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ABSTRACT

Design and production data of BVA quartz crystal resonators and oscillators have been

presented in the past at the Frequency Control Symposium. [1,2,3,4]

The BVA 5 MHz crystal equipped frequency sources exhibit a new blend of remarkable

performances such as 10-11 daily stability, 5x10-13 short term stability (1 to 30 s time

intervals) and close to the carrier low phase noise (1 Hz : -120 dBc, 10 Hz : -140 dBc),

whereby retaining the customary crystal oscillator benefits of small volume, high

reliability and low price, as opposed to more sophisticated frequency generators which

would be required to achieve comparable performances.

Examples illustrating the impact of the Oscilloquartz BVA 0OCX0 in different frequency

generating systems will be presented :

- in cesium frequency standards

- in a hydrogen frequency standard

- in a precision distribution sub-system for satellite ground stations

- In high hierarchy exchanges of digital networks, synchronized by the master-slave
method
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INTRODUCTION

Over the past 4 years, OSCILLOQUARTZ S.A. went through the various and challenging steps
of turning the basic "BVA CONCEPI" jinto an industrial product, then to put that product
into the field.

This paper intends to focus on the last portion of the programm, namely to describe where
and why BVA oscillators have been chosen for various frequency generating devices, and
how such devices benefit from the BVA technology.

PRODUCT DESCRIPTION : BVA RESONATOR

The BVA unit we are discussing here, consists of an "electrodeless" resonator at 5 MHz,
5th overtone, AT-cut, which is decoupled from his mounting structure by 4 bridges., These
bridges are precisely made (width : 0.4 mm) and located and serve the purpose of keeping
the mounting stress away from the active center part (resonator) as much as possible.

The electrodes are evaporated on twoe counterpieces, like condensors, also made of AT
quartz blanks with the same cutangle as the resonator blank (see fig. 1).

The 3 parts are rigidly held together with stainless steel clips, and the whole sandwich
is spring-mounted into a rigid cage consisting of a base plate and a cover plate which
are fixed to four columns,

The BVA assembly is mounted in a cold-weld enclosure with a chimney which enables to bake
out the finished resonator at 250°C while pumping it to 10~ mbar with a cryo pumping
system and sealing the enclosure by a pinch-off process (see fig., 2).

This fairly complex structure offers many advantages, namely :
- the "electrodeless design" eliminates most of the problems linked to surface
perturbations and ion migrations
- the use of a crystal resonator mounting made out of quartz material eliminates
the problems linked to discontinuities, relaxation and stresses in the mounting
points
- the reduction of space surrounding the active part eliminates the problem linked
to contamination
Typically, the BVA resonator provides the following characteristics (5 MHz AT 5th

overtone unit ) : Q =  2,5x10
Rl = 80 {2 _
Cl = 1.02x10 pf
€O = 4.1 pf

168




Plano capacitor Resonator

E
A, .
(N -
} "
Nurl Lo yuiaWalos (oL F
o C A g R -,I:IU%'/-
L M Ta N S b S SR

/ H E—‘_&
/8

Concave capacitor

FIGURE 1 : 2VA INNER ASSEMBLY

15.9 mm

— ¢ 35.6mm ——

FIGURE 2 : BVA RESONATCR (COMPLETE)

149




17V
T __l._._.. g VOLTAGE —
| REGULATOR
i
ov -——jl
i T T T T T e e - |
I VOI FREGLATR | !
l T cgr\:fn"a ’ I TEMPERATURE
: T
; I . XA ¢ I i HONITORING
l ! ! l
H ' | QUTPUT FREQ .
; I 0.5YRMS 500
0SCILLATOR : ”I:g-l‘e-(
[ _FggzgsgfvﬁL‘u_l@ - ] BUFKER ; OUTPUT :
INPUT | | I A AMPLIFIER [T AMPLIFIERS ! QUTPUT FREQ.
: : | "I: U.5VRMS 500
I ‘ | 5

i AGe

N N l

[
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FIGURE 4 : BVA OSCILLATOR (MODEL 8600/8601)
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PRODUCT DESCRIPTION : BVA OSCILLATOR

To match the outstanding performances of the resonator, the electronics of our best OCXO
B-5400 has been redesigned, with high emphasize on low noise and high stability at all
levels of the package. Basically, the BVA oscillator (so-called 8600 or 8601) includes
the following sub-sections (see fig. 3 and 4).
Inside the oven assembly : - BVA resonator
- 5 MHz oscillator and automatic gain control
- frequency pulling network

- oven control cireuit

- 17 V/7 V voltage regulator

Qutside the oven assembly : - thermal isolation
-~ 24 V/17 V voltage regulator
- dual output buffers

- mechnical frequency adjustment

The most significant features and performances of the BVA oscillator can be outlined as
follows (typical values) :

T8

long term stability : 1x10-10/month

short term stability (ot) : & 5x10-13 for T = 0.2 to 30 sec
phase noise ( SJ) ; at 1 Hz = ~120 dB / at 100 Hz = -150 dB

static "g" sensitivity : 5x10~10/g

In these areas, the BVA oscillator has considerably improved the performances obtained
with commercially available 0CX0Os, and has set new standards to this category of fre-
quency sources, This further, closes the gap between the best OCXOs and the Rb sources
offered on the market.

It should also be noted that due to its relative simplicity, the BVA oscillator compares
very advantageously to its nearest atomic competitor (rubidium standards) both in terms
of prices and reliability.

We shall now take a closer look at the various possibilities offered with this device,
vhen integrating it into various frequency generating systems.
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APPLICATION IN CESIUM FREQUENCY STANDARDS

Combined requirements for high accuracy and good spectral purity of the output signal can
be found in Doppler Radar Networks, where many observation sites must operate in perfect
synchronization.
A cesium standard with BVA oscillator offers the ideal solution to fulfill these
requirements :

the cesium accuracy enables plesiosynchronization of the network while

the BVA oscillator guarantees the spectral purity of the distributed output

The crystal oscillator in a cesium frequency standard loop (see fig. 5) serves the
following purposes :
- provides a 5 MHz output to the user and to the multiplier chain
- contributes to the determination of the leoop time constant
- contributes to the phase performances of the output signal (S
for Fourier frequencies located above the loop band-width
- contributes to the short term stability performances of the output signal
(o1) for the time intervals (T) shorter than the loop time constant

For a given device (in our example, the cesium oscillator OSA 3000), the replacement of
the flywheel oscillator (conventional AT-P5 0OCX0) by a BVA oscillator results in the
following advantages :

POSSIBILITY TO INCREASE THE LOOP TIME CONSTANT FROM 1 TO 3 sec (SHORT)
AND/OR 10 TO 30 sec (LONG)

A conventional AT-cut, 5th overtone crystal oscillator has a typical static g-sensitivity
of 2x10-9/g while the BVA oscillator improves that figure by a factor of 4 (typically
5x10-10/g). In the cesium loop, the BVA oscillator can therefore be more losely locked to
the cesium beam tube, thus allowing a better exploitation of its superior short term
stability and spectral purity.

IMPACT ON THE PHASE NOISE PERFORMANCES

With a time constant set to either 3 or 30 sec, the ceslum standard now exhibits the
following characteristics (see fig. 6) :

Frequency offset from carrier SY T =3 sec Sp T = 30 sec
1 Hz - 80 dB -105 dB
10 Hz -132 dB -136 dB
100 Hz -145 dB ~145 dB
1'000 Hz =145 dB ~145 dB
10'000 Hz -145 dB -145 dB
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IMPACT ON THE SHORT TERM STABILITY PERFORMANCES

With a time constant set to either 3 or 30 sec, the cesium standard now exhibits the
following characteristics (see fig. 7) :

Time interval (1) og(tT=3 o (T = 30 sec)
0.1 sec 5x10-12 1x10-12
1 sec 2x10-11 2x10-12
10 sec 9x10-12 4x10-~12
100 sec 3x10-12 3x10-12

Figure 6B provides the same data, looking at Fourier frequencies very close-in to the
carrier. Assuming that the equipment could operate in a very stable environment, the loop
time constant could even be increased to 100 sec, providing even better results.
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FIGURE 6B : 3000/3001 PHASE NOISE DATA PLOT (10-3 - 103 Hz)
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APPLICATION IN A HYDROGEN MASER

The use in radioastronomy and VLBI (Very Long Baseline Interferometry) of increasingly
higher observation frequencies creates a unique requirement for an oscillator having the
lowest spectral density of phase fluctuations (S§) obtainable for both high Fourier
frequencies (i.e. from 1 Hz up to a few Miz) and low Fourier frequencies (i.e, down to
10 ° Hz). The LO (Local Oscillator) signal needed for a radioastronomy receiver is nor-
mally derived from an H-maser atomic signal through at least 2 phase lock loops (see fig.
8). A VCXO (Voltage Controlled Crystal Oscillator) having normally a 5 MHz output fre-~
quency is phase locked to the atomic signal with a typical loop bandwidth of a few Hz,
and the microwave oscillator is phase locked to the VCXO signal., The bandwith of this
last PLL (Phase Locked Loop) depends on the phase noise characteristics of the microwave
oscillator and is typically of the order of 10 Hz. The reason behind that design resides
in the fact that the atomic signal has the lowest phase noise for Fourier frequencies
below 1 Hz, the VCX0 multiplied to the LO frequency has normally the lowest phase noise
in the Fourier frequency range between 1 and 10" Hz and the microwave oscillator has the
lowest phase noise for Fourier frequencies above 107 Hz, Here we are concerned mostly
with the phase locking of the VCXO on the atomic signal,
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FIGURE 8 : MASER PHASE-LOCK SYSTEM
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REALISATION OF AN "OPIIMUM'" PLL

The state-of-the-art 5 MHz BVA quartz crystal oscillators (4) has a spectral density, at

5 MHz, given by ’

12,2 -3
xf

-13.2 -1 -15.7 -0
xf 0 X

§ =10 + 10 + 1 £ [6]

¥Q

A maser oscillator typical phase noise referred to 5 MHz is given by [4]

12.9 -2 -11.1 0
X x£

s, =10 £°+ 10 (4]

YA

An "optimum' PLL similar to the one described in ref, 7 has been designed and realized
according to the criterion of minimum integrated rms phase noise, The experimental
results are in good agreement with the theoretical calculation and are represented, at
the 5 MHz output frequency, in fig. 9, 10 and 11, for Fourier frequencies above 1 Hz. The
result derived from the final setting (fig. 11) is believed to be one of the best avail-
able today and is still susceptible to an improvement of 15 dB in the white phase noise
region. The previous results give a total rms time jitter of 0,32 ps in the 1 Hz-100 kHz
bandwidth, this means that this maser could be convenieatly used up to 200 GHz interfero-
meter frequency with a negligible 10% coherence loss. For the details of the calculation
we refer to ref, 5

SPECIFICATIONS DETERMINATION - FREQUENCY STABILITY

In addition to the previous discussion on the requirement of the short term/long term
frequency stability the following comment is in order. The optimum PLL previously descri-
bed can be used coveniently only in vibration free environmentq) because the loop band-
width is approximately 0.5 Hz and the BVA oscillator g-sensitivity 5x10-10/g the slow
coherence requirement normally is translated in the following specification for the Allan
Variance :

7xi0 2 ¢ LSTS 100 sec

=15 0
2x10 T 1'000 & T & 10'000 sec

and cy(r)

g (1)
y
which appears fully satisfactory in consideration of the 1x10-14 Allan Variance limita-

tion imposed by the atmosphere itself. The 5 EF0S H-masers [8] constructed and tested in
our laboratory have shown consistently stabilities within the previous specs (see fig. 9),
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APPLICATION IN PRECISION DISTRIBUTION SUB-SYSTEM FOR SATELLITE GROUND STATION

DESIGN PHILOSOPHY

With the requirements in satellite communication systems to make maximum usage of the
frequency spectrum, coupled with the reliability and availability requirements of a
state-of-the-art communications system, the technical specification of a frequency
distribution sub-system 1s extremely stringent, especially since the operation of the
station s totally dependent on that sub-system.

In order to meet this high technical specification within a relatively short development
timescale, a design was evolved making the maximum use of state-of-the-art proprietary
equipment modules.

The main frequency references for the sub-system are provided by two crystal frequency
standards, each including BVA oscillators.

Crystal oscillators although not as stable, long term wise, than rubidium standards, were
used because of their extremely low phase noise and high MIBF.

Longer term trends in stability are determined by comparing the oscillator outputs with a
rubidiun standard. Considering the typical aging of the oscillator below 10-1l/day, the
number of periodic recalibration can be set to a minimum,

IMPLEMENTATION
The sub-system may be conveniently divided into five main areas for consideration :
THE FREQUENCY GENERATTION
INTERMEDIATE CABLING
REMOTELY SITUATED AMPLIFIERS
THE POWER SUPPLY
The relationship between these areas can be seen in fig., 13.
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FREQUENCY GENERATION EQUIPEMENT (see fig. 14)

Two frequency references are provided in the frequency generation equipment, These sour-
ces, each of which is provided with jits own internal backup battery supply, contain a
unique type of crystal oscillator whﬁﬁp provides an output signal with a long term stabi-
lity of better than * 2 parts in 10 per day, ie approaching that of a rubidium stan-
dard. The outputs of these two reference sources are fed to an automatic changeover unit
in order to increase the reliability and availability of the output. The output from the
automatic changeover unit is in turn fed to & main distribution amplifier which provides
the main f{eeds for the various areas. The output frequencles from the reference sources
are compared to the output from a rubldium standard using a frequency difference meter,
coupled with a chart recorder, enabling appropriate f{ractional changes to be effected
manually, To further increase the availability, battery backup is provided for the whole
rack of equipment and comprehensive monitoring is provided to enable faults to be quickly
rectified,

INTERMEDIATE CABLING

Having obtained a very high signal, it is essential that it is not degraded tc any extent
during transmission to other sub-systems. For this reason, a coaxial cable originally de-
signed for electro-magnetic protection in nuclear reactors is used. 1t consists of three
braids and two spirally wound mu-metal tapes. This provides greater protection against
electro-magnetic interference than semi-rigid coaxial cables, whilst retaining a flexibi-
lity similar to that of standard ccaxial cable. Special counnectors are used with this
cable in order to preserve its high shielding properties.

REMOTELY SITUATED AMPLIFIERS

As many more outputs are required than can be supplied by one amplifijer, further ampli-
fiers are situated in the sub-systems that they serve. These amplifiers are of the same
type as the main distribution amplifier and are once again of a very low noise design.
Situating them in the same area as the equipments they serve keeps interference to a
minimum and reduces cable costs. Fach amplifier is coupled to an alarm unit to display
power or frequeoncy failure faults,

POWER SUPPLY

Due to the requirements for extremely low phase noise outputs, it is also vitally impor-
tant to avoid components in the phase noise that are derived from the power supply.
Whilst it is not possible to eliminate 50 Hz mains components completely in an unshielded
environment they are reduced by providing a 50 to 400 Hz power convertor. Most of the
sub-system is run off 400 Hz, thus reducing the effect of the components produced. Gene-
rally, the 400 Hz components in the phase noise will fail outside the loop bandwidth of
the RF convertors and the RF system is subsequently more tolerant of such components. The
convertors are provided in duplicate together with automatic changeover ta maintain the
overall availability of the system.
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SUMMARY

The frequency sub-system meets the stringent technical requirements with a phase noise
performance that represents the best available, using today's technology.

The phase noise figures obtained are equal to, or better than, the following :

Frequency offset from carrier 55B phase noise in 1 Hz bandwidth
(lz) (dBc/Hz)
1 -110
10 -130
100 =140
1'000 =141
101000 =141
100'000 =141

Now harmonically related and power supply related spurious phase noise components (spurs)
are better than

=144 dBc in the range of 1 Hz to 395 Hz from carrier

- 94 dBc in the range of 395 Hz to 10 kHz from carrier

The achievable system stability is : short term, % 1 part in 10" per second
long term, * 2 parts in 10" per day

An available figure of 99.9995% ensures almost continuous on-line operation of the
station.

The modularity of the sub-system makes simple provision for future expansion to meet new
requirements. The sub-system can be either compressed or expanded in size, or modified to
sult different physical constraints without affecting its essentially high technical
specification.
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APPLICATION IN A SYNCHRONIZED DIGITAL NETWOQRK

The needs and characteristics of reference clocks for digital communications systems are
extensively described in ref. 10 and 1l. From these information, we can surmarjze trends,
facts and requirements as follows :
- Data transmissions by means of time division multiplex (IDMA) are
becoming increasingly popular in modern telecommunication networks.
- International data communication are ruled by ITU (International Telecommuni-
cation Union), by means of CCITT recommendations.
- CCITT recommendation G-811 calls for a maximum frequency offset of = 1x10-11
between two international exchanges. This value is based on the maximum error
rate (or slip rate) allowable between two nodes to ensure proper data
transmission.

To comply with this recommendation, trends are nowadays to achieve "frequency
synchronization" :
- At an INTERNATIONAL LEVEL 1In a plesiosynchronous way, using master clock
systems including cesium standards.
-~ At a NATIONAL LEVEL in a synchronous way, using synchronizing modules at each
nodes connected directly or indirectly to the master clock.

A typical network configuration is given in fig. 15.

1 st order

2 nd order

N1 N2 R3 =PCM links, 2048 kbit/s

To 3rd order

FIGURE 15 : TYPICAL NETWORK CONFIGURATION (MASTER SLAVE MODE)
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TERMS AND DEFINITION

It should be mentioned at this stage that the requirements and concerns of the "telecom-
munications people" in terms of frequency sources are expressed in a very specific
manner .
= "Oscillators people'" like to define and characterize their product in terms of ACCU~
RACY, STABILIIY per unit of time or over a given environment, REPRODUCIBILITY, AGING,
etc.
"Telecommunication people' on the other hand specify their needs by using the following
terms :
JITTER : RMS phase deviation in a given bandwidth
WANDER : systematic and/or random phase or time fluctuation,
linked to cable delay, seasonal temperature variations,
transmission effects, etc.
"IIME INTERVAL ERROR"; definition of the clock performances
limits given by the relation
TIE (t} = AT (t + 1) - AT (t)

AVAILABILITY : time during which the system will remain within the CCITT
G-811 limits, in case of degradation or absence of
synchronizing reference

The latter is of particular interest to us since directly related to the long term stabi-
lity (aging), of the fly-wheel oscillator in the synchronizing module, A low aging oscil-

lator will indeed give more time to the operator for servicing the nodes in case of
reference failure.

BYA oscillator
|- aging : 10" !/day

Time interval error {TIE}

1
¢— 1 YEAR

i
-

1 2 )] & s ] ]
w1 W 0 10 0 s
Obsarvation period (S seconds) corT-11e82

FIGURE 16 : TIME INTERNAL ERROR LIMITS, CCITT REC, G-811 (DRAFT REVISION 1980)
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SYNCHRONIZING MODULE

As previously shown (fig. 15), each node located at a secondary level is connected to one
or several lines carrying the synchronization and reference signal (in our example, at
2048 kHz).

Each 1line also carries messages which, combined with the effects of distance and the
nature of transmission, require special precaution to extract and use the reference
frequency.

The main purpose of the synchronizing module is to extract, filter and regenerate, from
this signal a clean reference frequency which is compatible to the CCITT recommendation
G-811,

This frequency will be used for driving the frequency converter and distribution ampli-
fiers intended for local use.

A typical 2nd level node configuration would consist of 3 synchronizing modules each
driven by one or preferably several reference input lines (see fig. 17).
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FICURE 17 : TRIPLICATE SYNCHRONIZING MODULE
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ROLE OF THE OSCILLATQR

In view of these different constraints, many features only offered with the BVA oscilla-
tor can be exploited to the benefit of the system performances :

QSCILLATOR FEATURES

SYSTEM BENEFITS

-11
Very low aging rate (< 10 ~ /day)

Excellent short/medium term stability
(% 5x10-13 from 0.1 to 30 s) and low
sensitivity to environmental changes

High MTBF

Linearized frequency control function

24 hours autonomy (availability in
case of loss of reference)

Possibility to use high PLL time
constant, thus to improve the jitter
rejection

Improves system's availability
figure. Decreases servicing and
operating costs

No variation of loop time constant
with time (following compensation of
X0 aging)

The data plots provided in fig, 18 and 19 exhibit the performances of the synchronization
module we realized for this application, based on the use of a BVA oscillator in a loop

bandwidth of v 1x10-4 Hz,
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FOR OSA SYSTEM
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1P
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FIGURE 18 : MAX. JITTER LEVEL VS G-703 RECOMMENDATION
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- BVA oscillators have now reached industrial maturity both in terms of their production
and applications,

- Substantial performances improvements have been demonstrated in various frequency
generating devices, following the replacement of the conventional OCXO with a BVA
oscillator.

- Developments based on the BVA technology are being conducted in the areas of HF OCXO
and low g-sensitivity oscillators, These efforts, combined with the growing number of
applications calling for very high performances frequency sources, are contributing to
furcther improve the state-of-the-art in quartz crystal oscillators,
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QUESTIONS AND ANSWERS

ALBERT BENJAMINSON, 3. T. RESEARCH: Can you tell us more about
the BVA resonator?

MR. JENDLY: Do you mean specifications?

MR. BENJAMINSON: Yes.

MR. JENDLY: Yes, they are in the paper. I can give you the paper
right away, if you wish. The Q factor is 2.5 million, and the

resistance is 280 ohms, and C1 and Cp I can give you right away.






