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* Abstract

This paper covers the criteria for selecting a ru-
bidium frequency standard (RFS) or closely-re-
lated CPT and CSAC gas cell atomic clock de-
vices that use either Rb or Cs as their working
element. There are several classes of RFS de-
signed for commercial, military and space appli-
cations, each with corresponding performance
features and limitations, and the specifications
for an RFS mainly cover the latter. The primary
function of any RFS is to supply a stable fre-
quency regardless of its operating conditions,
which include a number of common and appli-
cation-specific considerations. The paper pro-
vides a comprehensive list of those items and
describes how they relate to a particular RFS us-
age. It includes examples of specifications for
current commercial, military, and space RFS
products from several leading manufacturers.

¢ Introduction

The primary purpose of a rubidium atomic fre-
quency standard (RFS, RAFS or AFS) is to al-
ways produce the same frequency. While its
product description may emphasize its special
features, the specifications of a typical RFS are
mainly a list of its limitations because there are
many mechanisms that can cause it to depart
somewhat from the objective of producing a
perfectly invariant frequency. And, like any
real active electronic device, it has finite size
and weight, consumes power, costs money, and
will eventually stop working.

An RFS design can offer distinctive features
such as an adjustable output frequency, multiple
outputs, GPS syntonization, etc., but their speci-

fications are nevertheless dominated by factors
that limit their frequency stability. Those fac-
tors, associated mainly with internal noise, envi-
ronmental sensitivities, and temporal variations,
along with practical considerations regarding
their manufacture, are the subject of this paper'.

While there are many references that describe
the physics and design of rubidium frequency
standards and related devices (see Reference
[1], there are relatively few papers and little
technical literature that describe their selection
criteria (see References [2], [3], [12] and [13]).

* Frequency Standards, Oscillators,
and Clocks

In most contexts, little distinction is paid be-
tween the terms frequency standard, oscillator
and clock. Rubidium frequency standard is the
generally-preferred term; rubidium oscillator is
widely used but strictly-speaking incorrect be-
cause an RFS is a form of passive atomic fre-
quency standard, not an active oscillator. The
word clock implies that the RFS is used, along
with counting hardware, to keep time, but again,
it is widely used as a shorter term.

RFS units employed as frequency references
emphasize absolute frequency calibration, and
may include a means such as GPS disciplining.
RFS units intended only as a clock source may
have relaxed requirements on the phase noise
and purity. RFS units used as RF sources often
have more demanding requirements for their

" We use “RFS” herein to include CPT and CSAC atomic
frequency standard devices that utilize either Cs or Rb gas
cells.
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phase noise and spectral purity, which is mainly
a function of their internal crystal oscillators.

RFS units intended for dynamic environments
that include vibration and rapid temperature
change can benefit from a low g sensitivity crys-
tal oscillator and a fast frequency lock servo.

* Types of Rubidium Frequency Stan-
dards

Most atomic clocks utilize the ground state hy-
perfine resonance of an alkali element, either ru-
bidium or cesium, as their frequency reference.
The classic RFS uses an Rb lamp for intensity
optical pumping of either an Rb-87 absorption
cell in a microwave cavity along with a discrete
Rb-85 isotopic filter cell, or an integrated reso-
nance cell containing both Rb isotopes. More
recently, a somewhat different arrangement em-
ploying coherent population trapping (CPT) has
become an attractive alternative because it uses
a modulated semiconductor laser diode to avoid
the need for the filter cell and microwave cavity.
CPT is also the basis of chip-scale atomic clocks
(CSAC). The CPT devices can use either Cs or
Rb as their working element.

As a general statement, one can associate the
conventional RFS with a broad range of size,
performance and cost, including the highest-sta-
bility GPS satellite clocks (see Appendix A),
while CPT devices have medium-level perfor-
mance in small, lower-cost products, and CSAC
devices offer much smaller and lower power but
somewhat lower performance.

This paper, while emphasizing the classic RFS,
also applies to newer CPT and CSAC devices.
In fact, most of this material also applies to oth-
er atomic clock technologies such as trapped Hg
ion devices such as the deep space atomic clock
(DSAC).

Distinctions can also be made between RFS
units tailored for either commercial, military or
space applications. While no sharp lines can be
drawn between these classes, commercial units
emphasize cost, MIL units emphasize rugged-

ness, and space units emphasize performance
and reliability.

RFS products can also be divided into standard
and custom designs, where the latter are associ-
ated with a particular set of requirements for a
specific application.

Another distinction can be made between modu-
lar and more complete RFS products, where the
latter are complete instruments with such fea-
tures as enclosures, mains power, metering and
monitoring, frequency adjustment, multiple out-
puts and frequencies, frequency synthesis, low
phase noise, clock circuitry, GPS disciplining,
etc.

In all cases, the quality of the crystal oscillator
and the bandwidth of the servo that locks it to
the atomic reference have an important impact
on the RFS performance, particularly with re-
gard to its phase noise.

* Stability Terminology
Let us first clarify some of the terminology used
to describe frequency stability (or perhaps more

correctly, its instability).

Fractional Frequency Deviation

Ignoring adjustability, an RFS will have a cer-
tain nominal output frequency, fo, and an actual
output frequency, f, as measured with adequate
precision against a suitable absolute standard via
a traceable process. The output frequency is
generally denoted by its fractional frequency
deviation, Af/fy = (f — f) / fo. For example, for
fo = 10 MHz, if the actual frequency is f =
10.000001 MHz, the frequency deviation is Af
=1 uHz, and the fractional frequency offset is 1
ppm, denoted as 1x10°, 1pp10°, or le-6, which
are dimensionless quantities (not Hz) and gener-
ally written simply as Af/f and denoted as a
function of time by the symbol y(t). This termi-
nology is used for most stability specifications,
e.g., a temperature coefficient of 1x107'%/°C.
Values like that are used to quantify most RFS
stability parameters and environmental sensitivi-



ties. Note that the corresponding phase value as
a function of time is denoted as x(t) and has
units of seconds.

Phase and Frequency Noise

Frequency is the rate of change of phase, and
that relationship describes the connection be-
tween phase and frequency noise. Phase noise
is usually expressed in the frequency domain as
a spectral density while frequency noise is ex-
pressed in the time domain as a statistical quan-
tity. The most common measure of phase noise
is the logarithmic form of the power spectral
density (PSD) of the phase fluctuations, the SSB
phase noise, £(f), in units of dBc/Hz. It is gen-
erally expressed as a plot versus log sideband
frequency in Hz.> See Reference [7] for more
information about these quantities and how they
appear in RFS specifications.

Stability Statistics

RFS frequency stability is actually a stochastic
(noise) process, and the size of the frequency
fluctuations vary as a function of their observa-
tion or averaging time as characterized by cer-
tain statistics such as the Allan deviation®,
ADEV, oy(t), which is usually shown on a log-
log plot versus averaging time, t. The slope of
an ADEV plot indicates the type of power law
noise; it generally improves with longer averag-
ing time until reaching a minimum (the “flicker
floor”) after which it increases because of drift
and environmental sensitivity. Examples of
RFS ADEYV plots are show in the Appendices.
The ADEV is usually calculated after removal
of frequency drift (which is expressed separate-
ly). Information about the statistics used for fre-
quency stability analysis will be found in Refer-
ence [7].

Initial Accuracy and Temporal Stability

2 Do not be unduly alarmed if the phase noise plot shows
discrete components related to the power mains frequency
since those are most often due to the measuring system.

3 The Hadamard deviation, HDEV, is also used to charac-
terize RFS stability because it ignores linear frequency
drift. The Time deviation, TDEV, is another statistic that
estimates the time error of the clock caused by its noise.

RFS frequency is set to within an initial accura-
cy specification at the factory before shipment.
But the RFS frequency is also a temporal
process because it changes over time, an effect
called aging when due to internal mechanisms
and drift as observed from all causes.

Frequency Measurements

Frequency measurements are always made with
respect to some reference source. Frequency ac-
curacy is the degree to which it equals its nomi-
nal value, while precision denotes the degree to
which the measurements consistently resolve
the frequency variations. The measurement sys-
tem determines that resolution and its scatter is
determined by the combined noise of the source,
reference and system. Thus it is vital that any
such frequency measurements made to verify
RFS performance are supported by an appropri-
ate system and reference, and that the RFS un-
der test have proper operating conditions (e.g.,
thermovac for space clocks). Phase measure-
ments are preferable. Reference [7] shows some
commonly-used measuring systems for preci-
sion frequency sources. An investment in a
suitable clock measuring system mat not be fea-
sible for an RFS user, who will then have to de-
pend on data provided by the clock vendor.

* Time

Although an RFS is often called a clock and is
used for timekeeping, it has no intrinsic sense of
time, nor does it necessarily have clock hard-
ware. Some RFS units do, however, include
settable counting circuits, 1 pps outputs, and
other clock features, and their specifications
should describe these in detail. After initial syn-
chronization to a specified accuracy, the subse-
quent time error is a function of the unit’s fre-
quency offset and stability, and the elapsed
time.



* Frequency Offset

RFS frequency offset is generally stated as the
fractional frequency difference between it and a
suitable reference (e.g., a primary frequency
standard such as a cesium beam tube device or a
GPS-disciplined source). The RFS will normal-
ly have some means for performing a frequency
calibration (i.e., syntonization) by a mechanical,
electrical or digital adjustment. That adjustment
will not materially affect its subsequent stabili-
ty, and may need to be repeated occasionally to
compensate for subsequent RFS drift. Any
residual frequency offset not only affects the
RFS accuracy but integrates to a time error
when the unit is used as a clock:

AT =Af/f- t

For example, a frequency offset of 1x10™"

would cause a time error of 0.864 ps over 1 day
(86,400 s).

A change in environmental conditions (e.g.,
temperature) is likely to change the frequency
offset, and set a practical limit on syntonization
effectiveness.

* Frequency Aging

The frequency of an RFS is not perfectly con-
stant, even ignoring environmental and other ex-
ternal effects, but rather displays frequency
change due to internal mechanisms associated
with both its Rb physics package and (to a lesser
extent) its electronics.

Linear frequency aging causes an initially per-
fectly syntonized rubidium clock to experience a
time error that integrates quadratically as a func-
tion of time:

AT =% -[(Af)/AL] -

For example, if the RFS frequency changes lin-
early by 1x10"%/day (1.157x107"/s), that causes
a time error of 43.2 ns over 1 day. In the long
run this term will dominate the clock error. For

example, after 1 month (30 days) the quadratic
term becomes 38.88 us, greater than the 25.92
us caused by the above frequency offset.

RFS aging is generally specified on a per day
basis after a certain period of undisturbed opera-
tion, with equivalently lower values expected
per month, per year and “forever” because the
aging of an RFS typically diminishes as it ma-
tures. For a very well-behaved unit with one
dominant aging mechanism, it is possible to suc-
cessfully model its aging by log or diffusion law
fits. In general, however, such modeling is
problematic. A strategy for dealing with aging
is an important consideration in any RFS appli-
cation, and may require system-level means or
periodic recalibration.

* Frequency Drift

RFS frequency drift is the combination of both
internal and external effects that cause it to
change over time. In a well-controlled environ-
ment, aging and drift are equivalent. In fact, the
term “frequency drift” is commonly used to de-
note either.

* Frequency Adjustment

The RFS frequency can be adjusted over a range
of a few pp10° by means of the internal physics
package DC magnetic bias field (“C-field”), or,
in many modern designs, by setting an internal
synthesizer. The C-field adjustment can be via
an RFS control potentiometer and/or an external
tuning voltage. The latter can be used in an ana-
log control loop to discipline the RFS frequency
with respect to an external reference (e.g., GPS).
That can also be accomplished to within a speci-
fied resolution via the RFS synthesizer and a
digital control interface. In cases where the host
system has means for making frequency adjust-
ments (e.g., some GPS satellite payloads), it is
desirable to operate the RFS without tuning at a
fixed minimum C-field for best stability*.

* Low C-field reduces RFS sensitivity to both internal and
external effects but limits its tuning range.



The RFS specifications should include informa-
tion about the analog (C-field) tuning adjust-
ment, if any (range, sensitivity, etc.) and/or digi-
tal tuning interface (protocol, resolution, etc.).

* Environmental Sensitivity

There are quite a few environmental sensitivities
that apply to an RFS (e.g., temperature, baro-
metric pressure, etc.) and these are discussed
separately below. Information about their phys-
ical basis will be found in Reference [6]. Each
application determines those factors that are im-
portant, and an RFS for a military vehicle can
require a very different design than for a labora-
tory standard. For example, in a benign lab,
barometric sensitivity can be a dominate consid-
eration where 1s doesn’t matter for a space clock
in vacuum. Fortunately there is little interaction
between most RFS environmental specifica-
tions, and most are quite consistent for a given
design. That being said, temperature sensitivity
is often the largest consideration and exhibits
significant unit-to-unit variation, probably be-
cause it can have multiple contributors of vary-
ing sign and magnitude.

RFS environmental sensitivity is often defined
in relation to MIL-spec conditions (e.g., those of
MIL-STD-202 and MIL-STD-810). See Refer-
ence [5] for more details. It is also covered by
IEEE Standard 1193, IEEE Guide for Measure-
ment of Environmental Sensitivities of Standard
Frequency Generators [10].  Similar informa-
tion for crystal oscillators can be found in MIL-
PRF-55310, “Oscillator, crystal controlled, gen-
eral specification for” [11].

It is the responsibility of the RFS vendor to
choose a set of environmental specifications ap-
propriate to the intended product target, or to
obtain them from their customer, and to then
verify and document compliance with those re-
quirements. It is the responsibility of the RFS
user to verify that the vendor-supplied set of en-
vironmental specification is appropriate to their
application, or to supply them to the RFS ven-
dor, and to confirm satisfactory compliance with
them.

Most commercial RFS applications are satisfied
by the vendor’s catalog environmental specifi-
cations, but special cases may need to be negoti-
ated. Military RFS applications often impose a
wider range of environmental conditions and/or
platform-specific requirements. Space RFS ap-
plications almost always have program-specific
needs (e.g., launch vibration, radiation) for
which the RFS design may need tailoring.

* Noise

All frequency sources have finite signal-to-noise
(S/N) ratios and noise-induced phase and fre-
quency fluctuations that are a fundamental limi-
tation to their stability. This is commonly re-
ferred to as short-term stability (STS), although
its effects can extend out to days. STS is a time-
domain measure that is closely related to phase
noise in the frequency domain. These noise
mechanisms are stochastic processes that are
specified with statistical quantities such as the
Allan deviation (ADEV). See Reference [7] for
more information about frequency stability,
phase noise, power-law noise processes and fre-
quency stability analysis

* Crystal Oscillator

All° RFS have an internal crystal oscillator to
generate their active output that is locked to the
Rb atomic resonance by a frequency lock servo,
The crystal oscillator generally operates at the
RFS output frequency, and it largely determines
its phase noise and sub-second short term stabil-
ity. It also influences RFS behavior under vi-
bration. It is therefore important to understand
the characteristics of the RFS crystal oscillator
and its influence on the overall unit [9]. For ex-
ample, the phase noise of the crystal oscillator
not only affects the RFS output purity, but it is
also an important factor in the quality of the
physics package microwave excitation.

The crystal oscillator may be ovenized or tem-
perature compensated, or may simply operate at

> T don’t know of any exceptions for an RFS product. An
RbXO has an external crystal oscillator.



the temperature set by a baseplate temperature
controller (BTC, see below).

The RbXO [8] is a form of RFS where the Rb
reference operates intermittently to syntonize
the crystal oscillator (which has a tuning non-
volatile memory), thereby saving energy.

Some low phase noise (“LN”’) RFS designs have
a separate phase-locked (usually ovenized) crys-
tal oscillator that provides the output. Clean-up
OCXO products are also available for that pur-
pose.

While the design details related to the crystal os-
cillator are the responsibility of the RFS vendor,
the user must determine his system requirements
for phase noise and spectral purity, remember-
ing that subsequent frequency multiplication
raises the noise and spurious levels and that vi-
bration can have a profound effect on the signal
purity (see Vibration).

* Choice of Output Frequency

Most precision frequency references are distrib-
uted at 10 MHz which has proven to be a good
general choice and has become the de-facto
standard. Use of a non-standard frequency is
normally limited to specialized use such as GPS
satellite clocks and high-volume embedded ap-
plications. For example, some GPS satellite
clocks have used the 10.23 MHz pseudo-ran-
dom code rate, and others have used a
13.40134393 MHz “natural frequency” that
minimizes RFS complexity. Binary (e.g., 2.048
MHz) and telecom (e.g., 1.544 MHz) rates are
non uncommon. VHF outputs (e.g., 100 MHz)
are used occasionally for low phase noise or di-
rect digital synthesizer (DDS) clocking applica-
tions. DDS in either the RFS or the host system
provides great flexibility. Be aware that special
output frequencies can also complicate RFS
testing.

An RFS with a 1 PPS pulse output is fairly com-
mon, and can be needed for driving clock cir-
cuitry and enabling GPS time and frequency re-
ceiver disciplining.

* Output Waveform and Power

Most RFS units have a sinusoidal RF output sig-
nal, most commonly at 10 MHz, with a power
level of the order of +7 dBm (5 mW, 0.5 V rms)
into a 50 ohm load. This is adequate to drive
most host equipment without compromising sta-
bility. Multiple outputs are sometimes provid-
ed, and higher output power can be an advan-
tage if it is to be passively split for multiple
loads. In the case of multiple RF outputs, inter-
channel isolation may be important and should
be specified. Most RFS RF outputs have no DC
component, can be either AC or DC coupled,
and may be isolated from the RFS case. An iso-
lated RF output can help to avoid ground loop
interference. It can be important to know all
these (and other, see below) details.

Some RFS units have a digital output waveform
such as a 5V p-p “TTL” squarewave or differen-
tial LVDS. In that case, the waveform should
be fully-specified as to level, waveshape, duty
cycle, rise and fall times, etc. Such outputs are
generally intended for embedded applications
where the RFS is connected directly to host sys-
tem logic. Sinusoidal RF output is preferred for
most frequency reference distribution.

e Harmonics

The harmonic content of an RFS RF output is
generally specified as below -30 dBc or so, low
enough to avoid gross waveform distortion.
That can be particularly important when driving
a zero-crossing detector since an amplitude
change can cause a phase change. Better purity
is seldom required but can be obtain with exter-
nal low-pass filtration if necessary.

* Spurious/Non-Harmonics

Non-harmonic spurious components are present
on the RF output of most RFS units and must be
specified. A level of at least -80 dBc is typical.
These unwanted components can occur either at
baseband or as sidebands on the desired RF
component or its harmonics. Examples of the



former include spurious components from
switching power supplies and RF components
from the Rb lamp exciter. Examples of the lat-
ter include RF output sidebands separated from
the carrier by switching power supply and/or
oven controller rates and at the frequency lock
servo modulation rate. Those spurious compo-
nents are at well-defined frequencies; it is also
possible that there are spurious components at
unexpected frequencies (e.g., UHF parasitics).

* RF Output Impedance

While most RFS RF outputs are specified for a
50 ohm load, the RF output source impedance
may or not be controlled or specified. It can be
important that the VSWR of the RFS RF output
be reasonably low (say < 1.5:1) to avoid reflec-
tions from a mismatched load, especially in a
situation where it results in low or variable am-
plitude at the load. An RFS RF output imped-
ance specification usually applies only at the
carrier frequency.

* Phase versus Temperature

Be aware that any lowpass or bandpass filter
(LPF or BPF) at the RFS RF output introduces
phase shift whose temperature coefficient re-
sults in a pseudo frequency shift when exposed
to temperature slew. This is especially impor-
tant with a narrowband BPF such as a crystal
filter. Long coaxial cable lines can also show
this effect.

* Humidity/Salt Fog/Immersion

Humidity, especially that resulting in condensa-
tion, can affect certain RFS circuits. Exposure
to salt fog and other ionic contamination can re-
sult in severe corrosion. It can be an advantage,
or even essential, that RFS circuit boards are
conformally coated and/or the RFS case be
sealed against such exposure. A sealed unit
may require a means for pressure relief and/or a
strong, heavy case. It is rare that an RFS is
specified for actual immersion.

* Temperature

The temperature environment is an important
consideration for any RFS, both during opera-
tion and under storage. An RFS will have speci-
fications for its operational and storage tempera-
ture limits. During operation, temperature sen-
sitivity is likely to be the most significant factor
affecting its frequency stability.

The upper operating temperature of an RFS is
usually determined by the point where the
physics package oven with the lowest set-point
loses control since performance will deteriorate
above that condition. Newer RFS designs with
smaller cells generally operate at higher temper-
atures and thus may be an advantage. There is
no specific determinant for RFS maximum stor-
age temperature but, because of the possibility
of Rb migration under long-term hot storage, a
recommended limit is imposed lower than that
where component damage occurs.

The lower operating temperature of an RFS is
usually determined by the point where the
physics package oven with the least demand
power margin goes out of control since perfor-
mance will deteriorate below that condition.
The minimum storage temperature is likely set
to an arbitrary -55°C.

There is little actual experience with RFS units
undergoing long-term storage at either tempera-
ture extreme, and the worst situation is probably
the thermal stress caused by rapid RFS warm-up
from cold storage.

The operating temperature is usually measured
at the RFS case, in particular its baseplate.
That, in turn, is determined by either its conduc-
tive mounting surface or the ambient air. Con-
ductive heat transfer is mandatory for operation
in vacuum. In air, without hard mounting, a
convective heat sink is usually required to main-
tain a reasonable temperature Radiative heat
transfer is normally not a significant factor. Ob-
taining proper heat transfer is particularly im-
portant for a unit mounted on a vibration isola-
tor. The use of a baseplate temperature con-



troller to reduce overall RFS temperature sensi-
tivity is discussed below.

RFS temperature sensitivity is usually expressed
as a static or steady-state value, and is not nec-
essarily linear, and can display significant unit-
to-unit variation, particularly because it is gen-
erally the result of multiple internal mechanisms
having varying signs, magnitudes and time con-
stants. In a dynamic environment, an RFS can
be exposed to temperature slew and/or shock,
and the resulting transient response is not neces-
sarily the same as that for slower changes.
Some hysteresis and lack of retrace is also pos-
sible.

All those factors make RFS temperature coeffi-
cient modeling and compensation problematic,
but it can nevertheless be effective, especially
for steady-state sensitivity, and is increasingly
used with RFS units having digital frequency
adjustment and microprocessor control.

* Retrace

RFS units generally have excellent frequency
retrace when they are turned off and on again
under the same environmental conditions. The
duration of the off period is not much of a fac-
tor. RFS retrace frequency error is normally
non-accumulative.

* Barometric Pressure

Barometric pressure is an often-neglected but
potentially significant RFS sensitivity factor,
particularly for units with large absorption cells.
It is mainly caused by drumhead deflection of
the glass cell, and perhaps because of thermal
effects.

RFS operation under vacuum or in space is not a
problem for units intended for that environment,
but otherwise it can cause internal overheating
for components that are not conductively heat
sunk.

A sealed RFS eliminates the effect of baromet-
ric pressure change.

e Altitude

Altitude exposes an RFS to a combination of
barometric pressure and temperature change,
and is generally no different in its effect than
those factors individually.

* Supply Voltage

An RFS generally requires a DC supply voltage
rather than being designed to operate from AC
mains power, and thus is specified to accept a
certain DC voltage range and polarity, and to re-
quire a certain maximum demand current during
warm-up and a steady state current that is a
function of temperature. The variation in power
consumption is mainly due to its physics pack-
age oven(s).

Reverse polarity protection may or may not be
included within the RFS and, if not, may be
needed from the host system.

DC isolation may be required between the RFS
DC return lead and its case ground, in which
case a DC/DC converter will likely be needed
either inside or external to the RFS itself. In the
latter instance, consideration must be paid to
how the RFS case is electrically insulated while
still providing adequate thermal transfer.

Other supply voltage considerations include the
RFS frequency sensitivity to supply voltage, and
to noise, transients and ripple on the supply line.
Conversely, a DC/DC converter inside the RFS,
while providing isolation and/or a wider input
voltage range, can cause conducted interference
(see EMI below).

RFS voltage sensitivity is a combination of elec-
trical and thermal effects, and is generally small
enough so as not to be a major consideration.



* Power Consumption

The power consumption of an RFS depends
mainly on its type. Conventional units and the
core RFS of a space unit require around 12-15
watts steady-state at room temperature, CPT
units 1-2 watts and CSAC units 0.1-0.2 watts.
The demand power during oven warm-up is
considerably higher and determines the required
power supply current rating. Power varies with
ambient temperature, especially for a space unit
with a baseplate temperature controller (BTC).

* Dynamic Input Impedance

An RFS generally contains filtration on its DC
input supply line, and that can have significant
impact on the impedance that the RFS presents
to its DC source as a function of (audio) fre-
quency. High Q resonances can pose a particu-
lar problem when used with a host DC/DC con-
verter.

* Warm-up Time

Depending on the application, RFS warm-up
time can be an important consideration. RFS
warm-up is to some extent a design tradeoff be-
tween speed versus increased demand power
and thermal stress, and lockup time can vary
from less than 10 seconds to a few minutes. Be-
sides physics package and crystal oscillator
oven warm-up, a conventional lamp-pumped
RFS requires time for lamp starting. Additional
time is also needed for frequency stabilization.

The RFS RF output is generally present imme-
diately upon application of DC power, and that
can pose a problem since it will not be locked to
the Rb atomic resonance. In fact, it often
sweeps back and forth with a large offset until
the physics package and crystal oscillator warm
up. All RFS units have a monitor signal that in-
dicates lock, and that may have to be utilized by
the host system.

In an application where frequent power on-off,
warm-up and large external temperature varia-

tion is expected, thermal cycling stress can be
an important consideration and may require de-
sign verification testing to assure adequate en-
durance.

* Thermal Interface

Consideration must be given to the thermal in-
terface between an RFS and the host system that
provides a heat sink or other means for dissipat-
ing the RFS power. Common methods include
a finned heat sink, perhaps with a fan to dissi-
pate heat via convection or simply a large
enough thermal mass to carry away the heat
conductively. Ideally, the RFS would be at-
tached to a constant-temperature baseplate. Ra-
diative heat transfer is seldom a factor, even
with RFS operation in vacuum.

* Baseplate Temperature Control

Baseplate temperature control is an excellent
way to improve RFS temperature stability at the
expense of additional size, weight, power and
complexity. In its simplest form, it can be a
convective heat sink with a temperature-con-
trolled fan. More elaborate arrangements using
temperature-controlled heaters have been suc-
cessfully employed for GPS satellite clocks.

Use of a baseplate temperature controller re-
quires a thermal insulator between the BTC and
its mounting surface. Its operating range extends
from the lowest mounting surface temperature
where it has sufficient demand power to the
highest mounting surface temperature where the
temperature rise from the RFS dissipation reach-
es the BTC set point.

* Reliability

An RFS reliability analysis generally follows
the procedures for electronic equipment pre-
scribed in either MIL-HDBK-217 or
Bellcore/Telecordia SR-332. It is important to
use the applicable environment (e.g., Ground
Fixed at +40°C) for the analysis. The resulting
failure rate is associated mainly with the elec-



tronic circuits. The physics package, with the
possible exception of the Rb lamp®, has been
generally found to be very reliable (mostly me-
chanical, the associated electronic parts (photo-
diode, thermistors, SRD diode, etc.) considered
separately). Cell failures are very unusual, prac-
tically nonexistent, foil oven heaters likewise.
Some concern exists for the semiconductor laser
diodes used in some conventional and all
CPT/CSAC RFS units.

The most important part of an RFS reliability
assessment may be close examination of the
thermal and electrical parts stress that is a pre-
requisite to performing the reliability analysis.

Today’s commercial electronic parts, including
plastic encapsulated microcircuits have achieved
an outstanding level of reliability. Some mili-
tary and most space RFS products further im-
prove on that with enhanced parts selection and
screening. Those activities are generally pro-
gram-specific and associated with any required
radiation hardening.

In practice, it is found that most RFS failures are
associated with bad workmanship. Factory tem-
perature cycling and burn-in (Environmental
Stress Screening, ESS’) has proven to be impor-
tant for weeding out such defects.

The life of an RFS is typically limited by obso-
lesce rather than any specific life-limiting fac-
tor. RFS products are usually covered by a lim-
ited warranty than protects against early fail-
ures.

* Monitors

All RFS units have an indicator that shows that
its crystal oscillator is locked to the Rb atomic
resonance. Most units also have either analog
or digital monitor signals that show such param-
eters as the Rb lamp light level and the XO con-
trol voltage. Modern RFS units often have digi-

® Rb lamp life problems have been resolved by lamp de-
sign and processing improvements.

7 ESS is a recipe for applying temperature cycling and
mild vibration to a unit to precipitate latent defects.
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tal interfaces and user software to monitor their
operation.

* Storage

There are no significant considerations regard-
ing the storage of an RFS. One should, of
course, abide with the unit’s storage temperature
limits.

* Aging and Drift

Internal aging within the Rb physics package
causes its frequency to change®. That change,
along with other effects associated with its oper-
ating conditions, results in frequency drift over
time. The aging rate tends to diminish over
time, and, after initial stabilization, for classic
units, is typically on the order of +1x10"/day,
+1x10"%/month and +1x10”/year (and not much
more than that “forever”). Day-to-day, howev-
er, environ-mental disturbances are likely to
dominate the aging.

RFS frequency drift can be the largest contribu-
tor toward clock error over time. It can also re-
quire that the RFS frequency be adjusted to re-
store it to agreement with an absolute reference.

RFS aging can be caused by several mecha-
nisms of varying sign, magnitude and consisten-
cy, and therefore does not follow any set pattern
or behavior. It can even flatten, reverse direc-
tion and increase again. This makes its model-
ing and removal problematic. That said, some
of the highest-performing space RFS units have
shown highly-modelable aging that fits a log or
diffusion (Vt) model.

* Helium Exposure

Atmospheric helium is, to an extent, a “poison
gas” for an RFS because it can permeate the ab-
sorption cell glass envelope and cause a fre-

¥ Several factors can contribute to RFS aging including
changes in the Rb lamp intensity/spectrum,
chemical/physical effects in the Rb absorption cell, and
changes in the physics package oven temperatures.



quency change’. This is not a big issue unless
the unit is stored or operated in a He-rich envi-
ronment for a long time.

* Magnetic Field

DC magnetic field sensitivity can be an impor-
tant RFS factor, but most units have sufficient
magnetic shielding that this is not a major con-
cern. This sensitivity is a direct result of the
properties of the Rb hyperfine resonance, and is
strongest along the axis of the physics package
internal DC magnetic field. Several techniques
have been developed (e.g., C-field commuta-
tion'’, Zeeman sensing'') to reduce RFS mag-
netic field sensitivity, but passive magnetic
shielding'? is generally adequate for most appli-
cations.

* Vibration
Vibration can have a profound effect on the sta-
bility and even the functioning of an RFS, large-

ly because of its quartz crystal oscillator.

Survival Under Vibration

It is quite remarkable how well properly-de-
signed electronic assemblies can survive severe
sinusoidal and random vibration. The key, of
course, is “properly designed”. Without proper
care regarding circuit board and other structural
resonances, proper bonding of components, con-
sideration of fastener strength, and many other
aspects of the mechanical design, structural and
fatigue failures will occur under the stresses en-
countered under rocket launch, aircraft flight
and other such conditions. Correct specification
and verification of the requirements is essential.

? He buffer gas in the absorption cell raises the RFS fre-
quency. In normal operation, it reaches equilibrium with
the trace atmospheric He tension. Subsequent operation
in a vacuum can result in negative aging.

1% Periodic C-field reversal reduces the sensitivity to ex-
ternal magnetic field variations to 2™ order.

' Interrogation of the field dependent Zeeman hyperfine
lines can measure and stabilize the internal C-field.

121t also provides radiation shielding.
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There are no unique vibration vulnerabilities as-
sociated with the Rb physics package, but it is
important that the cells and optical elements be
ruggedly attached.

Performance Under Vibration

The importance of RFS vibration sensitivity de-
pends very much on its operating environment
and the need for spectral purity. In general, an
RFS is less affected by vibration than an ordi-
nary crystal oscillator, whose quartz crystal res-
onator has a typical acceleration sensitivity of
1x10°/g and therefore can exhibit strong dis-
crete PM sidebands under sinusoidal vibration
or suffer significant phase noise degradation
from random vibration.

But an RFS also has a crystal oscillator (XO)
that makes it susceptible to the same mechanism
in a more complicated way. For vibration fre-
quencies well above the bandwidth of the RFS
frequency lock servo, the effect is essentially the
same. Well below that frequency, the servo acts
to eliminate the effect (assuming that the Rb
physics package itself is immune). The Rb
physics package, if ruggedly constructed, indeed
has little vibration sensitivity, mainly associated
with deflection of its light path.

There’s more to the story however. The Rb ser-
vo operates by applying deliberate FM to its mi-
crowave excitation, using the resultant recov-
ered AC signal, via synchronous detection, to
steer the XO. Thus the frequency lock loop is
very sensitive to vibrational modulation at that
particular rate (for the light beam) or twice the
modulation rate for the XO.

Finally, at low vibration frequencies, the result-
ing XO modulation can even cause a reduction
or loss of the physics package microwave exci-
tation.

You can see that this is quite a complicated top-
ic. If your RFS application involves significant
operational vibration, vendor consultation is ad-
vised. Besides a rugged unit, a low g-sensitivity
XO may be required, and/or one with active or



passive vibration isolation or the entire RFS
may need to be mounted on a vibration isolator.

Structural resonance issues have diminished as
RFS units have become smaller.

Vibration requirements can apply either under
operating or non-operating conditions, and the
former is the more stringent since electrical
power is applied and the RFS ovens are hot.
But there is generally little difference in the
severity of those conditions, and, of course, op-
eration is required to assess performance under
vibration. It is recommended that RFS vibration
testing be performed with the unit operating be-
cause that can better expose problems such as
intermittent connections.

®* Mechanical/Pyro Shock

Mechanical shock survival is a fairly common
requirement for all RFS applications. Exposure
is generally while non-operating, but can be dur-
ing operation, especially when associated with a
time error limit.

Internally, the main items are concern include
damage to quartz crystals and displacement of
physics package elements. Dislodgement of
heavy electronic components, radiation shields
and the like are also concerns, as is actual break-
age of mounting feet, etc.

The classic military shock test was to simulate
battleship naval gunfire. Other tests simulated
railcar coupling. One seldom sees those re-
quirements anymore.

Commercial and military RFS units may include
a bench handling shock requirement that simu-
lates the rough treatment it may encounter dur-
ing servicing. One hopes that space clocks are
handled more carefully!

Space RFS units usually include a pyroshock re-
quirement that describes the units exposure to
the pyrotechnics associated with rocket stage
and payload separation. Those conditions are
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generally tailored to the particular launch vehi-
cle.

Shock testing can involve actual drops into a
sandbox or hard benchtop, or shock waveforms
applied by an electrodynamic shaker.

e Acceleration

Static acceleration is hardly ever an issue for an
RFS and is seldom specified. That sensitivity of
the crystal oscillator is eliminated by its fre-
quency lock servo. One possible RFS concern
1s movement of molten Rb in the lamp, but that
rarely observed.

RFS constant acceleration testing (besides a
simple tip-over) is generally done on a large,
slow centrifuge under operating conditions, and
slip ring noise can be problem for making fre-
quency measurements.

* Acoustic Noise

Acoustic noise is seldom specified as a test con-
dition for an RFS. The effect is similar to that
of random vibration but applied as sound waves
through the air. It simulated an environment
such as a rocket launch or jet aircraft engine.
Typically this test would be conducted with the
unit operating and frequency and/or phase noise
would be measured.

* Other Environmental Tests

Explosive atmosphere is another item seldom
specified as a test condition for an RFS, and
would not be expected to pose a problem.

Similarly, Rain, Sand and Dust and Fungus tests
are rarely if ever required.



* Thermal Cycling Fatigue

An RFS that is operated intermittently is subject
to thermal cycling fatigue, especially for a unit
that has fast warm-up from a cold soak. This is
arguably the worst operating stress that RFS
units are routinely exposed to. Thermal cycling
endurance (not just on-off cycles) is an impor-
tant design verification test (DVT) requirement,
especially for military applications like tactical
aircraft. In mild form, it also can be the basis of
environmental stress screening (ESS) applied on
an individual basis by the RFS manufacturer to
assure a reliable product.

* Orientation

An RFS is, in principle, immune to static g
forces and orientation since its crystal oscilla-
tor’s acceleration sensitivity and “tip-over” ef-
fect due to its quartz crystal resonator is locked
to the atomic resonance. In practice, there can
be some RFS orientation sensitivity caused by
thermal effects, but these are generally quite
small.

* EMI

Most RFS applications impose electromagnetic
interference (EMI) requirements of some sort.
These can involve radiated and/or conducted
susceptibility or emissions. EMI requirements
are often tailored for a particular application.

An RFS has particular susceptibility to conduct-
ed interference on its DC power input at audio
frequencies associated with its frequency lock
loop servo modulation rate and harmonics there-
of. Under particular (usually contrived) condi-
tions, large frequency offsets and even unlock-
ing are possible. One needs to set realistic val-
ues for the interfering ripple level, its exact fre-
quency and phase relation with the servo modu-
lation, and the amount of allowable frequency
disturbance.

An RFS is likely to employ power switching cir-
cuits in its power supply and perhaps its oven
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controllers and those circuits are likely to pro-
duce discernable conducted emissions on its DC
power line.

An RFS is often permitted to have radiated
emissions at its RF output frequency and har-
monics thereof, but this usually associated more
with its connecting cable than the unit itself. An
RFS may also have discernable radiated emis-
sions at frequencies associated with its Rb lamp
exciter, and perhaps those involved with its RF
chain and physics package excitation. The con-
necting cables can often have a significant influ-
ence on the RFS radiated emissions since they
act as antennas.

An RFS is generally not susceptible to radiated
fields.

* Nuclear Radiation

Nuclear radiation hardening requirements apply
to most space RFS usage, some military RFS
applications and a few commercial ones. When
it is required, radiation hardening influences all
aspects of RFS specification, design, manufac-
ture and test. Expert knowledge is needed to as-
sess the environment, define the threats, analyze
and tailor the RFS design, devise overall and
spot shielding, select and screen its parts, plan
and conduct verification tests, and assure manu-
facturing compliance.

The radiation environment can be from natural
or manmade (e.g., weapons or reactor) sources,
and it can include total gamma dose, neutron
fluence, proton and other heavy particles, along
with transient X-ray exposure, and single
event/cosmic ray upsets. Each of these radiation
types affects an RFS, mainly its electronic cir-
cuits, in specific ways.

RFS response to total dose radiation involves
frequency offset and stability degradation (and
eventually gross failure).

RFS response to transient radiation involves po-
tential device upset/latchup and either “operate



through” output phase continuity' with a speci-
fied time error limit or functional recovery with-
in a specified time'*. All RFS ports with cables
attached may need hardening against system
generated EMP (SGEMP).

Fortunately, RFS radiation hardening is well-un-
derstood and can be successfully implemented
without unduly affecting its design or perfor-
mance. If fact, the detailed circuit analyses
needed provide valuable information for other
aspects of its design. Thus, when applicable, ra-
diation hardening becomes just another item of
RFS specification.

* Relativity

Any clock is subject relativistic effects includ-
ing time dilation and gravitational redshift. The
former applies to a rapidly moving clock while
the latter applies to one well above ground level,
and thus these effects are significant only for
space clocks. For example, GPS satellite clocks
have a frequency that is about +4.4x10"'° higher
in their half-synchronous (MEO) orbit. Thus a
GPS clock must be adjusted to a slightly lower
frequency while on the ground. That RFS spec-
ification will depend on its tuning means, if any.

* Phase/Frequency Jumps

Phase and/or frequency jumps can occur with
any RFS, although these disturbances are not
commonly a problem, and are not routinely
specified or tested for.

First of all, it is important to understand the rela-
tionship between these effects and how they can
be observed. Frequency is the rate of change
(the derivative) of phase. Phase is the integral
of the instantaneous frequency. RFS stability
should preferably be measured as phase because
that is the more fundamental parameter from
which the frequency can be determined by cal-
culating phase differences divided by the mea-

"> A ringing filter at the RFS output can be used to main-
tain its output during transient radiation.
14 Perhaps with time maintained by the host system
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surement interval. A short measurement inter-
val provides better resolution of any such distur-
bances.

An RFS uses a frequency lock loop (not a PLL)
to lock its crystal oscillator to the atomic reso-
nance. Many mechanisms associated with the
Rb physics package and/or the frequency lock
servo can cause a frequency fluctuation. Those
frequency changes can take the form of short
transients or permanent offsets, and the resulting
phase change can integrate to a step or a ramp.
One such mechanism is a sudden change in the
intensity and/or spectrum of the Rb lamp which,
via the light shift effect, can cause a frequency
jump. Generally speaking, only high-perfor-
mance RFS units intended for demanding appli-
cations (such as GPS satellite clocks) are
screened for such problems because they require
careful long-term observation.

Phase changes at the RFS output can also occur
without an internal frequency change due to
such effects as crystal oscillator phase “pops”,
digital glitches and/or erratic connections. Par-
ticular attention should be paid to a phase
change equal to an RF carrier period.

* Firmware and Software

Classic analog RFS designs without internal
digital processors do not require firmware, but
most modern implementations do, and while
that is mainly an internal design matter, it intro-
duces additional design review, documentation
and configuration control issues.

Externally, an RFS with a digital control and
monitor interface requires software for its user
interface. That software is generally supplied
and documented by the RFS vendor. In the case
of a space RFS, it usually interfaces with the
spacecraft control and telemetry system, which
must then be part of the RFS specifications.



* Sources

We will not attempt to comprehensively list or
compare sources for rubidium frequency stan-
dards and related devices, especially since such
information depends on many factors and
changes with time."” The source of an RFS
product can be either the actual RFS manufac-
turer or another organization that incorporates it
into their product. Because of the rather wide
range of these products, one likely begins the
process of source selection by comparing the
specifications available units against the re-
quirements. As usual, the manufacturer’s repu-
tation is a major factor, as may be their national-
ity and the potential need for export licenses, se-
curity clearances, etc. It may be necessary to
examine the vendor’s facilities and verify the
experience of their personnel. It is relatively
rare for even major RFS users to develop their
own in-house RFS designs.

Most commercial RFS requirements are satis-
fied with standard catalog products, perhaps
backed up by a specific SCD. Military RFS re-
quirements may require customization of a com-
mercial design, or even a custom design to a
user SCD. But increasingly, because commer-
cial electronic parts are so reliable, and most
RFS physics packages are quite rugged, MIL re-
quirements can be satisfied by commercial units
with little or no modification. Space RFS re-
quirements may need a custom design unless an
existing one can be utilized. Some MIL and
most space RFS programs require extensive
documentation.

Some of the considerations for RFS vendor se-
lection include:

Reputation/Past Relationship
Nationality/Location
Organizational/Financial Strength
Product Line/Experience

'3 At the time of this writing, leading U.S. RFS sources
are Excelitas, Frequency FElectronics, Microsemi, and
Stanford Research Systems. In Europe, the Orolia (Spec-
tracom, Spectratime) supplies those devices, and Ac-
cubeat does so in Israel.
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Personnel/Expertise
Manufacturing Capacity
Support/Warranty
Security Clearances
Facilities and Equipment

* Documentation/Data Items

Several types of documentation are associated
with RFS specification, design, qualification,
manufacture, test, procurement and use.

RFS specifications can take the form of standard
product datasheets to custom program-specific
source control drawings.

RFS design documentation can take the form of
proprietary product information to formal con-
tractual data items. These include program ap-
proved parts lists, a drawing package, worst
case circuit analyses, reliability/ MTBF analyses,
radiation hardening analyses, preliminary
(PDR), critical (CDR) and manufacturing readi-
ness (MRR), software and firmware code re-
views, an interface control drawing, qualifica-
tion and acceptance test plans and procedures,
product user, programming, application notes
and service manuals, etc. Certain data items
may need review and approval by multiple orga-
nizations. Formal product training may be re-
quired in some cases.

MIL specs and other such documents should not
be listed as applicable to an RFS specification
unless they are referred to and their specific
conditions provided. If possible, use the same
parameter values as given on the standard prod-
uct data sheet so as to avoid the need for special
analysis and test.

* Interface Control Drawing

The RFS documentation should include an In-
terface Control Drawing (ICD) or equivalent
that describes all aspects of the unit’s external
physical and electrical attributes, including, as
applicable, the following:


http://www.accubeat.com/
http://www.accubeat.com/
https://www.orolia.com/our-company/our-brands
https://www.thinksrs.com/
https://www.microsemi.com/
https://freqelec.com/
https://www.excelitas.com/company-profile

Case dimensions

Weight

Mounting and heat sinking

Connector types, mates, pinouts, and func-
tions

Power requirements

Output frequency, waveshape and level
Input signals and functions

Partial schematics of I/O port circuits
Monitor/BITE signals

Control communications protocol

e Hazards

No hazards are uniquely associated with RFS
manufacture or usage. The operation of an Rb
atomic clock does not depend on radioactivity.
These units do not employ high voltages and
generally do not contain any hazardous chemi-
cals. No special handing is needed, nor is any
special documentation or labeling required.

The Rb-87 isotope is very slightly radioactive,
so slightly that its half-life is longer than the age
of the universe. We are fond of saying that an
RFS has less radioactivity than a bunch of ba-
nanas'®, and radioactivity can be excluded from
an RFS specification.

* Smart Clock Techniques

Artificial intelligence has not yet been widely
applied to frequency references. Some earlier
attempts at Modular Intelligent Frequency, Time
and Time Interval (MIFTTI) and “Smart Clock”
devices were explored but did not catch on. A
GPS disciplined clock that not only sets its time
and corrects its oscillator frequency but also
learns its aging behavior certainly comes close
to being a smart clock, particularly if one added
the capability to separate out and learn environ-
mental sensitivities like temperature and baro-
metric pressure.

' An RFS contains about a milligram of Rb-87 and its ra-
dioactivity is about 20 pCi, about 1/20" of a banana.
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* GPS/GNSS Disciplining

GPS/GNSS disciplining of an RFS is a common
application that produces a traceable absolute
time and frequency reference at modest cost and
complexity. The RFS frequency is steered to
bring it into phase and frequency alignment
(synchronized and syntonized) with the
GPS/GNSS signal with a fairly long time con-
stant that optimizes the overall noise level. In
the event of loss of the GPS/GNSS signal, the
RFS provides excellent holdover stability, and
that, along with the desired phase noise, deter-
mines the RFS requirements.

Rb-based GPS disciplined oscillators (GPSDO)
are available as complete units or can be quite
easily implemented by an RFS having a 1pps in-
put and appropriate firmware.

* Ensembling/Time Scales

An RFS is rarely used as part of a clock ensem-
ble or elaborate time scale since higher-perform-
ing clock technologies (e.g., H-masers, Cs or Rb
fountains) are used in those applications. Nev-
ertheless, certain applications where very high
reliability is needed use multiple RFS units in a
phase coherent combiner. The main RFS re-
quirement for such an application would be
high-resolution digital tuning.

* Distinguishing Traits

An RFS is nearly always the best choice for a
frequency standard that requires better perfor-
mance than a crystal oscillator. At the border-
line between their capabilities where they have
similar costs, it is more practical to use the low
end of RFS technology rather than the upper end
for a frequency standard grade ovenized crystal
oscillator.

A GPS/GNSS disciplined Rb oscillator is usual-
ly the device of choice for a local time/frequen-
cy standard, providing a traceable source of ab-
solute time and frequency at modest cost and
complexity.



An RbXO, or more likely a CPT or CSAC de-
vice is the technology of choice when low pow-
er is critical, while the CSAC also offers very
small size. The performance progression of
those choices is in the order given above while
the cost varies inversely.

Distinguishing features between RFS designs
include:

Component/module/ instrument packaging
Stand alone/GPS disciplined

Crystal oscillator type/low phase noise
Servo bandwidth/dynamics

Output frequency/waveform/1 pps

Special features like user interfaces. fre-
quency synthesis, multiple O/Ps, time codes,
1 pps input

* Design Documentation

Detailed design documentation beyond that in-
cluded on a product data sheet is generally not
provided for a catalog RFS item, but such infor-
mation (e.g., a reliability analysis) may be avail-
able upon request. Complete design documen-
tation is usually part of a custom design or mili-
tary/space RFS program.

* Qualification Tests

Manufacturer-conducted qualification tests are
part of the RFS design process to assure full
compliance with its specifications. This entails
a major effort because it generally includes such
items as a stress-level reliability analysis, me-
chanical shock and vibration tests, a suite of
EMI tests, etc. Details about the QTP procedure
and results are generally not provided except for
custom designs or military/space programs.

* Acceptance Tests

Manufacturer-conducted acceptance tests are
part of every RFS delivery, although the ATP
procedure and results may not be included with
the unit. The items included in the ATP are
generally limited to those that show unit-to-unit
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variation. Because frequency aging is one of
those, and its measurement requires a period of
time for initial stabilization and data collection,
that also provides for a period of burn-in and
screening. Formal ATP processes are a part of
military/space RFS procurements. In many cas-
es, the user will conduct his own RFS accep-
tance tests, likely a subset of the vendor’s facto-
ry tests.

* Over/Under Specification

System engineers are trained to avoid both over
and under specification. The dangers of the lat-
ter are obvious, and can result in serious system
failures. But over-specification creates prob-
lems too. In general, it is best to stick with stan-
dard RFS products and their catalog specs.
Those exceeding the requirements are fine.
Those that are not necessarily will have to be
tightened. It may be possible to re-qualify a de-
sign to the needed conditions. Also, the user
may have some control over the environment
that the RFS is exposed to.

* RF'S Selection

RFS selection logically begins by considering
the application and its requirements. Some at-
tributes may not matter much (e.g., warm-up
time for a continuously-running laboratory
clock, aging for a GPS-disciplined RFS) while
others may be critical (e.g., power for a battery-
powered clock, phase noise for a microwave re-
ceiver). One can quickly decide on what cate-
gory of RFS is appropriate (e.g., a commercial
unit for low cost, a rugged MIL unit for a tacti-
cal aircraft) and zero in on the applicable ven-
dors and their products, with due consideration
given to their location and reputation. Even if
your application seems to require a custom de-
sign, these standard products will give you an
idea of what specifications are practical. Some
applications (e.g., a GNSS satellite clock) will
necessarily require a full-up procurement pro-
gram and perhaps even a new design. Obvious-
ly, vendor consultation is needed in cases like
that. Organizations that have frequent, major or



unique RFS requirements will probably need to SSTT S
establish in-house expertise regarding RFS de- Cs
vices and a close relationship with their clock gSéAC
vendor(s). DDS
DSP
DSAC
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* Acronyms and Abbreviations X0
ADEV  Allan Deviation
AC Alternating Current
AFS Atomic Frequency Standard
ATP Acceptance Test Procedure
BITE Built In Test Equipment
BPF Band Pass Filter
BTC Baseplate Temperature Controller

CDR Critical Design Review
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Commercial Off The Shelf
Coherent Population Trapping
Cesium

Chip Scale Atomic Clock

Direct Current

Direct Digital Synthesizer

Digital Signal Processing

Deep Space Atomic Clock

Design Verification Test
Electromagnetic Interference
Environmental Stress Screening
Frequency Control Symposium
Frequency Modulation

Flash X-Ray

Global Navigation Satellite System
Global Positioning System

GPS Disciplined Oscillator
Hadamard Deviation

Helium

Mercury

Interface Control Drawing

Institute of Electrical and Electronic Engineers
Input-Output

Institute of Navigation

Low Pass Filter

Low Voltage Differential Signaling
Micro Electro-Mechanical System
Medium Earth Orbit

Modular Intelligent Frequency Time & Time Interval
Military

Mean Time Between Failures
Manufacturing Readiness Review
National Institute of Standards and Technology
Oven Controlled Crystal Oscillator

OCVCXO Oven Controlled Voltage Controlled Crystal Oscillator

Preliminary Design Review

Phase Locked Loop

Phase Modulation

Pulse Per Second

Power Spectral Density

Precise Time and Time Interval
Rubidium Atomic Frequency Standard
Rubidium

Rubidium Crystal Oscillator

Radio Frequency

Rubidium Frequency Standard

Source Control Document

System Generated Electromagnetic Pulse
Step Recovery Diode

Single Sideband

Signal to Noise

Short Term Stability

Space Vehicle

Size, Weight and Power

Temperature Coefficient

Time Deviation

Time and Frequency

Transistor Transistor Logic
Ultrasonics Ferroelectrics and Frequency Control
Ultra High Frequency

Voltage Controlled Crystal Oscillator
Very High Frequency

Voltage Standing Wave Ratio

Crystal Oscillator
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Appendix A

Examples of Conventional, CPT and CSAC
Commercial Gas Cell Frequency Standard Specifications

These products are current examples of commercial atomic clocks: a Stanford Research Systems PRS-
10 conventional rubidium frequency standard, an AccuBeat NAC1 commercial Rb atomic clock using
coherent population trapping (CPT), and a Microsemi SA.45s chip-scale atomic clock that uses a minia-
ture Cs gas cell. These datasheets were captured from their respective manufacturer’s web sites in Janu-
ary 2020.

Conventional commercial RFS units have 1-second ADEV stabilities on the order of 1x10"". The Ac-
cuBeat CPT unit has a specified STS of 2x107'°, an order of magnitude worse than a typical conventional
RFS, but it is smaller and has lower power dissipation.

The CSAC unit has a specified 1-second STS of 3x10-10, slightly worse than the AccuBeat CPT unit. It
has a much smaller size and power dissipation than a conventional RFS. Lower phase noise and space
qualified versions of this CSAC are available.

Information about past conventional RFS units and their specifications can be found by searching the in-
ternet for such products as FRK, FRS, LPRO, and X-72.

Note: The examples of gas cell atomic clock specifications in Appendices A-C include current products

from most major U.S. and European manufacturers: AccuBeat, Excelitas, Frequency Electronics, Mi-
crosemi, Orolia and Stanford Research Systems.
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Frequency Standards NG

PRS10 — Rubidium frequency standard with low phase noise

PRS 10 Rubidium Frequency Standard——

The PRSI0 is an ultra-low phase noise, 10 MHz rubidium-

« Low phase noise disciplined crystal oscillator. The device fulfills a variety
{<—130 dBc/Hz at T0Hz) of communication, synchronization and instrumentation
requirements. The phase noise of the 10 MHz output is low

. Time-tags oF phas e-locks enough to be used as the reference source for synthesizers. The

unit’s short-term stability and low environmental coefficients
make it an ideal component for network synchronization. Its
low aging rate makes it an excellent timebase for precision

to a 1 pps input

Q 72 hou.l‘ Stratum 1 'eve’ ho’dovel‘ frequency measurements.
+ RS-232 for diagnostics, control and The PRS10 can time-tag an external 1 pps input with 1 ns
calibration resolution. These values may be reported back via RS-232, or

used to phase-lock the unit to an external reference (such as
2 GPS) with time constants of several hours. This feature can
20 Year ’amp life provide Stratum 1 performance at a very low cost.
The PRS10 establishes a new level of features and performance
in atomic frequency standards. Its design provides the lowest
phase noise, greatest versatility, and easiest path to system
integration of any rubidium frequency standard available.

PRS10 Operation and Design

All commercial rubidium frequency standards operate by
disciplining a crystal oscillator to the hyperfine transition at
6.834,682,612 GHz in rubidium. The amount of light from
a rubidium discharge lamp that reaches a photodetector
«PRS10... $1495 ws st thrqu_gh a resonance cell will drop b_y about 0.1 % When the
rubidium vapor in the resonance cell is exposed to microwave

4‘SRS Stanford Research Systems phone: (408)744-9040

www.thinkSRS.com
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PRS 10 Rubidium Frequency Standard

power near the transition frequency. The crystal oscillator is
stabilized to the rubidium transition by detecting the light dip
while sweeping an RF frequency synthesizer (referenced to
the crystal) through the transition frequency.

PRS10 physics package and lamp assembly

The PRS10 uses a microcontroller, clocked at 10 MHz, to
control all aspects of operation and to allow diagnostics,
measurement, and closed case calibration via an RS-232
interface. The processor sweeps the RF synthesizer,
synchronously detects the optical signal from the physics
package, and servos the 10 MHz crystal oscillator to the
rubidium transition via a 22-bit DAC and a varactor.

When turned on, the processor applies a voltage to the varactor
corresponding to the last locked value. The frequency-lock
servo is disabled until a useful resonance signal is detected
from the physics package, providing a smooth transition to the

PRS10 block diagram

final frequency as the unit warms up. In the case of'a problem
with the physics package, the unit will suspend the frequency
servo and hold the varactor voltage at the last locked value.

Manufacturers of rubidium frequency standards sometimes
use a crystal frequency that is an exact sub-multiple of the
hyperfine transition frequency in order to simplify the design
of the RF frequency synthesizer. Some designs use a DDS
synthesizer, clocked by the crystal, to generate the 10 MHz
output. Often, the crystal frequency is modulated in order to
sweep the synthesizer through the transition frequency. The
crystals are usually operated in the fundamental mode and not
temperature stabilized. While such approaches are simpler to
design, the phase noise, short-term stability, and spur content
of their outputs suffer.

In contrast, the 10 MHz output from a PRS10 comes directly
from a 3t overtone, stress-compensated (SC-cut) crystal
oscillator operated in an oven at its plateau temperature. A

PRS10 Single Side Band Phase Noise
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Frequency Offset from Carrier (Hz)

dual-loop RF synthesizer, with a crystal IF at 22.482 MHz, is
used to generate 359.72 MHz and make 6.834 GHz via a step
recovery diode. There are several advantages to this approach:
the phase noise is very low (<—130 dBe/Hz (@ 10 Hz offset),
there are no spurious components, and the output will be well
behaved should the physics package fail to provide a lock
signal. (The aging will be about 5 x 107"°/day when not locked
to rubidium.) The phase noise plot of a PRS10 shows a 42 dB
reduction in phase noise at 10 Hz offset from the carrier at
10 MHz when compared to a conventional rubidium standard.

Historically, the lifetime of rubidium frequency standards has
been dominated by rubidium depletion in the discharge lamp.
To avoid excess flicker noise, manufacturers would load
less than 100 pug of rubidium into spherical discharge lamps.
The PRS10 uses a lamp with a side arm loaded with 1 mg
of rubidium. This design eliminates rubidium depletion as a
failure mechanism, and provides better temperature control
without excess flicker noise.

445RS Stanford Research Systems
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PRS 10 Rubidium Frequency Standard

GPS Tracking

Frequency offsets and long-term aging of the PRS10 can be
eliminated by phase-locking to a source with better long-term
stability, such as the 1 pps from a GPS timing receiver. As

10,000

GPS 1pps

\ Free Aunning PAS10
100
\Hsmmcked 10 GPS
‘ \

U—f'

© 100

L
g

oot Allan Yariance (Parts in 102

1,000 10,000 100,000 1,000,000

Cbsenvation Interval in Seconds

PRS10 Allan variance plot

shown in the Allan variance plot, the short-term stability of
GPS is poor (about 5,000 % 107'%) compared to the stability
of the PRSI0 (about 5 > 107'%). However, over several hours,
GPS is more stable, and so the stability can be improved by
phase-locking the PRS10 to GPS with a long time constant.

The PRSI0 can time-tag or phase-lock to a 1 pps input, and
provides a slewable 1 pps output. The input can be time-
tagged with 1 ns resolution, and the result may be read back
via the RS-232 interface. When tracking an external input, the
time constant can be set from 5 minutes to 18 hours. The 1 pps
output may be moved with 1 ns reselution over the range of
0 to 999,999,999 ns via the RS-232 interface.

When an external 1 pps signal is applied, the PRS10 will verify
the integrity of that input and will then align its 1 pps output
with the external input. The processor will continue to track the
1 pps output to the 1 pps input by controlling the frequency of
the rubidium transition with a small magnetic field adjustment
inside the resonance cell.

Standard Interface Connector

The interface comnector and deviee form-factor are compatible
with Efratom’s Model FRS rubidium frequency standard. In
its default configuration, the PRS10 uses pins #4 and #7 for
the RS-232 interface to provide a complete set of systems
diagnostics and control. Internal hardware jumpers allow these
pins to be configured as analog outputs to momnitor the lamp
intensity and varactor voltage for complete compatibility with
the FRS.

Assembled PRSI0

Ordering information

PRS10 10 MHz rubidium oscillator $1495

Option C Low monthly aging (<2.5x 107 $495

PREB Breakout connector board $150

PRPS 24 VDC switching power supply $150

PRHS Benchtop heat sink $100

PRBB Breakout Connector Board PRMC D-type mating connector $50
4‘SRS Stanford Research Systems phone: (408)744-9040
www.thinkSRS.com
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PRS 10 Specifications

Output

Output frequency

Amplitude

Phase noise (SSB)

Spurious

10 MHz sine wave
0.5Vims, £10%
<-130dBc¢/Hz (10 Hz)
<—140dBc/Hz (100 Hz)
<-130dBc (100kHz BW)

Protection
RF protection

Cal reference out

RS-232

1 pps measurement

at 25°C (Note 1)

+30VDC to any pin except rf out
100 mA (stable w/ any termination)
5.00+0.05VDC

9600 baud, 8 bits, no parity, 1 stop bit,
0to 5V levels with X-on/X-off protocol
+10ns (accuracy), £1ns (resolution)

Harmonic distortion <-25dBc 1 pps output set +10ns (accuracy), +1ns (resolution)
Return loss >25dB (at 10MHz)
Accuracy at shipment  +£5<107" Environmental
Aging (after 30 days)
Monthly <5x107" (<2.5x 107" with opt. C) Operating temperature  —20°C to +65°C (baseplate)
Yearly <5x 107" Temperature stability — +1x<107'% (-20°C to +65°C baseplate)
Short-term stability <2x107 (18 Storage temperature  —55°C to +85°C
(Allan variance)  <1x 107" (10s) Magnetic field <2x 107 for 1 Gauss field reversal
<2x 1077 (1005) Relative humidity 95 % (non-condensing)
Holdover 72 hour Stratum 1 level
Frequency retrace +£5% 107" (72 hrs. off, then 72 hrs. on) Miscellaneous
Settability <5x 1077
Trim range £2x107 (0 to 5VDC) Design life? 20 y13.
+] ppm (via RS-232) Size 2.00" x3.00" » 4.00" (HWD)
Warm-up time <6 minutes (time to lock) Weight 1.321bs.
<7 minutes (time to 1 x107) Baseplate threads 4-40 (4 places)
Voltage sensitivity <2x 107" {1 VDC supply change) Connector Mates with ITT/Cannon
DAMI11WI1S series
Electrical Warranty One year parts and labor on defects
in materials and workmanship
Input voltage +24VDC (nom.), +22 VDC (min.),
+30VDC (max) 1.Low [OUCHTET) apti.on is avail_ahle. _Cnn.tact facto.ry fn.r detai.ls.
Curzent 224 (rammeup), 0.6 A (steady-state) | LoLam® e e domnt emsnion e e 15 it e
of lamp start voltage with time.
4.00
; 360 . 2.00
1 1 D — |
i o C= 020 TVP
- =z
g £
> BOTTOM VIEW —_— l—0.144 T3
o 2 | = END VIEW
= BASEPLATE b
=3 @ E
=
= O C 0.30

L FREQUENCY ADJUSTMENT

MOUNTING HOLES
#4-40 UNC -2B X 0.25 DEEP (4 PLACES)

NOTE: ALL DIMENSIONS IN INCHES .

PRSI0 dimensional drawing

6 1
1.03 |

—]

CONNECTOR MATES WITH

1. POSITRONIC CBM11W1F2
WITH COAX INSERT MS104D

2. CANNON DAM11W1S

WITH COAX INSERT DM537-5000

445RS Stanford Research Systems
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cAccuBeatj

Accurgte Frequency & TM®

Rubidium Frequency Standard
NAC1 - Nano Atomic Clock

SPECIFICATIONS

Key Features

< Phase noise (floot). -150dBc / Hz

% Power Consumption. < 1.2W

s Size: 32cc (41.1mm X 35.8mm X 22 mm)
s Aging: <3E-10/month

% Temp Stability: +1E-9/-20°C to 65°C

% Outputs: 10 MHz , 1PPS

< Supply voltage: 3.3 VDC
« UART interface for monitoring and control

s ROHS Compliant

The NAC1 is the newest and smallest addition to AccuBeat's line of Rubidium
Freguency Standards. Incorporating proven traditional glass technology and based
oh Coherent Population Trapping (CPT), the NAC1 is an extremely small and
compact atomic clock that has been designed as a board mounted component.
NAC1 provides 10 MHz and 1PPS outputs and short term stability (Allan Deviation)
of 2E-11 @ 100 seconds with aging of 3E-10/month at 25°C. The NAC1 has a UART
interface for monitoring and control, a Built in Test (BIT) output and a warm-up time
of typically 180 seconds. Measuring just 41.1mm X 35.8mm X 22mm and weighing
only 75 grams and with a power consumption of less than 1.2 Watts, the new NAC1
is a Rubidium atomic clock especially suitable and designed for a wide range of
portable applications.

Applications:

The NAC1 is specifically designed for low power applications such as:

3

» GPSreceivers

» UAV'S

» Autonomous sensors

» Backpack secure communication radios.

53

£

o

ZD15015 Rev B4- NAC1 Specification 02.08 2018
SPECIFICATIONS ARE SUBJECT TO CHANGE WITHOUT WOTICE. THE BINDING SPECIFICATIONS ARE ONLY THOSE STATED IN OUR
QUOTATION/PROPOSAL/CONTRACT
http: /Ay accubeat.com
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<AccuBeatj

Accurate Frequency & TN®

Inputs & Outputs

10MHz .
Output CMOS compatible, 3.3V@ 1MQ2

1PPS CMOS compatible, 3.3v@ 1MQ
Output  Rise/ Fall time: <10 ns, Pulse width: 20 ps f )

1PPS 33VDC, 10MHz

CMOS, 3.3v@1MQ
Input 1PPS IN 1PPS OUT
Builtin = CMOS compatible, 3.3V@ 1MQ ——» NAC1
test (BIT) '0' = Normal operation, '1' = Alarm
BIT cOoM
Power 3 340.1vDC - .
input
. Control and monitor interface
Serial

Comm. @ UART format, CMOS compatible, 3.3V@ 1M{,
115200BFPS

Physical Specifications

Size 41 1mm X 35.8mm X 22mm

Weight <75g
S —
r N
— o —
o o —
= —
== o —1
83, o o — —
v &8 o)
Ao S
© o] —— —
0
(=]
9
A v, A
e 33.00[1.30} - de——22.00 [0.87} 4.85 [0.19]
e 410 [162——————d

ZD15015 Rev B4- NAC1 Specification 02.08 2018
SPECIFICATIONS ARE SUBJECT TO CHANGE WITHOUT WOTICE. THE BINDING SPECIFICATIONS ARE ONLY THOSE STATED IN OUR
QUOTATION/PROPOSAL/CONTRACT
http: /Ay accubeat.com
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cAccuBeatj

Accurgte Frequency & TM®

STANDARD PRODUCT SPECIFICATIONS

Performance

N < 2E-10 @ TAU = 1sec
Stability < =

L. 8E-11 @ TAU = 10sec
(Allan Deviation) < 2E-11 @ TAU = 100sec

<-86 dBc/Hz @ 10Hz
<-120 dBefHz @ 100Hz
<-138 dBc/Hz @ 1kHz
<-143 dBc/Hz @ 10kHz
<-148 dBcfHz @ 100kHz
<-150 dBc/Hz @ Floor

Aging* < 3E-10/ month
Frequency < 1E-9 / year

Maximum frequency
change over operating +1E-9 (-20°C 1o 65°C)
temperature range

Phase Noise

Digital Tuning
(Through Serial
communication)

Range: +2E-8
Resolution: 7.6E-13

Initial offset at shipment +H5E-11

Li"‘e 1PPS Sync. +100nsec
ccuracy
Wam-up Time

AL (Time to BIT) 180s (TYp)
et peration
C ti

onsumption TR TeiTT- < 2 4N
Storage -40°C to +90°C
Temperature
gloe(:rl::?nage -40°C to 85°C but the clock is locked at
: P g -20°C to 65°C only
emperature

*After 30 days of continues operation

All specifications at 25°C, Vce =3.3VDC unless otherwise specified

ZD15015 Rev B4- NAC1 Specification 02.08 2018
SPECIFICATIONS ARE SUBJECT TO CHANGE WITHOUT WOTICE. THE BINDING SPECIFICATIONS ARE ONLY THOSE STATED IN OUR
QUOTATION/PROPOSAL/CONTRACT
http: /Ay accubeat.com
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Frequency and Timing

SA.45s CSAC and RoHS CSAC Options 001 and 003

Chip-Scale Atomic Clock

Features

*  Power consumption <120 mwW

¢ |essthan 17 cc volume,
1.6" x1.39" x 0.45"

+ 10 MHz CMOS-compatible output

* 1PPS output and 1PPS input for
synchronization

* RS-232 interface for monitoring and
control

* Short term stability (Allan Deviation) of
3.0x10"atT=1 sec

Applications’
GPS receivers
Backpack radios
Anti-IED jamming systems
Autonomous sensor netwarks
Unmanned vehides
Underwaler sensor systems
Stability for various other
communication and fransmission
applications
*  RoHS-Compliant CSAC
*  RoHS 2 (Directive 2011/65/EU)
*  Wide storage temperature: 100 °C

The CSAC is not tested, qualified, or rated for space applications.

www.microchip.com

With an extremely low power consump-
tion of <120 mW and a volurme of

<17 ¢¢, the Microchip SA.45s Chip
Scale Atomic Clock (CSAC) brings the
accuracy and stability of an atomic
clock to portable applications for the
first time. The CSAC is also available in
a RoHS-compliant form.

The SA.45s provides RF and 1PPS
outputs at standard CMOS levels, with
short-term stability (Allan Deviation) of
3.0x 107" att =1 sec, typical longterm
aging of <8 x 107""/month, and maxi-
mum frequency change of £5 x 107"
over an operating temperature range of
-10°Cto 70 °C.

The SA.45s CSAC acceptsa 1PPS
input that may be used to synchronize
the unit's 1PPS output to an external
reference clock with £100 ns accuracy.
It also use the 1PPS input to discipline
its phase and frequency to within 1 ns
and 1.0 x 1072, respectively.

28

A standard CMOS-level RS-232 serial
interface is built in to the SA.45s. This
is used to control and calibrate the unit
and also to provide a comprehensive
set of status monitors. The interface is
also used to set and read the CSAC's
internal time-of-day clock.

@ MICROCHIP



Specifications’

Electrical

Frequency

Format
Amplitude

Load Impedance
Quantity

10 MHz (option 001)
16.384 MHz (option 003)

CMOS
OV1to Ve
1 MQ

1

1PPS Output

Rise/fall Time (10%-90%)
at Load Capacitance 10 pF
Pulse Width

Level

Logic High (V) Min
Logic Low (Vo) Max
Load Impedance
Quantity

<10ns

100 ps (Option 001)
97.856 ps (Option 003)
OV 10 Voo

280V

0.30 V

1 MO

1

1PPS Input
Format

Low Level

High Level

Load Impedance
Quantity

Serial Communications

Rising edge
<05V
25V 1oV
1 M0

1

Protocol

Format

Tx/Rx Impedance
Baud Rate

RS-232
CMOS OV 10 Vaq
1 MO

57600

Built-In Test Equipment (BITE) Output

Format
Load Impedance

Logic

CMOS OV 10 Yag
1 MQ

0= Normal operation
1=Alarm

Power Input
Operating
Warmup

Input Voltage (V)

<120 mW
<140 mW
33+ 0.1 Vg

At input voltage Voo = 3.3 Voo and ambient temperature = 25 °C, unless otherwise specified.

Environmental

Details

=10 °C 1o 70 °C

Specification
Operating Temperature

Maximum Frequency Change over

Operating Temp Range (Maximum +5 x 107
Rate of Change 0.5 °C per Minute)
Frequency Change Over
Allowable Input Yoltage Range

Magnetic sensitivity (2.0 Gauss)

+4 % 107"

+0 x 107"/Gauss

Compliant to FCC part 186,
Class B, when mounted properly
onto host PCB

Maintains lock under MIL-STD-

Radiated Emissions

Vibration 810G, Operational, 7.7 Qg Per
Figure 514.7E-1. Category 24
0L 0, ! -
Humidity 0%-956% RH per MIL-STD-810,

Method 507.4

Storage and Transport (Non-operating)

—56 °C 10 85 °C

—56 °C 10 100 °C
MIL-STD-810G, 7.7 Gps BT
Figure 614 .7E-1. Category 24
MIL-STD-202-213A, Condition E,
1000 g

Temperature
Temperature (RoHS-Compliant)

Vibration
Shock

Performance Parameters

Specification Details

<180 s

Range: 2.2 x 107
Rasolution: 1 x 107"

Input: 0 V=-2.5 V into 100 k(O
Range: +1 x 10
Resolution: 1 x 107"

Warm-up Time
Analog Tuning

Digital Tuning

Phase Noise {SSB)

Frequency Option 001 Option 003

1 Hz <—50 dBc/Hz «—46 dBc/Hz
10 Hz <—70 dBc/Hz <-66 dBc/Hz
100 Hz <113 dBc/Hz <=104 dBec/Hz
1 kHz <128 dBc/Hz <128 dBe/Hz
10 kHz <1356 dBc/Hz <~13& dBe/Hz
100 kHz <140 dBc/Hz <140 dBc/Hz

Frequency Accuracy

Maximum Offset at Shipment +5 x 107"

Maximum Retrace

=10
(48 hrs OFf) 4510

www.microchip.com

1 PPS Sync

+100 ns

@ MICROCHIP
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Ordering Information

2 3
Type SA.45s Part Number Description 'C:)utput
requency
Monthly sl Chip-scale atomic clock option
Yearly Jrp— 090-02984-001 o1 10 MHz
2after 30 days of continuous operation. . g
. ‘ ‘ ‘ 090-02984-003 Chip-scale atomic clock option 16284 MHz
Al CSAC units are tested for aging specs as per the datasheet and meet the specs at the time o3
of shipment. However, continuous operation of CSAC over extended period of ime may yield " 7
unpredictable aging performance, resulting in failure to meet the aging specs and may not be 090-03240-001 RoHS-compliant chip-scele 10 MHz
suitable for certain applications atomic clock option 001
RoHS-compliant chip-scale
T P 090-03240-003 - 16.384 MHz
Short-Term Stability (Allan Deviation) atomic clock option 003
Type SA.45s
T=1s 3x 107"
T=10s 1% 107
T=100s 3xio
T=1000s 1% 10"
Physical
Type SA.45s
Weight <36 gl(<1.23 0z
Size 1.8" % 1.39" x 0.45"
MTBF >100,000 hours
RoHS RoHS 2 (Directive 2011/85/EU)
Solder

Type Details

Hand solder using 63/37 tin/lead solder with
maximum soldering tip of 329 °C (825 °F)
Hand solder using 96.6/3/0.6 tin/silver/copper
RoHS-Compliant with maximum solder tip temperature of 370 °C
(698 °F) and a dwell time of <& s.

Standard

The Microchip name and logo and the Microchip logo are registered trademarks of Microchip Technelogy Incorpermted in the U S.A, and ather countries, All other trademarks mentioned herein are property of their respective
companies.
@ 2019, Microchip Technology Incorporated. Al Rights Resenved. 3719 ©00-00744-000 Rev E DS00002085A

www.microchip.com @ MICROCHIP
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Appendix B

Example of a MIL Rubidium Frequency Standard Specification

This example of a current MIL RFS is the Microchip 8200 module for ground tactical, shipboard and
airborne applications. Its datasheet was captured from the Microchip web site in January 2020. Distin-
guishing features include a wide range of environmental hardening and a sealed case. It offers an excel-
lent combination of package, performance and ruggedness.

Information about past MIL RFS units and their specifications can be found by searching the internet for
such products as M-100, RFS-10, RFS-100, RFS-3000, TRFS and 8130A.
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Frequency and Timing

8200

Ruggedized Rubidium Oscillator

Summary

The 8200 is a ruggedized rubidium osillator designed for ground tactical,
shipboard and airborne applications where superior frequency stability under
diverse environmental conditions is required. Advanced communications,
navigation and targeting systems require precision oscillators that can with-
stand a wicle range of operating environments with minimal degradation in
frequency accuracy and stability. The 8200 supports these applications with
superior phase noise and excellent short and long term frequency stability.

The 8200 is unique as it combines short and long term frequency stability in
a small and low profile package measuring less than one inch high.

The long life rubidium lamp and extended crystal control range of the 8200

helps extend operating periods and minimize maintenance intervals. An alarm signal derived from the basic physics operation
indicates if the output frequency is roughly outside 5 x 107 of absolute frequency offset. The low temperature coefficient and
excellent frequency stability facilitate extended holdover performance.

The height and footprint is ideal for low profile applications. Use of a filtered D-connector for YO signals minimizes EMI emmis-
sions and susceptibility. For ease of integration, the 8200 only needs one input supply voltage and allow direct plug-in into another
circuit board.

The 8200 is designed around proven rubidium technology that has been deployed in numerous airborne, shipboard and ground
tactical platforms for over thirty years.

Features

e 10 MHz output

e Hermetically sealed

e Shock or vibration hardened
e Digital monitor and control

e <1.0inches high

www.microchip.com @ MICROCHIP
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Specifications

Electrical
Frequency 10 MHz
Format Sinewave
Amplitude 0.7V rms nominal

Load impedence 500 at 10 MHz

Output connactor SMA {f)
Quantity One
Performance

Phase Noise (SSB), £(f)

1 Hz <72 dBe/Hz
10 Hz <-90 dBe/Hz
100 Hz <-128 dBorHz
1 kHz <-140 dBo/Hz
10 kHz <-148 dBc/Hz

Spectral Purity

Harmonics <-50dBc

<70 dBc (<150 MHz)
<-80 dBc (=150 MHz)

Non-harmeonics

Short term stability oy (1) (Allan deviation)

Time Allan Deviation
1s =3 x 107"
10s =1 x 107"
100s =3 x 107"

Monthiy* 5% 107"

*After 1 month of operation

www.microchip.com

Frequency Characte

I

Accuracy at shipment <£5 x 107" (25 °C)

Retrace <+5x 107" {on-off-on: 24 hour, 24 hour, 24 hr at 25°C)

Voltage sensitivity (10% voltage change from normal 28 ¥dc) <6 x 107%

Tempco <3x10™ (over operational temperature range)

11

Orientation sensitivity <5 x 107" for any crientation

Pressure sensitivity <1 % 10" mbar

Magnetic field

=1
sensttivity de (=2 Gauss) =+4 x 107" Gauss

Frequency Control

With analog input (optional) +6.5 x 107, 0-5V into 5 kO

With digital input 1 x10° {with resolution 1 % TO"Z)

Warm-up Time

Time to lock <8 min ~40°C)

Timeto <1 x 107 <10 min (-40°C)

Input Power

Warm-up <20 W (28Y, —40°C baseplate)
<16 W (28Y, —40°C baseplate)
Operating <12 W (28V¥, 25°C baseplate)

<B W (28V, B0°C baseplate)

Input voltage range 15 Vdgs to 32 Vdo

Health Monitoring

Lock status (BITE)

TTL low Lock

TTL high Lnlock

RS-232 controlfmonitor interface. Provides ID, status/monitor information,
and frequency/operating parameter adjustments. Protocal: 9600, 8, 1, none,
no flow control

@ MICROCHIP
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Environmental and Physical

Relative humidity (operating) 010 95% RH per MIL-STD-810, Method 507.4
Salt fog MIL-STD-810, Method 509.4
Operating Temperature —40°C to 80°C baseplate
Storage Temperature -55°C to 85°C
Thermal shock (non-operating) MIL-8TD-202, Method 107, Test condition A, 10 cycles -55°C to 85°C
Operating Aftitude Sealevel to 40,000" (12,192 m)
Non-operating Altitude Sealevel to 80,000" (24,384 m)
Operating Vibration MIL-STD-810, Method 514.5, Procedure | Category 24, Minimum Integrity, 7.7 grms at 0.04 g2/Hz 20 Hz 1 kHz, 15 min/axis (maintain lock)
Non-operating Vibration MIL-STD-810, Method 514.5, Procedure | Category 24, Minimum Integrity, 15.4 grms at 0.18 g2/Hz 20 Hz 1 kHz, 30 min/axis
Operating Shock MIL-STD-202, Method 213 30 g, 11 ms, half-sine (maintain lock)
Non-operating Shock MIL-STD-202, Method 213 50g, 11 ms, half-sine
Emissions MIL-STD-461 CE102, RE102
Susceptibility MIL-STD-461 C&101, C5114, RE103
MTBF Reliability MIL-HDBK-217F, 76000 hours. Ground fixed at 40°C baseplate
On-0Off cycling endurance Reliability 5000 cycles at 10°C baseplate
Input Connector DB-15-pin Input power, meonitering and VO
Height 0.95"
Width 4"
Depth 4.63"
Volume 17.6 in®
Weight <1.5 lbs
Connector Designation Part Number
1 Power In 16052-101 8200 Rb Oscillator, 10 MHz
2 Power In
3 D_OUT (RS232)
4 GND
5 GND
8 NG
7 Lock
8 GND
9 NG
10 D_In (RS2232)
11 Freq Ctrl (Opticnal)
12 GND
13 NC
14 Service
15 GND
J2 SMA plug MIL-PRF-39012 RF Qut

For More Information

WWw. MICrosemi.com

The Microchip name and logo and the Microchip logo are registered trmdemarks of Microchip Technelogy Incorpomted in the U.S.A, and other countries, All other trademarks mentioned herein are property of their respective
companis
@ 2019, Microchip Technology Incorporated. Al Rights Resenved. 5/19 900-00660-000 rev B DS00003065A

www.microchip.com @ MIcrocHIP
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Appendix C

Examples of High-Performance Space-Qualified Rubidium Clock Specifications

These Rubidium Atomic Frequency Standard Data Sheets from Excelitas, Frequency Electronics, and
Spectratime/Orolia were captured in January 2020 from their respective web sites. These units are rep-
resentative of the Rb clocks used on-board the GPS and Galileo navigation satellites.

Space RFS designs tend to emphasize performance and reliability, and, of course, must to radiation
hardened. Otherwise, space is a relatively benign environment for a Rb clock. Most current space RFS
applications are for GNSS systems like GPS and Galileo, and their generic datasheet specifications are
usually superseded by program-specific SCDs.

GNSS systems generally involve close control of their onboard clocks and supply daily updates, thereby
emphasizing their 1-day stabilities. An RAFS having a pure white FM noise characteristic at a 1x10"t"
2 1evel would have a 24-hour rime deviation (TDEV) of only about 0.1 ns corresponding to a clock-in-
duced navigation error of about 0.03 m, typically small compared with other factors.

GNSS Rb clocks commonly include integral baseplate temperature controllers to reduce their tempera-
ture sensitivity to negligibility. That also allows their performance and testing to emphasize that thermal
operating condition.

GPS clock stability is commonly expressed using the Hadamard deviation (HDEV) because it ignores
the effect of linear frequency drift that is largely removed by the system. RFS drift tends to diminish
over time, and its early stabilization is often well modeled by a diffusion (V time) fit. The HDEV stabil-
ity plot shown for an actual Excelitas GPS III RAFS was from a 1-month factory ATP run where that
model was used to remove its early aging.
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Frequency Standards

High-Performance Space-Qualified
Rubidium Atomic Frequency Standard
(RAFS)

Key Features

High-Stability: 2¢10-" at T = 1 second
Low Power: < 14 watts

Low Drift: < 5x10-14/day
High-Reliability: 700,000 Hr MTEF
Fully Space-Qualified

Radiation Hardened

Megligible Environmental

Sensitivities

« 5mall 5ize; 5.0" x 8.5" x6.0"

»  LowWeight: < 14 lbs.

Applications

= (lobal Navigation Sateflite
Systems (GNSS)

The Excelitas Rubidium Atomic Frequency Standard (RAFS) is an exceptionally High-Performance and High-Reliability Space-Qualified rubidium

(Rbj} dlock developed for Global Navigational Satellite Systems. It is the highest performance device of this type currently available, combining
exceptional stability and bow drift with negligible environmental sensitivity, while offering the low size, weight and power advantages of a rubidium
frequency standard. The design has been fully documented and qualified for all space reguirements, including radiation. The RAFS offers exceptional
performance as a precise time and frequency reference for demanding applications.

The RAFS employs dassical rubidium gas cell atomic frequency standard principles. It utilizes a physics package with a discrete isotopic filter cedl for
best stability. The relatively large, cool absorption cell and thin film spectral filter provide exceptionally high signal-to-noise ratio and exceilent short
term stability. Calorimetric Rb lamp process control and screening assures long life. The "natural frequency”™ output of 13.4 MHz permits the use of
a low complexity, single loop design for improved reliability. Operation at low fixed magnetic bias field improves stability and reduces magnetic and
radiation sensitivity. An integral baseplate temperature controller greatly redices the overall temperature sensitivity by utilizing a thermal insulator
that can be tailored to meet various panel operating temperatures. While the RAFS may be operated in air, operating in a vacuum environment that
eliminates barometric sensitivity, the extremely low temperature, magnetic, radiation and voltage sensitivities mean that the unit has extremely low
sensitivity to all environmental effects, providing a very low flicker fioor. The low aging rate of <5x10-fday i exceptionally smooth and modelable
using either a log or diffusion fit to the data.

A crystal osdllator at nominal 13.4 MHz produces the output signal via an cutput amplifier. This RF output path is hardened against transient
radiation. The 13.4 MHz crystal oscillator also excites the Rb physics package via 2 phase modulator and frequency muitiplier chain. This produces
a discriminator signal that is processed by a servo amplifier to lock the crystal csdllator to the Rb atomic resonance. Temperature controllers, a lamp
exdter and a predision C-field source support the operation of the physics package, while a dofdc converter and finear regulators provide power for
the RAFS drcuits. An integral controller stabilizes the RAFS baseplate temperature and several analog monitors are available to assess the operation
of the unit.

ERXCELITAS

TECHNOLOGIES

www.excelitas.com
5pece Qualified RAFS, Page 1 of 4
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High-Performance Space-Qualified
Rubidium Atomic Frequency Standard

TABLE 1 Specifications

Input Power 28.0VDC = 4.0VDC
= 39 W total steady-state with BTC
= 14W basic clock at +45°C baseplate
< 65 W during warm-up

Warm-up < 1 hour to + 2x10™

Monitors 0 to +5VDC, 5k source impedance

TAELE 2 Baseplate Temperature Controller (BTC)

Set-Point +45°C £ 1°C
Stabilization Factor integral controller
Thermal Insulator 0.7WreC
Heater Demand Power < 28W
TABLE 3 Outputs
RF Qutput 13.40134393 MHz Sinewave
+18dBm +1.5dB
All harmanics < 50 dBc
All spurious <-85dBc(f <f<2f)
<-50dBc (2f <f=<3f)
Analog Monitors Lock, Light, Signal, VCX0, Baseplate Temperature (2}
Ovens (3), Power Supplies (4), ALC, C-Field, BTC
TABLE 4 Frequency

MNominal Frequency

13.40134393 MHz

Accuracy = 1x10° at shipment
Trim Range None (Fixed C-Field)
Stability ay(t) < 1072 12 4 2%10™ (1 = T < 10° seconds, drift removed)
Drift < 1x10%/day at BOL operation
= 5x10"%/day after 1 year of continuous operation
Phase Noise, fi(f) = -95 dB/Hz at f = 1 Hz, decreasing at -10 dB/decade to f = 100 kHz
Temperature Sensitivity = 2103 C typical w/o BTC, below noise level for + 1.5°C with BTC
Voltage Sensitivity < 3x107" for 25.5VDC to 28.0VDC
Magnetic Sensitivity < 1x10"%/Gauss
Barometric Sensitivity = 1x10"¥/mbar typical
Retrace < 5x10" (to same environmental conditions)

www.excelitas.com

Space Qualfied RAFS, Page 2 of &
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High-Performance Space-Qualified

Rubidium Atomic Frequency Standard
|

TABLE 5 Environmental Specifications

Operating Temperatura Full performance with BTC range between -4°C and +21°C panel temperatura.
Functional between -20°C to +45°C panel temperature.

Storage Temperature -34°C 1o +71°C

Altitude 5ea level to vacuum

Vibration 12.4g rms, 20 Hz to 2 kHz

Pyroshock 1500 g max to 10 kHz

Thermal Cyding -34°C o +71°C

Acceleration 20q

Radiation Hardened to withstand natural and manmade space environments, including phase-
continuous operation through transient radiation

EMI Per MIL-STD-461E

EMP / SGEMP Hardened to withstand

On-0ff cydling endurance = 1000 cycles

FIGURE 1 Typical Performance

Typical Frequency Stabdity

Typical Aging
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High-Performance Space-Qualified

Rubidium Atomic Frequency Standard

FIGURE 2 Block Diagram/Mechanical
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About Excelitas Technologies

Excelitas Technologies is 3 global technology leader focused on delivering innovative, customized solutions to meet
the lighting, detection, enargetic, frequency standards and high-reliability power needs of OEM customers.

From aerospace and defiense applications to industrial, safety and security, medical lighting, analytical instrumentation, and dinical
diagnostics, Excelitas Technologies is committed to enabling our customers’ success in their specialty end-markets. Excelitas
Technologies has approximately 3,000 employees in North America, Europe and Asia, serving customers across the world.

defense@excelitas.com
www.excelitas.com/Defense

Excelitzs Technobogies
Enemelic Systems

00 Vanguard Bhd.
Mimmizburg, Chio 43832
usa

Tedzphane: (=1) 337.065.3800
Toll Free: {+1) B66.539.5916
Fax [+1) 937 BES.51T0

Exgelitas Technologies
Power Supplies

1330 Ezsi Cypress Steet
Coura, Caliioenn 01724 USA
Tedephone: (1) 626.067 6021
Tol Free: [+1) B00.363.20%5
Fax [+1) B26.267.3151

Excelitzs Technodogies.
Frequency Sandards

5 Bwiching

35 Congress Bireet

Salem Massachusetis 01970
it
Tekghone- (+1) ST3.745.3200
Toll Fres: [+1) 300.250.3441
Fax [+1) 970.745 0824

Excelitas Technologies
Lighting & Radiant Sources
44370 Christy Street

Fremant, Cakfomis S2536-3130
=]

Telephone: [+1] §10.979 £500
Toll Free: [=1) 800.775.6766
Fax [=1) 310,687 1140

Excelitzs Tachnalogies
Senzors
22001 Dumiserry Road

Vidreud-Diorion, Suebes Exselitas Technalogies
Canada J7V 837 InfarrsBional Zales Office
Teleghane: (+1] 450,424 3300 BatHTDE BP 248 01882
Toll Frese: [+1) 800.775.6766 Crdes, France

Far- (1) 450 424 3345

Teleghone: 33 (1) 6486 2524

For & complete listing of our global oMces, visit wwaLsncelitas.comy Contactus
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FEI's Next-Generation
Rubidium Atomic Frequency Standard
For Space Applications

KEY FEATURES
Allan Deviation: g (1) =6 x 1031 ; 2 x 10"10%sec
Drift: 3 x 10"/day at 1 year
Designed to operate in space for a minimum of 20 years
* Based on heritage design of RAFS operating in space for over 18 years
Radiation hardened to 100K Rads
Maodular design
Integrated DC to DC Converter (EPC)
* Bus Voltage 28V
* Available with other bus voltages from 28 to 100 V
Internal high-precision VCXO
» Digital rubidium control loop implemented within a space qualified FPGA -
locks the integrated VCXO output to the rubidium hyperfine resonance
frequency
» AS9100C : 2009-01 Qualified

» Designed and built by a company that made its reputation with over 50 years of
reliability and over 5000+ systems In Space

Frequency Electronics, Inc. 556 Charles Lindberg Blvd., Mitchel Field, NY 11553
» Phone: 516-794-4500 - Fax 516-794-4340 - E-mail: sales@fregelec.com
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1.0 INTRODUCTION

Frequency Electronics, Inc. (FEI) has developed a rubidium atomic frequency standard
(RAFS) for precision time-keeping and stable frequency generation for global navigation
satellite systems (GNSS). FEIl has leveraged its experience from rubidium standards
provided to the Milstar constellation and to the Advanced Extremely High Frequency
(AEHF) satellite program. A total quantity of 19 rubidium standards were delivered for
Milstar and launched starting in 1985. For AEHF 12 rubidium standards have been
provided with an additional 9 on order. The first AEHF satellite was launched in August
2010, the second was launched in May 2012 and the third is scheduled for launch in
fourth quarter of 2013.

2.0 BLOCK DIAGRAM

» The RAFS is builtin a modular fashion as shown in the below block diagram. The two Major modules are:
= The EPC/ Baseplate Assembly
= The Chassis Assembly
» Both assemblies are mounted within a temperature controlled environment that is thermally isolated
from the RAFS baseplate by an integrated insulator. The baseplate temperature controller (BTC) maintains
an environment of +1°C from -34°C to +25°C. In addition, the physics package, VX0, RF module, and
digital lock-in amplifier are designed, built and tested as separate, connectorized modules. This allows for
an easy upgrade path to accommodate design changes necessitated by obsolete parts or to incorporate
future design improvements.

» Other aspects of the RAFS include:
= Ease of alignment and test
= Optional digital frequency tuning in steps of 10

EPC/Basoplate Assombly

mvoe
== B =% Input Filter e Digital Lock-
- o Tt manmmr
i Physics
Package J.
DCIDG Converter 3

e RFModule
HL._

Linear Regulator
Asssmbly Chassis

Temperature
Coniroller

Integrated Inzulator
Baseplate

RAFS Block Diagram
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3.0 SPECIFICATIONS

E_FDutput

10.0 MHz or 10.23 MHz Sinewave (other frequencies can be provided)
+18dBm + 1.5dB

Harmonics < -50 dBc

Spurious = -85dBc

Analog Monitors

Lock, Light , Signal, VCXO, Baseplate Temperature,
Owens, Power Supplies , ALC, C-Field, BTC

Accuracy

+ 1 x 10 at shipment

Trim Range

None (Fixed C-Field)

Stability oy(t)

6x10% 1-% 2x 10" (1<1 = 105 seconds, drift removed)

Drifi

= 1 x 10-%/day at BOL operation
= 3 x 10" day after 1 year of continuous operation

Phase Noise, f(f)

-110 dBc/Hz at 1 Hz offset from carrier
-138 dBc/Hz at 10 Hz

-148 dBc/Hz at 100 Hz

-158 dBc/Hz at 1 KHz

-160 dBc/Hz floor

Temperature Sensitivity

= 2 x 10°%/°C typical w/o BTC, below noise level for + 1.5°C with BTC

Voltage Sensitivity

<3x10"

Magnetic Sensitivity

< 1 x 10/ Gauss

Barometric Sensitivity

= 1 x 10-¥/mbar typical

Retrace

<5x 10"

Input Power

28.0 VDC £ 4.0 VDC (Awvailable with other bus voltages from 28 to 100
V)

= 39 W total steady-state with BTC ( -4 to + 21C)

= 20 W basic clock at +45° C baseplate

< 65 W during warm-up

Warm-up

< 1 hourto + 2 x 1010

Size(LxW=xH)

11.2x4.6x58in
285x 117 x 147 mm

Mass

16.5 Ibs/7.5 kg

Operating Temperature

Full performance with BTC range between -4°C and +25°C panel tem-
perature.
Functional between -20°C to +45°C panel temperature.

Storage Temperature

-34°C to + 71°C

Altitude

Sea level to vacuum

Vibration

12.4g rms, 20 Hz to 2 kHz

Pyroshock

1500 g max to 10 kHz

Acceleration

20g

Radiation

100 K Rad

EMI

Per MIL-5TD-451E

SEE (Single Event Effect)

1 in 1,000 Years

On-0Off cycling endurance

=1000 cycles
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4.0 RADIATION HARDENING

» Rad Hard Paris

» FPGA
» Frequency setting stored on select resistors connected to input pins (no use of upsetabble

memory)

= Fuse programmed (write once)

= Hardware triple redundant logic, with three way voting to minimize single event effects

= Software triple redundant logic with 3 way voting of critical values (digital output to DAC

({quartz oscillator control voltage)

» Radiation shields
= Spot shields for critical components

5.0 ALLAN DEVIATION IN VACUUM

c
=
=
H
5
a

1LE#D 1.E+12 1.E+04 1E+DE
Averaging Time (seconds)

@ 2013 Frequency Electronics, Inc. 7/6/13-Rev. 1 FEI Specifications subject to change without notice
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iSpace+™ Space-Qualified 1
RAFS Spec Qfs pec;quermé

Movember 2018/ Rew 3.0

Rubidium Atomic Frequency Standard (RAFS)

High Precision & Performance Source

Applications:

Navigation and Science | Space

W speciratime com +41.32732.16.88 +1.512.470.3880
Specificabons are subject fo change withouwf pror nofice An Orolia Group Business

45



iSpace+™ Space-Qualified RAFS Spec

Product Characteristics:

+  olume 2.5 liters
+*  Thermal sensitivity: -10°C to +15°C : < 2E-14 / °C typical
*  Stability = 3E-14 /| 10'000sec typical
s Long term stability < %107 { year
*  Power supply range compatible with 28V or 50V power bus
+  Qutput frequency 10MHz
Main Features: Main Applications:

Mavigation satellites

Space scientific missions

Military communication satellites
Tracking and guidance control

Advanced low orbit digital communication
sat.

+  ery low temperature sensitivity

+  Excellent short term stability

+  Small volume

+ Rblamp extended life expectancy (=20 years)

Package: (all dimensions in millimeters)

MIETAN &

salesfispectratime .com Switzerdand Headgquarter North America Sales Offices Page 2 of 7
W, spectrabime com +41.32.732.16.68 +1.512.470.3080
An Orolia Group Business
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iSpace+™

Space-Qualified RAFS Spec

47

Parameter value Unit
I'F Main Bus Voltage 0-5 W
Main Bus Cument 0-5 A"
TCB Temperature NTC
EPC Temperature NTC
STRUCTURAL & MECHANICAL INTERFACES
Surface Finish-Flatness
Overall contact area =02 i
Local flatness = 01100 mmdmm
Roughness <32 Lm
Interconnections
RF ocutputs SMA (JO1 + JDd)
TMITC Interface SUB-HD 44 (J02)
Power Interface SUB-D 09 (JO3)
ENVIROMMENTAL & THERMAL INTERFACE
Interface Heat Flux =03 Wicm®
Power dissipation
During warm-up < 60 W
During nominal operation < 35 W
Temperature limits
Operating -5 to +10 -
Short-term variation =11 "C
Acceptance -10 to +15 "C
CQualification -5t + 20 -
Cold start - "C
Mon-operating -15to + 70 "C
PRODUCT ASSURANCE
Reliability figure (MEQ) | = 1200 | FIT
IN OREIT ENVIRONMENTS
Yacuum level 10° mbar
Magnetic fisld <tD5 Gauss
Radiation Environment. LEO/MEOIGED orbits
salesdispectratime .com Switzerdand Headgquarter North America Sales Offices Page 4 of 7
W, spectrabime com +41.32 732 16.68 +1.512.470_3080
An Orolia Group Business



iSpace+™ Space-Qualified RAFS Spec

RAFS Description

The Rubidium Atomic Frequency Standard (RAFS) is a state-of-the-art ulira-stable atomic clock able to deliver
a frequency stability of about 2x107* over averaging intervals of 10°000 s.

The RAFS unit is composed of two main parts. The clock it-self named “RAFS core® and the Electronic Power
Conditioning name “EPC” which includes the DC/DC converter and the electrical interface to the satellite.

The EPC design could be adapted to the satellite need.

TM ! TC connectar

rr
T

RAFS cone

4 D-sub 9 Pins for
Power supply

Internal
CORNEcions i e o
RAFS core module [ Holos For 10 MHz SMA
cannectors

Figure 2: EPC Module housing

salesfspectratime com Switzerland Headgquarter North America Sales Offices Page 5of 7
wwwl. spectratime_com +41.32.732.16.68 +1.512. 4703280

An Orolia Group Business
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iSpace+™ Space-Qualified RAFS Spec

RAFS general function and diagram

The RAFS iz a Rb clock. The Rb clock essentially congists of a voltage-controlled crystal oscillator (VCX0)
which iz locked to a highly stable atomic fransition in the ground state of the Rb87 isotope. While the frequency
of the VCX 0O iz at the convenient standard frequency of 10 MHz, the Rb clock frequency is at 6.834 GHz in the
microwave range. The link between the two frequencies is done through a phase-stabilized frequency
mulbtiplication scheme whereby a synthesized frequency is admixed to enable exact matching.
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¥
£
idEII:-ﬁ Dns = ﬂd‘.\ thc.
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— : FPaA i
10k Hz ol —‘ 1 EkiH 30hA R |
«—< 4 ||:|| p a p a@
L 4
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arrglifer & loop ¥ -
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Figure 3: Overall electrical block diagram
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iSpace+™ Space-Qualified RAFS Spec

RAFS typical stability:
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