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INTRODUCTION

Recently, the European Metrology Research Progra(EiERP) has funded the IND55 Mclocks joint reseguobject
[1] to develop compact and high-performing microwaeglocks for industrial applications such as nataga
telecommunication, defence and precision instrumentis project aims at taking full advantage atdreperforming
laser and microwave sources and innovative teclesitpy prepare and detect the atoms. In this regavéral European
national metrological institutes (NMIs) or resdar institutes, devised new cell-based prototygest exhibit
unprecedented frequency stability performanoéthe order of 1%° at 1 s with a medium long-term in the range of
10% or better. Three typologies have been selectgabwacell clock based on pulsed optical pumping RP(2], on
cold atoms [3] and coherent population trapping TCP, 5, 6]. They are very different and allow kf@hg many
industrial applications having different levelsamicuracy, stability, compactness, power consumption

Despite their diversity, we decided to develop aegalized electronics able to run all of them withinimal
modifications. This demanding task has been acHiéyesharing the competences of the main NMIs wewlin the
project with the goal of obtaining a high-perforigjrilexible and simple platform. Particular attenthas been devoted
to generate a low phase noise and agile microw#jeirf order to interrogate the atoms with mininfizick and
intermodulation effect. The core is a module [&ttintegrates an ultra-low noise 100 MHz oven calgd crystal
oscillator (OCXO) and the first16 direct frequency multiplier stage. From its autpt 1.6 GHz, three frequencies are
generated by direct multiplication (1), programneablivision (2) and Direct Digital Synthesis (DDS) (and then
mixed together. By changing the multiplier devie8,(x4, x6), the division factor and the numerical frequen€yhe
DDS, we can obtain 4.596, 6.834 and 9.192 GHz @quined by rubidium and caesium atoms. The DDS piswides
simultaneous and fast phase, amplitude and frequeraciulations and allows implementing the pattaewuired by
these clocks typologies. During the developmenthef scheme, we faced with new criticalities: AMRM cross-
correlation collapse in the measurement of ultka#mise sources; DDS spurs and residual phase; n@sglow noise
voltage required by the OCXO tuning. In order toyade compactness and flexibility, we integrateiw ia single board
the low-frequency part of the scheme (two of theeharms) together with the electronics in chargatomic signal
detection and of frequency stabilization of the GCX his board is composed of DDSs, Analog to Digitanverters
(ADC) and Digital to Analog Converters (DAC) drivdary a Field Programmable Gate Array (FPGA) thatvjutes
synchronous operation at the level of 100 ns. Tgerational parameters are stored into the local ongmand are used
by a pattern generator to drive the DDSs (microwamd laser modulations) as well as several gezerilioop
controllers that process the atomic signals toaexthe required information.

This platform has been tested with the Pulsed @lyieumped (POP) clock at INRIM (Torino, Italy) camvith the
Double Modulation Coherent Population Trapping (@¥T) clock at SYRTE (Paris, France). For thesekdpthe
noise contribution to the short-term stability ath part has been evaluated. The total contribigiamthe low 16* at
1 s, very close to the expected shot-noise lenahik regard, it was important to reduce the Giffiect down to 10
14

Besides clocks’ characterization, the electrorticanks to its flexibility, allowed the implementati of new schemes,
like the laser frequency lock to the internal chilthis regard, it's interesting to note the cabéhe POP clock, where,
by simply processing the atomic signal from thetinal cell, and without any additional hardware ,deenonstrated the
possibility to retrieve the frequency error and potevel both of the microwave and of the laselisTihformation can



be used to stabilize all these quantities at thmesz
time. The result is a significant reduction of theck
setup, very important, for example, in the frame
compact atomic clocks.
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GENERALIZED ELECTRONICS

In this section we present the scheme (Fig. 1hef"
generalized electronics, able to work with the kioc
of interest for the Mclocks project. The main tw
parts are the local oscillator and the digit
electronics. The main objectives of this scheme ¢
be synthesized by three words: performanc
simplicity and flexibility. For generalized electrigs \ ‘
we mean a setup able to work with many types DAC [ LockinandSevo | ADC >/ '
clocks, in particular with the DMCPT clock [4], a l - , |
well a5 with the POP clock [2]. These clocks a L Dpuiboarons,
very different, but for both of them, the electrmmi
has to generate a microwave to interrogate thesto
to detect a power from them and to run oth
subsystems [acousto-optic  modulator (AOM),
polarizing switch...].

We point out that the electronics we implementenl loa used also for a compact cold-atom clock likibiBlock. In
this case, the operation sequence is longer, becald atoms are used and the Ramsey time can lbagss 30 ms
with a repetition rate of tens of hertz. The schameimplemented remains valid, with the only exeapof the local
oscillator that should be replaced by another qtamized at lower Fourier frequency.

Fig. 1. Block diagram of the generalized electrenltcan
subdivided into local oscillator and digital elexstics.

Local Oscillator

We investigated the phase noise of several comaiasstillators both at 10 and at 100 MHz in ordefind the one
with minimal contribution to the clock stability.llthe clocks interested by this EMRP project (gtdeubiclock) have
a repetition rate of the order of 10 ms and arsitiea to the phase noise in the range of hundoédertz. This range
of frequency is high enough to make 100-MHz ostilis. competitive with respect to 5-10 MHz onest,thaturn, due
to their superior performance at lower Fourier frexcy, are the preferred choice for frequency stadslbased on cold
atoms (atomic fountains, Horace, Rubiclock...). Wesgha commercial module that integrates a 100-M8X0 with

a x16 frequency multiplier [8]. This module greatlynglifies the architecture. In this manner, frequenuiltipliers at
tens of megahertz are avoided and, considering #neythe most critical part of the synthesis chaig, obtain a
significant improvement for what concerns both Hudditive noise and the sensitivity to temperatanel other
environmental parameters. In our case, the frequemdtiplication starts at 100 MHz and the multigliis tightly
coupled with the OCXO. This solution reduces terapge sensitivity, taking advantage of the tempeea
stabilization of the quartz oscillator. The outptitt00 MHz can be directly used by recent time-fraguency devices
or converted to 5/10 MHz by means of frequencyd#ivs. We point out that in this case frequencysitivi is less
critical than frequency multiplication, because tlider is outside the multiplication chain ansl iiesidual noise does
not contribute to the Dick/intermodulation effect.

The synthesizer is implemented as in [9], whereC¥xignal is up-converted twice, to reach the hfgperatomic
frequency. This scheme has the agility of the DD& the noise performance of a fixed frequency sgith The use of
two steps allows reducing the requirements ofril@nd provides additional degrees of freedom ttcimboth the Rb
and Cs frequencies. In this sense, convenient nisibethe high frequency (HF) branch are 4.8,&hd 9.6 GHz, that
are 1.6 GHz multiplied by 3, 4 and 6 respectivéfyaddition, 1.6 GHz = 1& 100 MHz is a convenient frequency,
because a factor 16 is suitable both for frequencljiplication and division (i. e. a sequence ofideérs by two). There
is the same possibility also for the intermediatgfiency (IF), that can be obtained by direct mlit@tion from the
100 MHz or by division from 1.6 GHz. By changingetmultiplier device X3, x4, x6), the division factor and the
numerical frequency of the DDS we can obtain 4.5834 and 9.192 GHz as required by rubidium amdican atoms
(Fig. 1.a).

The scheme we adopted is very flexible in termtexhnology, because it is open to frequency divisand
multiplication. We decided to use direct multiptiom for the high frequency (HF) branch, becausefevend it has
superior performance, and to obtain the intermedigquency (IF) by division, because it is momage and more
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Fig. 2. Local Oscillator block diagram for CPT éajd for POP (b) and their phase noise: (c) andegpectively. The
absolute phase noises of the synthesized sigrealsoanpared with the contribution of the OCXO andhef synthesis
chain. The improvements with respect to previolgt&ms are highlighted.

flexible. In this regard, we used programmable ity dividers such as HMC705 from Analog Devidesmerly
Hittite, that allows to switch from Rubidium to @es configuraton by just changing jumpers settings.

Having in mind this approach, it is possible todé¢ag. 2. It reports the detailed diagrams of ttmuBle Modulation
CPT (a) and POP (b) local oscillators. (a) generdt®96 GHz required by the DM CPT scheme (Cs). HiReis
1.6 GHzx 3 = 4.8 GHz, the IF is 1.6 GHz / 9 = 177.8 MHz ahd LF is 25.9 MHz from the DDS, clocked at
1600 MHz / 2 = 800 MHz. The output is HF — (IF +)Liith a power up to 27 dBm, as required by thecEteOptic
Modulator.

The synthesis chain of the POP feeds directly thet@ms at 6.834 GHz by means of a microwave caVlg required
power is much lower, less than one milliwatt, depieg on the cavity quality factor. Here, the HFLi§ GHzx 4 =
6.4 GHz, the IF is 1.6 GHz / 4 = 400 MHz and thei&B7.4 MHz from the DDS. The output frequencyis + IF +
LF.

In both synthesizers, after each frequency convertiere is a low/band-pass filter that selectdrbguency of interest
and, if necessary, there are amplifiers and istdatéd/e grouped the intermediate and low frequenast pf the
synthesis chain in a single board, together with risst of the digital electronics. In this manrtbg coaxial part is
limited to the HF part, with beneficial effects siae, weight and cost.

Fig. 2.c and 2.d show the final performance ofribe local oscillator in the DM CPT (c) and POP ¢dhfigurations.
In yellow, it is reported the region where the roé®ntributes to the clock stability, while in gneged) is reported the
improvement (worsening) with respect to previoustsgsis chains.

Fig. 2.c shows the LO absolute phase noise (¢jea# 1956 GHz, compared with the previous ones)(ddgis a recent
design based on NLTL [10] used for the Push-Pull {&]. In the range of interest, from 100 to 10 kize new LO
improves the phase noise by about 6 dB. (e) iptheious LO used for the DMCPT clock. Here the riayement is
more than 20 dB. Fig. 2.d compares the phase wbige new LO at 6.8347 GHz (c) with the one (d®dupreviously
for the POP clock [2]. There is a break-even-pairdbout 100 Hz. At higher frequency, that is thgion interested by
Dick effect, it is evident the advantage in usin0® MHz OCXO (c) with respect to a 10 MHz one @hpecially for



what concern the noise floor. On the oppositepakel frequency, the new LO is less stable andquires a tighter
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Fig. 3. New criticalities in the new local oscitbas: AM-PM cross-correlation collapse (a), noisd apurs of DDS (b)
and voltage driving of the OCXO (c).

frequency lock of the OCXO. We point out, thatcase of Rubiclock, (d) should lead to better restiiian (c), because
cold-atom clocks have longer clock cycle.

We estimated the Dick effect contribution [7] a¢ flevel 3.%x101* and 2.&10* for the pulsed CPT and for the POP
clocks respectively. The improvement, a factor amad three respectively, leads the Dick effect coution in the low
10%, very close to the shot noise limit of the clocks.

During the development of this new architecturehad to face new issues, like (1) AM-PM cross-caittieh collapse
[11] for what concerns the evaluation of the OCX®), the noise and the spurs of the DDS [13] andti{8)OCXO
driving that now requires low noise voltage.

The first criticality is related to the fact thaticdR/intermodulation effect is minimized by usingtratlow noise
oscillators, that, in turn, are difficult to be nseiged. Fig. 3.a shows, as an example, the phase abil.6 GHz of the
same module measured with the same model of twereift commercial instruments [12]: one at the nfecturer
laboratory (magenta curve) and one at the laboratorFemto-ST (green curve). In the region of iagtr the
discrepancy between the two measures is as hig dB and this leads to an unacceptable error guhi@ estimation
of the Dick/intermodulation effect.

The second criticality is related to the DDS. Tke of a 100 MHz OCXO reduces the noise floor ofrtlerowave and
tightens the specification of the DDS by at led®tdB. In addition, the simple numbers of the sysithehain for HF
and IF branches have been possible thanks to higggprencies in the DDS branch. Being the phasgenafia DDS, in
general, proportional to its output frequency [liBfesults in an additional requirement to it.this regard, the best
DDS commercially available is the AD9910 from Ar@lDevices, thanks to its low residual phase noigkta the 14-
bit resolution of its DAC. We recall, that the spawer is inversely proportional the DDS Isb sqdaaad to the clock
frequency.



Fig. 3.c is related to the third criticality. It®hs the degradation of the OCXO phase noise indbyed 1V/VHz
control voltage (carrier 100 MHz). It was necesdaryeduce it by 40 dB, at the level of 10 WMk, to make negligible
its contribution. This criticality arises from thégh sensitivity to the control voltage combinedhnthe low phase noise
of the OCXO.

Digital Electronics

The natural way to implement a highly reconfiguealglectronics that runs several types of clockhes digital
approach. For this reason, as reported in Fig.vtebgrouped into a single board all the circuitst thre interested by
the clock operation: the DDS for the synthesis mhiie DDS for the AOM to modulate the laser, thBCAthat
acquires the atomic signal and the DAC that drthesOCXO are the most important. This board is dasean FPGA
that acts as a bridge among them, providing greatbility. The FPGA has many functions: 1) it h@ghe pattern
generator that drives each block according to dupience of steps typical of the particular clogkit 2Znplements the
frequency loop function; 3) it interfaces a compute setting the working parameters and for mamiig the internal
data flow. Each functionality is independent froatle other.

This architecture is suitable to run many typeslotks, since the operation of each clock can lmmigosed as a
sequence of elementary steps, where the basic blocks change their status. By example, the tworamiave pulses
of the Ramsey interrogation are obtained from chnthe numerical amplitude of the DDS; the pumpmudse by
changing the numerical amplitude to the DDS thatedr the AOM; the detection window by enabling anevical
accumulator...

All this information is stored in a local memoryhd pattern generator read this data and drivesuhesystems
accordingly. By changing this information, we cdrange the operating condition of the clock or, ewae type of
clock: POP, Pulsed Push-Pull CPT, DM CPT...

Noise Budget

We evaluated the contribution of the electronicsdeseloped for the DM CPT and POP clocks (Tab.Fby. both
clocks, the main contribution is the intermodulatick effect ( 21014 at 1 s). Then there is the contribution of the
OCXO frequency stability that is reduced by theytrency lock loop from 21012 to 7x10%° (1 = 1 s). At the same level
we found the contribution of the ADC noise. Thectienics we developed has a total contributionh® short-term
stability of the clock at the level of 230" (1 s), comparable with the shot noise limit of th® clock. The total
contribution to the short-term stability of the chs is very close to the shot-noise limit.

CLOCK CHARACTERIZATION AND TUNING

We tested the local oscillator and the digital gtencs and we report in Fig. 3 some of the redultshe DM CPT (a,
c, e) and for the POP (b, d, f) clocks. (a) andafig) the atomic signal as a function of the micnevirequency. (a) is
typical of a clock with continuous operation, whi{e) have an oscillating behaviour, typical of tRamsey
interrogation. (c) and (d) are the dispersive dgjohtained by running a pattern that differenigtee atomic response
with respect to the microwave frequency. For bdticks we obtained a frequency stability in the la@*3 for
averaging time of 1 s as shown by (e) and (f). Adit@ to Tab. 1, this stability is not limited blget electronics we
developed, whose contribution is about one ordenajnitude lower.

ADVANCED TECHNIQUES

The FPGA allows storing more than one hundred aitang steps. In this manner, it is possible to enmnt very
complex schemes. We used this facility to investiga depth the critical aspects of these clocke.(iFM-AM and
AM-AM from laser) and to demonstrate new schemes.

To demonstrate the powerfulness of this schemanaxample, we report the frequency lock of therlés the internal
cell, by using the light shift induced to the atoysa laser and microwave fields applied at theestime.

As reported in Fig. 4, we decided to run togettathlthe POP clock and CW clock, just because the BlGck is very
insensitive to the laser frequency while the CWtkles very sensitive to it. The information retréevduring the POP
operation is used to frequency lock the OCXO, be@tghe first order, insensitive to the laser freacy. At this point,
the information detected during the CW phase, [Bagentative of the laser frequency and can be wsé@quency
lock the laser to the internal cell, avoiding thee wf the external cell. The preliminary results eancouraging. They
exhibits a frequency stability of 5x#®and 1.%101* at 1 s and 10000 s respectively, with a drifthef order of 164
per day.
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Table 1. Noise budget for the DM CPT and POP clocks

Contribution tooy(1s) due to: DM CPT POP
Intermodulation/Dick effect 2x101 2x1014
OCXO frequency stability 71015 7x1015
Analog to digital converter 71015 7x1015
Signal conditioning 5x101° 6x1015
Total 2.3x1014 2.3x1014
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Fig. 3. Results obtained by using the digital etatts with the DMCPT (a, c, €) and the POP (lf):dspectroscopy

signals (a, b), dispersive signal (c, d) and firedjuency stability (e, f).
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CONCLUSIONS

We presented the electronics we developed for lttheks involved in the IND55 EMRP project. This dlenics has
been designed to be general, in order to be usdéddifferent clocks with minimal modifications. Hewe presented
the results obtained with the DM CPT and POP cloitiat are very different. We demonstrated its bdjpato support
all the development phases: form the physical itigatons to the clock optimization. We calculatkd contribution to
the short term stability of these two clock andfaend it is in the low 18% very close to the shot-noise limit. In this
regard, an important role is represented by thall@scillator phase noise reduction. In additionlda noise
performance, the new architecture can be adaptegeterate the Rb and Cs hyperfine frequencies. dipial
implementation guarantees an high degree of flltyibihat allows to run very different clock typa@ies and to
implement innovative schemes such as the frequiekyof the laser to the internal cell.
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