . Cioe .
2 {0y (JU i —Z‘L“z )

Since n, must he real and positive, the maximum value which n, may assume is

that value which mukes the radical vanish, G4y ~ 4Gy Gy = 4n% Gy G .. Solving




for ny:

Thus,

25

_ _ |Gl - 4Gy Gy
n?,OPT = nZMAX = V 4 Git GU (39)
_ |Gy (G%y - 4 Gy Gy

It is important {o cbserve that this value of n, is the ahsolute maximum value

which n, may assume for sustained oscillation. Thus in a practical oscillator

n, must always be decreased somewhat from this value as a safety factor. Re-

ducing n, by 30% results in an increase of S (w) by approximately 3 dB,
i ()

Substitution ol (39) into (37) and (36) yields the desircd result;

| l\'l
S {w L. & ) 11
ff) 01l Y 'lb U < (J[J> ((1 Tl f] (l“ (l,z ( )

Two important conclusions may be drawn [rom (41};

1)

I G%, 2> 1 Gyy Gop, all ol the active device parameters (G, G, Gyl

except I drop out of the eguation. "Thus 1[ this onc condition is met,

active elements for use in varactor-tuned oscillators may be judged
solely on the merits of noise Higure and power handling capability.

lowover it is still necessary fo usc the optimuin ¥alue for n;, and ny

(39 and 40y for cach device in order to maintain this conclusion.

Another interesting conclusion under this assumption (i.e., that

. . G
G%“ 3 4 Gy Gyg) may he drawn from (40), obtaining that My prp S (J_JJ..
U
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This is the condition of maximum power transfer from the tuned cir-

cuit to the input circuit of the active device, specifying an impedance

match at the input.

aapaa——

2) Sd)(w) is inversely proportional to QUZ GU. Thus it is not only impor-

tant to keep the unloaded Q as high as possible but also o keep G

1
large. aThese conditions at first seem to be contradictory since QUand

GU follow an inverse relationship, Intuitively it is easy to see why
QU should be large. The condition on GU is brought about by the fact
that ETS is assumed to be limited to a maxirnum value hy the varactior

tuning voltage, and the oscillator tank power is thus limited only by the

value of GU.

In summary, an aclive device should he chosen with sufficient gain ol the oper-
ating Trequency, paying particular nitention to the noise figure when operated

with an impedance maitched input at the chogen power level, A taned circuit

should be chosen which not only has a high unloaded @, but optimizes the pro-

duct QUZ G,,- This latter requirement may be simptlified further by referring

o Figurc 8,
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Figure 8

From the figure:

i 1
G
1. Q). ¢ ' ~ IRy
@y DR Qu R’y
( ' = '
3o - e
¢ QR QR
| 1 1
G = G, G, % e (—-—_ ,____.>
U L' ¢ Qy R, R
1 ¥
Q 9 G —~ (1 . 1 > _ I{ 1 t R C
~ T 1 - Rr Ri
U U L R R

(42)

(43)

(44)

(49)

The product QU2 G.. is a maximum when R'. and R'C are minimum, and thus

u L.

the requirement that QUZ GU he large is cquivalent to requiring only that the

serics resistance of the wmed circuil components he as small as possible re-

pardless of the 1./C rutio (since neither L nor C appears in 45).

This will nor-

mally be accomplished with 2 small L/C ratio (depending on [requency), i.e.,

a small inductance and a large capacitance.
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It should be emphasized that these conclusions are only valid when the limiting

non-linearity in the oscillator is the tuned-~circuit tank voltage. Entirely dif-

ferent results would be obtained hy assuming the limiting non-lincarity to be
associated with the active device. Also, although the fank voltage is the limited
quantity, it must not be inferred that it is "self-limited", that is, saturating the

varactors and driving them into forward conductance, Such operation would

seriously affect the noise output of the oscillator, Instead, some type of auto-

matic level control should be emploved which will hold the tank voliage 1o the

maximum permigsable yalye.
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II. 94,7 MHz TO 122.7 MHz OSCILLATOR

A. General Discussion

The preceding scctions have dealt with analysis ol Lhe oscillator problem in

general. In this section the results of this analysis will be applied to the design

of a specific oscillator to meet the specifications outlined in the Introduction.

The oscillator must cover the frequency range of 94,7 to 122.7 MHz. Noise
in o 1 Iz bunswidth removed greater than 50 kIlz {rom the oscillatlor Irequency

must be a minimum of 115 dB below the desired output [S(r,(w) = -142 dB].

At this poini it would be instructive to make a plot of Sf (w) ve. 1%, PIN’ and ()
) .
to establish o reference sitarting point Loward obluining this goal. Lot the stan-

cdard condilions ho:

S (w) = - 142 dB
o
o}
-2 = g0 Mty
2
“n
1
-Z-T-r- = 50 kHz
T = 293°K

Figure 9 is a plot of equation (35) under these assumptions, For other oscil-
w
Iator frequencies, w', it is necessary to add a correction [actor of 20 logyg (-L;?—)
0
dB o 5 (w).
ch
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Figure 9 shows minimum values of 7', P

IN’ and Q to meet the specification.

For example, with an effective noise figure of 6_dDB and s power input to 1he

active device of 0 dBm, an absolube minimum loaded (G of Y1 is required with

no design safety factor. These requirements are certainly within the present

state of the art. Thus we will proceed to a design by choosing readily available

components,

B. Helical Resonator

Design of the oscillator tuned circuit is not straightforward. The required os-
cilintor (requency range (941.7 to 122, 7 Milz) lies in the VHI" "no-man's land®
where high-Q) tuned circuits are difficult to obtain with lumped components and

cavily resomlors are oo farge and bulky. Very high Q per unil volume in Lhis

yange is obtainable from a helicul line resnnul.m"‘*, which is nothing more than

a guarter-wave coaxial transmission iine with a helically wound inner conductor
with one end short-circuited. Tuning may be accomplighed by varying a vapacli-
tance (by mechanical or electrical means) connected to the open-circuited end
of the line. In this application, a voltage variable capacitor (varactor) will be
considered for the tuning eiement as this is the simplest clectronic tuning

element available.

The hasic helical resomtor (fixed ned) consists of o single-lyer solenoid or

helix enclosed in a conductive shield. The shield may in general have any shape,

bul this discussion will be limited to shields ol squuare cross section. (ne end




of the helix is connected dii'ectly to the shield and the other end is open cir-

cuited, Figure 10 shows a sectional view of such a resonator.

[ 3 : :
S
\ 4
s
$
- l
H dt) b
3
¥

Figure 10
Helical Resonator Sectional View
where,
b = gaxial length of helix (inches)

d - mean diameter of helix (inches)
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dO = diameter of conductor (inches)

s =  inside width of one side of square shield (inches)
n = pitch of helix (turns/inch)

N = total number of turns

H =  length of shield (inches)

a = clearance of heliX from ends of shield (inches)

Zz =  characteristic impedance of line (ohms)

Wilh this notalion the inductance, L., and capacitance, C, per unit length are

given by'?;
. d z
L = 0.025n%d*|1- ( T55) |#H/axial inch (46)
N /
¢ = o E pl/axial inch (17)
logia —a

A convenient summary of helical resonator formulas is given by Zverev and
Biinchikoli™, Certain relationships arc empirically derived for oplimiving un-

loaded Q. It is found that for maximum Qu the [ollowing conditions should he

——

maintained (approximately):

%o

= 0. 66

1 1.6 S minimum (18)
d »55 (5= skin depth)

a = 0.3 S minimum



Under these constraints, the following equations hold for a resonator at fre-

quency fo;
Q = 6x 10-28 VT
” _ 8.15x 101
o f S
O
45
N . lsx 0 o
N [ S
O
1 1.6 x 10¢
n = E
T s2 1

These relations ave valid for a fixed-tuned resonator with no external tuning

clements.  The tuned [requency of the resonator may be lowered by connccting

a capicitance hetween the open-circuited end of the helix and ground.  T'o evaluate

the relationship of this capacitance to the tuned frequencey it is recalled that the

admillance at the open cireuited end of a shorted transmission line is given by;

v .. L:()L'h Y I3 (49)
s8¢ AO

whercy - o v j3 = complex propugalion constant

! . X X 5
o = 2"[, ou = attenuation constant {50)
w
voE = phase constant (51)
12
£ = 1.06 b = electrical length of line* (52)

6 percent higher than physical length due to [ringing.
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Vp = e = velocity of propagation (63)
Accordingly;
vy - o208 _ gm0k ; 2 sin 2 p§ 59
= " - >
se Zo ezug + e—zag ~ 2 cos 2 3¢ ezaé + eﬂzo{E -2 cos 2 p¢

For very low loss lines such as the helical resonator, the attenuation constant,

«, is very small. Under this condition Equation (54) reduces to;

- ] @i
r P2
sc AO sin® 3z

- jJeotgg (50)

The line is scli-resonant (YSC is real) at w = w, when g = /2 1 ng, the lirst
Vi
(principal) resonance ocecurring at ¢ = Z?— =TT (quarter wavelengthy.

v
A line ol lixed length ;¢ may be resonated at other [requencies by adding a sus-

ceplance equil Lo — jIm LY%CJ in parallel with the open-circuited end of the

line, such thal v -~ Y - jIm [Y :| = R [Y ] .
Iy 5C 5C Cc| sce

For w « W, ch_ is inductive, and therefore a capacitance (C.p) of susceptance

S5C

B = I] [ch] is required o make the line appear resonant al w. Thus,
nt 164

cot L—:'—g-
_ i ‘
B- we, - - B (56)
e} o

col S

Y
_ I -
and, Cp = w7 (57)
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The resonator may be tuned over a band of frequencies, say from wy to w,, by a
variable capacitance with a range of C; to C,, respectively, OI interest is the

ratio C,/C, when tuning from w; to w,. By application of (57), and letting

£ Yo - ¥
4 2 W ’
0 Q
\:cot (:"‘:.L x %)]
A OV x ° (58)
Cy () [cot CR E)}
2
0

Figurce 11 is a plot of Equation {58). gl is a measure of how closc the upper
o
tuned frequency is to the sclf-resonant frequency. Figure Bl shows that the tun-
ing capacilance rato € /C, increases withoul bound as %"' approuaches 1. This
O
oceurs since €y - 0 at wy = w . Thus in a practical situation it is necessary to

keep w, less than approximately 70% of wg to keep the eapacitance ratio [rom

. Wy . .
becoming excessive. On the other hand as —&  is lowered, the actual cupuei-

L

tance of C; and C, increases, even though the ratio C,/C, decreases. This added

capacitance has a detrimental effect on the Q of the resonator (The @ is a maxi-

——

mum under conditivns of sell-resonance where the tuned circuit is completely
distributed). Thus w,y should be kept as close to w  as possible, consistent with
the constraints on C,/C, in Figure 11 C, and C, vepresent the total added ex-

lernal capucitance including circuit and wiring stlrays.
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C. Varactor Tuning

In the frequency range of interest (94,7 to 122.7 MHz) a resonator of one square

inch cross-sectional area (S = 1 inch) yields an unloaded @ of approximately

600 (Equation 48). To maintain & high ¢ while tuning over the band, very high

Q varactors are required. These devices utilize the capacitance of a reverse-

biased p-n junction. As the reverse bias voltage is increased, the depletion
layer width increases thus separating the "plates' of the capacitor and decreas-
ing the junction capacitance. Only recently have high @ varactors become
available lor usc in the VIIT region. The Motorola MV1864B is represcntative
ol the presentl state ol the art in high @ devices. Yigure 12 shows the equiva-
lent cirveuil of the MVI86413, and Figure 13 shows a simplilicd circuil which is

very aceurate in the desired [requency range.
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s

A3pf
9.
Rs Lg
———ANN, ATT— —0
o532 QdnM
&
Voltage — variable junction capacitance

Voltage — variable junction resistance (negligible
above 100 kHz)

Series resistance (semiconductor bulk, contact, and
lead resistance)

Case capacitance

Series Inductinee

Tigurce 12

Varactor quivalent Circuit

/ 5
o —# AN °
Cr
fC/ = CC + C}}

IMigure 13

Simplified Varactor Equivalent Circuit
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Cj may be expressed as;

co
= 3
Cj = v - (59)
(e =)
¢
where;
Vr = applied reverse bias vollage
b = diffusion potential (= 0.6 volt)
C = C, at V. = 0
o j by

n = exponent = 0.5 (abrupt junction)

The @ of the device is given approximately by:

1
- _ GO
@ wC R (60)

S
Since Ct and Hs arc ncarly independent of [requency, Q is a lincurly decreasing
lunction of w. Ct is approximately (except at very low tuning voltages) inver-
sely proportional to the square root of applied voltage, thus making O a

square root [unction of applied voltage. Typical characteristics of the MV1864B-

arc shown in I'igures 14 and 15,

A fundamental limitation of the use of varactors in this application is the amounl
ol signal voltage (a-c swing) which may be superimposed on the quiescent d-c
bias voltage without deleterious effects on the oscillator performance. The os-

e

cillator noise degradation duc to parametric pumping ol the varactors will bhe

discussed later. Obviously the peak a-c voltage swing cannot be greater than

—
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the bias voltage as this would result in forward biasing of the varactor. In addi-
tion to generating excess noise in the diode, this would cause shunting of the
tuned circuit by a low impedance over a portion of the cycle, sericusly alfecting
the Q. A similar situation exists when the bias voltage nears the reverse break-
down voltage of the varactor. The peak voltage swing must not be high enough
to cause avaianching, These problems may be avoided in a practical situation
by;

1) keeping the a-c voltage swing low;

2)  limiting the bias voltage excursion to medium values, avoiding very

low and very high tuning voltages;
4)  eonnecting several varaclors in series W lower ihe - SWing heross
cach one,
in this design application, the a-c voHage swing cannot arbitrarily be lowered
since this would require cither lowering of the Q or the oscillator power input,
thus increasing the relative noise cutput. The bias voltage excursion may be
limited somewhat, but the capacitance ratio from the lowest to the highest tun-
ing voltage must be sullicient o allow tuning the desired [requency range
(Iigure 1), The series conncetion of varactors is cconomically inelficient if
it is necessary to maintain the same effective capacitance across the ends, The
Ct

total capacitance ol n varactors in seriecs cach ol capacitance Ct" is —n— and the
voitage across each diode is reduced by a factor of n, n of these series inter-

connections connecled in paralle! are vequired to regain a fotal capacitance of
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C " Thus n® varactors are required to reduce the voltage across each diode by
a factor of n, (This assumes equal quiescent d-c biasing of all diodes.) When

making scries interconncctions of varactors it is desirable to alternate the

polarity such as shown in Figure 16. This results in a significant reduction in

the overall capacitance nonlinearity as a function of instantaneous applied sig-

nal voltage sincc for a givon rate of change of applied voltage, half of the

varactors are increasing capacitance (the applied voltage is bucking the quies-

cent bias) while the other half are decreasing capacitance (the applied voltage

is aiding thc quiescent bias).

log

Figure 16

Iquivalent A-C Cireunit Back-To-Back Scrics Connection

. Breadhoard Oscillator

A breadboard varactor tuned helical resonator oscillator was designed and
[abricated as follows. A helix with a one inch square cross-scctional shicld
(S = 1") was chosen as a convenient starting point, since this results ina

resonator @ of approximately 600, sufficient to keep the varactors as the



Q-controlling element.

Refer to Figure 11. The required tuning ratio (w,/w) is 122.7/94.7 = 1.30.

Choosing a wy/wy ratio of 0.70 (see discussion following Equation 58) results in

a self-resonant frequency of w, = 122.7/0.7 = 175 MHz, From Equation (46) to

(57);

H

i

O

1%

C.)u

(83

mean diameter of helix
axial length of helix
length of shield

end clearance

total number of turns
pileh of helix

line inductance

fine capacitance
characteristic impedance
velocity of propagation
unloaded @ of helix
attenuation constant
phase constant

electrical length of helix

conduciance of helix = Gr’

tuning C at 94.7 MHz

tuning C at 122.7 Mllz

H

0. 66 inch
1.0 inch
1.6 inches

0.3 inch minimum

9. 15 lurns/inch

-~

). G346 pll/inch

2,88 pl/inch

465 ohms

7.4 x 10% inches/sce.
Gx 1078 VT

7.08 x 107* \'T rad/inch
8.48 x 10" [ vad/inch

1. 06 inches

1.61 x 10719 T
sin? (8.9 » 1077])

3.18 pf

1.42 pf
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Thus a tuning capacitance ratio of 3.18/1.42 = 2.24 is required. These capa-
citances must include all circuit and wiring strays. Since it is very difficult to
estimate such small values of stray capacitance accurately, it was decided to

proceed with the fabrication of a breadboard oscillator.

The Motorola MV 186413 varactor tunes the required capacitance ratio between
approximately 5 and 55 volts with an absolute capacitance of twice the required
value, Thus two diodes in series provide the correct capacitance as shown in

Figure 17,

G

|

MV 18648 '

TUNING (64 -+ 28xF/ A
VOLTARE, _ REC a2 - ?": HELIX

(+5 — +55VOLTS) Lot 8

Lorsizeas

(63 —28pt) l “

|

_______ . J

Figure 17

Two Diade Conliguration

This configuration limits the peal signal swing to an ahsolute maximum of 10
volts. To allow greater voltage excursions it was decided to stack the varac-
tors as shown in Figure 18. This configuration doubles the allowable peak

swing,.
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Fig. 18 Eight Diode Configuration
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The r-f chokes shown in Figure 18 are arranged such that the impedance of any

one choke is reflected to the helix by a ratio of at least 4:1, These chokes

proved to be very difficult fo design in order to prevent loading of the circuit or

other undesirable effects. An r-f resistance of 100, 000 ochms minimum and a

reactive component of less than 0,1 pf was the desired goal. The use of resis-

tors was ruled oul because of the generated noise voltage which they impress

across the varactors, which in turn phase modulate the oscillator. After some

experimentation it was found that a self-resonant choke offered the hest com-
promise. 70 turns of No. 39 wire on a 1/8" diameter, 3/8" long lorm proved
10 be an optimum choice, with a sclf-resonant {requency of approximately 110
MLz, The r-l resisiance of these chokes was found o remain above 150, 000
ohims and the ciapacilance bhelween 10, 15 pl across Lhe oscillator fregquency

Hinge.

The design of the tuned circuit is thus complete. It remains to tabulaie the con-
ductance at the top of the helix for the helix-varactor combination.

Conductance {micro-mhos)
94.7 MHz 122.7 MHz

G =R |Y ] - 2.77 2, 24

r e sc
Gc = (Sec Figures 14 and 15) = 4.31 0,43
G due to r-1 chokes = 2.50 2.50
Total G = 9, b8 517

This represents the unloaded shunt conductance of all of the tuned circuit com-

ponents referenced to the top of the helix. The unloaded Q may be caleulated
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after consideration of the output loading, since the output load was included in
the analysis as part of the unloaded Q of the oscillator. (The oscillator loaded

Q was taken as the operating Q@ with the oscillator active element connecled.)

An optimum output connection would be one which loaded the tuned circuit only
slightly, yet extracted sufficient power to maintain the output signal-to-noise
ratio. A device well suited {or this application is a field-effect transistor (FET)
in a common source connection. The Union Carbide type 2N4416 _]f typical of
the state of the art in VHT FET's. This device has a noise figure of less than

2 dB at 100 MHz when fed from a source impedance of 500 ohms (at 200 milli-

wult dissipation level}, Under these conditions the input impedance is greater
than 10K, Thus this device may he used Lo exbract signal from the oscillator
while at the same time causing very little loading. In the breadbonrd oseillator
#common souree 2ZNAA1G amplifier was tappod into the helix ot approximaltely

1 turn. The reflected load at the top of the helix was estimated to be (9.15)% x 10

= 837K (1.2 micro-mhos).

The total unloaded conductiance is thus 9.58 + 1.20 = 10, 78 miero-mhos at 94. 7

MHz and 5.17 + 1.20 = 6. 37 micro-mhos at 122, 7 MHz, The unloaded Q) is

I
2rILG

Q, (94.7 MHz) = 245

G (122.7 MHz) = 320

The 2N4416 was also chosen lfor use in the oscillator hecause of its low noise
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figure at relatively high operating power. A common gate connection was used
for the oscillator because in this connection the noise figure is optimum with an
impedance matched input (see discussion following equation 41). Also the in-
put and output voltages are in phase, allowing feedback to be accomplished by

simply tapping the helix,

A Hartley conliguration was used to minimize stray capacitance. A schematic
of the breadboard oscillator-buffer is shown in Figure 19. Resistor R, limits
the average current in oscillator transistor Q, and provides the limiting action
needed to control the power level of the oscillator and prevent saturation of the
varactors. A current limiter of this type was found to be superios to any sort

of voltage limiting which tended to load the circuitl by presenting o low impedanee

over part ol the ¢ycle.

The optimum lap positions lor the source and drain of Wy may be deiermined

from equations (39) and (10):

3
n = [Ga® - 4Gy Gy
“‘max 4 Gy Gu

. ) A
N U Gy - Gy Gy
1 G Gzlz
u

For the common-gate connection, G;; = Gy, and these relations simplify to

Gyy - 4 Gy

u



C;— C7; 330pf /—7[;07
RFC3 —RFCg; SEE TEXT

D —=Dg; MVIB64 g

T, 508 BALUN

Fig. 19 Breadboard Oscillator Schematic
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The transistor parameters are a function of the operating point, which may be
determined graphically by reference to Figure 20. These curves represent
typical characteristics for Gy, at 1 kHz at 25°C.  To allow for device variation,
frequency roll off and temperature, values for G,, should be reduced by approxi-
mately 40%. Gy, may be assumed constant at 30 micro-mhos. The largest

value of G, occurs at 94.7 MHz (Gu = 10.8 micro-mhos).

First trial calculation: Assume operation at IDSS =10 ma (Vgs = Q) and

VDS = +10 volts. Trom the figure, Gy = G;; = 5100 micro-mhos (less 40% =~

3100 micro-mhos). Thus,

o [3100 - 4@ oo

n

Zmax 4{10. 8)
o assure sustained oscillation, ny showld he reduced by approximately oY
(s discussion Tollowing cquation 40). Lot ny -~ 5.8, The minimum Luning

voltage on the varactors is 5 volts,

Since 4 diode pairs are used in series, the peak tank voltage must be less than

20 volts. let the peak allowable tank voltage be 15 volts. Then the peak al-

-
lowable signal voltage at the transistor drain is V])d = GL)‘% = 2.590 volts.
The drain is operating into a load conductance of G a - 2 n§ Gu {un impedance

match is assumed at the transistor input). Thus, G(” = (2) (5.7)° (10.8) = 702
micro-mhos. Assuming Class A (linear) opcration, the peak allowable drain
signal current is Ipd = (Vpd) (Gdl) = 1.82 ma, Since current limiting is to

be employed, a second {rial calculation will be made using a guiescent drain
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current of approximately 1.82 ma.

Second {rial calculation: Assume operation at ID = 1.8 ma. From the figure,

Gg1 = Gy = 2900 micro-mhos (less 40% = 1700 micro-mhos). Thus Ny s = 6+ 05

15
iq e~ . B e—— = 5% = 2 = . i -
(lebb 30 = 4.2y, and Vv i - 3.57 volts. G 1 2 ns GU, 381 micro

mhos. Finally, I = (3.57) (381) = 1.36 ma.

P

Final calculation:

= 1.4

ID ma

Gy =G = 1600 micro-mhos
1) ~ 4.0

I8

G907 volls (24,06 Volls KMS)

~ Fod ma

» —1(
/l()()()]E 20 - 116

v =~ 1.3 volts (0.92 volts RMS)

2

Since n, was decreased from the maximum value to assure sustained oscilla-
tion under worst-case conditions and n; was maintained at the optimum value,
these values for n; and ny are not precisely consistent, even for the worst-
case conditions assumed. At the high end of the band or for particular tran-
sistors which have a higher value ol Gy, the conditions lor sustained oseil -
lation are well surpassed for these values of n, and n,. In an operating eir-

cuit, however, the exact relationship, Gy = ny ny G

Lt must be maintained
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since it is observed that the output is constant, neither decreasing or increas-
ing. What actually happens is that the transistor operating point shifts into a
non-linear region (Class B or €) and conduets over only a portion of a cycle.
Under such operation, the quiescent transistor parameters, Gy, G,y, and Gy,
are reduced by a factor g as shown!! in Figure 21 until they reach the exact
value required [or sustained operation. For a given ny, ny, aud Gu therefore,
the conduction angle automatically adjusts to the proper value and the transis-

G G
tor effective parameters assume the new values; G'yy = Gy = —Ril = Eﬂ

G R .
Glyy = —sz- . The condition for sustained oscillation is

G"‘_’.l - lll 1'12 G' L or
&2_L ©ony g ((] \ .gJJQ_ ) -.9.222_’
Il u g [ ng
Solving for
n2 nl
[ 8 - - .
] 2t =, G Gy
n; n, G
10y

The effective parameters will now he calculated for the breadboard oscillator,
2.7 MIbzs np = LG,y = 1.0, Gy e Gy o 1600, Gy = 30, Gooros

Therefore:

2 = 1L.LZ2 {0 = 190°)
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G'yy = G'y = 833 micro-mhos

2
bt
I

15, 6 micro-mhos

122.7 MHz: ny= 11,6, ny = 4.0, Gyy = Gpy = 1600, Ggp =30, G_=6.4;

Therefore,
A - 7 g ~ o
=  3.24 (0 = 140°)
Gy - Gy — 494 micro mhes
G'53 = 9.3 micro-mhos

The oscillator is thus operating approximately in the Class B region. The de-
sign value for II) (d-c drain curreni) must be modilied as shown in Figure 22,
such that the fundamental component of the current pulses is the required

/L= 1.50.

value to prevent varactor saturation at 94.7 MUz, I'rom the Figurce, [ D=

nd

i d must be re-calculated using the ellective transistor paramelers since the
P

drain load conductance, (.i(“, hus been changed due to the decrense in Gyp:

= Sy = 272 (94.7 MH:
Gy = m Gy ) ( “)
Thus,
15 ~ , , e e
[pd = | o Yy {272) = 1.02 ma, and ID 0. 68 ma.

i remains to caleulate the expeeled vidue of S[b(wm). Krom Equation (35),

assuming ¥ = 3 dB:
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94,7 MHz:
833 15.6
= 10. : = 18.0 micro- 5
GL 0.8 + W 4 W 8.0 micro-mhos
Q : £ = 146
L 29 GL
Igpd (1.02)?
P = — = e = (90 : tt
S G, @ (839) 625 microwatts
Sd> (50kHz) = - 149.5dB
122.7 MHz:
46 9.3
GL = G (119.46)2 | (4)2 = 10,6 micro-mhos
1)
Q. 12
(165 1 )* (1. 14)*
3 = —— = el o .32 milli )
[S ZG 2 (197) 1. 32 miiliwatts
5 (BOKItryy = -152.5dB

O
A breadboard oscillator was [abricated as per Figure 19 with ng = 11.6,
n; = 4, and ID = 0.7 ma. The oscillator [requency and power oulput vs.
tuning voltage is shown in Figure 23. The oscillator did not tune the desircd
l'requency range. Caleuladions indicaled an excess stray capacitance of ap-
proximately one pl, probably due to wiring capacitance. The excellent tem-

perature characteristic of the oscillator is shown in Figure 24, S(f) (50 kHz) is



CUTPUT POWER (dBm)
0 -
1 1 1

¥ - +28°C

\ POWER QUTRUT

-0

114

110

T T Ll
106 102 98 94
FREQUENCY {MHZ)

Fig. 23 Frequency and Power Output vs Tuning Bias

TUNING BIAS (VOLTS!
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plotted vs. ID in Figure 25. The optimum value of S(f)(wm) occurred al approxi-
mately 0.9 ma drain current at 5 volts tuning bias. At higher tuning biases, the
optimum drain current was correspondingly higher as expected. TFigure 26 is a
plot of Sd} (50 kHz) vs tuning voltage and Figure 27 shows the variation of S(b(wm)
v AN measurements were made in a sercened room using wet eells for

power to avoid extranecus noise sources.

The following conclusions may be drawn from analysis of the breadboard oscil-
lator data:
1) The required frequency range of 94.7 to 122.7 Mllz cannot be covered

with one oscillator ol the present design unless the stray capacitance

cnn be reduccd o tho noice roguiromont compromisod.

2 05 / {w ) cannot be reliably predicted at low tuning voltages.  The exact
g im
cause of this phenomenon is not known aldthough there are several pos-

sible causes:

a) lowering of the effective Q of the varactors for large signal vol-
tages which swing the varactors closc 1o conduciion when the
quiescent bias is low.

b) increased generation of harmonic or sub-harmonic eurrents at
low hias voltages which absorh signal power and therchy lower the
cllfeetive ().

€) increased noise due to the increased parametric pumping of the

varactors at low hias voltages.
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Prediction of Sd)(wm) at higher tuning voltages was fairly accurate at
higher values of W thus confirming the theoretical analysis, Pre-
diction of Sd) (wm) lor low values of W, was optimistic because of 1/1
noise (neglected in the analysis) which gives rise to an additional 3
dB/octave increase in noise for lower values of W This results in a

9 dB/octave slope ol b‘b (wm) instead of the predicted 6 dB/octave.
¢

3) The design optimization procedure appears valid. Empiriecal attempts
to improve S’ (w),) by shilting turns ratios and drain current indicated
o

that the optimum values were close to the calculated values.

. Minal Design

Because ol system interface problems, it was decided to break the lrequency
range inlo three hands vather than two, which would otherwise have boeen salis-
faclory. ‘The three bands are: 94.7 to 104.7 MHz, 104.7 to 114.7 Mllz, and
LELT o 122.7 Mllz, Because of the reduced Irequency range of cach oscil -
lator, il has not been necessary to use tuning voltages lower than 10 volls. In
addition, the reduced frequency range has permitted (the addition ol o small
Lrimmer capacilor Lo Macililale reproducibility for volume production. Sd)(wm)
for three prototype oscillators is shown in Tigure 28. The specification limit

is well exceeded at all freqguencies.
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CONCLUSION

The design optimization procedure for varactor tuned oscillators outlined in
Section II appears valid when the oscillator-power is limited by voltage con-
straints on the tuning varactors. The extension of the procedure to oscillators
limited by other lorms of nonlinearity offers an interesting possibility for [ulure
work. ILintirely dilferent optimum configurations should result depending on
whether active device input or output voltages, input or ouiput currents, or in-

put or output power is limited.

The measurement lechnigue outlined in the Appendix has proven to be a most
usciul apparatus Lo have avuilable in the taboratory. IL has been usced for malk-
ing power speclral density measurements on a varicty of oscillators from |
Mz Lo 300 Mz, In addition o measuring power spectral density, the techni-
que is also useful lor time domain measurements, By applying the output of
the auto-corrclalor Lo an osciliograph (through an appropriate DC amplilier), a
plot of instantancous frequency vs time is obtained. If, in addition, o simple
integrator (such as a single section RC Jlow-pass filter) precedes the oscillo-
graph, a plot of instanlunecus phase* vs time is obtained. This provides an
excellent, inexpensive method of obtaining long-term or short-term phase and

frequency drifts of an oscillator.

*  The time constant of the integrator must be long compared with the
lowest drift components to be measured.
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APPENDIX

Measurement Technique

The measurement technique chosen for characterization of oscillator Power
Spectral Density (PSD) utilizes the autocorrelation method of Tykulsky!. The

method is shown in block form in Figure 29.

TEST
OSCILLATOR
RF oC
UM VIV
Eyt) ¥ BALANCED / Eolt) LOW WAVE
* " MIXER > Ngn'ﬂspE ANALYZER

Ex(t-r) \ —

VM
DELAY
LINE
{r SEC)
Figure 29

Autocorrelator Block Diagram

The test oscillator is fed directly to one port of a balanced mixer and through

adelay (7 seconds) to the other input port.  The output of the balanced mixer is
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the product of the input signals;

Eo(t) = k E () E, (t-1) (61)

where k is the gain constant of the mixer.

For purposes of analysis, assume f,(t) consists of a desired (carrier) signal

at W, ol magnitude E,, and a random undesired sideband ol magnitude Em re-

moved from wq by w  as shown in Figure 30.

Em
- W e
“a (“‘0 twmp) w
Figure 30

Assumed Input Spectrum

This can be represented!” by pairs of equal magnitude symmetrical (AM) side-

bands and asymnetrical (M) sidebands as shown in Figure 31.
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EO
Emy2
Emy2 Ems2
e wm —p|e— wp ——

!
1
I
I
|
!
I
|
|
I
!

{wo— lum) wo (w°+wm) i

Figure 31

Lquivalent Inpui Spectrum
The output of the mixer will be analyzed for both cases.

I. I'M Components:

Assuming small index of modulation (m < 0. 5) f,(t) may be represented by;

= 11 m o .
E® = K }:CO.S wot -5 cos (wo - wm)t o cos (wo wm) t:l {62)
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Eol) ~ E, [cos @, (t-1) = G cos (W ~wpd(tr) v T cos (e, wmut—r)} (63)

Substitution of (62) and (63) into (61) yields (eliminating terms ceatered on
2wy,
o

= _ k E] E2 m2
I]U(t)FM S [cos on (i > cos u.mT)

w T
m
- 2m sin w 7 sin cos w__ (t-r/2)
o 2 m

2

m
— - ‘ ) ¢
- cos (U) +w_ YT Cos (Z wmi) (1 ’1)

For m << 1 (certainly true for noise modulation), (G4 reduces to:

= K1k, Wt

I [} M e L(:u:-: W T - Zm &in (wor) sin ( '2 } cow um(t- ' ,’z)J Ly

Thus the output consists of a d-c¢ term and a term at w (the desired output).
The system has maximum sensitivity to FM when sin w 7= a1 (and thus cos W T

= 0, hence no d-c¢ output) or;

(2N 1

€3]
O

(N = integer) (66)

o [ri

This veeurs when the w  Lerms in E (1) and Ly(t - ) arc in phase quadrature
0

and the delay line 1s an integral number of odd quarter-wavelengths at W

For ¢ as specified in (66}, (65) reduces Lo;

o
*m
2

= -k E; E, m sin ( ) cos w (- T/2) (67

Eo(t)FM
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Note that;

(68)

Equation (68} is in contradiclion to Tykulsky's equation (1) which holds that EO
should be proportional to sin W T The correctness of (68) has been cstah-

lished by measurement as will be shown later.  From (G8) it is apparcent that

w_ T
the system has maximum sensitivity when sin ( ) y = = 1. or;
2M 1 1
= = i ;€
TOPT o T (M = integer) (69

This oecurs when the delay line is an integral number of odd half-wavelenglhs

al o o
1y

2. AM Companonds:

IFor the AM case, -1_] (ty may he represented by;
¥, IO ' s L+-mcs(w w t+mco<;(w w J1 (70
1 (1) " | oS w 5 oo o m) 5 s {w tw )]

and _I:g (L -7) then becomes;

Et-r) = E - m mo )
+(L-7) 9 [cos wo(t T) 4 > cos (wo—wm)(t-r) t 5 cos (worwm)(c-rr) (71)

Substitution of (70) and (71) into (G1) yiclds (eliminating tcrms centered on 2 W

and again assuming m <« I);
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w T
- k E K m
: = el —
Eo(t) M 5 [cos @ T + 2m cos (w T} cos ( 5 ) cos w (¢ 7/2):| (72)

As with the FM case, the output consists of a d-¢ term and a term at w - The
system has maximum sensitivity to AM when cos W, T = 1 (and hence maximum

d-¢ output), or;
T = = g (P = integer) (73)

This occurs when the w terms in fl-1(t) and fz(t—'r) are in phase or 180° out of
phase and the delay line is an integral number of even half-wavelengths (includ-

ing v = 0) at W For r as specified in (73), (72) reduces to;

w T
— ki, K, v aa m ) .

I.'u(l')/\M ‘ _._.,“._Jz.___.._ toR Oy Fyomocos ( 2 ) cos wm(t—fr/,z) (7

“r’

T

The maximum output at w  oceurs when cos (~——) = 1, or;

- U (Q = integer) (75)
TorT w 7 & >

m

This occurs when the deiay line is an integral number of cven hall-wavelengths

(including T = 0) al w

Thus the measurement system is capable of determining sideband levels di-
rectly und sepuraling them into AM and TM components. In a practical situation

the sensitivity ol the system is determined by several [actors:



1)

2)

It is desirable to make E; and E, as large as possible. However,
practical mixers have only a limited dynamic range for linear opera-

tich such thal (61) remaing valid. This establishes an upper bound on

E .
3

The lower bound on EO depends on noise originating in the mixer and

amplifier. An amplifier with a low noise figure is essential.

It is often necessary to compromise from the optimum value of +

given by (69) due to size and/or insertion loss constraints.

A measuremoent sysiem was constructed in the laboratory using the lollowing

cquipment:

1

Mixer  — A llewletl=Packiord Model 105 14A halanced mixer was
chosen hecause ol its wide bandwidth (0,2 to 500 MIx), low conversion
loss and cxcellent dynamic range. A schematic of the mixer is shown
in Figurc 32, D, through D, are hot-carricr diodes with matched V-
characteristics. The "L" and "R" poris use broadband transformers
matched to 50 ohms (nominal} and were used as the input ports for
1,(1) and T'—?..{(Lw) respectively.  Output was Laken from the direct-
coupled "X" port. Optimum performance was obtained with input
powers of 10 to 40 mW and 1 to 2 mW respectively. Dynamic range is
lowered with less inpul power and excessive nonlinearity resulls from

higher input powers.
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L)

v

-

)

A
Figure 32

Balanced Mixer

Delay Lipe — 50 ohm iransmission line was used as the delay linc in
order o nrovide as wide o handwiddh as posaibilo (6o onable PSDY monsuro
ments over a wide range ol osciltlator [requencies.  Since tho dilter-
cnee in oplimum power levels between the "L and "R mixer ports is
approximately 10 dB, the transmission line should not have more loss
than this to avoid the need for amplification. 1000 feet of 1/2 inch,

H0 ohm, foumed diclectric cable (Phelps-Dodge FX-50 "Foam-Ilex™)
proved quite satisfactory. This cable has 8.5 dB insertion loss at 100

MIiz and provides a v ol 1.32 microscconds,

Low Noisce Amplifier — A Radiation Electronics Model R-201 ampli-

fier was used to provide 80 dB of gain (llat [rom 500 Hz to 75 kHz) with

a noise figure of less than 2 dB. The amplifier was preceded with a
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simple low pass filter to prevent saturation of the input stages by the
carrier and second harmonic components at the mixer output.
Mcasurements nhove 50 kHz are made with no amplificr or with a

suitable higher frequency amplifier.

Wave Analyzer — A Hewlett-Packard M )del 310-A Wave Analyzer

provides PSD measurements from 1 kiz to 1.5 MHz with bandwidths

of 0.2, 1.0, and 3.0 kHz.

Ancillary Ilems — Two Boonton Electronic Model 91-CA RT Volt-

meters were used Lo continuously monitor the voltages at the mixer

input ports and a Ilewlett- Packard Model 410-B VI'VM was used Lo

monitor Lhe d-c outpul of the mixer 1o deterpunce the roelibive phase ol

the inpul signads,

Calibration of the cquipment is quite simple and is carried out as [ol-

lows:

a)  FM Sidehands — A test oscillator at W, capable of being [requency
modulated is connected to the input. + or w, 18 adjusted slightly
to satisfy (66) and thus validate (67). The correct condition is oh-
tained when the mixer d-c output is zero. The test oscillator is
then deviated at w),, to produce 2 known sideband level at Wyt W

(measurcable with an r-I spectrum analyzer). For smull index of

modulation (m <0.5), Eu(t)FM is linearly proportional to m. Thus
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calibration may be performed with easily observable sidehand
levels (say 40 dB) and then I:?:O(t)FM linearly extrapolated down o

the mixer noise level.

AM Bidebands — Calibration for AM sidebands is accomplished
in a manner analogous to that for FM. 1 is reduced to zcro (the

delay line is replaced by an appropriate attenuator). Under this
condition the d-o output should be at a maximum value, thus satis-
lying (73} and validating (74). The test oscillator is then amplitude
modulated at W to produce a known sideband level, whence the
rointionship {gain constant) hetween Eo(t)AM and sideband lovel is
uniguely determined.

Using the equipment and calibration procedure above, the calibra-
Lion curves of Figure 33 woere obtidned,  The AM curve is valid for

any modulating [requency, w o The FM curve is plotied for

w w Wiy T “m T
Tz;ﬂ—— « 10 kliz. For 2:‘: < 10 kllz, sin ( ’2"  ( r: ),
and (67) reduces to,

(¢ oK EEy,mw 2 cos w  (t-1/2 i

1 (1) M K ET,mw /2 cos wm(l 7 /2) (763
and thus,

— “m

ot ! 1o KTy, 7

l)()z“N] - (-b“] ( 3,'] /) ({7)
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1000

100~

CROVCLTS, RMS) FROM BALANCED MIXER

{MIC

E.

o

[ee] Y

U= 1OKHD)

£, =4.0 voLT RAMS{"L" PORT)
E =0.25VvOLT RMS("R" PORT)
v =1.32 MICROSECORDS

-120

L L] r
-100 -80 -60 -40
SIDEBAND REJECTION (DB BELOW DESIRED)

Fig. 33 Calibration Curves
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73}
Hence for —259— < 10 kHz, the sensitivity ol the measurement
m

system decreases at a rate of 6 dB/octave.

w
m
Figure 34 provides FM correction factors for 75— > 10 kHz.

“

The noise {loor Tor E (t)]‘M in Figure 33 is a function of measurc-
(8] !

ment bandwidth.
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