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Practical Aspects of Surface-Acoustic-Wave
Oscillators

S. K. SALMON

Abstract-A surface-acoustic-wave (SAW) delay ~me integrated with a

thin film ampfiier can form the basis of a small high-stabifity microwave

oscillator. PrRctJcal aspexts of delay tines and the noise properties, stabifi-

zatio~ frequency setting, and mudrdation of oaeillators are presented.

I. INTRODUCTION

T HE surface-acoustic-wave (SAW) oscillator has a

stability comparable to that of a bulk crystal-locked

oscillator but since it can operate at a very much higher

frequency, problems associated with harmonics, when de-

riving higher frequencies by frequency multiplication, are

Manuscript received April 27, 1979; revised October 11, 1979.
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therefore reduced. It can also be frequency modulated.

Compared to a phase-locked oscillator it has a wide-band

low-noise spectrum. The SAW delay line can readily be
integrated with a thin film amplifier to form a small

high-stability oscillator, presently at frequencies of up to

approximately 1.5 GHz. Therefore, the potential of SAW

oscillators is attractive and they are now being considered

for communications and navigation systems for both

transmitter sources and receiver local oscillators.
In this paper it is intended to outline the basic princi-

ples and performance of SAW oscillators and the factors

affecting the frequency stability, both over an operating

temperature range and in the long term, the oscillator

sideband noise, the accuracy of frequency setting, and the

deviation and maximum rate of frequency modulation.
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Fig. 1. SAW oscillator.

A SAW oscillator [1] is basically an amplifier with a

multiwavelength SAW delay line path from output to

input (Fig. 1). The low velocity of the SAW makes it ideal

as a delay line suitable for integration with other thin film

components, The upper frequency is limited by photolith-

ography techniques; e.g., with A =3.2 pm at approximately

1 GHz, line widths of 0.8 pm need to be defined in the

transducer metal pattern.

II. CONDITIONS FOR OSCILLATION

The gain of the amplifier must be greater than circuit

losses. In practice, at UHF, loss of the delay line with
bc,th transducers power matched, is typically 17 dB. Some

pclwer is extracted by the load, so a typical amplifier gain

might be 24 dB, allowing excess gain.

The frequency of oscillation must satisfy the condition

2n7r=27rf~ +@e (1)

where

n an integer,

1 the SAW line length,

v the velocity,

O. the remaining loop phase shift.

,4ssuming the delay line is stable, the frequency devia-

tion is

Af=– A@&. (2)

The oscillator stability increases with greater length 1,

giving a large value of n. As n is increased the frequency

separation between possible modes of oscillation de-

creases, i.e., f.+, – f. =fn/n. For most applications it is

necessary to limit the oscillator to a single mode, and the

delay line is therefore designed to have a narrow-band

filter characteristic.

III. OSCILLATOR NOISE

The plateau noise of the oscillator, away from the

frequency where the filter characteristic of the SAW delay

line has any influence, is the amplifier output noise. This

is approximately

[1G;TOF
Np = 10log10 ~ dBc/Hz.

o
(3)

where

G2 the power gain of the amplifier,

F the operational noise figure,

P. the saturated output power of the amplifier,

dBc dB relative to P. (the carrier power).

In practice the source impedance may be a large :mis-

match and would be purely reactive but for circuit and

transducer losses. It is shown (Appendix I) that the noise

power output could be reduced under reactive source

conditions if the source reactance were the optimum value

for minimum amplifier noise figure. In practice the losses

must be included when considering the amplifier source

impedance, and care must be taken in the circuit design to

avoid the amplifier operating under source impedance

conditions which would result in high output noise, In

communications systems with superheterodyne receivers

the plateau noise should be minimized at IF offsets from

the carrier frequency in order to minimize system noise.

Further, the gain of the amplifier, at the oscillation

frequency, is compressed to equal the loss in the oscillator

feedback circuit and the small signal gain, at plateau

frequencies, is compressed by an amount which depends

on the saturation characteristic. For example, we have

shown by detailed measurements on a Mullard OM 335

amplifier module that with a large signal gain compres-

sion of 4 dB a small signal is compressed. by 9 dB, and at

larger signals this excess small signal compression remains

approximately 5 dB. Such an amplifier is suitable for

giving low plateau noise in SAW oscillators. However,

experimental laboratory amplifiers without a sharp limiti-

ng characteristic have been measured and show small

signal gain compression significantly less than the large

signal saturation compression. This indicates that care

must be taken in the choice of amph fier. Hence the

qualification that (3) gives the approximate value.

The phase noise sideband spectral (iensity at offset Af,
relative to carrier power at frequency fo, is shown in

Appendix H to be given by

c(f) = lologlo

[1

G 2kToFf;
dBc/Hz. (4)

47r2n2P~f 2

From (4) it is apparent that the lowest noise performance

will be obtained if the delay line loss is minimized and a

low-noise high-power amplifier is usecl with a long delay

line. However, the tuning range, which can be achieved by

external phase shift, given in (2), is inversely proportional

to length.

A low level of close to carrier noise is generally desir-

able for both transmitter and local oscillator in wide

dynamic range communications systems. It is also im-

portant in multichannel systems because part of the noise

sideband of a large signal may come into the received

bandwidth of a smaller adjacent channel and hence re-

duce dynamic range.

The noise performance of an oscillator is shown in Fig.

2. The results (o) closest to carrier were obtained with an
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Fig. 2.
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Adret Electronique spectrum analyzer type 6306 (with

63032 analysis head), The input to the Adret was the

4-MHz IF output of a mixer fed by two similar SAW

oscillators. The remaining results were obtained by taking

the outputs of two locked oscillators and introducing a

900-phase difference before applying{ to a doubly bal-

anced mixer and then displaying the output on a spectrum

analyzer [2]. The results were obtained with different

analyzer bandwidths. The phase difference could be

varied and 90° gave the maximum noise output. 0°, which

corresponds to amplitude noise detection, gave 10- to

15-dB lower noise output, confirming that the noise out-

put was predominately phase noise. The level of locking

signal was varied to confirm that it was below the level

which would affect the noise measurements.

At frequency offsets greater than 5 kHz the results are

within 3 dB of theory. At lower frequencies the slope

increases from 1/j2 to 1/~3. This 1/f addition is typical

of most oscillators [3] and Parker [4] attributes this to the

SAW transducers.

IV. FILTER DESIGN AND CONSTRUCTION

The SAW is launched in the piezoelectric material by
transducers of a thin metal film interdigital structure

where common polarity fingers are a wavelength apart

(Fig. 1). The filter characteristic is obtained by designing

[5] on the principles of an interferometry array. A long
transducer is required to give a narrow bandpass char-

acteristic, A transducer mechanically loads the surface

and causes attenuation and slowing of the wave. Further,

loading of the surface causes reflections within the trans-

ducer which distorts the passband [6]. This is minimized

by thinning the structure which has the added advantage

of giving less slowing and attenuation of the wave.

A structure of this type (Fig. 3(a), transducer L) con-

sists of a number of equally spaced groups of finger pairs.

It resembles a ladder structure and the groups are usually

referred to as rungs. On quartz a rung will typically

consist of ten finger pairs. This transducer gives a comb of

frequencies (Fig. 3(b)). The next possible oscillatory

Transducer S Transducer L

rung 1 2 rungabcdefghl J
I

(a)

f, 72 f. f3 L
Imz

———— Freqw?my —

(b)

[

Nulls of each rung

~

Nulls due to rung s~mg

(c)

-20d B

fi -30dB

.
f, f2 f. f3 f4

_ Frequency _

(d)

Fig, 3. Delay line and associated frequency responses. (a) Delay line

with ladder transducers. (%) Frequency response of transducer L. (c)
Frequency response of transducer S. (d) Measured frequency response

of delay line.

modes (n t 1) coincide with the first nulls. The other

transducer S is designed to select a frequency of the comb

and give nulls at the remainder (Fig. 3(c)). Fig. 3(d) shows

the measured frequency/amplitude response of a delay

line of this design centered at approximately 400 MHz.

All possible undesired oscillatory modes are well

suppressed by this filter. The SAW velocities for parts of

the structure were initially estimated from Slobodnik’s

data [7] and then corrected in a second mask design. We

have demonstrated multifrequency operation by selecting

other frequencies of the comb by placing additional trans-

ducers at both ends of the ladder transducer and then

electronically switching.

For a lossless structure the delay line length is between

transducer centers. In practice a spread of the delay is

found in production due to the phase center of the

transducer not being at the physical center because of

imperfections and attenuation under the length of the

transducer. This shortening of the delay line has been

measured at 400 MHz and 1 GHz to be approximately 7

percent. The photograph (Fig. 4) shows the transient

response in the time domain of a 400-MHz delay line of

the design illustrated in Fig. 3(a). The first response is due

to the closest pair of rungs in the two rung transducer (S

rung 2) and the ladder transducer (L rung a). It is indi-

cated thus on the photograph that this response is from
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Fig. 4. Transient response of a 400-MHz delay line with the two
transducers having 10 and 2 rungs.
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Fig. 5. (a) Equivalent circuit of IDT. (b) Impedance locus 900 to
1100 MHz.

the pair S2-L.U. The key to the remainder of the response

is similarly indicated but shortened from (S2-Lb) to 2b.

Long-term frequency stability (aging) is currently be-

tween 2 and 10 ppm/year. The larger value is for current

production devices which are mounted in a dry nitrogen

at).nosphere in an outgassed T08 encapsulation. Volatile

materials, which contaminate the surface, are avoided.

Aging rates as low as 2 ppm are being measured in the

laboratory on devices loosely mounted without mechani-

cal stresses in an evacuated glass envelope.

The simple equivalent circuit of an interdigital trans-

ducer (IDT) at 1 GHz is shown in Fig. 5(a). The bond-

Iead inductance was estimated and the interdigital capaci-

tance calculated [8], [9]. The values of these were con-

firmed by broad-band measurements; similarly the series

loss was taken as the real part of the impedance locus at

900 and 1100 MHz (Fig. 5(b)). Over the passband of the

filter the impedance locus shows a shunt resonant loop

extending over approximately 10 MHz. The values of the

shunt resonant elements were chosen to fit the measured

impedance.

At present the most stable oscillators are made on

quartz by evaporation of approximately 1000 ~ of

aluminium followed by photolithographic pattern defini-

tion. Reproducibility depends on carefully controlling the
metal thickness and mark/space ratio. Using a thinned

transducer structure also aids reproducibility. A few faults

have insignificant effects.

For an ST cut of quartz, with propagation in the X

direction a typical stability is 40 ppm for an operating

temperature range of – 10 to 60”C. To improve stability

F’li!l---L.
40 50 60 70 80 90

Temperature ( “C)

Fig. 6. Frequency change u temperature. .42’ {cut quartz (35° 06’).

an A T cut slice can be temperature controlled and Fig. 6

shows a measured characteristic of’ frequency against

surface temperature for a cut of 350 06’. The temperature

needs only to be controlled to * 5 ‘C. at the peak of the

parabolic characteristic to achieve a stability of 1 ppm for

the quartz. Amplifier phase shift will then tend to

dominate; e.g., for a Mullard OM 337 amplifier the phase

shift is – 7° for O to 60”C, resulting in 20-ppm frequency

change with a 1000-A delay line. Overall stability of

approximately 5 ppm can be achieved with the quartz

temperature controlled and with the amplifier phase com-

pensated. This is comparable with uncontrolled bulk

crystal oscillators at HF. Browning and Lewis [10] have

demonstrated compensation of a delay line by a com-

posite delay line structure giving t 15 ppm from – 40 to

+ 100°c.

V. FREQUENCY SETTING ANID TUNING

Provided the filter response encore passes the required

frequency, accurate frequency setting can be achieved by

a combination of the following:

a) n phase change by reversing connections to one

transducer,

b) external transmission lines of up to ,4/4,

c) triming capacitors in external circuit.

Frequency setting accuracy has been achieved in the

laboratory to t 3 ppm.

VL FREQUENCY MODULATION

The trimming capacitor can be a varactor, and a phase

shift of 40° can be obtained from a single varactor with

resonating inductor to restrict the mismatch to <2:1.

This gives a total deviation of&/ 10n. This range can be

doubled by a network with two or more varactors.

The rate at which the frequency can be changed by a

voltage step is dependent on the delay I(T) and a new

frequency can be established for the same mode in <37.

For square wave modulation, therefore, 1 cycle takes 6T.
Approximately 10~ is required for sinusoidal modulation

according to Lewis [1].

APPENDIX 1

The noise output [11] from an amplifier with noise
figure F is given by

NP = N~ i- N,., = FN~ (Al)

where N~ is the portion of the total noise power at the

output due to the source impedance at TO, standard tem-
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perature, and Nint is the portion due to the noise gener-

ated internally. If the amplifier is matched to the source,

the noise power per unit bandwidth due to the source

resistance is the available power kT& Where k is Boltz-

mann’s constant. The noise power out is thus

NP = FkTOgr per unit bandwidth (A2)

where g= is the gain of the amplifier into a load R= when

the input is matched.

For a current source is of admittance G~ +jB~ feeding

an amplifier with input admittance Gin+ jBti, the power

dissipated in Gin is given by

iin X i~
_—

‘in – Gin
(A3)

where ii. is the input current to the amplifier and i$ the

conjugate.

Gini~
. .

‘*= [( G.+ GiJ2+(B~+BJ2] “ ‘A4)

For the power matched condition, G~ = Gti and B~ =

– Bti, the maximum power transfer to the amplifier is

(A5)

Defining the power transfer ratio as

I-J_
P==

P max

PT =
4G~Gin

. .

[(G~+ Gin)2+(B~+Bin)2] “ ‘A6)

.”. Amplifier gain is

g= &pT
4G~Gin

‘=gT[(G~+GiJ2+(B~ +Bim)2]”
(A7)

At a specified frequency the noise figure of an amplifier

is given by [12]

F= Fmin+ $ [(G. –GO)2+ (B. – B,)’] (A8)
s

where F~in is the minimum noise figure, R. is a parameter

known as “the equivalent noise resistance,” and YO= GO+

jBO is the source admittance for Ftin. These amplifier

parameters can be measured [13].

The noise power output (Al) per unit bandwidth for an

amplifier not matched to its source is

NP = FkTOg (A9)

from (A7) and (A8).

NP = kTOgT

“[4GsGinFtin+4RnGin[ (Gs – Go)’+ (Bs - B.)’] ~AIO)

1(Gs + Gin)’+ (Bs + Bm)2 “

As an example the parameters of an Avantek AT4641

transistor were measured and substituted in the above

(A9) and (A1O) for an amplifier with a 55-dB gain.

For a 50-0 source resistance the power output in a

300-kHz bandwidth was calculated to be – 62 dBm and

measured to be – 61 dBm. For a short circuit source

(Gs = co, Bs = O) the power was calculated to be –65.1

dBm and measured to be – 64 dBm. For an open circuit

source (Gs = O,Bs = O) the power was calculated to be

– 66 dBm and measured to be – 62 dBm.

With a variable length 50-fil line terminated in a short

circuit the maximum power output was – 60 dBm and the

minimum – 67 dBm.

These figures indicate that there is reasonable agree-

ment between theory and practice (it is difficult to provide

an open-circuit source, which may explain the one depar-

ture), and oscillator plateau noise could vary by up to

7 dB for this transistor type.

APP13NDIX II

Feedback Oscillator Noise Spectrum

The noise theory presented by Lewis [1] is here ex-

panded and provides an expression for E(j), the phase

noise sideband spectral density normalized to carrier

power, in dBc/Hz. This is derived as a function of

frequency offset from carrier for an oscillator stabilized

by a SAW delay line. E(j) is then related [14], [15] to the

standard expression [16], [3] S+(a), the spectral density of

q(t) the instantaneous phase angle, in rad2/Hz.

The following assumptions are made.

a) The amplifier is broad band and limits in oscillation

by reducing its gain uniformly at all frequencies.

b) The oscillator frequency ~0 is the center frequency of

the transducers and 2m&T = tio~ = 2mr, where ~ is

feedback delay time.

c) The RF spectral bandwidth is small compared to the

filter bandwidth of the transducers and the loss is

constant over the spectral bandwidth.

d) The amplifier acts as an isolator ensuring waves

travel around the loop in one direction only.

e) Other possible modes of the oscillator loop coincide

with nulls of the transducer characteristics.

Imagine the oscillator (Fig. 1) is below threshold and an

input signal Vexp(j@) is injected at the input to the

amplifier. The output will be given by

VO(CO)= GV[exp(j~t) + A exp(jo(t – ~))

+ A2exp(@(t – 27)). . . +Anexp(ju(t– wr)), . . 1

(All)

A=GL

where

A the amplitude transmission factor of the loop

G amplifier voltage gain

L delay line voltage loss
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from (Al 1) and (A 18), (A14) gives

VO(a) = GVexp(j@t)(l + A exp(–jco~) + A2exp( –ju27)
~2~2

[

1
. . . +A”exp(–jtwrr).. .) (A12) P(u) = ~

()
1

(A19)
o ~_ G2V2

GVexp(@t) ~ (1 -cosA(.M)

= (1 -A exp(-jm)) “
(A13) 00

where
The output power of the amplifier into a matched load is Au=u–tiO,

Vo((,d) x Vo((.o)”
P(6J) = The equivalent mean-squared input voltage to the ampli-

R. fier with input power matched is

where

Vo(ti)” the conjugate of VO(CO)

R. the output resistance of the amplifier.

P(l.o) =
G2V2(exp(jd) X exp( –jut))

Ro(l – A exp( –jw))(l –A exp(jtir))

4kTOBRF~=
4“

(A20)

This assumes the amplifier is noiseless and the internal

noise from the amplifier (with noise figure F) is present al.

the input.

If R = RO (A19) becomes

_ G2V2

[

1

RO l+ A2–2Acoscor 1 P(u) = G2kTOBF

Cos@’r= COS(W – 2n!r)
[

(’-G:;)
(1 -COSACW-)1

from assumption b) tio~ = 2n~
(A21)

. “.Cos(m = COS(6J– (.OO)r

G2V2

[

1

1

Now
.“.P((A))= ~

I+ A2–2ACOS(Q–WO)7 “
02 04

0 cose=l–~+~-o

(A14)
for small values of 6,

If P. is the saturated output power of the amplifier and ~_coso=&
the spectrum is within the range u= UO& IT/r 2

P.= & ~oo+ *“P(oJ) d~
@~-7r/r

rG 2V2
PO==

1

@~+!7/T da
‘“p(”)=(z-::f;%

o q-~/. 1+ A2—2ACOS(W—(JO)T .

(A15) ‘ince

This integral is of a standard form
G2kToF 2vn

POT
<<2 and ~= —

[

w~

J

dx = 2 _, (a - b)tanx/2

a + bcosx m ‘an m 1 G2kToBFo:
P(u) =

substituting a= 1+ A2, b=
4v2n2Aa2

–2A, X=(a–tJo)T, and da=

dxi~. or

TG2V227T G2kToFf:
.“. PO= (A16) P(f) = w/Hz.

4~2n2Af 2
(A22)

27rROq/(1 +A2)2- (-2A)2
The phase noise sideband spectral density at offset Af

G2V2 from carrier frequency f. relative to carrier power PO is

= Rn(l–A2) therefore given
“.

G2J72 -

.U-A2=m.
00

(A17) c(f)=lOIOg’O[:‘“’)
If A approaches unity then This expression has been derived in terms (A20) of the

1 – A2=2(1 – A) is a good approximation.
noise power kTo from a resistor (i.e. r ~2/4R ) and differs

(A18) from that of Lewis who has a factor 4kTo in his expres-

Substituting the values for A2 and A, derived from (All’) sion (F$J.
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E(j) is approximately related [14], [15] to the standard

expression for the spectral density of ~(t) the instanta-

neous phase angle by

S+(~) =2 E(~) rad2/Hz.

One method by which this noise E(fi, can be measured

is to sweep slowly a narrow-band filter through the

spectrum. This was the case when measurements de-

scribed in the text were made with the Adret spectrum

analyzer which has a filter bandwidth of 10 Hz. The

measurement approaches the theoretical value given by

(A23) when the error introduced by summing in a larger

bandwidth (10 Hz) becomes small at larger offset

frequencies. An alternative method of measurement is to

analyze the phase modulation sideband by taking the

outputs of two locked oscillators and introducing a 90 °-

phase difference before applying to a doubly balanced

mixer [2]. This mixer is then a phase detector and the

“power” measured using the Hewlett Packard calibration

[2] (6-dB setting) is the same as above. This method of

measurement assumes one oscillator is noiseless relative to

the one under test. In practice measuring SAW oscillators,

which have very low phase noise, it is usual to use two

identical oscillators and, therefore, since their noise is

uncorrelated, 3 dB is subtracted from the measurement to

give the sideband noise of a single oscillator.

ACKNOWLEDGMENT

The design of delay lines, the transient response

measurements, and the basis of the derivation of the noise

equations were performed by colleagues R. Stevens and

R. N. Bates. R. I. H. Scott provided the necessary

guidance relating Appendix II to noise standards. The

accurately reproduced SAW delay lines have been made

by P. Mayor of the Central Materials Laboratory,

Mullard Mitcham, Surrey. Discussions with Dr. M. F.

Lewis of RSRE Malvern have proved to be valuable.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

REF13mNCES

M. F. Lewis, “Surface acoustic wave devices and applications-6
oscillators” Uhzronics, p. 115, May 1974.
“Spectmm analysis-noise measurements; Hewlett-Packard Ap-
plication Note 150-4, Jan. 1973.
D. B. Leeson, “A simple model of feedback oscillator noise
spectrurn~ Proc. ZEEE, vol. 54, p. 329–330, Feb. 1966.

T. E. Parker, “1/f phase noise in quartz SAW devices; Electron.
Left., vol. 15, no. 10, p, 296-298, May 1979.

W. R. Smith, H. M. Gerard, J. H. Collins, T. M. Reeder, and H. J.
Shaw, “Design of surface wave delay lines with interdigitaf trans-

ducers: IEEE Trans. Microwaoe Theov Tech., vol. MTT-17, p.
865-873, 1969.
H. Skeie, “Mechanical and electrical reflections irr interdigital
transducers IEEE Ultroson. Symp. Prae., p. 408-412, 1972.
A. J. Slobodnik, E. D. Conway, and R. T. Delmonico, “Surface

wave velocities,” Microwaue Acoustics Handbook, vol. 1A,

AFCRL-TR-73-0597, 1973.
Y. C, Lirn, and R. A. Moore, “Properties of alternately charged

coplanar strips by corrformal mappings,” IEEE Trans. Electron
Dee., vol ED-15, Mar. 1968.
H. Engan, “Excitation of elastic surface waves by spatial harmon-
ics of interdigital transducers,” IEEE Trans. Electron Dee., vol
ED-16, p. 1014–1017, 1969.
T. I. Browning, and M. F. Lewis, “A novel technique for improvi-
ng the temperature stability of SAW/ SSBW devices,” Proc. 32rrd
Annu. Frequency Control Syrrp., p. 87, 1978.
IRE Stanairr& on Electron Tubes: Definitions of Terms, 1957, Proc.
IRE, vol. 45, p. lCS)O, Jtiy 1957.

IRE Stan&r& on Methodr of Measuring Noise in Linear Two Ports,
1959, Proc. IRE., vol. 48, p. 60-68, Jan. 1960.

Hewlett Packard Application Note 154, “S-parameter design; p.

26-27.

J. H. Sheaf, D. Halford and A. S. Risley, “Frequency stability

specifications and measurements,” NBS Tech., Note 632, Jan.
1973,

A. L, Lance, W. D. Seal, F. G. Mendo~ and N. W. Hudson,
“Automated phase noise measurements; Microwatw J., p. 87, June
1977.
L. S. Cutler, and C. L. Searle, “Some aspects of the theory and
measurement of frequency fluctuations in frequency standards;
Proc. IEEE, vol. 54, p. 136-154, Feb. 1966.


