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Abstract: We introduce an architecture for optical-frequency synthesis using photonic-chip
frequency combs and a heterogeneously integrated CW laser. The Kerr dual-comb that we

describe offers a microwave-optical link to discipline the laser to an RF clock.
OCIS codes: (130.0130) Integrated optics; (140.3948) Microcavity devices; (190.4390) Nonlinear optics, integrated optics

1. Introduction to optical-frequency synthesis with integrated photonics

The coherent phase link between laser light and microwave radiation enabled by optical-frequency combs has
opened various new research directions, including optical timekeeping, molecular spectroscopy, laser ranging,
optical communications, and quantum science [1,2]. Heterogeneous photonics will enhance the reach of these, and
create still new directions, by making available low-cost, deployable systems of lasers, modulators, photodetectors,
and other components that can harness novel nonlinear photonics processes in chip-integrated materials. Here we
introduce a specific heterogencous photonics system designed to synthesize the frequency of laser light relative to an
RF clock. Maturing III/V-Si heterogeneous lasers provide a widely tunable yet narrow linewidth source, and
recently developed Kerr-microresonator frequency combs close the loop between the tunable laser’s frequency and
an RF reference clock. Our paper introduces these core elements of the optical synthesizer with emphasis on the first
measurements of low-noise performance in an octave-span, chip-based Kerr comb and demonstration of <1 Hz
residual noise performance in stabilizing an integrated tunable laser to a Kerr comb.
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Figure 1: Heterogeneous photonics system for optical frequency synthesis. (a) System components include a Vernier ring tunable
laser with I1I/V-Si heterogeneous integration, and a dual microresonator Kerr comb based on a 22 GHz silica device and a 1 THz
silicon-nitride device operating in the low noise soliton regime. (b) Tunable laser tuning spectra for this demonstration. (c) Octave-
bandwidth dual Kerr comb with dual dispersive waves for f-2f self-referencing and dense mode spacing near the 1550 nm pump.
(d) Zoom of (c) showing the dense 22 GHz silica comb.
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Figure la presents a schematic of the integrated optical-frequency-synthesizer system and the key optical spectra
that characterize it. The overall system output relies on an integrated Vernier laser capable of >50 nm tuning across
the same wavelength region as the dual-comb’s pump laser. A dual-microresonator Kerr frequency comb provides
the microwave-optical link to discipline the tunable laser and provide an accurate, low noise output. In this system,
we pump the dual-combs near 1550 nm, but demonstrate low noise locking of an O-band tunable laser to the THz
comb that is similar in production to future C-band lasers. The need to incorporate two different combs arises from
fundamental power consumption and bandwidth tradeoffs in Kerr frequency combs. To obtain an octave bandwidth
spectrum it is favorable to leverage a silicon-nitride microring with very large 1 THz mode spacing [3]. Conversely,
to obtain a 10’s of GHz mode spacing comb spanning the C-band, we leverage the uniquely high Q and chip-
compatible silica platform [4]. Figure 1c-d show the output optical spectra of the tunable laser and the dual Kerr
comb. Importantly, the 1 THz comb spans more than an octave to enable f-2f self-referencing, and the silica comb
serves the dual purpose of detecting the 1 THz spacing and providing a dense grid of reference modes. Both
frequency combs operate in the low noise soliton regime.

2. Photonic elements with low-noise performance

The chip-scale optical frequency synthesis approach we describe involves low pump power monolithic
microresonators of two different repetition frequencies. A waveguide coupled SisN4s THz microcomb with a radius
of 23 um and height of 600 nm is used to generate octave bandwidth efficiently to enable f-2f interferometry and
carrier-envelope offset frequency detection [3]. The on-chip pump power used is approximately 100 mW. The pump
laser is split and passed through a single-sideband suppressed-carrier (SSB-SC) modulator for rapid, independent
excitation of a silica based single soliton, Figure 1d [4]. The repetition frequency of this comb is 22 GHz, enabling
detection with microwave photodetectors. Combined with the heterodyne beat between the two combs 1 THz away
from the common pump, the exact spacing of the THz microcomb is measured (Figure 2a). We detect the carrier-
envelope offset frequency with the help of an external cavity diode laser (ECDL) tuned to nearly match the THz
comb mode near 1984 nm. After passing the ECDL light through a Thulium amplifier (=15 dB gain) and a
waveguide coupled PPLN device with 5%/W total efficiency, an optical heterodyne with the THz comb produces

two RF tones on photodetectors; which are shown in Figure 2b-c. Using the two RF beats, 5992 and 5]984, and

knowing the pump laser is at the THz comb mode number of 191, any other frequency in the comb can be
determined by f, = N* f,

ep
of these heterodyne signals indicate that the THz comb modes at these wavelengths have <1 MHz linewidth, and
that the carrier offset frequency is approximately 7 GHz. Further, these signals offer sufficient SNR for electronic
processing to remove their contribution from the ECDL and for subsequent phase locking of the dual Kerr comb
pump laser. Our presentation will report on progress towards full frequency stabilization of the dual Kerr frequency
comb referenced to a microwave clock.

+ 2*51984 —5992 for synthesizing arbitrary frequencies with the tunable laser. Both
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Figure 2: RF outputs of the dual Kerr comb indicating low-noise operation. (a) Repetition rate beat between the pump THz and
silica comb, (b) 992 nm heterodyne beat with the second harmonic generation of the ECDL, and (c) 1984 nm heterodyne with the
ECDL. (d) Tuning map of the O-band tunable laser for this demonstration, showing mode hope free tuning using the two ring
resonators.
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The widely tunable laser, which will be locked to a dual-comb mode, is based upon the heterogeneous Si/III-V
platform developed by Aurrion Inc. The laser includes I1I/V gain material, monolithically integrated Si loop mirrors,
2 intracavity add-drop filters for linewidth narrowing, and thermal phase tuners to adjust the round trip phase and
each filter’s resonance wavelength [5]. With this Vernier effect and thermal tuning capability over 54 nm, optical
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synthesis over the entire laser tuning range is possible while being tightly referenced back to the main THz
frequency comb. The full tuning map of the laser shows full mode hope free tuning over the resonator’s free spectral
range, Figure 2d.

3. Integrated tunable laser locking results

We explore phase locking of the integrated tunable laser to both a reference CW laser or to a single THz comb
mode. Our work begins to incorporate advanced optical metrology techniques proven by fiber frequency combs [6].
Frequency tuning across the entire O-band of the tunable laser is achieved through heaters on the two ring resonators
and intracavity phase section. The heater thermal time constants allow modulation up to 10 kHz, while the drive
current on the SOA offers GHz of modulation bandwidth but with lower gain and wavelength range. For these
reasons, the optimal design will implement a dual-loop with fine, high-speed feedback on the SOA current and
coarse, low-bandwidth feedback on the ring resonators’ heaters. For the phase-locking demonstrations presented
here, FPGA-based electronics were used with a 100 MS/s sampling rate with feedback solely to the SOA current.
For larger offset frequency phase locks to the comb, more advanced signal processing will be implemented
including use of an electronic voltage controlled oscillator to down convert the signal to more manageable
frequencies.

We observe greater than 60 dB reduction in the in-loop frequency noise at 100 Hz offset when feedback to the
SOA current is used to phase-lock the tunable laser to the reference CW laser. A maximum feedback bandwidth of
~100 kHz is found. The stability of the free-running THz comb is such that the tunable laser can also be phase-
locked to a single tooth of the THz comb. Using the same FPGA-based electronics, the frequency of the 25-MHz
beat between the THz comb tooth and the tunable laser was counted for 15 minutes. By monitoring the in-loop
frequency noise, Figure 3a, we observe the loop servo reducing noise up to a 10 kHz bandwidth and down to
100 Hz?/Hz. Using a built in zero dead time counter with 1 second gate time, we observe less than 10 mHz drift over
15 minutes on the beat note deviation from the reference frequency, as shown in Figure 3b.
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Figure 3: Results of the O-band tunable laser locked to the THz comb. (a) In-loop PSD of locked frequency noise, and (b) 1 second gate
in-loop counter measurement for locking greater than 15 minutes.

Freguency Moise (HZQJ{HZ:I

The authors would like to thank Srico, Inc. for use of the waveguide PPLN device. This research is supported by the
Defense Advanced Research Projects Agency (DARPA). The views, opinions and/or findings expressed are those of
the authors and should not be interpreted as representing the official views or policies of the U.S. Government.

4. References

1. I. Coddington, N. Newbury, and W. Swann, "Dual-comb spectroscopy," Optica 3, 414 (2016).

2. D. Hillerkuss, R. Schmogrow, T. Schellinger, M. Jordan, M. Winter, G. Huber, T. Vallaitis, R. Bonk, P. Kleinow, F. Frey, M. Roeger,
S. Koenig, A. Ludwig, A. Marculescu, J. Li, M. Hoh, M. Dreschmann, J. Meyer, S. Ben Ezra, N. Narkiss, B. Nebendahl, F. Parmigiani,
P. Petropoulos, B. Resan, A. Ochler, K. Weingarten, T. Ellermeyer, J. Lutz, M. Moeller, M. Huebner, J. Becker, C. Koos, W. Freude,
and J. Leuthold, "26 Tbit s—1 line-rate super-channel transmission utilizing all-optical fast Fourier transform processing," Nat.
Photonics 5, 364-371 (2011).

3. Q. Li, T. C. Briles, D. a Westly, J. R. Stone, B. R. Ilic, S. a Diddams, S. B. Papp, and K. Srinivasan, "Octave-spanning microcavity
Kerr frequency combs with harmonic dispersive-wave emission on a silicon chip," Front. Opt. 6, 7-FW6C.5 (2015).

4. X. Y1, Q.-F. Yang, K. Y. Yang, M.-G. Suh, and K. Vahala, "Soliton frequency comb at microwave rates in a high-Q silica
microresonator," Optica 2, 1078 (2015).

5. T. Komljenovic, S. Srinivasan, E. Norberg, M. Davenport, G. Fish, and J. E. Bowers, "Widely Tunable Narrow-Linewidth
Monolithically Integrated External-Cavity Semiconductor Lasers," IEEE J. Sel. Top. Quantum Electron. 21, 1-9 (2015).

6. E. Baumann, F. R. Giorgetta, I. Coddington, L. C. Sinclair, K. Knabe, W. C. Swann, and N. R. Newbury, "Comb-calibrated frequency-

modulated continuous-wave ladar for absolute distance measurements," Opt. Lett. 38, 2026 (2013).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


		2017-05-31T13:58:26-0400
	Certified PDF 2 Signature




