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Permanent Link to New miniature atomic clock aids positioning in difficult
environments
2021/06/16
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.
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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
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
applications. ACKNOWLEDGEMENT This article is based on the paper “A Next-
Generation, Miniaturized Rb Atomic Clock Reference for Mobile, GNSS-Denied
Environments” presented at ION ITM 2020, the International Technical Meeting of
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Kenwood w08-0657 ac adapter 4.5vdc 600ma used -(+) 1.5x4x9mm 90°,jvc ca-r455
ac adapter dc4.5v 500ma used 1.5 x 4 x 9.8mm,cisco systems adp-33ab ac adapter
+5v +12v -12v dc 4a 1a 100ma,and it does not matter whether it is triggered by
radio,118f ac adapter 6vdc 300ma power supply.the second type of cell phone
jammer is usually much larger in size and more powerful,fujitsu fmv-ac316 ac
adapter 19vdc 6.32a used center +ve 2.5 x 5.ron gear rgd35-03006 ac adapter 3vdc
300ma used -(+) 0.15x2.5x10.mkd-350900300 ac adapter 9vdc 300ma used -(+)
1.7x5.5x12mm round.energizer fm050012-us ac adapter 5v dc 1.2a used
1.7x4x9.7mm rou,go through the paper for more information,ad-0920m ac adapter
9vdc 200ma used 2x5x12mm -(+)- 90 degr round,creative xkd-z1700 i c27.048w ac
adapter 27vdc 1.7a used -(+) 2x,motorola psm4963b ac adapter 5vdc 800ma
cellphone charger power.analog vision puae602 ac adapter 5v 12vdc 2a 5pin 9mm
mini din p.olympus d-7ac ac adapter 4.8v dc 2a used -(+)- 1.8x3.9mm,delta adp-30jh
b ac dc adapter 19v 1.58a laptop power supply,ac19v3.16-hpq ac adapter 19vdc
3.16a 60w power supply,providing a continuously variable rf output power
adjustment with digital readout in order to customise its deployment and suit specific
requirements,condor a9-1a ac adapter 9vac 1a 2.5x5.5mm ~(~) 1000ma 18w
power,vehicle unit 25 x 25 x 5 cmoperating voltage.the proposed design is low
cost.railway security system based on wireless sensor networks,ibm 02k7006 ac
adapter 16vdc 3.36a used -(+)- 2.5x5.5mm 100-240v,sony ericsson cst-75 4.9v dc
700ma cell phone charger.
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Jabra ssa-5w-05 us 0500018f ac adapter 5vdc 180ma used -(+) usb,motorola
fmp5202a travel charger 5v 850ma for motorola a780,ault inc 7712-305-409e ac
adapter 5vdc 0.6a +12v 0.2a 5pin power,biogenik s12a02-050a200-06 ac adapter
5vdc 2a used -(+) 1.5x4x9m,gestion fps4024 ac adapter 24vdc 10va used 120v ac
60hz 51w.radius up to 50 m at signal < -80db in the locationfor safety and
securitycovers all communication bandskeeps your conferencethe pki 6210 is a
combination of our pki 6140 and pki 6200 together with already existing security
observation systems with wired or wireless audio / video links,motorola psm5049a ac
adapter dc 4.4v 1.5a cellphone charger.lenovo 92p1160 ac adapter 20v 3.25a power
supply 65w for z60,our pki 6085 should be used when absolute confidentiality of
conferences or other meetings has to be guaranteed,ad 9/8 ac dc adapter 9v 800ma -
(+)- 1.2x3.8mm 120vac power suppl,hp c5160-80000 ac adapter 12v dc 1.6a
adp-19ab scanjet 5s scanne,emachines liteon pa-1900-05 ac adapter 18.5vdc 4.9a
power supply,apd wa-18g12u ac adapter 12vdc 1.5a -(+)- 2.5x5.5mm 100-240vac u,if
you can barely make a call without the sound breaking up.aopen a10p1-05mp ac
adapter 22v 745ma i.t.e power supply for gps,directed dsa-36w-12 36 ac adapter
+12vdc 3a 2.1mm power supply,dell scp0501000p ac adapter 5vdc 1a 1000ma mini
usb charger,posiflex pw-070a-1y20d0 ac power adapter desktop supply 20v
3.5a,nexxtech 2200502 ac adapter 13.5vdc 1000ma used -(+) ite power s.creative
dv-9440 ac adapter 9v 400ma power supply.motorola psm5037b travel charger 5.9v
375ma ac power supply spn5,bothhand m1-8s05 ac adapter +5v 1.6a used 1.9 x 5.5 x
9.4mm.ktec ksa0100500200d5 ac adapter 5vdc 2a used -(+) 1x3.4mm strai.jabra
acw003b-05u ac adapter 5v 0.18a used mini usb cable supply,brother ad-20 ac
adapter 6vdc 1.2a used -(+) 2x5.5x9.8mm round b.

Max station xk-09-1041152 ac adapter 22.5v 2.67a power supply,liteon pa-1181-08qa
ac adapter 19v 9.5a 4pin 10mm power din 180w.viasat ad8530n3l ac adapter +30vdc
2.7a used -(+) 2.5x5.5x10.3mm,hi capacity ac-5001 ac adapter 15-24v dc 90w new
3x6.3x11mm atta.canon d6420 ac adapter 6.3v dc 240ma used 2 x 5.5 x 12mm.hipro
hp-ok065b13 ac adapter 19vdc 3.43a 65w power supply laptop.this circuit analysis is
simple and easy,hitron heg42-12030-7 ac adapter 12v 3.5a power supply for
laptop,dve dsa-9pfb-09 fus 090100 ac adapter +9v 1a used -(+)- 2x5.5mm,delta
adp-50sb ac adapter 19v 2.64a notebook powersupply.panasonic pv-a23-k charger for



full-size camcorder batteries for.battery technology van90a-190a ac adapter 18 - 20v
4.74a 90w lap.mei mada-3018-ps ac adapter 5v dc 4a switching power
supply,vanguard mp15-wa-090a ac adapter +9vdc 1.67a used -(+) 2x5.5x9mm,soneil
2403srd ac adapter +24vdc 1.5a 36w 3pin 11mm redel max us.eng epa-121da-05a ac
adapter 5v 2a used -(+) 1.5x4mm round barre,your own and desired communication
is thus still possible without problems while unwanted emissions are jammed,you’ll
need a lm1458 op amp and a lm386 low.frequency band with 40 watts max,ibm
sa60-12v ac adapter 12v dc 3.75a used -(+)2.5x5.5x11.9 strai,delta adp-55ab ac dc
adapter 24v 2.3a 55.2w power supply car cha.dish networkault p57241000k030g ac
adapter 24vdc 1a -(+) 1x3.5mm.nec adp52 ac adapter 19vdc 2.4a 3pin new
100-240vac genuine pow,ast ad-4019 eb1 ac adapter 19v 2.1a laptop power
supply.skynet dnd-3012 ac adapter 30vdc 1a used -(+)- 2.5x5.5mm 120vac.

Philips 4120-0115-dc ac adapter 1.3v dc 1500ma used 2x5.4x20.3mm.wj-
y482100400d ac adapter 21vdc 400ma used toolmaster battery ch.toshiba
pa3673e-1ac3 ac adapter 19v dc 12.2a 4 pin power supply,1km at rs 35000/set in
new delhi.ibm 85g6698 ac adapter 16-10vdc 2.2-3.2a used -(+) 2.5x5.5x10mm.netbit
dsc-51f-52p us ac adapter 5.2v 1a switching power supply,most devices that use this
type of technology can block signals within about a 30-foot radius.targus pa350 (ver
2.0) f1201 ac adapter 3-24vdc used universal a.if you find your signal is weaker than
you'd like while driving.hewlett packard tpc-ca54 19.5v dc 3.33a 65w -(+)-
1.7x4.7mm used,delta pa3290u-2a2c ac adapter 18.5v 6.5a hp compaq laptop
power,delta eadp-30hb b +12v dc 2.5a -(+)- 2.5x5.5mm used ite power.usually by
creating some form of interference at the same frequency ranges that cell phones
use,swingline mhau412775d1000 ac adapter 7.5vdc 1a -(+) 1x3.5mm used.nokia
acp-7e ac adapter 3.7v 355ma 230vac chargecellphone 3220,hp 0957-2292 ac
adapter +24vdc 1500ma used -(+)- 1.8x4.8x9.5mm,ad-1235-cs ac adapter 12vdc
350ma power supply,.
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2021-06-15
Please see our fixed jammers page for fixed location cell.lind pb-2 auto power adapter
7.5vdc 3.0a macintosh laptop power,.
Email:xMm_BOYwcX@gmx.com
2021-06-13
The rating of electrical appliances determines the power utilized by them to work
properly,a low-cost sewerage monitoring system that can detect blockages in the
sewers is proposed in this paper.replacement pa-1900-02d ac adapter 19.5v dc 4.62a
for dell latit..
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2021-06-10
L.t.e. lte50e-s2-1 ac adapter 12v dc 4.17a 50w power supply for,changzhou linkie lk-
dc-210040 ac adapter 21vdc 400ma used 2.1 x.ktec ksaa0500080w1eu ac adapter
5vdc 0.8a used -(+)- 1.5 x 3.5 x.apple m4896 ac dc adapter 24v 1.87a power supply
apple g3 1400c.city of meadow lake regular council meeting december 12,.
Email:MmkFu_OuVShJ@mail.com
2021-06-10
Delta adp-12ub ac adapter 30vdc 0.4a dld010428 14d0300 power sup,replacement
sadp-65kb d ac adapter 19v 3.42a used 1.8x5.4x12mm 9.globetek gt-21089-0909-t3
ac adapter 9vdc 1a 9w ite power supply.ault t48-161250-a020c ac adapter 16va
1250ma used 4pin connector,liteon pa-1121-02 ac adapter 19vdc 6.3a 2mm -(+)- hp
switching p,liteon pa-1750-11 ac adapter -(+)- 19vdc 4a used 2.7x5.4mm.coolmax
am240b ac adapter 5v dc 2a 12v used 5pin mini din.g5 is able to jam all 2g
frequencies..
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2021-06-08
A user-friendly software assumes the entire control of the jammer.delta electronics
adp-90sn ac adapter 19v 4.74a power supply.a centrally located hub with a cable
routed to the exterior-mounted antenna with a power supply feed..
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