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Abstract:  Microresonator optical frequency combs based on cascaded four-wave mixing are potentially attractive 

as a multi-wavelength source for on-chip optical communications.  In this paper we compare time domain 

coherence, radio-frequency (RF) intensity noise, and individual line optical communications performance for combs 

generated from two different silicon nitride microresonators.  The comb generated by one microresonator forms 

directly with lines spaced by a single free spectral range (FSR) and exhibits high coherence, low noise, and excellent 

10 Gbit/s optical communications results.  The comb generated by the second microresonator forms initially with 

multiple FSR line spacing, with additional lines later filling to reach single FSR spacing.  This comb exhibits 

degraded coherence, increased intensity noise, and severely degraded communications performance.  This study is 

to our knowledge the first to simultaneously investigate and observe a correlation between the route to comb 

formation, the coherence, noise, and optical communications performance of a Kerr comb.  
 

Optical communications; Micro-optical devices; Optical resonators; Nonlinear optics, devices; Pulse shaping; Ultrafast measurements; Ultrafast 

nonlinear optics. 

 

1. Introduction  

Generation of optical frequency combs via cascaded four-wave mixing (FWM) in high quality factor (Q) 

microresonators has received considerable attention [1].  Tuning a continuous-wave laser into a cavity resonance 

leads to build-up of intracavity power, resulting in parametric gain that enables additional cavity modes to oscillate.  

Frequency combs have been demonstrated in a variety of materials, including silica [2-6], calcium fluoride [7-9], 

magnesium fluoride [10-12], fused quartz [13], and silicon nitride [14-18].  The recent demonstration [5, 14] of 

comb generation from planar microresonators that can be fabricated on-chip using standard microlithography tools 

offers additional prospects for robust implementations that may be suitable for applications such as 

multi-wavelength optical communications. 

 Initial studies concentrated on characterizing the properties of the generated optical spectra, including the optical 

bandwidth and the uniformity of the frequency spacing.  More recently, increasing attention has been devoted to 

other properties of the generated combs.  For example, noise has been characterized both in the vicinity of 

radio-frequency (RF) tones generated through beating of comb lines on a photodetector [13, 17, 19] and at baseband 

[18].  Pulse shaping experiments have provided insight into the time domain behavior and especially the coherence 

of the generated combs [13, 15, 20].  Mode-locked lasers incorporating a microresonator as an intracavity nonlinear 

element have also been reported and characterized via RF noise and autocorrelation measurements [21, 22]. A few 

experiments have looked at optical communications performance using individual lines selected from a 

microresonator comb as the light source [23, 24].  Although in some cases error-free communications has been 

observed, in other cases communications performance is badly degraded.  It is now becoming important to 

correlate the information provided by these different measurement modalities and to establish how to select or 

design microresonator devices for desired operation. 

 In previous time domain studies in our laboratory, in which we performed pulse shaping, compression, and 

autocorrelation measurements on combs from planar silicon nitride microresonators, we identified two distinct 

routes to comb formation [15, 20].  In one case, which we termed Type I, the FWM mixing cascade proceeds from 

initial sidebands spaced one free spectral range (FSR) from the pump.  In a second case, the initial pair of 
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sidebands is generated with N FSR spacing from the pump, where N is an integer greater than one.  Cascaded 

FWM then results in a comb with N FSR frequency spacing.  In both cases the cascaded FWM process is expected 

to produce frequency spacings that are precisely equal across the comb, resulting in high temporal coherence as 

from a mode-locked laser.  Consistent with this expectation, our experiments provided evidence of high coherence 

by demonstrating high quality compression into bandwidth-limited pulses.  However, in the latter case, tuning the 

pump closer into resonance gives rise to independent FWM processes that originate from the initial, 

multiple-FSR-spaced lines.  As a result, additional comb lines are generated that eventually yield a comb with 

single FSR spacing, a route to comb formation which we termed Type II.  Such Type II combs involve an 

imperfect frequency division process which leads to degraded compression and reduced coherence in pulse shaping 

experiments [15, 20].  An important point is that these experiments establish a link between the route to comb 

formation and the coherence of the generated comb. 

 Other studies provide evidence of connections between different comb properties and routes to comb formation.  

For example, ref. [13] reported distinct regimes of operation, in which one regime exhibited high coherence in pulse 

shaping studies and high spectral purity in RF spectrum analyzer measurements of tones generated through beating 

of comb lines, while another regime exhibited both low optical coherence and degraded RF spectra.  In another 

experiment RF beating measurements obtained via multi-heterodyne mixing with a self-referenced comb from a 

mode-locked laser were used to chart the evolution of Type II combs obtained from silicon nitride and magnesium 

fluoride microresonators [17].  The data show that individual comb lines exhibit spectral substructure too fine to be 

resolved in normal optical spectrum analyzer measurements and link such spectral substructure to increased noise.  

In the current paper we investigate temporal coherence (as revealed through pulse shaping & compression), intensity 

noise, and optical communications performance of combs generated from two different silicon nitride 

microresonators.  A Type I comb, generated from one microresonator, exhibits high coherence, low noise, and 

excellent 10 Gbit/s optical communications results.  A Type II comb, generated from the second microresonator, 

displays degraded coherence, increased intensity noise, and severely degraded communications performance.  To 

the best of our knowledge, these results constitute the first observation of a simultaneous correlation between the 

route to comb formation and the coherence, noise, and optical communications performance of a Kerr comb.  

2. Experimental Setup 

Figure 1 shows a schematic diagram of the experimental setup.  As in our previous studies [15, 20], a tunable 

continuous-wave (CW) laser is amplified and launched into a ring resonator fabricated in silicon nitride, which 

results in generation of multiple frequency components (a frequency comb) through cascaded FWM.  Two 

resonators are tested, both with rings with 40 μm outer radius.  One resonator, which we refer to as Resonator 1, 

has 2 µm × 430 nm waveguide cross-section, loaded quality factor (Q) of 6×105, and an average free spectral range 

(FSR) of 4.78 nm.  This resonator generates a Type I comb, characterized by lines generated at single FSR spacing 

and high coherence.  The second resonator, which we refer to as Resonator 2, has 2 µm × 550 nm waveguide 

cross-section, loaded Q of 2×106, and an average FSR of 4.71 nm.  The normalized transmission at resonance is ≈ 

0.2 for both resonators.  Initially this resonator is observed to generate lines spaced by two FSRs.  Upon further 

tuning into resonance, new frequencies are observed, resulting in a spectrum with lines spaced by single FSR.  This 

forms a Type II comb, which has reduced coherence.  The simulated dispersion parameter at 1550 nm are -423 

ps/nm/km and -106 ps/nm/km for Resonator 1 and Resonator 2, respectively, in both cases in the normal dispersion 

region.  In both cases in our experiments, the pump is polarized to excite TM modes, and the wavelength is slowly 

tuned into the resonance from the short wavelength side to achieve a “soft thermal lock” [5, 14, 25].   

 



 

Fig. 1. Schematic diagram of the experimental setup for optical communications measurement of the frequency combs 

generated from silicon nitride microresonators. CW: continuous-wave; RF: radio-frequency; EDFA: erbium doped fiber 

amplifier; FPC: fiber polarization controller; OSA: optical spectrum analyzer; BERT: bit error rate tester. 

 A key goal of our study is to compare coherence and intensity noise behavior of Type I and Type II combs.  A 

programmable pulse shaper plays an important role in each set of experiments.  For intensity noise and 

communications measurements, the pulse shaper simply selects an individual line out of the generated comb, 

blocking the others.  The power of the selected line is boosted by an erbium-doped fiber amplifier (EDFA), which 

then passes through a tunable filter with 0.4 nm bandwidth to suppress amplified spontaneous emission (ASE) noise.  

The output is detected by a photodiode with 12 GHz bandwidth, after which the low frequency intensity noise is 

characterized by an RF spectrum analyzer.  On-off keying (OOK) communications experiments are performed by 

modulating the selected comb line at 9.953 Gbit/s using a lithium niobate intensity modulator driven by a length 

231-1 non-return-to-zero pseudorandom bit sequence (PRBS).  The photodetected output is connected to a bit error 

rate tester (BERT) for error analysis and a sampling oscilloscope with bandwidth 60 GHz for display of eye 

diagrams.  Eye diagrams and bit error rate data are reported only for filtered comb lines with optical signal to noise 

ratio (OSNR)≧15 dB  (based on 0.1 nm OSA spectral resolution). This ensures that any degradation of the 

communications results is associated with the inherent properties of selected comb lines themselves as opposed to 

poor OSNR. 

 To provide information on the coherence, we follow the procedure we reported in [15], in which the pulse shaper 

manipulates the spectral phase of the generated comb on a line-by-line basis in an attempt to achieve pulse 

compression.  In these experiments the pulse shaper may also attenuate the pump line, which often remains very 

strong, to a level comparable to the neighboring lines.  The output of the pulse shaper is amplified and connected to 

an intensity autocorrelator based on second harmonic generation in a noncollinear, background-free geometry.  The 

dispersion of the fibers connecting the microresonator chip and the autocorrelator are left uncompensated in these 

experiments.  The pulse shaper varies the spectral phases one at a time in order to maximize the second harmonic 

signal at zero delay [15, 20].  Full autocorrelations are then recorded as a function of delay. Experimental 

autocorrelations are compared with those calculated on the basis of the measured comb spectrum with the 

assumption of flat spectral phase.  High quality pulse compression showing good agreement between experimental 

and calculated autocorrelation traces provides evidence of stable spectral phase and good coherence [15, 20]. 

 



3. Results and Discussions 

Figure 2 shows the optical spectra measured directly after the resonator. For Resonator 1 the threshold for comb 

formation is 21.3 dBm.  A measurement of the spectrum with 26.5 dBm input power with the CW laser set at 

1543.08 nm is shown in Fig. 2(a).  For Resonator 2, the threshold for comb formation is 10.8 dBm, with the initial 

sidebands formed with 2 FSR spacing.  Spectra at 13 dBm pump power are shown in Fig. 2(b) and 2(c) for pump 

wavelengths of 1549.93 nm and 1549.94 nm, respectively.  By red-shifting the pump wavelength around 0.01 nm 

(≈1 GHz), additional comb lines filled in and formed a Type II comb spectrum with one FSR spacing at the same 

pump power.  The average spacings for both the Type I and Type II combs are consistent with the FSRs reported in 

the experimental section. Note that the order of magnitude difference in the threshold powers of the two 

microresonators is in close agreement with the predicted Q-2 scaling [26], given the factor of 3.3 difference in 

measured quality factors.   

 

 

Fig. 2. Generated frequency combs from two different silicon nitride ring resonators (outer radius, 40 μm). The spectral 

curves are obtained under different regimes of comb formation. The input power and wavelength of the tunable CW pump 

are (a) 26.5 dBm, 1543.08 nm (Resonator 1), (b) 13 dBm, 1549.93 nm (Resonator 2), and (c) 13 dBm, 1549.94 nm 

(Resonator 2), respectively. OSA spectra are measured directly after the microresonator chip at 0.01 nm spectral resolution.    

 

 It is worth noting that although the operation described with these microresonators is repeatable, we are unable 

to provide a mechanistic explanation of why Resonator 1 operates under the Type I regime, while Resonator 2 

initially displays 2-FSR operation (leading to Type II operation with further tuning into resonance).  Reference [17] 

reports a theory valid under anomalous dispersion which predicts that initial single-FSR operation is preferred when 

the ratio of resonator linewidth to normalized dispersion is unity or below, while initial multiple-FSR operation is 

favored when this ratio is large.  However, this theory does not apply to our devices which according to simulation 

should have normal dispersion.  A few recent studies provide possible explanations of comb generation in the 

normal dispersion regime, either due a modification of the modulational instability process in the presence of a 

cavity due to pump frequency detuning or due to interactions with other mode families [27, 28].  However, these 

works do not bear on the question of initial single-FSR vs. multiple-FSR comb generation. 

 Figures 3(a), (b), and (c) show the autocorrelation traces after phase compensation by the pulse shaper (blue 

traces) for combs corresponding respectively to Figs. 2(a), (b), and (c).  The red lines are the intensity 

autocorrelation traces calculated based on the measured spectra after the pulse shaper and assuming flat spectral 

phase, while the green and blue traces show the measured autocorrelation traces before and after the line-by-line 

phase compensation.  For the comb from Resonator 1 and also the comb with 2 FSR spacing from Resonator 2, the 



measured autocorrelation traces after pulse compression are in close agreement with those calculated.  This 

demonstrates successful pulse compression and a high level of coherence.  For the Type II comb from Resonator 2 

with pumping at 1549.94 nm, the on-off contrast of the experimental autocorrelation (Fig. 3(c)) is significantly 

degraded compared to that of the simulated traces.  In general, the reduction in autocorrelation contrast ratio 

indicates reduced coherence as well as degraded compression [29, 30].  These results are consistent with those 

reported previously by our group [15, 20].  The uncertainty of the calculated curves is determined by repeating the 

simulations for 3 spectra recorded sequentially during the autocorrelation measurement.  The largest variation in 

the calculated curves is observed for the case of Fig. 3(c) at a delay equal to half of the autocorrelation period, where 

the minimum and maximum calculated values differ by only 2.3 % of the mean calculated value. This difference is 

almost invisible by eye on the scale of the figure and is much smaller than the difference in experimental and 

calculated on-off contrast.   

 

 

Figs. 3. (a) (b) (c) Autocorrelation traces corresponding to the frequency combs in Figs. 2(a), (b), and (c), respectively. Red 

lines show intensity autocorrelation traces calculated by taking the optical spectra and assuming flat spectral phase, while 

the green and blue traces show the measured autocorrelation traces before and after the line-by-line phase compensation.  

 

 

 We next present noise measurements.  Figure 4 shows intensity noise spectra of individual comb lines selected 

out of the generated combs over the range 0 MHz to 700 MHz, measured using an RF spectrum analyzer with 1.5 

MHz resolution bandwidth. For the Type I comb from Resonator 1, the RF spectra for three different selected lines 

are essentially identical and are at the noise floor of the spectrum analyzer (Fig. 4(a)).  Figure 4(b) shows the RF 

spectra of the 1559.4 nm comb line generated from Resonator 2 with slightly different pumping wavelengths.  

When the pump is set at 1549.93 nm, a multiple FSR comb is generated, and a low-noise state RF spectrum is 

observed, similar to Fig. 4(a).  However, when the pump is tuned slightly (0.01 nm) into resonance, a Type II comb 

is formed, and strong intensity noise peaks are observed in the RF spectrum at 156 MHz ± 0.7 MHz and harmonics.  

These data illustrate the very rapid onset of intensity noise with the transition to Type II operation.  Similar noise 

peaks are observed when other single lines of the comb are selected for analysis in the Type II regime (Fig. 4(c)).  

The presence of these noise peaks may be explained in terms of beating between combs with different offset 

frequencies that overlap in the same region of optical frequency [17].  The frequencies of the main noise peaks, and 

hence the separations of the subcombs, range from 152-164 MHz in Fig. 4(c), which is on the order of the linewidth 

(≈112 MHz FWHM) of the pumped mode in Resonator 2.   

 



 

Fig. 4. (a) RF noise spectra of exemplary combs obtained from Resonator 1 (Type I comb). (b) RF noise spectra of the 

frequency comb at 1559.4 nm before and after tuning the pumping wavelength (Resonator 2). (c) The corresponding RF 

spectra of the newly generated spectral lines from a Type II frequency comb with pumping wavelength at 1549.94 nm 

(Resonator 2). 

 

 We now report the optical communications measurements.  Figure 5(a) shows bit error rate (BER) data as a 

function of the received optical power when individual comb lines produced from Resonator 1 are selected. Results 

are plotted for each of the seven comb lines within the EDFA bandwidth.  The performance for each of the 

generated comb lines is essentially identical to the reference curve, which is measured for the CW pump laser 

(1543.08 nm) prior to the microresonator. Figure 5(b) shows the corresponding eye diagrams at -11 dBm received 

power.  The clean and open eyes again indicate the suitability of the Type I comb as a multi-wavelength source for 

high quality communications.  At -11 dBm received power, each of the selected comb lines exhibited error-free 

operation (no errors are observed over 300 s measurement time, corresponding to BERs below 10-12). 



 

Fig. 5. (a) BER measurements and (b) the corresponding eye diagrams of seven selected comb lines from Type I combs 

and the CW reference (taken prior to the microresonator). The open eye diagrams confirm the high quality of the OOK 

communications performance.  



 

 We now discuss the communications measurements from comb lines obtained from Resonator 2.  For the initial, 

2-FSR-spaced comb, high quality communications is again observed for each of the three comb lines with power 

high enough to yield good OSNR after amplification. Figure 6 shows the corresponding eye diagrams at 1540.6 nm, 

1549.9 nm, and 1559.4 nm, which are all nicely open.  

 

Fig. 6. Eye diagrams of each of three filtered comb lines generated from Resonator 2 with pumping at 1549.93 nm.  The 

received power for the plotted eye diagrams is -11 dBm. 

 

 However, quite different results are obtained when the pump laser is tuned 0.01 nm further into resonance for 

Type II operation.  Now all of the generated comb lines show badly degraded eye diagrams.  Figures 7(a)-7(c) 

present the eye diagrams obtained for 1540.6 nm, 1549.9 nm, and 1559.4 nm comb lines.  Compared to Fig. 6, 

which shows these same lines for the two-FSR-spaced comb, now the eyes experience significant closure, with a 

high level of intensity noise clearly observed on the top rail of the eye, corresponding to the ‘on’ state.  Figure 

7(d)-7(f) show the eye diagrams obtained for the lines that appear only after the transition to Type II operation. Now 

the eyes are completely closed.  This is in qualitative agreement with an observable broadening of the peaks in Fig. 

4(c) compared to those in Fig. 4(b), which corresponds to an increase in the integrated intensity noise.  Note also that 

although all of the eye diagrams are badly degraded under Type II operation, the degree of degradation is different for 

different lines.  This observation is likely linked to those of reference [20], which reported that although temporal 

coherence (as probed through pulse shaping and autocorrelation studies) was reduced overall for a Type II comb, the 

degree of coherence degradation varied depending on the specific set of comb lines studied. 



 

Fig. 7. The eye diagrams of a Type II frequency comb with pumping at 1549.94 nm. The received power for the plotted eye 

diagrams is -11 dBm. 

 The BER curves corresponding to the eye diagrams of Fig. 6 and Figs. 7(a)-7(b) are shown in Fig. 8.  For each 

of the comb lines under 2-FSR operation (pumping at 1549.93 nm, solid lines), BER curves similar to those obtained 

from Resonator 1 were observed, and error-free operation could be achieved. For pumping at 1549.94 nm (Type II 

operation, dashed lines), we could only measure BER curves for the comb lines at 1540.6 nm and 1549.9 nm.  

Consistent with the intensity noise visible in the eye diagrams, the BER curves show a power penalty around 2 dB.  

For the remaining lines. for which the eyes are nearly (1559.4 nm) or completely closed, the performance was so bad 

that error rate tester was unable to determine the error rate.  These finding suggest that in the absence of a transition 

to a low-noise state [23], Type II combs are unsuitable for optical communications.  

 



  

Fig. 8. BER traces of individual lines selected from Resonator 2 with pumping at 1549.93 nm (2-FSR operation, solid lines) 

and 1549.94 nm (Type II, operation, dashed lines). The two curves shown under Type II operation exhibit a power penalty 

of ≈2 dB.  For other comb lines, the performance under Type II operation was so poor that the error rate could not be 

determined.    

 

4. Conclusion 

We have investigated combs generated from two different silicon nitride microresonators with identical 40 μm 

radius.  In each case we assess the time domain coherence of the full comb (through pulse shaping and 

autocorrelation experiments) and measure intensity noise and communications performance (through 10 Gbit/s 

on-off keying experiments) of individual lines selected from the comb.  For the first resonator, the comb forms 

directly with lines spaced by a single FSR (termed a Type I comb).  For the second resonator, the comb initially 

forms with multiple FSR line spacing; additional lines later fill in to reach single FSR spacing (the latter is termed a 

Type II comb).  Both the Type I comb from the first resonator and initial multiple-FSR-spaced comb from the 

second resonator exhibit high coherence, low intensity noise, and excellent 10 Gbit/s optical communications 

results. In contrast, the Type II comb exhibits reduced coherence, increased intensity noise, and severely degraded 

optical communications performance.  This study is to our knowledge the first to simultaneously investigate and 

observe a correlation between the route to comb formation, the coherence, noise, and optical communications 

performance of a Kerr comb. Our observations should prove useful in selection of microresonator devices providing 

combs suitable for optical communications applications. 
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