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Introduction

An oscillator is a combination of an amplifier, a
resonator and phase modulator in a feedback loop. The
value of the loop gain and its phase needs to be enough
to start oscillation and after the steady state condition
maintains oscillation. This is achieved either by voltage
or current limiting, by AGC or limiting diodes and is
well explained in [1], probably the best explanation of its
kind. If such amplitude stabilization would not exist, the
amplifier-oscillator would self-destruct. The limiting part
of the oscillator keeps the AM (noise) well below the FM
noise close-in, but very far-off they reach the same
amplitude. Any deviation from this is due to a heavy
unwanted non-linearity.
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Figure 1 — Block diagram of oscillator and its low pass
equivalent based on Leeson’s model.

The topic here is to look at the noise of an oscillator.

The oscillator is under large signal condition and also
acts like a mixer. Figure 1 shows the block diagram and
its low pass equivalent based on Leeson’s model [2]. The
loop requirement was first mentioned in the Barkhausen
analysis [3]. Initial open loop gain for getting started
needs to be 3, because the steady state value is
approximately 1/3 of the dc transconductance.

The noise has various sources and the following will
look at all the steps [4-7]. For the reason of accuracy the

following is a very detailed but complete mathematical
analysis.

At the end of this, there will be a set of measurements
including details about the results.

In all systems, amplifiers and oscillators, conditions of
saturation (specifically with memory effects), tend to
amplify AM components.

Noise Generation in Oscillators

As shown above, the qualitative linearized picture of
noise generation in oscillators is very well known. The
physical effects of random fluctuations taking place in
the circuit are different depending on their spectral
allocation with respect to the carrier:

Noise components at low frequency deviations result in
frequency modulation of the carrier through mean square
frequency fluctuation proportional to the available noise
power.

Noise components at high frequency deviations result in
phase modulation of the carrier through mean square
phase fluctuation proportional to the available noise
power.
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Figure 2 — Equivalent circuit of a general noisy nonlinear
network

We will demonstrate that the same conclusions can be
quantitatively derived from the HB equations for an
autonomous circuit [5, 8].



Equivalent Representation of a Noisy Nonlinear
Circuit

A general noisy nonlinear network can be described by
the equivalent circuit shown in Figure 2. The circuit is
divided into linear and nonlinear subnetworks as noise-
free multi-ports. Noise generation is accounted for by
connecting a set of noise voltage and noise current
sources at the ports of the linear subnetwork [9-11].

Frequency Conversion Approach

The circuit supports a large-signal time periodic steady
state of fundamental angular frequency g (carrier).

Noise signals are small perturbations superimposed on
the steady state, represented by families of pseudo-
sinusoids located at the sidebands of the carrier
harmonics. Therefore, the noise performance of the
circuit is determined by the exchange of the power
among the sidebands of the unperturbed steady state
through frequency conversion in the nonlinear
subnetwork. Due to the perturbative assumption, the
nonlinear subnetwork can be replaced with a multi-
frequency linear multi-port described by a conversion
matrix. The flow of noise signals can be computed by
means of conventional linear circuit techniques.

The frequency conversion approach frequently used has
the following limitations:

The frequency conversion approach is not sufficient to
predict the noise performance of an autonomous circuit.
The spectral density of the output noise power, and
consequently the PM noise computed by the conversion
analysis are proportional to the available power of the
noise sources.

e In the presence of both thermal and flicker noise
sources, PM noise increases: as o ' foro —0;
tends to a finite limit foro — .

e  Frequency conversion analysis correctly predicts the
far carrier noise behavior of an oscillator, and in
particular the oscillator noise floor; does not provide
results consistent with the physical observations at
low deviations from the carrier.

This inconsistency can be removed by adding the
modulation noise analysis. In order to determine the far
away noise using the autonomous circuit perturbation
analysis, the following applies.

The circuit supports a large-signal time-periodic
autonomous regime. The circuit is perturbed by a set of
small sources located at the carrier harmonics and at the
sidebands at a deviation  from carrier harmonics. The
perturbation of the circuit state (5XB, 5XH) is given by

the uncoupled sets of equations,

OE,, B 1
{ax H }SSGX H_J H(a)) ( )
ESERIC @

Xg |,
where,

Eg, Ey = vectors of HB errors

Xg, Xy = vectors of state variable (SV) harmonics (since
the circuit is autonomous, one of the entries X is replaced
by the fundamental frequency ay)

Jg, Ju = vectors of forcing terms

The subscripts B and H denote sidebands and carrier
harmonics, respectively.

For a spot noise analysis at a frequency w, the noise
sources can be interpreted in either of two ways:

e  Pseudo-sinusoids with random amplitude and phase
located at the sidebands. Noise generation is
described by Equation (1) which is essentially a
frequency conversion equation relating the sideband
harmonics of the state variables and of the noise
sources. This description is exactly equivalent to the
one provided by the frequency conversion approach.
This mechanism is referred to as conversion noise
[12-15].

Sinusoids located at the carrier harmonics are randomly
phase-and-amplitude-modulated by pseudo-sinusoidal
noise at frequency . Noise generation is described by
Equation (2), which describes noise-induced jitter of the
circuit-state, represented by the vector §X,. The

modulated perturbing signals are represented by
replacing the entries of Jy with the complex modulation
laws. This mechanism is referred to as modulation noise.
One of the entries of §X, is dw, where Swo(m)=

phasor of the pseudo-sinusoidal components of the
fundamental frequency fluctuations in a 1 Hz band at
frequency . Equation (2) provides a frequency jitter
with a mean square value proportional to the available
noise power. In the presence of both thermal and flicker
noise, PM noise raises as o> for o — 0and tends to 0
for ®—o. Modulation noise analysis correctly
describes the noise behavior of an oscillator at low
deviations from the carrier and does not provide results
consistent with physical observations at high deviations
from the carrier.

The combination of both phenomena explains the noise
in the oscillator shown in Figure 3, where the near carrier
noise dominates below ®x and far carrier noise
dominates above wy.
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Figure 3 — Oscillator noise components.

Figure 4 (itemized form) shows the noise sources as they
are applied at the IF. We have arbitrarily defined the low
oscillator output as IF. This applies to the conversion
matrix calculation.
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Figure 4 — Noise sources where the noise at each sideband
contributes to the output noise at the IF through frequency
conversion.

Figure 5 shows the total contributions which have to be
taken into consideration for calculation of the noise at the
output. The accuracy of the calculation of the phase
noise depends highly on the quality of the parameter
extraction for the nonlinear device; in particular, high
frequency phenomena must be properly modeled. In
addition, the flicker noise contribution is essential. This
is also valid for mixer noise analysis.

Conversion Noise Analysis

The actual mathematics used to calculate the noise result
(Ansoft Serenade 8.x) is as follows [19],
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Figure 5 — Noise mechanisms.
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where

Nk(®), N(w) = noise power spectral densities at the
upper and lower sidebands of the k™ harmonic

Cy(w) = normalized correlation coefficient of the upper
and lower sidebands of the k™ carrier harmonic

R = load resistance

1, = k™ harmonic of the steady-state current through the
load.

Modulation Noise Analysis

K™ harmonic PM noise:
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where

Ju(w) = vector of Norton equivalent of the noise sources
Tr = frequency transfer matrix

R = load resistance



1, = k™ harmonic of the steady-state current through the
load.
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Figure 6 — Colpitts Oscillator configuration for the
intrinsic case, no parasitics assumed, and an ideal transistor
considered.

The following two circuits show the transition from a
series tuned circuit connected with the series time-
dependent negative resistance and the resulting input
capacitance marked Cy. Translated, the resulting
configuration consists of a series circuit with inductance
L and the resulting capacitance C'. The noise voltage
en(t) describes a small perturbation, which is the noise
resulting from R and —Ry(t). Figure 7 shows the
equivalent representation of the oscillator circuit in the
presence of noise.
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Figure 7 — Equivalent representation of the oscillator
circuit in presence of noise.

The circuit equation of the oscillator circuit of Figure 7
can be given as
di(t) . 1.
L——=+(R,—R, (1)i(t) + = [i(t)dt =e, (t 9)
oo P RRO)IO+ - fidt=e, ()
where i(t) is the time varying resultant current. Due to
the noise voltage ey(t), Equation (9) is a
nonhomogeneous differential equation. If the noise
voltage is zero, it translates into a homogeneous
differential equation.

For a noiseless oscillator, the noise signal ey(t) is zero
and the expression of the free-running oscillator current
i(t) can be assumed to be a periodic function of time and
can be given as

i(t)=1,cos(wt+¢p,)+1,cosot+¢,)
(10)

+1,cos(Bwt+@,)+....1 , cos(hot+g,)

where Iy, I, .....I, are peak harmonic amplitudes of the
current and ¢, ¢s.....¢, are time invariant phases.

In the presence of the noise perturbation ey(t), the current
i(t) may no longer be a periodic function of time and can
be expressed as

i(t) =1,(t)cos[mt + ¢, ()] + 1, (t) cos[2mt + o, (1)] +

(11)
I,(t)cos[3at + ¢, ()] + ....I,_,(t)cos[(n -2t + ¢, ,(t)]+

I, cos[(n-Dawt+ e, ,(O)]+1,({t)cos[not + ¢, ()]

where 14(t), Iy (1).....1,(t) are time variant amplitudes of
the current and @(t), @(1).....@,(t) are time variant
phases.

Considering that I,(t) and ¢,(t) do not change much over
the period of 2n/nw; each corresponding harmonic over
one period of oscillation cycle remains small and more or
less invariant. The solution of the differential equation
becomes easy since the harmonics are suppressed due to
a Q > 10, which prevents i(t) to flow for the higher
terms.

After the substitution of the value of d%t andJ'i(t)dt,

the complete oscillator circuit equation, as given in
Equation (9), can be rewritten as

L{
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- |2(t)(2w+%) Sin[20t+ 0, ()] +% cos[20t+ ¢, (0] +
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do, (t)
dt

[(R.—Ry @)1+

-1, )Mo+ )sinfnot+ ¢, ()] + dlat(t) cos[nat+ ¢, (t)]
+
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Because Q > 10 we approximate:

% —1,(t) (e +d(p1( ))Sln[a)t+¢1(t)]

dl ( ) cos[wt+ ¢, (1)]+

+ (a slowly varying function at higher order harmonics of
a very small amount).
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di,(t
+— e [ d'E )jcos[a)t +o (0] +
+ (a slowly varying function at higher order harmonics of
a very small amount).

After the substitution of the value of di/dt and _[ i(t)dt,
the oscillator circuit Equation (12) can be rewritten as
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Following [18], and for simplification purposes, the
equations above are multiplied with sin[wt + ¢, (t)]or

cos[wt + ¢, (t)] and integrated over one period of the

oscillation cycle, which will give an approximate
differential equation for phase ¢(t) and amplitude i(t) as

['T } [en (Wsinfwt+p(t)]dt

1, (14)
:—ng{L+ 21}+{ a)L+l}
dt o°C oC
2 t
{TJ [ jT oeN (t) cos[wt + p(t)]dt (15)
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where R (t) is the average negative resistance under
large signal condition.

R (D) = {Tﬂ tj R, ()1 (t) cos’[wt + p)]dt (16)

t-To

Since the magnitude of the higher harmonics are not
significant, the subscript of ¢(t)and A(t)are dropped.
Based on [18], we now determine the negative
resistance.

Calculation of the Region of the Nonlinear Negative
Resistance

Under steady-state free running oscillation condition,
di(t)
dt
implies steady current, and

—0

ey(t) >0

with | is the fundamental RF current. Solving the now
homogeneous differential equation for R - Ry(t) and
inserting the two terms into 15, we obtain

{Tz} j. e, (t)cos[mt + p(t)]dt =

17

31[L+ 10} [RL—m]ut)

term — 0
now we introduce

Y, v= AR/Al ; for A—»0,y—>0

and [R,. _m] =y Al

y—>0=[R, —R, (O]I({t)—>0 (18)



R, ~Ry (1) = Ripug -{ﬂ jRN (t)cos’[wt + p()]dt >0 (19)

-To

[R, —R ®]I(t) >0 gives the intersection of
[R, (t)]and [R.]. This value is defined as I, which is the
minimum value of the current needed for the steady-state
sustained oscillation condition.

Figure 8 shows the plot of the nonlinear negative
resistance, which is a function of the amplitude of the RF
current. As the RF amplitude gets larger the conducting
angle becomes narrower.
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Figure 8 — Plot of negative resistance of [Ry (1] vs.
amplitude of current I.

For a small variation of the current Al from I, the
relation above is expressed as

[R. —Ry®]=7 Al (20)

y Al can be found from the intersection on the vertical
axis by drawing the tangential line on [R (t)] at I =1
| Al | decreases exponentially with time for y > 0.

Hence, |, represents the stable operating point. On the
other hand, if [R (t)] intersects [R,] from the other side

for y<0 then | Al | grows indefinitely with time. Such an
operating point does not support stable operation [18].

Calculation of the Noise Signal in Time Domain

From solving the two orthogonal equations, we need to
obtain information about current I(t) and ¢(t).

{2} j e, (t) sin[wt + (t)]dt
ITO t-To (21)

:—d(p(t)[L+ 21}+ —a)L+i.
dt w°C wC

{2} jeN (t) cos[wt + p(t)]dt
To ], (22)

R
dt
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The analysis of the noise signal can be accomplished by
decomposing the noise signal ey(t) to an infinite number
of random noise pulses represented by

eo(t—-t,) (23)

where ¢ is the strength of the pulse at the time instant tq,
and both & and t, are independent random variables from
one pulse to next pulse!

The time average of the square of the current pulses over
a period of time can be shown to be

% ][Zsaa—to)]] dt=e (1) (24)

The mean square noise voltage e? () is generated in the
circuit in Figure 7.
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Figure 9 — The noise pulse at | = t,.

Figure 9 shows the noise pulse at time instant t = t;,
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Figure 10 — The amplitude of the rectangular pulse.



The integral of the single noise pulse above gives the
rectangular pulse with the height [_|_2:|£Sin[a)t + o]

0
and the length of Ty as shown in Figure 10.

The integration of the single elementary noise pulse,
following the Dirac A function, results in

{TZ} jeN (t)sin[wt + p(t)]dt

0 _lt-T,

(25)
~ {TZ} jg St —t,)sin[wt + p(t)]dt]
{TZ} jg S(t—t,)sin[ot+ p(t)]dt
0 Jt7T, (26)

2 .
~ {}5 sinfot, +@(t)]
TO

since the length of time Ty is considered to be sufficiently
small for any variation of ¢(t)and I(t) during the time Ty,
The corresponding rectangular pulse of the magnitude
ggsin[a)to + ()] s considered to be another pulse

0

located at t =1t; and can be expressed in the form of an
impulse function with the amplitude
2esin[wt, + p(t) located at t =t for calculating the effect

using Equations (21) and (22).

The effect of {TZ} IGN (©)sinfot + p()]dt is given by
0 Jt-T,

[n1(t)] which consists of a number of rectangular pulses.

The time average of the square of these pulses, following

[18], can be calculated as

% T [ 326 sin(at, + pt)s(t —t,) Fot

(27)
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en®=- jT [ es@-t,)]] dt (28)
From the equation above,

n; (1) = 265 (1) (29)

Similarly, the total response of

2 jeN(t)COS[wt+¢(t)]dt can be expressed by [n,(t)],
To t-Ty
which consists of a large number of such pulses and the

time average of the square of these pulses is

nZ(©) =263 (0

(30)
since 2 [en @sin[wt + p(t)]dt
To t-Ty
and 2 je (t) cosft + p(t)]dt are orthogonal functions,
N
0 t-T,

and in the frequency domain are the upper and lower side
bands relative to the carrier, and the correlation of [n(t)]
and [n,(t)] is

n(On, (1) =0 (31)
Now consider the narrow band noise signal, which is

ey (t) =ey () +ey, (1) (32)
ey, (t) =& (t)sin[ e t+(t)] (33)
ey, (t) =—e, (t) cos[w, t + ¢(t)] (34)

where e, (t)and e, (t)are orthogonal functions, and
e,(t)and e, (t) are slowly varying functions of time.
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Figure 11 — Vector presentation of the oscillator signal and
its modulation by the voltage ey; and ey; .

The calculation of 1,(t) and ¢,(t) for the free running
oscillator can be derived from Equations (21) and (22) as

2 | ¢ .
— | | ey (®)sin[wt + @(t)]dt
{ IT, M (35)

=—M[L+ ;L:|+ —wL+i
dt wC wC




Li} jeN () sin[wt + p(t)]dt = [ﬂnl t) (36)

at resonance frequency o= a,

—d(p(t){L+ L }+ —a)L+i
dt »*C oC oo

@37)
%00
dt
and
Lo ty= 2920
| dt (38)
de(t) _ _[ 1 }nl ® (39)
dt 2L1

If Equation (39) is transformed in the frequency domain,
o(t) can be expressed as

Now the spectral density of [¢(f)] is

1
|€0(f)|2 :m|n1(f)|2 (41)
1 m(”f_ﬂ%(ﬂf
4o® L2121 40’ 212
(42)
. 2ey ()
f)f =N A
:>‘¢)( )‘ 4&)2 L2|2

where f varies from —o to +oo .

The amplitude of the current can be written as
I(t)=1,+Al(t), where I, represents the stable
operating point of the free-running oscillator with a loop
gain slightly greater than 1.

From Equation (22), we can calculate

Ti j'eN (t) cos[wt + (t)]dt

0 t-T,

_di® 1 _
Tt (L+w2c'j+[RL R.Oho.

L_z j[eN (t) cos[wt + (p(t)]dt:|

(43)

= [ZL%[AI O]+ AL () 1,7 +Al z(t)y}

Since the amplitude of Al?(t) is negligible, its value can
be set to O;

[2L;[A| O+ AL () 1y + Al 2(t)y}

(44)
=2L%[AI )]+ Al (1),
nza)::;ilieN(t)cosuut+-¢<0]dt (45)
n,(t) = 2L§[AI(t)]+AI )1,y (46)
n,(f)=2Lw AI(f)+AI(f)l,y (47)
The spectral density of [n,(f)]is
In, ()" =[4L%@? + (1,2)?1|A1 ()] (48)

and the spectral density of Al(f) can be expressed in

terms of [n, (f)|* as

2 1 2
-1 (49)
AL(E)) Mﬁwgwhﬂquﬂ
In,(F)[* =2l ()’

2e, (F)[*
[4L20% + (17)?]

(50)
=|AI(f) =

since ny(t) and n,(t) are orthogonal function and there is
no correlation between current and phase

n (N, () =0 = 1(t)e(t) =0 (51)

The output power noise spectral density of the current is
given as

P 1) = 2R |I1(F)[° (52)

The noise spectral density of the current is given as
() = jR,(r)exp(—jm)dr (53)

where R(7) is the auto-correlation function of the current
and can be written as



1(t)1(t+7)cos[mt + @(t)]cos[m, (t +7) (54)

RE=| s

1
R (1) = 5[5 + Ry (@ eosexn)icos(ot+ ) —pn] - 5%
Since I(t) and ¢(t) are uncorrelated, auto-correlation
function o f the current Ry(z) can be given as

From [18], but taking into consideration that both side
bands are correlated, we can write

21y Z‘EN (T)‘z vl
RI(T)_2|:|O+ 2Ly 1, exp[— 2L T]:| (56)
_ ‘eN (T)‘z
exp{ 212 |z| |cos(ew,7)

Since the publication [18] skipped many stages of the
calculation, up to here, a more complete and detailed
flow is shown. These results are needed to calculate the
noise performance at the component level later. Note the
factor of 2, which results from the correlation.

2
Considering 7 1o . 2ey (7)] , the noise spectral density
2L 41%12
of the current is given by

\l(f)\zz TR,(r)exp(—ja)r)dz’ (57)

—o0

with | = Iy + Al(t); all RF-currents.
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for w— an  FM noise predominates over the AM noise.

For w>>ax, both the FM noise and AM noise terms give
equal contribution.

Considering a+an>>w—ay, then

1
) eN(fsz
2| (@— @) + Ty 61
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8L? 1
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Since R =R +R, the effective dynamic resistance of
the free running oscillator is given by

Z‘th‘ =Ry (t) - Rl =R, (64)

effective
where R, is the output resistance; Ry — Ry = 0.

The Q of the resonator circuit is expressed as



_oL 65
Q.= R, (65)

The oscillator output noise power in terms of Q is given
by

1
o {22 (60
P (f)* 0)02 ‘e‘z ' 4QE 2R (t) out
noisel | / = 2Q? ZM + !
e | D 7l ‘
I +[QLJ[2R (t)]

Figure 12 shows the Colpitts oscillator with a series
resonator and the small signal ac equivalent circuit.
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Figure 12 — Colpitts oscillator with series resonator and
small signal ac equivalent circuit.

From the analytical expression of the noise analysis
above, the influence of the circuit components on the
phase noise can be explicitly calculated as

2
() ZTZ(”\ (D) (67)
(1) = 2\eN(f)\2
4o sz HOM 40® 715 (f) (68)
Z\e (f)\
=lo(f)* =N A
PO = 2
where the frequency f varies from —co to +oo.
The resulting single sideband phase noise is
e (1) (69)

T 407 LA12(F)
The unknown variables are ‘eN(f)‘zandhf(f), which
need to be determined next. |2(f)will be transformed
into | 2(f) by multiplying 12(f) with the effective
current gain Y, /Y1, = £

Calculation of |020( f)

From Figure 12, the LC-series resonant circuit is in shunt
between the base and the emitter with the capacitive
negative conductance portion of the transistor. We now
introduce a collector load R, 4,4 at the output, or better
yet, an impedance Z.

The oscillator base current i(t) is

i(t) =|1,|cos(wt) = b°(t)
(70)
and the collector current is
[07 _Vce]
“co‘ = 1
Rwadﬂ(wL—wclN j (71)
~ Vce
i 1
R + L—
Load J [w wCIN J
— = V2(f
I%(1) ~ 0
[RLoad]2 +(COL - j (72)
oC,

o] oae)
Q @C,y

The voltage V. is the RF voltage across the collector-
emitter terminals of the transistor. Considering the
steady-state oscillation &— ax, the total loss resistance is
compensated by the negative resistance of the active

device asR_ =R, (t). The expression of |2 ()
T Vee(f)
Iczo(f)w=w0: L 2 1 2
[wo } +[% L j (73)
Q @, Cyy
_ Vee(f)




V2(f) (74)
w2l 252
Q o, L CC,

where Cyy is the equivalent capacitance of the negative
resistor portion of the oscillator circuit.

()

o=y

__CCw | _ GG, (75)
C+C, " C+C,
ol
=R
L (76)

For a reasonably high Q resonator 12 ()

=0 © [CIN ]m:mn
Calculation of the noise voltage e, (f)

The equivalent noise voltage from the negative resistance
portion of the oscillator circuit is given an open-circuit
noise voltage [EMF] of the circuit as shown in Figure 13
below.

enr(®)

Figure 13 — Equivalent representation of negative

resistance portion of the circuit at the input for the open
circuit noise voltage.

The noise voltage associated with the resonator loss
resistance R is

e (f)

R denotes the equivalent series loss resistor, which can
be calculated from the parallel loading resistor R, See
Figure 12.

e;(f)

The total noise voltage power within 1 Hz bandwidth can
be given as

W=,

_=4KTBR, (77)

oeer = 4KTR for B = 1 Hz bandwidth (78)

ey (f)

w:%:eé(f)-i-eﬁm(f) (79)

Derivation of Equation (80):

The total noise voltage power within 1 Hz bandwidth can
be given as

ey (1)

om0, = Ea () + e () (80)

The first term in Equation (80) is the noise voltage power
due to the loss resistance R, and the second term is
associated with the negative resistance of the active
device Ry.

Figure 14 and 15 illustrate the oscillator circuit for the
purpose of the calculation of the negative resistance.

Iin

—

LY
I
o

Figure 14 — Oscillator circuit for the calculation of the
negative resistance.

iyl
T
o

1l
I
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™

Figure 15 — Equivalent oscillator circuit for the calculation
of the negative resistance.

From Figure 15, the circuit equation is given from
Kirchoff’s voltage law (KVL) as

Vi = 1 (Xe, + X, )= 1,(Xe, = BXc,) (81)
0=—1,(Xc )+ 1, (X +h,) (82)

Considering, 1 _,
Yll

7 Va_ L+ B)Xc X, +h (X, + X, ) ©3)
L XC1 +hie

n
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" ( 11 j
7+ -
Y, JjoC
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" oG, (Y, + joC,)

7 = [@(C, +C,) - jY, A+ BV, — joCi]
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(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

R, = 9 {ﬂzwzclcz _ﬂwzczz} (94)
n 2
e g oipeh) | O o

1
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2
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From (80), the total noise voltage power within a 1 Hz
bandwidth can be given as

‘eﬁ(f)w:ah:e;(f)*‘e;R(f) (100)
AF
Ny 4q|cgr?1+ Lo g; 101
ex (F)l0, = [4kTR]+ Aw — (101)
o ClHw () C;+95-2)
Cl
where

re] sl
- + m — L'21
Yu LG, C. , redefined  (102)

where



The values of p and q depend upon the drive level.

The flicker noise contribution in Equation (80) is
AF

introduced by adding term Kil, in g, Where K is the
Aw

flicker noise coefficient and AF is the flicker noise

exponent. This is valid only for the bipolar transistor. For

an FET, the equivalent currents have to be used.

In this case we use a value of 10, some publications
claim much smaller numbers such as 10**. The authors
must have done some magic to get the measured curve
fitted. In my opinion these small numbers violate the
laws of physics for bipolar transistors.

The first term in the expression above is related to the
thermal noise due to the loss resistance of the resonator
tank and the second term is related to the shot noise and
flicker noise in the transistor.

Now, the phase noise of the oscillator can be expressed
as

23 (@)
2(w ‘:7 (103)
o= T ()
i o)
2 @)eoa= Lp? @) = — L (104)
|AF
- 4q1,02+———g}
‘(Pz(a’) SSB™ [4kTR]+ c?
03 CHe¥(B)C;+9] C—i) (105)
1
2
) 1 1 C +C,
41—
(@) {Qz +[ a’ozl- CC, ] }
4N (o)
IAF
- 41,92+
2
‘(o (@) ceg=| 4KTR + :
; C 104
oI ety || (104

m ~2
Cl

@ |1 1 ¢c+C,)
1NV || Q7 L=l cc
ce 0 1¥2

Considering

1 Ci+Cy | q;for
o, L CC,

an=27f=6.28x10° Hz, L=10°H , C, =10 F, C2=10"F

1 G+GC, -50.7
oL CC, .

Since the phase noise is always expressed in dBc/Hz, we
now calculate, after simplification of Equation (84),

IAF
f'b 2

4q1,95 + g2
AKTR +
‘ C; (107)
£(w)=10log o CH(o3(B7)'C; +0n ?22)
1

o J[1, [c+cr
4oV || Q* CiClayL?
For the bias condition (which is determined from the

output power requirement), the loaded quality factor, and
the device parameters [transconductance and f'], the best

phase noise can be found by differentiating |,2(,) .
with respect to C,/C, .
Considering that all the parameters of msss are

constants for a given operating condition (except the
feedback capacitor), the minimum value of the phase
noise can be determined for any fixed value of C; as

2
‘¢)2(w)‘: — El : C,+C, (108)
k,CZC2+k,C || CC,
kTR

K - <IR (109)
° oV}

IAF

f'b

A9 + ~ 9:

k1 = e a)g szci (110)
k, =y (B%)? (111)
k3 = g; (112)

Where ki, ks, and ks, are constant only for a particular
drive level, withy =C,/C,. Making k, and ks also

dependent on y, as the drive level changes, the final noise
equation is

(113)
£(w) =10 x log




where

kTR
* V]
AF

fIb 2

Om

al.gn +
0ol
k, =a’§(ﬁ+)2

Figure 16 shows the simulated phase noise and its
minimum for two values of C;, 2 pF and 5 pF. 5 pF,
provides a better phase noise and a flatter response. For
larger C,, the oscillator will cease to oscillate.

@yl _
o

kl

L2
k3k1|:Y21:| [y]Zp

Vi ( 1 ]
Valore o'+ (114)

=0

2>

From curve-fitting attempts, the following values for q
and p in Equation (114) were determined:

g=1t01.1,p=13to1.6.

g and p are a function of the normalized drive level x and
need to be determined experimentally.

The transformation factor n is defined as

n:1+%—>1+y (115)
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Figure 16 — Phase noise vs. n and output power.

The following plot in Figure 17 shows the predicted
phase noise resulting from Equation (114). For the first
time, the flicker corner frequency was properly
implemented and gives answers consistent with the
measurements. In the following chapter all the noise
sources will be added, but the key contributors are still
the resonator noise and the flicker noise. The Schottky
noise dominates further out. The break point for the
flicker noise can be clearly seen.

Phase Noise
-20

-40
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&
g -80 | \
S . g
z
g 100 | . \
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-180 +
100 Hz 1000 Hz 10 kHz 100 kHz 1MHz

Offset Frequency From Carrier

Figure 17 — Using Equation (114), the phase noise for
different values of n for constant C, can be calculated.

Summary Results

The analysis of the oscillator in the time domain has
given us a design criteria to find the optimum value of



y=C,/C, with values for y + 1 (or n) ranging from 1.5

to 4. For values above 3.5, the power is reduced
significantly.

Consistent with the previous chapters, we note
C,=C, +X(C,orL,) (116)
X(C,orL,) >C,orL, (117)

In the case of a large value of Cp (Cp>C,), X; has to be
inductive to compensate extra contributions of the device
package capacitance to meet the desired value of C,!

The following is a set of design guides to calculate the
parameters of the oscillator.

e - 1 (118)

L £+C
C,+C,

Yoy 119

IR,(L, =0)|=—; (119)
o"CC,

c,=t [Yu (120)

@, \ K

C, is best be determined graphically from the noise plot.

c - { (@°C.C,)(L+ 0™ YALE) } (121)
¢ [Yzzlcz - a)ZC1C2)(1+ szzzl LZP )G +Cp +C,y)]

g z [CC] L :o> |: 2 2 (Q)ZClCZ) :| (122)
10 i [Y4C, —@'C,C,)(C, +C;, +C,)]

The phase noise in dBc/Hz is shown as

+ 2 i
k3k{ﬂ yF?
Ky +| ——s

vafvr |+ y]ﬂ (123)

[70)
(y* +k)

£(w) =10 x log

The phase noise improves with the square of the loaded
Q.! 10% higher Q — 20% better phase noise!

L(w) « Ciz (124)

IN

The loaded Q of the resonator determines the minimum
possible level of the oscillator phase noise for given bias
voltage and oscillator frequency.

To achieve close to this minimum phase noise level set
by the loaded Q, of the resonator, the optimum (rather,
how large the value of the Cyy can be) value of Cy is to
be fixed.

To achieve the best possible phase noise level, the
feedback capacitors C; and C, should be made as large as
possible, but still generate sufficient negative resistance
for sustaining steady-state oscillation.

1 1
[_RN]negative oc 2
resistance  (Up Cl 2

, (no parasitics) (125)

The negative resistance of the oscillator circuit is
inversely proportional to the feedback capacitors.
Therefore, the limit of the feedback capacitor value is
determined by the minimum negative resistance for a
loop gain greater than unity.

From the phase noise equation discussed, the feedback
capacitor C, has more influence compared to C;. The
drive level and conduction angle of the Colpitts oscillator
circuit is a strong function of C..

The time domain approach has provided us with the
design guide for the key components of the oscillator;
however, it did not include all the noise sources of the
transistor. By using the starting parameters, such as C;
and C, and the bias point, as well as the information
about the resonator and the transistor, a complete noise
model/analysis will now be shown.

The time domain approach has provided us with the
design guide for the key components of the oscillator;
however, it did not include all the noise sources of the
transistor. By using the starting parameters, such as C;
and C, and the bias point, as well as the information
about the resonator and the transistor, a complete noise
model/analysis will be shown now.

After some lengthy calculations and approximations,
adding shot noise, flicker noise and the loss resistor, the
equivalent expression of the phase noise can be derived
as

02 (t)](4al,) +

2 Kf IbAF
gm(t)[a}j

@ gﬁzccze(cz +Cye ~LCCpe0 é)z +
grzn(t)‘a) S(Cz +Cy —LC,Cy0 S)Z

(126)

X

£(0) =| 4KTR+

Q5+[1_ L [[(cz+cbe—uczcww§)+cce1]j2]

)
@y

4a)2\/£

QE a)g Ll Cce[(cz + Cb‘e - Llczcb‘ew (2))]




The flicker noise contribution in equation (126)

AF
K, I
@

introduced by adding term in RF collector

current Ic, where K is the flicker noise coefficient and
AF is the flicker noise exponent. This is valid only for
the bipolar transistor. For an FET, the equivalent current
transformations have to be used.
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=

Figure 18 — Colpitts Configuration — Test Circuit.

This is the most complete noise model derived and
tested.

Validation

After so many calculations a proof of concept is called
for [14-20]. Figure 18 shows the test circuit. It is the
typical Colpitts oscillator with the RF output taken from
the collector. The transistor BFG 520 is made by Philips
and is a 9 GHz NPN device used at a small fraction of I¢
max.
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Figure 19: Measured Data for a 350MHz Oscillator.

The measured phase noise data is shown in Figure 19
and the simulated data in Figure 20. When applying the
analytical noise equation we obtain good agreement with
the actual measurements also.

This proves that the calculations are valid, any one need
not spend $ 25,000 for a Harmonic Balance based
simulator.

The phase noise, far out, is limited by the needed
isolation/buffer stage.

e Anssft Carporation - Harmanica & v8.,11 OO | s
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Figure 20 — Simulated Phase Noise Data for the test circuit
of Figure 18.
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Figure 21 — Phase Noise Measurements (AM and FM
noise) of a popular Wenzel 100 MHz Crystal Oscillator.

With the latest test equipment (R&S FSWP) FM and AM
noise can be measured separately. Using a popular
crystal oscillator at 100 MHz made by Wenzel, both AM
and FM components can be inspected.

There is an area where the AM noise (unfortunately) is
larger than the FM noise. That indicates the internal
buffer stage is partially driven into saturation. By
changing some component values this can be avoided.
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Figure 22 — Mathcad Worksheet for calculated Phase Noise of a 350 MHz Colpitts Oscillator.

The MathCad worksheet, Eqn_107_350MHz.mcd file, can be found at www.arrl.org/QEXfiles.
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Receiver Phase Noise Measurement Page 1 of 8

Recelver Phase Noise Measurement

Phase Noise at Low Frequencies

No mixer has perfect port-to-port isolation, and some of a receiver’s local-oscillator signal
leaks through into the IF. If we tune a general-coverage receiver, with its antenna disconnected,
to exactly 0 Hz, the local oscillator is exactly at the IF center frequency, and the receiver acts as
if it is tuned to a very strong unmodulated carrier. A typical mixer might give only 40 dB of LO
isolation and have an LO drive power of at least 10 mW. If we tune away from 0 Hz, the LO
carrier tunes away from the IF center and out of the passband. The apparent signal level falls.
Although this moves the LO carrier out of the IF passband, some of its noise sidebands will not
be, and the receiver will respond to this energy as an incoming noise signal. To the receiver
operator, this sounds like a rising noise floor as the receiver is tuned toward 0 Hz.

To get good noise floor at very low frequencies, some professional/military receivers, like
the Racal RA1772, use very carefully balanced mixers to get as much port-to-port isolation as
possible, and they also may switch a crystal notch filter into the first mixer’s LO feed. Most
general-coverage radios inhibit tuning in the LF or VLF region. It could be suggested by a cynic
that how low manufacturers allow you to tune is an indication of how far they think their phase-
noise sidebands could extend!

Phase Noise Measurements

There are several different ways of measuring phase noise, offering different tradeoffs
between convenience, cost and effort. Some methods suit oscillators in isolation, others suit them
in-situ (in their radios).

If you’re unfamiliar with noise measurements, the units involved may seem strange. One
reason for this is that a noise signal’s power is spread over a frequency range, like an infinite
number of infinitesimal sinusoidal components. This can be thought of as similar to painting a
house. The area that a gallon of paint can cover depends on how thinly it’s spread. If someone
asks how much paint was used on some part of a wall, the answer would have to be in terms of
paint volume per square foot. The wall can be considered to be an infinite number of points, each
with an infinitesimal amount of paint applied to it. The question of what volume of paint has
been applied at some specific point is unanswerable. With noise, we must work in terms of
power density, of watts per hertz. We therefore express phase-noise level as a ratio of the carrier
power to the noise’s power density. Because of the large ratios involved, expression in decibels
is convenient. It has been a convention to use dBc to mean “decibels with respect to the carrier.”

For phase noise, we need to work in terms of a standard bandwidth, and 1 Hz is the obvious
candidate. Even if the noise is measured in a different bandwidth, its equivalent power in 1 Hz
can be easily calculated. A phase-noise level of —120 dBc in a 1-Hz bandwidth (often written as

Copyright © 2013, American Radio Relay League, Inc. All rights reserved.
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“_120 dBc/Hz”) translates into each hertz of the noise having a power of 107 of the carrier
power. In a bandwidth of 3 kHz, this would be 3000 times larger.

The most convenient way to measure phase noise is to buy and use a commercial phase noise
test system. Such a system usually contains a state-of-the-art, low-noise frequency synthesizer
and a low-frequency spectrum analyzer, as well as some special hardware. Often, a second, DSP-
based spectrum analyzer is included to speed up and extend measurements very close to the
carrier by using the Fast Fourier Transform (FFT). The whole system is then controlled by a
computer with proprietary software. With a good system like this costing about $100,000, this is
not a practical method for amateurs, although a few fortunate individuals have access to them at
work. These systems are also overkill for our needs, because we are not particularly interested in
determining phase- noise levels very close to and very far from the carrier.

It’s possible to make respectable receiver-oscillator phase-noise measurements with less than
$100 of parts and a multimeter. Although it’s time-consuming, the technique is much more in
keeping with the amateur spirit than using a $100k system! An ordinary multimeter will produce
acceptable results; a meter capable of indicating “true RMS” ac voltages is preferable because it
can give correct readings on sine waves and noise. Figure 1 shows the setup. Measurements can
only be made around the frequency of the crystal oscillator, so if more than one band is to be
tested, crystals must be changed, or else a set of appropriate oscillators is needed. The oscillator
should produce about +10 dBm (10 mW) and be very well shielded. (To this end, it’s advisable
to build the oscillator into a die-cast box and power it from internal batteries. A noticeable
shielding improvement results even from avoiding the use of an external power switch; a reed-
relay element inside the box can be positioned to connect the battery when a small permanent
magnet is placed against a marked place outside the box.)

Crystal
Csclllator
(= +10 dEm on
chasen frequency)

Switched | Fled Flued Input
Audlo
Qutput

! )
T

Alie ‘|JEIt:lr:5 jis] C.:I-.-'e Racalver LUinder AT Wolmeter
— 0=140 48 | 1 dB Steps Tesl [True-AMS If Avallable)

Figure 1 — Setup for measuring receiver-oscillator phase noise.

Likewise, great care must be taken with attenuator shielding. A total attenuation of around
140 dB is needed, and with so much attenuation in line, signal leakage can easily exceed the test
signal that reaches the receiver. It’s not necessary to be able to switch-select all 140 dB of the
attenuation, nor is this desirable, as switches can leak. All of the attenuators’ enclosure seams
must be soldered. A pair of boxes with 30 dB of fixed attenuation each is needed to complete the
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set. With 140 dB of attenuation, coax cable leakage is also a problem. The only countermeasure
against this is to minimize all cable lengths and to interconnect test-system modules with BNC
plug-to-plug adapters (UG-491A) where possible.

Ideally, the receiver could simply be tuned across the signal from the oscillator and the
response measured using its signal-strength (S) meter. Unfortunately, receiver S meters are
notoriously imprecise, so an equivalent method is needed that does not rely on the receiver’s
AGC system.

The trick is not to measure the response to a fixed level signal, but to measure the changes in
applied signal power needed to give a fixed response. Here is a step-by-step procedure based on
that described by John Grebenkemper, KIGWX, in March and April 1988 QST:

1. Connect the equipment as shown in Figure 1, but with the crystal oscillator off. Set the
step attenuator to maximum attenuation. Set the receiver for SSB or CW reception with its
narrowest available IF filter selected. Switch out any internal preamplifiers or RF attenuators.
Select AGC off, maximum AF and RF gain. It may be necessary to reduce the AF gain to ensure
the audio amplifier is at least 10 dB below its clipping point. The ac voltmeter or an oscilloscope
on the AF output can be used to monitor this.

2. To measure noise, it is important to know the bandwidth being measured. A true-RMS ac
voltmeter measures the power in the noise reaching it. To calculate the noise density, we need to
divide by the receiver’s noise bandwidth. The receiver’s —6-dB IF bandwidth can be used as an
approximation, but purists will want to plot the top 20 dB of the receiver’s bandwidth on linear
scales and integrate the area under it to find the width of a rectangle of equal area and equal
height. This accounts properly for the noise in the skirt regions of the overall selectivity. (The
very rectangular shape of common receiver filters tends to minimize the error of just taking the
approximation.)

Switch on the test oscillator and set the attenuators to give an AF output above the noise floor
and below the clipping level with the receiver peaked on the signal. Tune the receiver off to each
side to find the frequencies at which the AF voltage is half that at the peak. The difference
between these is the receiver’s —6-dB bandwidth. High accuracy is not needed: 25% error in the
receiver bandwidth will only cause a 1-dB error in the final result. The receiver’s published
selectivity specifications will be close enough. The benefit of integration is greater if the receiver
has a very rounded, low-ringing or low-order filter.

3. Retune the receiver to the peak. Switch the oscillator off and note the noise-floor voltage.
Turn the oscillator back on and adjust the attenuator to give an AF output voltage 1.41 times (3
dB) larger than the noise floor voltage. This means that the noise power and the test signal power
at the AF output are equal — a value that’s often called the MDS (minimum discernible signal)
of a receiver. Choosing a test-oscillator level at which to do this test involves compromise.
Higher levels give more accurate results where the phase noise is high, but limit the lowest level
of phase noise that can be measured because better receiver oscillators require a greater input
signal to produce enough noise to get the chosen AF-output level. At some point, either we’ve
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taken all the attenuation out and our measurement range is limited by the test oscillator’s
available power, or we overload the receiver’s front end, spoiling the results.

Record the receiver frequency at the peak, (fo), the attenuator setting (Ao) and the audio
output voltage (Vo). These are the carrier measurements against which all the noise
measurements will be compared.

4. Now you must choose the offset frequencies — the separations from the carrier — at
which you wish to make measurements. The receiver’s skirt selectivity will limit how close to
the carrier noise measurements can be made. (Any measurements made too close in are valid
measurements of the receiver selectivity, but because the signal measured under these conditions
is sinusoidal and not noise like, the corrections for noise density and noise bandwidth are not
appropriate.) It is difficult to decide where the filter skirt ends and the noise begins, and what
corrections to apply in the region of doubt and uncertainty. A good practical approach is to listen
to the audio and tune away from the carrier until you can’t distinguish a tone in the noise. The
ear is superb at spotting sine tones buried in noise, so this criterion, although subjective, errs on
the conservative side.

Tune the receiver to a frequency offset from f, by your first chosen offset and adjust the
attenuators to get an audio output voltage as close as possible to V. Record the total attenuation,
A; and the audio output voltage, V. The SSB phase noise (qualified as SSB because we’re
measuring the phase noise on only one side of the carrier, whereas some other methods cannot
segregate between upper and lower noise sidebands and measure their sum, giving DSB phase
noise) is now easy to calculate:

L(f) =A1—Ao— 1olog (BWhoise) 1)

where
L(f) = SSB phase noise in dBc/Hz
BWhoise = receiver noise bandwidth, Hz
Ao = Attenuator setting in step three
A; = Attenuator setting in step four

This equation begins with the difference between the attenuation necessary to reduce the
peak carrier signal to the MDS level (Ao in step three) and the attenuation necessary to reduce
the phase noise to the MDS level (A; in step four). Subtracting the bandwidth correction term
results in the noise power per Hz of bandwidth with respect to the peak carrier signal. Note that
this equation does not depend on the absolute power level of the carrier signal as long as it
remains constant during the test.

5. It’s important to check for overload. Decrease the attenuation by 3 dB, and record the new
audio output voltage, V.. If all is well, the output voltage should increase by 22% (1.8 dB); if the
receiver is operating nonlinearly, the increase will be less. (An 18% increase is still acceptable
for the overall accuracy we want.) Record V,/V; as a check: a ratio of 1.22:1 is ideal, and
anything less than 1.18:1 indicates a bad measurement.
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If too many measurements are bad, you may be overdriving the receiver’s AF amplifier, so
try reducing the AF gain and starting again back at Step 3. If this doesn’t help, reducing the RF
gain and starting again at Step 3 should help if the compression is occurring late in the IF stages.

6. Repeat Steps 4 and 5 at all the other offsets you wish to measure. If measurements are
made at increments of about half the receiver’s bandwidth, any discrete (non-noise) spurs will be
found. A noticeable tone in the audio can indicate the presence of one of these. If it is well clear
of the noise, the measurement is valid, but the noise bandwidth correction should be ignored,
giving a result in dBc.

Table 1 shows the results for an ICOM IC-745 as measured by KI6WX, and Figure 2 shows
this data in graphic form. His oscillator power was only —3 dBm, which limited measurements to
offsets less than 200 kHz. More power might have allowed noise measurements to lower levels,
although receiver overload places a limit on this. This is not important, because the real area of
interest has been thoroughly covered. When attempting phase-noise measurements at large
offsets, remember that any front-end selectivity, before the first mixer, will limit the maximum
offset at which LO phase-noise measurement is possible.

Table 1
SSB Phase Noise of ICOM IC-745 Receiver Section

Oscillator output power = =3 dBm (0.5 mW)
Receiver bandwidth (4f) = 1.8 kHz o
Audio noise voltage = -0.070 V =~ o0 E T
Audio reference voltage (Vo) = 0.105 V 7 " E o
Reference attenuation (Ao) = 121 dB 2 M ET iy
Offset Attenuation Audio Audio  Ratio SSB Phase 2 80 F 5l =
Frequency (Ay) (dB) Vi Vs, Vo/V:  Noise (kHz) & -0 E M
(volts) (volts) (dBc/Hz) 2 oo E .
4 35 0.102 0.122 1.20 -119 ¥ 4 E I
5 32 0.104 0.120 1.15 —122* 2 E
6 30 0104 0118 113 -124* > Mo E
8 27 0.100 0116 1.16  -127* @ =160 E -
10 25 0.106 0122 115  -129* " 180 E : _ : ]
15 21 0.100 0.116 116  —133* o 010 1 10 100 1000
20 17 0.102 0.120 118  -137 Offsel Frequency (kHz)
25 14 0.102 0.122 1.20 -140
30 13 0.102 0.122 1.20 -141
40 10 0.104 0.124 119 -144 Figure 2 — The SSB phase noise of an
50 8 0.102 0.122 1.20 -146 ICOM IC-745 transceiver (serial number
60 6 0.104 0.124 1.19 -148 01528) as measured by KIBWX.
80 4 0.102 0.126 1.24 -150
100 3 0.102 0.126 1.24 -151
150 3 0.102 0.124 1.22 -151
200 0 0.104 -154
250 0 0.100 -154
300 0 0.98 -154
400 0 0.96 -154
500 0 0.96 -154
600 0 0.97 -154
800 0 0.96 -154
1000 0 0.96 -154

*Asterisks indicate measurements possibly affected by receiver overload (see text).
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Measuring Oscillator and Transmitter Phase Noise

Measuring the composite phase noise of a receiver’s LO requires a clean test oscillator.
Measuring the phase noise of an incoming signal, whether from a single oscillator or an entire
transmitter, requires the use of a clean receiver, with lower phase noise than the source under
test. The sidebar in the Handbook’s Oscillators and Synthesizers chapter, “Transmitter Phase-
Noise Measurement in the ARRL Lab,” details the method used to measure composite noise
(phase noise and amplitude noise, the practical effects of which are indistinguishable on the air)
for QST Product Reviews. Although targeted at measuring high power signals from entire
transmitters, this approach can be used to measure lower-level signals simply by changing the
amount of input attenuation used.

At first, this method — using a low-frequency spectrum analyzer and a low-phase-noise
signal source — looks unnecessarily elaborate. A growing number of radio amateurs have
acquired good-quality spectrum analyzers for their shacks since older model Tektronix and
Hewlett-Packard (now Agilent) instruments have started to appear on the surplus market at
affordable prices. The obvious question is, “Why not just use one of these to view the signal and
read phase-noise levels directly off the screen?” Reciprocal mixing is the problem.

Very few spectrum analyzers have clean enough local oscillators not to completely swamp
the noise being measured. Phase-noise measurements involve the measurement of low-level
components very close to a large carrier, and that carrier will mix the noise sidebands of the
analyzer’s LO into its IF. Some way of notching out the carrier is needed, so that the analyzer
need only handle the noise sidebands. A crystal filter could be designed to do the job, but this
would be expensive, and one would be needed for every different oscillator frequency to be
tested. The alternative is to build a direct-conversion receiver using a clean LO like the Hewlett-
Packard HP8640B signal generator and spectrum-analyze its “audio” output with an audio
analyzer. This scheme mixes the carrier to dc; the LF analyzer is then ac-coupled, and this
removes the carrier. The analyzer can be made very sensitive without overload or reciprocal
mixing being a problem.

The remaining problem is then keeping the LO — the HP8640B in this example — at exactly
the carrier frequency. 8640s are based on a shortened-UHF-cavity oscillator and can drift a little.
The oscillator under test will also drift. The task is therefore to make the 8640B track the
oscillator under test. For once we get something for free: The HP8640B’s FM input is dc
coupled, and we can use this as an electronic fine-tuning input. As a further bonus, the 8640B’s
FM deviation control acts as a sensitivity control for this input. We also get a phase detector for
free, as the mixer output’s dc component depends on the phase relationship between the 8640B
and the signal under test (remember to use the dc coupled port of a diode ring mixer as the
output). Taken together, the system includes everything needed to create a crude phase-locked
loop that will automatically track the input signal over a small frequency range. Figure 3 shows
the arrangement.
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Figure 3 — Arrangement for measuring phase noise by directly converting the signal
under test to audio. The spectrum analyzer views the signal’s noise sidebands as audio;
the signal’s carrier, converted to dc, provides a feedback signal to phase-lock the
Hewlett-Packard HP8640B signal generator to the signal under test.

The oscilloscope is not essential for operation, but it is needed to adjust the system. With the
loop unlocked (8640B FM input disconnected), tune the 8640 off the signal frequency to give a
beat at the mixer output. Adjust the mixer drive levels to get an undistorted sine wave on the
scope. This ensures that the mixer is not being overdriven. While the loop is off-tuned, adjust the
beat to a frequency within the range of the LF spectrum analyzer and use it to measure its level,
“A¢” in dBm. This represents the carrier level and is used as the reference for the noise
measurements. Connect the FM input of the signal generator, and switch on the generator’s dc
FM facility. Try a deviation range of 10 kHz to start with. When you tune the signal generator
toward the input frequency, the scope will show the falling beat frequency until the loop jumps
into lock. Then it will display a noisy dc level. Fine tune to get a mean level of 0 V. (This is a
very-low-bandwidth, very-low-gain loop. Stability is not a problem; careful loop design is not
needed. We actually want as slow a loop as possible; otherwise, the loop would track and cancel
the slow components of the incoming signal’s phase noise, preventing their measurement.)

When you first take phase-noise plots, it’s a good idea to duplicate them at the generator’s
next lower FM-deviation range and check for any differences in the noise level in the areas of
interest. Reduce the FM deviation range until you find no further improvement. Insufficient FM
deviation range makes the loop’s lock range narrow, reducing the amount of drift it can
compensate. (It’s sometimes necessary to keep gently trimming the generator’s fine tune
control.)

Set up the LF analyzer to show the noise. A sensitive range and 100-Hz resolution bandwidth
are appropriate. Measure the noise level, “A,” in dBm. We must now calculate the noise density
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that this represents. Spectrum-analyzer filters are normally Gaussian-shaped and bandwidth-
specified at their —3-dB points. To avoid using integration to find their true-noise power
bandwidth, we can reasonably assume a value of 1.2 x BW. A spectrum analyzer logarithmically
compresses its IF signal ahead of the detectors and averaging filter. This affects the statistical
distribution of noise voltage and causes the analyzer to read low by 2.5 dB. To produce the same
scale as the ARRL Lab photographs prior to May 2006 QST, the analyzer reference level must be
set to —60 dBc/Hz, which can be calculated as:

Avcet = Ac — 10 log (1.2 x BW) + 62.5 dBm )

where
Arer = analyzer reference level, dBm
¢ = carrier amplitude, dBm

This produces a scale of —60 dBc/Hz at the top of the screen, falling to —140 dBc/Hz at the
bottom. The frequency scale is 0 to 20 kHz with a resolution bandwidth (BW in the above
equation) of 100 Hz. This method combines the power of both sidebands and so measures DSB
phase noise. To calculate the equivalent SSB phase noise, subtract 3 dB for non-coherent noise
(the general “hash” of phase noise) and subtract 6 dB for coherent, discrete components (that is,
single-frequency spurs). This can be done by setting the reference level 3 to 6 dB higher.

Low-Cost Phase Noise Testing

All that expensive equipment may seem far beyond the means of the average Amateur Radio
experimenter. With careful shopping and a little more effort, alternative equipment can be put
together for pocket money. (All of the things needed — parts for a VXO, a surplus spectrum
analyzer and so on — have been seen on sale cheap enough to total less than $100.) The
HP8640B is good and versatile, but for use at one oscillator frequency, you can build a VXO for
a few dollars. It will only cover one oscillator frequency, but a VXO can provide even better
phase-noise performance than the 8640B. There is free software available so that you can use
your PC soundcard as an LF spectrum analyzer, though you may want to add a simple preamp
and some switched attenuators.

Pontius has also demonstrated that signal-source phase-noise measurements can be
accurately obtained without the aid of expensive equipment. (B. E. Pontius, “Measurement of
Signal Source Phase Noise with Low-Cost Equipment,” QEX, May-Jun 1998, pp 38-49.)
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A Novel Grounded Base Oscillator Design for VHF/UHF Frequencies

Introduction:

The design of VHF/UHF oscillators has been described in many books and journals. Most of the

emphasis was on frequency stability and to some smaller part on output/efficiency. Since the
introduction of reliable Phase noise measurements and the ability to predict/simulate the phase
noise, the improvement of this important parameter with the help of CAD and analytic equations
has gained more attention. The vast majority of early publications focused on designs using small
signal approaches which give non-reliable answers for output frequency, output power and phase
noise. The purpose of this paper is to validate the large signal time domain approach using the
grounded base oscillator rather than the Colpitts oscillator. The key contributions are: (1) to predict
the phase noise correctly using the large signal time domain calculations (Bessel functions) and
nonlinear CAD simulators and derive a set of algebraic equations for the noise calculations (many
of the CAD tools give incorrect answers about the phase noise) and (2) to give set of empirical
equations to guide the synthesis of such an “optimized” oscillators. This novel design concept
using a time domain approach provides both the best output power and the best phase noise.
To have a point of reference the traditional small signal approach is first used followed by the novel
approach shown here to get the optimum design. Using a mix of linear equations and one large
signal parameter (gm), the important noise parameters are calculated and validated. Finally, based
on this, a very simple but powerfully scalable set of formulas for the oscillator synthesis is shown,
that provides extremely good results. In addition to this, the design principle for fixed or
narrowband oscillator discussed here also applies to the broadband VCO design. We have shown
that even multi-octave band (1:3 frequency tuning range) works well with this design methodology
[20-23].

1. Reference circuit:

A very popular circuit for VHF/UHF oscillators is the grounded base configuration, which his
shown in figure 1. Its phase noise can be made very good, since the RF voltage swing at the
collector can be close to the supply voltage. The circuit is simple and has been used for decades.
The oscillator function is based on the principle that power from the output is taken and fed to the
emitter. This feedback arrangement generates a negative resistance at the output, compensating
the losses of the output-tuned circuit, and starts oscillating and then stabilizing the oscillation
amplitude [1,2,3,4]. A complete survey of configurations and applications is found in [5 to 19].

Several books on the topic of Oscillators have been published in the recent years. The references
quoted above give a list of the most popular ones. Many of the authors have attempted to predict
the oscillators performance based on a set of linear calculation including using the Leeson model
or similar methods to determine the phase noise. The problem there is that there are important
input parameters required such as the large signal noise figure of the transistor, output power and
operating Q. They are typically guessed, but not known. The first successful attempt to determine
the large signal phase noise was done by [6, 7].
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But these approaches were not useful without a CAD tool and don’t give any design guides.
Another interesting phenomenon that has been overlooked by the linear approach is that
prediction of the exact Oscillator frequency that can be far off compared to the actual frequency of

Oscillation.

The recent book by Gonzalez [8] gives an interesting overview of designing Oscillators using
linear calculations and CAD, but his design does not provide the optimum solution. To
demonstrate this we are going to first use his way to design a 144 MHz Oscillator. The resulting
circuit neither gives the best out put power nor the best phase noise and, at high frequencies,
requires values for the capacitors, which cannot be easily realized because of parasitic effects.

Figure 1 shows the typical configuration of the grounded base oscillator circuit.

GBfComFLguroTloﬁ

=

i

G191

L]
;EIJV
\JEE>
.

Pl

cap |Cap
CL CLi

||cap

— 3;% C3=CC7A//C38)
" RB1

I
||

!
RBZ

Figure 1 Typical configuration of grounded base oscillator circuit

This oscillator type works well from RF frequencies like 10 MHz to above 1000 MHz. We will now
follow [8]. For large signal conditions see Ref [11]. Kenneth Clarke was probably the first to
publish the effect of the collector current conducting angle of an oscillator, but makes no
mentioning of the relationship of it on the phase noise, which is done on [10].

The [Y] parameters

The first step is to determine the small signal [Y] parameters for the transistor BFR 193 (Infineon),

at the frequency of 144MHz, and the operating point: 1;=10mA, 1g=24pA, V,.=0.64V, Vce=8.8 V
The 10 mA operating point was selected for a stable transistor cut-off frequency fr. For more
output power 30 mA is a better choice.
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Figure 2 shows the circuit generating the small signal [Y] parameters using the Ansoft Designer
CAD and the time domain model.
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Fig.2. Small signal Y parameter generating circuit with CAD using Infineon time domain model

Based on the following definition:

. BIPOLAR -
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|2 Y21 Y22 V2
the CAD software generates the Y-parameters.

We obtain:

Y, =G, + jB, = (279.08— j95.07) mS
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Y,, =G, + jB,, = (-271.32+ j100.77)mS
Y, =Gy, + jB,, = (~1030 + j78.06) xS

Y,, =G,, + jB,, = (1020 + j536.14) 1S

Parallel Feedback Oscillator Toplogy

The feedback arrangement shown in Figure 3 is the standard feedback Oscillator topology using
parallel elements. Theoretically the grounded base configuration can be rotated to be the Colpitts
circuit. This statement is often found in the literature [5]. It is based on the black box theory. If we
look at the performance, it is not correct that a mathematical rotation yields the same performance.
In the case of the Colpitts Oscillator the RF voltage swing is now limited by the base emitter and
emitter to ground voltage and as a result there is less energy stored in the circuit and because of
loading the operational Q can be less than in the grounded base configuration. Here V¢, is about 12
volts. Also Yoo, is less than Yaoee, resulting less loading. The Colpitts Oscillator is popular
because of its simplicity, and its perceived high isolation as the output power is taken at the
collector. However, due to the strong Miller effect at very high frequencies, this is not a true
statement. These comments set aside the general approach in the time domain shown here is valid
not only for the Colpitts Oscillator but other derivatives.

Yo

[Y]

Wl v

Figure 3. Parallel feedback oscillator topology

The necessary oscillation condition for the parallel feedback oscillators as shown in Figure 3
can be described by

Y, +Y, =0

out

This condition can be expressed as

Det Y, +Y, +Y, Y, =Y, 0
Y, -V, Y, +Y, +Y,
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Y3 :—[Y22 +Y2]+ [le _Yz][Y21 _Yz]
[Y11+Y1+Y2]

where Yj; (i,j=1,2) are the small signal [Y] parameters of the bipolar or FET model.
Calculation of the feedback network values [linear case]:

As shown in Figure 3, the active 2-port network, together with the feedback elements Y; and
Y,, are considered as a one-port negative resistance oscillator circuit. The following is an
example of an Oscillator design using the small signal parameter determined above at 8.8
Volts and 10 mA at 144 MHz. The output admittance Y is

Yout _ —Y3 — [Y22 +Y2]— [Y12 _YZ][Y21 _Yz]
[Yll +Y1 +Y2]
The optimum values of feedback element are calculated from the expression of B, and B,
and for 10 mA are:

B '=—!B.+ Blz'FBm}+ Gzl_Glz I:Glz+621+G }
1 11 2 B, - B, 2 11

C, = 478pF
B, =417x10°°
jB, = joC,
C,= 459 pF

The optimum values of the real and imaginary part of the output admittance are

Y = [Gax+ JBay]
where G ,and B, are values for conjugate matching!
G =G.. — (G, + G21)2 +(B,;, - Blz)2
out 22 4611

G, ~-745%x107°
needed to compensate the resonator losses ,

Bou:= B,, + GZl — G12 [(GlZ + Gz1) + Gzz _Gou:j| + ‘: By + BIZ}
21 Blz 2 2
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B .~ 214.74x10°
C4~ 237 pF

1

W, = ;
* 2z4LC

For f,=144MHz, L,~259nH

C ~471pF

Figure 4 shows the 144MHz oscillator circuit using the small signal Y parameter for
establishing oscillation conditions. The required values for this parallel feedback topology
are: 478 pF for the feedback capacitor, 459 pF for the emitter to ground, the inductor 3.2
nH, and 186 pF for C3A and C3B. The bypass capacitors C, and C. should be about 220
pF.

However, it is practically impossible to manufacture capacitors above 200 pF to be capacitive at
these frequencies. The best but awkward method then is to use a few capacitors in parallel

And for 30 mA:
Y,, =Gy + jB, = (437 - j295) mS
Y,, =G, + JB,, = (427 + j296) mS
Y,, =G, + jB,, =(-1670+ j757) xS
Y,, =G,, + jB,, = (1650 — j146) 1S

G
G

For fo= 144 MHz and 30mA, the component values are: L=3.77 nH, C,=518 pF, C,=503 pF,
C3=69 pF, C=324 pF, needless to say C, and C, are paralleled capacitors in the vicinity of
100 pF each.
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Fig 4. 144 MHz oscillator reference circuit for the evaluation of the linear approach

Figures 5 shows the simulated plot of the phase noise. The “linear “calculation
indicates a resonant frequency of 143.2 MHz, while the non-linear harmonic balance
(HB) analysis supplies the correct frequency of 144.2 MHz (quite a difference in
percent) and an output power of (only) 5.1 dBm, as seen in Fig 6. This value is
determined using the HB programs Ansoft Designer (Nexxim). ADS give the same
answer. These CAD tools deviate less then 1 dB from measured results, if the input
Spice type parameters for the transistor are accurate.
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Fig 5. Phase noise plot of 144 MHz oscillator reference circuit for the evaluation of the linear approach (both
10 mA and 30 mA case). The 30 mA case gives 10dB lower phase noise than 10 mA case.
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Fig 6. RF output power of 144 MHz oscillator reference circuit for the evaluation of the linear approach Both
10 mA and 30 mA are shown. For 30 mA, 12dB more power is available, now a total of approximately 18
dBm.

Large Signal and Noise Analysis

There were a variety of efforts made to deal with the large signal conditions, like the time
domain approach. Reference [10] is a first successful attempt to deal with the calculations of
the output power with reasonable effort. See Eq. (10) of this publication. There are many
problems associated with both the large signal analysis as well as the noise analysis. From
an experimentally point of view it is partially impossible to build all possible variations. So
we were trying to determine if the Ansoft Designer, whose large signal noise analysis
development we were involved with, would give us the correct prediction. We were aware
that all researchers would primarily look for measured data (which we will show) and yet
we had to convince them that our CAD tool was reliable. Therefore we took a few critical
circuits, running from Crystal Oscillators to VCO’s and evaluated them again. These were
available during the development of the Designer CAD tool, and we re-measured them, with
more refined test equipment like the R&S FSUP 26 and its necessary options. In [12,13] we
have shown that the accuracy of the prediction was within 0.5dB of the measured results.
During this effort to analyze the noise in oscillators with a set of equation using a minimum
of expensive CAD tools, we found this was possible. These equations, derived in [9], will be
used here.

A Novel Approach using the time-domain analysis for obtaining the best phase noise
and output power.
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The hunt for a combined low phase noise can be followed through the literature. Designers
have published recipes, like the use of low noise transistors, high Q circuit, and other things,
but the consequences of the large signal operation and the resulting phase noise had not
been fully understood. A complete mathematical treatment follows for a 144 MHz
oscillator.

Design Steps

1) Calculation of the output power for the selected DC operating conditions:
We select the same circuit as above, and set f, = 144 MHz.
From [9], the RF output current is:

|()

lee@) =10 =1.t)=1,|1+ 22 cos(nat) | =10x107°[1+6.6], s = I (t) = 60mA (Peak — Amplitude)

where x is normalized drive level (x= i_\'l{l;vl = Drive signal)

Considering 50 Q load, the RF output power is calculated:

Vee (f,) = 1o x50 =60x107° x 50 =1Volt (Peak — Amplitude) (No Vce saturation assumed!)

The oscillator output power at 144 MHz is then

P (f)_VRF(f) ! =10mW =10dBm
2R, 2x50

2) Calculation of the large signal transconductance for the normalized drive level x=15.

3x10°°
=0, =
26mV

| |
dc dc
-5, gm

Y21|Sma”_signa|: Tia_ v ~115mS (k = Boltzman conctsnat, T =298 K )
qa Vi

The large signal transconductance G, is now

Y, =G, (x) = q'd{z' (X)} =9—;{2'1—(X)} ~ 20mS (for x ~15)

|Iarge signal KTx| | (X) n=1 IO(X)

This assumes an ideal intrinsic transistor. To perform the transition from the intrinsic to
extrinsic transistor, we add the parasitics (package effects, lead inductance and bond wires)
by correcting the final results for capacitances and inductances. The f; of the transistor used
is high enough so a phase shift correction for gy, is not necessary at this frequencies (VHF).
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3) Calculation of the feedback capacitors:
The value of n can be in the range of n [ny, ny], where n; is 2 and n, is 5 for a drive level
x=15 (low phase noise performance!!!).

Assume n =5, the values of C; and C, can be calculated to be

The ratio of the capacitor C; to C, is 4.

4) Calculation of the component values (C,, C,, Cs, C4, and L)
(a) Calculation of C; and C,

The value of C, is selected for proper loading, therefore

-3
XC1>YllzC1>£:>Cl>h;C12ZGm(X):C1> 2><20><10 g
@ w w 2x3.1414x144x10

z44pF

For C,/C, =4, C,= 11 pF

(b) Calculation of C; and C,

For optimum phase noise and power output,
C,>2C,=C,=22pF,

and the capacitive transformer tapping ratio m (Cs/C,) should be greater than 10, therefore
the impedance transformation is >100. For C3; =22 pF, C4 is 220 pF.

(c) Calculation of L
1 C, xC
@, = ;, C=C,+C;; C,=—2——2
* 2zJLC TR 7T +C,

— C ~30pF
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1
(27 x144x10°%)? x 29x 1072

For f,=144MHz, L, ~ 39nH

4) Calculation of the [L/C] ratio:

The energy stored across the resonator circuit for a given conduction angle and drive level is

dependent on the characteristic impedance, Z, = /IC‘:((nT)) = 7? :1000\/5 = Z,=+/1200
p

For optimum phase noise and output power, Z should be greater than 3, e.g.
For example, the L/C ratio for a good approach is

-9
L3900 s oo
C, 30x10
Validation

We now use the same test circuit and apply the “new” component values just calculated.

Phase Noise Calculation:

In Reference [9] we have shown the Phase noise calculations for the Colpitts Oscillator.
These calculations can also be used to get the Phase noise of this circuit. It agrees well with
both measurements and simulations using the Harmonic balance simulator Ansoft Designer
(Nexxim).

The individual phase noise contribution can be described by [9]
2
PN, (@, + Aw) = 4KT INFT, (,)] = KT )1 _ ! %o Il Phase noise
Re R, |2]|2jw,Cy | Aw
contribution from the resonator tank.

2
PN,,, (@, + Aw) = 4KTr, [NFT,, (@,)] =4KTr, 116.+G 1 “ |l _ Phase noise
2| C, 2j0Q | Aw

contribution from the base resistance.

2
1 C 1 1) .
PN Aw) =2ql. [NFT. Z2_2ql 4= 2 o 1L 5 Phase noise
ibn (a)o + a)) q b[ ibn (a)o)] q b{z {Cl +C2:||: ja)oQCeff }{Aa)}}

contribution from the base current.
2
K IAF K IAF C
PNy, (@ + Aw) =———[NFy, (@) =—— L 2 : L “ |l _,Phase
f f |2|C,+C, || j2w,QC,; | Aww
noise contribution from the flicker noise of the transistor.
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2
PN, (@, + Aw) =24l [NFT,, (o,)] =24l 1 _G 1 % 11— Phase noise
2|C,+C, || 2jw,QC, | Aw
contribution from the collector current.
The total effect of all the four noise sources can be expressed as

PN (wo + Aw) = [PNinr (a)o + a))] + [PNVbn (a)o + a))] + [PNibn (a)o + a))] + [PNicn (a)o + a))]

2 _
PN (a, + Aw)= KT L1 1 D0 || 4 gprrdt[CatCa | 1) @
° R, |2|2jo,Cy | Aw 12| ¢, |2jQ]Aw]

2
+| 201 +27sz|bAF 1| G, 1 [a)o} roq LG 1 @, |
" Aw ||2]C,+C, | i2Qw,Cy | Aw ][ Te)2|C,C, | 2joaC, | Ao

where
Ks = Flicker noise constant
AF = Flicker noise exponent.

2

H_J

——
N

C, =C+SiC2
C, +C,
Note: The effect of the loading of the Q of the resonator is calculated by the noise transfer
function multiplied with the noise sources.
The phase noise contribution from the different noise sources for the parallel tuned Colpitts
oscillator circuit at Af =10 kHz from the oscillator frequency f, =144 MHz will now be

computed:

Circuit parameters:
Base resistance of transistor r, = 6.14 ohm.

Parallel loss resistance of the resonator Rp = 7056 Ohm.

Q of the resonator = 200 (Q of the inductor at 144 MHz)
Resonator inductance = 39 nH
Resonator capacitance = 22 pF
Collector current of the transistor I, = 10 mA
Base current of the transistor I, = 85 UA.
Flicker noise exponent AF =2
Flicker noise constant K;= 1E-7
Feedback factor n = 5.
Phase noise @ 10 KHz:
PN, (@, +10KHz) ~ —134.2dBc/ Hz

PN,,,, (@, +10KHz) ~ —151dBc/ Hz
PN iy (@, +10KHzZ) ~ ~169.6dBc/ Hz
PN, (2, +10KHz) ~ —150.6dBc/ Hz
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The total sum of all the four noise sources can be expressed as

PN(@, +Aw) =[PN,, (@, + ®)]+[PN,, (@, + @)]+[PN,, (@, + @)]+[PN,,, (@, + ®)] = -134.1dBc/ Hz

inr

Note: The noise contribution from the resonator at this offset is the same as the flicker
noise contribution from the transistor. For low-Q cases, this can be identified as the flicker
corner frequency.

Phase noise @ 100Hz:

PN, (@, +100Hz) ~ —94.2dBc/ Hz
PNy, (&, +100Hz) ~ —111dBc/ Hz
PN 0. ity (@ +100Hz) ~ —124.1dBc/ Hz
PN, (@, +100Hz) ~ —110.6dBc/ Hz
The total sum of all the four noise sources can be expressed as
PN(@, + Aw) =[PN,, (@, + ®)]+[PN,,, (@, + @)]+[PN,, (@, + @)]+[PN,, (0, + ®)] = -94.1dBc/ Hz

inr Icn

It appears that the flicker noise and the noise from the resonator are the limiting factors for
the overall phase noise performance of the oscillator circuit.

Figures (7) and (8) show the schematic and layout of the 144 MHz oscillator using time
domain parameters at Ic=10 mA.

The oscillator circuit shown in Figure 7 uses a lumped inductor of 39 nH and an unloaded Q
of 200 at the operating frequency. Even at theses frequency the layout is quite critical.
Figure 8, layout shows an assembly of component where the lead inductances have been
kept small. The inductor is a standard off the shelf component.

Figures (9), (10), and (11) show the CAD simulated phase noise plot, the measured phase
noise plot, and the simulated output power. The simulated and the validated output power
now is 11.55dBm (a 6 dB improvement compared to the linear case), and at 10kHz offset
from the carrier frequency, the phase noise has been improved to be —135 dBc/Hz from
previously —122 dBc/Hz, a 13 dB improvement.
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Fig 7. 144 MHz oscillator reference circuit for the evaluation of the time domain approach

Fig 8 Layout of 144 MHz oscillator circuit using LC lumped inductor capacitor resonator network
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Fig 8. Phase noise plot of 144 MHz oscillator reference circuit for the evaluation of the time domain approach

Figure (9) The measured phase noise plot for 144 MHz oscillator (linear and time domain).

Using our phase noise calculation approach as shown above, the result is —134 dBc/Hz and
—94 dBc/Hz at 10 kHz and 100 Hz offset. All three results, calculated, simulated, and
measured result closely agrees within 1 dB. Many designers may not have access to CAD
tools with oscillator noise calculation, and therefore this approach is extremely useful and
cost saving.
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If we now operate the same transistor at 30 mA, the phase noise at 10 kHz offset will further
improved to be —144 dBc/Hz and the output power is increased to 20 dBm. This shows that
for low phase noise design a more powerful transistor is a good choice. It is important to
keep the DC dissipation of the device in mind, as the CAD approach does not flag a misuse
of the device.

20.00

10.00_]

dBm{PO1)

-10.00_]

20.00_]

-30.00_]

~40.00] !
10000 150100 200,00 25000 300000 350,00 400700 450100

Spectrum [MHz]
Fig 10. RF output power of 144 MHz oscillator reference circuit for the evaluation of the time domain

approach.

Second Example: 433MHz oscillator Circuit:
Transistor (BFR193 same devices as above), Vce=8.8V, ;=10 mA, Izg=85uA, V,.=0.67V).
Using the same set of equations and design, we now obtain:

C, =3.3pF, C, =13pF, C,,= 7.5pF, C,,= 75pF, L. =13nH
R. = 3200, R,, = 290000, Ry, = 200000, C, = 220 pF, C, =1000pF,V,. =12V

resulting an output power of 11.9 dBm and a phase noise of — 100 dBc/Hz at 10kHz offset
from the carrier. Since the 144 MHz was about 35 dB better in the phase noise (- 135
dBc/Hz at 10kHz offset), we need to ask question why? The phase noise and the carrier
frequency are related in a quadratic function. This means 3 times increases in frequency
results in 9 dB degradation in phase noise for 432 MHz oscillator circuit in comparison to
144 MHz oscillator as shown in Figure 7. Therefore, phase noise performance for 432 MHz
oscillator circuit should be — 126 dBc/Hz instead of — 100 dBc/Hz at 10kHz offset (CAD
simulated).
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The answer is that even in grounded base condition, large signal Re [Y,] loads the parallel
tuned circuit significantly resulting in a lower dynamic operating Q. We have to find a work
around for this.

The phase noise and the Q are related in a quadratic function. This means 2 times the Q
result in 12 dB improvements. Since we lost 26 dB, we need to improve the dynamic loaded
operating Q approximately 20 times. As this is not possible, there may be more effects than
just the Q deterioration. Here is the answer: “the collector emitter capacitance dynamically
detunes the circuit periodically”. A solution for this problem is to tap the inductor, therefore
decreasing the influence of the transistor. We will show this now.

Modified Circuit for UHF (432 MHz) and Higher Current

If we inspect Y, of our transistor at 432 MHz and at 30 mA, we will see that the loading of
the tank circuit decreases the operating Q significantly. The way around this to apply a
center tapped inductor. As the coupling at these frequencies from winding to winding is not
extremely high, actually two separate identical inductors can be used successfully.

Figure 11 shows the schematic of 432 MHz grounded base oscillator using the tapped
inductor.

32 MHz Dsotl Lotor (IC=30mA)
[

i

|
|l
s

FRED i s i
N'DUT Figle Tone p— — p— F[J,DI — —
N ’
PNERES UMz 59DIHz? FIEV B8P 1dHL 1MAEZ 15 b oo

Figure 11 Schematic of 432 MHz grounded base oscillator using tapped inductor (30 mA).

This is a modification of the circuit we have used previously. In the case of a VCO, it would
be advantageous to use a different output coupling scheme because in this configuration, the
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loading would vary with frequency. This can easily be achieved by adding some inductive
coupling to the circuit. In case of a printed resonator this can be accomplished quite simple.

Figure 12 shows the layout of the 433 MHz oscillator circuit using buried printed couple
line resonator network (stripline resonator: middle layer).
The actual resonator would not be visible if the oscillator is visually inspected.

Fig 12. Layout of the 433 MHz oscillator circuit using buried printed couple line resonator network (stripline resonator:
middle layer).

Figure 13 shows the simulated phase noise plot. It shows the expected noise degradation of
9 dB, as the frequency is approximately 3 times higher. The resulting simulated output
power at 432 MHz is 16 dBm, compared to 18 dBm at 144MHz. This is due to internal
package parasitics, which could not be compensated externally. The second harmonic is
suppressed by 38 dB; this is due to the higher operating Q.
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Figure 13. The simulated phase noise plot of 432 MHz grounded base oscillator using tapped inductors

Circuit Design Guidelines:

The results we have obtained so far were based on mathematical calculations. Some of these
calculations are difficult to obtain. However, by inspecting the resulting circuits, there are
certain relationship between the values of the capacitance of the tuned circuit and the two
feedback capacitors, the collector emitter capacitor and the emitter to ground capacitor. The
following shows the set of recommended steps for easy design of such oscillator. Figure 14
shows the typical grounded base oscillator for demonstrating the simple design rules where
Ce and Cr are the feedback capacitors that generates the negative resistance to compensates
the loss resistance of the resonator network comprised of Lg and C; .

Simple Design Rules With an Example:

By setting the L/C ratio to a fixed value of 1200 (this is done for optimum energy storage, group
delay and energy transfer for a given cycle in the resonator network), the following should be used:

@ L{L—E}
C CL Grounded —Base
(2)  L=1200xC = L, =1200xC’

=1200 = Z, =~/1200 = 34.6Q

@ f=—t -1
2723LC 272.C1200

4) C/ =C_+ CeCe ; Ce (Cy) and Ck (C,) are feedback capacitors.
etk
c,C
5 — A~B
®) " C,+C,

(6) C,=10xC,
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Figure 14 Typical configuration of grounded base oscillator circuit

In order to examine the accuracy of this simple approach, let us take the same 144 MHz grounded
base oscillator as shown in Figure 7 (the radio amateur readers will appreciate this).

Example: The 144 MHz Grounded Base Oscillator

1
C'=— — = C=31pF
b 24f4/1200 P
LL=;Z:>L;39nH

(2#f ) xC

C. =0.3xC’ =11pF
C_=2xC, = 22pF
C.=4xC, = 44pF
C,=22pF
C, = 220pF

These results are comparable with the results above and the calculation is frequency scalable
with minor corrections possibly, if necessary. Competing other alternative short formulae
published in the literature may not deliver the same high performance.

Summary:

Today’s applications, both commercial and consumer, require low cost high performance
oscillators and the design time is also very critical. The approach shown here meets these
requirements and gives detailed guidelines for better performing oscillators. The concept is
explained in detail and validated. This is only one of the many applications for which this
technique is applicable. Furthermore, by translating this design to integrated circuits very
high performance but very low cost oscillators can be made. From a theoretical point, we
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found it surprising that simple equations could be found which optimized the design and
accurately predicted the phase noise. For the determination of the output power, a nonlinear
CAD toll is recommended if the frequencies are higher than 500 MHz. Our example has
shown that at frequencies below 200 MHz the output power can be determined quite
accurately using this approach.
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A Design Example for an Oscillator for Best Phase Noise and Good Output Power Rohde

A Design Example for an Oscillator for Best Phase Noise and Good Output Power
By Dr. Ulrich Rohde, N1UL

Figure C-1 shows the parallel-tuned Colpitts oscillator circuit, which has to be designed
with the following specifications. The unit was also built and measured. It uses a
ceramic resonator and its equivalent circuit is shown.

Requirements:

output power requirement: 13 dBm
operating frequency: 1000 MHz
load: 50 Q

phase noise —124 dBc/Hz @10KHz

Design Steps
Step 1:

Calculation of the operating point for a fixed, normalized drive of x = 20 (high output
power), see Table 6-1.

Based on output power requirement, the following is calculated.

The oscillator output voltage at the fundamental frequency is

Vo (@0) =[P (0,) %2R, =+/20E — 32 %50 ~1.414V (C-1)

The fundamental current is

Vo (@y) 1.414

= 28.3mA C-2
0 m (C-2)

[out (a)O) =

The DC operating point is calculated based on the normalized drive level x =20. The
expression for the emitter dc current can be given in terms of the Bessel function with
respect to the drive level is

1,(x)

I 0( X ) j| x=Normalized — Drive— Level

[IE (@, )]: 2IDC|: (C-3)
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Figure C-1 Schematic of the 1000 MHz oscillator.
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Figure C-2 Predicted output power of the oscillator.
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Figure C-3 Predicted phase noise of the oscillator.

For the normalized drive level x = 20, the output emitter current at the fundamental
frequency can be given as

[IE (@, )]x:ZO = [IEI (@, )]x=20 + [152 (@, )]x=20 =21 )¢ { S } ~ 56mA (C-4)
Io(x) x=20
[1,, (@], = 1,.(®,) = 28.3mA (output current to the load) (C-5)

Figure C-4 shows the oscillator circuit configuration in which DC and RF current
distribution is shown and divided into its components.
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Collector
I ¢ IC-DC
Base B-DC
° —> NE68830
-1 Cl 1 i IE(fO)
. E-DC ¢
MW Emitter
-
4 I (fo)
T2 I (fo)
Lel i
C,
Zi /J R ® Output
~ Iout(fO)
Le2

Figure C-4 Current distribution in the oscillator circuit.

[IEZ (@, )]x:20 = [IE (@, )]x:ZO - [151 (@, )]x:ZO =27.3mA (C-6)

@)l o, (C-7)

Iy pe = 2{ 1) }
Iy(x)] _,,
For this application, the NE68830 was selected.
Step 2:
Biasing circuit

For the best phase noise close-in, a DC/AC feedback circuit is incorporated, which
provides the desired operating DC condition [84]:
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Ig=28.3mA

Vee=5.5V, Supply Voltage V..=8V
=120

Ig=0.23mA

Step 3:

Calculation of the large-signal transconductance.

qly | 21,(x)
Y =G, (x)= L | 2 C-8
21|!arge—signal m (X) ka |: IO (X) doment ( )
1.9491
Y. =P 120,107 C-9
[ 21 ]a):a)o |: SZOmV :| ( )
Step 4:
Loop Gain.
The loop gain is
LOOp - Gall’l = [LG]sustained—condition = |:RPY21 (X)i| = |:Rpgm :| 211 (X) |:l:| > 1
n X I,(x) |Ln
(C-10)
Rppo (fy) = R, || Bias — circuit = 50.73Q (C-11)
As earlier derived, the loop gain should be 2.1 to have good starting conditions!
R,.. Y.
" :{ PEQ2 il (x)} _ 0.1072*150.73 ~2.523 (C-12)
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Step 5:

Calculation of the feedback capacitor ratio.

n=1+ {3} =2.523= {Q} =1.523 (2.523- 1) (C-13)
x=20

2 2

Step 6:

Calculation of absolute values of feedback capacitor.

The expression of Z, (Looking in to the base of the transistor) can be given as

7 o~ Y,, 1 (G HCHC) ) [ oYL, Y,,
" @€ +C)C, |1+ @Y L) / o (C; +C,)C, (1+o’Y;L2) @ (C, +C,)C,

(C-14)
where
Cp = (Cggpkg + contribution from layout) = 1.1pF
Lp=(Lg+ Lgx + contribution from layout) = 2.2nH.
The expression for the negative resistance R, 1s
R R
Rneq = 2’1 272 = P - P P (C‘IS)
(1+@°Y21%) [1+Q27*1E9)* %(0.107)* * (2.2nH)*]
R
R ~—1= C-16
" 3.65 ( )
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R B ~ 0.107
" lelcc, |, Qrx1E9)’CC,

R, is the negative resistance without parasitics (C,,L,).
For sustained oscillation > R,,, > 2Rpgq = 101.4 Ohm

R, =3.65%101.4 ~ 3710hm
C,C, = iz 01071 < 726
w® | 371

{ﬂ} ~1.52
C2 x=20

C, =33pF

C, =22pF
Step 7:
Calculation of the coupling capacitor r..

The expression for the coupling capacitor is

C oo { (@”C,C,)(1+ 0V, L) }
10" 7 |[V2C, —0’C,C,)(1+ 0 YALL)(C, +C, +C))]
C, > 0.4pF

Rohde

(C-17)

(C-18)

(C-19)

(C-20)

(C-21)

(C-22)

(C-23)

(C-24)

Figure C-5 shows the transistor in the package parameters for the calculation of the

oscillator frequency and loop gain.
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CC|B|PKG
[ | Lex
i | i1k Collector
tox | In | "
Base 2118 2118 Q) 1 Cce
)
— Ccepka

Emitter

Figure C-5 NE68830 with package parasitics. Q is the intrinsic bipolar transistor.

Tables C-1 and C-2 show NE68830 nonlinear parameters and package parameters which
were taken from the NEC data sheets.

Table C-1 Nonlinear parameters

Parameters Q Parameters Q
IS 3.8E-16 MIC 0.48
BF 135.7 XCJC 0.56
NF 1 CJS 0

VAF 28 VJS 0.75
IKF 0.6 MIS 0
NE 1.49 TF 11E-12
BR 12.3 XTF 0.36
NR 1.1 VTF 0.65
VAR 3.5 ITF 0.61
IKR 0.06 PTF 50
ISC 3.5E-16 TR 32E-12
NC 1.62 EG 1.11
RE 0.4 XTB 0
RB 6.14 XTI 3
RBM 3.5 KF 0
IRB 0.001 AF 1
RC 4.2 VJE 0.71
CJE 0.79E-12 MJE 0.38
CJC 0.549E-12 VJC 0.65
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Table C-2 Package parameters of NE68830
Parameters NE68830
Ccn 0.24E-12
Cce 0.27E-12
Ls 0.5E-9
Lg 0.86E-9
Ccarko 0.08E-12
Ccerkg 0.04E-12
CgEpPkG 0.04E-12
Lpx 0.2E-9
Lcx 0.1E-9
Lex 0.2E-9
Design Calculations
1. Frequency of Oscillation
Frequency of the oscillation is
| 1
v, = {(CWCP)QC} ~ 1000MHz
(C] +C+C,y) c (C-25)
{ (CT+C)G, +C‘}
(G +C+Cy)

with

L = 5nH (Inductance of the parallel resonator circuit)

C,’=2.2pF

C;=C, +Cp

Cp=1.1Pf (Cggpkg *+ Contribution from layout)
C,=2.2pF

C.= 0.4pF

C=4.7TpF

Rp=12000 (Measured)

R,
Qunlaaded |: W L i|
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2. Calculation of the Phase Noise

The noise equation which was determined in Chapter 8.4, Equations (8-109), (8-115), and
(8-117), and which contains resonator noise, shot noise, and flicker noise, can now be
used to graphically determine the best phase noise as a function of n. Figure C-6 shows a
plot of this curve. It gives the best number of n to be 2.5, which is consistent with the
calculation done for the large-signal condition. Eq. (C-12) gives the same result.

dBe/Hz ~'%°

=122

—124

=126 |~ =

Phase-noise

—-128 |~ =

] | | l | ] l | |
0 2.5 4 5.5 7 85 10 11.5 13 145 16

n

=130

Figure C-6 The phase noise contribution of the lossy resonator at 10KHz offset.

The calculated phase noise at 10 KHz off the carrier is —124 dBc/Hz, which agrees with
the measurements within 1 dB. The other values are —140 dBc/Hz at 100 kHz offset and
—160 dBc/Hz at 1 MHz offset.

This circuit is shown in Chapter 9.1, Figure 9-2. The actual measured phase noise is
shown in Figure 9-4, and the simulation is shown in Figure 9-5. Considering that
Equation (8-109) only contains shot and flicker noise, as well as resonator noise, it has
been proven that this by itself is a very accurate formula for practical use. Figure 9-5 has
been generated from using Ansoft Designer, which includes all noise sources and is based
on the harmonic balance principle.

The important conclusion found in Chapter 8 is that for the first time we have a complete
mathematical synthesis procedure for best phase noise that covers both flicker noise and
white noise for the oscillator. In the past, most publications have referenced an oscillator
built with many shortcuts and then the author found that the measured results agree with
the expectations. A complete synthesis approach has not appeared previously.

Reprinted with permission from Rohde: The Design of Modern Microwave Oscillators for Wireless
Applications, (Wiley 2005, ISBN 0471-723428
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Oscillator Design Using LTSpice
By David Stockton, GM4ZNX

Modern RF design is heavily reliant on simulation. Universities have shifted emphasis from
hardware labs to computer simulations. Simulators work well on amplifiers, filters, modulators,
mixers and so on, but not as well on oscillators. This leaves even graduate-level RF engineers
rather light on the subject of oscillators.

Such a void is a back-door opportunity to oscillator analysis. Simulation has not been used
much by amateurs because it is computationally intensive. Most recent PCs have plenty of power
for this task, however. You may not be aware of how powerful your machine is, because things
like operating systems and word processor software have become progressively inefficient. Set
your computer loose on a math-intensive task like circuit simulation and see what a beast has
been hiding behind the flashy graphics and zillions of type fonts.

The simulator needs to be able to handle oscillators, and it needs to be affordable on an
amateur budget. High-end RF CAD packages usually contain tools for handling oscillators, but
they aren’t easy to use and many are afterthought additions that don’t mesh with the rest of the
package. Oscillators are diabolical things to simulate. Even if you can afford to shovel money at
the problem, it still takes a bit of creativity to use a full “bells and whistles” simulator on an
oscillator and for the results to make sense. (For detailed information on simulation, see the
chapter on Computer-Aided Circuit Design.)

An oscillator is a simple loop with signal flowing round and round in it. We can view the
signal flow as being many components adding together at some point at some time. We can think
of these components as being different vintages. This component came from thermal noise X
microseconds ago and has been round the loop Y times, and that component... you can see the
pattern. This is hard to analyze because all components get summed, not separated. So instead of
thinking of our oscillator as a single stage with everything distributed in time, let’s distribute it in

space as well.
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HERO342 [B]

Figure 1 — The “Swiss Roll” visualization used by GM4ZNX. The
amplifier loop is “unrolled” to permit its signals to be observed.

The GM4ZNX “Swiss-Roll” technique is to think of a rolled-up jelly cake and unroll the
oscillator circuit as illustrated in Figure 1. We break the loop open, which leaves us with a tuned
amplifier circuit with an input and an output terminal. In a closed oscillator loop, the output
terminal would drive the input terminal. In the unrolled circuit, the output terminal drives the
input of a second stage and so on.

Instead of infinitely looping signals in a single stage, we now have a single signal flow down
an infinite string of stages. This doesn’t sound any better, but we only need to handle a couple of
hundred stages. Think about that... we are going to simulate a 200-stage tuned amplifier! But all
the stages are identical, so we only have to draw one stage and have the others built as
hierarchical repeats. On a 2005 model laptop, a simulation takes several minutes, which is fine.

Affordable RF analysis programs are normally limited to linear simulations and can’t handle
the oscillator’s amplitude control mechanism. We also need a simulator that can handle random

noise at the same time so the choice of tools becomes very limited. One example of a suitable
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simulation package, based on SPICE, is available free from the Linear Technologies website,
www.linear.com. (The program is called SWCADIII or LTSpice.) It is optimized for the analysis
of switch-mode power supply (SMPS) circuits. This is very good for our purposes. In an SMPS
things ring at high frequencies, and slow things settle. LTSpice has some trickery which allows it
to easily handle RF speed events, while running a simulation efficiently over a long enough
period for control loops to settle. This is what makes it efficient for oscillators. Our oscillator
circuits are run at such large signal levels that as the oscillator reaches its long term output, it
will affect bias conditions, which are slow-damped by decoupling components. (Again, refer to
the Computer-Aided Circuit Design chapter for more information on circuit simulation.)

LTSpice can handle noise, and it can also handle hierarchical schematics. We draw our basic
oscillator circuit once, and create a symbol for it. We can then use that symbol in a higher level
schematic. For our worked example of an oscillator analysis, a single-stage schematic and
symbol were created, then a higher level, a 10-pack of those symbols was created. The top level
was made of 20 10-packs. Files for these designs are in the Handbook’s companion CD, but to
be able to set them up in LTSpice you will need to read LTSpice’s help files on hierarchical
designs. Hierarchical schematics save the need to draw our oscillator stage 200 times. It also
allows editing a parameter on one schematic to change all 200 stages at once. Without this
feature, things would be tedious.

Figure 2 shows a basic oscillator circuit. The transistor is a bipolar type, operated in
common-base mode. The resonator is an LC tank with a capacitive tap. The common-base
amplifier gives less than unity current gain, low input impedance and high output impedance.
There has to be an impedance transformation to make the loop have enough gain to oscillate, and
the capacitive tap is it. Instead of having bias resistor networks, the stage has a voltage source to
set the collector bias voltage, and a current source to set the quiescent emitter current. You can
just type in your bias values without having to calculate resistor values. One drawback of
LTSpice is that it has few RF parts in its libraries, but a search on the Internet will find user
groups and guidance on editing models for other SPICE variants to work with LTSpice. The
2N4142 in the supplied library is used in this example. A 5 V collector bias and 0.2 mA emitter

bias have been chosen as starting points.
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Figure 2 — The basic oscillator circuit (A) is built on a tuned amplifier circuit (B).

In designing this circuit, we must create a stage gain greater than unity, and allow the
operating level to rise until that gain is compressed to exactly unity. With a bipolar transistor at
RF, we do not want it to go into saturation. Instead, we want it to go into cut-off before that can
happen. Set the emitter current for the level you want, and then make sure there is enough
collector bias voltage that the instantaneous collector voltage is always a few volts more positive
than the emitter. The L/C ratio of the tank, and the capacitive tap ratio are surprisingly tolerant,
the circuit will oscillate with these parameters varied over an appreciable range. If your goal is
low drift, then you should go for high capacitance in the tank, to dilute the effect of strays. If
your goal is low phase noise, then you should try to create as high a tank Q as possible.

Because oscillators of this type use nonlinear device operation to control amplitude, do not
try to get low levels of harmonics on their output — the harmonic creation mechanism is
fundamental to the oscillator. Try an oscillator with a detector and feedback loop to control its
level instead. The square-law characteristic of JFETs is an excellent level-stabilizing mechanism
and accounts for their popularity in oscillators. However, their wide range of Ipss for any given
type, can be troublesome. MMIC amplifiers with internal feedback are probably the worst choice

of device, but some types can be used in special circumstances.
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In the simulation circuit provided here you will find some odd things. The random number
source is of uniform density, so several of them are added together to approximate Gaussian
noise. The collector load resistor which represents the output of the oscillator is split into two
parts, a resistor to ground on the output is needed to define the dc potential of a node between the
capacitors of adjacent stages (or else SPICE complains) and it also loads the tank via the tap.

When you have got all the schematics in the right directories for LTSpice to use them, and
run the simulation, you will have an immense database of all waveforms at all nodes. You can
now probe around the top level schematic. The first transistor in the chain acts as an emitter-
follower so you can see its noise voltage coming out of its input if you probe there. The way the
random number generators work is tied to the simulation time clock and you will see the first
random number generator turn on at about 2 us into the simulation, followed progressively by
the others. This is just an oddity of the realization, but it does illustrate the summation of
differently-seeded generators to approximate Gaussian distribution of noise.

Probing along, 10 stages at a time, you will see bigger and bigger noise waveforms until you
start to notice the effect of the cumulative selectivity, as it starts to look like a noisy sine wave.
Further along you will see the level begin to stabilize. If you zoom out to a larger time-scale, you
will see that the sine wave seems to have low frequency random noise AM applied to it. As you
probe further along you will see this “AM” compressed until it isn’t seen, by the level control
action of the oscillator and progressively narrowing bandwidth. Long before you get to the end
of the 200 stages, you will have the appearance of a stable sine wave. Remember that the taps
earlier in the structure represent the signal in a closed loop oscillator at times close to when it
started-up. In a running oscillator, compression eventually reduces the gain of all amplification
passes of all signal components. Fourier transform conversion can be used to convert these time-
pictures into spectrum displays, if you want to explore further.

Among the accompanying files there is also a simulator that takes a single stage and plots its
compression characteristic. It could be improved by adding earlier and later stages to make the
source and load impedances more representative. The example oscillator can also have a model
of a quartz crystal added in series with its output, to simulate a crystal oscillator. Explore! And
have fun.

How can a lower phase noise oscillator be designed? Firstly if you use a lower noise

transistor, it will take more stages of gain and filtering to bring it up to the stable output level.
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The greater repetition of filtering before noise reaches a significant level narrows the bandwidth
of the output signal. Secondly, if you can engineer a higher-Q tank circuit, each pass through the
tank has a greater narrowing effect.
The simulation files for this section are included with this article:
SwissRollIDemoBasicStage.asc — (The oscillator stage. Editing this changes every stage)
SwissRollDemoBasicStage.asy — (The symbol file for use in higher level schematics)
SwissRollIDemol10Pack.asc — (10 basic stages as a building block)
SwissRollIDemo10Pack.ass — (The symbol for a 10 pack)
SwissRollIDemoTopLevel.asc — (This is the real simulation, uses the above as components)
SwissRolIDemoCompression.asc — (Crude simulation showing stage gain compression)

SwissRollDemoStageBandwidth.asc — (Crude simulation showing filter Q of one stage)

Copyright © 2013, American Radio Relay League, Inc. All rights reserved.
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7.3  Nonlinear Approach to the Calculation of Oscillator Phase Noise
By Dr. Ulrich L. Rohde, N1UL

The mechanism of noise generation in an oscillator combines the equivalent of frequency
conversion (mixing) with the effect of AM-to-PM conversion. Therefore, to calculate
oscillator phase noise, we must first be able to calculate the noise figure of a mixer [75].
This chapter presents the use of an algorithm for the computation of SSB carrier noise in
free running oscillators using the harmonic balance (HB) nonlinear technique.

Traditional approaches relying on frequency conversion analysis are not sufficient to
describe the complex physical behavior of a noisy oscillator. The accuracy of this
nonlinear approach is based on the dynamic range of the harmonic balance simulator and
the quality of the parameter extraction for the active device. The algorithm described has
also been verified with several examples up to millimeter wavelengths. This is the only
algorithm that provides a complete and rigorous treatment of noise analysis for
autonomous circuits without restrictions such as not being able to handle memory effects.

Noise Generation in Oscillators

As shown above, the qualitative linearized picture of noise generation in oscillators is
very well known. The physical effects of random fluctuations taking place in the circuit
are different depending on their spectral allocation with respect to the carrier:

e Noise components at low frequency deviations result in frequency modulation of
the carrier through mean square frequency fluctuation proportional to the available
noise power.

e Noise components at high frequency deviations result in phase modulation of the
carrier through mean square phase fluctuation proportional to the available noise
power.

We will demonstrate that the same conclusions can be quantitatively derived from the HB
equations for an autonomous circuit.

Equivalent Representation of a Noisy Nonlinear Circuit
A general noisy nonlinear network can be described by the equivalent circuit shown in
Figure 7-13 and Appendix D. The circuit is divided into linear and nonlinear subnetworks

as noise-free mult8-ports. Noise generation is accounted for by connecting a set of noise
voltage and noise current sources at the ports of the linear subnetwork [76-80].
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R
e A0
—(0 )
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Noise-Free
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?Un(t}

Noise-Free
Nonlinear Subnetwork

Figure 7-13 Equivalent circuit of a general noisy nonlinear network.

Frequency Conversion Approach

The circuit supports a large signal time periodic steady state of fundamental angular
frequency o (carrier). Noise signals are small perturbations superimposed on the steady

state, represented by families of pseudo-sinusoids located at the sidebands of the carrier
harmonics. Therefore, the noise performance of the circuit is determined by the
exchange of the power among the sidebands of the unperturbed steady state through
frequency conversion in the nonlinear subnetwork. Due to the perturbative assumption,
the nonlinear subnetwork can be replaced with a mult8-frequency linear mult8-port
described by a conversion matrix. The flow of noise signals can be computed by means
of conventional linear circuit techniques.

The frequency conversion approach frequently used has the following limitations:

The frequency conversion approach is not sufficient to predict the noise performance of
an autonomous circuit. The spectral density of the output noise power, and consequently
the PM noise computed by the conversion analysis are proportional to the available
power of the noise sources.

e In the presence of both thermal and flicker noise sources, PM noise: raises as o

for ® — 0; tends to a finite limit for ® — .

e Frequency conversion analysis: correctly predicts the far carrier noise behavior of
an oscillator, and in particular the oscillator noise floor; does not provide results
consistent with the physical observations at low deviations from the carrier.
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This inconsistency can be removed by adding the modulation noise analysis. In order to
determine the far away noise using the autonomous circuit perturbation analysis, the
following applies:

The circuit supports a large signal time periodic autonomous regime. The circuit is
perturbed by a set of small sources located at the carrier harmonics and at the sidebands
at a deviation o from carrier harmonics. The perturbation of the circuit state (5X,X,)

is given by the uncoupled sets of equations:

JE
5E2 0X, =T, () (7-36)
JE
aE: 5X, =7, (@) (7-37)

where

Eg, Ex = vectors of HB errors

Xpg, Xy = vectors of state variable (SV) harmonics (since the circuit is autonomous,
one of the entries X is replaced by the fundamental frequency ay)

Jg, Jy = vectors of forcing terms

The subscripts B and H denote sidebands and carrier harmonics, respectively.

For a spot noise analysis at a frequency ®, the noise sources can be interpreted in either
of two ways:

e Pseudo-sinusoids with random amplitude and phase located at the sidebands.
Noise generation is described by Equation (7-36) which is essentially a frequency
conversion equation relating the sideband harmonics of the state variables and of
the noise sources. This description is exactly equivalent to the one provided by the
frequency conversion approach. This mechanism is referred to as conversion noise
[70-79].

e Sinusoids located at the carrier harmonics, randomly phase- and amplitude-
modulated by pseudo-sinusoidal noise at frequency . Noise generation is
described by Equation (7-37), which describes noise-induced jitter of the circuit-
state, represented by the vector 8Xy. The modulated perturbing signals are
represented by replacing the entries of Jy with the complex modulation laws. This
mechanism is referred to as modulation noise. One of the entries of §Xy; is do,
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where 80 (w)= phasor of the pseudo-sinusoidal components of the fundamental

frequency fluctuations in a 1 Hz band at frequency ®. Equation (7-37) provides a
frequency jitter with a mean square value proportional to the available noise
power. In the presence of both thermal and flicker noise, PM noise raises as o
for ® — 0and tends to 0 for ® — . Modulation noise analysis correctly describes
the noise behavior of an oscillator at low deviations from the carrier and does not
provide results consistent with physical observations at high deviations from the
carrier.

The combination of both phenomenon explains the noise in the oscillator shown in Figure
7-14, where the near carrier noise dominates below oy and far carrier noise dominates

above w, . Figure 7-15 (itemized form) shows the noise sources as they are applied at the

IF. We have arbitrarily defined the low oscillator output as IF. This applies to the
conversion matrix calculation.

A
L)

Near-Carrier Noise

Far-Carrier Noise

o f

Figure 7-14 Oscillator noise components.

Power

A~ TN,

P

IF Lo 2L0

Figure 7-15 Noise sources where the noise at each sideband contributes to the
output noise at the IF through frequency conversion.
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Figure 7-16 shows the total contribution which have to be taken into consideration for
calculation of the noise at the output. The accuracy of the calculation of the phase noise
depends highly on the quality of the parameter extraction for the nonlinear device; in
particular, high frequency phenomena must be properly modeled. In addition, the flicker
noise contribution is essential. This is also valid for mixer noise analysis.

Periodic

Nonlinear Device » Frequency
Noise Sources Modulation '.[ Conversion ]

Linear Subnetwork > Frequency
Noise Sources Conversion

LO Signal +[ Frequency

Noise Source Conversion

Figure 7-16 Noise mechanisms.

Conversion Noise Analysis

The actual mathematics used to calculate the noise result (Ansoft Serenade 8.x) are as
follows:

kth harmonic PM noise:

>|5(Dk(a)]2<:Nk(w)_N—k(a))_zzRe[Ck(w)] (7-38)
R
kth harmonic AM noise:
>|5Ak (a))|2< 5 N, (a))—N_k (a;)+22 Re[Ck (a))] (7-39)
R1Y|
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kth harmonic PM-AM correlation coefficient:

P ()= )0, ()54, ] = 7 20l N, (@)= (o) (7-40)
R1Y|

where

Ni(® ), Nk (o) = noise power spectral densities at the upper and lower sidebands of
the kth harmonic

Ci(® ) = normalized correlation coefficient of the upper and lower sidebands of the
kth carrier harmonic

R = load resistance

I* = kth harmonic of the steady-state current through the load.

Modulation Noise Analysis

kth harmonic PM noise:

k2 t t
>|5<Dk (a,)|2< =T, W, (0N, ()T, (7-41)
kth harmonic AM noise:

Yo, (W<=ﬁnk ), (@0 ()T, (7-42)

kth harmonic PM-AM correlation coefficient:

C:MAM (a)) _ >5‘Dk (a))é'Ak (a))*< _ .]{T\/z‘ZTF >JH(CO)JtH (Cl))<T/t1k (7-43)
JOU

where
Ju(w) = vector of Norton equivalent of the noise sources
T = frequency transfer matrix
R =load resistance
I*® = kth harmonic of the steady-state current through the load

Experimental Variations

We will look at two examples where we compare predicted and measured data. Figure
7-17 shows the abbreviated circuit of a 10 MHz crystal oscillator. It uses a high
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Rohde

precision, high O crystal made by companies such as Bliley. Oscillators like this are
intended for use as frequency and low phase noise standards. In this case, the circuit
under consideration is part of the HP3048 phase noise measurement system.

Figure 7-18 shows the measured phase noise of this HP frequency standard, and Figure 7-
19 shows the phase noise predicted using the mathematical approach outlined above.

A

Crystal
-Equivalent Circuit

+10V

Figure 7-17 Abbreviated circuit of a 10-MHz crystal oscillator.

TYPICAL-MQISE CURVE FOR A 18 MHI FREQUENCY STANDARD
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Figure 7-18 Measured phase noise for this frequency standard by HP.
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Simulation of Phase Noise Curve
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Figure 7-19 Simulated phase noise of the oscillator shown in Figure 7-17.

In co-operation with Motorola, an 800 MHz VCO was analyzed. The parameter
extraction for the Motorola transistor was done. Figure 7-20 shows the circuit, which is a
Colpitts oscillator that uses RF feedback in the form of a 15 Q resistor between the
emitter and the capacitive voltage divider. The tuned circuit is loosely coupled to this

part of the transistor circuit. Figure 7-21 shows a plot of the measured and predicted
phase of this circuit..
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Figure 7-20 Colpitts oscillator that uses RF negative feedback between the emitter and capacitive voltage
divider. To be realistic, we have also used real components rather than ideal ones. The suppliers for the
capacitors and inductors provide some typical values for the parasitics. The major changes are 0.8 nH
and 0.25 Q in series with the capacitors. The same thing applies for the main inductance, which has a
parasitic connection inductance of 0.2 nH in series with a 0.25 Q resistance. These types of parasitics are
valid for a fairly large range of components assembled in surface mount applications. Most engineers
model the circuit only by assuming lossy devices, not adding these important parasitics. One of the side
effects we have noticed is that the output power is more realistic and, needless to say, the simulated
phase noise agrees quite well with measured data. This circuit can also serve as an example for

modeling amplifiers and mixers using surface mount components.
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Nonlinear Approach to the Calculation of Oscillator Phase Noise Rohde
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Figure 7-21 Comparison between predicted and measured phase noise for the oscillator shown in Figure
7-20.

The harmonic balance simulator Microwave Harmonica/Designer, which has been used
for many cross-checks, is based on the principle shown above and shows extremely high
accuracy in noise predictions. The harmonic balance simulator cannot be substituted by a
set of equations because the harmonic balance process works iteratively, therefore, such a
simulator is necessary in parallel to all the equations which are being derived to be used
as a validation tool. An extreme example of its usefulness was the case where one of the
previously shown oscillators was optimized for best output power with an assumed Q of
200 of the resonator circuit itself. In a following simulation, the value of Q was increased
from 200 to 400 to examine the results. The output power remained the same, but the
phase noise deteriorated. This contradicts practical experience for optimized oscillators.
The surprising result can be explained by the fact that a particular parallel resonant value
was assumed, and the values of C; and C, were calculated. By increasing the Q, the
feedback ratio generated too much gain, more than necessary, and therefore, the phase
noise became worse. This is an experiment which is normally not done when building
oscillators, but shows the power of the CAD tool and the insight it provides into the inner
workings of the oscillator.

Reprinted with permission from Rohde: The Design of Modern Microwave Oscillators for Wireless
Applications, (Wiley 2005, ISBN 0471-723428)
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Quartz Crystal Oscillator Design

Introduction :

In many applications, electromechanical resonators, such as quartz crystals are
used as frequency selective element. Quartz crystals have the property of
piezoelectricity. Devices with piezoelectric effect undergo mechanical
deformation with the influence of applied electric charge and vice-a-versa. Due to
this property, they are primarily used to form a resonator in oscillator circuit.
Most of the communication systems rely on the quartz crystal as reference
oscillator for synthesis of the harmonic signal required for their operation. The
crystal (reference) oscillators are design for a stable reference frequency oscillator
of 10MHz or 5Mhz and recently the higher frequency 100MHz or 120MHz for
frequency synthesizers. Many of them are synchronized against Rubidium or
Cesium standards.

The modern communication systems are particularly susceptible to reference
oscillator phase noise because the process of frequency multiplication increases
the power in the sidebands by the square of the multiplication factors. The phase
noise of these sources limits the noise floor and interference susceptibility that
affects directly the system performance, like bit error rate in point to point radios,
range and load capability of telephone networks, reliability of navigation systems,
detection ability of radars etc. Therefore designing low phase noise crystal
oscillator is challenging for a given cost, size and power-consumption.

Any oscillator including such with extremely high Q transfers DC energy to RF
energy, with some key parameter being most important.

These are: Extremely low phase noise
Short term and long term stability (aging)
Specified RF power output and low harmonic content
Pushing and pulling
DC power supply and DC tuning voltage to name a few

Here is a typical Data sheet from one of the world’s best oscillator manufacturer
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These high performance oscillator are typically available in 5 MHz, 10 MHz, 80
MHz, 100 MHz and up to 120 MHz The higher frequency value oscillators are
mostly voltage controlled crystal oscillators (VCXOs), but even the 5 MHz
versions have a very small tuning range synchronize them with atomic frequency
standards
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Visiting Crystal Theory:

In many applications, electromechanical resonators, such as quartz crystals are
used as frequency selective element. Quartz crystals have the property of
piezoelectricity. Devices with piezoelectric effect undergo mechanical
deformation with the influence of applied electric charge and vice-a-versa. Due to
this property, they are primarily used to form a resonator in oscillator circuit. The
commonly found resonators in the microwave/RF designs other than crystal
resonators are LC, Microstrip, Ceramic, Dielectric, and YIG. Though each
resonator has its advantage and disadvantage for use in particular application,
generally the crystal oscillators are preferred as an option to design a stable
reference frequency oscillator of 10MHz or 5Mhz and recently the higher
frequency 100MHz or 120MHz for frequency synthesizers. These quartz crystal
resonators suffer from multi-mode resonances and cross-talk due to large holding
capacitance.

Figure (1) shows the typical impedance characteristics of electromechanical
crystal resonator, which vibrates due to piezoelectric effect and exhibits
multimode resonances.

Figure 1: Fundamental and the overtone resonance [3]

Crystal Resonator: The crystal resonator is obtained from the abundant natural
resource of quartz. The quartz stone gets cut into thin slices called “blank”, which
are coated with metallic films that form the leads for exciting the crystal. The
quartz is cut in various ways either in single rotation or double rotation, which
results in significant change in the operating parameters mainly the operational
frequency stability. This is more elaborated in the [1], [2] and [3] references. The
commonly used blanks are formed from AT cut and SC cut quartz. The cut of the
quartz also results in additional resonances, specifically in SC and IT cut crystals.
These additional resonances termed as b-mode are located at approximately 10%
higher in frequency from the desired c-mode. Apart from b-mode we also get the

Synergy Microwave Corp., 201 McLean Blvd., Paterson, N] 07504 USA
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a-mode resonance at a% times the c-mode. The accompanying figure (2),

explains position of modes for an SC cut crystal resonator.

Mode Spectrograph of an SC-cut
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Figure 2: Modes for an SC cut Crystal resonator [2]

B-mode: The b-mode has a linear temperature characteristics and can be used as a
sensitive thermometer of the resonator temperature. This effect has been used to
design extremely stable microcomputer-compensated oscillators, where the
frequency of b-mode ia used to compensate the fundamental mode and
oscillations are present on both modes at all times.However more typically its
required the crystal is operated only on a single mode. A resonant circuit must
then be employed to trap out the b-mode and force the oscillations to occur on the
desired mode at all times. This is b-mode trapping. Depending upon the circuit
configuration, several different methods can be employed. This can be
accomplished in Colpitts and Pierce oscillator by forcing one of the capcitive
element to be inductive at the frequency of unwanted mode. As shown below the
inductors L2 and C2 are series resonant at freugency just below the b-mode. This
means that they appear inductive at the b-mode frequency, thus they serve as b-
mode trap. The net impedance of this circuit is shown below:
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Figure 3: b-mode trap schematic and the net impedance for b-mode trap.

It can be very convenient to measure thermal performance of an oven using the b-
mode. By returning the resonant circuit to force oscillations to occur on the b-
mode, the linear frequency verses temperature characteristics can provide a means
to precisely measureing the performance of the thermal enclosure. To accomplish
this, the frequency variations caused by temperature changes of the b-mode are
first measured with the oven off. This step provides a measn of characterizing the
frequency-temperature characteristics of the b-mode. Next, the frequency change
caused by external temperature variations are computed from this. Of course, the
trap can then be retuned to set the oscillation back to the desired mode.

The equivalent circuit of a crystal at resonance can be shown as a series
combination of RLC in parallel with a holding capacitor. The package
capacitances and lead inductance are generally ignored till the VHF frequencies.
The equivalent circuit for crystal shows two resonances, one due to the series
branch alone and the other with the inductor L in combination with the effective
capacitance of CO and C1...Cn. These resonances are called the series resonant
frequency and the anti-resonant frequency of the crystal and computed as,

fs=— L and fp= !
27 JL1CL 5 4 CLCO
72. -
C1+CO

where, ‘fs’ is series resonant frequency and “fp’ is the anti-resonant frequency [1].
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Figure 4: Equivalent Circuit of a crystal resonator with the optional CL capacitor [1]

When an oscillator presents some amount of load capacitance to a crystal, the
crystal is said to be parallel resonant, and a value of load capacitance, CL, must
be specified. If the circuit does not exhibit capacitive loading, the crystal is said to
be series-resonant, and no value of load capacitance is specified. It is important to
note that when a capacitor is placed in series with a crystal, the new series
frequency is displaced slightly to a higher frequency than the original series
resonance. Conversely, when the capacitor is placed in parallel with the resonator,
the new parallel resonant frequency is displaced slightly to a lower frequency.
This phenomenon has caused a great deal of perplexity between the terms series
and parallel resonance. Series mode resonance of the crystal is represented by a
small resistance in series with a resonant reactance, whereas, in parallel mode by
a large resistor in parallel to a resonant susceptance. The series (f;) and parallel
resonance (fp) are described by the impedance function,
1 B s +3sR, /L +YLC,
«C,+ 1 G [s? +5R /L +(C, +C,)/LC,C,]
1sC; +sL; +R,

Z(s)=

The further evaluation from the imaginary part of the zeroes
. 1 0, . .

-Ltjo, I-— » -——+tjo, for Q>>1

2Q J 0 4Q2 ZQ J 0 Q

and poles as below,

Wy | . C 1 W, | . C
Sz :—ﬁi jo, 1+ - m -2+ Ja)o[l+ J

Su,z

C, 4Q%> 2Q 2C,

1) —Lz f (series)—;

oJLe ¢ 27,JLC,

C, 1 C.

W, ~ | 1+— = f_(parallel) ~ 1+—

’ O( ZCO j Cy>>C p(p ) 27[\/ I‘iCi ( 2C0 JC SC
M = ZQ(wp - ;) _ 2Q(fp - f5)

2 fo

gives us M, mode separation (f, - fo) equation. The degree to which an oscillator generates
a constant frequency f; throughout a specified period of time is defined as the frequency
stability of the signal source.
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Figure 5: Crystal resonance with and with out the effects of load capacitance, CL.

Crystal does not produce harmonics and the overtone response of crystal is not
harmonics of fundamental. For designing the high performance crystal oscillator,
the oscillator circuit topology determines the crystal configuration, like use of
fundamental, overtone, parallel and the series configuration. In other words, the
oscillator circuit topology forces the crystal resonator into either the fundamental
(lowest major resonant response), overtone (major responses other than
fundamental), parallel (one of the inductive regions of the crystal’s reactance
curve) or series mode (one of the resistive points on the crystal’s reactance curve)
of operation.

For overtones the equivalent circuit of crystal gets an additional branch in
parallel with a combination of RLC (not shown in above diagram). The values of
R, L and C in the overtone branch can be computed by scaling the values of R, L
and C in the fundamental resonant branch. If *f1’ is the fundamental frequency
then the nth overtone frequency should be computed as,

fn=n*fl= 1 n

1
27+ Ln Cn  274/L1 C1 o ’Llc—él
n

= Ln=L11

1 ]
=Cn= C—2 where, n is 3,5, 7 etc... overtone number
n

Wide pull Voltage controlled crystal oscillator (VCXO) typically utilizes
fundamental crystals with large motional capacitance C1. Overtone operation is
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precluded if wide tuning range is desired. Also the resistor for the overtone branch
gets scaled as Rn = R1*n?, which implies that the negative resistance required to
get oscillations on overtone is much larger than the value for fundamental mode.
The fundamental frequency (lowest-mode) response is the most active due to
lowest value of Rn. If a large negative resistance is provided for the fundamental
resonance, it could result in exciting an overtone mode also. For designing high
frequency crystal oscillators, generally the crystal is excited on its overtone mode
and care should be taken to suppress the unwanted fundamental resonance in such
cases.

Apart from the spurious resonances, the cut of the quartz resonator changes the
angle of the crystalline orientation that leads to change in crystals behavior over
the temperature. The temperature behavior is modeled by a third order polynomial

of the form %:a(t—TO)+ b(t—TO)* +c(t—T0)’, where TO is the inflection

temperature [1], at which the change in frequency is minimum.

General examples of frequency changes over temperature, generally referred to as
FT behavior observed in the range of -50°c to +125°% are shown in the figure (6)
and figure (7). The FT behavior shows the crystals upper and lower turning points
along with the inflection angle. To minimize the frequency changes resulting from
temperature the oven of the OCXO is adjusted to the turning point of the crystal.
Note for an AT cut crystal of 9 minutes, shows frequency change of about
+30ppm and inflection angle at 27° while an SC cut crystal of 9 minutes, shows
the inflection angle around +100°% with the changes in frequency from -225ppm
to +50ppm.
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Figure 6: FT for AT cut resonators Figure 7: FT for SC cut resonators

In an SC cut and IT cut resonators the change in frequency is more towards the
cold end but tend to flatten out as the temperature approaches the inflation angle
as shown in figure (8). This makes them very suitable for Oven controlled
oscillators where the temperature of the oven is set to the turn temperature. The
AT cut on other hand has inflection angle around 27%, and that makes it suitable

for TCXO application.
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Figure 8: FT for AT cut, SC cut, IT cut resonators showing UTP, LTP and inflection angle.

The frequency variations in AT cut resonator are dependent on temperature and
the thermal gradient of temperature across the crystals surface, where as the SC
cut is immune to the thermal gradients. Since SC cut is nearly insensitive to the
thermal gradients that invariably occur during oven warm-up, it is expected that
SC cut resonators will give much faster warm-up in ovenized oscillators. The
packaging and the control circuitry play a critical role in warm-up time of
ovenized crystal oscillator.

Figure 9: Typical warm-up for AT and SC cut oven oscillators

Another property of crystal is aging. This is strongly affected by cleanliness of the
resonator and enclosure. A thin resonator is more affected of low aging by thin
film of contamination than a thicker resonator. Also stress relaxation of the mount
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structure and electrodes, excessive crystal drive power and out-gassing of
materials in crystal support structure and electrodes contribute towards aging.

The commonly used crystal oscillators based on the compensation techniques are:

OCXO (Oven Controlled Crystal Oscillator): In OCXO the crystal and other
temperature sensitive components are placed in a stable oven, which is adjusted to
the temperature where the crystal's FT characteristics has zero slope. This is
achieved by setting the oven temperature to either the LTP (lower temp) or UTP
(upper temp), where the FT variations of the crystals are minimum. OCXOs can
provide a >1000X improvement over the crystal's f vs. T variation. This can help
in achieving stringent frequency stability as compared to a basic crystal oscillator
design. These normally involve SC cut crystals.

TCXO (Temperature Compensated Crystal Oscillator): The temperature stability
of the basic oscillator can be improved by incorporating the inverse temperature
characteristics to nullify the FT of crystals. This type of crystal oscillators prefers
to use AT cut crystals. Based on the circuit involved in its design TCXOs are
categorized into two different types. One that employs a microcontroller is
DTCXO, Digital TCXO and the other circuit uses thermistor network to control
the temperature circuit termed just as TCXO or ATCXO, Analog TCXO. The
technique employs a thermistor network and varactor in series with the crystal.
Over the temperature the thermistor network would generate a voltage, which will
be the inverse characteristics of the crystal. This voltage is applied across the
varactor, which changes the capacitance in series with the crystal to bring it back
to desired frequency. The stability requirements of most TCXOs dictate
compensation by means of a multiple thermistor network with several
interdependent variable components thus making the solution of simultaneous
equations by computer the only feasible approach to temperature compensation.
When the temperature compensation has stringent requirements then instead of
the thermistor, it is preferred to use an ASIC or microcontroller based design, in
which the microcontroller is programmed to generate the inverse FT response.

VCXO (Voltage Controlled Crystal Oscillator): These oscillators include a
varactor diode in the circuitry, which allows frequency to be tuned to slightly
different values. It can further be either temperature compensated (called
TCVCXO) or Oven controlled (called OCVCXO) for better performance.

In general the floor of the TCXO’s can be an almost as good as high stability
ovenized oscillator, but the close-in phase noise and short-term stability are very
poor relative to oven. This is because of the need to pull the oscillator frequency
of a TCXO mandates a low resonator Q relative to an ovenized oscillator. The
digital compensation of TCXO is constrained to not more than £0.05ppm by the
limitations of effects such as hysteresis in the frequency/temperature
characteristics of the crystal and the adjustments required compensating for aging.
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In broad view there should be 5 specifications for a crystal oscillator as follows:

Define Attach
Type of Reference Mention following Electrical Environmental
Oscillator |documents Properties Properties Quality Assurance
Tests to be Nominal Frequency + Tolerance Temperature
TCXO performed (ppm/Qc) range any other test
Testing
VCXO methods Output power and type of output operation required that add
Miltary
Specifications if
OCXOetc.. any Supply voltage * supply tolerance storage upto the
Supply current + current tolerance Vibration cost of unit
etc.. Tunning Range Shock Special markings
Warmup conditions etc..
Supply sensitivity
Load sensitivity
Phase noise and/or Allan variance
Aging (per day, per year etc..)
Radiation, accelaration sensitivity
Magnetic field sensitivity

A modern design approach for crystal oscillators using different circuits :

Certain requirements were set-forth to be fulfilled from this design. The main
objective was to design a 10MHz crystal oscillator , one example with low phase
noise, an output power of 10dBm with a voltage supply of 10 to 12 V and the
load resistor is assumed to be 50 ohms.

For the first example the operational frequency is 10MHz, and the semi-isolated
colpitts configuration is selected for the design. The Colpitts configuration is
generally good for crystal oscillator design and good performance up to 50MHz
and is also very simple to design. With the semi-isolated configuration, the output
is taken from the collector that has higher ratio of output power level to crystal
power. Changing the biasing component values but still maintaining the same
output current we will be able to change the performance of phase noise [5,
pp230].
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Figure 1: Basic Colpitts crystal oscillator ~ Figure 2: Colpitts oscillator—Crystal replaced with its
equivalent schematic

To proceed through the design procedures and to calculate the values of each
component, replace the crystal with its LC equivalent circuit and Q specified in
the schematic as shown in figure 2. The first step in the design process involved
calculating the operating point for fixed normalized drive of x=20 (table 6-1 from
reference [5]). The output voltage V,,(@,) and current 1 ,(w,) at the

fundamental frequency based on the output power requirements can be computed
with following equation from ref. [5].

Vo (@) = /Py (@) * 2R, =+/0.01%2*50 =1V
VOU (a) )
Iout(a)o):ts—oozzomA

where, output Power (P, (@,))=10dBm =10mW

The DC operating point is calculated based on the normalized drive level x=20.
The expression for the emitter dc current, 1.(®,)=1,,(®,), can be found in
terms of the Bessel function with respect to the drive level as (Ref. [5]).

I () = 2|D{ '1(X)} — I, =10.26mA
()

The NEC transistor BFP193 was selected and biased as shown in figure 3. The
resistor values were determined such that they satisfy our requirements of 10V
supply and 10mA current.
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Assume Vce=4.2v

£ =100
Ve=47v
le=lc+1b
I=1C_10MA_ 1 ma
£ 100
S le=10.1mA
Ve=1e*R4

= R4=4653Q~470Q std
_ Vee - (Ve +Vcee)

R1 | ~100Q std
C
*
Vb=5.4y = YRS
R3+ R2

= R3=15KQ if R2=10 KQ
The circuit with calculated values was simulated in Ansoft designer for DC

analysis and the currents and voltage verified. The third step involves calculating
the large-signal transconductance Y21 parameter from the table 6-1 and 6-2 in

reference [5].

qlpc 2|1(X)
Y =G o | T (o
21||g m(X) KTx |: |0(X) f = fundamental

IY,,] = 199N oe | _5083ms
Aoy 1 5oomv | T

Here the term Y21|Ig is the large signal transconductance.

Figure 3: Fixed biasing for bipolar transistor BFP193
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The transformation factor n is calculated based on the quadratic equation and the
large-signal transconductance parameter of transistor BFP193 [5,Ch 6]. The value
of n is selected from the set of nl and n2, both inclusive, for a given drive-level,
x=20.

n*(G2+G3)-n(2G3+Y 21a)+(G1l+G3+Y21)=0
=nl=17.2581 and n2=1.0251
Let n=2
Cl=589pF and C2=58.9pF
Cc =33pF
Cc*C1*C2

Ceff = =15.576pF
C2*Cc+C1*Cc+C1*C2

Leff =86.878uH

The values calculated are for the circuit in figure 2. C1 and C2 are the capacitors
in capacitive feedback network, while Cc is the coupling capacitor. The Leff , is

the effective inductance required to form oscillations. The above circuit oscillates
with a lumped inductor of value Leff and the phase noise is not so good due to

the assumption of less Q for the resonator while, the output frequency of the
circuit as revealed by the non-linear analysis from serenade program is
9.242MHz.This exercise was done to harmonize that a Colpitts oscillator needed
an inductor or inductive resonator with the capacitive divider feedback to form
oscillations. The above design values give a reliable preparatory point to further
optimizing the design. The values of Q (defined by Rcl), Lcl (Lcl= Leff as initial

1

design step) and Ccl (initial value computed such that x| c1+ o 0) in figure
C

(2) are then scaled and tuned to match the crystal parameters to be used. In
general the inductance of the crystal is in few Henrys and the capacitance is in
few Femto-Farads while the Q of the crystal is a few millions.

We have assumed the value of transformation factor, n =2, which require that
the design have feedback capacitors of 59pF, this can be further optimized to get
the minimum phase noise. The value of n, transformation factor is varied for
optimum phase noise and output power and is generally computed from the
derivative of the phase noise equation, as shown in Ref. [5], and written the
following form [5, pp181],

- ) .
k3k‘|:Y21lg:l yzp
2o Ll (1)

oy Yol ¥ y2+k

y=m
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where, Y21|Ig is the large signal transconductance and Y11||g is the large signal

admittance.
KTR
Ko=— "
a)za)ng\/czEsz
e
gl.gm? +(Kf " ngz
Kl= @
o’ VL
k2 =, 5’
k3= gm*w?
Ko k32 cio k3
k2C? kk2
,-C
C2

Here, K, is the flicker noise coefficient, AF is the flicker noise exponent, R is the

equivalent loss resistance of the tuned resonator circuit, Ic is the RF collector
current, Iy is the RF base current, V. is the RF collector voltage, Ci, C; is the
feedback capacitor, P and Q are the drive level dependent constant across base-
emitter of the device. From curve-fitting attempts, the following values for P and
Q were determined (P =1.3t0 1.6; Q =1 to 1.1).

The simulation for different values of n and the C1, C2 computed for that value of
n shows the following phase noise and output power results. A lower value of n
can be opted at the cost of increased harmonic outputs.

dBc/Hz@ dBc/Hz@ dBc/Hz@  dBc/Hz@  dBC/Hz@

n CLOR)  C20R  "ioh™  100Hz  1KHz | 10KHZ  100KHz
110 33 330 175 1280 1381 1480  -157.8
120 36 180 1209 1310 -1410 1509  -1605
130 39 124 167 1289 -1389 1488 -1585
135 39 110 1143 1285  -1386  -1485  -158.2
140 42 100 1120 1276 1375 1417 -1572
150 47 82 1082 1267  -1365 1465  -156.2
200 59 59 1008 1276 -1370  -1470  -1566
250 75 47 954 1254 1400  -1500  -150.8
3.00 82 47 979 1278 1390  -1494  -159.0
4,00 110 39 946 1246 1418  -1517  -160.9

The design is almost complete. We may need some additional filtering
components to filter out the harmonic contents for the circuit. The harmonic
contents are function of drive level. As the drive level increase the harmonic
contents also increase and additional filtering is required for the proper
suppression of harmonic contents. We can now compute the noise factor and the
phase noise of the system from all the components values. We use the following
equation to compute the noise factor for the oscillator from ref.[5 pp. 133].
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2
F o1y Vol CCe P PR (Rler) =
(C1+CZ)C1 2re

r+—
Y21‘|g C,Cc

1ot
ﬂ‘m fTZ 2

where, r,is the base resistance, r, = 7.2326Q while r,is the emitter resistance of
the transistor r,=1.0075Q2 and f;is the transition frequency for the

: : L Y. P
transistor f; =5GHz. The large signal current gain is given as g| = ahg [ Gy |
’ Y11 Ig Cz
The mathematically computed value for noise factor is 2.0016 and the noise
figure for the oscillator given as noiseFigure =10*log10(F) was computed to be
3.01385dB for transformation factor, n=2.

The final step in the approach is to calculate the phase noise from the following
equation of ref [5, pp.131 equation; 7-26]

’ 2
L(f,)=10logq| 1+ fo : 1, T | FkT +2kTF\;KO
(2 meL) fm 2P5av fm

where, Q, is the loaded Q factor of the oscillator, F is the noise factor, KT is
Boltzman’s constant, R is the equivalent loss resistance of the tuned resonator
circuit or equivalent noise resistance of tuning diode (typically 50Q2 -10kQ2), and
P is the average power at oscillator output, K, = voltage gain. The phase noise

of the system has been determined theoretically and agrees with simulated
response from Ansoft Serenade [6]. The figure (4) and figure (5) below shows the
phase noise and the output power plot from the Serenade program.

fm 1Hz 10Hz 100Hz 1000Hz 10KHz
Phase - - - -137.68 -
noise 66.85 96.18 121.44 147.65

The calculated phase noise (shown in the table) for offset frequency f,, from the
carrier frequency foagreed closely to the simulated values (shown in figure 4).
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Figure 5: Colpitts oscillator—Output power
Since quartz crystal is mechanical resonator driven by the piezoelectric effect,
fundamental and a variety of overtone frequency modes are possible.
Unfortunately undesired mode jumping is also possible even in well-planned
circuit designs. This problem can be overcome by mode feedback mechanism that
not only improves the stability but also improves the phase noise performances by
few dB. The feedback resistor R5, which is generally a short at high frequency,
gives better performance of phase noise than in a circuit otherwise, assuming
there is no flicker noise in the crystal. The complexity on feedback resistor can be
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instituted in [3] and [4]. The dynamic mode feedback approach is introduced in
reference [3] that includes a methodology for optimum coupling to enhance the
dynamic loaded Q, and to reduce or eliminate phase hits, while reducing the
thermal drift and susceptibility to micro phonics to an extremely low level, and
retaining low phase noise and broadband tunability. A mode feedback coupling is
a method in which the crystal is operated in its overtone mode, say the 3™
overtone and then a signal with same amplitude and phase as the 3™ overtone is
injected in the resonator such that certain features are canceled and a get better
phase noise is obtained.

The adjoining figure show the schematic with the feedback resistor been
identified and the change in phase noise due to presence of the resistor as
compared to its absence. The presence of the feedback resistor reduces the
negative impedance presented by the transistor to the resonator. So the values of
the capacitive feedback network can be adjusted in order to set the oscillations.
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Figure 6: Feedback Resistor
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Figure 7: Phase noise of the circuit with and without the feedback resistor.

There are different ways to improve phase noise and the biasing current is one of
them. Not only does the proper current will change the phase noise of the
oscillator but also the best biasing techniques. We found that given the same
current and supply voltage, transistor with fixed biasing gave better results over
self-biasing techniques. The voltage feedback form of the stabilized biasing
network, or self-biasing technique shown in figure (8), provides voltage feedback
to the bias current source resistor RBASE. The base current source is fed from the
voltage across the collector-emitter of the transistor V., as opposed to the supply
voltage V¢.. The collector resistor has both I. and I, flowing through it The
variation in fq4, due to change in the temperature will cause changes in the
collector current I.. Any increase in voltage across R, will cause Ve to decrease,
and this will cause 1, to decrease because the potential difference across the base
resistor Rg is decreased. This configuration of the biasing circuit provides negative
feedback that tends to reduce the amount by which the collector current increase
as fqc Is increased due to the rise in temperature, ref [5 pp 219].

— IBDC (Vcc _VBIE )+ lceo (1+ IBDC )(hie +Rg + Rc)
hie + RB + RC(1+ﬂDC)
All three temperature-dependent variables, fBqc, Ic and Ve influence the collector

current due to change in temperature, the derivative of I with respect to each
factor gives the stability factor for the biasing circuit.

Ic

The emitter feedback bias network as in figure (8), where a resistor is connected
in series with the device emitter lead to provide the voltage feedback, provides an
optimum control over variations in g due to variations in temperature and also

Synergy Microwave Corp., 201 McLean Blvd., Paterson, N] 07504 USA
10/14/2009



from device to device. The emitter resistor must be properly RF bypassed to avoid
regenerative effect.

Our example from figure (8) has fixed biasing or the emitter feedback biasing
technique. The same circuit was modified to use the voltage feedback biasing of
stabilized biasing or the self-biasing technique as shown in figure (8). Both the
biasing provided the same collector current of 9.8mA to the oscillator.
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Figure 8: Self biasing for the transistor

The phase noise of the fixed biasing was found to be much better in the close in
than that obtained with self-biasing (shown in figure 9).
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Figure 9: Phase noise comparison between the fixed biasing and the voltage feedback biasing techniques
for the transistor.
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For further validation silicon N-channel FET based colpitts oscillator was
designed with the same current as in the previous example of figure (8). Figure
(10) shows the circuit diagram for the FET based oscillator. Traps in the gate-
channel depletion layer, traps in the substrates and possibly surface states created
by the passivation cause the noise is FET, Ref [7, pp.175]. Much higher 1/f noise
occurs in MOSFETSs because of the traps in the oxide. Since the noise is voltage
noise it is generally plotted as dBVHz. It is found that the BJT has a supaior

much lower corner frequency, f.. The GaAs MESFETs will dominate the
microwave region but the silicon BJTs will continue to find applications
especially for low noise oscillator.
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Figure 10: FET oscillator similar to figure (8), same biasing current.

We studied that FET improved the phase noise under same biasing conditions for
our example of 10MHz Colpitts oscillator. The output frequency obtained from
the BJT was 10.00682MHz and was shifted to a high side when a FET was used.
The figure (11) shows the phase noise comparison of using a FET over the BJT
for this particular application.
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A practical circuit was built as per the above design guidelines in Colpitts
oscillator configuration. When measured with the circuit values, as shown in
figure (12) with the crystal used from Bliley showed a comparable response. The
bias was changed and the output stage was connected to amplifier while doing the
measurements. The amplifier or the buffer stage of FET does not load the circuit
because of the infinite impedance of the FET. The dual gate MOSFET’s are the
best choice for buffer stage. The simulated results agreed with the measured data.
The difference in the phase noise at higher end is due to use of amplifier while
measurements. The noise figure of the amplifier raises the noise floor as shown in
the simulation plot.

Figure 12: Circuit for of 10MHz oscillator without the Amplifier at the output.
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Figure

13: Simulated phase noise of the 10MHz oscillator from figure (12), with and without amplifier at
the output, using the Serenade program.

Figure 14: Measured phase noise of the 10MHz oscillator.

Assortments of modifications to the Pierce and Colpitts oscillator are studied in
the following section. These modifications are to achieve certain advantages
(along with its unwanted disadvantages) over the standard configuration. Shown
below is the semi-isolated Colpitts oscillator. Due to coupling of load through Cc,
this circuit is not recommended for frequencies above 10MHz at fundamental
operational frequency. This limitation of frequency range is due to the miller
capacitance at high frequencies. This circuit can be used if instead of the
fundamental mode we have an output from the overtones. Characteristics in
oscillator also depend from where the output is tapped out. In the normal Colpitts
configuration we take the output from the emitter of the transistor. Since there is
no collector resistor in the typical Colpitts configuration, the limiting is due to
cutoff in transistor. In the normal oscillator the power extracted from the load is
much less than the crystal power. More power is extracted only at the expense of
loaded Q.
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Figure 15: Colpitts oscillator, output from emitter.

In the above examples Figure 12 and Figure 8, and the following two, the output
is taken from the collector; such configuration is called the semi-isolated Colpitts
configuration. The principal advantage of this configuration is larger output
power as compared with the crystal power and better isolation to load than the
normal Colpitts configuration. By tuning the collector to harmonic of the
oscillator frequency, the circuit acts as frequency multiplier, which gives
additional isolation from load to oscillator. Figure (16) is a semi-isolated Colpitts
configuration in which a 3.333MHz oscillator gives a tuned output frequency of
10MHz.

Figure 16: Semi-isolated Colpitts configuration for 10MHz

The output of the semi-isolated Colpitts oscillator can be DC coupled into a
common base amplifier in a cascode arrangement. This modification gives
excellent isolation to the load and allows much larger collector load in the second
transistor. By changing the configuration of the crystal the output current can be
forced to flow through the resonator, which reduces the noise floor considerably.
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Figure 17:Modified Semi-isolated Colpitts, 10MHz oscillator in Cascode configuration.
Another example of the Colpitts oscillator is the configuration in which the power
is extracted from the resonator, reference [20]. By extracting the resonator power
from crystal the crystal acts as a very narrow band filter on noise generated by the

oscillator stage. A schematic with FET operating for 5SMHz operational frequency
is shown in figure 18.

Figure 18: A Modified Semi-isolated Colpitts oscillator for 5SMHz in which the power is extracted from
resonator.

Since a common base stage has very low input impedance at the emitter, the Q
degradation will be very slight. The principal disadvantage of this circuit is that
the output power will be a small percentage of the crystal power. This may cause

poor floor noise or high crystal power dissipation, but this configuration gives
better harmonic rejection and good isolation.
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Figure 19: A Modified Colpitts oscillator with power extracted through resonator for SMHz.
The noise parameter for FET was not considered.

Low-frequency crystals have thicker and large quartz wafers and ranges in few
Henrys, whereas, high-frequency crystals have thinner and smaller quartz wafers
and ranges in a few micro Henrys. Starting at about 30 MHz, the quartz becomes
so thin that it is hard to handle during the manufacturing process. Inverted “mesa
crystals” allow crystal to resonate at higher fundamental mode frequency (above
30 MHz) but manufacturing process is not cost-effective with respect to oscillator
stability and phase noise performances.

The promising alternative is overtone mode, which is similar in concept to a
harmonic, with the exception that crystal oscillation overtones are not exact
integer multiples of the fundamental. An overtone-mode crystal cannot be used in
a fundamental-mode oscillator, and vice versa, it may oscillate but not at the
correct frequency and exhibit poor stability.

As an example, Figure 20(a), a 100 MHz crystal resonator based Colpitts
oscillator was designed according to a set of specifications that included +13 dBm
output power, 50-Q load, and phase noise of —132 dBc/Hz offset 100 Hz from the
carrier, with the intention of applying the new approach to this basic design to
determine the component parameters that mostly affect the phase noise
performance for a given class and topology. For this typical design example, an
NE68830 transistor from NEC was selected for validation. Revising the design
procedure for this particular design we have the following steps.

The first step in the design process involved calculating the operating point for a
fixed normalized drive of x = 20, as described earlier. The output voltage and
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current at the fundamental frequency (fo, an =2 fo), based on the output-power
requirement, can be given by

Vi (@) = /P (@) * 2R, = +/20E —3*2*50 =1.414V

1, (@) = \% — 28.3mA

_ _ L)
[I E (wo)]x:zo = [I El(wo)]x:zo + [I Ez(a)o)]x:zo =2l DC|: | O(X)l_zo ~ 56mA

[1er(@5)] o = out (@) = 28.3mA (O/P current to the load)
[I EZ(wO)]x:ZO = [I E (a)O)]x:ZO - [I El(a)o)]x:zo =217.3mA

oo = (@] _ g3
1,(x)
ol 1\
|:I0(X):|x_20

The second step in the design process involved the development of the biasing
circuit. For the best close-in phase noise, a noise-feedback DC circuit is
incorporated to provide the desired operating DC conditions with Ig = 28.3 mA,
Vce= 5.5V, supply voltage, Ve =8 V, S~ 120, and Ig~ 0.23 mA.
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Figure 20: (@) 100MHz VCXO (tuning diodes and holder capacitance canceling inductance are missing for
simplification), (b) Loss resistance Ry, (Port: Py).

The third step involves calculating the large-signal transconductance Y23

I 21, (x
Y21|Ig :Gm(X): q Dc[ 1( ):|f fund I
= fundamental

kTx | 1,(x)
IY,,] = L9 oc | _107ms
2 doay 520mV

The fourth step in the procedure involves the calculation of loop gain and
equivalent loss resistance as

LOOP —Gain = [LG]sustained—condition = |: Rpl( fO)Y21(X):| = [ Rgm :||:2 Il(X) :||:£:| >1

n X L(x) |Ln

R, (f,) = Re[Z,,] = 42.45Q
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where, Rpi(fo) is the equivalent resistive load across the port 1 (Figure 20b). For
practical purpose, the loop gain should be 2.1 to achieve good starting conditions
for stable and guaranteed oscillation.

~2.16

ne Roi ()Y, (X) | 0.107x42.45
Loop —Gain 2.1

The fifth step in the design procedure involves calculation of the feedback
capacitor ratio based on transformation factor, n as

n :1+{&} =216 > {&} =1.16
CZ CZ x=20

The sixth step involves calculation of the absolute value of the feedback capacitor
based on the input impedance Zj, (looking into the base of the transistor). The
expression for Z;, is given as

z

I

where, Cp = (Cgepkc +Contribution from layout)=1.1pF, Lp=(Lg + Lgx
+Contribution from layout)=2.2nH. The expression for the negative resistance
(Rn, without parasitic) can be described by

R R

n ~ n

R = =
" 1+ w’Yil2) T 1.0218

q { Y,,' } _ 0.107

" »’C,C, o (2mx1x 10°)°C,C,
For sustained oscillation — Rneq > 2RP1(f0) = 84.9Q
R,>1.0218x84.9 = 86.76Q2

CC, < 1 0.107 ~3.13x107%#
27 27 x1x10°)° | 86.76 |

C,=25pF =[C; +C,]=C; =C,-C, =23.84pF, C,=22pF

For practical purpose, C, =22pF. The sixth step is to determine noise factor (F),

which is needed prior for the evaluation of the phase noise and the final step in the
approach involves calculating the phase noise.

The calculated phase noise at 100 Hz offset from the carrier frequency of
100MHz is =132 dBc/Hz (Q=100,000).
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Figure-20 incorporates the component values as per above design calculations and
figures 21 and 22 shows the simulated phase noise and output power for 100 MHz
crystal oscillators. Simulated and calculated data of the oscillator agrees within 2-

3dB.
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Figure 21: Simulated phase noise plot of 100MHz VCXO
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Figure 22: Simulated O/P power plot of 100MHz VCXO
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Figure 23: Measured phase noise plot of 100MHz VCXO

A Butler oscillator, or the bridged-T oscillator, is the most popular member of a
family of oscillators where the emitter current is the current through the resonator,
or crystal. As the current flows through the crystal it is much sinusoidal and the
harmonic contents are reduced to a large extent. This filtering action improves the
phase noise outside the effective bandwidth of the crystals, resonant frequency, f,

by operating Q.
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Figure 24: 100MHz 5" Overtone oscillator in Butler Configuration
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The circuit in figure 24 shows a design of a 5" overtone 100 MHz crystal
oscillator. In this case, the collector impedance for the other responses is very
low, and the oscillations can be sustained only at the fifth mode.

The crystal holding capacitor CO is tuned out by L4 (0.22uH inductor in figure
24) is used to tuned out any spurious oscillations that can occur. This also greatly
improves the voltage linearity of the output response. The circuit is forced to the
desired output frequency by the collector tank for any susceptible oscillations, if

any.
10.00
b 1
0.00
. -10.00 1
g ]
a
£
% d
-20.00 3
-30.00
-40.00
.0 100.00 200.00 300.00 400.00 500.00
Spectrum [MHz]
¥1=100.00MHz X2=100.00MHz 3= 189.98MHz 4= 289 99MHz X6= 389.98MHz
1=044 ¥2=044 vad=-13.08 4= -20.80 a=-31.31
H . th P
Figure 25: Output of 100MHz 5™ overtone Butler oscillator
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Figure 26: Phase noise of the 100MHz Butler oscillator.

The Pierce oscillator can also be modified as the Colpitts oscillator and the output
power is extracted from the resonator while the crystal operates at series
resonance. The collector of the transistor is not tuned to fundamental frequency of
operation. Since the effective collector load must be capacitive, parallel resonance
must be set lower than the frequency of operation. If the collector tank is tuned to
a frequency between the fundamental and the overtone, the circuit will look
inductive at the fundamental frequency and capacitive at the third overtone.
Hence the circuit can operate only on the overtone. In this configuration the
crystal filters the output signal and the oscillator transistor is operating in
potentially lower noise configuration. The crystal current is lower than the
circulating current in the loop, so the output is low. The low power into base stage
may cause poor floor or high crystal power dissipation.

The capacitor C3 and inductor L3 forms the trap for fundamental frequency so
that the oscillator can operate in the 3" overtone mode. The nominal values are
designed and capacitor C3 is made to be test on select so that proper oscillations
are set. For our example C3 equal to 96pF was required to get the proper
oscillations. The phase noise and the output power as a function of frequency is
plotted in accompanying figures.
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Figure 27: 10MHz 3" overtone oscillator in Pierce Configuration
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Limiting action: As we all know that the oscillator is an autonomous circuit. The
noise signal in the active device or the transient from the power supply turn-on
gets amplified, and continues to grow till it reaches the limiting action of the
nonlinearities present in the circuit that provides the stable oscillations. This
limiting action could be a result of the biasing done on the active device that
controls the oscillating frequency or can be imposed from certain external means
like Automatic Level Control (ALC).

The limiting action can be seen as the fundamental component of collector
current, which is expressed as Fourier series, gets reduced by base-emitter voltage

swing or by the collector-emitter voltage swing. The collector current, I, is
expressed as a function of temperature and V,,,, base-emitter voltage.

que([)
i,(t)=1e
Vi (1) =Vge +V1cOS(t)

q(Vge +vicos(at)) GVge  Qvlcos(wt) L\
it=1le « =leke ¥ =|gk gl
X =%"a (x)cos(nat) =1,(x)+ Y1, (x)cos(net)

n n=1L

aVee 0 AVee o | (X)
i, (t)=1e" (Io(x)+ZIn(x)cos(na)t)j: I 1,(x)e (1+Zﬁcos(na)t)j

n=1 n=l %o X
=l [1+ 2y 1,() cos(ncot)J
n=1 IO( )

where, 1. is the dc emitter current, 1 (x)is the modified Bessel function, Iis

the device saturation current, v, (t) is the drive voltage across base-emitter
junction, V. is the dc base-emitter voltage and vlcos(wt) is the drive signal
voltage. This exponential nature causes emitter current i (t) to be composed of
pulses the width of which decreases sharply as magnitude of v, (t) increases. For
further understanding it is recommended to read the chapter 6 of reference 5.

The limiting action occurs due to the cut-off of the emitter current during part of
the cycle because of the swinging of the base emitter junction below the contact
potential. A colpitts oscillator design based on base-emitter voltage limiting is
discussed below. The design values were computed using the algorithm presented
by Benjamin Parzen. The load resistor obtained by this algorithm was 2.23KQ
and so a transformer was used to match with standard 50Q2 load.

The schematic and the output phase noise simulated are shown in the adjoining
figures. The design is more or less similar to the steps listed above except for the
way the capacitance is computed here.
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where, X1is the drive dependent impedance, f is the operating frequency, C,,, is
the total base-emitter capacitance, C is the collector-base capacitance, V, is the
voltage across the load, Ry is the change in the resistance of resonator with slight
variation in frequency,n is the power efficiency,gm is the large signal

transconductance, f; transition frequency of the transistor and R is the load
resistor.

Based on the following equations a colpitts oscillator circuit was designed that
uses the base-emitter limiting and the phase noise and output power was
simulated.
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Figure 30: Colpitts schematic of 20MHz crystal oscillator implementing emitter-base limiting action.
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Figure 31: Phase noise response for 20MHz Colpitts-crystal oscillator implementing emitter-base limiting
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Figure 32: Simulated output response for 20MHz Colpitts-crystal oscillator implementing emitter-base
limiting action.
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Colpitts oscillator using the collector-base voltage limiting is discussed in short
below. A major difference between the emitter-base limiting action over the
collector-base limiting action is the overall power consumption. The supply
current required is increased in collector-base limiting action due to greater loss in
the resonator. Also the operational Q is lower in collector-base limiting action.

A circuit with collector-base voltage limiting action is implemented and shown in
the figure 32. The design equations and algorithm can be referred from Ref. [8,
chapter 6, 9].

The simulated phase noise and the output response are shown from the Ansoft
serenade program.
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Figure 33: Colpitts schematic of 20MHz crystal oscillator implementing collector-base limiting action.

Few points of differentiation in the two limiting actions can be summarized as
below. The base-emitter cutoff limiting is superior to collector-base limiting as
long as the resistive impedance of the manufactured crystal is constant. As soon
as the resistance change it will be difficult to have a production run of these
designs. The change in the resonator impedance will have to be manually
compensated. The emitter-base limiting has better supply sensitivity over
collector-base designs. This is an advantage with the collector-base limiting
action due less labor required. When the supply current is changed in base-emitter
we can predict the direction of change and frequency changes can be
compensated, while is collector-base limiting action the change of frequency will
be difficult to predict. The base-emitter limiting action will give less degradation
to the operating Q of the circuit, and provide higher frequency operation due to
larger collector-emitter voltage. For lower drive level voltage to operate the
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crystal, the base-emitter limiting action should be used as it becomes more

difficult to maintain all the biasing voltage constant.
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Figure 34: Phase noise response for 20MHz Colpitts-crystal oscillator implementing collector-base limiting

action.

-100.00

y
-120.00 N

i
T
o
1]
=
~  -140.00
A
T \
v
b4
=
o

-160.00

4 5
M ————
1.00E01 1.00E02 1.00E03 1.00E04 1.00E05 1.00E08 1.00E07
FDev [Hz]

*1=1.00E01Hz
Y1=-116.75dBc/Hz

2= 1.00E02Hz
¥2=-146.53dBc/Hz

*3=1.00E03Hz
Y3=-172.66dBc/Hz

¥4=1.00E04Hz

Y4=-175.17dBciHz

¥5=1.00E05Hz
Y5=-175.18dBc/Hz

Figure 35: Simulated output response for 20MHz Colpitts-crystal oscillator implementing collector-base
limiting action.

1:00 PM

Synergy Microwave Corp., 201 McLean Blvd., Paterson, N] 07504 USA

10/14/2009



Another example of butler oscillator is the following circuit from [8]. The
algorithm from Parzen was used to compute the required values of components
(not standard components).

R1

B.01uF

C_BYPASS

o

Figure 36: 20MHz Butler-crystal oscillator.

The circuit of 20MHz butler oscillator was simulated in CAD software and the
simulated response of phase noise and output power are as shown in the adjoining
figure. The transformer was used at the output to match the impedance to 50 ohm.
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Figure 37: a) Simulated phase noise of 20MHz Butler oscillator and, b) simulated output response
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Few more examples studied are presented here from reference 21.
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Figure 38: 15MHz Pierce Oscillator.
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Figure 42: 120MHz Butler oscillator (Emitter output).
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This section should be used only as guideline aids to selecting the configuration
type for the oscillator once the design specifications are decided. Crystal
oscillators above 100MHz can be easily built, but it is often preferable to use a
lower frequency oscillator followed by the frequency multiplier. This arrangement
is often more practical in production environment. There are many different types
of oscillators apart from the ones listed here that offer excellent performance in
certain areas. These guidelines are for few commonly used simple to design
configurations that still offers good performance. The principal difference
between the Pierce and Colpitts configuration is the choice of signal ground. One
must note that since the only change is the choice of signal ground, the negative
resistance equation that governs the Colpitts oscillator are also valid for small
signals will also be valid for Pierce oscillator. This means that the small signal

gain requirements are the same and the circuit will oscillate if, 9MXCXC2)Re

where Re s the real part of the series impedance across the crystal, X&,XC; are the
impedance of the capacitance in the voltage divider and9M s the
transconductance for the transistor. Even though this is true still the performance
for both of them will be quite different due to different limiting action, occurring
under the large signal conditions. All these configurations can be optimized to get
more-or less the same phase noise at the cost of certain parameters. Note:
Overtone crystals are not a good choice when large frequency deviation is
required. The pullability of crystals (change in frequency) is inversely
proportional to the square of the overtone number, so as the higher overtone
crystals are used the pullability available reduces.

* —
C_szz Af(COGCL):iZocAf
N f *10 N

Summarizing the general advantages and disadvantages of the various
configurations of oscillator:
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Figure 46a: Colpitts Configuration  Figure 46b: Pierce Configuration Figure 46¢: Butler Configuration

Colpitts oscillator:

This configuration is designed to take the output from the emitter and the
collector is tied directly to the supply voltage. This design is fairly simple and the
performance is moderate to good. As there is no collector resistor, the limiting is
due to the cutoff in transistor. With crystal, this design can be used for very small
frequencies and needs modifications in it as the frequency increases. The Colpitts
configuration works very well for low aging and good performance oscillators
upto 50 MHz. The amplifier in Colpitts is an emitter-follower. Feedback is
provided via a tapped capacitor voltage divider (C1 and C2). The cost to build
these oscillators is less and so is the number of components used in the circuit,
typically less than ten components will be used.

Semi-isolated Colpitts oscillator (Output from Collector):

This configuration is designed to take the output from the collector. More power
is available at the output from collector than the power extracted from the
resonator. The miller capacitance limits the operation of these configurations at
high frequencies. But the advantage of such a configuration is the impedance in
the collector branch can be tuned to its higher harmonics. This means for high
frequency applications a frequency multiplication action from such configuration
should be used with the collector tank tuned to its higher harmonic. The isolation
from load to the oscillator circuit is also much better when the output is a
harmonic of the oscillator frequency. The Coupling capacitor loads the circuit and
more power is extracted. But capacitive load will reduce the operating Q of the
circuit and the transistor may go into saturation if the load is too high.

Semi-isolated Configuration (Cascode Configuration, Output from Collector):
The output of the semi-isolated colpitts configuration can be dc coupled into a
common base amplifier in a cascode arrangement. This modification gives
excellent isolation to the load and allows for a much larger collector load in the
second transistor. These circuits are slightly more complex to design and
manufacture. Also we need a higher power supply requirements to properly bias
the amplifier and thus have more power consumption. This kind of design is more
preferred at the higher frequency range than the traditional Colpitts. As the
common base amplifier is used in this configuration the degradation of Q, caused
by the low impedance of emitter terminal of transistor, will be less. The crystal is
placed such that there is current flow through the resonator that makes the crystal
to act as a filter there by providing a better noise-floor.

Driscoll oscillator:

Driscoll is a more complex crystal oscillator with excellent performance
characteristics. It is a cascaded stage of inverting common emitter amplifier along
with the phase shifter. Without the crystal, this circuit is more effectively like a
Pierce oscillator or the old VVackar VFO. The Driscoll oscillator basically turns the
semi-isolated cascode configuration around and uses the common emitter (CE)
oscillator with the crystal connected between the emitter and ground. This results
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in degradation of Q of the crystal, which makes contact with the collector terminal
of the transistor that has low impedance due to the input stage of CE amplifier.

Semi-isolated Colpitts oscillator (Output from Collector):

Another modified version of semi-isolated Colpitts oscillator is one in which the
output is extracted from the resonator. The principal disadvantage of this circuit is
low power at the output. These circuits are terminated by a cascode stage at the
output. By extracting the resonator power through crystal, the crystal acts as a
very narrowband filter on noise generated by the oscillator stage. The common
base stage offers a very low impedance and the Q degradation will be very small.
The ratio of crystal power to oscillator output power is equal to ratio of crystal
resistance to common base input. As the output is from the resonator itself the
harmonic contents are suppressed more in this configuration.

Pierce configuration:

The Pierce oscillator is capable for a good performance at high frequencies. Note
that if the emitter is grounded for the Colpitts, the configuration changes to
Pierce. The important difference of biasing arrangement in Pierce oscillator
increases the effective resistance of the crystal thus reducing its Q and decreasing
the loop gain. The impedance at the collector may cause transistor saturation. If
optimized for low aging then the crystal power may also become excessive. There
is some tendency of spurs at high frequency. The package inductance at the base
pin of the transistor will generate the undesired resonance at very high frequency.
For example in 10MHz oscillator a response may also be present at 5GHz.

Modified Pierce Configuration (Output from resonator):

In the modified Pierce oscillator configuration the crystal operates in a series
resonant mode, so we can tune out the crystal motional capacitance of the crystal
giving more linearity and reducing the out-of-band noise. In series mode the
current in the crystal will be much less than the available power of the oscillator.
This generates the need for a buffer amplifier at the output to achieve the power
requirement. Both these parameters, less current at the output and the buffer
amplifier increase the far-out phase noise. But the crystal acts as a filter itself for
the close-in noise.

Butler configuration:

The Butler oscillator gives good performance for frequencies from 10MHz to
VHF. This is because the collector to base capacitor is effectively grounded.
Butler oscillators are quite susceptible to spurious resonances. The amplifier is an
emitter follower. The output of the common butler oscillator is taken from the ac
grounded base of the oscillator. When a high frequency operation is desired the
tank circuit is used in collector, which is used as the output terminal. To operate
on the overtone frequency the tank circuit resonance is tune changed. The
advantage of the butler oscillator is that a small voltage exists across the crystal,
reducing the stress on the crystal.
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Some Validated Circuit:
(Left Blank Intentionally as Separator)
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Schematic from figure 18 was built and validated for truth. The overall built

circuit was as follows.

Figure 47: 5SMHz Colpitts oscillator with output from resonator.

In the normal Colpitts oscillator the output is taken from the resonator, reference
20 and then passed through an amplifier and filter. When the output is taken from
the resonator the output is less compared to the output we can get from collector/
drain or the emitter/source of the active device. Hence we need an amplifier at the
output stage, but this results in slightly high harmonic content, so a filter is used
to suppress it. The simulated response for the overall circuit is as shown below in
figure 48. Figure 49 shows the measured response of the circuit.
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Figure 48: (a) 5MHz Colpitts oscillator output with harmonic suppression around —80dBc/Hz (b) Phase

noise of the 5MHz Colpitts oscillator.
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To validate the design approach, a commercial 155.6 MHz VCXO was used as an
example to apply the concept of mode-feedback, and mode-coupling mechanism.
The promising alternative for high performance VCXO at 155.6 MHz is overtone
mode, which is similar in concept to a harmonic, with the exception that crystal
oscillation overtones are not exact integer multiples of the fundamental. The new
approach includes dynamic noise filtering, mode-feedback, noise-feedback, and
mode coupling for optimum group delay to enhance the loaded Q and suppress
mode-jumping phenomena (especially when the crystal resonates at higher odd-
order overtone modes).
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Figure 50: 155.6 MHz Mode-Feedback 5" overtone VCXO (Patent Pending)

Figure (50) shows the 5™ overtone 155 MHz VVCXO circuits in which higher order
mode is coupled through output path and feedback to the point where resonator
impedance shows steep change of phases, thereby, maximization of group delay
[12]-[19]. Additional improvement in the phase noise is achieved by dynamically
optimizing noise-feedback and mode-coupling mechanism. The dynamic noise-
feedback is an effective method to reduce the 1/f noise. By introducing an
additional low frequency negative feedback loop, the close-in noise is reduced by
approximately 10-15 dB in the flicker region. A mode-feedback and noise
filtering offers significant improvement in phase noise performances (-139
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dBc/Hz @ 100Hz offset for 155.6 MHz carrier frequency) and was validated
using cad software.

Figure (51) shows the measured phase noise plot, which closely agree with the
simulated result for both approaches (with and without mode-feedback). At lower
offset (1Hz), improvement in phase noise performance is limited due to the
influence 1/f noise, which can be optimized by selecting transistor that has low
value of 1/f noise.

Figure 51: Measured phase noise plots for 155.6 MHz 5" overtone VCXOs
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Dr. Ulrich L. Rohde, N1UL

990 Cape Marco Island, FL 34145: ka2weu@aol.com

Some Thoughts on Designing
Very High Performance
VHF Oscillators

Building a very high performance oscillator requires
some careful engineering design work.

A QEX article by Colin Horrabin about
part of the HF7070 receiver retriggered
my interest in VHF oscillators / VCOs.
(The Development of the Low Phase Noise
Double Tank Oscillator, Colin Horrabin,
G3SBI, QEX Nov/Dec 2014.)' He claimed
that a type of push-pull oscillator would
improve the phase noise roll-off from 20 dB/
dec to 40 dB/dec, and he also referred to
some receiver measurements made by Rob
Sherwood. The data points I reviewed do not
support this theory, and the reciprocal mixing
tests are not conclusive, because two signal
generators were used. The correct comment
is that the type 2, high-order phase locked
loop inherently has a 40 dB/dec roll off, not
the oscillator.

The single resonator oscillator using
lumped elements by itself is a good solu-
tion. The slope of the radiation resistance of
a quarter wave resonator does not change if a
half wave resonator will be chosen, so a push-
pull oscillator is not better.

The symmetrical oscillator proposed
by Horrabin just uses twice the inductance,
and the two capacitors, now in series, have
half their individual value. In simple terms,
Horrabin changed the LC ratio, which cannot
have any influence on the phase noise nor the
slope. The loading from the transistor may
now be different.

The best way to get the phase noise evalu-
ation right is to use a dedicated phase noise
system like the Rohde & Schwarz FSUP 26

"Notes appear on page 40
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phase noise tester, spectrum and signal ana-
lyzer that the ARRL Lab has to make their
measurements. At the same time, it is use-
ful to calculate the best possible phase noise
based on physics and using a low flicker
noise FET. FETs in oscillators are limited
to about 500 MHz because of their cut-off
frequency. For higher frequencies SiGe
HBT (heterojunction bipolar transistors) are
superior, and because modern communica-
tions equipment uses PLL systems with suf-
ficiently wide bandwidth, the flicker corner
frequency inside the loop bandwidth is of
less concern. Outside the loop bandwidth
the loaded Q of the resonator determines the
phase noise. If Colin Horrabin’s paper is cor-
rect, the roll off has to be 20 dB/decade or
40 dB/decade but not 30 dB/decade, which
would be due to flicker noise. A VCO with
1 kHz loop bandwidth was quoted. I will
comment on this later.

Only for oscillators using the evanescent
mode and distributed elements, like (multi-
ple) coupled lines, the configuration results in
an increased operating Q, which for lumped
circuit components is not possible. Using
coupled transmission line structures (distrib-
uted components) is a better choice. At VHF,
this is prohibitive because of size.

An evanescent wave is a near-field wave
with an intensity that exhibits exponential
decay without absorption as a function of
the distance from the boundary at which the
wave was formed. Evanescent waves are
solutions of wave equations, and can in prin-
ciple occur in any context to which a wave

equation applies. They are formed at the
boundary between two media with different
wave motion properties, and are most intense
within one third of a wavelength from the
surface of formation.

As evidence of how moving from lumped
to distributed techniques can improve oscil-
lator performance at frequencies where LC
tank circuits become problematic, Figure
1 compares the difference in phase-noise
performance obtainable using a resonator
consisting of an ideal 2 nH inductor and a
Y4 A transmission line (11 €, 90° long at
2.6 GHz, attenuation 0.1 dB/meter) with
the transistor biased by constant-current and
constant-voltage sources for a simulated BJT
Colpitts oscillator operating at 2.3 GHz. This
is a result of the magnetic coupling, which
does not exist for lumped (discrete) induc-
tors.? The articles described in Notes 3, 4, 5,
and 6 address this topic in practical applica-
tions.># 6

The 1 kHz loop bandwidth would be
dangerous because mechanically introduced
microphonics would then not be suppressed.
A 10 kHz loop bandwidth is much more
opportune. Better synthesized local oscilla-
tors (LOs) use multiple loops and direct digi-
tal synthesis (DDS) systems, which allow
such wide loop bandwidth. Many modern
receivers and transceivers apply this tech-
nique.”® Even better today, software defined
radios (SDR) can have excellent phase noise
performance. (See the R&S EB-500 9 kHz
to 6 GHz receiver: http:/mlul.com/eb500.
htm.)
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Figure 1 —This graph shows the phase-noise performance of a 2.3 GHz BJT oscillator with a resonator consisting of an inductor (2 nH)
and a ' A transmission line (11 Q, approximating the behavior of a dielectric resonator) with bias from a constant-current source and a low-
impedance, resistive constant-voltage source.
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Transceivers with a first IF between 45 to75 MHz, require such
VHF oscillators. This paper will try to demystify this topic and will
show the correct mathematics, proven schematics and measured
data. It is partly based on RF/Microwave Circuit Design for Wireless
Applications (see Note 2). Figure 2 shows the measured phase noise
performance of a modern receiver that uses a 60 MHz LO. This
measurement was made using the aforementioned R&S FSUP signal
analyzer.

Some Equations

David Leeson was the first to help us understand the mechanics
of phase noise, based on a low pass filter approach in 1966.!! Dieter
Scherer and others improved the model further.* 1% 12 13. 14

Phase noise is defined in terms of the noise spectral density, in
units of decibels below the carrier per hertz, and is based on Equation
1 by Leeson, Scherer and Rohde.

£(fm ) =10 log{PSideband (ﬁ)+fm, 1 Hz)

} =10log[ S, (f)]

(Eq 1]

carrier

f2
@A@Y@

g 2
£(/,)=10logs| 1+ +f”]FkT 2KTRK,

2 [1 + 2
0, ] L) 28 1,
[Eq 1A]

where:

£(f,,) is the ratio of the sideband power in a 1Hz bandwidth at f,,
to total power in dB

£, 1s the offset frequency from the carrier

Jois the carrier frequency

f.1is the flicker corner frequency

Q; is the loaded Q of the tuned circuit

Q, is the unloaded Q of the tuned circuit

F is the noise factor

k is Boltzmann’s constant

T is the temperature in Kelvins

P, is the average power at oscillator output

R is the equivalent noise resistance of the tuning diode
K, is the oscillator voltage gain.

When adding an isolating amplifier, the noise of an LC oscillator

where,

G = compressed power gain of the loop amplifier

F = noise factor of the loop amplifier

k = Boltzmann’s constant

T = temperature in kelvins

P, = carrier power level (in watts) at the output of the loop ampli-
fier

F, = carrier frequency in Hz

[, = carrier offset frequency in Hz
Q. (= nFyt,) =1loaded Q of the resonator in the feedback loop

ar and ag = flicker noise constants for the resonator and loop ampli-
fier, respectively.

The problem with this design equation, which everyone likes
to quote, is that it works after the fact. That means the designer
does not know the output power, the flicker corner frequency,
and the large signal noise figure, and finally, because the right
part of the equation is the noise from the tuning diode, the value
of the equivalent noise resistor;, R!

Influence of the Tuning Diode

It is possible to define an equivalent noise resistor, R, which
when inserted into Nyquist’s equation, determines an open-circuit
noise voltage across the tuning diode.

V. = J4kT,RAf [Eq 3]

where:

kT, =4.2 x 102" at about 300 K

R is the equivalent noise resistor

Af'is the bandwidth.

Practical values of R, for carefully selected tuning diodes are
in the vicinity of 200 Q to 50 kQ2. We can now determine the noise
voltage, V.

V. =4x42x102'x10,000 =1.296x 10"V y/Hz
This noise voltage generated from the tuning diode is now multi-

plied with the VCO gain, K, resulting in the RMS frequency devia-
tion.

(Af,,.) =K, x(1.296x10"*¥ )in 1 Hz bandwidth

s determi ’ [Eq 4]
is determined by Equation 2.
£(fm):o.sxlolog[(sw(fm))]
2 2
[h( fy j } HZGFkT]( F, j }
20 P, 20 ; -
£(£,)=0.5x10log (o) ] LA e +[2aRQ2LFO ]+&+2GFkT [Eq2]
I f; o) fo R
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Figure 3 —This graph shows the influence of the diode noise of aVCO at 150 MHz.

To translate this into an equivalent peak phase deviation, we will use
Equation 5.

_Kn\2

o, x(1.296>< IO’S)rad in 1 Hz bandwidth

! [Eq 5]
Or, for a typical oscillator gain of 100 kHz / V:
6, = Mrad in 1 Hz bandwidth (Eq 6]

d
m

For f,, = 2.4 kHz (typical spacing for adjacent-channel measure-
ments for good SSB RF radios), then 6, = 732 x 10™. This can be
converted now into the SSB signal-to-noise ratio:

(Eq7]

The tuning diode adds significant noise, so if the above mentioned
1 kHz bandwidth for the PLL is used, at 2.4 kHz, the oscillator dominates.

Figure 3 shows the influence of the diode noise of a VCO at
150 MHz. In the case of lines B and C on the graph, you can see that
the tuning diode greatly ruins the overall phase noise regardless of a
high loaded Q!

The flicker frequency component also has a huge influence on the
phase noise. Figure 4 shows the noise contribution of the flicker noise
in a circuit with fixed Q. At 1 kHz offset, the phase noise deteriorates
by 10 dB.

We can calculate the phase noise from circuit parameters, and
using large singal parameters, or deriving these with the help from
Bessel funtions, we specifically obtain Y21 for a large signal.

The total effect of all the four noise sources can be expressed as
Equation 8.

0
£(fm):2010g10?‘:—128 dBc /Hz

£(0)=1010 -
(@) =1000e 2 512| 2mc,

KT l{&}[LMQ}
2] G, 20|l o

Base Resistance

4KT |1 1 |[a
w

Resonator

27K 1"
+| 2ql, + ————
()

i e L e
21C+C, || 200,C || @

Flicker Base Current

2
+2q1, L_G ! S
21C+C, || 20,0C, |l @

Collector Current

(Eq 8]

We will use the example from the 2 Part Microwave & RF article,
“Large-Signal Approach Yields Low-Noise VHF/UHF Oscillators.”'>

QEX November/December 2015 35



—40

/]
10‘H‘t Q. =200
60 —— 3 Fo = 150 MHz H
10‘H‘t \ fe = flicker frequency
102 Ht
_80 || 10" Ht iy \\
10° Ht | NN ‘\
! N
fc \\ N
= \ \\
T -100 i N\
8 111 dB/Hz \ N\
N
= 121 dB/Hz NN
T 120 ettt e e e e e
Q I
I
I
N
140 148 dB/Hz }
: N
-160 } ~
I
} N
I
-180 :
1 10 100 1k 10 k 100 k 1M 10M
Frequency (Hz)

QX1511-Rohde04

Figure 4 — Here is the phase noise contribution of the flicker noise to the oscillator noise.

16 The schematic for this circuit is shown at Figure 5, and the mea-
sured phase noise of this 144 MHz oscillator is shown in Figure 6.
From the resonator, R, = 7056 Q (oL x Q)
Q of the resonator = 200 (Q of the inductor at 144 MHz)
Resonator inductance = 39 nH
Resonator capacitance = 22 pF
Collector current of the transistor, I, = 10 mA
Base current of the transistor, 7, = 85 pA
Flicker noise exponent, AF =2
Flicker noise constant, K;= 1 x 10~
Feedback factor, n =5
Phase noise at 10 kHz:

PN,

(ibn+ifin)

(9, +10 kHz) =~ —134.2 dBc / Hz
PN,,, (®,+10 kHz)~—151 dBc / Hz
PN, (@,+10 kHz)~-169.6 dBc/Hz

PN,

icn

(e, +10 kHz) ~~150.6 dBc / Hz

P =5dBm

out

The value for K; = 1 x 1072 is vaild for small currents, and in
Equation 8 the main phase noise (measured) contribution is the reso-
nator loss. For higher frequencies and higher output power (higher
DC current, the flicker and DC current contribuion to the flicker noise
will dominate. At 30 mA and higher, a typcal K; factor of 1x 107 is
common.

Going back to the large signal phase noise analysis , the Equation
9 is really the most modern result.

36 QEX November/December 2015

£(w)=10logq| k, +

2
Y 2
| D [
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where:
L ___ kIR
" AR
K »IAF
91.g,+ = ~&,
ST
4 + 2
ky = @, (IB )
ky = ggi
k
k= 2 : 2
K C,

"

ol &

where ki, k,, and k;, are constant only for a particular drive level,
with y = C; / C,, making k, and k; also dependent on y, as the drive

level changes.

This Equation is derived in Communications Receivers (see Note 8).
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Figure 5 —This schematic shows a 144 MHz oscillator design at 60 MHz. This design is from
“Large Signal Approach Yields Low-Noise VHF/UHF Oscillators,” published in Microwaves &
RF. See Notes 15 and 16.
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Figure 6 — This is the meassured phase noise of the 144 MHz Oscillator design of Figure 5,
based on state of the art linear design, and based on an optimized design using large signal
parameters. See Notes 15 and 16.
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Figure 7 — This circuit is a possible simulation of the 60 MHz oscillator described by Colin
Horrabin.

Another phase noise calculation approach
is noted by Hajiimiri in “A General Theory of
Phase Noise in Electrical Oscillators.”'” It is
quoted by academicians frequently because
it is an elegant way, but for actual design
activities it is useless. It is mentioned here
for completeness. Also see The Design of
Modern Microwave Oscillators for Wireless
Applications: Theory and Optimization.'®

The Circuits

In order to verify the noise quoted by
Colin Horrabin, an FET circuit with 2 tuned
LC circuits was prepared for simulation
using the familiar 2N4416 JFET. Its data was
obtained from the non-linear data provided
by Philips for CAD applications, such as
SPICE or Harmonic Balance based simula-
tors."

The power supply voltage is applied via
a 1 pH RF choke, and in order to validate
the claim, the 0.1 pF capacitor in the analy-
sis could be toggled between this value and
0.1 fF = 0.1 x 107 F, in practice a value
of zero. The result showed no difference in
phase noise. There was a discussion about
why the simulator did not agree with the
expectations, but the phase noise values pub-
lished by Colin Horrabin did not support the
claim either. This topic was addressed in the
beginning of this paper. Interestingly enough,
if the circuit is made asymmetrical (see the
80 pF and 100 pF capacitors in Figure 7),
and the tap is not grounded, a better phase
noise results.

The simulation data agree fairly well with
the published data, and no correction for the
noise of the tuning diode was made. Figure 8
shows the predicted phase noise of the Figure
7 oscillator.

It is now of interest to design a better
VCO. This has been achieved with the design
shown in Figure 9. The noise improvement
comes from the constant current source
(5.6 k) in the source; the higher voltage
drop is compensated by the positive voltage
at the transistor gate.

Figure 10 shows a circuit diagram of
an ultra low noise 60 MHz FET oscillator
design that uses a 2N4416 FET. The circuit
uses a helical resonator, as shown in Figure
11. The original cicuit was modified and is
using six aditional diodes for a wider tun-
ing range, and the parallel combination of
the diodes, because of no noise correlation,
results overall in a lower noise contribution.
Figure 12 shows the phase noise simula-
tion for this oscillator circuit, and Figure 13
shows the measured result from the actual
circuit.

The diodes make the VCO noisier below
100 khz, but because the loop bandwidth
typically is wider, this compensates the noise.
If we look at Equation 8, we will find that
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the major noise contribution is the loaded Q
of the resonator. If by some magic the load-
ing of the transistor drain impedance could
be reduced, the noise would be less. Here,
flicker noise is not the dominant cause!

Summary

The design of low noise oscillators is no
longer such a mystical task. When I finally
got my own R&S FSUP 8 with optimized
internal signal sources, I went through the
task of measuring my oscillators built 40
years ago, as well as some commercial
devices. A good example was the older HP
8640B, and the famous HP 10544A 10 MHz
crystal oscillators.

HP products typically were better than
promised, something I could not claim for
all of my designs, but I was not that far off
— and yes some were better than published.

Sadly I found that many VHF crystal
oscillators around in the past did not perform
as well as we know today, and the same
applies to signal generators.

This paper also lists a large number of
references and I recommend RF/Microwave
Circuit Design for Wireless Applications

(see Note 2), Microwave and Wireless
Synthesizers: Theory and Design (see Note
7), and The Design of Modern Microwave
Oscillators for Wireless Applications (see
Note 17) for text books for any readers inter-

ested in learning more about synthesizers
and oscillators.

Microwave and Wireless Synthesizers:
Theory and Design gives a detailed insight
into PLL design, but companies now sell
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Figure 8 —This graph is the predicted phase noise of the Colin Horrabin oscillator, based on
the simulation of Figure 7.
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Figure 9 — This schematic diagram shows a 60 MHz VCO optimized for phase noise. It uses the 2N4416 FET and a =15V source, which
switches the oscillator on and off. L1 is a helical resonator. R&S 1975 Model SMDU radio tester.
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Figure 10 — Here is a typical circuit diagram of the 144 MHz low noise VCO using a 2N4416 FET. Note the six diodes for a wider tuning range
of the oscillator. [ R&S SMDU]

complete PLL chips, so the individual
designs disappear. Also the crystal chapter
written by Roger Clark, then from Vectron,
gives very valuable insight into this topic.

RF/Microwave Circuit Design for
Wireless Applications, second edition, is a
complete desk reference book, which also
covers CMOS designs, and spends many
pages on oscillators and CAD use.

The Design of Modern Microwave
Oscillators for Wireless Applications
addresses the very latest of wideband VCO
design and push-push oscillators, and pro-
vides all the interesting phase noise calcula-
tions and design rules.

Based on the mathematics and design
rules shown above, and good test equipment
to validate the data, the design has become
much easier.

As to the Horrabin oscillator, in one of
his e-mails he mentioned a Q of 70 and the
simulation supports that.

The improved oscillator above (no PLL!)
at 3 kHz has a phase noise of —135 dBc/
Hz while the Horrabin PLL design sits at
—120 dBc/Hz. At higher frequencies the
measured data published by Colin Horrabin

Figure 11 —This photo shows the helical resonator as part of the actual implementation supports a well-designed PLL based oscilla-
of the oscilltor of Figure 9. Now the phase noise will be interesting. In practice, such an tor, but not any advantage of a symmetrical
oscillator will have a buffer stage. The buffer stage will make the far off noise worse, so the design. The practical designs above for a

result will be limited to about —165 dBc/Hz. This oscillator has an output level of 10 dBm ; H ;
(10 mW).The theoretical noise limit is 177 dB + 10 dB = 187 dBc/Hz. The difference is dueto -+ M1 bipolar transistor based oscillator
and this VCO gives some insight in good

the large signal noise figure of the transistor. [R&S SMDU] g > .
designs, both from a mathematical point and

from a practical point.
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Figure 12 — Here is the phase noise simulation of the 60 MHz oscillator, using a helical
resonator and tuning diodes.
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second measured curve.
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Using the MC1648 in Oscillators

The Motorola MC1648 is a specialized LC-oscillator IC that has been manufactured since the
early 1970s and is a surviving member of MECL lll, a long-obsolete family of emitter-coupled-
logic devices. It is still used in military and commercial equipment. It is difficult to obtain,
expensive, power hungry, and offers relatively low performance. Its circuitry is complex for an
oscillator, with a multi-transistor limiting-amplifier cell controlled by an on-chip ALC system.
The MC1648’s first problem is that the ECL families use only about a 0.8 V swing between logic
levels, and this same limitation applies to the signal in the oscillator tuned circuit. It is possible to
improve this situation by using a tapped or transformer-coupled tank circuit to give improved Q,
but risks the occurrence of the device’s second problem: bandwidth creep.

Periodically, semiconductor manufacturers modernize their plants and scrap old assembly
lines used to make old products. Any surviving devices then must undergo some redesign to
allow continued production using the newer processes. One common result of this is that devices
are shrunk, when possible, to fit more onto a wafer. All this increases the ft of the transistors in
the device, and such evolution has rendered today’s MC1648s capable of operation at much
higher frequencies than the specified 200-MHz limit. This allows higher-frequency use, of
course, but great care is needed in the layout of circuits using it to prevent spurious oscillation. A
number of old designs using this part have needed reengineering because the newer parts
generate spurious oscillations that the old ones didn’t, using PC-board traces as parasitic tuned
circuits. Remember the Barkhausen criteria — as long as the gain is greater than 1 when phase

shift is zero, there will be oscillation.

Copyright © 2013, American Radio Relay League, Inc. All rights reserved.
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Figure 1 — One of the few ICs ever designed solely for oscillator service, the ECL Motorola
MC1648 (A) requires careful design to avoid VHF parasitics when operating at HF. Keeping its
tank Q high is another challenge; B and C show means of coupling the IC’s low-impedance
oscillator terminals to the tank by tapping up on the tank coil (B) or with alink (C).

The moral here is that a UHF-capable device always requires UHF-cognizant design and
layout, even if the device is used at far lower frequencies. Figure 1 shows the MC1648 in a
simple circuit and with a tapped resonator. These more complex circuits have a greater risk of
presenting a stray resonance within the device’s operating range, risking oscillation at an
unwanted frequency. This device is not a prime choice for an HF VFO because the physical size
of the variable capacitor and the inevitable lead lengths, combined with the need to tap-couple to
get sufficient Q for good noise performance, makes spurious oscillation difficult to avoid. The
MC1648 is really intended for tuning-diode control in phase-locked loops operating at VHF.

This difficulty is inherent in all wideband devices, especially oscillator circuits connected to
their tank by a single “hot” terminal, where there is simply no isolation between the amplifier’s
input and output paths. Any resonance in the associated circuitry can control the frequency of

oscillation.

Copyright © 2013, American Radio Relay League, Inc. All rights reserved.



What you always wanted to know about Colpitts Oscillators
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Introduction: Modern communications systems need oscillators as part of the design. In most cases
these oscillators are part of a synthesizer and they are voltage controlled, meaning that the frequency is
determined by tuning diodes, frequently called varactors. The applied DC voltage varies the frequency.

For high performance circuits the Colpitts Oscillator is most frequently selected [1-30].

The Colpitts oscillator comes in three flavors — Figure 1a, shows the conventional circuit
configuration. This type of circuit is based on a design developed by Edwin Henry Colpitts known for
his invention of this oscillator and hence carries his name [1]. It uses a capacitive voltage divider and
an inductor. In reality this simple circuit is not used but rather a derivation of this. This is shown in
Figure 1b. The advantage of this circuit is that the values for C; and C, are fixed and the frequency
change occurs by changing Cs. If the frequency of Figure 1a needs to be changed, a better choice is to

vary the inductor L.

His colleague Ralph Hartley [2] invented an inductive coupling oscillator. The advantage of such an
oscillator having capacitors C; and C, replaced with a tap of the inductor has been used together with
helical resonators. The frequency tuning is achieved purely capacitively. To minimize loading, the
transistor of choice here is a FET which has very high input impedance and provides minimum loading
to the circuit. The disadvantage is that this circuit, using junction FETS, is limited to about 400 MHz.
The transition frequency fy is about 500MHz. FETSs can also be used in the Colpitts oscillator as shown

in Figure 1a, because of relatively lower loading than the bipolar transistor. The drawback of Figure la



is the heavy loading of the tuned circuit by the transistor. The circuit shown in Figure 1b is frequently

referred to as the Clapp-Gouriet circuit [3].

Figure la: Conventional Colpitts Configuration Figurelb: Modified Colpitts (Clapp-Gouriet) Config.

Figure 1c: Modified Colpitts Oscillator Figure 2: Photograph of 1 GHz CRO

At frequencies below 1GHz, both GaAs FETs and CMOS FETs are not a good choice because of their

high flicker noise contribution.



For the circuit of Figure 1b, it is theoretically possible to have L and Cs in resonance in which case the
oscillator will cease to work. It is important to note here that the same circuit is used also for crystal
oscillators; here the inductor L is replaced by the crystal. The crystal is a series combination of L, R
and Cs with Q = wL/R. In practice the product of crystal Q and frequency is a constant. For 5 MHz, a
typical Q of 2.5x10° is possible, resulting in a product of 12.5x10". If this is scaled to a crystal
oscillator operating at 100MHz, the Q would be 125000. Manufacturers typically guarantee values

greater than 100000.

Again, this crystal oscillator also falls into the category of Colpitts oscillator. A third variation is
shown in Figure 1c. Here we have a parallel tuned circuit which is coupled loosely to the transistor.
This circuit is found when building oscillators using ceramic resonators (CRO). Figure 2 shows such a

design.

This paper summarizes the various methods of oscillator analysis and presents a step-by-step design
procedure, showing the simulated, measured and calculated results for phase noise and other important

parameters and concludes with a discussion on the effect of tuning diodes.

Linear Approach: For many years, until recently, oscillators were analyzed with a linear approach as
will be shown below. Figures 3a and 3b illustrate the oscillator sub-circuit for the purpose of

calculating the negative resistance.
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analysis calculation of the negative resistance

From Figure 3b, the circuit equation is given from Kirchoff’s voltage law (KVL) as

Vin = Iin(xc1 + Xcz)_ Ib(Xq _ﬂxcz) (1a)

0=—1,,(Xc )+ 1,(Xe, +h,) (1b)

Considering, 1 =h
11

ie

;Y (L+ B)Xc X, +he (X, + X, )

i Iin XCl + hie (1C)
@p) (€)1
7 ®’C,C, joCC, Y,
in ( l 1 J
7+ -
Yu JoC (1d)

The input impedance (Zn) of this Colpitts Oscillator circuit, including the parasitics is given as [4, 5]:
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Figure 3c: Colpitts oscillator with base lead inductances and package capacitance

The resonator losses are expressed by the Rs;. Now splitting the Zjy of the Colpitts oscillator into real

and imaginary parts, including parasitics, we obtain,

R
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Y
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where
Ry : Negative resistance without lead inductance and package capacitance.
Rueo: Negative resistance with base-lead inductance and package capacitance.

Ceo: Equivalent capacitance with base-lead inductance and package capacitance



The method shown above is called one-port oscillator design [6]. Figure 4 shows the general schematic

diagram of a one-port negative-resistance model. The negative real part of Zy is used to compensate

the losses of the parallel tuned circuit.

Active-Circuit | 44— R

In(4, ) Z,0)

Figure 4: Schematic diagram of a one-port negative resistance model

Linear S-parameters approach:

Frequency-
Determining
Circuit

It may be interesting for the readers to see how an oscillator can be analyzed using S-parameters. It

should be noted that this method is based on linear approximations and works for practically all

microwave oscillator designs [6, 28, pp-741]. The equivalent criteria of the negative resistance can be

calculated in the form of S-parameters. The detailed definitions of S-parameters can be found in [31].

This negative resistance will cause oscillations if the following conditions are satisfied. Assume that

the oscillation condition is satisfied at port 1 and is given by:

— =1

!
Sll

S1252117 S$11—DI,

r _
Thus, Si1 =S+ 1-S,,17, 1-52217

1 1-Sy,0h

= — =TI
S!, T $11-DIy, G

From expanding (7) we get

(6)

(")

(8)



[511 — DI =1 =851 (9)
FL(Szz - DFG) =1-358111g (10)

11L — 1—511[‘6
S22—Drl'g

(11)

S12821g S22—Drl g
Spp = Sy + =2 (12)
1-S11T¢  1-S11T¢

i — 1-S11T¢ (13)
Sz S22-DIg

Comparing equations (9) and (12), we find that
S =T (14)

S32

where, Sy; and Sy, are the input and output reflection coefficients, respectively

The discussion above means that the oscillation condition is also satisfied at port 2; which proves the
simultaneous oscillation condition at both ports. Thus if either port is oscillating the other port must be
oscillating as well. A load may appear at either or both ports, but normally the load is in I3, the output
termintation.

It is helpful to use the common-source based amplifier to compute the oscillator output power. For
oscillators, the objective is to maximize (Poy — Pin) Of the amplifier, which is the useful power to the

load. An empirical expression for the common-source amplifier output power found by Johnson [29] is

—GPin
Pout = Psar (1 — exp —) (15)

sat

Where P is the saturated output power of the amplifier and G is the tuned small-signal common-
source transducer gain of the amplifier, which is identical to |S,,|?. Since the objective is to maximize

(Pout - Pin), (where Poytand Pj, are the output and input power of the amplifier),

d(Pout - Pin) =0 (16)
aPout _
Pout — 1 (17)

7



ory = e~ = 1 (18)
exp EPin — ¢ (19)
Psat
Pin _ ll’l_G
P =G (20)

At the maximum value of (P,,; — P;,,), the amplifier output is

Pout = Psar(1=2) (21)

And the maximum oscillator output power is
Pose = (Pout = Pin) (22)
=P (1-5-7F) @)

Thus the maximum oscillator output power can be predicted from the common-source amplifier
saturated output power and the small signal common source transducer gain G. For high oscillator
output power high (loop) gain is of importance. Another definition of gain that is useful for large-

signal amplifier or oscillator design is the maximum efficient gain, defined by

Guyp = Pout=Pin (24)

Pin
For maximum oscillator power the maximum efficient gain from (20) and (21) is

G—-1
GmEmax = e (25)

The RF gain Gyemax IS a considerably smaller value compared to G, the small-signal gain [7-12].

Designing oscillators based on S-parameters in a linear mode has been quoted by many authors using
first approximation for large signal as shown in [8]. The problem with this published approach is that it
uses a GaAs FET, where only the transconductance gn, has a major influence. Si; changes very little
under large signal conditions, as does S,,. Reliable large signal S-parameters for bipolar transistors and

FETSs are difficult to get.



Time-domain based analysis to analyze the transistor non-linarities’:

A correction for the frequency dependent parameters will follow, based on “simulation” for larger

drive level.
The voltage v(t)across the base-emitter junction consists of a DC component and a driven signal

voltageV, cos(wt) . It can be expressed as
v(t) =V, +V, cos(wt) (26)

As the driven voltage V, cos(wt) increases and develops enough amplitude across the base-emitter

junction, the resulting current is a periodic series of pulses whose amplitude depends on the nonlinear
characteristics of the device and is given as

qu(t)

i(t)=1ek 27)
aVye  GV; cos(wt)

i,t)=lee K 29)
quc

i, (t) =1 K gXs® (29)

assuming I¢ ~ I, (5>10)

o Vio_av

(kT/q) KT (30)

Ig (t) is the emitter current and x is the drive level which is normalized to kT /q.

From the Fourier series expansion, eXCOS(Wt) IS expressed as

eXCOS(Wt) = %an (x) cos(nwt) (31)



a, (x) is a Fourier coefficient and given as

_iZH X cos(wt) —
8 (o= j e (wt) = 1,(x) (32)
2, (0] o= — €5 cos(rut)d(wt) = I, (X)
2r (33)
et =>"a (x)cos(nwt) = 1,(x)+ Zi I, (x)cos(nwt) (34)

I, (x) is the modified Bessel function.
As x—>0:>|n(x)—>% (35)

I,(x) are monotonic functions having positive values for x>0 and n>0; 1,(0) is unity, whereas all

higher order functions start at zero.

The short current pulses are generated from the growing large-signal drive level across the base-emitter
junction, which leads to strong harmonic generation [5, 27]. The advantage of this pulse performance
is the reduction of phase noise, due to the smaller duty cycle of the transistor [4]. The emitter current

represented above can be expressed in terms of harmonics as

i, (t) = |Sequfc|0(x){1+ Zi:”—ggcos(nwt)} (36)

Idc = Iseqk\-/Izjc IO(X) (37)

Vdc:klln{#}:k—-rln[lﬁ}klln[ L } (38)
q [ 1(x) q [I.] a [L(&)

|5 = collector saturation current
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kT

vmzww—7;m%u) (39)
(1) = 1 1425 cos ey (40)
) * T (%)

V4o and 1. are the operating DC bias voltage and the DC value of the emitter current. Furthermore,

the Fourier transform of i, (t), a current pulse or series of pulses in the time domain yields a number of

frequency harmonics common in oscillator circuit designs using nonlinear devices.

Iy (%)

The peak amplitude of the harmonic content of the output current is defined as { ()
1

} , and the DC

offset voltage are calculated analytically in terms of the drive level, as shown in Table 1. It gives good

insight of the nonlinearities involved in the oscillator design.

Table 1: For T=300 K, data are generated at a different drive—level

Drive level | Drive-Voltage | Offset-Coefficient | DC-Offset Fundamental Second-
X kT In[lo(x KT Current Harmonic
" ([l 002 q MO Taneameor | D09/:00)
mV
0.00 0.000 0.000 0.000 0.000 0.000
0.50 13.00 0.062 1.612 0.485 0.124
1.00 26.00 0.236 6.136 0.893 0.240
2.00 52.00 0.823 21.398 1.396 0.433
3.00 78.00 1.585 41.210 1.620 0.568
4.00 104.00 2.425 63.050 1.737 0.658
5.00 130.00 3.305 85.800 1.787 0.719
6.00 156.00 4.208 206.180 1.825 0.762
7.00 182.00 5.127 330.980 1.851 0.794
8.00 208.00 6.058 459.600 1.870 0.819
9.00 234.00 6.997 181.922 1.885 0.835
10.00 260.00 7.943 206.518 1.897 0.854
15.00 390.00 12.736 331.136 1.932 0.902
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20.00 520.00 17.590 457.340 1.949 0.926

It may be of interest to see the start-up condition of an oscillator; the transient response is shown in

Figure 5.

800.00

emitter

600.00

400.00

200.00-

V(Port3) [mV]

" w/'wwum uu“h'“”“lm nl

W

000 |/

-200.00 -
0.00 10.00 20.00 30.00 40.00 50.00

Time [nsec]

Figure 5: Example of the transient simulation of a ceramic resonator based high-Q oscillator showing the

DC-offset as shown in column 4, Table 1 (The voltage displayed is taken from the emitter)
Selecting the right transistor:
The basic design of a Colpitts oscillator is the same, whether one uses a FET or BJT. Bipolar transistor
based oscillators can now easily be designed up to 20GHz. The basic advantage of the bipolar
transistor (also known as BIP) is the lower flicker noise corner frequency. Currently transistor chips
with Fpax up to 300GHz are available in the foundry environment, commercially up to about 150GHz.
For the purpose of this design synthesis, we have decided to use a BFG520, which is a highly linear

transistor. It is validated with a 3-tone test (the typical 2-tone test is easier to meet), as found from the
12



datasheet; the mixing products are better than -60dB suppressed relative to the carrier. Based on past
experience for its good linearity, the BFG520 also has low distortion and, low noise. The key
parameters are Vceo = 15V, I = 70mA, Pyt = 300mW, Noise Figure Fpi, at 350MHz is less thanldB,

at 5SmA, the associated gain is more than 17dB.

A Design Example for a 350MHz fixed frequency Colpitts Oscillator
The following is an exact mathematical solution for designing the 350MHz Colpitts Oscillator.

The circuit consists of the Colpitts configuration following Figure 1c. In order to have enough loop
gain, a microwave transistor BFG520 is used. At the proposed starting DC current of 6mA, (being
close to the minimum noise figure current and as a first trial to meet the output power), fr is 6GHz.
When selecting a transistor with a higher fr there is always a possibility of unwanted microwave
oscillation and higher flicker noise. When comparing microwave transistors with audio transistors, it
becomes apparent that at much lower frequencies there is much less flicker noise contribution. This
transistor can safely be operated at 30mA but the rule of thumb is, when using 10% to 15% of ICmax,
the flicker contribution is much less. For low noise operation, the datasheet indicates 1.1dB spot noise

figure at 900MHz at SmA.

The 350 MHz oscillator, using the bipolar transistor BFG520, is designed based on analytical
equations and is later verified with simulation results. Based on the output power requirement and
harmonics at a given load, the drive level is fixed. The normalized drive level (of x = 15) is chosen to
allow adequate drive level to sustain oscillation and yet, not to produce excessive harmonic content.
Figure 6, shows the values of the optimized circuit. While simulating for a series resonant
configuration, the value of C, = 8.2fF, was used as a place-holder, based on impedance considerations.
C, was set to 8.2pF for parallel resonant configuration, the value of L = 21nH, and C. = 3.3pF was set

13



to achieve oscillation at 350MHz. Experimenting with the simulation, it turns out that ‘L’ set to 0.5uH
gives a much better phase noise, about 10dB better at 100Hz offset, but this could not be verified yet in

a real circuit.

The output power is taken from the collector and following is the design procedure. The goal is to

obtain an output power over 10dBm, using a simple design for good understanding.

Vile 3.9nF
28 to 5@ Ohms 22@;:"_
C:ap
22 FF
|
1 C,
F1
[
3]
"r:I:I
Figure 6: Design of 350MHz Colpitts Oscillator — Optimized for phase noise
Step 1:
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The normalized drive level will be set at 15, for which the fundamental peak current

I, (fundamental) = 1.932lqc (is given from table 1).
I, is the fundamental current specified by the output power needed for the designated load.

The primary impedance of the transformer is 200Q2 and we calculate the RF voltage for R, =200 and

for a output power of Py =11 dBm = 14mW

Vo :\/Pout(mW)xZRL =14x10° x2x 200 = 2.3V (No saturation voltage assumed! This results

in slight variation between calculated, simulated and measured values of Pout.) (42)
I, = Vou _ 237 _14 g5ma (42)
200 200
I, 11.85

l,=1,=—L =-""-613mA (43)
1.932 1.932

Step 2: Biasing

The transistor uses a 12V power supply and an 825Q emitter resistor at ~6mA, resulting in ~5V drop,
so the transistor can afford a large voltage swing between base and ground. This reduces flicker noise
(resistive feedback) and distortion. The base voltage divider, for reasons pertaining to temperature

stability uses a higher than normal dc current, is isolated from the base using a RF choke. Frequently,

in designs, this circuit trick is not used.

V, = I{Re + ﬁRe J +V,, =5.96V (44)
+

s assumed to be around 100 and V. is approximately 0.8V.Bias resistor R; and R, is given as

V, = Ry V., =5.96V R (45)
R, +R, R,
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R, = 22700 (46)
R, = 2290Q (47)
V, =1V (48)
Resistor Bias current is ~2.6mA (V¢ /(R1tR2))

Base current is 43uA, so the safety factor is 2.6/0.043 = 60

Step 3: Determination of the large signal transconductance

Based on the table above, and x=15, the “DC transconductance” equals

v _h 19321, 11.85mA _
2 1000mV _ 1000mV

11 fundamenta— freq

2mS (49)

This is the DC transconductance, meaning the frequency dependence has not been considered.

An analysis of the transistor shows that the small signal transconductance at 6mA (dc) is about 6x39 =
240mS. At 350MHz this reduces itself to 200mS down from 240mS. This is valid only if the transistor
does not have any emitter feedback. In the case of the Colpitts oscillator we have an emitter resistor

which  reduces the transconductance; therefore we have to multiply Y,  with

() (50)

(1/8m)+ Re)

1

;_3)4- 825)

The resulting large signal loop transconductance Yoy is (
12X10

= 1.1mS, which is an

acceptable approximation, as the exact value of x is about 20 (see simulation results, Figure 9) [Ref.
26, pg.177].

Based on Kirchhoft’s law, the following set of equations can be used to determine the feedback factor
‘n’.

Y,,=1.1mS (DC Transconductance — No high frequency effects included) where o =0.99
16



The oscillator circuit with passive component parameters is shown in Figure 7a.

Table 2: Large signal transconductance as a function of Drive level based on Bessel function Calculations -

Gm(X)/gm=2[11(X)/x1o(x)] vs. the drive level = x.

Drive level: x | Gm(X)/gm=2[11(X)/x1o(X)]
0.00 1
0.50 0.970
1.00 0.893
2.00 0.698
3.00 0.540
4.00 0.432
5.00 0.357
6.00 0.304
7.00 0.264
8.00 0.233
9.00 0.209
10.00 0.190
15.00 0.129
20.00 0.0975
25.00 0.075
Y,

i Ceyp |

é 11 i Y;

: : v |

i I - - Cpé E E Collector E Emitter

i N =

e Rii @ ] e

Yli — C1 i i E Base
Figure 7a: Oscillator circuit with the passive components Figure 7b: Equivalent oscillator circuit for the
Y3, Yo and Yy analysis of the transformed conductance seen by the

17



current source

Where,

Y=G,+]B, = jaC, For G, =0 (51-a)

; (51-b)

2 p—
Y,=G,+jB, =G, +] (‘f LC — Dok,
@’L(C, +C) -1

G, = loss parameter/load conductance of the resonator connected parallel to the resonator component
Cy, Coand L, respectively.

Y~=G;+ |B;=>G; + jaC,; (51-c)
G, = conductance of the bias resistor placed across C,, 1/Ry in Figure 7a.

The large-signal transconductances Y,; and G; are transformed to the current source through the

voltage divider\ﬁ. The voltage Ve, must be added to Ve, to calculate the transformation ratio, which
cb

is also inverse of the feedback factor and can be written as \ﬁ = L = l
Vo, C,+C, n

(51-d)
V, C _n-1

And = =
vV, C,+C, n

(51-e)

The conductance G is already in parallel with the current source so it remains unchanged. The factor
“n” represents the ratio of the collector-base voltage to the emitter-base voltage at the oscillator

resonant frequency.

n (51-)

18



n (51-0)

(51-h)
G, remains constant

The transformed conductance is proportional to the square of the voltage ratios given in Equations (51-

d) and (51-e), producing a total conductance as seen by the current source at resonance as

G

total

2
:GZ+Gm+zel+{”_1} G, (51-i)
n n

For sustained oscillation, the closed loop gain at resonance is given as

(VbeY21a J

nG

VtOtaI =1=nG, =Yy (51-4)
be

Yu 1 Ya g (51-K)
nG o nG

total total

o is assumed to be 0.0.99 and variation in the value of « does not influence the expression above
greatly. Rearranging the device conductance and circuit conductance, the general oscillator equation,

after multiplying (51-i) with n on both sides, is written as

2
NGy, = n{e2 +Y21n+2 G, +(”;1J Gs:l (51-1)
Y, +G, (n-1) —(1-na G, (n-1Y
Y21a=nI:62 + 21n2 L +[ 0 ) Gsi|:>|:%:lY21:|:G2 +n—21+[Tj GS:| (51'm)
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n’(G, +G,)—n(2G, +Y,,) +(G, + G, +Y,,) =0 (51-n)

(265 4Y,,0) £(26; + Y1)’ ~4(G, +G;)(G, +G; +Y,1)

(51-0)
2(G, +G,)
(26 +Y,0) V(26 +Y,,@)° ~4(G, +G;)(G, +G; +Ysy) (51-p)
b2G,+Gy) 2(G, +G;)
L _(26,4Y,@) J(2G, +Y,2)* ~4(G, +G,)(G, + G5 +Y,,) (51-q)

©2G,+Gy) 2(G, +Gy)

From the quadratic equation above, the value of the factor n can be calculated, and thereby, an

estimation of the capacitance can be done a priori.
To ensure higher loop gain, n, is selected from nmax[ N, N, ].

Once the value of n is fixed, then the ratio of the capacitance is calculated as

¢, _1 (51-r)
C,+C, n
c,= & S (51-5)
n-1 C,

If G,andG, are zero then the quadratic equation (51-n) reduces to

n’G, —nY,,a+Y,, =0 (51-1)
n’ n® |1
Y, = G, =Y, = — 51-u
21 1_ n 2 21 |:1_ n:| Rp ( )
YuRp _ N (51-v)
n 1-n
Rp = S , YaRe — Loop Gain (51-w)
G, n

20



Loop Gain YaRe -1
n

From equation (51-r) and (51-u)

[C,+C,]
C.C,

1
Y, =G _(X)=—
21 m( ) RP
The quadratic equation for n (from (51-n)) is reduced to

n*(G,;)—n(2G, +Y,,a) + (G, +Y,) =0

Gy =2 = —121ms
R, 825

e

n?(1.21) —n(2x1.21+1.1x0.99) + (1.21+1.1) =0

1.21n* -3.514n+2.313=0

n__3514i\k3514f-4x121x2313
B 2x1.21

n —=n,=1.888and n, =1.01

The higher value of the transformation factor, n, is selected as n = 1.888.

The ratio for the values of C; and C, is calculated as

The ratio of the capacitor C; to C, is 1. For larger transconductance, Y, (C1/C,) >1

(51-x)

(52-a)

(52-b)

(52-c)

(53)

(54)

(55)

(56)
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A discussion about drive level and noise:

-50.00

x=Drive-Level

-75.00

-100.00

PN1<H1> [dBc/Hz]

-125.00-|

-150.00

-175.00 ‘ ‘
1.00E02 1.00E03 1.00E04 1.00E05 1.00E06 1.00E07

FDev [Hz]

Figure 8: Example for the single sideband phase noise as a function of the normalized drive level x for a high Q

1GHz oscillator
The plot in Figure 8 [5] shows the impact of the normalized drive level ‘x” on the phase noise. The
exact values have to be assessed for individual circuits, but the general trend follows the plot shown.
In Figure 9, x=1 is the linear case (Class A — operation) and the values above x=15 produce narrow
pulses. Class A operation gives higher output power but is not optimized for phase noise. However at
higher drive levels, the transistor is “ON” for shorter duration, thus less loading and better phase noise,
but at the cost of lower power output.
If the transistor is overdriven at the base, the collector current folds back (dip) and the actual current
gain falls to values of 1.4 in our case (From Figure 9).
For the uncompressed current gain (Y21/Y11) = (C,/Cy) = 270pF/10pF, the circuit will actually oscillate

but does not have acceptable phase noise (low value of x, n=28, where n = (C,/C,) +1).
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ﬁglnn_ /\ /.\: Xx=2to14
i / _
40.00 | / x=1
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= 00 |
= 20.
2 i [
2
3 i
0.00 ]
-20.00 \/ \/
-40.00
0.00 1.00 2.00 3.00 4.00 5.00 6.01
Time [nsec]
Figure 9: Shows I as a function of drive level. X
08/25/15 Ansoft Corporation - Harmonica ® v8.71 16:02:08 colpitts_scheY'1 .
- - PN1<H1>
colpitts_schematics_350MHz.ckt
0.00
i colpitts_scheY1 ———
1 PN1<H1>
-50.00 colpitts_scheY1 — [}
\ PN1<H1>
_ 7\
E \
o
o 4
S 0000 \\
~ -100.
g , /
s 4 C4/C,=33pF/10pF for optimized Phase noise
o 1 (series tuned circuit) \\
-150.00 [
-200.00
1.00E01 1.00E02 1.00E03 1.00E04 1.00E05 1.00E06

FDev [Hz]

X1=1.00E01Hz
Y1=-68.11dBc/Hz

X2=8.11E01Hz

Y2=-86.32dBc/Hz

X3=1.18E03Hz
Y3=-109.57dBc/Hz

X4=8.70E04Hz
Y4=-146.94dBc/Hz

Figure 10: Optimization of Phase Noise for the series tuned circuit

By changing the capacitors C,/C, to 33pF/10pF, n = 4.3, the phase noise performance is optimized, as

shown in Figure 10. This circuit is a series tuned oscillator and now we move on to a high Q (from
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Q=220 to Q=450) circuit, where the resonator is loosely coupled to the transistor. The tuned circuit
consists of a 22nH inductor and 8.2pF capacitor. The following shows the design calculation for the

parallel tuned circuit as found in ceramic resonator based oscillators.
The quality factor of the inductor is assumed 60 at 350 MHz, a low Q case.

The value of inductor is obtained as

2
R, 3649 . : 1 C C,
= =L= where Ry is calculated using G, (X) = ——|1+ = 57
O w,L 60 xa, ( P 9 Gnx) R, C,|” C 7)
_ 3649 ~ 27nH (58)
60x 27 x350x E6
1{1 1]
0=_|—|—+—
LIC, C,| (59)
2_1F+L'_Cl+cz
LIC, C,| LCC, (60)
The value of the capacitor is determined as
2.55
=99 L14pF 61
AT - (o)
C,~C, ~14pF (62)

Taking into consideration the actual parasitics and RF parameters of the transistor, the optimized

values are C; =12pF and C, = 8.2pF
Step 4: Calculation of the coupling capacitor C.: [5, eqn (C-23)]

The expression for the coupling capacitor is

c >C, > (0°C,C,)(1+0"Y,1L3) } (63)

10 {[Yzzlcz ~0’C,C,)(1+0"Y;L5)(C, +C; +C,)]
24



¢ = 3.3pF (64)
Step 5: Calculation of the Phase Noise of the Colpitts Oscillator:

The mathematical expression of the phase noise of a Colpitts Oscillator is [5, pp180].

IAF
f'b 2

4dl.gy, + 9n : :
L() =10Log{| 4kTR+ o {4"?\/2}[§+%} (65)
+ W Ve @,
0 CH(@i(B)C 95 55 e
1

where
N p
Y LG,

q
O, = [Y?_*l]{%} ; values of p and g depends upon the drive level (x)

2

Y,;, Y,1= large signal [Y] parameter of the active device
Kt = flicker noise coefficient
AF = flicker noise exponent

£(w) =ratio of sideband power in a 1Hz BW at @ to total power in dB

) = frequency offset from the carrier

@ = center frequency

QL = loaded Q of the tuned circuit

Qo = unloaded Q of the tuned circuit

kT  =4.1x10% at 300 K (room temperature)

R = equivalent loss resistance of the tuned resonator circuit
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Ic = RF collector current
Iy = RF base current

Vee = RF collector voltage
C,, C, =feedback capacitor

Using a Mathcad calculation, we obtain the following results as shown in Figure 11, [5, eqn 8-109],

which compares well with the measured data.

Phase Noise Equation

=62100  =43210° L=2210" Cp=1210" cy=8210" c_=3310"
.23 _21 -7
K = 1.3806-10° T =300 KT =4.143-10° R =03 Kf =110 AF =2
Q=60 Vee = 12 f:= 3;5(.'|'-1C.“5 wl:=2mf B =140
-3
26-10 1 ) ;
s gml = — oml =0238 q:= 1.602-10°" i=0.7 fo, = 10°
Ic ra !
wo; is the frequecny offset from the carrier wo, = 1-m -foi
2 KEb™ 2
4-g-le-gml™ + -gml 2
WO, w0 1 (C1+Cy)
Lwl. = 10-log| [4-KT-R + il > 51 + 3 S ]
, y 2, ,Ca 4-(woi) Vee |Q € Cy(w0) L
(w0)"-C {7 (w0)"-p-Co" + gml”™——
c,
fo. Lw.
1 1 0
1 -5.227
10 -35222 20
100 | [-65.165 i
1107 94633 i
1o [121303
143272 -50
h]
1107 17163529 Iw. 100
5 1
110°% [183355
7 -120
1-10
-140
-160
-180
=200
1 10 SIS ST ST BT ST ST
1

Figure 11: Mathcad calculation for phase noise
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Measured results for a 350MHz Oscillator:

R&S FSUP 8 Signal Source Analyzer LOCKED
Settings Residual Noise [T1 w/o spurs] Phase Detector +20 B
Signal Frequency: 350.000030 MHz Int PHN (1.0 ..10.0 M) -2.7 dBc
Signal Level: 10.67 dBm Residual PM 59.306 °
Cross Corr Mode Harmaonic 1 Residual FM 1.106 kHz i
Internal Ref Tuned Internal Phase Det [RMS Jitter 470.6825 ps
Phase Moise [dBc/Hz]
RF Atten 5dB
Top 10 dBc/Hz
| | | | Sddt[Noi = Til wio $pufg
LoopBW 100,000 Hz 55131 dBo/Hz
1. K 97140 dBc/Hz
— 10000k —t2g32dboitz
R 100/000 Kz -144137 dBoiz A
% 5021929 Kz -146128 dBc/Hz
Ve W
1 CLRWR \
SMTH 3%]
oy
2CLRWR | 50 Q‘t h
\3“
A
— -70
I,
— 90 RSP
N\\
— -110 A
TL'\ SPR OFF
™ THOdB
™
\‘\
— -130 oy
\"‘--.
1Hz 10He 100 Hz 1kHe 10 Kk 100 kHez 1 MHz 10 MHz
Frequency Offset

Figure 12: Measured Phase noise result for 350MHz Oscillator

The measured phase noise of the oscillator shown in Figure 12 is not quite comparable with the

mathematics because it has a two stage buffer amplifier which isolates the oscillator from the output

termination. This explains the limit of -146dBc/Hz at far-offset. At close-in, the phase noise is

influenced by an AFC circuit. The real comparison should be done between 10Hz and 10 kHz offsets.
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Figure 13a: Simulated Phase Noise for the 350MHz Parallel Tuned Colpitts configuration
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Figure 13b: Optimized - Simulated Phase Noise for the 350MHz Parallel Tuned Colpitts configuration

In order to optimize the phase noise for this type of oscillator,), using discrete components, the

selection of the following set of values: C, = 8.2pF, L=21nH, C,=22pF, C,=8.2pF, C.=3.3pF improved

the phase noise from -122dBc/Hz to -125dBc/Hz at 10 kHz offset. This is a result of trial-and-error, as
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we do not know all the parasitics. Figure 13a shows the simulated phase noise plot and Figure 13b

shows further improvement after optimizing the circuit for phase noise.

If we replace the parallel tuned circuit with a ceramic resonator (at this frequency range, €r will be 88,

the L/C ratio will be 0.048nH/pF vs. 2.44 nH/pF in case of discrete components used in our case), and

the simulated phase noise is 105dBc/Hz at 10 kHz offset.

Note: This is due to the fact that the characteristic impedance of a ceramic resonator is much lower,

than the discrete case. Z, = 609%1n§ (Where D = outer diameter and d= inner diameter of the

N

ceramic resonator [[12], pp 754]. The prediction agrees well with the measured phase noise [[12], Fig

08/25/15 Ansoft Corporation - Harmonica ® v8.71 18:08:52 colpi_us_scheYﬂ 0
colpitts_schematics_350MHz.ckt Ifl:éal;l';ﬂo)Hz
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= 0.00— = \
2 4 =2 b
_ _ 1
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=2 ] 2 5. 1 74
-5.00—] ] \
4 0.00 ] \’_\ —
-10.00— | \/ \/\\/ v \/\ /
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Figure 14: showing Y»/Y; large signal condition

Figure 14 shows the plots of the collector and base currents 1. and Iy, for the optimized case (C,=8.2pF,

L=21nH (Q=60 at 350MHz), C.=3.3pF, C1=12pF, C,=8.2pF).
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From the plot in Figure 14, we can determine that the ratio of large signal (Y21/Y11) = B = 1.4. The next

critical parameter, shown in Figure 15 is for the normalized drive level (x) is V1/(KT/q).

08/26/15 Ansoft Corporation - Harmonica ® v8.71 15:45:55 colpitts_scheY1 o
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Y1=0.96V Y2=-0.44V

Figure 15: V,, — to calculate the drive level

From the Figure 15, the RMS value of V. is used to determine the approximate drive level.

Since V. = V;, drive level (x) =

500 MVys
26 mV

=~ 20

(66)

A table of normalized transconductance as a function of the drive level including the large values is

given in Table 2 [5].
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Figure 16: Optimized phase noise for different values of Inductor Q
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Figures 16 and 17, show the phase noise variation with variation in Q (L=22nH) in the LC resonator.

The output power, collector current, and base voltage (Vp) and (Vye) plots are also shown for the same

combination.
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Figure 17: Results of Series and Parallel tuned circuits for same value of Inductor Q
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Figure 18: Results of Series and Parallel tuned circuits for higher value of Inductor Q
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The parallel tuned circuit shows better phase noise performance, as seen in Figure 18, due to the fact
that the rate of change of reactance in a parallel tuned circuit is significantly larger than in a simple
series tuned oscillator.

1/f Noise:

The electrical properties of surfaces or boundary layers are influenced energetically by states, which
are subject to statistical fluctuations and therefore, lead to the flicker noise or 1/f noise for the current

flow.

1/f - noise is observable at low frequencies and generally decreases with increasing frequency f
according to the 1/f - law until it will be covered by frequency independent mechanism, like thermal

noise or shot noise.

Example: The noise for a conducting diode is bias dependent and is expressed in terms of AF and KF.
AF
(i3n)ac = 2qlacB + KF LB

e The AF is generally in range of 1 to 3 (dimensionless quantity) and is a bias dependent curve

fitting term, typically 2.
e The KF value is ranging from 10™% to 10, and defines the flicker corner frequency. [32]

One of the important characteristics for device evaluation and selection is 1/f noise, which is a function
of the active device characteristics and a major contributor to phase noise, especially in applications
such as VCOs [5, 20]. In an oscillator, 1/f noise that is present in transistors at low frequencies is
upconverted and added to the phase noise around the carrier signal. Hence, proper characterization of
1/f noise and its effects on phase noise is an important topic. In addition, 1/f noise is not solely an
active device phenomenon. Passive devices such as carbon resistors, quartz resonators, SAW devices,

and ceramic capacitors are among devices that show presence of this phenomenon when used as part of
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low-noise electronic systems. Generally, 1/f noise is present in most physical systems and many

electronic components [19, 22, 23].

Flicker noise in BJTs is also known as 1/f noise because of the 1/f slope characteristics of the noise
spectra. This noise is caused mainly by traps associated with contamination and crystal defects in the
emitter-base depletion layer. These traps capture and release carriers in a random fashion. The time
constants associated with the process produce a noise signal at low frequencies. The flicker noise
spectral density is given by:

S(Hdf = (KF)IBAFdf/Fc (67)
where:
KF = flicker noise constant
AF = flicker noise exponent
IB = DC base current
Fc = flicker noise corner frequency
The measured flicker corner frequency, Fmess, IS determined by noting the intersection of the 1/f noise
spectrum and the white noise spectrum. This intersection is where the measured flicker noise power
and the white noise power are equal. To determine Fy,, the intrinsic base flicker noise corner, requires
solving the following equation [20, 21]:

Fon = Fmeas [1 + 1/B + 2VinGin/IB] (68)
where:
Fun = intrinsic base flicker noise corner
Fmeas = measured flicker corner
B = collector-base current gain
Vy, = thermal voltage = kT/q
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Gin = external input conductance

IB = DC base biasing current

The equation for the intrinsic base flicker corner modifies the measured flicker corner to account for
the input conductance, base current, and DC current gain of the device. The formula for Fy, is valid

provided the measured output noise characteristics are dominated by the base flicker and base shot

noise sources.
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Figure 19: Effect of KF factor on Phase Noise
Changing the KF and AF factors, affects the phase noise as can be seen from the plots.
Y-intercept of the 1/f spectra increases proportionally to KF, which is in accordance with equation
(34). The Y-intercept of the 1/f spectra decreases more rapidly with increase in AF. The following

discussion of the tuning diodes results in a noise contribution similar to this flicker mechanism.
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Figure 20: Effect of AF factor on Phase Noise

AM-to-PM Conversion from tuning diodes

:

L
[ 3

Figure 21: Parallel tuned circuit with tuning diodes

Figure 21 shows a parallel tuned circuit which is connected to the oscillator discussed above. The

frequency change is obtained by applying a positive voltage to the + terminal. The parallel capacitor is

replaced by the two tuning diodes. Here we will show the influence of the tuning diodes in the voltage-

controlled oscillators, the resulting phase noise generated by tuning diodes is shown in Figure 22.

It is possible to define an equivalent noise Raeq that, inserted in Nyquist's Johnson noise equation,

= JAKT, RAf

(69)
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where kT,=4.2 x 107% at about 300 K, R is the equivalent noise resistor, and Af is the bandwidth,
determines an open-circuit noise voltage across the tuning diode. Practical values of Raeq for carefully

selected tuning diodes are in the vicinity of 200 Q to 50 kQ. If we now determine the noise voltage,

V, = \/4><4.2 %1072 x10,000 the resulting voltage value is 1.296 x 10° V+/Hz .

This noise voltage generated from the tuning diode is now multiplied with the VCO gain Ko, resulting

in the rms frequency deviation

(Af,.)=K, x(1.296 x10® V) in 1- Hz bandwidth

(70)
To translate this into an equivalent peak phase deviation,
0, = K, /2 (1.296x10°?) rad in 1- Hz bandwidth
n (71)
or for a typical oscillator gain of 100 kHz/V,
0, = 0.00183 rad in 1- Hz bandwidth
I (72)

For f, = 25 kHz (typical spacing for adjacent-channel measurements for FM mobile radios), the 4. =

7.32 x 10°%. This can be converted now into the SSB signal-to-noise ratio:

() = logse % = -
L {fm) = 20logyg > = 149 dBc/Hz 73)

For the typical oscillator gain of 10 MHz/V found in wireless applications, the resulting phase noise
will be 20 dB worse [10 log (10 MHz + 100 kHz)]. However, the best tuning diodes, like the BB104,

have an R, of 200 Q instead of 10 kQ, which again changes the picture. Therefore, with kT, = 4.2 x

10~ the resulting noise voltage will be

V, =4x4.2x102 x200 =1.833x107° V~/Hz (74)

From (72), the equivalent peak phase deviation for a gain of 10 MHz/V in a 1-Hz bandwidth is then
36



7
0, = M(1.833x10-9) rad
f (75)
or
0, = 0.026 rad in 1- Hz bandwidth

i (76)

With f, = 25 kHz, 6, = 1.04 x 10°°. Expressing this as phase noise:

6
= 20loga— = —126 dBc/H
L (fm) 08107 ¢/Hz 7

Figure 22 shows the influence of the tuning diode on the phase noise. For the purpose of discussion,
the equivalent noise resistance is assumed 1kQ, and 3 sensitivity curves are shown. For a tuning
sensitivity of more than 100 kHz/V the varactor noise dominates. As the tuning sensitivity increases
the influence of the oscillator noise itself disappears.

Summary:

With a systematic approach to the Colpitts oscillator this paper provides information for an optimized
design and the resulting phase noise. Starting with the explanation about the Colpitts oscillator,
invented in 1918, we have discussed a linear analysis based on Y -parameters, followed by S-parameter
approach, which is applicable to practically all oscillators and then move into the important time-
domain analysis. This allows a very reliable design, where the simulated, calculated and the measured
results agree well. This detailed analysis gives a thorough insight into the design approach and results
of a Colpitts oscillator. Finally the noise contribution of the tuning diodes is added. The interested
reader, having access to CAD tools can run some “experiments” by varying the component values.

At this point we would also like to thank our reviewers for their valuable suggestions to optimize this

paper.
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Figure 22: Influence of tuning diode on phase noise
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