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ABSTRACT 

State-of-the-art phase noise performance has  
been demonstrated for both surface acoustic wave 
(SAW) r e s o n a t o r  a n d  d e l a y  l i n e  s t a b i l i z e d  
oscillators [l - 51. The same basic feedback-loop 
oscillator design philosophy 16, 71 was applied i n  
each case in  order to achieve these results. This 
paper reviews the design, fabrication, component 
selection, a n d  per formance  for a n  ex t remely  
low-noise SAW resonator hybrid circuit oscillator. 
Final ly ,  s eve ra l  r ecen t  r e s u l t s  inc luding  t h e  
flicker noise of SAW resonator devices a n d  the  
vibration sensitivity of all quartz package SAW 
r e s o n a t o r s  a r e  d i s c u s s e d  i n  t h e  c o n t e x t  of 
p o t e n t i a l  S A W  o s c i l l a t o r  p e r f o r m a n c e  
enhancements. 

1. Introduction 

T h e  r e s i d u a l  phase  noise p rope r t i e s  of a n  
oscillator’s electronic components, for example 
R F  amplifiers and  electronic phase shifters, are 
extremely impor t an t  if reproducibly low white  
PM a n d  flicker FM oscillator noise levels are to 
be achieved. For SAW oscillators, it goes without 
saying tha t  the  residual flicker noise of the SAW 
resonator or delay line must  also be minimized if 
t r u l y  s t a t e - o f - t h e - a r t  p e r f o r m a n c e  is to  be  
achieved. For these reasons, residual phase noise 
measurement  techniques which may be used to 
screen component noise properties a r e  briefly 
discussed. 

To i l l u s t r a t e  t h e  feedback-loop osci l la tor  
design procedure, a specific design example is 
presented. Recently, significant improvements 
have  been realized i n  the vibration sensit ivity 
performance of All Quartz  Package (AQP) SAW 
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h y b r i d  c i r c u i t  o s c i l l a t o r s  o p e r a t i n g  i n  t h e  
150 MHz to 1 GHz frequency range, with typical 
vibration sensi t ivi ty  magni tudes  i n  t h e  range  
f r o m  1 t o  5 ~ 1 O - ~ O / g .  D a t a  is p r e s e n t e d  to  
i l lustrate  performance achieved to date.  Other 
aspects of a SAW oscillator’s performance, such 
as long-term stabil i ty and  acoustic sensitivity, 
are also discussed. 

2. Feedback-Loop Oscillator Design 

Figure 1 shows a simple block diagram for a 
g e n e r a l  p u r p o s e  S A W  d e v i c e  s t a b i l i z e d  
f e e d b a c k - l o o p  o s c i l l a t o r  d e s i g n .  T h e  
f e e d b a c k - l o o p  o s c i l l a t o r ’ s  p h a s e  n o i s e  
performance was f i r s t  analyzed by Leeson [81. 
Although individual oscillators will always differ 
i n  specifics of their  particular implementation, 
t h e y  wi l l  all share t h e  fo l lowing  c o m m o n  
features: 1) one or more loop amplifiers (GI, G,) 
of sufficient gain to overcome total feedback-loop 
l o s s e s ;  2) s o m e  m e a n s  f o r  g a i n - l i m i t i n g  
(compression) within the feedback loop to insure 
s t a b l e  o s c i l l a t i o n  ( i n  m a n y  i n s t a n c e s  t h i s  
gain-limiting action will actual ly  occur i n  the  
second-stage (G,) o r  high-level feedback-loop 
amplifier); 3) provisions for both gain and phase 
a4iustment  within the feedback loop in order to 
establish the proper loop conditions for oscillation 
to  occur, namely approximately 3 dB (2 to 4 dB) 
of excess small-signal ga in  (nominally 3 dB of 
gain compression when equilibrium is reached) 
and 2zN radians of net  transmission phase shift 
t h r o u g h  t h e  loop ,  w h e r e  N is a n  i n t e g e r ;  
4) feedback-loop signal sampling, which may be 
c a p a c i t i v e ,  r e s i s t i v e ,  e tc . ;  a n d  5 )  a buffer  
amplifier (G,) to isolate the  feedback loop from 
e x t e r n a l  l o a d  v a r i a t i o n s .  T h e  need  for  a n  
electronic phase shif ter  in t h e  feedback loop to 

1994 ULTRASONICS SYMPOSIUM - 43 

Authorized licensed use limited to: Colleen Brick. Downloaded on April 01,2024 at 15:49:00 UTC from IEEE Xplore.  Restrictions apply. 



provide frequency tuning  or modulation and  a 
l o w - p a s s  f i l t e r  a t  t h e  o u t p u t  t o  s u p p r e s s  
undesired harmonic signals may, or may not, be 
necessary depending upon a specific oscillator’s 
performance requirements. 

?. h 1 Loop 
Gain 

Loop 
Phase Adjust 

* Usually onb one attenuator is needed 

Bullet Low Pass 
Amplifier Filter 

OU$Ut 

Adjust 
Power 

Fig. 1 Circuit diagram for a general purpose 
feedback-loop oscillator. 

The  simplest SAW oscillator may  contain 
only  a n  ampl i f ie r ,  a SAW device,  a n  o u t p u t  
coupler, and  means for sett ing the  loop’s excess 
gain level and  transmission phase shift, e.g., a n  
a t t enua to r  a n d  a shor t  length of coaxial cable. 
Saturat ion of the  loop amplifier’s ou tput  power 
provides the necessary gain compression. More 
c a p a b l e  o s c i l l a t o r s  m a y  c o n t a i n  a b u f f e r  
amplifier, a n  electronic phase shifter, amplitude 
limiter, or any of the  other components shown in  
Fig. 1. 

A d d i t i o n a l  i n f o r m a t i o n  r e g a r d i n g  
feedback-loop oscillator design may be found i n  
References [l - 71. 

3. AQP SAW Devices 

All of ou r  r ecen t  SAW oscil lator work is 
based  upon  t h e  “All Q u a r t z  Package”  (AQP) 
[9 - 131. Subsequently, similar AQP devices have 
been reported by others [14 - 171. The basic AQP 
structure is shown i n  Fig. 2, including the ability 
to  laser - t r im t h e  device’s r e sonan t  f requency  
af ter  AQP seal ing [12 - 131. As indicated,  two 
identically oriented pieces of single-crystal quartz 
a re  sealed together under  high vacuum using a 
glass frit.  The  SAW device, which is fabricated 
on the  inside surface of t h e  lower subetrate  aa 
noted, is the reby  protected from a n y  ex te rna l  
sources  of contaminat ion .  AQP SAW devices 
have demonstrated excellent long-term frequency 
s t ab i l i t y  (see Sec t ion  41, a n d  t h e  packag ing  
technique is almost ideal for use in  hybrid circuit 

oscillators (see Section 6) .  Development of the  
AQP has resul ted i n  a significant reduction i n  
vibrat ion sensi t ivi ty  a t  t h e  AQP SAW device 
level [ll], as well as more recently for AQP SAW 
hybrid circuit oscillators [18, 191. 
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Fig. 2 Side (a) and  top (b) views of a n  AQP 
SAW resonator, including provisions 
for laser frequency-trimming. 

This  un ique  packaging concept h a s  a lso 
se rved  as t h e  bas i s  for t h e  deve lopment  of a 
post-seal frequency-trimming technique 112 - 131, 
which makes it possible to set the frequency of a n  
A Q P  SAW r e s o n a t o r  t o  w i t h i n  kl PPM of a 
desired value.  Although react ive ion etching 
(RIE) m a y  be used to  a d j u s t  t h e  frequency of 
SAW devices prior to  sealing [20,211, it has  the 
d i s a d v a n t a g e  t h a t  u n p r e d i c t a b l e  s h i f t s  i n  
frequency can, a n d  indeed do, occur during the  
h i g h  t e m p e r a t u r e  s e a l i n g  p rocess  which  i s  
essent ia l  t o  i n s u r e  good long-term frequency 
stability [6, 73. Figure 2 serves to illustrate the  
post-seal frequency- t r imming process, which is 
possible due  to t h e  optical t ransparency  of t h e  
AQP. During SAW device fabrication a trim pad 
consisting of a luminum a n d  aluminum oxide is 
deposited by E-beam evaporation on the inside 
s u r f a c e  of the cover  p iece ,  as i n d i c a t e d  i n  
Fig. 2 [12 - 131. The trim pad is situated on the 
cover i n  such  a way as to  be located over the  
space between the transducers of the SAW device 
once t h e  AQP is assembled.  By focusing high 
i n t e n s i t y  p u l s e d  W l a s e r  l i g h t  (193 n m  or 
248 nm) o n  t h e  Al,O,/Al/AI,O, t r i m  p a d ,  
material can be transported from the cover to the 
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SAW device's acoustically active surface a rea .  
T h e  p r e s e n c e  of this n e w  m a t e r i a l  o n  the 
acoustically active portion of the SAW substrate 
slows the acoustic wave a n d  hence lowers the 
re sonan t  f requency of the SAW device. If t h e  
SAW d e v i c e  h a s  b e e n  d e s i g n e d  so t h a t  its 
r e s o n a n t  f r equency  a f t e r  s e a l i n g  is s l igh t ly  
h ighe r  t h a n  the ul t imately desired value,  t h e  
laser-trimming process can then be used to bring 
each device's frequency down to a specified value. 
Frequency adjustments as large as 100 PPM a re  
possible with a n  accuracy of better than  f l  PPM. 
While there is some degrada t ion  i n  long-term 
f r e q u e n c y  s t a b i l i t y  as  a resul t  o f  t he  
laser-trimming process, we have shown that it is 
still c o m p a t i b l e  w i t h  l o n g - t e r m  f r a c t i o n a l  
f requency oscil lator s tab i l i ty  r equ i r emen t s  of 
f10 PPM over ten years [41. 
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A d d i t i o n a l  f a c t o r s  i n f l u e n c i n g  S A W  
resonator  and  de lay  l ine designs for oscillator 
applications are  discussed in  References C l -  71. 
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4. Long-Term Frequency Stability 

The long-term frequency stability (aging) of 
SAW osc i l la tors  is a n  e x t r e m e l y  i m p o r t a n t  
p e r f o r m a n c e  p a r a m e t e r  f o r  m a n y  s y s t e m  
applications. In  general, aging rates of less than  
abou t  f l  PPM/year  (averaged over a period of 
y e a r s )  are  r e q u i r e d  f o r  m o s t ,  b u t  n o t  all, 
applications of high performance oscillators. For 
this reason, Raytheon has conducted a n  extensive 
aging test program for more t h a n  twenty years 
now. Good long- t e rm f r equency  s t ab i l i t y  is 
critically dependent on the packaging of the SAW 
device. It is well known that the SAW device 
must  be subjected to a high temperature (greater 
than  36OOC) bake-out for at least  one hour  prior 
to  sealing i n  a n  ultra-clean, hermetic  package 
[l - 71. This point is il lustrated i n  Fig. 3, which 
shows t h e  beneficial influence of progressively 
h i g h e r  bake -ou t  t e m p e r a t u r e s  on  long- te rm 
stability for five different TO-8 cold-weld sealed 
SAW r e s o n a t o r  b a s e d  osc i l la tors .  N o t e  t h e  
difference in vertical scale between the upper and 
l o w e r  p o r t i o n s  of F i g .  3. As the b a k e - o u t  
tempera ture  was  increased, there is a definite 
t r e n d  toward  s igni f icant ly  b e t t e r  l ong- t e rm 
frequency stability as a direct result of the higher 
bake-out tempera tures .  The  cold-weld sealing 
a p p r o a c h  fo r  SAW d e v i c e s  w a s  the f i r s t  t o  

demons t r a t e  SAW-based oscil lator long-term 
frequency stabil i t ies of f l  PPM/year, or better.  
The AQP approach is almost ideal in this respect 
since the basic sealing procedure involves a high 
temperature  processing step. AQP sealed SAW 
devices have been evaluated extensively during 
the last twelve years. 
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I n  the past we have published considerable 
d a t a  covering a wide variety of tes t  conditions 
(dissipated R F  power, acoustic stress density,  
t ransducer  metalization, etc.) for a number of 
AQP SAW device  d e s i g n s  [l - 7, 9, 1 2  - 131. 
F i g u r e  4 s h o w s  t h e  m e a s u r e d  l o n g - t e r m  
fractional frequency stabil i ty of four AQP SAW 
resona to r  osci l la tors  ope ra t ing  i n  t h e  300 to  
800 MHz f requency  r a n g e .  These  a r e  lower 
power oscil lators with approximately +5 dBm 
incident  R F  power on the AQP SAW devices. 
Roughly one-half  of t h e  incident  R F  power is 
actually dissipated i n  t h e  resonator.  The four 
c u r v e s  shown  a r e  r e p r e s e n t a t i v e  of r e s u l t s  
obtained on printed circuit board test  oscillators 
where the AQP SAW devices were attached using 
a four-corner  RTV moun t ing  approach .  This 
a p p r o a c h  i n s u r e s  a s t r e s s - f r e e  m o u n t i n g  
environment for the  AQP SAW device. The AQP 
SAW o s c i l l a t o r  w h i c h  h a s  b e e n  on  t e s t  for  
approximately eleven years  incorpora tea one of 
the  f i rs t  AQP SAW resonator devices which we 
fabricated!  Th i s  pa r t i cu la r  oscil lator 's  to ta l  
fractional frequency variation has been less than 
f0.4 PPM (peak-to-peak) dur ing  the  ent i re  tes t  
period. 
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4 L o n g - t e r m  f r a c t i o n a l  f r e q u e n c y  
stability for four AQP SAW resonator 
printed circuit board oscillators. 

AQP SAW devices are par t icu lar ly  well 
suited to hybrid circuit applications, and in fact i t  
is i n  hybrid circuit oscillator designs t h a t  their  
potential for inherently low vibration sensitivity 
may be leveraged C18, 191. However, i n  order to 
achieve good vibration sensitivity performance 
t h e  A Q P  S A W  d e v i c e  s h o u l d  b e  m o u n t e d  
up-side-down using a uniform mounting material 
for support  [ll, 18, 19, 35 - 373. The  mounting 
material  m u s t  be sufficiently “soft“ so as to not 
introduce stress and  thereby interfere with, o r  
bias,  either the device’s basic s ta t ic  fractional 
frequency versus tempera ture  characteristic or 
its long-term frequency stabil i ty properties 171. 
At the same time the mounting material  should 
uniformly suppor t  t h e  AQP SAW device, while 
i n t r o d u c i n g  n o  m e c h a n i c a l  r e s o n a n c e s .  A 
number of materials have been examined for this 
application. At the present time we a r e  using a 
double-sided silicone pressure sensitive adhesive 
(PSA) tape with considerable success. While the  
aging characteristics for hybrid circuit oscillators 
where the AQP SAW device is mounted using the 
PSA are not  q u i t e  as good as those  shown i n  
Fig. 4, they  are still consistent wi th  long-term 
fractional frequency stabilities of *lo to It15 PPM 
over a ten year period. 

6. Residual Noise Measurements 

Residual phase noise measurements have 
been used for some time to characterize devices 
in  the transmission [2!2 - 253, as well as reflection 
1261 modes.  The  real izat ion of extremely low 
phase noise VHF, UHF and microwave oscillators 
is  c r i t i c a l l y  d e p e n d e n t  u p o n  t h e  u s e  of 

componen t s ,  e .g . ,  a m p l i f i e r s ,  SAW devices,  
electronic p h a s e  sh i f te rs ,  e tc . ,  which possess 
verifiably low residual phase noise levels. The 
basic residual phase noise measurement set-up is 
shown i n  Fig.  5 .  T h e  choice of a t e s t  source  
depends upon a number of factors. Generally, a 
f r e q u e n c y  s y n t h e s i z e r  b a s e d  test  s o u r c e  
configuration is most useful when evaluating the 
r e s i d u a l  f l i cker  p h a s e  no i se  level  of a SAW 
r e s o n a t o r  o r  d e l a y  l i n e  device,  s ince  i t  m a y  
readily be adjusted i n  frequency in  order to test a 
wide v a r i e t y  of re la t ive ly  na r row bandwid th  
devices. We have previously shown [27,281 that  
a state-of-the-art, extremely low-noise (both PM 
and AM) SAW resonator oscillator is quite useful 
w h e n  e v a l u a t i n g  t h e  r e s i d u a l  p h a s e  no i se  
p rope r t i e s  of components  which m a y  exhib i t  
appreciable AM-to-PM conversion sensitivities, 
e.g., amplifiers, electronic phase shifters, etc. 

S A W 0  lnuds 

Fig. 5 Residual  phase  noise measurement  
set-ups a t  500 MHz. 

If a suitably low-noise test source is  used, 
t hen  t h e  basic residual phase noise tes t  set-up 
shown i n  Fig.  5 is capab le  of e v a l u a t i n g  t h e  
r e s idua l  phase  noise propert ies  of electronic 
components, e.g., amplifiers and electronic phase 
shifters, for carrier offset frequencies from 1 Hz 
to 40 MHz with unprecedented sensit ivity and  
reproducibility 127,281. Figure 6 i l lustrates the 
m e a s u r e m e n t  t e c h n i q u e  f o r  t h r e e  s i m i l a r  
amplifier designs from three different vendors. 
The  specific amplifiers are: 1) Cougar AC-509, 
2)  Watk ins - Johnson  PA3-1, a n d  3) Avantek  
UTO-509.  F o r  all t h r e e  a m p l i f i e r s  t h e  t e s t  
conditions were identical, namely a n  incident RF  
tes t  power level of +12.0 dBm at the  amplifier’s 
i n p u t .  T h i s  i n c i d e n t  R F  t e s t  p o w e r  l e v e l  
c o r r e s p o n d s  t o  a p p r o x i m a t e l y  3 dB of g a i n  
compression.  These  t h r e e  ampl i f i e r s  a r e  a l l  
remarkably s imilar  i n  the i r  nominal electrical 
p e r f o r m a n c e  p a r a m e t e r s .  T h e  UTO-509’s  
residual phase noise performance shown in Fig. 6 
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is typical  of t h a t  observed on more  t h a n  one 
hundred  devices, while t h e  specific PA3-1 and  
AC-509 d a t a  shown i n  Fig.  6 w a s  essent ia l ly  
identical for samples of th ree  a n d  four devices, 
respectively. I t  is interesting to  note tha t  both 
t h e  PA3-1 a n d  t h e  AC-509 h a v e  consis tent ly  
h i g h e r  levels  of r e s i d u a l  f l icker  noise, w h e n  
compared to the UTO-509. Also, all four AC-509s 
wh ich  w e r e  t e s t e d  e x h i b i t e d  a n  a n o m a l o u s  
residual phase noise "bump" nea r  6 kHz carrier 
offset frequency. Finally,  t h e  h igher  res idual  
white phase noise floor measured for the PA3-1 is 
consistent with the  fact t ha t  its noise figure was 
found to be approximately 2 dB higher than  tha t  
of t h e  UTO-509. However, t h e  comparat ively 
h igh  w h i t e  p h a s e  noise  floor for the AC-509 
c a n n o t  b e  e x p l a i n e d  i n  a s i m i l a r  m a n n e r .  
S e p a r a t e  res idual  phase  noise measu remen t s  
w e r e  p e r f o r m e d  o n  e a c h  a m p l i f i e r  u s i n g  a 
frequency synthesizer (Hewlett-Packard 8662A) 
based test source, primarily for its quantitatively 
higher AM noise level, thereby confirming that 
t h e  AC-509 does indeed  h a v e  a cons iderably  
higher AM-to-PM conversion factor than  either of 
t h e  other  amplifiers [27, 281. It is evident that 
e v e n  w i t h  t h e  e x t r e m e l y  l o w - n o i s e  S A W  
r e s o n a t o r  o s c i l l a t o r  b a s e d  t es t  s o u r c e  
c o n f i g u r a t i o n ,  i t  s i m p l y  i s n ' t  p o s s i b l e  t o  
accurately measu re  th i s  par t icular  amplifier's 
( t h e  AC-509) r e s idua l  wh i t e  phase  noise floor 
properties, at least  when only a single device is 
tested at one time. 

It should perhaps be noted that neither a n  
amplifier's residual flicker noise level, nor t h e  
possible presence of "bumps" in  its residual phase 
noise spectrum, a r e  predictable based upon any  
other electrical characteristic t ha t  we are aware 
of ,  i n c l u d i n g  a s m a l l - s i g n a l  n o i s e  f i g u r e  
measurement. Furthermore, as h a s  been shown, 
even very similar amplifier designs from different 
vendors  c a n  differ markedly  i n  the i r  res idual  
phase  noise characterist ics,  even though their 
other  nominal electrical parameters  a r e  nearly 
identical. I t  has  been our experience tha t  every 
single amplifier mus t  be "screened" before use in 
a n  oscillator design where truly state-of-the-art 
phase noise performance is desired. Otherwise, 
you will constant ly  be a t t empt ing  to  diagnose 
which component, or components, is the  culprit 
w h e n  a p a r t i c u l a r  osc i l la tor ' s  p h a s e  no i se  
s p e c t r u m  s i m p l y  doesn ' t  m e e t  its i n t e n d e d  
specification. 
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Fig. 6 Residual  p h a s e  noise measured  for 
three similar amplifiers using SAWRO 
test  source. 

Final ly ,  t h e  basic  r e s i d u a l  phase  noise 
measurement  technique may also be applied to 
o t h e r  e l e c t r o n i c  c o m p o n e n t s  a s  wel l ,  e .g . ,  
e lectronic  p h a s e  sh i f t e r s ,  mixe r s ,  f requency  
dividers, frequency multipliers, etc., as has been 
shown i n  References [27, 281. Many of t hese  
components  are e s s e n t i a l  p a r t s  of low-noise 
microwave frequency sources based upon lower 
f r e q u e n c y  ( V H F  o r  U H F ) ,  l o w - n o i s e  SAW 
oscillators. 

6. SAW Oscillator Design Example 

6.1 Introduction 
While many factors enter into the design of 

a n  osc i l la tor  i n  r e s p o n s e  to a des i r ed  s e t  of 
per formance  p a r a m e t e r s ,  we h a v e  gene ra l ly  
found tha t  the specified phase noise spectrum is 
g iven  cons ide rab le  we igh t  w h e n  e v a l u a t i n g  
whether  a par t icular  design is t ruly capable of 
addres s ing  a specific oscil lator r equ i r emen t .  
Other  performance parameters ,  e.g., vibration 
sensit ivity,  AM noise, harmonic a n d  spur ious  
output signal levels, load pulling sensitivity, dc 
power supply pushing sensitivity, etc., may take 
a b a c k  s e a t  i n  c o m p a r i s o n  t o  p h a s e  n o i s e  
although a n  increased emphasis  is now evident 
for low p h a s e  noise osci l la tors  w i th  minimal  
vibration sensit ivit ies ( E  lxlO-lo/g per axis, or 
lower) for ground-based, as well as for airborne 
a n d  m i s s i l e ,  o p e r a t i n g  e n v i r o n m e n t s .  
References [6, 71 present detailed discussions of 
the var ious  factors  which m a y  e n t e r  in to  the  
design of a n  oscillator in response to a particular 
set of r e q u i r e m e n t s .  I n  t h e  example  which  
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follows, the  oscillator's phase noise spectrum was 
considered of paramount  importance, and  every 
a t t e m p t  was  m a d e  to achieve t h e  best  overall  
phase noise performance. 

6.2 Low Noise Hybrid Circuit VCOs 
Figure 7 shows a detailed circuit schematic 

f o r  a n  AQP SAW r e s o n a t o r  h y b r i d  c i r c u i t  
oscillator. The primary goal of this effort was to 
d e m o n s t r a t e  fo r  a h y b r i d  c i r c u i t  osc i l la tor  
c o m p a r a b l e ,  o r  e v e n  b e t t e r ,  p h a s e  n o i s e  
p e r f o r m a n c e  t h a n  t h a t  d e s c r i b e d  i n  
References [3, 6,  71 for PCB oscil lators.  S ide  
benefits would be significantly reduced size and 
improved vibration sensitivity. 

m n m  

_ -  
A m >  

Fig. 7 Circui t  schemat ic  for a SAW based  
hybrid circuit oscillator. 
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Fig. 8 Single-sideband PM noise spec t rum 
for a low-noise AQP SAW resonator  
hybrid circuit oscillator. 

The measured single-sideband phase noise 
spectrum for one 350 MHz AQP SAW resonator 
hybrid circuit oscillator is shown i n  Fig. 8. The 
whi te  PM noise floor is approximately -177 to  
-178 dBc/Hz, which is comparable to  our  prior 
results for PCB based oscillators [3, 5, 71. The  
fl icker FM noise level of -89 dBc/Hz at 10 Hz 

carrier offset frequency is noticeably better than  
previously achieved performance (-83 dBc/Hz for 
a 500 MHz carr ier  frequency, even af ter  taking 
into account the  difference in c a m e r  frequencies 
[7]. The SAW resonator's loaded Q, QL, in  the  
feedback loop was approximately 6500. Several 
hybrid oscillators demonstrated flicker FM noise 
levels of -90 to -91 dBc/Hz a t  10 Hz carrier offset. 
The  phase  noise performance shown in  Fig. 8 
represents the current state-of-the-art for a SAW 
resonator hybrid circuit oscillator, based upon 
m e a s u r e d  r e s u l t s  o n  m o r e  t h a n  f o r t y  
pre-production engineering units. 

A t y p i c a l  f r a c t i o n a l  f r e q u e n c y  v e r s u s  
tempera ture  characterist ic for a 350 MHz AQP 
SAW hybrid circuit oscillator is shown i n  Fig. 9. 
T h e  o s c i l l a t o r ' s  t u r n - o v e r  t e m p e r a t u r e  is 
approximately 72°C' which is about  4°C to 6°C 
lower  t h a n  t h e  AQP SAW r e s o n a t o r  device's 
t u rn -ove r  t e m p e r a t u r e .  T h e  lower turn-over  
temperature observed on the oscillator, compared 
t o  the SAW d e v i c e ,  i s  a t t r i b u t a b l e  to  t h e  
t e m p e r a t u r e  s e n s i t i v i t y  of t h e  osc i l la tor ' s  
electronic components. Qpical ly ,  the  variation 
i n  t u r n - o v e r  t e m p e r a t u r e  f r o m  
oscillator-to-oscillator is within a *3"C to 335°C 
window. Note  t h a t  F ig .  9 a l s o  ind ica t e s  t h e  
va r i a t ion  of t h e  oscil lator 's  RF o u t p u t  power 
versus temperature. As may be readily seen, the 
oscillator's output power varies by only 39.2 dB 
over the temperature range from -55°C to +85"C. 
This is a n  extremely good result, and is a tribute 
to the RF amplifier's stability over temperature. 

PEN-93-403 
DF/F (pp)--154.216576774 + 4. 387984337721T - .0303347472474+T-2 

To-72.326040859 

Fig. 9 Fractional frequency and  R F  output  
power stabilities versus temperature  
f o r  a 350 M H z  A Q P  SAW h y b r i d  
circuit oscillator. 
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The 350 MHz AQP SAW resonator hybrid 
circuit oscillator's AM noise spectrum is shown i n  
F i g .  1 0 .  This m e a s u r e m e n t  is b a s i c a l l y  
consistent with previous results, although t h e  3 
to 5 dB rise in  the AM noise spectrum for carrier 
offset frequencies from 50 kHz to 2 MHz has not 
been observed previously. One possible design 
difference that m a y  account for this behavior is 
the f a c t  that  t h e  h y b r i d  osc i l la tor ' s  b u f f e r  
amplifier is opera t ing  with approximately 3 to 
4 d B  of  g a i n  c o m p r e s s i o n .  A d d i t i o n a l  
measurements  are planned to investigate th i s  
AM no i se  behav io r  s ince  t h e  AM noise level  
would ordinarily be expected to be comparable to, 
or less than ,  the PM noise level for all carr ier  
offset frequencies. 
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Fig. 10 Single-sideband AM noise spectrum 
for a n  extremeIy low-noise AQP SAW 
resonator hybrid circuit Oscillator. 

T h e  AQP SAW hybr id  c i rcu i t  oscil lator 
m u s t  be mounted on a very stiff (non-bending) 
s u r f a c e  i n  o r d e r  t o  a c h i e v e  good v i b r a t i o n  
sensit ivity performance [18, 191. Our  cu r ren t  
approach was  described i n  References [ 18, 191, 
where the base of t h e  hybrid circuit oscillator's 
p a c k a g e  is b o n d e d  t o  a 0.4" (1.0 cm)  t h i c k  
a lumina  stiffener. Alumina is a good choice of 
material  since it is about  five times stiffer than  
aluminum. A th inne r  (0.040" (0.1 cm)) piece of 
alumina is bonded to the  cover of the oscillator's 
package in  order to eliminate a cover resonance 
around 3 kHz. This stiffened oscillator assembly 
is c a p a b l e  of p r o v i d i n g  e x c e p t i o n a l l y  good 
v i b r a t i o n  s e n s i t i v i t y  pe r fo rmance .  This is 
illustrated in  Fig. 11 for a typical 350 MHz AQP 
SAW resona to r  hybr id  circuit  oscil lator.  The 

vibration sensitivity magnitude for this oscillator 
is o n l y  a b o u t  2x1O-l0/g,  d o m i n a t e d  by  t h e  
vibrat ion sensi t ivi ty  vector's component  i n  a 
d i r e c t i o n  n o r m a l  t o  the p l a n e  of t h e  SAW 
substrate .  Using this basic approach, we have 
c o n s i s t e n t l y  been  a b l e  to  ach ieve  v ib ra t ion  
sensitivity magnitudes i n  the  1 to 6x1O-l0/g for 
AQP SAW resonator  hybrid circuit  oscillators 
operating in  300 to 500 MHz frequency range. In  
f ac t ,  one  900  MHz AQP SAW hybr id  c i rcu i t  
o s c i l l a t o r  e x h i b i t e d  a v i b r a t i o n  s e n s i t i v i t y  
magnitude of 5xlO-%'g [7]. Vibration sensitivity 
m a g n i t u d e s  t h i s  l o w  a r e  a p p r o a c h i n g  
t h e o r e t i c a l l y  p r e d i c t e d  v a l u e s  i n  t h e  1 to  
2xlO-lVg range  1301. We have not as yet been 
a b l e  to  reproducibly achieve  oscil lators wi th  
vibration sensitivities below 1 ~ 1 0 - ~ ~ / g .  

r---------- l E - l I / , - , ; j  , _ _ _ _ _ _ _ _ _ _ _ _  , , , , , - , i  , , , , ,I 
I 

1E-12 
50 100 1000 7000 

(zI---- IT)- 
U]--- Vibration Frequency (Hz) 

Fig. 11 Vibration sensitivity performance for a 
350 MHz AQP SAW resonator hybrid 
circuit Oscillator. 

F igu re  1 2  illustrates typical aging d a t a  
t a k e n  on several  AQP SAW resonator  hybrid 
circuit oscillators where the dissipated power and 
p e a k  stresses i n  t h e  SAW r e s o n a t o r s  a r e  
comparable  to  t h e  corresponding levels in  the  
prototype hardware jus t  described. This level of 
performance, basically less than f l  ppm/year, is 
perfectly well suited to  a wide range  of ground 
based and  airborne radar system applications. 
These resul ts  clearly demonstrate,  for the  first 
t ime, t h a t  good long-term frequency stabil i ty,  
vibration sensit ivity,  a n d  phase  noise may be 
achieved simultaneously in  a hybrid circuit SAW 
oscillator. 
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hybrid circuit oscillator. I t  is evident t ha t  the  
o s c i l l a t o r ’ s  w h i t e  p h a s e  n o i s e  f l o o r  i s  
approximate ly  - 185 dBc/Hz, for car r ie r  offset 
f r e q u e n c i e s  g r e a t e r  t h a n  400 k H z .  T h e  
o s c i l l a t o r ’ s  f l i c k e r  F M  n o i s e  l e v e l  i s  
approximately -80 dBc/Hz at 10 Hz carrier offset. 
T h i s  p e r f o r m a n c e  r e p r e s e n t s  t h e  c u r r e n t  
s t a t e - o f - t h e - a r t  f o r  a h y b r i d  c i r c u i t  SAW 
o s c i l l a t o r  1321, a n d  e s s e n t i a l l y  d u p l i c a t e s  
previously reported resul ts  for PCB oscillators 
[3, 5, 73. 
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Fig. 12 Typical long-term fractional frequency 
s t a b i l i t y  f o r  s e v e r a l  A Q P  S A W  
resonator hybrid circuit oscillators. 

6.3 Summary 
I t  is i n d e e d  g r a t i f y i n g  t h a t  t h e  b a s i c  

feedback-loop osci l la tor  design,  whose phase  
noise was f i rs t  analyzed by Leeson [8], may be 
successfully applied under such a wide variety of 
circumstances,  including t h e  potent ia l  use  of 
many different classes of frequency stabilizing 
element ,  wi th  equally satisfactory resul ts .  I n  
fact, it is perhaps appropriate to conclude with 
the observation tha t  when properly designed and 
i m p l e m e n t e d ,  t h e  f eedback- loop  o s c i l l a t o r  
configuration is well suited to  t h e  realization of 
t ru ly  s ta te -of - the-ar t  oscil lator performance.  
Based upon our own experience, this s ta tement  
applies not only to the  exceptionally low phase 
noise levels which have been achieved, but also to 
vir tual ly  a l l  o t h e r  measu res  of a n  oscillator’s 
p e r f o r m a n c e  w h i c h  m i g h t  b e  a p p l i e d ,  a s  
previously demonstrated [l - 71. 

7. RecentResults 

I n  t h i s  s e c t i o n  w e  w i l l  e n d e a v o r  t o  
i l lustrate,  using several examples, t ha t  there  is 
still much to be accomplished by way of improved 
SAW oscillator performance. Improvements will 
likely require more capable SAW devices, as well 
as electronic circuitry. 

Figure 13 shows the phase noise measured 
for one laboratory prototype AQP SAW resonator 

Fig. 13 M e a s u r e d  p h a s e  n o i s e  f o r  o n e  
laboratory prototype oscillator. 

Recent experimental results have indicated 
tha t  there is  a n  approximate inverse device size 
dependence to the l/f phase noise in  quartz SAW 
r e s o n a t o r s  f a b r i c a t e d  w i t h  e t c h e d  groove  
reflectors [33 - 361. F igu re  14 i l lust rates  th i s  
observed behavior. A model has  been proposed 
which is consistent with localized, uncorrelated 
velocity f luc tua t ions  i n  t h e  q u a r t z  being t h e  
s o u r c e  of t h e  l / f  n o i s e .  T h e s e  r e s u l t s  a r e  
significant i n  that ult imately t h e  source of t h e  
velocity fluctuations may be identified, thereby 
l e a d i n g  to  SAW r e sona to r  devices wi th  even 
lower l/f noise levels. 

Vibration sensit ivity data for AQP SAW 
hybrid circuit  oscil lators previously reported 
[ l S ,  191 has exh ib i t ed  a f a c t o r  of f ive o r  s ix  
variation from oscillator- to-oscillator . Figure 15 
shows the influence of the AQPs cover thickness 
on yl, t h e  vibrat ion sens i t iv i ty  i n  a direction 
normal to the plane of the SAW substrate. Based 
upon f ini te  e lement  modeling a n d  analysis,  a s  
well as these experimental results, i t  is now clear 
that m u c h  of t h e  o b s e r v e d  v a r i a t i o n  f rom 
oscillator-to-oscillator was due  to uncontrolled 
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differences i n  the uniformity of the mount ing  
layer used to  support  the  AQP. Thickening the 
cover effectively suppresses the influence of the  
mounting layer  on the oscillator's y1 vibration 
s e n s i t i v i t y .  T h i s  r e s u l t  is the b a s i s  f o r  
r ep roduc ib ly  a c h i e v i n g  osc i l la tor  v i b r a t i o n  
s e n s i t i v i t y  m a g n i t u d e s  i n  the 1 to 2 ~ 1 0 - ~ O / g  
range, or better. 
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Fig. 15 Measured values of y1 as a function of 
AQP cover thickness. 

Finally, a relatively new area of attention 
is the SAW oscillator's acoustic sensitivity. Many 
opera t ing  envi ronments  for h igh  performance 
osc i l la tors  i n c l u d e  r e l a t i v e l y  h i g h  leve ls  of 
ambient acoustic noise, for example missiles and  

ground based radar  shelters. Figure 16(a) shows 
the  measured acoustic sensitivity for a 935 MHz 
AQP SAW oscillator with alumina base and cover 
s t i f f ene r s ,  wh i l e  F ig .  16(b)  shows t h e  s a m e  
oscillator's acoustic sensitivity with the base and 
cove r  s t i f f e n e r s  r emoved  [37].  T h e  typica l  
s e n s i t i v i t y  of 2 ~ l O - l ~  f r a c t i o n a l  c h a n g e  i n  
frequency per Pascal is such tha t  if the oscillator 
whose phase noise performance is shown in Fig. 8 
were operating i n  a standardly specified missile 
env i ronmen t ,  t h e n  its p h a s e  noise spec t rum 
would be ser iously deg raded  by t h e  a m b i e n t  
acoustic noise level [371. PBN-94.1450 
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Fig. 16 Dynamic  acous t i c  sens i t iv i ty  for a 
935 MHz AQP SAW oscillator: (a) with 
cover  a n d  b a s e  s t i f f ene r s ,  a n d  ( b )  
without cover and base stiffeners. 
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The exciting results jus t  described indicate 
t h a t  t h e r e  are still a m p l e  o p p o r t u n i t i e s  t o  
improve  the performance of SAW oscil lators.  
This includes t h e  obvious need for lower noise 
electronic c i rcui t ry ,  lower f l icker  noise SAW 
devices, better vibration sensitivity, etc. 

8. Summary & Conclusions 

We h a v e  shown,  us ing  a specific des ign  
example, that the  basic feedback-loop oscillator 
configuration is well suited to high performance 
o s c i l l a t o r  d e s i g n  i n  the  V H F ,  U H F  a n d  
microwave f requency  r anges ,  based  upon the 
incorporation of a two-port frequency stabilizing 
device.  U s i n g  the t e c h n i q u e s  p r e s e n t e d  i n  
References [ 1 - 71, state-of-the-art performance 
h a s  been realized for AQP SAW resonator- and  
delay line-based oscillators 13, 5,71. 

While t h e  phase  noise spectra  shown i n  
F i g s .  8 a n d  13  r e p r e s e n t  t h e  c u r r e n t  
s ta te-of- the-ar t  for 350 to  450 MHz AQP SAW 
resonator hybrid circuit oscillators, by no means 
do they represent limits to what  may ultimately 
be achieved with fur ther  improvements in  both 
S A W  r e s o n a t o r  d e s i g n  a n d  f a b r i c a t i o n  
techniques, as well as anticipated improvements 
in  RF amplifier residual phase noise levels. For 
350 to  500 MHz AQP SAW resona to r  hybrid 
c i rcu i t  oscillators c u r r e n t  g o a l s  are  t o  
simultaneously demonstrate, while maintaining 
good long-term frequency stability, the  following 
performance objectives: 1) flicker FM noise levels 
of -95 to  -105 dBc/Hz a t  10 Hz ca r r i e r  offset, 
2) -190 dBc/Hz w h i t e  P M  no i se  f loors ,  a n d  
3) vibration sensitivity magnitudes reproducibly 
less t h a n  lxlO-lo/g ( u l t i m a t e l y  approach ing  
lx10-1Vg). 

The design and  evaluation techniques jus t  
d i s c u s s e d  h a v e  p r o v e n  t o  b e  i n v a l u a b l e  i n  
select ing t h e  p rope r  types  of components  for 
obtaining truly low-noise oscillator performance. 
As shown in  Figs. 6, not all amplifiers are created 
equal, at least with regard to their residual phase 
noise levels. Residual phase noise measurements 
are also very valuable i n  screening out obviously 
defect ive componen t s  that would o t h e r w i s e  
contribute unacceptably high levels of residual 
phase noise. The proper evaluation of amplifier 
c h a r a c t e r i s t i c s  h a s  a l lowed ua to  p red ic t  a n  

oscil lator 's  wh i t e  p h a s e  noise floor t o  wi th in  
a b o u t  f l  t o  k2 dB.  However ,  t h e  ab i l i t y  to  
predict  f l icker  FM noise levels  on individual  
oscillators (based upon component residual noise 
measurements)  has been somewhat limited due 
to the fact that  in many cases the residual flicker 
PM noise levels of the components are at or below 
measurable  levela. Experience with more than  
one-hundred fully characterized printed circuit 
b o a r d  a n d  h y b r i d  c i r c u i t  o s c i l l a t o r s  (SAW 
resona to r  a n d  de lay  l ine  based )  h a s  given us 
cons iderable  confidence i n  t h e  feedback-loop 
oscillator based design procedures which have 
been described. 
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