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INTRODUCTION

Recently, the European Metrology Research Programme (EMRP) has funded the IND55 Mclocks joint research project [1] to develop compact and high-performing microwave clocks for industrial applications such as navigation, telecommunication, defence and precision instruments. This project aims at taking full advantage of better performing laser and microwave sources and innovative techniques to prepare and detect the atoms. In this regard, several European national metrological institutes (NMIs) or research institutes, devised new cell-based prototypes that exhibit unprecedented frequency stability performances, of the order of 10 -13 at 1 s with a medium long-term in the range of 10 -14 or better. Three typologies have been selected: vapour-cell clock based on pulsed optical pumping (POP) [START_REF] Micalizio | Metrological characterization of the pulsed Rb clock with optical detection[END_REF], on cold atoms [START_REF] Sarlo | Preliminary Test of a Cold-Atom Based Clock Prototype on a Microgravity Platform[END_REF] and coherent population trapping (CPT) [START_REF] Yun | High-Performance Coherent Population Trapping Clock with Polarization Modulation[END_REF][START_REF] Hafiz | A coherent population trapping Cs vapour cell atomic clock based on push-pull optical pumping[END_REF][START_REF] Danet | Dick effect in a pulsed atomic clock using coherent population trapping[END_REF]. They are very different and allow matching many industrial applications having different levels of accuracy, stability, compactness, power consumption. Despite their diversity, we decided to develop a generalized electronics able to run all of them with minimal modifications. This demanding task has been achieved by sharing the competences of the main NMIs involved in the project with the goal of obtaining a high-performing, flexible and simple platform. Particular attention has been devoted to generate a low phase noise and agile microwave [START_REF] Francois | Simple-design ultra-low phase noise microwave frequency synthesizers for high-performing Cs and Rb vapor-cell atomic clocks[END_REF], in order to interrogate the atoms with minimal Dick and intermodulation effect. The core is a module [8] that integrates an ultra-low noise 100 MHz oven controlled crystal oscillator (OCXO) and the first ×16 direct frequency multiplier stage. From its output at 1.6 GHz, three frequencies are generated by direct multiplication (1), programmable division (2) and Direct Digital Synthesis (DDS) (3) and then mixed together. By changing the multiplier device (×3, ×4, ×6), the division factor and the numerical frequency of the DDS, we can obtain 4.596, 6.834 and 9.192 GHz as required by rubidium and caesium atoms. The DDS also provides simultaneous and fast phase, amplitude and frequency modulations and allows implementing the patterns required by these clocks typologies. During the development of this scheme, we faced with new criticalities: AM to PM crosscorrelation collapse in the measurement of ultra-low noise sources; DDS spurs and residual phase noise; very-low noise voltage required by the OCXO tuning. In order to provide compactness and flexibility, we integrated into a single board the low-frequency part of the scheme (two of the three arms) together with the electronics in charge of atomic signal detection and of frequency stabilization of the OCXO. This board is composed of DDSs, Analog to Digital Converters (ADC) and Digital to Analog Converters (DAC) driven by a Field Programmable Gate Array (FPGA) that provides synchronous operation at the level of 100 ns. The operational parameters are stored into the local memory and are used by a pattern generator to drive the DDSs (microwave and laser modulations) as well as several generalized loop controllers that process the atomic signals to extract the required information. This platform has been tested with the Pulsed Optically Pumped (POP) clock at INRIM (Torino, Italy) and with the Double Modulation Coherent Population Trapping (DM-CPT) clock at SYRTE (Paris, France). For these clocks, the noise contribution to the short-term stability of each part has been evaluated. The total contribution is in the low 10 -14 at 1 s, very close to the expected shot-noise level. In this regard, it was important to reduce the Dick effect down to 2×10 - 14 . Besides clocks' characterization, the electronics, thanks to its flexibility, allowed the implementation of new schemes, like the laser frequency lock to the internal cell. In this regard, it's interesting to note the case of the POP clock, where, by simply processing the atomic signal from the internal cell, and without any additional hardware, we demonstrated the possibility to retrieve the frequency error and power level both of the microwave and of the laser. This information can be used to stabilize all these quantities at the same time. The result is a significant reduction of the clock setup, very important, for example, in the frame of compact atomic clocks.

GENERALIZED ELECTRONICS

In this section we present the scheme (Fig. 1) of the generalized electronics, able to work with the clocks of interest for the Mclocks project. The main two parts are the local oscillator and the digital electronics. The main objectives of this scheme can be synthesized by three words: performance, simplicity and flexibility. For generalized electronics we mean a setup able to work with many types of clocks, in particular with the DMCPT clock [START_REF] Yun | High-Performance Coherent Population Trapping Clock with Polarization Modulation[END_REF], as well as with the POP clock [START_REF] Micalizio | Metrological characterization of the pulsed Rb clock with optical detection[END_REF]. These clocks are very different, but for both of them, the electronics has to generate a microwave to interrogate the atoms, to detect a power from them and to run other subsystems [acousto-optic modulator (AOM), polarizing switch…]. We point out that the electronics we implemented can be used also for a compact cold-atom clock like Rubiclock. In this case, the operation sequence is longer, because cold atoms are used and the Ramsey time can be as long as 30 ms with a repetition rate of tens of hertz. The scheme we implemented remains valid, with the only exception of the local oscillator that should be replaced by another one optimized at lower Fourier frequency.

Local Oscillator

We investigated the phase noise of several commercial oscillators both at 10 and at 100 MHz in order to find the one with minimal contribution to the clock stability. All the clocks interested by this EMRP project (except Rubiclock) have a repetition rate of the order of 10 ms and are sensitive to the phase noise in the range of hundreds of hertz. This range of frequency is high enough to make 100-MHz oscillators competitive with respect to 5-10 MHz ones, that, in turn, due to their superior performance at lower Fourier frequency, are the preferred choice for frequency standards based on cold atoms (atomic fountains, Horace, Rubiclock…). We chose a commercial module that integrates a 100-MHz OCXO with a ×16 frequency multiplier [8]. This module greatly simplifies the architecture. In this manner, frequency multipliers at tens of megahertz are avoided and, considering they are the most critical part of the synthesis chain, we obtain a significant improvement for what concerns both the additive noise and the sensitivity to temperature and other environmental parameters. In our case, the frequency multiplication starts at 100 MHz and the multiplier is tightly coupled with the OCXO. This solution reduces temperature sensitivity, taking advantage of the temperature stabilization of the quartz oscillator. The output at 100 MHz can be directly used by recent time-and-frequency devices or converted to 5/10 MHz by means of frequency dividers. We point out that in this case frequency division is less critical than frequency multiplication, because the divider is outside the multiplication chain and its residual noise does not contribute to the Dick/intermodulation effect. The synthesizer is implemented as in [START_REF] Calosso | Electronics for the pulsed rubidium clock: Design and characterization[END_REF], where a DDS signal is up-converted twice, to reach the hyperfine atomic frequency. This scheme has the agility of the DDS and the noise performance of a fixed frequency synthesis. The use of two steps allows reducing the requirements of filters and provides additional degrees of freedom to match both the Rb and Cs frequencies. In this sense, convenient numbers for the high frequency (HF) branch are 4.8, 6.4 and 9.6 GHz, that are 1.6 GHz multiplied by 3, 4 and 6 respectively. In addition, 1.6 GHz = 16 × 100 MHz is a convenient frequency, because a factor 16 is suitable both for frequency multiplication and division (i. e. a sequence of dividers by two). There is the same possibility also for the intermediate frequency (IF), that can be obtained by direct multiplication from the 100 MHz or by division from 1.6 GHz. By changing the multiplier device (×3, ×4, ×6), the division factor and the numerical frequency of the DDS we can obtain 4.596, 6.834 and 9.192 GHz as required by rubidium and caesium atoms (Fig. 1.a). The scheme we adopted is very flexible in term of technology, because it is open to frequency division and multiplication. We decided to use direct multiplication for the high frequency (HF) branch, because we found it has superior performance, and to obtain the intermediate frequency (IF) by division, because it is more simple and more The synthesis chain of the POP feeds directly the Rb atoms at 6.834 GHz by means of a microwave cavity. The required power is much lower, less than one milliwatt, depending on the cavity quality factor. Here, the HF is 1.6 GHz × 4 = 6.4 GHz, the IF is 1.6 GHz / 4 = 400 MHz and the LF is 37.4 MHz from the DDS. The output frequency is HF + IF + LF.

In both synthesizers, after each frequency conversion there is a low/band-pass filter that selects the frequency of interest and, if necessary, there are amplifiers and isolators. We grouped the intermediate and low frequency part of the synthesis chain in a single board, together with the rest of the digital electronics. In this manner, the coaxial part is limited to the HF part, with beneficial effects on size, weight and cost. In yellow, it is reported the region where the noise contributes to the clock stability, while in green (red) is reported the improvement (worsening) with respect to previous synthesis chains. Fig. 2.c shows the LO absolute phase noise (c) at the 4.956 GHz, compared with the previous ones (d, e). (d) is a recent design based on NLTL [START_REF] Francois | Simple-design ultra-low phase noise microwave frequency synthesizers for high-performing Cs and Rb vapor-cell atomic clocks[END_REF] used for the Push-Pull CPT [START_REF] Hafiz | A coherent population trapping Cs vapour cell atomic clock based on push-pull optical pumping[END_REF]. In the range of interest, from 100 to 10 kHz, the new LO improves the phase noise by about 6 dB. (e) is the previous LO used for the DMCPT clock. Here the improvement is more than 20 dB. Fig. 2.d compares the phase noise of the new LO at 6.8347 GHz (c) with the one (d) used previously for the POP clock [START_REF] Micalizio | Metrological characterization of the pulsed Rb clock with optical detection[END_REF]. There is a break-even-point at about 100 Hz. At higher frequency, that is the region interested by Dick effect, it is evident the advantage in using a 100 MHz OCXO (c) with respect to a 10 MHz one (d), especially for what concern the noise floor. On the opposite, at lower frequency, the new LO is less stable and it requires a tighter frequency lock of the OCXO. We point out, that, in case of Rubiclock, (d) should lead to better results than (c), because cold-atom clocks have longer clock cycle. We estimated the Dick effect contribution [START_REF] Francois | Simple-design ultra-low phase noise microwave frequency synthesizers for high-performing Cs and Rb vapor-cell atomic clocks[END_REF] at the level 3.1×10 -14 and 2.0×10 -14 for the pulsed CPT and for the POP clocks respectively. The improvement, a factor two and three respectively, leads the Dick effect contribution in the low 10 -14 , very close to the shot noise limit of the clocks.

During the development of this new architecture we had to face new issues, like (1) AM-PM cross-correlation collapse [START_REF] Nelson | A collapse of the cross-spectral function in phase noise metrology[END_REF] for what concerns the evaluation of the OCXO, (2) the noise and the spurs of the DDS [START_REF] Calosso | Phase noise in DDS[END_REF] and (3) the OCXO driving that now requires low noise voltage. The first criticality is related to the fact that Dick/intermodulation effect is minimized by using ultra-low noise oscillators, that, in turn, are difficult to be measured. Fig. 3.a shows, as an example, the phase noise at 1.6 GHz of the same module measured with the same model of two different commercial instruments [12]: one at the manufacturer laboratory (magenta curve) and one at the laboratory in Femto-ST (green curve). In the region of interest, the discrepancy between the two measures is as high as 10 dB and this leads to an unacceptable error during the estimation of the Dick/intermodulation effect. The second criticality is related to the DDS. The use of a 100 MHz OCXO reduces the noise floor of the microwave and tightens the specification of the DDS by at least 20 dB. In addition, the simple numbers of the synthesis chain for HF and IF branches have been possible thanks to higher frequencies in the DDS branch. Being the phase noise of a DDS, in general, proportional to its output frequency [START_REF] Calosso | Phase noise in DDS[END_REF], it results in an additional requirement to it. In this regard, the best DDS commercially available is the AD9910 from Analog Devices, thanks to its low residual phase noise and to the 14bit resolution of its DAC. We recall, that the spur power is inversely proportional the DDS lsb squared and to the clock frequency. Fig. 3.c is related to the third criticality. It shows the degradation of the OCXO phase noise induced by a 1µV/√Hz control voltage (carrier 100 MHz). It was necessary to reduce it by 40 dB, at the level of 10 nV/√Hz, to make negligible its contribution. This criticality arises from the high sensitivity to the control voltage combined with the low phase noise of the OCXO.

Digital Electronics

The natural way to implement a highly reconfigurable electronics that runs several types of clock is the digital approach. For this reason, as reported in Fig. 1.b, we grouped into a single board all the circuits that are interested by the clock operation: the DDS for the synthesis chain, the DDS for the AOM to modulate the laser, the ADC that acquires the atomic signal and the DAC that drives the OCXO are the most important. This board is based on an FPGA that acts as a bridge among them, providing great flexibility. The FPGA has many functions: 1) it hosts the pattern generator that drives each block according to the sequence of steps typical of the particular clock; 2) it implements the frequency loop function; 3) it interfaces a computer for setting the working parameters and for monitoring the internal data flow. Each functionality is independent from each other. This architecture is suitable to run many types of clocks, since the operation of each clock can be decomposed as a sequence of elementary steps, where the basic clock blocks change their status. By example, the two microwave pulses of the Ramsey interrogation are obtained from changing the numerical amplitude of the DDS; the pumping pulse by changing the numerical amplitude to the DDS that drives the AOM; the detection window by enabling a numerical accumulator… All this information is stored in a local memory. The pattern generator read this data and drives the sub-systems accordingly. By changing this information, we can change the operating condition of the clock or, even, the type of clock: POP, Pulsed Push-Pull CPT, DM CPT…

Noise Budget

We evaluated the contribution of the electronics we developed for the DM CPT and POP clocks (Tab. 1). For both clocks, the main contribution is the intermodulation/Dick effect ( 2×10 -14 at 1 s). Then there is the contribution of the OCXO frequency stability that is reduced by the frequency lock loop from 2×10 -12 to 7×10 -15 (τ = 1 s). At the same level we found the contribution of the ADC noise. The electronics we developed has a total contribution to the short-term stability of the clock at the level of 2.3×10 -14 (1 s), comparable with the shot noise limit of the two clock. The total contribution to the short-term stability of the clocks is very close to the shot-noise limit.

CLOCK CHARACTERIZATION AND TUNING

We tested the local oscillator and the digital electronics and we report in Fig. 3 For both clocks we obtained a frequency stability in the low 10 -13 for averaging time of 1 s as shown by (e) and (f). According to Tab. 1, this stability is not limited by the electronics we developed, whose contribution is about one order of magnitude lower.

ADVANCED TECHNIQUES

The FPGA allows storing more than one hundred elementary steps. In this manner, it is possible to implement very complex schemes. We used this facility to investigate in depth the critical aspects of these clocks (i. e. FM-AM and AM-AM from laser) and to demonstrate new schemes.

To demonstrate the powerfulness of this scheme, as an example, we report the frequency lock of the laser to the internal cell, by using the light shift induced to the atoms by a laser and microwave fields applied at the same time.

As reported in Fig. 4, we decided to run together both the POP clock and CW clock, just because the POP clock is very insensitive to the laser frequency while the CW clock is very sensitive to it. The information retrieved during the POP operation is used to frequency lock the OCXO, being, at the first order, insensitive to the laser frequency. At this point, the information detected during the CW phase, is representative of the laser frequency and can be used to frequency lock the laser to the internal cell, avoiding the use of the external cell. The preliminary results are encouraging. They exhibits a frequency stability of 5x10 -13 and 1.5×10 -14 at 1 s and 10000 s respectively, with a drift of the order of 10 -14 per day. 

CONCLUSIONS
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 12 Fig. 1. Block diagram of the generalized electronics. It can subdivided into local oscillator and digital electronics.
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 2 c and 2.d show the final performance of the new local oscillator in the DM CPT (c) and POP (d) configurations.
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 3 Fig. 3. New criticalities in the new local oscillators: AM-PM cross-correlation collapse (a), noise and spurs of DDS (b) and voltage driving of the OCXO (c).

  some of the results for the DM CPT (a, c, e) and for the POP (b, d, f) clocks. (a) and (b) are the atomic signal as a function of the microwave frequency. (a) is typical of a clock with continuous operation, while (b) have an oscillating behaviour, typical of the Ramsey interrogation. (c) and (d) are the dispersive signals obtained by running a pattern that differentiates the atomic response with respect to the microwave frequency.
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 3 Fig. 3. Results obtained by using the digital electronics with the DMCPT (a, c, e) and the POP (b, d, f): spectroscopy signals (a, b), dispersive signal (c, d) and final frequency stability (e, f).
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 4 Fig. 4. Principle of operation for frequency lock the laser to the internal cell. Two pattern are alternated with low (POP) and high (CW) FM to FM sensitivity. The information retrieved from the POP (CW) is used to frequency lock the OCXO (laser)

Table 1 .

 1 Noise budget for the DM CPT and POP clocksContribution to σy(1s) due to:

		DM CPT	POP
	Intermodulation/Dick effect	2×10 -14	2×10 -14
	OCXO frequency stability	7×10 -15	7×10 -15
	Analog to digital converter	7×10 -15	7×10 -15
	Signal conditioning	5×10 -15	6×10 -15
	Total	2.3×10 -14	2.3×10 -14

We presented the electronics we developed for the clocks involved in the IND55 EMRP project. This electronics has been designed to be general, in order to be used with different clocks with minimal modifications. Here we presented the results obtained with the DM CPT and POP clocks, that are very different. We demonstrated its capability to support all the development phases: form the physical investigations to the clock optimization. We calculated the contribution to the short term stability of these two clock and we found it is in the low 10 -14 , very close to the shot-noise limit. In this regard, an important role is represented by the local oscillator phase noise reduction. In addition to low noise performance, the new architecture can be adapted to generate the Rb and Cs hyperfine frequencies. The digital implementation guarantees an high degree of flexibility that allows to run very different clock typologies and to implement innovative schemes such as the frequency lock of the laser to the internal cell.