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A 2 GHz Surface Transverse Wave Oscillator
with Low Phase Noise
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Abstract —A hybrid oscillator at 1.9805 GHz has been developed rising

acoustic surface transverse wave (SfW) delay lines operating at the third

harmonic as the frequency controlling element. The STW delay lines were

fabricated on 37.5° rotated Y-cut quartz substrates with a photolitho-

grapbic technique. A very thin metalliiation (25 nm) was used to obtain

low insertion loss. A split isolated electrode design was used for the

transducers. The Q vahse and the untuned insertion loss of the STW filter

were 3400 aud 21 dB, respectively. Tke phase noise and temperature

stability of the oscillator were characterized. At a power output of 6.5 dBm

a single-sideband phase noise to carrier ratio of -100 dBc\Hz at 1 kf+z

was attained.

L INTRODUCTION

I N THE GIGAHERTZ range surface acoustic wave

(SAW) delay line oscillators are being developed for a

wide variety of commercial and military applications, in-

cluding radar, satellite communications, telemetry, gigabit

logic using GRAS and Josephson junctions, and navigation.

Phase noise specifications have been pushed to extremely

low noise levels. Direct generation of frequencies mini-

mizes multiplication and avoids phase noise increase due

to the multiplication process. A significant advantage of

SAW controlled frequency sources over other oscillators is

the very low FM noise level which can be achieved [1]. By

using piezoelectric Rayleigh waves, the upper frequency

limit is approximately 1.2 GHz due to the limitations of

the fabrication process if standard optical lithography pro-

duction methods are employed. By operating at a higher

harmonic, the frequency range can be extended up to 2

GHz, but conversion of the Rayleigh waves to acoustic

bulk waves increases the insertion loss and reduces the

maximally achievable Q value [2]. The use of surface

tansverse waves (STW’S) on AT-cut quartz substrates hav-
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ing a 60 percent higher propagai ion velocity and sma Iler

mode conversion losses than the common Rayleigh waves

shifts the frequency limit to above 3 GHz when operating

at a higher harmonic [3].

In this work, a high-performance 1.9805 GHz STW

delay line oscillator is described, and its performance

analyzed. The key element of the device is the STW delay

line, controlling the frequency of oscillation, the tuning

bandwidth,’ and. the stability of the oscillator. Thin-film

technology offers flexibility of design for optimizing the

STW filter in each oscillator application. The filter charact-

eristics are mainly determined by transducer length and

electrode spacing, while the delay is given by the separa-

tion of the two transducers. The characteristics of the STW

delay line are determined by the architecture of the trans-

ducer structures. Using computer-aided design methods,

described in Section III, the frequency response of the

filter is predictable, thus permitting its optimization. To

complete the oscillator, the STW filter is then integrated

into a hybrid circuit, presented in Section IL The oscillator

performance is given in Section IV. ‘Phase noise is the

predominant factor of short-term stability. It is dufi to

random phase modulation of the carrier frequency pro-

duced by white noise and I/f noise sources in the oscilla-

tor loop. A low level of close to carrier phase noise is

desirable for applications in wide-dynamic-range com mu-

nication systems. It is also of interest in radar systems

where information contained in a Doppler shift can be

obscured and in digital communication systems where

accurate timing is essential. Commonly, the phase noise of

SAW oscillators, which has been examined by a number of

authors [4]–[7], is viewed in the frequency domain. Here,

for convenience, Parker’s theory [5] will be used. The

temperature stability of the frequency of the STW oscilla-

tor is largely controlled by the temperature behavior of the

filters’ substrate material. Experimental frequency vmsus

temperature curves of three different cuts of quartz sub-

strates are given. The oscillator described here was de-

signed for a turnover temperature of approximately 80°C.
The electronic components of an oscillator tend to shift

the turnover point to lower temperatures. Thus, a 37.50
rotated Y-cut quartz substrate, which has a turnover tem-
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Fig. 1. STW oscillator block diagram schematic.

perature of about 83”C, was employed. The temperature

behavior of the uncompensated oscillator is discussed.

II. OSCILLATOR CIRCUIT

The construction of the STW oscillator is very similar to

the SAW delay line oscillator. The block diagram is shown

schematically in Fig. 1. The components include the STW

delay line, amplifiers, phase shifter, matching networks,

and output coupler. The frequency of oscillation is deter-

mined by the frequency of the STW device in the feedback

loop, which in our case is 1.9805 GHz. The small-signal

gain of the amplifiers at the frequency of oscillation must

be greater than the loss associated with the delay line and

any other loop components. In our hybrid design we use

two identical silicon bipolar low-noise MMIC amplifiers

with a gain of 17.7 dB at 2 GHz. In order to achieve a low

phase noise the STW delay line must have low insertion

loss and high Q [8]. The design of the delay lines is

described in more detail in Section HI. The phase around

the loop has to be an integral number of 2 v radians. As a

phase shifter a variable length line is used which, like the

remaining components, has been fabricated in softboard

microstrip technology (t = 10.5). The dimensions of the

substrate are 1 in X 2 in. The output coupler is a 3 dB

Wilkinson power divider [9]. No output buffer amplifier

was used.

The computer-aided design and optimization of the

complete circuit, including microstrip Wilkinson power

splitter, matching networks, and variable length line, were

done by using a standard microwave simulation and opti-

mization program [10]. The design has the advantage that

the output impedance of the amplifiers lies close to 50 !2.

Both the input impedance and the output impedance of

the delay line have a real value of approximately 20 Q. For

purposes of simulation and measurement, the oscillator

loop has been opened between the variable length line and

the following amplifier. By terminating the two open ports

with their correct impedances required for closed-loop

operation, in order to satisfy the oscillation condition, an

open-loop design was performed. Fig. 2 shows the mea-

sured open-loop gain (upper trace) and phase shift (lower

trace). The gain of the amplifiers is large enough to pro-

vide a positive loop gain of 4 dB and is flat over the
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Fig. 2. Open-loop gain and phase of the 1.9805 GHz STW delay line
oscillator.

Fig. 3. 1.9805 GHz STW delay line oscillator.

frequency range of interest. If the loop is closed, oscillation

starts, and the signal amplitude increases until one of the

amplifiers saturates and the loop gain is reduced to O dB.

The equilibrium power level of the oscillator is then the 4

dB compression point of the amplifier chain. By changing

the total phase shift through the circuit with a short

rnicrostrip transmission line, the oscillator can be made to

operate over nearly the entire frequency range of positive

open-loop gain. By properly adjusting the length of the

phase-shifting microstrip line, we obtained an oscillation

frequency of 1.9805 GHz. The oscillator has a power

output of 6.5 dBm, and the load pulling (frequency stabil-

ity) has been measured to be 41 kHz at 12 dB return loss.

A photograph of the oscillator is included as Fig. 3.

III. STW DELAY LINE DESIGN AND FABRICATION

The main advantages of using STW on quartz substrates

instead of piezoelectric Rayleigh waves are the high propa-

gation velocity on AT-cut quartz and the zero coupling of

other modes [11], [12]. For low-noise single-mode oscillator
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applications the design parameters of the STW delay lines

are mainly insertion loss and Q value [13].

A. Analysis iVfethod and STW Delay Line Design

The STW delay lines were designed with highly ad-

vanced analysis methods. A model has been used which

considers the effect of the electrostatic charge distribution

on the finger electrodes of the interdigital electroacoustic

transducers. For the analysis of harmonic responses the

transducer is split up into a series of basic elements. These

elements are delay lines in order to simulate acoustic

surface wave propagation on the free and the metallized

substrate, step discontinuities to account for acoustic re-

flections at the finger edges, and piezoelectric excitation

cells.

To calculate the excitation strength of the STW at

arbitrary harmonics it is necessary to know the electro-

static charge distribution on the transducer. A Green’s

function method was applied to calculate the electrostatic

charge distribution of an arbitrary transducer structure

including floating electrodes [14]. Each electrode is divided

into n sub strips of different widths 1.. The mean charge

densities u. are calculated for each substrip n of all the

electrodes of the transducer. The amplitude of the excited

acoustic surface wave is given by [15]

sin ( kl./2)
a. = Co.1.

klJ2
(1)

where C is composed of material coefficients and of the

acoustic wavenumber k. A superposition of these partial

waves results in the amplitude of the excited wave from the

m th electrode

Am= Xanexp[j(xn - Xm)] (2)

and the scattering matrix of the excitation cell can now be

constructed [16]. The acoustic reflection elements of the

model are described in detail elsewhere [17].
By cascading the scattering matrices of all the basic

elements the transfer function of the transducer is ob-

tained. It should be noted that this method of analysis was

developed for Rayleigh wave delay lines, but it also gives

accurate results for STW delay lines if the conversion of

STW to bulk shear waves, which occurs at higher harmon-

ics, is considered as propagation loss.

With this analysis method the excitation strength at

harmonic frequencies can be calculated very accurately.

The relative coupling coefficient k? is defined by

(3)

where N, is the transducer length in wavelengths at the

harmonic frequency ~, k; the coupling coefficient of the

substrate, G(~) the transducer radiation conductance, and

CT the capacitance. The relative coupling coefficient k? is

a useful measure for the excitation strength at harmonic

frequencies [3]. It has been found to be highly insensitive

to the metallization ratio. A higher k? corresponds to a

better coupling of the STW. The piezoelectfic coupling of

the STW increases with increasing layer thickness, even at

frequencies above the stopband frequency of the grating

which is formed by the transducer [18]. Conversion to

shear horizontal bulk waves at the edges of the electrodes

cannot be prevented. So the STW is similar to a leaky

surface wave. The similarity of the STW to the bulk sh,tar

wave directly above the stopband frequency [19] may be

attributed to the peak in the mode conversion ratio at the

so-called enter frequency ~~, which is given by [20]

V,vb
f,=

~(”s+~’b)

(4)

where p is the grating period, v, the velocity of the

acoustic surface wave, and Ub the velocity of the slowest

bulk wave which contributes to the surface wave. The enter

frequency of the STW, which is slightly slower than the

bulk shear wave, is close to the stopband (Bragg) fre-

quency.

In our design we use uniform, i.e., unweighed, transduc-

ers with an energy trapping structure [21]. The basic shape

of the filter transfer function is therefore a [sin (x)/x] 2

curve with a nominal sidelobe suppression of 26 dB. By

multiple transit signals and propagation loss the sidelobe

suppression can be degraded to values near 20 dB, whiclh is

still sufficient for oscillator applications. Each delay line

consists of two identical split isolated interdigital transduc-

ers. In the split isolated transducer type every second

electrode is floating, i.e. not connected to the bus bars [22].

Thus, the capacity and the radiation conductance are

reduced by halt’ [23]. This allows a reduction of acoustic

diffraction effects, which could decrease the maximally

achievable Q value, by doubling the acoustic aperture

without significant change of the impedance. Due to the

symmetry of the transducer only odd harmonics of the

center frequency are excited. Bath the fundamental fre-

quency, i.e., one period being cme wavelength, and the

third harmonic, i.e., one period being three wavelengths,

are excited with considerable str(mgth. Higher harmonics

are less useful because of weaker coupling and higher

sensitivity to line width deviations in the fabrication pro-

cess. Stray capacitances of the bonding pads and stray

magnetic fields of the transducer electrodes and bonding

wires may ~encrate high spurious signals and distortions

due to electromagnetic feedthrough. But because the phase

of the inductive crosstalk depends on the geometry of the

structure a destructive interference of both the capacitive

and inductive components can be achieved by properly

designing the layout of the delay line.

B. Fabrication and Delay Line Data

The filters were designed for a third harmonic frequency

of 1.98 GHz. Long transducers with a geometric period of

1.926 pm were used to achieve a high Q value. The delay

lines were fabricated on 37.50 rotated Y-cut quartz sub-

strates to achieve a turnover temperature of 830 C. A very

thin metallization of 25 nm pure aluminum was applied.
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Fig. 4. Frequency response andgroup delay time of STW delay line.

For high-Q delay lines a thin metallization thickness is

indispensable to avoid excessive acoustic mode conversion

losses. For example, with an aluminum thickness of 40 nm

instead of 25 nm, a 10 dB higher insertion loss has been

measured. A standard photolithographic process with 10:1

projection printing and lift-off technique was used. The

line width resolution is about 0.8 pm. Operation at a

higher harmonic provides general benefits on the repro-

ducibility. Frequency deviations will be the same if the

relative line width deviations are the same. Thus, using a

fundamental frequency design, which has smaller line

widths, requires a higher production accuracy to achieve

the same scatter of the electrical parameters. To maintain

the metallization thickness within only a few hundred

picometers over the whole area of the wafer is of great

importance for the reproducibility of the frequency. We

measured a dependency of the acoustic wave velocity on

the thickness of the aluminum layer of approximately 100

ppm/nm. The delay lines are fabricated with high preci-

sion and high reproducibility. For measurements which

were made with an HP851OB network analyzer, the filters

were mounted into standard TO-8 packages with an or-

ganic adhesive and bonded with gold wires. We obtain

standard deviations for the center frequency of typically 40

ppm and for an insertion loss of 0.4 dB. These data maybe

improved if the inductance of the bonding wires is con-

trolled more accurately. The delay lines were characterized

by a center frequency of 1.9S05 GHz, an untuned insertion

loss of approximately 21 dB, a 3 dB bandwidth as small as

1.2 MHz to ensure single-mode operation of the oscillator,

and a group delay time of 550 ns. The Q value is measured

at approximately 3400, which is very high with respect to a

frequency of almost 2 GHz. Both the input impedance and

the output impedance have nearly real values of 200. Fig.

4 is a plot of the measured frequency response (upper

trace) and the group delay time (lower trace) around the

third harmonic. As can be seen, the filters’ passbands are

shaped like [sin (x)/x ] 2. A broad-band measurement is

shown in Fig. 5. The fundamental frequency is at 660

frequency (Hz )

Fig. 6. Phase noise characteristics of STW delay line

MHz. Only weak spurious responses due to acoustic bulk

waves in the 75 MHz region are observed.

IV. OSCILLATOR STABILITY

The stability of the oscillator has been investigated in

regard to its phase noise (short-term stability) and temper-

ature behavior (medium-term stability). Long-term aging

characteristics can be improved, as with SAW oscillators,

by removing the dominant aging mechanisms [24].

A. Phase Noise

The amplifiers used in the oscillator circuit were com-

mercial silicon bipolar devices which have a very low l/~

noise level. Thus, the STW delay line has been identified as

the dominant source of flicker noise. Flicker noise is

known to exist in quartz delay lines over the offset fre-

quency range of 10 mHz to 100 kHz [2.5]. The causes of

l/~ noise in delay lines are not well understood. However,

it has been proved that the fluctuations of certain trans-

ducer parameters can be directly translated to the carrier

frequency [26], [27]. No surface treatment with silicone

material [5] has been applied to our STW delay lines. Fig.

6 shows the measured (full line) and the calculated (broken

line) single-sideband spectral density, S’@(~fi)/2, of the

STW delay line. Here ~M is the frequency of the phase

fluctuations, A+. These phase fluctuations appear in the

output signal if a noise-free signal is passed through the

delay line in series with the amplifiers. The frequency ~. is
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Fig. 7. System for measurement of phase noise of STW delay lines.

referred to as the modulation (Fourier) frequency. The

relation

(A@)2=%(fw) (5)

has been used, where ( Ar#r)2 is normalized to a 1 Hz

bandwidth. The l/~~ dependence of the close to carrier

noise is clearly seen. The open-loop phase noise, LO( ~~ ), is

described by the expression

LO(fm) =*+Y
m c

(6)

where a is a flicker noise parameter determined by the

delay line which must be measured experimentally, PC the

carrier power level, G the amplifier gain, F the amplifier

noise figure, k Boltzmann’s constant, and T the tempera-

ture. The value of ~~ when a/(2~~~) = GFkT\PC is called

the flicker frequency,

j-a = “P’
2vGFkT -

(7)

The flicker noise parameter a and the flicker frequency ~a

are determined experimentally to be 4.3x 10-11 s-1 and 8

kHz, respectively.

Measurements were made with an HP3048A noise ana-

lyzer using the two STW device phase detector method

described in detail elsewhere [28]. The setup for the test

system is shown in Fig. 7, which also indicates the actual

power leveli. The measurement is performed by splitting

the signal of a stable HP8662A signal generator into two

paths. The paths each contain a STW delay line of very

similar frequency, insertion loss, and Q value. A phase-

shifting variable length line is’ inserted in one of the paths,

and a low-noise amplifier is added to the other path in

order to saturate the low-noise mixer so that AM noise is

suppressed. Adjusting the variable length line such that the

two signals at the mixer are in quadrature, the mixer

output is proportional to the phase difference between the

signals of the two paths. By using this measurement tech-

nique it is possible to measure the phase perturbations in

the delay line directly and without ambiguity. Fig. 8 is a

plot of the system noise floor which has been recorded by

replacing the STW delay lines with attenuators of similar

insertion loss.

The (closed-loop) delay line oscillator transfer function,

H(~~), is described by the expression

H(fm) =l+(2mfmT)-2 (8)

frequency (tlz)

8. System noise floor of two STW device phse detector method,

where r is the group delay time of the STW delay line. The

relation between r and Q is given by

Q = m-f~. ‘(9)

The phase noise of the complete &cillator is obtained by

multiplying (6) and (8),

GFkT
L(f.)M.LJ =++ g;+;+ y- (:10)&JmT ~ Hz m c ..

where COMequals 2 ~fm.The l/f~ phase noise in the delay

line appears as a l/~~ dependence in the phase noise

spectral density of the oscillator below the flicker fre-

quency fa. Again, a thermal noise floor of GFkT/PC for

modulation frequencies far away from the carrier is ob-

served. Of the two middle terms of (10) the one that

dominates depends on the value (of fm when (ti~~)-2 =:=1.

This frequency is called the oscillator feedback frequency

fT and is equal to

f,=; (11)

In our case the oscillator feedback frequency f, equals 280

kHz, hence there is no region of 1/fm dependence. Thus, it

follows from (10) that the phase noise of the STW delay

line oscillator, ,S+(fm)/2, which is the ratio of the single-

sideband noise power in a 1 Hz, bandwidth, P,b, to the

carrier power, PC, given in decibels relative to the carrier,

can approximately be firitten as

2=1010’[%’%[$+1’12)c

Application of this theory to our oscillator yields a theoret-

ical noise floor of – 158 dBc/Hz.

Fig. 9 shows the measured single-sideband phase noise

spectrum of the (closed-loop) oscillator. Again, measure-

ments were made with an HP3048A noise analyzer, in this

case using a frequency discriminator method which does
not require an extra reference source [29]. The test system

schematic including the power kwels is shown in Fig. 10.

As a delay line in one of the paths of the measurement

setup we use one of our STW delay lines. This delay line

will convert the short-term fluctuations of the oscillator
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into phase fluctuations which are converted, via the low-

noise mixer, into voltage fluctuations, AU( fro), that can be

measured with a baseband spectrum analyzer. These volt-

age fluctuations can be expressed in phase noise units

using the discriminator constant, k~, which is given by the

expression

(13)

where k. is the mixer constant and ~ the delay time

provided by the STW delay line in the upper path of the

measurement setup. To avoid having to compensate for the

sin (x)/x response, measurements are accurate and sensi-

tive only for modulation frequencies fm much less than

l/~, where the first null of the transfer response occurs. In

our case, measurements will become inaccurate for modu-

lation frequencies above 300 kHz.

The phase noise of the STW oscillator is – 100 dBc/Hz

at 1 kHz and – 70 dBc/Hz at 100 Hz.

B. Temperature Behavior

The overall temperature coefficient of an uncompen-

sated STW delay line oscillator is largely determined by

the temperature coefficient of the substrate material which

is used for fabrication of the delay lines. Rotated Y–X-cut

quartz substrates offer parabolic temperature coefficients

of delay with low constants of parabolicity and a wide

range of turning point temperatures [30]. This is modified

owing to the presence of surface metallization [31], but

there is no difficulty in selecting a cut for maximum

frequency stability, so that the turning point temperature

of the oscillator occurs at the nominal operating tempera-

temperature (°C)

Fig. 11. Frequency versus temperature of STW delay hnes.

.1I

50 70 90 110

temperature (°C)

Fig, 12. Frequency versus temperature of 1.9805 GHz STW oscillator.

ture, for maximum frequency stability. Fig. 11 shows the

experimental temperature behavior of three fabricated

STW delay lines on rotated Y-cut quartz. Here, the solid

curves represent a spline fit to the data points shown as

crosses. Our oscillator is designed for operating at approxi-

mately 80”C without temperature stabilization, which

would raise the power consumption. The turning point

temperature of the complete oscillator has been found to

be shifted slightly to a lower temperature due to the

temperature coefficients of the amplifiers. Thus, the 37.50

rotated Y-cut substrate material, which has a turnover
point of about 83°C, has been chosen. The resulting fre-

quency versus temperature curve of the oscillator is shown

in Fig. 12.

V. CONCLUSION

This work demonstrates the feasibility of using high-

frequency STW delay lines operating at a higher harmonic

as frequency controlling elements in the feedback loops of

hybrid planar acoustic oscillators. These oscillators per-

form as well as or better than multiplied conventional bulk

crystal oscillators in nearly every characteristic and offer

reductions in size, weight, power, and cost. By using highly

advanced analysis methods and conventional photolitho-

graphic techniques, STW filters with low insertion loss,

high Q, and sufficiently small standard deviations can be
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accurately designed at frequencies up to nearly 3 GHz.

Direct generation of the recently standardized SONET

(Synchronous Optical Network) bit frequency of 2488.32

MHz by STW oscillators seems to be possible in the near

future due to the accurate filter and microwave circuit

design methods. Further improvements are expected when

operation at fundamental frequencies of the delay lines is

feasible on a production scale. This requires mature pho-

tolithographic techniques with a line width resolution of

less than 0.5 pm. In conclusion, an experimental STW

oscillator operating at 1.9805 GHz has been fabricated and

analyzed. Excellent phase noise data are obtained at a high

power output.
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