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Phase Noise Analysis of SAW Oscillators

Yuan Yongbin Xu Jilin Huang Xiangfu
(Dept. of Electronic Technology, UEST of China Chengdu 610054)

Abstract Surface acoustic wave (SAW) oscllator is a kind of typical feedback oscillators with
feedback elements. Its phase noise characteristics is analyzed in the context of Leeson’ s model of feed—
back oscillator phase noise and particular attention is given to the cases of different feedback SAW ele—
ments, since different feedback elements ordinarily denote different phase noise characteristics in the
view of our pointsin this paper. Approaches and methods for reducing phase noise levels are discussed
along with an analysis of reported attempts to obtain improved spectral purity.
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SAW oscillators are the feedback oscillators with feedback elements, such as SAW res—
onators, SAW delay lines, etc. As they are shown by Parker and Montress' ', great efforts have
been made to improve oscillator performance, especially the temperature and phase noise, long—
term stability and vibration sensitivity. The theory of SAW oscillators has, however, received little
attention so far. Many schorlars try to search for solutions in crystal oscillators. Although many
problems can be solved in such a way, some different aspects have been noticed between SAW os—
cillators and crystal oscillators™™!, e. g. 1) physical essence of surface wave and bulk wave; 2) many
SAW devices can be used as frequency control elements; 3) performance of SAW oscillators would
be changed by different delay time, etc. Not only would the high O factor SAW devices, such as
SAW resonators be provided, but also other SAW devices with arbitary performance would be

used to act as feedback elements discussed in this paper.

1 SAW Oscillator Phase N oise Basics

Leesori s model” for the phase noise spectrum of an oscillator is widely used by designers
and users of communication circuits, in relating effects of internal noise perturbations. His model
is a heuristic one; derived for the case of a single RIC ( resistance, inductance and capacitance) res—
onator in the oscillator feedback loop, as depicted in Fig. 1. Fig. 2 illustrates the general form of
the oscillator phase noise spectrum, as derive from his model. Sauv age[ﬁ] has given a mathematical
analysis of the phase noise response analytical method was based on s—plane input—output autocor—
relation and cross—correlation techniques such as used to derive the power spectrum of an optimum

linear one, and thereby obtained the output noise pow er spectrum Qo (jK) relationship in the form
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W= Qs)A= ) (s)] = (1)
where Oy (jK) represents the internal or input noise spectral density, and O( jk) is the oscillator
closedHoop voltage response transfer function. In Fig. 2, fr, fu and ft present the corresponding

breakpoint frequencies of fliker frequency, white frequency, fliker phase and white phase respec—

tively.
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Fg | Schematic block diagram of a feedback oscillator Fig- 2 Leeson s model form of phase noise response

of an oscillator due to flicker and white phase

noise perturbations
If SAW resonators are used as frequency control elements, SAW oscillators have the same
phase noise features with traditional BAW oscillators. But if one broadband SAW delay line is
used, its derivation is different from the derivation of SAW resonator oscillators. Its analysis

mathematical diagram block is redrawnin Fig. 3.
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(a) Block diagram of an uniform SAW oscillator (b) Basic SAW delay line with narrow -band uniform

input interdigital transducers (IDT) and wide—
band output IDT.

Fig- 3 An uniform SAW oscillator and its relevant frequency control element

To simplify the analysis we assume that this consists of a narrow-band input IDT with N fin—
gers in conjunctionwith a wide-band output IDT; with response transfer functions H1 (k) and H2
(k), respectively. Thus the overall delay line response function H(K) may be approximated as H
(k)= | H(k)| = Hi(k) Ha(k) &=~ (k). Here,we set { as the SAW delay time between in—
termost ends of the IDT s and note that an additional phase delay term will be included in the H1
(k) term. If the voltage gain of the amplifieris K1(and is assumed to be constant over the oscilla—
tor response) , the closed loop gain Xs) for positive feedback is

= 1K g
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W e obtain that

' Ki
A= 9)lmr= 77 Ki[H(s)+ H(- s)]+ KiH(s)H(- s)|“'“:
Ki ; ; (3)
1- 2Kl H(k)l cos9+ Kil H(k)]

It is further recognized that the term Kil H(k)|2 1 at small offset from nominal center frequency
ko, so that

Ki Ki
Qik)y - jk)y == =
A= 0~ 507708) = w0 ) (4)
W e can then set the spectral density of input phase noise perturbations O (jk) as
T
O (jk) = (FKT"+ 3) (5)

per unit bandwidth, where F= amplifier noise figure,k= Boltsmant s constant, T°= temperature
in K in the first term for white phase noise, I= experimentally determined constant for the given
circuit and Kr is the Fourier frequency in the flicker noise term. Substituting of these relationships

in Eq. (1), then the result in the output power spectral density is

: Ki T
(o(jk) = m(FkTO+ ) (0)

When normalized with respect to oscillator average output power Po, we obtain

Qo (k) _ Ki T
P = 101g[4sin2(6/2)(FkTO+ )| (7)

in units of dBc/Hz, as the general form of the oscillator phase noise spectrum.

2 Results
Case 1 With Basic Uniform IDT
In this case, the oscillator (shown in Fig. 3) spectral response is obtained by Eq (6). From
Eq. (4),we obtain the 3dB breakpoint above the floor noise level when cod)= cos(k- ko) {= 1/2.
This then gives the angular offset Fourier transition frequency from open-doop to closeddoop re-
sponse as (k- k) f= ke 71, or k™ ko /20; where Q is the "effective" O of the phase shift os—
cillator circuit. This result is in agreement with that obtained by Lesson in his heuristic approach
to the problem"’.
The right-hand term in Eq. (4) may also be written in the form
OO o~ K Kike
XJ)X—J)N?=@ (8)
on substitution of Q= kf /2 Substituting of Eq (8) into Eq. (7) ,we obtain that
. 2
%’P—O‘b - 101g[41;2—11§%(FkT0+ —g)+ KA(FkT+ %F)] (9)
Case 2 With "Lewis-Type" Delay Line
It is possible for the SAW delay line oscillator to operate spuriously at other than the desired
frequency, unless special precautions are taken to ensure proper mode selection. Oscillations can
build up at sidelobe response characterisitic of the IDT. The special SAW oscillators are accom—
plished by setting the length 4 of the narrow-band input ID T equal to the distance d between IDT
phase centers so that i= d= V. The denominator terms in Eq. (3) are then all positive at fre-
quencies corresponding to peaks in the IDT sidelobe response, so that oscillation will not be posi—

ble, except at the main lobe frequency. The Q factor is the only difference between uniform SAW
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delay line oscillators and " Lewis-Type"case.

Case 3 With Dispersive Delay Line

Dispersive delay lines are used as feedback elements withO= f (k,7) for special usages, such
as novel temperature compensating method. For example, k= kot % ¢, 6< & T, for linear chirp
filter with _ chirp rate and T dewilling time- We obtain

cod = cos(k- k) f= Zsinz(Tt_ fr) (10)
Substituting Eq. (10) into Eq. (4),we obtain that
Ak Q- jk)”m (11)
and
Qo (ik 1 T
AJP-?)—): 101g[m(FkT°+ E)] (12)

Above analysis shows that the phase noise of such oscillators is a function of time?,so we
must design the oscillators carefully in order to obtain good phase noise characteristics and special
usages.

Case 4 With SAW Resonator

SAW resonator oscillators have been analyzed in detail by Parker and Motress . The ap—
proximate phase noise of an oscillator, based on the Leeson model also, can be expressed in equa—

tion form as show below"".
Qo) _ 10lg{ [RFo+ T (Fo/(200)) 11f +

Po
[(2GFk T’ IPo) (Fo 1(20.) ) 11+
(ZkQuFo) If?+ B If+ 2GFkT’/Po) (13)

k ke o
Where @ is the loaded Q of the resonator; Fo= Eo;fz 33 Gis the compressed gain K1) of the

loop amplifier; Tz and Tk are constants. The results are in agreement with case 1, except for the

proportionality constant.

3 Discussion

By way of recapitulation, it may be noted that fairly simple IDT geometries have been consid-
ered here in order to demonstrate the s<ransform method as applied to phase noise determina—
tion, as well as to relate the results to those obtained by other analytical. In considering the phase
noise spectral density relationships,it was further assumed that the amplifiers in the oscillator
feedback circuit were not running heavily into saturation, with waveform clipping. In the above
analysis it was also assumed that the oscillator spectral width was sufficiently narrow, so that am—
plifier gain and IDT insertion loss could be considered as being constant over the Fourier offset
frequencies under consideration.

From above analysis of 4 cases, lower noise floors, reduced flicker noise, and increased materi—
al Q factor which have been already discussed in Ref. [3], are the commonly used methods for im-
proving oscillator spectral purity. Rarely are there applications where spectral purity is the only
consideration, and most of the time many other factors, such as long—term stability, frequency set—
tability, temperature stability, power consumption, size, cost, etc., many also be taken into ac—
count. In addition, there are the environmental sensitivity, and temperature stability, which may
directly affect the spectral purity,depending on the environment in which the oscillator is intended

to operate.
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teristics may be a function of different parameters, such as time 7, frequency K, and temperature
T.ete. So a special method for reducing phase noise levels would be most optimization synthesis
mehtods, ete. Such special method is bound to be achieved with available arbitary phase feature of

The special attention is given to the flexilbe filtering features of feedback elements compared

with crystal oscillators, especially their different phase frequency features. Its phase noise charac—

SAW feedback element.
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