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Phase Noise Analysis of SAW Oscillators
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Abstract　 Surface acoustic wave ( SAW) o scillato r is a kind of typica l feedback oscilla to rs with

feedback elements. Its pha se noise cha racteristics is analy zed in the contex t o f Leeson’ s model o f feed-

back oscilla tor phase noise and pa rticular a ttention is g iv en to the cases of differ ent feedback SAW ele-

ments, since differ ent feedback elements ordina rily denote diffe rent phase noise char acteristics in the

v iew o f our points in this paper. Approaches and methods fo r reducing phase noise lev els a re discussed

a long with an analysis of repo r ted a ttempts to obtain improved spect ral purity.
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　　 SAW osci llators a re the feedback oscilla to rs wi th feedback elements, such as SAW res-

onators, SAW delay lines, etc. As they are show n by Pa rker and Montress
[1～ 3]

, g rea t efforts have

been made to improve osci llator perfo rmance, especially the temperature and phase noise, long-

term stabili ty and vibration sensi tiv ity. The theo ry of S AW osci llato rs has, how ever, received li tt le

a ttention so far. Many schorlars t ry to sea rch fo r solutions in cry stal osci llato rs. Although many

problems can be solved in such a w ay, some dif ferent a spects have been no ticed betw een SAW os-

ci llato rs and crystal o scil lato rs
[4 ] , e. g. 1) phy sical essence of surface wave and bulk w ave; 2) many

SAW devices can be used as f requency control elements; 3) performance of S AW osci llato rs w ould

be changed by di fferent delay time, etc. Not only w ould the high Q facto r SAW devices, such as

SAW resonators be provided, but also o ther SAW devices wi th a rbi ta ry perfo rmance w ould be

used to act as feedback elements discussed in this paper.

1　 SAW Oscillator Phase Noise Basics
Leeson’ s model

[5 ]
fo r the phase noise spect rum of an osci llato r is w idely used by designers

and users of communica tion ci rcui ts, in rela ting ef fects of internal noise per turba tions. His model

is a heuristic one; derived fo r the case of a single RIC ( resistance, inductance and capaci tance) res-

onator in the o scilla to r feedback lo op, as depicted in Fig . 1. Fig. 2 i llust rates the general fo rm of

the o scilla to r phase noise spect rum , as deriv e f rom his model. Sauvage
[6 ]
has given a mathematical

analysis of the phase noise response analy tical method w as based on s-plane input-output auto co r-

relation and cross-co rrelation techniques such as used to deriv e the pow er spect rum of an optimum

linea r one, and thereby obtained the output noise pow er spect rumO( 00) ( jk) relationship in the form

① Receiv ed May 29, 1996 and revised June 23, 1996



O
( s)
00|s= jk = O(s )O( - s )Onn (s )|s= jk ( 1)

w hereOnn ( jk) represents the internal o r input noise spect ral densi ty , andO( jk) is th e o scilla to r

closed-loop vol tag e response transfer function. In Fig. 2, fT, fU and ff present the co rresponding

breakpoint f requencies of fliker f requency, whi te frequency, fliker phase and white phase respec-

tiv ely.

Fig. 1　 Sch ematic block diag ram of a feedback osci llator　　 Fig. 2　 Leeson’ s mod el form of phase nois e response

of an oscill ator due to f licker and whi te phase

noise perturbations

If SAW resonators are used as f requency control elements, SAW oscillators have the same

pha se noise fea tures w ith t raditional BAW osci llators. But if one broadband SAW delay line is

used, i ts deriv ation is dif ferent f rom the deriva tion of SAW resonator o scilla to rs. Its analysis

mathematical diag ram block is redraw n in Fig. 3.

( a)　 Block diag ram of an uni form SAW osci llator　　　　　　　　 (b )　 Basic SAW delay lin e wi th narrow -band uni form

input in terdigital t ransducers ( IDT) and wide-

band output IDT.

Fig . 3　 An unifo rm SAW oscilla tor and its relev ant fr equency contr ol element

　　 To simpli fy the analysis w e assume tha t this consists of a narrow-band input IDT wi th N fin-

gers in conjunctionwi th a wide-band output IDT; wi th response t ransfer functions H1 (k) and H2

(k) , respectiv ely. Thus the overall delay line response function H (k) may be approximated as H

(k)= |H (k)|e
jθ
= H1 (k) H2 (k) e

jkr
≈ H1 (k) e

jωr
. Here, w e setfas the SAW delay time betw een in-

termost ends of the IDT’ s and no te tha t an addi tional phase delay term will be included in the H1

(k) term. If the vo ltag e gain o f the amplifier is K 1 ( and is assumed to be constant over the osci lla-

to r response) , the clo sed loop gainO(s ) fo r posi tiv e feedback is

O(s ) =
K 1

1 - K 1H (s )
( 2)
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We obtain tha t

O(s )O( - s )|s= jk =
K

2
1

1 - K 1 [H (s ) + H ( - s ) ]+ K
2
1 H (s ) H ( - s )

|s= jk=

　
K

2
1

1 - 2K 1|H (k)|cosθ+ K
2
1|H (k)|2

( 3)

It i s further recognized tha t the term K 1|H (k)|≈ 1 at small o ff set f rom nominal center f requency

k0 , so that

O( jk)O( - jk)≈
K

2
1

2( 1 - co sθ)
=

K
2
1

4sin2 (θ/2)
( 4)

W e can then set the spect ral density o f input phase noise perturba tionsOnn ( jk) as

Onn ( jk) = ( FkT
0
+
T
kF
) ( 5)

per uni t bandwidth, where F= amplifier noise figure,k= Bol tsmann’ s constant , T0= tempera ture

in 0
K in the fi rst term fo r w hi te phase noise,T= experimentally determined constant fo r the giv en

ci rcui t andkF i s the Fourier f requency in the f licker noise term. Substi tuting of these relationships

in Eq. ( 1) , then the result in the output pow er spect ra l density is

O00 ( jk) =
K

2
1

4sin
2
(θ/2)

( FkT
0
+
T
kF
) ( 6)

When normalized wi th respect to o scil la to r av erage output pow er P0 , w e obtain

O00 ( jk)
P0

= 10 lg [
K

2
1

4sin
2
(θ/2)

( Fk T0 + T
kF

) ] ( 7)

in uni ts of dBc /Hz, as the general form of the oscillator phase noise spect rum.

2　 Results
Case 1: With Basic Uniform IDT

In this case, the osci llator ( show n in Fig. 3) spect ral response is obtained by Eq. ( 6) . From

Eq. ( 4) , w e obtain the 3 dB breakpoint above the f loo r noise lev el when cosθ= cos(k-k0 )ft= 1 /2.

This then gives the angula r of f set Fourier t ransi tio n frequency from open-loop to clo sed-loop re-

sponse as (k- k0 )ft= kFCft≈ 1, o rkFC≈k0 /2Qe ; w here Qe i s the "ef fective" Q of the phase shi ft os-

ci llato r ci rcui t. This result i s in ag reement w ith tha t obtained by Lesson in his heuristic approach

to the problem[5 ] .

The right-hand term in Eq. ( 4) may also be w ri t ten in the fo rm

O( jk)O( - jk)≈
K

2
1

θ2
=

K
2
1k

2
0

4Q
2
ek

2
F

( 8)

on substi tution of Qe= k0ft /2. Substituting o f Eq. ( 8) into Eq. ( 7) , w e obtain tha t
O00 ( jk)

P0
= 10lg [

K
2
1k20

4Q2
ek2

F
(FkT 0+ T

kF
) + K

2
1 ( FkT0 + T

kF
) ] ( 9)

　　Case 2: With"Lewis-Type" Delay Line

　　 It is po ssible fo r the SAW delay line oscilla to r to operate spuriously at other than the desi red

f requency , unless special precautions a re taken to ensure proper mode selection. Osci llations can

build up at sidelobe response characterisi tic of the IDT. The special SAW oscillators a re accom-

plished by set ting the leng th h o f the narrow-band input ID T equal to the distance d betw een IDT

pha se centers so that h= d= Vft . The denomina to r term s in Eq. ( 3) a re then all positiv e a t f re-
quencies corresponding to peaks in the ID T sidelobe response, so that oscillation wi ll not be posi-

ble, ex cept at the main lobe f requency. The Q factor is the only dif ference betw een uni fo rm SAW
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delay line oscillators and "Lew is-Type"case.

Case 3: With Dispersive Delay Line

Dispersiv e delay lines are used as feedback elements wi thθ= f (k, t ) fo r special usages, such
as novel temperature compensa ting method. Fo r example,k= k0+ 2π_ t , 0≤ t≤ T , fo r linear chi rp

fi lter wi th _ chirp ra te and T dewi lling time. We obtain

cosθ= co s(k- k0 )ft = 2sin
2
(π_ft t ) ( 10)

Substi tuting Eq. ( 10) into Eq. ( 4) , w e obtain that

O( jk)O( - jk)≈
K

2
1

4sin2 (π_ft t )
( 11)

and

O00 ( jk)
P0

= 10 lg [
K

2
1

4sin2 (π_ft t )
( Fk T0 +

T
kF

) ] ( 12)

　　 Above analy sis show s tha t the phase noise of such osci llato rs is a function of time t , so w e

must design the osci llato rs carefully in order to obtain good phase noise characteristics and special

usages.

Case 4: With SAW Resonator

SAW resonator o scil la to rs have been analy zed in detai l by Parker and Mo tress
[3 ]
. The ap-

proximate phase noise of an oscillator , based on the Leeson model also, can be expressed in equa-

tion form as show below
[3 ]
.

O00 ( jk)
P0

= 10lg { [TRF
4
0+ TE ( F0 /( 2QL ) )

2
] /f

3
+

　 [ ( 2GFk T0 /P0 ) ( F0 /( 2QL ) ) 2 ] /f 2+

　 ( 2TRQLF
3
0 ) / f 2+ TE /f + 2GFkT 0 /P0 } ( 13)

Where QL is the loaded Q of th e resonato r; F0=
k0

2π
; f =

kF

2π
; G i s the compressed gain (≈ K 1 ) o f the

lo op amplifier;TE andTR a re constants. The results are in ag reement wi th case 1, except for the
propor tionali ty constant.

3　 Discussion
By w ay of recapi tulation, i t may be no ted that fairly simple IDT geometries have been consid-

ered here in o rder to demonstrate the s-transfo rm method as applied to phase noise determina-

tion, as w el l as to rela te the resul ts to those obtained by other analytical. In considering the phase

noise spect ra l density rela tionships, i t wa s further assumed that the ampli fiers in the o scilla to r

feedback circuit w ere no t running heavily into satura tion, wi th w avefo rm clipping. In the above

analysis i t was also assumed tha t the oscilla to r spect ral w idth wa s suf ficiently nar row , so that am-

pli fier gain and IDT insertion loss could be considered as being constant ov er the Fourier of f set

f requencies under consideration.

From above ana lysis of 4 cases, low er noise f loo rs, reduced flicker noise, and increased ma teri-

al Q facto r which have been al ready discussed in Ref. [3 ], a re the commonly used methods fo r im-

proving oscilla to r spectral puri ty. Rarely are there applications where spect ra l puri ty is the only

consideration, and most of the time many o ther factors, such as long-term stabili ty, f requency set-

tabili ty , temperature stabili ty , pow er consumption, size, cost , etc. , many also be taken into ac-

count. In addition, there a re the envi ronmental sensitivi ty, and temperature stability, w hich may

direct ly af fect the spectral puri ty , depending on the env ironment in which the oscilla to r is intended

to opera te.
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The special at tention is given to the flexilbe fil tering fea tures of feedback elements compa red

w ith crystal osci llators, especially their dif ferent phase f requency features. Its phase noise cha rac-

teristics may be a function of dif ferent pa rameters, such as time t , f requencyk, and tempera ture
T , etc. So a special method fo r reducing phase noise lev els w ould be most optimization synthesis

mehtods, etc. Such special method is bound to be achiev ed w ith available arbi tary phase fea ture of

SAW feedback element.
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SAW振荡器的相位噪声分析

袁永斌
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(电子科技大学电子技术系　成都　 610054)

【摘要】　声表面波振荡器是一种典型的反馈振荡器。 根据 Leeson反馈振荡器相位噪声模型 ,分析

了 SAW振荡器的相位噪声特点 ,特别是不同的 SAW反馈元件 ,分析结果表明不同的 SAW反馈元件

通常有不同的相位噪声特点。 还讨论了降低相位噪声电平 ,提高振荡器的谱密度的方法和途径。

关　键　词　声表面波 ;　振荡器 ;　相位噪声 ;　延迟线
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