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We explore downsampling of optical frequency combs by way of pulse gating for efficient spectral 

broadening and f-2f interferometry. We downsample a 250 MHz repetition-rate comb to 25 MHz, 

thereby enabling detection of the comb’s carrier-envelope offset frequency.  Pulse gating can both 

increase timing jitter of the comb’s pulse train and induce spurious frequency offsets of the comb’s 

spectrum. To investigate these effects, we characterize the phase-noise spectrum of the 

downsampled comb, determine the effects of timing jitter deliberately imposed on the pulse gate, 

and demonstrate the null frequency shift of the comb’s optical spectrum to the level of several 

microhertz. 

 

 

Optical frequency combs are a critical tool in the measurement of optical frequencies, and they enable 

applications including optical clocks, optical waveform generation, precision spectroscopy, and low-noise 

frequency synthesis [1, 2]. Traditional ultrafast laser technology yields frequency combs with repetition rates 

typically between 100 MHz and 1000 MHz, but many applications would benefit from repetition rates of tens 

to hundreds of gigahertz. Such applications include frequency comb spectroscopy [3], astronomical 

spectrograph calibration [4, 5], and advanced optical and microwave signal processing [6, 7], where high 

repetition rates provide higher power per mode and enable line-by-line addressing of individual comb teeth. 

 Stabilization of the comb’s carrier-envelope offset frequency      is key for these applications.  However, such 

frequency control is challenging for gigahertz repetition-rate combs due to low peak power, which inhibits the 

spectral broadening needed for      nonlinear interferometry [8]. Systems affected by this challenge include 

gigahertz-rate laser [9] and electro-optic [10] combs, as well as a new class of frequency combs based on 

parametric oscillation in high-Q microresonators [11, 12]. 

In this Letter, we discuss repetition-rate downsampling by way of optical pulse gating. This technique 

provides a solution for spectral broadening and    detection of high-repetition-rate optical pulse trains. 

Downsampling, pulse gating, or “pulse picking” is a well-established technique [13, 14], and has been critical 

to the generation of energetic, offset-stabilized ultrashort pulses at kilohertz repetition rates [15]. In previous 

experiments    was stabilized before downsampling [16, 17]. Here we measure the carrier-envelope offset 

frequency of a downsampled comb and investigate whether    is preserved in the downsampling process. 

 In our experiments, we downsample a 250 MHz input comb to 25 MHz and measure its offset frequency 

after amplification and spectral broadening (Fig 1). Anticipating future experiments at repetition rates >10 
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GHz, we characterize the effects of electronic pulse-gate noise on the downsampled optical pulse train. 

Expanding on a previous study [18], we show that only phase noise that exceeds a threshold value affects the 

downsampled pulse train. Improper temporal alignment of the optical pulse train and the gating signal 

modulates the amplitude of the downsampled optical pulse train. Importantly, we demonstrate that pulse 

gating preserves the offset frequency of the downsampled comb to the level of several microhertz. 

We begin our investigation of the pulse gating technique by downsampling a 250 MHz Er:fiber comb by a 

factor of ten to facilitate detection of its carrier-envelope offset beat. Our pulse gating scheme (Fig. 1a) 

employs a Mach-Zehnder electro-optic modulator (EOM) driven by 25 MHz rectangular electronic gating 

pulses with 80 ps rise time and 3.5 ns duration. The electronic pulse generator and the repetition rate of the 

250 MHz comb are both referenced to a hydrogen maser. The bias of the EOM is set for maximum extinction 

outside the gate, which has an amplitude equivalent to    of the EOM [13]. A stable 25 MHz optical pulse train 

with high contrast results from this downsampling scheme (Fig. 1b).  The average power of this pulse train is 

reduced from 30 mW to 400 µW by the pulse gating process and the insertion loss of the EOM. We amplify the 

pulse train to an average power of 35 mW by use of a normal-dispersion erbium-doped fiber amplifier, which 

provides some spectral broadening and pulse compression [19]. Further spectral broadening is obtained by 

launching the amplified, <100 fs, 1.4 nJ pulses into 20 cm of highly nonlinear fiber (HNLF) [20]; the resulting 

supercontinuum spectrum is shown in Fig. 1c.  For comparison, we also present the supercontinuum generated 

by the 250 MHz comb with the EOM set for constant maximum transmission. In this case the average power 

of the amplified 250 MHz comb when it enters the HNLF is 85 mW, corresponding to 340 pJ per pulse. 

  

Figure 1. a) Schematic for detection of the offset beat of a 250 MHz  Er:fiber comb. b) Input 

and downsampled pulse trains from a 1 GHz photodetector. c) Octave-spanning 

supercontinuum generated by downsampling (red), second harmonic generated for    

detection (green), and for comparison the supercontinuum generated by the same apparatus 

without downsampling (blue). d) Detected    beat at 100 kHz RBW; signal-to-noise ratio is 

30 dB. e) Counted frequency of the detected free-running offset beat. Data is taken for more 

than 2000 s at 10 ms gate time. 

 



To detect   , the octave-spanning supercontinuum shown in Fig. 1c is sent into a free-space       

interferometer consisting of a half-wave plate and a periodically poled lithium niobate (PPLN) crystal quasi-

phase-matched for second-harmonic generation at 1980 nm. The generated 990 nm light is shown in Fig 1c. A 

10 nm band-pass filter at 990 nm selects this second harmonic and the colinear supercontinuum at 990 nm, 

which are then photodetected to observe    with 30 dB signal-to-noise ratio; see Fig. 1d. Figure 1e shows a 2000 

s record of    for our downsampled comb. 

 While Fig. 1 presents an absolute frequency measurement of    enabled by our downsampling technique, it 

does not demonstrate the deterministic connection between the input and downsampled comb spectra that is 

essential for applications. To understand their relationship, we present a simple model of downsampling and 

experimental tests of its conclusions.  

We model the gated pulse train’s electric field as the product of the incoming comb’s field and a time-varying 

amplitude modulation. For an incoming optical frequency comb with repetition rate   , complex single-pulse 

field     , and pulse-to-pulse carrier-envelope phase shift  , pulse gating by a train of rectangular pulses of 

length    and repetition rate     yields a downsampled comb with field 
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where      is the rectangle function and   and   count the pulse number of the incoming pulse train and the 

electronic gate. Regardless of the gate frequency, the temporal separation of pulses in the downsampled 

optical pulse train is restricted to integer multiples of the incoming comb’s repetition period [18]. The 

frequency content of the downsampled pulse train      can be calculated via the convolution theorem: 
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where    is the carrier-envelope offset frequency of the incoming comb,          ⁄    The downsampled pulse 

train has frequency content at optical modes       , as well as at intensity modulation sidebands whose 

frequency offsets     are harmonics of the gating frequency. To avoid the generation of spurious modulations, 

pulse gating at an integer sub-harmonic of the incoming repetition rate,       ⁄   is essential. In this case 

overlap of the intensity modulation components created by pulse gating results in a downsampled frequency 

comb with a single mode spacing. Moreover, the downsampled comb has the same offset frequency as the 

incoming comb. 

  
Figure 2. Measured phase noise of spectral 

components of the supercontinuum, selected by a 

1650 nm long pass filter (dashed red) and a 990±5 

nm band pass filter (solid blue), the entire 

downsampled 25 MHz frequency comb measured 

immediately before the EDFA (green), the 250 

MHz comb (dashed gray, shifted by          ⁄    

-20 dB), and the gate generator (dashed black). We 

also display the measurement noise floor (dashed 

blue). 



Notably, for sub-harmonic gating, jitter of the electronic gate less than its duration does not contribute to 

noise on the downsampled comb. We model jitter as gate-to-gate arrival-time delays    . The downsampled 

comb’s amplitude      does not deviate from that of Eqn. (1) provided that the jitter is a sufficiently small 

|   |     ⁄ , i.e., that the optical and gating pulses are always substantially overlapped. Thus, we expect that 

the carrier-envelope offset frequency of the incoming comb is preserved by downsampling even with jitter on 

the gate signal. 

To test the impact on the downsampled optical waveform of electronic jitter, we compare the phase-noise 

spectrum of the comb’s repetition rate at different points in our apparatus (Fig. 2). Relative to the phase noise 

of the 250 MHz comb, which has been shifted by -20 dB to facilitate comparison, the downsampled frequency 

comb’s phase-noise spectrum exhibits only a small increase at ~3 kHz, likely corresponding to the corner in the 

gate generator’s phase noise at the same frequency. The phase noise of the far ends of the supercontinuum 

similarly matches the 250 MHz comb below 1 kHz.  The higher phase noise in the supercontinuum beyond 1 

kHz is likely due in part to four-wave mixing between ASE and the comb light that occurs in the HNLF. 

The timing jitter of our gating pulse train is between 5 ps (obtained by integrating the phase noise plotted in 

Fig. 2 to 100 kHz) and 10 ps (extrapolating constant phase noise to the 12.5 MHz Nyquist frequency and 

integrating). These jitter values are small relative to the 4 ns period of the incoming optical pulse train. As the 

repetition rate of the incoming optical pulse train increases to >10 GHz, the gate duration must 

correspondingly decrease for single-pulse gating, and timing jitter on the gate may become a significant 

fraction of the gate duration. To explore the effects of timing jitter larger than our pulse generator’s inherent 5 

to 10 ps, we impose excess jitter on the gating signal. The relative timing between the gating signal and the 

incoming optical pulse train is modulated at 5 MHz with an amplitude of 250 ps. The effect of this jitter is 

manifest in the microwave power of the gated comb as 5 MHz intensity-modulation sidebands and depends on 

the optical pulse alignment within the gate; see Fig. 3a.  Pulses with a mean position within 250 ps of the gate 

edge are substantially modulated by the 5 MHz gate-delay signal. This agrees with the prediction of a sharp 

threshold on the acceptable level of timing jitter on the gate. 

  

Figure 3. a) Amplitude of the downsampled pulse-train modulation due to 250 ps jitter at 5 MHz 

rate. The position of a data point on the x-axis indicates its mean position within the gate, 

shown in dashed black. Measurement uncertainties arise due to a latency between the optical 

trigger and the start of the electronic gating signal which varies on the order of 50 ps. b) 

Deviation of the carrier-envelope offset frequency of the downsampled comb relative to the 250 

MHz comb’s offset as a function of the alignment of optical pulses within the gate. 



To establish that the comb’s carrier-envelope offset frequency is preserved in the downsampling process, we 

perform a frequency comparison of the 25 MHz downsampled comb and a separate output of the 250 MHz 

comb. This 250 MHz output is intensity modulated so that a measurement of the nonzero optical heterodyne 

beat frequency between an intensity modulation sideband and a pulse-gating sideband of the downsampled 

comb reveals the relative frequency offset of the two combs. Figure 3b shows the null frequency shift between 

the 25 MHz and 250 MHz combs, which we have characterized for different alignments of the optical pulse 

within the gate. At the level of several microhertz, better than 10-18 relative to the 200 THz optical carrier 

frequency, we observe no frequency shift between the 250 MHz comb and the downsampled 25 MHz comb. One 

factor that may contribute to the greater measurement uncertainties in the data points taken on the leading 

edge of the gate is the change in the carrier-envelope phase due to distortion of the optical intensity envelope 

by the rising edge of the gate.  

Downsampling via pulse gating offers a promising route to offset frequency stabilization of high-repetition-

rate combs. In our experiments downsampling facilitated detection of    at a signal-to-noise ratio sufficient for 

measurement and stabilization, which would otherwise have required significantly higher average power. The 

effects of timing jitter on the gating signal are negligible so long as the incoming optical pulse train does not 

interact with the edge of the gate, but when it does, timing jitter induces amplitude noise on the transmitted 

pulses due to the effective time-varying transmission of the EOM. Our experiments demonstrated that 

downsampling preserves   , as required for application of the technique. 

To employ downsampling as demonstrated here with repetition rates >10 GHz will require electronic gates 

with duration <100 ps. Technology to downsample with gates as short as 20 ps is commercially available, 

while 100 Gb/s integrated circuits and 25 GHz demultiplexing have been demonstrated [21, 22]. Barring the 

use of such state-of-the-art electronics, pulse gates of duration longer than the incoming optical pulse train’s 

repetition period can be employed.  This will be technically easier to achieve, but determining the effect of 

transmitting several pulses per gate on the downsampled comb will require further investigation. 
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subject to copyright in the United States of America. 

 

References 

1. S. A. Diddams, “The evolving optical frequency comb,” J. Opt. Soc. Am. B 27, B51-B62 (2010).  

2. S. T. Cundiff and J. Ye, “Colloquium: Femtosecond optical frequency combs,” Rev. Mod. Phys. 75, 325-

342 (2003). 

3. M. C. Stowe, M. J. Thorpe, A. Pe’er, J. Ye, J. E. Stalnaker, V. Gerginov, and S. A. Diddams, “Direct 

Frequency Comb Spectroscopy,” Adv. At. Mol. Opt. Phys 55, 1-60 (2008). 

4. T. Steinmetz, T. Wilken, C. Araujo-Hauck, R. Holzwarth, T. W. Hansch, L. Pasquini, A. Manescau, S. 

D’Odorico, M. T. Murphy, T. Kentischer, W. Scmidt, and T. Udem, “Laser Frequency Combs for 

Astronomical Observations,” Science 321, 1335-1337 (2008).  



5. G. G. Ycas, F. Quinlan, S. A. Diddams, S. Osterman, S. Mahadevan, S. Redman, R. Terrien, L. Ramsey, 

C. F. Bender, B. Botzer, and S. Sigurdsson, “Demonstration of on-sky calibration of astronomical spectra 

using a 25 GHz near-IR laser frequency comb,” Opt. Exp. 20, 6631-6643 (2012). 

6. Z. Jiang, C.-B. Huang, D. E. Leaird, and A. M. Weiner, “Optical arbitrary waveform processing of more 

than 100 spectral comb lines,” Nat. Phot. 1, 463-467 (2007). 

7. P. J. Delfyett, S. Gee, M.-T. Choi, H. Izadpanah, W. Lee, S. Ozharar, F. Quinlan, and T. Yilmaz, “Optical 

Frequency Combs From Semiconductor Lasers and Applications in Ultrawideband Signal Processing 

and Communications,” J. Lightwave Tech. 24, 2701-2719 (2006). 

8. A. Bartels, D. Heinecke, and S. A. Diddams, “10-GHz Self-Referenced Optical Frequency Comb,” Science 

326, 681 (2009). 

9.  M. Akbulut, J. Davila-Rodriguez, I. Ozdur, F. Quinlan, S. Ozharar, N. Hoghooghi, and P. J. Delfyett, 

“Measurement of carrier envelope offset frequency for a 10 GHz etalon-stabilized semiconductor optical 

frequency comb,” Opt. Exp. 19, 16851-16865 (2011). 

10. A. Ishizawa, T. Nishikawa, A. Mizutori, H. Takara, S. Aozasa, A. Mori, H. Nakano, A. Takada, and M. 

Koga, “Octave-spanning frequency comb generated by 250 fs pulse train emitted from 25 GHz externally 

phase-modulated laser diode for carrier-envelope-offset-locking,” Elec. Lett. 46, 1343-1344 (2010). 

11. P. Del’Haye, A. Schliesser, O. Arcizet, T. Wilken, R. Holzwarth, and T. J. Kippenberg, “Optical frequency 

comb generation from a monolithic microresonator,” Nature 450, 1214-1217 (2007).  

12. T. J. Kippenberg, R. Holzwarth, and S. A. Diddams, “Microresonator-Based Optical Frequency Combs,” 

Science 332, 555-559 (2011).  

13. A. van Hoek and A. J. W. G. Visser, “Pulse selection system with electro-optic modulators applied to 

mode-locked cw lasers and time-resolved single photon counting,” Rev. Sci. Instr. 52, 1199-1205 (1981).  

14. P. N. Everett, “Design of an Nd-Glass Mode-Locked Laser with Frequency Doubling and Pulse 

Selection,” Rev. Sci. Instr. 51, 1495-1500 (1970).  

15. S. Backus, C. G. Durfee III, M. M. Murnane, and H. C. Kapteyn, “High power ultrafast lasers,” Rev. Sci. 

Instr. 69, 1207-1223 (1998). 

16. A. Baltuska, M. Uiberacker, E. Goulielmakis, R. Kienberger, V. S. Yakovlev, T. Udem, T. W. Hansch, 

and F. Krausz, “Phase-Controlled Amplification of Few-Cycle Laser Pulses,” IEEE J. Sel. Top. Quan. 

Electron. 9, 972-989 (2003).  

17. E. Moon, H. Wang, S. Gilbertson, H. Mashiko, M. Chini, and Z. Chang, “Advances in carrier-envelope 

phase stabilization of grating-based chirped-pulse amplifiers,” Laser & Phot. Rev. 4, 160-177 (2010). 

18. D. Mandridis, I. Ozdur, F. Quinlan, M. Akbulut, J. J. Plant, P. W. Juodawlkis, and P. J. Delfyett, “Low-

noise, low repetition rate, semiconductor-based mode-locked laser source suitable for high bandwidth 

photonic analog-digital conversion,” Applied Optics 49, 2850-2857 (2010). 

19. M. E. Fermann, V. I. Kruglov, B. C. Thomsen, J. M. Dudley, and J. D. Harvey, “Self-similar propagation 

and amplification of parabolic pulses in optical fibers,” Phys. Rev. Lett. 84, 6010-6013 (2000). 

20. M. Hirano, T. Nakanishi, T. Okuno, and M. Onishi, “Silica-based Highly Nonlinear Fibers and Their 

Application,” Sel. Top. Quantum Electron. 15, 103-113 (2009). 



21. D. Ferenci, M. Grozing, M Berroth, R. Makon, R. Driad, and J. Rosenzweig, “A 25 GHz Analog 

Demultiplexer with a Novel Track and Hold Circuit for a 50 GS/s A/D-Conversion System in InP DHBT 

Technology” in Microwave Symposium Digest (MTT), 2012 IEEE MTT-S International, pp. 1-3. 

22. R. Driad, J. Rosenzweig, R. E. Makon, R. Losch, V. Hurm, H. Walcher, and M. Schlechtweg, “InP DHBT-

Based IC Technology for 100-Gb/s Ethernet,” IEEE Trans. On Electron. Devices 58, 2604-2609 (2011). 

 

 
 
 


