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Abstract

An analysis of the phase and amplitude
fluctuations in  oscillators with  simple
resonant circuit is presenfed. Negative
feedback is used to minimize effect of the
inherent noise produced by bipolar transistor
on fluctuation characteristics.
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1. Introduction

Despite the large number of articles, describing the
fluctuation characteristics of transistor oscillators, there is
no systematic analysis of fluctuations in bipolar transistor
oscillators for a wide frequency band with a bipolar
transistor model that is accurate enough.

The purpose of this article is to explain the basic stages
and results of fluctuation analysis, to determine their
minimal values, and to set the requirements for real
circuits. As a bipolar transistor model we will use a
nonlinear charge-control model with piece-wise-linear
approximation [10].

To explain the pericdically modulated inherent noise
sources, the structures mentioned in articles [11], [12] are
used. Ta describe the 1/ noise, the model stated in [13]
will be used. The influence of a negative feedback, phasing
circuit, as well as the influence of the automatic bias circuit
on lowering the fluctuation level of the oscillations are
analysed here. A more detailed survey of thege problems
can be found in [14].

To write the basic equation for a three-terminal
transistor oscillator we use substitution diagrams for high

and low frequencies (Fig.1,Fig.2). The first diagram makes
it possible to obtain equations for the amplitude and phase
of oscillations, the second one is for automatic bias.

In Fig.l there are current sources imn , lcln
containing spectral components of bipolar transistor
calculated intrinsic noises, distributed close to oscillation
frequencies. In Fig.2, current sources  Jpon, [a contain
the low frequency spectral components of calculated
intrinsic noise currents. As shown in {11}, [12}, [14], their
influence on all voltages and currents in external circuits is
equivalent to the influence of all bipolar transistor intrinsic
noise sources. Let us make an important assumption: in
Fig.1 and Fig.2 there are all current sources calculated and
due to the influence of emitter lead inductance Lg as
shown in [12], {14].

Due to the existence of these components, the
voltage-to-current transfer ratio between the base and
terminal with of the transistor and cut off frequency is
calculated. (The cut off frequency at Ly =0 , Rg=0 will
be refereed to as My ) The influence of Ry will be
reflected in changes of calculated transistor characteristics.
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Fig.1
Equivalent circuit of the oscliliator for high frequencies

2. Basic equations for nonlinear
analysis with inherent noise

Let us write a symbolic equation for the diagram in
Fig.1.

The derivation operator will be referred to as p = d/dt
and the gsymbolic controlled resistor of feedback circuit

Z1p)Z:(p)
Zy )+ Z2p) + Z3(p)

together with equivalent transmission coefficient will be
written

Zy(l)) =
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ks(p) = o) 27 () + 25 )]

This coefficient expresses the influence of base current
eon circuit oscillations. Then the symbolic equation linking
high frequency voltage on base u; with controlled currents
of collector 7., base /; and calculated noise of currents
ictn , ip1n Will have the following form

up = Zy(p)ic— ke (P)ip +ictn = ks (D)ip1n) (1)

'CD

Fig.2
Bias equivalent circuit of the oscillator for low frequencies

The symbolic equation of the diagram shown in Fig.2
for low frequency components of currents /o, fpoand
voltage Upy has the form

Uso = Upp ~ ZpUso + Taon) — Zellco +Tao + Loon +Fa0n) (2D

where
Rp
g = e
B 1+pRpCy
and
Z Re

E= 1+pR3CE

Let us assume that voltage wu(f) is almost harmonic,
its frequency @y is not exactly equal te resonant frequency
uy; of the resonant circuit consisting of impedances Z,(p) ,
Z2(p) , Za(p). Relative frequency deviation

Awlwg = (e — my)/ o

is comparable in order with damping factor of resonant
circuit 8= 1/Q . Then the following can be written

up =R [Us(N)]exp(jot)
where Up(f) is the slowly changing complex amplitude.

Equation (1) can be rewritten in short form. In this
equation, the relation between complex amplitude U,,
complex amplitudes of first harmonic components of
currents I , Iy and complex amplitudes 1., , I, of
calculated noise currents are shown as follows

T+ YUy =R(Iet ~ KI5} +RIetn — K L) (3)

where R=KX3Q/p is control resistor of feedback circuit
on the resonant frequency, 7o = 20/ is time constant of
the resonant circuit, p is characteristic resistor of the
resonant circuit, X;=R.Zi(p), K is transmission
coefficient kp(fwp) without & order components.

Automatic bias equation (2), when condition
Tp=Tg =T, is fulfilled, can be written as follows

(pTc + 1)Ub0 = UBB_RC-[:O _Rc(ac]cﬂn + ab]bOr:) (4)
where
Re+Rp RE+R3 Ry
R.=R +——, =, g, = =
TET T "M T TR, TR,

hz1g - current gain of the transistor on low frequencies.

Equations (3), (4) describe stationary and transient
processes in transistor oscillators with one resonant circuit
and with automatic bias. We assume, however, that the
dependence of Ix, J5o mean values (in oscillation period)
and complex amplitudes I.;, Iz on voltages U,, Uy is
known.The results of harmonic analysis of transistor
currents (2) show that I,y is a function of control voltage

U, = U +jogtU,

where T;=r,Cy ; ry - base resistor, Cy, - collector
junction capacitance , i.e

Lt =1a(Uy, Uso) (5

Complex amplitudes 1 ,I;; in a bipolar transistor

depend on the relation

I+0)0Tpl

Ibl(Uyn Usa) = .

et {Uy, Uso) (6)
where  Tp =hzg/or, ©Or is transit frequency of the
transistor.

Relation (3) can be modified by means of (5), (6), when
we assume that Up = KU, , 0oty /K << 1, K/hyg<<l.
These assumption can find practical application. Then
equation (3) can be written as

(pTQ + I)Uy :R(l —_}'K%E")Icl(Uy, Ubo) +R(Icln - Klbln)
()

By means of equations (7) and (4) fluctuation
characteristics of an oscillator in steady state, as well as in
transient state, can be determined.

3. Steady state oscillations

Steady state equations can be obtained from (4), (7) for
Eas =0, Iy, =0 by substituting p=jAw

(AoTo+ 1)U, = R(l - _]'K((:))—; )Icl( U, Usey  (B)
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Uso— E’ = Upg — E' — Rel 6 (Uy, Uso) ®
To calculate steady state the following relation will be used

I AT T3 - Gc’)’l (O) I7

Icl(Uy, Uba) -1 +j(D()/CD_,-Uy

where G. - voltage to current transfer ratio, o, - cut off
frequency of G. , © - high frequency conducting angle of
collector current , v1(®) - decomposition coefficient of
cosine current pulse.

The last relation is result of approximate harmonic
current analysis /.(f) [10]. If we use it in equation (3),
and compare its real and imaginary parts, we obtain

1-Kosl(osor) 1
l+o¥ot  71(O)

Kwo/or + o/ws
1+ Koi/(wro,)

KRG, (10

an

ACOTQ =

At the given angle O the feedback coefficient X can be
obtained from the equation (10). The resonant resistor Ry
is chosen from the condition of maximum amplitude of
oscillations on collector of bipolar transistor. When solving
(10) according to X it is necessary to fulfil the following
inequality K < orw,/wz. At the known K the frequency
correction Aw is determined. After the basic parameters
of steady state are calculated we can start tracking
fluctuation in the oscillator.

4. Fluctuations in one-circuit
oscillators without phasing

The noise currents give rise to small deviations of both
amplitude and phase from the mean values

U, = U,[1 +m,(D]expliAet +jy,{t)
Uy = U,[1+m,(0) + jyy(Diexpliant + jo, ]
Uso~E' = (Upo = EM1 + mo(t)]

where m,(f) and W, (f) - amplitude and phase fluctuations
of the control voltage , mo(f) - relative fluctuations of
voltage (Upo — E7).

With help of dependence linearization close to the
steady state, we will obtain

La(Uy, Usa) = La(U,, Uso) 1 + Grumy, + G romo + 3y, ]
(12)

Lo(Uy, Use) =To(Uy, Upo)[1 + Gy + Goorrto) (13

where
G0 = (8] 0/8Usa)/(f 0/(Upo — E'))

oo1 = (8] 03U M (L 0/ Uy)
610 = (811 /BUpo)/{ 1 (Upo — £7))
o = @1 BUNI AU
are the local parameters calculated in the steady state.

Because of simplicity of notation of fluctuation
equations, we will introduce the relative quantities of noise
currents Lp1n . (Xetn— Klp1n)

_ i = Jetn =Ky
Ha = [y +jilel = (1 -+ jKo/ora
o= M
o0

With help of the shown substitutions and by using of the
time shift theorem we will obtain from the equations (4),
(7) a system of complex fluctuation ecuations of the
oscillator

(PTo+iAwTg+ Dimy+7y,) =4
(JAQT g+ 1) (G 11my+ O 1omo + [y + | +Jihes) = A
(PT e+ Do = Ae(Gorm, + Gaottg + o)
where
Aoz U‘fﬂ{ 2 = RGoYo(®)] (~c0sOm) 1+ woled, ]—l

Oy - low frequency conducting angle [10].

g s -
We will introduce the vector m = (me,m, ) and the
calculated vectors of noise currents

%
(7 o) =Cew , Tanld2 . Tan/{2) (14)

—>
(T o7 =Uson , L2 . Ludd2zy 9

where /. , Z50, - the input and output noise currents,

JC,”/JE . IMHIﬁ - the components of the input and
output poise current in phase with the collector current
first harmonic,

Tau/2 , Innu/{Z - the quadrature part of the input
and output noise with the collector current first harmonic.

Equations (14), (15) can be written in a matrix form

— 1 — —_
U m =T 4[A )T ow~ [K) b (16)
where
pT,-K.;l + (7\:[ + O'ou) —C1p 0
(A= ~J10 plg+1-0y O
0 —AapT  pTg
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asla, 0 0
[K]= 0 K 0
0 0 -K
The  matrix [A:)  in  equation (16) is
ag1(9) 0 0
0 M cos, =M sing,
[4.]= .
0 sin@s— M(cos @5+
AT gcos s AwTpsing;)
where

M= [ 1+ 80P TE Y1+ K¥(wo/or)?) .

To caleulate the fluctuation power spectra of the
Sno(€2) bias , Sw(£2) amplitude and the Sy{Q) phase it is
necessary to represent them by m_ians of matrices

._)
[S3()] , [S(Q)) , vectors [ ., I, and bipolar
transistor noise current, calculated for input and output.

The determination method of these noise current
spectral characteristics is explained in [14] and thus it is
known.

The spectral matrix [S(€2)] of vector -n_r) = (mo,m,y)has
the following representation

Smo(§2)  Smom(£2)} Smoy(£2)

Symo(Q) Sym(@)  Sy(Q)

[S()] =

From the equation (16) we obtain the following
representation of this matrix using [S?(Q2)] , [S°()]

ESE)] = () ) HIC) + [BIX A '}
an

[C] = [4 SERA.]

[B) = [4 JKISEDIKITIA.]

In expression (17) the mutual vector matrix is
neglected. The correctness of this presumption is explained
in the work [14].

S. Simplified equations of phase
and amplitude noise spectrum

Besides the general relationship (17) the simplified
versions are also of some interest for practice. We will
bring an example where it is possible to neglect the
influence of the noise current calculated for input

H
(! =0) , low frequency component of noise current

calculated for cutput (fcon = 0) , inertia of automatic bias
cireuit (T, =0) and K << (wr/wy)? from which follows

AwTg =—wo/ws =—tan@, , M= ﬁ /cos @

Then, from the equation (16), the symbelic expression
for relative amplitude fluctuations and oscillation phase
can be obtained

1 ]c” ]c_L
= — e =g e
" pTQ'l"(l"G)[]cl Ia a.n(p:l 1%
Aﬂ)pTé I JTer 1 7
Ty —— 2 | Tel Lol . |+ Lol
pigV pTQ+(I”G)[1c1 Ja (P:I COSZ(PJJ“I
(19)
where
G010
(1—0‘)“—“1—[0' l+—’——]
S TP

From the relations (18) and (19) we will arrive to the
power spectra and we will neglect the mutual spectra

S S (02
Sm(Q): =3 ]. . r:”2( )+ CJ.2( )tanz(Ps
Q TQ+(1_G) ]‘.1 ]Cl
(20)
Sy(€2) = Syn (Q) + Sy2(Q) + S43(Q2) 2n
where
tan® S0
S (@)= e i)
Q1i+(1-0) 7
1-0)? S
Sya(Q) = (2 2) . .L2( )
1+QT5(1—a)* I
[ +tan?g,)® S0
Sya(@) = 212 ( a Z‘P) . J.z()
QT2 1+Q°Ti(1~0) I
oo s t— 41
S¢.Sm s.:}ml] i-- ///,’/’
4B fH z
los uz] re0n L7V y
| 320: ./,/ ’I
310 ——"1 e
— 12.80 [T
2560 ]
kil
430040 J/:, y
Er7d S
WREEhj i
e ST T
2560
asof T 1 L
01 1 10%
- U:ﬂ
Fig.3

Amplitude and phase noise of the oscillator with the negative
feadback
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The equations (20) and (21) can be used for
calculations of fluctuations if the shown above
presuppositions are fulfilled.

The calculations according to (17) were carried out, in
order to see how the working frequency, current feedback
parameters and bias circuits influence the fluctuation
characteristics of the oscillator with bipolar transistor close
the carrier (2=0.01/Tg) is small if compared to the
resonance circuit bandwidth). Bipolar transistor was
characterized by the parameters /21 =70, T4 = 150ps,
Cy=15pF, lomx=20md ,fr=08GHz. The results
are shown in Fig.3. In Fig.3 is shown the influence of
amplitude and phase power spectrum fluctuations on scaled
oscillation frequency wo/tg for several values of Rp in
current feedback. By increasing the phase fluctuations also
increase which is caused mainly by decrease phase
characteristic of feedback circuit and by increase of
frequency correction.

As follows from Fig.3, increasing of resistance causes
decrease of Sy(2) in the frequency bandwidth we/ts0
proportionally to the caleulated noise current on output
bipolar transistor. We should realize that with increasing
of Rpg , there is a decrease of power gain of bipolar
transistor and the losses caused by the base circuit at the
given form of collector current impulse also increase.

Sm(2), Sy(£2) dependencies are minimal because
increase of these spectra values in sphere of high values
W/t 1s caused by transformation of frequency
fluctuations into the amplitude ones. This contribution of
transformation starts to dominate over the influence of the
same phase component of the noise current /| calculated
for output. The influence of Ry on S,,(£2) is similar and it
has the same causes.
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