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Abstract

To take advantage of the physical principles of determining parameters, such as frequency stability, noise and also alignment of optical signals, it is necessary to control complex systems. This work allows explaining it through various concrete cases such as the determination of phase noise of microwave oscillators, the control of the temperature of the manufacturing process of optical components. We also discuss the estimation of the uncertainty associated with the measurement results, as it is fundamental to control the error range.
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1 Introduction
In this paper we would like to return to the main theme that guided the various researches. It may seem quite large, but everything has been logically linked since this work on phase noise measurements on quartz oscillators, until the development of optic resonators, and their integration in optoelectronic oscillators. It is then necessary to characterize these optoelectronic oscillators. The link between all these research works is the concern of the control of the frequencies and the temperature in particular. The common structure of this research is certainly the need to control relatively complex systems. These are not only oscillators, but also systems that measure their performance. We are thinking in particular of phase noise measurement benches, or frequency stability measurement benches.
After this introduction, the rest of this paper is organized as follows. We have basically split our article into three grade parts. First of all, part 2 of this paper is devoted more specifically to the quartz oscillators and benches, which have been necessary to develop or simply to use to characterize their performances. Part 3 is devoted to optoelectronic oscillators. This begins with the optical resonators and then the optoelectronic oscillators themselves, and finally we discuss the methods of stabilization of lasers and then the characterization of the performances of this type of oscillators. Part 4 is dedicated to the need of evaluating uncertainties and optimization.
2 Dependence of quartz oscillators performance to frequency and temperature
We mainly focused on the work on quartz oscillators in the last decade. We did not go back on the epic of technological developments on quartz. Piezoelectricity and quartz oscillators have their origins in the works of Jules Lissajous [1], as well as those of Jacques and Pierre Curie [2,3]. To consult the history until the recent period, it is possible to refer to a previous article [4]. We are now doing a good step forward to arrive in the recent period.
Perhaps it is useful to recall what a quartz oscillator is to better understand the issues. We have a quartz resonator, which can be of different types. There is also an amplifying element so that the gain in the oscillation loop is greater than 1. It is necessary to compensate for the losses in the resonator, by sufficiently amplifying the electrical signal. There is also a phase shifter to ensure phase matching and a directional coupler or splitter to be able to take a part of the signal from the oscillation loop.
In Figure 1, we have very schematically represented a quartz oscillator. We recollect what we mentioned earlier, namely, the quartz resonator with its power supply, the amplifier electro, the phase shifter, the directional coupler, the buffer amplifier, and the output filter. It must also be ensured that the signal remains low noise when it is distributed [5]. To reject harmonics, signal is filtered before the input and after multiplication and amplification. To ensure the good performances of the best quartz oscillators, it is necessary to have a double oven structure to prevent from thermal variations inside the oscillator. It means there is an internal oven control electronic board and an external board for the second oven.
Regarding the phase noise of the oscillator, it will be mainly related to the phase noise of the resonator, and also to the amplifier present in the loop. Different types of noise give different slopes depending on their type and the contribution of the effects considered. For resonator phase noise measurement, please refer to references [6]. The best performances in terms of noise were measured on BVA type crystal oscillators. Ten years ago, it was proved that flicker noise floors as low as 2.5 × 10−14 could be reached within seconds to estimate Allan variance as a function of integration time. These results were published in 2010 [7–9], and reconfirmed thereafter [4].

Figure 2 shows the best performances obtained for Allan variance on a quartz at 5 MHz. We have seen that quartz oscillators could have some interesting ultimate performance in the state of the art. However, there has been no noticeable progress in the last decade. Moreover, as research efforts are probably less now, compared to what has been the case a few decades ago, it can be assumed that there will be no marked improvement in performance. These are anyway caused by the quartz resonator itself. This can be caused by Drive Level Dependence in Quartz Crystal Resonators [10].
It was timely to ask the question of the performance that can be achieved using optoelectronic oscillators. This will be investigated in the next part of this article.
	[image: thumbnail]	Figure 1
Principle of a quartz oscillator. A quartz crystal is equivalent to an electrical network with a low impedance in series and a parallel high impedance resonance. R1: resistance, L1: self, C0 and C1: capacitances. (a) Symbol and equivalent circuit of a quartz. (b) Quartz oscillator.
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Best performances obtained on a Quartz oscillator at 5 MHz. The flicker frequency modulation (FFM) floor is in the range of 2.5 × 10−14–3.2 × 10−14 for 10 to 20 s integration time. In grey the best result measured by Dual Mixer Time Difference Multiplication [8], in black the confirmation of this performance measured with time interval analyzer (TIA) [10]. For the black curve, results are limited by the TIA for lower averaging time and by aging for upper averaging times.




3 Sensitivity of optoelectronic oscillators to temperature and environment
Optoelectronic oscillators (OEO) were proposed by a Californian team 25 yr ago [11]. The idea of pushing the performance of this type of oscillator is to know if they can one day be good candidates to replace the oscillators based on quartz. If we can have optoelectronic oscillators, and they have very good performance in terms of phase noise, then it will be possible to consider using them, for example, for space applications. These oscillators may be less sensitive to certain parameters such as the acceleration that is necessary because spacecraft must be launched from Earth. It would also be less resistant to electromagnetic radiation. In space, satellites, rockets or a space station are necessarily subject to the consequences of solar flares. We can easily imagine that an optoelectronic system can be better protected than an electrical system. An embedded system that is based on optoelectronic components could therefore be more reliable. However, it is fundamental that the performance of such oscillators can compete with those of quartz oscillators. This is why an important part of the work was to seek to improve the performances in terms of phase noise, in particular for the Fourier frequency close to the carrier.
The numerous applications involved in working with optoelectronic oscillators and needing a lower noise level for Fourier frequencies farther from the carrier, for example, for aeronautical applications or telecommunications, will not be considered here. It would be tedious in an article like this to consider all the possibilities offered by optoelectronic oscillators. We only say few words to remember that with the same configuration as these optoelectronic oscillators, by injecting more optical power, we can see that the nonlinear effects appear and make it possible to make frequency combs. What then becomes interesting is not the stability of the signal itself, but the stability of the difference between two consecutive optical signals, which can be improved, for other applications, including metrology.
The optical resonator can basically be of two types. It may be an optical delay line or an optical resonator:
	
If it is an optical delay line, several possible modes will be in competition separated by a free spectral interval. To select a resonance mode, it is necessary to provide various additional elements. It is of course necessary to amplify the electrical signal after the photodetector. The amplifier is not ideal, it can naturally favour this or that mode of resonance. Moreover, we can add a band pass filter. If this band pass is selectively selective and covers a restricted range of frequencies, it is all the easier to favour the selection of a particular mode, if this filter is not ideal. The flatness being irregular, it will allow a greater natural selectivity of the resonance mode.



	
If the resonator is an optical resonator. There are then several types of resonators possible. It may be a sphere [12,13], but also a disk or what matters is the propagation of the signal at its periphery, either because the disk is of toroidal type [14], or because the radius of curvature of its slice is sufficiently small. To couple the optical signal to the optical resonator, it is necessary to ensure a coupling of the evanescent type [15–17]. It is then necessary to remain at an optimal distance from the resonator to allow both the transmission of a part of the signal but also the coupling to the resonator. With the aid of a photodetector, the difference between the signal transmitted and delayed in the resonator is detected [18]. The delay is even greater as the quality factor of the resonator is high [19]. It is also possible to directly transmit the signal via a double coupling of the optical resonator. The signal transmitted is then detected through the resonator.





It is also possible to use both an optical resonator and a delay line, or several delay lines to select modes. It is then a question of playing with the topology of the optoelectronic oscillator.

Figure 3 shows the main principle of an OEO and a typical curve showing the performances of such an oscillator based on an optical resonator. Pound Drever Hall (PDH) is a well-known technique for stabilizing the frequency of light emitted by a laser by means of locking it on the optical resonator [20,21]. As detailed in a previous work [22], it is possible to decrease the level of noise by using an additional optical delay line [23]. Then the noise at 1 and 10 kHz from the carrier is respectively 42 dB and 28 dB lower.
The level of performance could best be obtained for optoelectronic oscillators. In this case, it is found that it is difficult to obtain better than 25–30 dB more than for the best quartz oscillators on the Fourier frequency segment between 10 Hz and 100 Hz, for example. It is still too early to really consider that this type of optoelectronic oscillator could perform as well as the quartz oscillators.
Engineering work has been done to control, for example, the temperature rise of an annealing furnace for application to optical resonators [24–26]. More specifically, the electronic part is described in reference [27].
An example of the characterization of an optoelectronic oscillator is given in reference [28].
	[image: thumbnail]	Figure 3
Optoelectronic oscillator schematized and its performances in terms of phase noise. (a) Optical elements and electrical elements are respectively drawn in red and black colours. L: laser, MZ: Mach Zehnder modulator, Res: optical resonator, Ph: photodetector, PDH: Pound Drever Hall, Iso: isolator, BPF: band pass filter, PS: phase shifter, G: microwave low noise amplifier, C: coupler. (b) Phase noise performance of an OEO based on an optical resonator.




4 Uncertainty evaluation
In this part, we will mainly focus on instrumental methods that have been used to estimate or measure the phase noise of quartz resonators, quartz oscillators and optoelectronic oscillators. It is not a question of precisely describing each of the methods, because this has already been published, as we will see. It is a question of looking more specifically at the uncertainty of measurement. Giving the noise level of the different types of oscillators without having a precise idea of the uncertainty associated with the measurement results, does not make sense.
For the quartz resonator noise measurement benches, work has given both a description of this type of instrument and the uncertainty that could be expected [29].
To measure the phase noise of an oscillator, whether electric or optoelectronic, there are commercial banks. Instrument manufacturers systematically give uncertainty. Of course, this uncertainty must still be degraded by the user because the instruments are not used in the same way in each laboratory or factory, compared to what the manufacturer recommends and was able to measure by itself.
Instruments make it possible to directly measure the noise of a signal generated by an oscillator while for others, there are methods for the type of triangulation. We compare several pairs of oscillators between them and we deduce the respective weight of each oscillator in its contribution to the noise of the oscillator pair, in each case.
By way of illustration, we remind about the estimation of the uncertainties associated with measurements in the case of different tested devices. Uncertainties are estimated according to modern methods [30,31]. For the measurement of oscillators, it is advisable to refer to a series of publications on an optoelectronic measuring bench [32–34]. For electrical measurements, in the microwave domain, we can also consult recent work that estimates the level of uncertainty [35].
As an illustration, we choose an OEO delivering an output signal of +5 dBm at 10.52 GHz. It is constituted of a RIO Laser (driven by a 125 mA signal) before a modulator, a 4 km optical fibre delay line, a DSC40S Discovery photo-detector, a +54 dB gain amplifiers for microwave signal, an X-band filter, an ARRA passive phase shifter and a buffer amplifier (AML812-1901) at the lateral arm of a microwave coupler to extract the output microwave signal. Results are given in Table 1.
Measurement results differ between the same OEO measured by the commercial Rohde & Schwarz instrument and FEMTO-ST system: it is due to the noise limitation at −125 dBc/Hz for the R & S instrument. The OEO presents a minimum of −145 dBc/Hz at 3 × 104 Hz from the X-band carrier.
The uncertainty for this type of phase noise measurement bench is typically of the order of 2 dB at two sigmas.
This explains the variations between the results on the same oscillator with a commercial bench and a bench created in the laboratory.
Table 1

Phase noise of an OEO with an output power of +5dBm at 10.52 GHz.


5 Conclusion
In this paper, we have attempted to show the need for temperature and frequency control for some types of oscillators which are relatively complex systems. We have seen in particular that we have been able to obtain state-of-the-art performances on quartz oscillators delivering a signal at 5 MHz. On the other hand, we explored the case of optoelectronic oscillators to estimate to what extent it would be possible to use them to replace quartz. But the performances obtained to date on the OEO remain too weak and it is not possible to use them in oscillators alone. However, other applications are promising such as those which use frequency combs by increasing the power emitted by the laser and by taking advantage of non-linear effects.
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Phase noise of an OEO with an output power of +5dBm at 10.52 GHz.




	Offset to the 10.52 GHz carrier
Fourier frequency (Hz)
	Measure with R&S bench
Phase noise (dBc/Hz)
	Measure with FEMTO-ST bench
Phase noise (dBc/Hz)





	2 × 103

	− 100
	− 100



	4 × 103

	−109
	−112



	6 × 103

	−115
	−118



	104

	− 119
	− 130



	2 × 104

	−125
	−140



	3 × 104

	− 125
	− 145



	4 × 104

	−123
	−141
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