Cavity-induced phase noise suppression in Fabry-Perot modulator-based optical frequency comb 
Joonyoung Kim,* David J. Richardson, and Radan Slavík
Optoelectronics Research Centre, University of Southampton, Southampton, U.K.
*Corresponding author: j.kim@soton.ac.uk
Received XX Month XXXX; revised XX Month, XXXX; accepted XX Month XXXX; posted XX Month XXXX (Doc. ID XXXXX); published XX Month XXXX


We investigate for the first time, both theoretically and experimentally, how the phase noise of the RF drive signal affects the phase noise of the individual tones of a Fabry-Perot (F-P) modulator-based optical frequency comb. We observe that the expected deleterious effect of the RF drive signal phase noise on the comb output is partially suppressed due to the filtering characteristics of the F-P cavity. We found that the cavity-induced phase noise suppression is strongest for high-order comb tones, e.g., reaching up to 40 dB for the 100th comb tone at high offset frequencies. The phase noise suppression becomes even stronger for low RF-drive powers, or when the seed laser does not resonate in the F-P cavity. For both cases we observe up to 10dB increase in phase noise suppression. We also evaluate the timing jitter improvement obtained thanks to the cavity-induced phase noise reduction. The timing jitter (integrated from 2.5 MHz to 2.5 GHz) decreased by a factor of 7 for the beat signal obtained between two comb tones that are 100 tones apart (in comparison with the timing jitter obtained in a cavity-less comb generator). © 2017 Optical Society of America
OCIS codes: (060.2310) Fiber optics; (070.2615) Frequency filtering; (230.5750) Resonators; (120.2230) Fabry-Perot.
http://dx.doi.org/10.1364/OL.99.099999
Optical frequency combs generated by optically-seeded electro-optic modulators have several unique properties such as a wide comb-tone spacing (10-50 GHz), simplicity, and robustness [1], which are all relevant for applications such as the generation of microwave to THz signals [2-5], line-by-line optical pulse shaping and arbitrary waveform generation [6-8], high-precision phase-coherent wavelength conversion [9], coherent wireless and wavelength division-multiplexed (WDM) communications [10,11]. The key parameters of these optical frequency combs are the number of comb tones within a particular power range (e.g. <10 dB) and the phase/frequency stability [1].
Two groups of schemes have been mainly used: (i) based on a cascade of amplitude/phase modulators [12] (Fig. 1a) and (ii) based on phase modulator placed inside a resonator (e.g., Fabry-Perot) [13,14]. The key advantage of the first approach is the comb spacing tunability that is achieved by controlling the RF drive signal frequency  [12] and the ability to generate flat-top comb spectra. The number of comb tones, however, is rather limited using this approach and larger comb bandwidths require the cascading of more modulators. The various implementations of this scheme include the use of a dual-drive Mach-Zehnder modulator, for which the desired flat-top comb response can be obtained [15,16]. To further decrease the required RF power, size, and cost, alternative materials such as InP have been researched [16].[image: ]
Fig. 1.  Optical frequency comb generation with: (a) cascaded modulators, (b) the phase modulator enclosed by Fabry-Perot (F-P) cavity, where  is modulation frequency. (c) shows the generated optical frequency comb where the noise of RF signal, , is multiplied as the comb tone number increases.


The Fabry-Perot cavity-enclosed phase modulator (i.e. F-P modulator), see Fig. 1(b) [13,14], has limited tunability (given by multiples of its free-spectral range (FSR)), but large bandwidths can be covered using a single device. To be specific, when the F-P modulator is driven at a frequency , which is an integer times the F-P cavity’s FSR, the seed continuous wave (CW) light is converted into an optical comb spanning over several THz bandwidth and consisting of more than a hundred comb tones within  the 10-dB power bandwidth. 
For both classes of scheme mentioned previously (using a cascade of modulators or a modulator inside a resonator), the phase noise characteristics of the individual comb tones are determined by (i) the phase noise of the seed laser and (ii) the phase noise of the RF drive signal [3,5,13]. As far as the phase noise of the seed light is concerned, it is just “copied” onto each comb tone, thus the use of a frequency/phase-stabilized narrow-linewidth seed laser allows for low-noise optical frequency comb performance [15]. The phase noise of the RF signal obtained from a high-quality RF synthesizer is generally lower than that of the seed laser, but its impact (phase/frequency noise) is ‘multiplied’ by N for the Nth comb-tone, as sketched in Fig. 1 (c). Thus the higher the comb tone number (N), the higher the impact of the RF signal noise on the comb-tone phase noise [5]. Consequently, the phase noise of high order comb tones (i.e., large N) can be significantly higher than the phase noise of the seed laser. 
As we show here for the first time (to the best of our knowledge) the high phase noise of high-order comb tones is partly suppressed in comb generators based on modulators embedded inside resonators. We show this for a F-P modulator-based comb generator, Fig. 1 (b). This suppression is more efficient for the noisier high-N comb tones, providing efficient means of noise suppression for high-N comb tones.
This paper follows on from our preliminary work [17], where we reported this phenomenon for the first time and evaluated it via simulations. Here, we carry out experimental verification and discuss its implications with regards to applications.
First, we derive the electric field equation of the F-P modulator-based optical frequency comb and subsequently obtain the phase noise of the optical comb tones. After -roundtrips, the output electric field of the F-P modulator  can be written as [13]:
                 
 ,           (1)
where  is the reflectivity of the F-P cavity mirrors (in power),  is the single-pass power transmission efficiency in the resonator,  is the roundtrip time,  is the frequency detuning between the seed light frequency and the F-P resonant frequency, and  is the phase modulation after the  roundtrip.   is the electric field inside the cavity at the  roundtrip, which can be written as:
                
,         (2)
where  is electric field of the seed laser and  is the electric field inside the cavity at the previous (th roundtrip. In this way, the amplitude and phase of the electric field inside the cavity is updated every roundtrip. The phase modulation  is expressed as [13]:
                        (3)
 where  is the modulation depth and  is the phase noise of the RF signal at the drive frequency , which is white Gaussian noise in the simulation. As mentioned, the modulation frequency  is an integer multiple of the F-P resonator FSR. The phase modulation is presented only in the forward direction as the phase modulator is a traveling-wave type, where only the forward-propagating light is modulated [13]. In our analysis, we neglect the phase noise of the seed light and which is simply copied on to all comb tones as we described earlier. [image: ]
Fig. 2. Experimental set-up to measure the comb-tone phase noise of  the Fabry-Perot (F-P) modulator-based optical frequency comb.


We obtain the electric field of the  comb tone by applying a rectangular band-pass filter centered at the  comb tone frequency ():
                     (4)
where  is the output electric field of the F-P modulator in the frequency domain ( represents Fourier transform) and  is a rectangular filter transfer function centered at . Finally, we calculate the phase noise of .
 To experimentally confirm the results of our simulations, we used two F-P modulator-based Comb generators (WR-250-03-25, OptoComb Inc.) that have a 2.5 GHz FSR and a Finesse of ~50, as in Fig. 2. The first comb serves as a reference (“reference Comb”) for measuring the phase noise of the second one (“Comb under test”). Both Combs are seeded with the same seed laser (<1 kHz linewidth, SlowLight laser, Orbit Lightwave Inc.). The reference Comb is driven by a 10 GHz RF signal directly-generated by a high-quality RF signal generator. The Comb under test is driven by a 25 GHz signal that has a high level of white noise intentionally added to it via a mixer (Fig. 2). This is important for two reasons. Firstly, it ensures that the phase noise of the Comb under test is significantly higher than that of the reference Comb, enabling measurement of the phase noise of the Comb under test by comparing it to the reference Comb. Secondly, it ensures that the phase noise of the Comb under test is dominated by the RF drive signal phase noise: the influence of which we aim to study here. Both combs are phase-locked via a 10-MHz reference, Fig. 2. Finally, we combine the outputs of both combs optically and use a narrow-band pass optical filter (bandwidth: ~10 GHz, Alnair Inc.) to filter a single tone of the Comb under test that we want to measure, together with the nearest tone from the reference Comb. In this way, we obtain a 5 GHz beat signal between the reference Comb tone and the odd-number Comb-under-test tones, as sketched in Fig. 2. Although this allows us to measure the noise properties of the odd-tones of the Comb under test only, it is sufficient for our study as we show later. We use two EDFAs to compensate for the loss in the Comb generators (insertion loss of ~30 dB) as well as through the narrow-bandwidth optical filtering, Fig. 2.
In the experiment, we used a variable RF-attenuator on the 25 GHz signal path to adjust the modulation depth, ( in Eq. 3). Also, we set the seed laser frequency to match the F-P resonator frequency (i.e. =0 in Eq. 1-2), generating a wide comb spectrum.
Fig. 3 shows the measured RF spectrum (i.e. the beat signal at 5 GHz) of the 1st and 11th comb tones of the 25 GHz OptoComb when the modulation depth () is 0.7π. Comparing the two RF spectra, we see that the noise is only increased at low offset frequencies (by up to 21 dB), while there is no increase at high offset frequencies. It is worth mentioning that for cavity-less comb generators (e.g., as shown in Fig. 1a), the noise would increase over the entire spectral range by 21 dB (at a rate of   [3], being   for the 11th tone). Thus, Fig. 3 clearly shows the strong benefit of the F-P cavity filtering effect, which is of our interest here.
Fig. 4 shows the simulated and measured phase noise of various comb tones normalized to the phase noise of the input 25 GHz RF signal when =0.7π. The x-axis of Fig. 4 is the offset frequency normalized to the FSR of the F-P cavity. The simulation results are obtained based on Eq. (1-4). The phase noise at offset frequencies below the FSR/Finesse (~50 MHz in the experiment), where the OptoComb filtering effect is negligible, increases by  ( is the comb tone number). The phase noise reduction at high offset frequencies (>FSR/Finesse) is more pronounced for higher order comb tones, e.g., we obtained 30 dB suppression at 0.5×FSR offset frequency (1.25 GHz in our experiment) for the 31st comb tone. In the experiment, the measurement noise floor was limited by the ASE noise generated by the EDFAs, which precluded us from  measuring the phase noise of comb tones with N>31. However, simulations suggest ~40 dB noise suppression for the 100th comb tone.
Subsequently, we investigated the effect of the modulation depth   on the cavity-induced phase noise suppression, which was controlled via an RF attenuator placed at the Comb under test RF input (Fig. 2). Fig. 5(a) shows simulated and measured optical comb spectra for  respectively. Both experiment and simulations show 1.2 dB/nm slope for   and 2.5 dB/nm slope for , following well the previously-published sideband power scaling of , where  is the comb tone number and  is the Finesse [13]. The relative phase noise (normalized to the phase noise of the 25 GHz drive signal) of the 11th comb tones for two different modulation indices (), are shown in Fig. 5(b). Both the simulation and the experiment show that the phase noise is more heavily suppressed for the smaller modulation index. To find out why, we analyzed the dynamics of the Comb formation using our numerical model presented earlier: we found out that the required number of cavity roundtrips for the 11th comb tone to reach steady state was 11 and 5 for  and  , respectively. The larger number of roundtrips induces a stronger cavity filtering effect, which is why the stronger phase noise suppression is observed (in our experiment, 10 dB stronger noise suppression at an offset frequency of 0.1×FSR).[image: ]
Fig. 3. RF beat signal at 5 GHz for the 1st (black dashed) and the 11th (blue solid) comb tones of the 25 GHz F-P comb generator.

[image: ]
Fig. 4. Measured and calculated relative phase noise of various comb tones. Solid lines: simulation; dashed lines: measured.


Additionally, we investigated the effect of frequency detuning () between the seed laser (i.e., carrier) frequency and the F-P resonance on the phase noise suppression, Fig. 6. At the detuning  that leads to the maximum power-transmission (i.e. ) [16], the phase noise suppression becomes strong as compared to  which gives the widest comb spectrum [16]. Thus, the detuning of the F-P cavity and the seed laser carrier frequency has the same effect on phase noise suppression as the low RF-power modulation does. The phase noise suppression of the high-N comb tones shown above is expected to have a significant effect on the timing jitter of any signal derived from the comb. This is because the timing jitter is calculated as the phase noise integral over the bandwidth of interest. As an example, the timing jitter of the sinusoidal signal at the frequency of  generated by beating the carrier (at ) and the  comb tone (at ) can be expressed as:
                                         (5)
where  is the single-sideband (SSB) phase noise of the beat signal (between the carrier and the  comb tone) which would be dominated by the multiplied RF drive signal phase noise. As in Eq. (5), we integrate from  up to  which corresponds to 2.5 MHz (limited by the resolution frequency in the numerical simulation) – 2.5 GHz (limit of the experimentally measured data). Fig. 7 shows the measured and simulated timing jitter of the beat signals at various frequencies (i.e. at ) relative to that of the beat signals based on the cavity-less Comb. The experiment and simulation results show good agreement. For the beat signal at  and =0.7π, the jitter was reduced by a factor of ~3 due to the cavity-induced phase noise suppression. For the beat signal at , the jitter was calculated to be reduced by a factor of 7. This is of importance, e.g., when generating a 1-THz signal from a 10-GHz comb, as using an F-P comb would result in 7 times lower timing jitter as compared to the cascaded-modulator approach. Although Fig. 7 suggests that lower  could further reduce the jitter of each comb tone, this would be at the expense of the comb bandwidth, as illustrated in Fig. 5(a), suggesting the comb bandwidth and noise suppression need to be traded off for a given application.[image: ] [image: ]
Fig. 5. (a) Optical spectrum for  (upper blue) and   (lower red). (b) Relative phase noise of the 11th comb tone for  (red) and  (blue).

[image: ]
Fig. 6. Relative phase noise of the 11th comb tone for two different frequency detunings between the seed laser and the F-P modulator that give the widest comb spectrum (blue) and the narrowest comb spectrum, i.e., the maximum transmission (red).


In conclusion, we have investigated the cavity-induced suppression of comb-tone phase noise in the F-P modulator-based comb generator. The noise suppression was strong at high-order comb tones: e.g., 30 dB at 0.5×FSR offset frequency for the 31st comb-tone and 40 dB for the 100th comb-tone when the modulation index () was 0.7π. The noise suppression became stronger for lower RF drive power (e.g. =0.35 π) and for non-resonant detuning between the seed laser and the F-P cavity as the comb tone needs a larger number of roundtrips inside the F-P cavity to reach steady state, resulting in >10 dB lower phase noise at 0.1×FSR offset frequency. The timing jitter of a beat signal generated by two comb tones that are 100 comb tones apart  (integrated phase noise from 2.5 MHz – 2.5 GHz in our experiment) was reduced by a factor up to 7 when compared to that of non-cavity comb generators, providing an additional advantage to relevant applications such as RF photonics. The jitter could be further reduced using an F-P modulator with a higher Finesse and/or narrower FSR, which suppresses the phase noise at lower offset-frequencies.[image: ]
Fig. 7. Relative timing jitter of beat signals (between the carrier and the N-th comb tone) using the F-P modulator-based comb normalized to that of a cavity-less Comb generator. The solid blue, red, and green lines are the simulated relative jitters for 0.7π, 0.35π, and 0.2π, respectively. Blue rectangles and red circles: measured results for =0.7π and 0.35π, respectively. 
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