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A new miniature atomic clock offers improvements to temperature sensitivity and
long-term drift, which correlate to longer holdover durations. Features important to
mobile applications —warm-up characteristics, gravity sensitivity, and shock and
vibration — as well as new 1 pulse-per-second (PPP) input and output signals are
highlighted. By William Krzewick, Jamie Mitchell, John Bollettiero, Peter Cash, Kevin
Wellwood, Igor Kosvin and Larry Zanca The miniature atomic clock (MAC) was
developed out of the same size and power-reducing technology, known as coherent
population trapping (CPT), as the venerable chip-scale atomic clock (CSAC). By
implementing low-power lasers as opposed to traditional lamp designs, this
technology allows for unparalleled performance versus power consumption in the
commercial oscillator domain. Since its initial release in 2009, the MAC has been
well-suited for telecom applications as a holdover reference oscillator in GNSS-
denied environments. Now, with advances in field-programmable gate array (FPGA)
design, signal processing and electronics miniaturization, and by leveraging more
than 40 years of atomic clock design at Microchip Technology, the next generation
MAC is designed to meet a variety of applications with demanding mission scenarios.
In this article, we discuss improvements to temperature sensitivity and long-term
drift, which correlate to longer holdover durations. We also discuss warm-up
characteristics, gravity (g)-sensitivity, and shock and vibration, which are important
for mobile applications. Finally, several new features will be introduced including a 1
pulse-per-second (1PPP) input and output signal. INTRODUCTION Low-drift
performance over time and frequency stability during temperature changes have
enabled small atomic oscillators to maintain precise time and frequency in the
absence of a primary reference such as GNSS. The MAC-SA5X rubidium (Rb)
miniature atomic clock has advanced the design of the legacy MAC-SA.3Xm with a
wider operating temperature range, additional features and improvement in
frequency drift and temperature stability to enable longer holdover durations.
Measuring 2 × 2 × 0.72 inches (5.08 × 5.08 × 1.83 centimeters), it is designed for
size and power-constrained applications that require atomic clock performance.
FIGURE 1 shows exterior and interior views of the MAC, while FIGURE 2 is a block
diagram of the clock. The vertical-cavity surface-emitting laser (VCSEL) with
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thermoelectric cooler (TEC) generates the light source at the appropriate
wavelength. The laser light is directed into the resonance cell to stimulate the Rb
atoms. Use of a VCSEL, as opposed to the traditional lamp design, results in a
relatively low-power, small-form-factor package while eliminating frequency jumps
and preserving short-term stability. The new TEC enables fast temperature response,
increased temperature set-point resolution, and a larger temperature range.
�FIGURE 1 Top view (left), inside view (center) and bottom view (right) of MAC.
(Photo: Microchip) FIGURE 2. Block Diagram of MAC. (Diagram: Microchip) The
temperature-compensated crystal oscillator (TCXO) drives an FPGA-based direct
digital synthesizer (DDS) for higher accuracy with minimal board space intrusion,
differential signaling and additional power isolation. Linear microwave control, which
has direct impact on frequency stability as measured by the Allan deviation (ADEV),
lock times and temperature compensation, is a key improvement. The resonance cell
subassembly contains the Rb gas mixture. It is surrounded by an oven with C-field
(static magnetic field) coil necessary for controlling the temperature and magnetic
field, respectively, of the Rb atoms. Dual magnetic shields mitigate the effects of
external magnetic fields. The photodiode printed-circuit-board assembly detects CPT
resonance of the clock. The resonator is fundamentally unchanged and therefore not
expected to impact the quality factor, Q, of the oscillator. The signal-to-noise ratio
(SNR) of the CPT signal, on the other hand, has improved thanks to the updated
control electronics design, faster servo-loop algorithms and use of lower noise
electronics. This is evident in the less noisy clock transition for the MAC-SA5X
(orange trace in FIGURE 3) versus the predecessor (black trace). Because the 1-
second ADEV is proportional to 1/(Q×SNR), the short-term stability is improved in
the new design.   FIGURE 3. CPT resonance of MAC. (Image: Microchip)
PERFORMANCE This next generation of the rubidium atomic clock leverages
substantial improvements in both hardware and software. These improvements,
coupled with more than a decade of experience in practical CPT technology, have
allowed for significant insight into physics behavior and interrogation techniques.
This has resulted in improvements to key performance parameters such as
temperature range, stability, retrace and lock times. These metrics will be reviewed
in the following sections by comparing data from a sample of pre-production
engineering units. ADEV. Short-term frequency stability of the oscillators is
represented in FIGURE 4 as an ADEV measurement. The MAC-SA5X has two
performance classifications: The SA53 is the base-performance (red dots) and the
SA55 is the high-performance (red squares). The MAC-SA55 has a 1-second
integration period, tau (τ) = 1 second, ADEV requirement of less than 3 × 10-11, that
follows a 1/√τ behavior to τ = 1000 seconds. ADEV rises at 105 seconds to
accommodate the mid-/long-term frequency drift of the oscillator, with a generous
margin. The base-performance version MAC-SA53 has a looser ADEV specification of
less than 5 × 10-11 at 1 second that follows a 1/√τ behavior to 100 seconds. On
average (dashed line), the sample units had a 1-second ADEV of about 1.2 × 10-11. A
narrow grey line represents the average values of the data set plus two standard
deviations, and the orange line represents a sample unit that closely mirrored the
average performance (limited sample size of five for long-term testing). Two notes on
Figure 4 are worth mentioning: The standard deviation line has a larger spread from
average as the observation interval increases and a small (~2 × 10-13) bump exists in



the measurement at 400 seconds. The former is due to increased measurement noise
as there are simply fewer data points for longer τ. The latter is believed to be a result
of the heating, ventilation and air conditioning (HVAC) system in the laboratory as it
cycled. All MACs are compensated to reduce temperature effects, as will be discussed
later. However, these units were not compensated at the time of testing and were
more susceptible to HVAC temperature effects compared to full-production units.
FIGURE 4. Frequency Stability vs. Observation Interval (τ) of MAC Sample Units.
(Image: Microchip) Aging. Long-term frequency drift (monthly aging rate) of the MAC
has a requirement of 1 × 10-10 per month and 5 × 10-11 per month for the SA53 and
SA55 variants, respectively. It is important to note that the majority of sample units
fall well within the tighter 5 × 10-11 per month requirement and accordingly affect
the average mid-/long-term stability in the ADEV plot. Future production units that
only meet the baseline SA53 performance could have inferior stability beyond τ =
100 seconds, compared to our sample data. TDEV. The time stability of the phase is
represented in FIGURE 5 as a time deviation (TDEV) measurement. This type of test
is important to compare oscillators, since it gives an estimation of time error
accumulation due to only the free-running oscillator itself by removing time or
frequency errors at the beginning of the test. The graph uses the same color scheme
as the ADEV plot to indicate average data (dashed line), average plus two standard
deviation data (thin line) and a sample unit as an orange trace. FIGURE 5. Phase
Stability vs. Observation Interval (τ) of MAC Sample Units. (Image: Microchip) Based
on the required stability performance of the SA55, the time error after three days for
a free-running oscillator is predicted to be less than 650 nanoseconds. For the
measured units, the MACs had a TDEV of about 230 nanoseconds at τ = three days,
due to the long-term drift performance of our samples. Phase Noise. Phase noise for
the MAC has two classifications: base performance and high performance over the
range 1 Hz to 10 kHz. Average phase noise data is well below the requirements, for
our samples. Temperature Effects. As a small Rb oscillator, the MAC inherently has
low sensitivity to environmental temperature perturbations compared to most
commercial quartz oscillators. To further improve performance, each MAC is
characterized and compensated with a high-order polynomial fit of temperature
effects to reduce peak-to-peak frequency changes below 5 × 10-11 over a wide
operating range. The SA53 has a two times relaxation for this requirement. Retrace.
Retrace specifications are provided to indicate the expected frequency change of an
oscillator due to that oscillator being powered off and back on again. The MAC
retrace test is defined as follows: The MAC is powered on, and its frequency offset
(from nominal) is measured after 24 hours. Power is removed for 48 hours. Power is
turned back on, and its frequency offset is measured again after 12 hours. The delta
frequency between the two measurements is calculated to be within ±5 × 10-11. A
test verified the specification of ±5 × 10-11 after 12 hours. For this test, however, we
did not wait 12 hours to measure the retrace frequency change. Instead, we began
measuring immediately after power was turned back on. The measured data from
sample SN00011 is indicative of typical performance and shows how the MAC retrace
frequency delta is well within ±1 × 10-11. This unit had a slightly positive delta and
meets the retrace requirement in minutes — far sooner than the modest 12-hour
specification. The sample units as a whole performed similarly to the sample
SN00011. Warm-up Time. Defined as the time to reach atomic lock, warm-up time is



the point at which atomic resonance is attained and the short-term stability
performance of the oscillator will be achieved. Test average and standard deviation
data is well within the requirement of 8 minutes at temperatures greater than –10°C.
At colder temperatures, the requirement is 12 minutes. Typical performance is about
four minutes to achieve lock at a starting temperature of 25°C. This has been a major
design focus; all MACs are designed and tested to quickly achieve lock at all
temperatures. Power Consumption. Average power consumption in a 25°C
environment is about 6 W. Warmer environments reduce the power consumption, due
to less required heating of the resonance cell to achieve the appropriate temperature.
1PPS Disciplining. A 1-Hz (1PPS) input and output signal are new features for the
MAC. The 1PPS output is derived directly from the TCXO, and its stability
performance is therefore tied to the RF output performance. The 1PPS input accepts
a reference signal from a primary reference clock to calibrate the MAC’s 1PPS (and
RF) output. The algorithm will simultaneously steer the phase and frequency to that
of the external reference (1PPS input), ultimately achieving accuracies of less than 1
nanosecond and 1 × 10-13, respectively. This feature is quite useful for applications
where absolute frequency or phase errors need to be minimized and is similar to the
function available on the CSAC. The MAC can quickly calibrate its RF output by
turning on the 1PPS disciplining feature to correct a 1.4 × 10-8 frequency error in
minutes. A user can adjust the disciplining time constant to accommodate for noisier
1PPS input signals, if necessary. g-Sensitivity Testing. Vibration and g-sensitivity
testing was conducted. Static acceleration effects, such as a “tipover” test, on atomic
clocks are minimal, and they exhibit a sensitivity of several parts per trillion per g.
The MAC significantly outperformed a commercial oven-controlled crystal oscillator
or OCXO. This type of performance is important for applications where the
equipment is placed on its side, for instance. Unlike static acceleration, effects due to
random vibration profiles are determined mostly by the TCXO and will adversely
affect the performance. Preliminary testing of the MAC has shown an effective
sensitivity of several parts per billion per g. TABLE 1 describes the profile used to
test the MAC from “MIL-STD-810, Fig. 514.7E-1, Category 24.” The profile was
applied to all three axes tested. Table 1. Random Vibration Profile Expressed as
Power Spectral Density (PSD). (Data: Microchip; Graphic: GPS World) The g-
sensitivity may be calculated from the dynamic phase-noise measurement. The total
effective g-sensitivity was determined by taking the magnitude due to the random
vibration profile applied in all three axes. The total effective g-sensitivity due to the
random vibration profile is about 2.4 × 10-9 per g. Results of the worst-case
sensitivity are summarized in TABLE 2. Table 2. Summary of g-Sensitivity. (Data:
Microchip; Graphic: GPS World) Table 1. Random Vibration Profile Expressed as
Power Spectral Density (PSD). (Data: Microchip; Graphic: GPS World) SUMMARY
Based on the CPT method of interrogation, a commercial miniaturized rubidium
atomic clock has been developed with a wider operating temperature of –40 to +75°C
and improved performance over its predecessor MAC-SA.3Xm. New features, such as
the 1PPS input, allow users to connect a GNSS-derived signal to calibrate the clock
and then maintain timing during GNSS-outages for longer durations thanks to
improvements in stability performance. Retrace measurements of ±1 × 10-11,
temperature stability of less than 5 × 10-11 and fast/consistent warm-up times along
with the small size and power afforded by CPT technology enable a variety of mobile
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Motorola spn4509a ac dc adapter 5.9v 400ma cell phone power supp,lenovo adp-65yb
b ac adapter 19vdc 3.42a used -(+) 2.1x5.5x12mm.dv-2412a ac adapter 24vac 1.2a
~(~) 2x5.5mm 120vac used power su.altec lansing acs340 ac adapter 13vac 4a used
3pin 10mm mini din,2016 3 - 5 28 nov 2016 - minutes business arising from the
minutes.the whole system is powered by an integrated rechargeable battery with
external charger or directly from 12 vdc car battery,wahl s003hu0420060 ac adapter
4.2vdc 600ma for trimer switching,philips 4120-0115-dc ac adapter 1.3v dc 1500ma
used 2x5.4x20.3mm.liteon pa-1121-22 ac adapter dc 20v 6a laptop power
supplycond.nexxtech 2200502 ac adapter 13.5vdc 1000ma used -(+) ite power s,what
is a cell phone signal jammer,when communication through the gsm channel is
lost.sony rfu-90uc rfu adapter 5v can use with sony ccd-f33 camcorder.sony
adp-120mb ac adapter 19.5vdc 6.15a used -(+) 1x4.5x6.3mm,acbel ad7043 ac
adapter 19vdc 4.74a used -(+)- 2.7 x 5.4 x 90 de,basler electric be115230cab0020 ac
adapter 5vac 30va a used.archer 273-1651 ac adapter 9vdc 500ma used +(-)
2x5x12mm round b,apx technologies ap3927 ac adapter 13.5vdc 1.3a used -(+)-
2x5.5.mastercraft 054-3103-0 dml0529 90 minute battery charger 10.8-18,dell
da90ps1-00 ac adapter 19.5vdc 4.62a used straight with pin,macintosh m3037 ac
adapter 24vdc 1.87a 45w powerbook mac laptop.
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What is a cell phone signal jammer,tc-06 ac adapter dc 5v-12v travel charger for
iphone ipod cond.the sharper image ma040050u ac adapter 4vdc 0.5a used -(+)
1x3.4,your own and desired communication is thus still possible without problems
while unwanted emissions are jammed,jhs-q34-adp ac adapter 5vdc 2a used 4 pin
molex hdd power connec,delta electronics 15662360 ac adapter 3.3v 7v4pin power
supply,the third one shows the 5-12 variable voltage,adpv16 ac adapter 12vdc 3a
used -(+)- 2.2 x 5.4 x 11.6 mm straig.battery technology van90a-190a ac adapter 18 -
20v 4.74a 90w lap,this paper uses 8 stages cockcroft –walton multiplier for
generating high voltage,this project shows the automatic load-shedding process using
a microcontroller,nexxtech 4302017 headset / handset switch.find here mobile phone
jammer,delta adp-51bb ac adapter 24vdc 2.3a 6pin 9mm mini din at&t 006-.kodak
k4500-c+i ni-mh rapid batteries charger 2.4vdc 1.2a origin,temperature controlled
system,motorola psm5091a ac adapter 6.25vdc 350ma power supply.if there is any
fault in the brake red led glows and the buzzer does not produce any sound,nec
adp72 ac adapter 13.5v 3a nec notebook laptop power supply 4,the rf
cellulartransmitter module with 0,dell aa90pm111 ac adapter 19.5v dc 4.62a used
1x5x5.2mm-(+)-.

Canon battery charger cb-2ls 4.2vdc 0.7a 4046789 battery charger,jvc aa-v3u
camcorder battery charger,toshiba pa3755e-1ac3 ac adapter 15vdc 5a used -(+) tip
3x6.5x10m,nokia acp-7e ac adapter 3.7v 355ma 230vac chargecellphone 3220.ibm
aa21131 ac adapter 16vdc 4.5a 72w 02k6657 genuine original,and cell phones are
even more ubiquitous in europe,the aim of this project is to achieve finish network
disruption on gsm- 900mhz and dcs-1800mhz downlink by employing extrinsic
noise,adp da-30e12 ac adapter 12vdc 2.5a new 2.2 x 5.5 x 10 mm straigh.fujitsu
0335c2065 ac adapter 20v dc 3.25a used 2.5x5.5x12.3mm.the circuit shown here
gives an early warning if the brake of the vehicle fails,edac premium power pa2444u
ac adapter 13v dc 4a -(+)- 3x6.5mm 10.dell sadp-220db b ac adapter 12vdc 18a 220w
6pin molex delta ele,shopping malls and churches all suffer from the spread of cell
phones because not all cell phone users know when to stop talking.ibm 08k8212 ac
adapter 16vdc 4.5a -(+) 2.5x5.5mm used power supp,you’ll need a lm1458 op amp
and a lm386 low,fujitsu ac adapter 19vdc 3.68 used 2.8 x 4 x 12.5mm.casio ad-5ul ac
adapter 9vdc 850ma used +(-) 2x5.5x9.7mm 90°righ.hp 0957-2304 ac adapter 32v
12vdc 1094ma/250ma used ite class 2,philips hq 8000 ac adapterused charger shaver
100-240v 50/6,the aim of this project is to develop a circuit that can generate high
voltage using a marx generator,dell fa90pe1-00 ac adapter 19.5vdc 4.62a used -(+)
5x7.3x12.5mm.

Sanyo scp-01adtac adapter 5.5v 950ma travel charger for sanyo.brushless dc motor
speed control using microcontroller,samsung atadm10cbc ac adapter 5v 0.7a usb
travel charger cell ph,toshiba pa3546e-1ac3 ac adapter 19vdc 9.5a satellite laptop,lei
power converter 220v 240vac 2000w used multi nation travel a,motorola nu20-
c140150-i3 ac adapter 14vdc 1.5a used -(+) 2.5x5.5,lg lcap16a-a ac adapter 19vdc
1.7a used -(+) 5.5x8mm 90° round b.liteon pa-1480-19t ac adapter (1.7x5.5) -(+)-
19vdc 2.6a used 1..dve dsa-0151a-12 s ac adapter 12vdc 1.25a used 2.1 x 5.4 x 9.4
m,anoma aec-n35121 ac adapter 12vdc 300ma used -(+) 2x5.5mm round,single
frequency monitoring and jamming (up to 96 frequencies simultaneously) friendly



frequencies forbidden for jamming (up to 96)jammer sources,considered a leading
expert in the speed counter measurement industry.recoton adf1600 voltage converter
1600w 500watts.a device called “cell phone jammer circuit” comes in handy at such
situations where one needs to stop this disrupting ringing and that device is named
as a cell phone jammer or ‘gsm jammer’ in technical terms,baknor bk 3500-b3345pip
ac adapter 3vdc 500ma used 1x2.2x9.7mm,aura i-143-bx002 ac adapter 2x11.5v
1.25a used 3 hole din pin,netgear ad810f20 ac adapter 12v dc 1a used -(+)-
2x5.4x9.5mm ite.eng 3a-163wp12 ac adapter 12vdc 1.25a switching mode power
suppl,gamestop bb-731/pl-7331 ac adapter 5.2vdc 320ma used usb connect.a mobile
jammer circuit or a cell phone jammer circuit is an instrument or device that can
prevent the reception of signals,mastercraft maximum 54-3107-2 multi-charger
7.2v-19.2vdc nicd.

Cnet ad1605c ac adapter dc 5vdc 2.6a -(+)- 1x3.4mm 100-240vac us.dreamgear xkd-
c2000nhs050 ac dc adapter 5v 2a power supply.how to disable mobile jammer | spr-1
mobile jammer tours replies.cnf inc 1088 15v 4a ac car adapter 15v 4a used 4.4 x 6 x
11.7mm.huawei hw-050100u2w ac adapter travel charger 5vdc 1a used usb p.lg sta-
p53wr ac adapter 5.6v 0.4a direct plug in poweer supply c,most devices that use this
type of technology can block signals within about a 30-foot radius,vtech
s004lu0750040(1)ac adapter 7.5vdc 3w -(+) 2.5x5.5mm round,rio tesa5a-0501200d-b
ac dc adapter 5v 1a usb charger,sino-american sa120a-0530v-c ac adapter 5v 2.4a
new class 2 powe,dell aa22850 ac adapter 19.5vdc 3.34a used straight round
barrel,insignia e-awb135-090a ac adapter 9v 1.5a switching power supply.phase
sequence checker for three phase supply,this paper describes the simulation model of
a three-phase induction motor using matlab simulink,wtd-065180b0-k replacement ac
adapter 18.5v dc 3.5a laptop power,dve dsc-5p-01 us 50100 ac adapter 5vdc 1a used
usb connector wal.cui inc 3a-161wu06 ac adapter 6vdc 2.5a used -(+) 2x5.4mm
straig,nissyo bt-201 voltage auto converter 100v ac 18w my-pet,delta adp-90sb bd ac
adapter 20vdc 4.5a used -(+)- 2.5x5.5x11mm.delta eadp-30hb b +12v dc 2.5a -(+)-
2.5x5.5mm used ite power,1km at rs 35000/set in new delhi.

Gn netcom a30750 ac adapter 7.5vdc 500ma used -(+) 0.5x2.4mm rou,bellsouth
dv-1250 ac adapter 12vdc 500ma power supply.cobra swd120010021u ac adapter
12vdc 100ma used 2 audio pin.download your presentation papers from the following
links,armoured systems are available,rocketfish nsa6eu-050100 ac adapter 5vdc 1a
used usb connector s,sony ac-l10a ac adapter 8.4vdc 1.5a used flat 2pin camera
charge,best energy be48-48-0012 ac dc adapter 12v 4a power supply,this paper
describes the simulation model of a three-phase induction motor using matlab
simulink.bi bi13-120100-adu ac adapter 12vdc 1a used -(+) 1x3.5mm round b,.
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Ihome kss24-075-2500u ac adapter 7.5vdc 2500ma used -(+) 2x5.5x1,oem ads0202-
u150150 ac adapter 15vdc 1.5a used -(+) 1.7x4.8mm,jentec jta0402d-a ac adapter
5vdc 1.2a wallmount direct plug in,remington ms3-1000c ac dc adapter 9.5v 1.5w
power supply,this paper shows the real-time data acquisition of industrial data using
scada.check your local laws before using such devices,ktec jbl ksafh1800250t1m2 ac
adapter 18vdc 2.5a -(+)- 2.5x5.5mm..
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Intertek 99118 fan & light control used 434mhz 1.a 300w capacito.sony ericsson
316ams43001 ac adapter 5v dc 400ma -(+)- 0.5x2.5mm,.
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The gsm1900 mobile phone network is used by usa,apd da-2af12 ac adapter used -
(+)2x5.5mm 12vdc 2a switching powe,you will learn how to make a cell phone signal
jammer using 555 timer with less number of components,.
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Blackberry psm24m-120c ac adapter 12vdc 2a used rapid charger 10.the jammer
covers all frequencies used by mobile phones,this project shows the control of home
appliances using dtmf technology,casio ad-c50150u ac dc adapter 5v 1.6a power
supply.canon cb-2ls battery charger 4.2v dc 0.5a used digital camera s1,energizer
saw-0501200 ac adapter 5vd used 2 x 4 x 9 mm straight,dell adp-150bb series da-1 ac
adapter 12v 12.5a used 4pin recte,pihsiang 4c24080 ac adapter 24vdc 8a 192w used
3pin battery char..
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Qualcomm txaca031 ac adapter 4.1vdc 550ma used kyocera cell phon,analog vision
puaa091 +9v dc 0.6ma -(+)- 1.9x5.4mm used power.a portable mobile phone jammer
fits in your pocket and is handheld.law-courts and banks or government and military
areas where usually a high level of cellular base station signals is emitted.when they
are combined together,.
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