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Spectral Purity
A. What is spectral purity in oscillators?

B. What determines spectral purity?

Low Noise Oscillator Design

A. Establish objectives

B. Select a resonator
1. Measure: Qu, 1/f noise, AM-FM conversion
2. Analyze phase noise

. Select a circuit topology
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A, Establish objectives
B. Select a resonator
C. Select a circuit fopelogy
0. Select an active device
E. Select matching netwotk
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B. Closed loop
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Spectral Purity describes the degree of degrada-
tion from a perfect impulse in the frequency
domain:

V(t) = cos w, t

V(w) = 8 (w,) + 6 (~w,)

Real signals have some noise associated

V(t) = [1 + e,(t)] cos [w,t + ¢(t)]

We will focus primarily on phase noise (PM)
components. & (f ) describes the ratio of SSB
power in a 1 Hz B.W. due to phase noise, offset
f Hz, from the carrier, to the total signal power.

Ref. 2, 14, 15
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This is a typical phase noise measurement. This
oscillator uses a 832.5 MHz surface acoustic
wave resonator as the resonator. How good is
this performance? Could it be better? What are
the limits to the noise performance of this oscil-
lator? What are the significant contributors to its
noise?

The previous phase noise plot was measured on
Hewlett-Packard’s 3047 phase noise measure-
ment system. This system has the capability of
measuring noise as low as ~—170 dBc. It covers
the frequency range 10 MHz to 18 GHz.

Key parameters that will be important in our
discussion of phase noise in oscillators include
noise iteself as evidenced by the noise figure of
the active devices and circuits used in the oscil-
lator, 1/f noise of active devices and resonators,
AM-FM conversion of noise, upconversion of
bias noise, and unflat gain.

Signal levels in the circuit are important. Higher
signal levels lead to higher signal to noise ratios
and thus better phase noise.

We will see that loaded resonator Q will deter-
mine phase noise close to the carrier and that
increasing loaded Q will improve phase noise
close to the carrier.
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Simplified oscillator circuit
in classical feedback form

FKT

SNR=P s /FKT
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We can model an oscillator in the classical feed-
back form with an amplifier with gain G and
feedback 8 which includes the resonator. For os-
oscillation at f = f, two conditions must be
satisfied:

1. Loop gain is greater than one at f

IGBI> 1 at f = f,

2. Phase shift around the loop = 0
(tGB =0atf=f

In the interest of preventing spurious oscilla-
tions at undesired frequencies, two other condi-
tions should be met:

GBI < 1 at f = f
and

r < 1 for all nodes at f # f

node

where T is the reflection coefficient looking into
any node. (Meeting this condition at the collec-
tor and base nodes is usually sufficient.)

Signal to noise ratio at the input to the ampli-
fier is P__/FkT where P__ is the power avail-
able at the input of the amplifier and F is the
noise figure of the amplifier.
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We assume that the signal to noise ratio at the
input P, /FkT causes both amplitude and phase
noise in equal amounts. For frequencies far
from resonance, f, where loop gain «1, phase
noise relative to the carrier will be

when the loop is closed loop peaking increases
phase noise. A first order approximation of

phase noise is then
FkT 14 1 f )\
fm 2QL

L(f,)

1
2

PBVS
(o 1 FkT .
= P_ where
Thus L(f_) = the ratio of SSB noise power due to
PM in a 1 Hz bandwidth (centered f_ Hz off
SL(f ) = —SNR, — 3 dB the carrier) to total signal power;
where F = the noise factor of the active device;
k = Boltzmann’s constant; = 1.38 X 1072 W-g
SNR, = 10 log -
FkT T = Temperature (in °K ~ 300°K)
for f, > loop bandwidth. P_. = the power available from the source,

Close to the carrier, loop gain peaking will
cause amplification of this noise. Let’s first un-

resonator, in watts

f, = oscillation or carrier frequency
derstand loaded resonator Q:
f_ = offset frequency
Q - i 3,(GB) l
t 2 of f=f or
h SL(f )= —101 1FkT1+1 fo )’
where (m) - o8 2 pavs fm 2'(JL
9,(GB) .
Y loop gain phase slope. or
1 f
Loaded Q determines the open loop bandwidth L) = =3 dB — SNR, + 10 log [1 * (K 2Q,

of the feedback loop used to represent the oscil-

lator. Inside the bandwidth, If we express P, _in dBm, and knowing that

¢ thermal noise in a 1 Hz bandwidth = —174 dBm,
2(3 , then
" L(f )= —P,__(dBm) + NF (dB) — 177 dBc/Hz +

peaking term (dB).

J
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This slide presents the previous results in
graphical form. For large offsets

( f » fy )
m ZQL ,

the phase noise floor =

FkT
2P

avs

= —SNR, - 3 dB.

Inside the offset frequency
f

0

2Q,

which is the bandwidth of the open loop circuit
of our oscillator model, noise rises 6 dB/octave.




Let’s look at an example. If we assume a power
level of +10 dBm and NF¥ = 5 dB then the phase
noise floor

= —177 dBc/Hz + NF (dB) — P, (dB)
= —-177 + 5 — 10 = —182 dBc/Hz

f > by
m ZQL

For phase noise close to the carrier, the equa-
tion for shows

Lfya L FKT /1
L)~ = £ 2Q

& dB/OCTRVE Pavs

Fo=1000 MHz Thus
L(f2

F f 2 f?
L(f ) o O 0

Pavs QL SNR1 QL
a6 | @=s00
dBoiHz

To minimize phase noise we must maximize
— signal to noise ratio and loaded Q. Also notice
log that low phase noise is easier to achieve at low
] carrier frequencies.

FKT 1 {o .z
¢ = O e ¢ = =
Eityo=10l05 2Pav£1L+ £ o0,
In the example f, = 1000 MHz, P, = +10 dBm,

NF = 5dB, and Q_ = 50.

969 What is (100 kHz)?

~ phase noise floor + peaking

Q

f
—182 dBc/Hz + 20 log (zf UQ )
m L

Q

—142 dBc.

If Q. = 500, this improves 20 dB to
—162 dBc/Hz.
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Starting with a specific close-in phase noise re-
quirement, L(fm)required, then Q, can be deter-
mined from

L(f «f0> ~FkT( £, )2
m zQL required ZPAVS me QL

. ) FkT F
.". Q, required >

0
2PAVS me \/L(fm)required

Having Q,, a resonator may be selected using a
rule of thumb that Q, = 2 to 5 times Q.

The power level, P_, is typically set by limita-
tions in the resonator (higher power means
greater AM-FM, and potential spurious re-
sponses, aging, etc.) or by NF or power handling
limitations in the active device

f
Phase Noise Floor = L (fm > 2 ) ~
2Q,

FkT
p

AVS

FkT

P
avs f
L{f »-—°
2Q,

This relationship may also give a NF
requirement

Ve

fO
P Ll f>» 2Q,
kT

S
IA2
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Once a potential resonator has been selected, it
makes sense to verify some of its parameters,
notably its unloaded Q (Q,), 1/f noise, and AM-
to-FM conversion. The unloaded Q of a resona-
tor can be measured on a network analyzer by
coupling very lightly to the resonator and mea-
suring either the 3 dB bandwidth, phase slope,
or the group delay. For this purpose:

_ f,
Q= BW, 4
f  o¢
Q, =_20— of =ty Tep

where
Tep = S, 8roup delay in seconds

T =Qy/fm

One helpful way to measure Q, versus fre-
quency is to set the network analyzer in the log
frequency mode and draw a 6 dB/octave slope
line falling off with frequency. If the group
delay rises above the slope line, then Q, is ris-
ing with frequency.

Verifying Q, in the actual oscillator circuit is
also possible, provided that the characteristic
impedance Z, of the network analyzer is near
the operating circuit impedance, or that trans-
formers are used to match the impedances of
the test system and the circuit over the fre-
quency range, and power levels are near opera-
ting conditions.

Ref. 12, 25, 26, 27
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While the calculations presented so far are use-
ful, we have ignored the issue of spectral purity
degradation due to 1/f noise.

A spectrum analyzer (or model HP 3047 phase-
noise measurement system) can be used to mea-
sure the 1/f noise of a resonator or amplifier in
a VCO circuit. If two identical resonators and/
or amplifiers are used, the group delay differ-
ence between the components must be held
small in order to prevent the decorrelation of
source noise. If identical and independent noise
is assumed from each of the two resonators or
amplifiers (uncorrelated), then 3 dB must be sub-
tracted from the 1/f noise measured or three-
point interpolation (see ref. 3) may be applied.
Note, 1/f noise is a multiplicative process,
hence the measurement is not typically level
dependent; it would still be good to make the
measurement at typical operating power, and
verify at several different power levels.

Ref. 3.

This is an example of 1/f noise measurement
using the technique in the previous slide. These
data are indicative of typical 1/f noise seen in
SAW resonators; we've seen 5 to 10 dB better
and 20 to 30 dB worse.

D. Halford has suggested a “rule of thumb”
phase noise intercept of —115 dBc/Hz at a 1 Hz
offset. See ref. 16.
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It is possible to predict the phase-noise perform-
ance of the oscillator circuit (closed loop) by
adding the white phase-noise component, FkT/
2P, to the 1/f component, L(f ), ., and then
modifying both of these by the oscillator closed-
loop gain peaking, [1 + (f,/f _2Q,)*]. The total os-
cillator phase noise is

£, \?
L(f ) = 10 log [1 + ( f2Q ) ]

FkT
[ + L(f )l/f:l

2P m

The components of 1/f and white phase noise
of the amplifier-resonator combination are artifi-
cially separated. However, if we measure the
total phase noise, £ (f ), , of the series
amplifier-resonator open loop (with the correct
terminating impedance and power levels), it’s
possible to predict the oscillator phase noise
directly:

f 2
L(f ) =10 log[l +(2fQ )]L(f Jor

f 2
L )= L ), + 10 log[l +<2f Q )]
This phase-noise prediction can be shown more
easily with a graphical approach. First, plot the
phase noise due to white noise components.

Then, draw £ (f_ ), s on the same graph. Next,

draw a —9dB octave line that intersects &£ (f ), .
at f =f /2Q,. The intersection of this line w1t{1

the locus of
FkT 1 f \?
1+(—
21:)avs fm 2(gL
is f, the 1/f? noise-corner frequency. The 9dB/
octave line then serves as the predicted value of

L(f < f)
Ref. 41

L(f )= 10 log
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If 1/f phase noise modulation is in the resonator
or active device, then an increase in Q will im-
prove the phase-noise performance in the 1/f
region. This occurs because the loop peaking ef-
fect operates on 1/f noise as well as white noise
as can be seen from the previous equations.

However, if the 1/f noise mechanism is fre-
quency modulating the resonator center fre-
quency, then no improvement of Q_ will lower
phase noise in the 1/f region. If a noise source
is phase modulating the oscillator, then changing
the phase slope of the resonator—or changing
the Q—will affect the depth of modulation.



In many VCOs, the spectral purity is dominated
by AM-to-FM conversion mechanisms, rather
than the SNR, and Q. One method to predict
the AM-to-FM conversion in a diode-tuned VCO
is by studying the frequency-versus-tuning-
voltage characteristic. A change in the rf voltage
amplitude on the resonator can affect the aver-
age bias on the varactor. A 10-percent change in
resonator rf voltage corresponds to 10-percent
AM on the carrier. To measure the effects of
changing carrier level, one can increase or de-
crease the rf voltage on the resonator by chang-
ing the bias current in the active device. Mea-
sure the carrier frequency at 90-percent
resonator voltage and compare this with the av-
erage carrier frequency at 110-percent resonator
voltage. The peak-to-peak frequency shift due to
10-percent AM can then be estimated:

—— . f{+peak) — f (—peak
0% = Ll tpeak) — {Cpeak)

£,(110%) — £,(90%)
2

Af (10% AM) =

Af
o4 e K (AM/FM) = i

£,110%) 7

10% AM)
10%

Hz pk/% AM

This equation provides a solution in frequency
modulation/percent AM. The percent AM, A,
— varactor voltage should be no less than the collector bias current
> shot noise fluctuations divided by collector bias

I R . Vo (110%) X 100 percent:

= V2\/2q1,
1A | Var(a0%) A% AM = -1

c

f,(Q0%)

I
Lok

i

X 100% = 200\/q/1 %

where

976
V/2ql_ = the full collector shot noise,

and
q= the charge of an electron = 1.6 X 107
Coulomb

Now we can predict the closed loop phase noise

contribution due to AM-FM:

A K (AM/FM)
e

L(f ) = 20 log [

or total phase noise:

2
ZL(f) =10 log {[1 + ( TG ) ]

[ FKT e ]+ [A KV(AM/FM)]z}

2P ma/t 2f

15
Ref. 28, 29
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AM-FM CONVERSION
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There are several methods for measuring the
AM-to-FM conversion coefficient (K ,,, ) In
one case, the resonator must be set up at the
appropriate power level with the correct amount
of coupling/loading, and connected to a network
analyzer. By shifting the power level £10 per-
cent, and monitoring the center-frequency shift.

Af(10% AM)

K (AM/FM) = o

Hz pk/%AM
Another method of measuring AM-to-FM con-
version is to adjust the transistor bias current
10%, monitor Af, and use

Af (10% AM)

ool Hz pk/%AM
0

K (AM/FM) =
Typically, a transistor is collector-current cutoff-
limiting, so a 10-percent increase in the collec-
tor bias current will cause a 10-percent increase
in the resonator voltage. The latter approach
may cause a change in the active device’s phase
angle, but this is acceptable, since it’s desirable
to characterize the sum of all effects contribut-
ing to AM-to-FM conversion.

The AM-to-FM conversion can also be tested
dynamically. This technique involves injecting a
small, low frequency (f) current into the
transistor’s emitter. Adjust f until the sidebands
around the carrier roll off 6 dB for each octave
increase in f, (which indicates FM):

injected current peak
Poam =

; p X 100%
emitter bias current

£ (f) = measured SSB-to-carrier ratio of the in-
jected FM sidebands. From the narrowband FM
approximation we have:

Afi k
£ (f) = 20 log (z—fp)

i

Af = (2f) 1070/

1p.

A fipk = peak frequency deviation

indicated by these sidebands

Af
K (AM/FM) = — X _in Hz peak/%AM

%AM

One can also measure this FM modulation di-
rectly using an 8901 modulation analyzer.



