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Abstract: We demonstrate the generation of higher-order modulation formats using silicon-

based inphase/quadrature (IQ) modulators at symbol rates of up to 100 GBd. Our devices 

exploit the advantages of silicon-organic hybrid (SOH) integration, which combines silicon-

on-insulator waveguides with highly efficient organic electro-optic (EO) cladding materials 

to enable small drive voltages and sub-millimeter device lengths. In our experiments, we use 

an SOH IQ modulator with a π-voltage of 1.6 V to generate 100 GBd 16QAM signals. This is 

the first time that the 100 GBd mark is reached with an IQ modulator realized on a 

semiconductor substrate, leading to a single-polarization line rate of 400 Gbit/s. The peak-to-

peak drive voltages amount to 1.5 Vpp, corresponding to an electrical energy dissipation in the 

modulator of only 25 fJ/bit. 

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further 

distribution of this work must maintain attribution to the author(s) and the published article’s title, journal citation, 

and DOI. 

OCIS codes: (060.4080) Modulation; (250.7360) Waveguide modulators; (250.5300) Photonic integrated circuits. 

References and links 

1. U. Hölzle, “Ubiquitous Cloud Requires a Revolution in Optics,” Plenary Talk, Optical Fiber Communication 

Conference (OFC) (2017).

2. K. Schuh, F. Buchali, W. Idler, T. A. Eriksson, L. Schmalen, W. Templ, L. Altenhain, U. Dümler, R. Schmid, M. 

Möller, and K. Engenhardt, “Single Carrier 1.2 Tbit/s Transmission over 300 km with PM-64 QAM at 

100 GBaud,” in Optical Fiber Communication Conference (OFC) (OSA, 2017), paper Th5B.5.

3. G. Raybon, J. Cho, A. Adamiecki, P. J. Winzer, A. Konczykowska, F. Jorge, J.-Y. Dupuy, M. Riet, B. Duval, K. 

Kim, S. Randel, D. Pilori, B. Guan, N. K. Fontaine, and E. Burrows, “Single carrier high symbol rate transmitter 

for data rates up to 1.0 Tb/s,” in Optical Fiber Communication Conference (OFC) (OSA, 2016), paper Th3A.2.

4. M. Lauermann, R. Going, R. Maher, M. Lu, W. Ko, P. Studenkov, J. Ferrara, A. Hosseini, S. Corzine, J. Rahn, 

M. Kuntz, H.-S. Tsai, A. Karanicolas, P. Evans, V. Lal, D. Welch, and F. A. Kish, “Multi-Channel, Widely-

Tunable Coherent Transmitter and Receiver PICs Operating at 88Gbaud/16-QAM,” in Optical Fiber 

Communication Conference (OFC) (OSA, 2017), paper Th5C.2.

5. Y. Ogiso, T. Yamada, J. Ozaki, Y. Ueda, N. Kashio, N. Kikuchi, E. Yamada, and H. Mawatari, “Ultra-High

Bandwidth InP IQ Modulator with 1.5 V Vπ,” in European Conference on Optical Communication (ECOC) 

(2016), 355–357. 

6. J. Orcutt, D. M. Gill, J. E. Proesel, J. Ellis-Monaghan, F. Horst, T. Barwicz, C. Xiong, F. G. Anderson, A. 

Agrawal, Y. Martin, C. W. Baks, M. Khater, J. C. Rosenberg, W. D. Sacher, J. Hofrichter, E. Kiewra, A. D.

Stricker, F. Libsch, B. J. Offrein, M. Meghelli, N. B. Feilchenfeld, W. Haensch, and W. M. J. Green,

“Monolithic Silicon Photonics at 25Gb/s,” in Optical Fiber Communication Conference (OFC) (OSA, 2016), 

paper Th4H.1.

7. J. Geyer, C. R. Doerr, M. Aydinlik, N. Nadarajah, A. Caballero, C. Rasmussen, and B. Mikkelsen, “Practical

Implementation of Higher Order Modulation Beyond 16-QAM,” in Optical Fiber Communication Conference 

(OFC) (OSA, 2015), paper Th1B.1.

8. C. R. Doerr, L. Chen, T. Nielsen, R. Aroca, L. Chen, M. Banaee, S. Azemati, G. McBrien, S. Y. Park, J. Geyer, 

B. Guan, B. Mikkelsen, C. Rasmussen, M. Givhechi, Z. Wang, B. Potsaid, H.-C. Lee, E. Swanson, and J. 

Vol. 26, No. 1 | 8 Jan 2018 | OPTICS EXPRESS 220 

#306872 https://doi.org/10.1364/OE.26.000220 

Journal © 2018 Received 14 Sep 2017; revised 2 Nov 2017; accepted 6 Nov 2017; published 3 Jan 2018 

https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.26.000220&domain=pdf&date_stamp=2018-01-03


Fujimoto, “O, E, S, C, and L Band Silicon Photonics Coherent Modulator/Receiver,” in Optical Fiber 

Communication Conference (OFC) (OSA, 2016), paper Th5C.4. 

9. C. R. Doerr, J. Heanue, L. Chen, R. Aroca, S. Azemati, G. Ali, G. McBrien, L. Chen, B. Guan, H. Zhang, X.

Zhang, T. Nielsen, H. Mezghani, M. Mihnev, C. Yung, and M. Xu, “Silicon Photonics Coherent Transceiver in a 

Ball-Grid Array Package,” in Optical Fiber Communication Conference (OFC) (OSA, 2017), paper Th5D.5.

10. S. S. Azadeh, F. Merget, S. Romero-García, A. Moscoso-Mártir, N.V Den Driesch, J. Müller, S. Mantl, D. Buca, 

and J. Witzens, “Low Vπ Silicon photonics modulators with highly linear epitaxially grown phase shifters,” Opt. 

Express 23(18), 23526–23550 (2015).

11. M. Hochberg, N. C. Harris, R. Ding, Y. Zhang, A. Novack, Z. Xuan, and T. Baehr-Jones, “Silicon Photonics: 

The Next Fabless Semiconductor Industry,” IEEE Solid-State Circuits Mag. 5(1), 48–58 (2013).

12. J. S. Orcutt, B. Moss, C. Sun, J. Leu, M. Georgas, J. Shainline, E. Zgraggen, H. Li, J. Sun, M. Weaver, S.

Urošević, M. Popović, R. J. Ram, and V. Stojanović, “Open foundry platform for high-performance electronic-

photonic integration,” Opt. Express 20(11), 12222–12232 (2012).

13. Y. Fang, L. Liu, C. Y. Wong, S. Zhang, T. Wang, G. N. Liu, and X. Xu, “Silicon IQ Modulator Based 480km 

80x453.2Gb/s PDM-eOFDM Transmission on 50GHz Grid with SSMF and EDFA-only Link,” in Optical Fiber 

Communication Conference (OFC) (OSA, 2015), paper M3G.5. 

14. G. T. Reed, G. Mashanovich, F. Y. Gardes, and D. J. Thomson, “Silicon optical modulators,” Nat. Photonics 4, 

518–526 (2010). 

15. M. R. Watts, W. A. Zortman, D. C. Trotter, R. W. Young, and A. L. Lentine, “Low-Voltage, Compact,

Depletion-Mode, Silicon Mach-Zehnder Modulator,” IEEE J. Sel. Top. Quantum Electron. 16(1), 159–164

(2010).

16. D. Petousi, I. G. Lopez, S. Lischke, D. Knoll, P. Rito, G. Winzer, C. Mai, K. Voigt, A. Ulusoy, L. Zimmermann, 

and K. Petermann, “High-Speed Monolithically Integrated Silicon Photonic Transmitters in 0.25 μm BiCMOS

Platform,” in European Conference on Optical Communication (ECOC) (2016), pp. 604–606.

17. C. Xiong, D. Gill, J. Proesel, J. Orcutt, W. Haensch, and W. M. J. Green, “A monolithic 56 Gb/s CMOS 

integrated nanophotonic PAM-4 transmitter,” in 2015 IEEE Optical Interconnects Conference (OI) (IEEE, 

2015), 16–17. 

18. P. Dong, C. Xie, L. Buhl, Y. Chen, J. Sinsky, and G. Raybon, “Silicon In-Phase/Quadrature Modulator with On-

Chip Optical Equalizer,” J. Lightwave Technol. 33(6), 1191–1196 (2015).

19. P. Dong, X. Liu, S. Chandrasekhar, L. L. Buhl, R. Aroca, and Y. Chen, “Monolithic Silicon Photonic Integrated 

Circuits for Compact 100+Gb/s Coherent Optical Receivers and Transmitters,” IEEE J. Sel. Top. Quantum 

Electron. 20(4), 6100108 (2014).

20. C. Koos, J. Leuthold, W. Freude, M. Kohl, L. R. Dalton, W. Bogaerts, A. L. Giesecke, M. Lauermann, A. 

Melikyan, S. Koeber, S. Wolf, C. Weimann, S. Muehlbrandt, K. Koehnle, J. Pfeifle, W. Hartmann, Y.

Kutuvantavida, S. Ummethala, R. Palmer, D. Korn, L. Alloatti, P. C. Schindler, D. L. Elder, T. Wahlbrink, and J.

Bolten, “Silicon-Organic Hybrid (SOH) and Plasmonic-Organic Hybrid (POH) integration,” J. Lightwave 

Technol. 34(2), 256–268 (2016).

21. C. Koos, J. Brosi, M. Waldow, W. Freude, and J. Leuthold, “Silicon-on-insulator modulators for next-generation 

100 Gbit/s-Ethernet,” in European Conference on Optical Communication (ECOC) (IEEE, 2007), paper P056.

22. H. Sato, H. Miura, F. Qiu, A. M. Spring, T. Kashino, T. Kikuchi, M. Ozawa, H. Nawata, K. Odoi, and S. 

Yokoyama, “Low driving voltage Mach-Zehnder interference modulator constructed from an electro-optic 

polymer on ultra-thin silicon with a broadband operation,” Opt. Express 25(2), 768–775 (2017).

23. L. R. Dalton, P. A. Sullivan, and D. H. Bale, “Electric field poled organic electro-optic materials: state of the art 

and future prospects,” Chem. Rev. 110(1), 25–55 (2010).

24. Y. Jouane, Y.-C. Chang, D. Zhang, J. Luo, A. K.-Y. Jen, and Y. Enami, “Unprecedented highest electro-optic 

coefficient of 226 pm/V for electro-optic polymer/TiO2 multilayer slot waveguide modulators,” Opt. Express 

22(22), 27725–27732 (2014).

25. W. Heni, C. Haffner, D. L. Elder, A. F. Tillack, Y. Fedoryshyn, R. Cottier, Y. Salamin, C. Hoessbacher, U.

Koch, B. Cheng, B. Robinson, L. R. Dalton, and J. Leuthold, “Nonlinearities of organic electro-optic materials in

nanoscale slots and implications for the optimum modulator design,” Opt. Express 25(3), 2627–2653 (2017).

26. C. Haffner, W. Heni, D. L. Elder, Y. Fedoryshyn, N. Đorđević, D. Chelladurai, U. Koch, K. Portner, M. Burla, 

B. Robinson, L. R. Dalton, J. Leuthold, T. David, Z. Aaron, E. B. John, K. Tin, T. R. Graham, V. Laurent, M.

Delphine, C. Eric, V. Léopold, F. Jean-Marc, H. Jean-Michel, H. S. Jens, X. Dan-Xia, B. Frédéric, O. B. Peter,

Z. M. Goran, M. Nedeljkovic, S. Luís, W. Klaus, J. Sakaguchi, J. Delgado Mendinueta, Y. Awaji, N. Wada, Y.

Tamura, T. Hayashi, and M. Hirano, “Harnessing nonlinearities near material absorption resonances for reducing 

losses in plasmonic modulators,” Opt. Mater. Express 7, 2168–2181 (2017).

27. C. Bosshard, K. Sutter, R. Schlesser, and P. Günter, “Electro-optic effects in molecular crystals,” J. Opt. Soc.

Am. B 10(5), 867–885 (1993).

28. R. Palmer, S. Koeber, D. L. Elder, M. Woessner, W. Heni, D. Korn, M. Lauermann, W. Bogaerts, L. R. Dalton, 

W. Freude, J. Leuthold, and C. Koos, “High-speed, low drive-voltage silicon-organic hybrid modulator based on

a binary-chromophore electro-optic material,” J. Lightwave Technol. 32(16), 2726–2734 (2014).

29. S. Koeber, R. Palmer, M. Lauermann, W. Heni, D. L. Elder, D. Korn, M. Woessner, L. Alloatti, S. Koenig, P. C. 

Schindler, H. Yu, W. Bogaerts, L. R. Dalton, W. Freude, J. Leuthold, and C. Koos, “Femtojoule electro-optic 

modulation using a silicon–organic hybrid device,” Light Sci. Appl. 4, e255 (2015).

Vol. 26, No. 1 | 8 Jan 2018 | OPTICS EXPRESS 221 



30. M. Lauermann, R. Palmer, S. Koeber, P. C. Schindler, D. Korn, T. Wahlbrink, J. Bolten, M. Waldow, D. L. 

Elder, L. R. Dalton, J. Leuthold, W. Freude, and C. Koos, “Low-power silicon-organic hybrid (SOH) modulators 

for advanced modulation formats,” Opt. Express 22(24), 29927–29936 (2014).

31. S. Wolf, M. Lauermann, P. C. Schindler, G. Ronniger, K. Geistert, R. Palmer, S. Koeber, W. Bogaerts, J.

Leuthold, W. Freude, and C. Koos, “DAC-less amplifier-less generation and transmission of QAM signals using 

sub-volt silicon-organic hybrid modulators,” J. Lightwave Technol. 33(7), 1425–1432 (2015).

32. M. Lauermann, S. Wolf, P. C. Schindler, R. Palmer, S. Koeber, D. Korn, L. Alloatti, T. Wahlbrink, J. Bolten, M. 

Waldow, M. Koenigsmann, M. Kohler, D. Malsam, D. L. Elder, P. V. Johnston, N. Phillips-Sylvain, P. A. 

Sullivan, L. R. Dalton, J. Leuthold, W. Freude, and C. Koos, “40 GBd 16QAM Signaling at 160 Gb/s in a 

Silicon-Organic Hybrid Modulator,” J. Lightwave Technol. 33(6), 1210–1216 (2015).

33. W. Hartmann, M. Lauermann, S. Wolf, H. Zwickel, Y. Kutuvantavida, J. Luo, A. K.-Y. Jen, W. Freude, and C. 

Koos, “100 Gbit/s OOK using a silicon-organic hybrid (SOH) modulator,” in European Conference on Optical 

Communication (ECOC) (2015), paper PDP.1.4.

34. S. Wolf, H. Zwickel, W. Hartmann, M. Lauermann, Y. Kutuvantavida, C. Kieninger, L. Altenhain, R. Schmid, J. 

Luo, A. K.-Y. Jen, S. Randel, W. Freude, and C. Koos, “Silicon-Organic Hybrid (SOH) Mach-Zehnder 

Modulators for 100 Gbit/s On-Off Keying,” arXiv 1709.01793 (2017). 

35. S. Wolf, M. Lauermann, W. Hartmann, H. Zwickel, Y. Kutuvantavida, M. Koenigsmann, M. Gruen, J. Luo, A. 

K. Jen, W. Freude, and C. Koos, “An Energy-Efficient 252 Gbit/s Silicon-Based IQ-Modulator,” in Optical

Fiber Communication Conference (OFC) (OSA, 2016), paper Th3J.2.

36. L. Alloatti, R. Palmer, S. Diebold, K. P. Pahl, B. Chen, R. Dinu, M. Fournier, J.-M. Fedeli, T. Zwick, W. Freude, 

C. Koos, and J. Leuthold, “100 GHz silicon–organic hybrid modulator,” Light Sci. Appl. 3, e173 (2014).

37. L. Alloatti, D. Korn, R. Palmer, D. Hillerkuss, J. Li, A. Barklund, R. Dinu, J. Wieland, M. Fournier, J. Fedeli, H.

Yu, W. Bogaerts, P. Dumon, R. Baets, C. Koos, W. Freude, and J. Leuthold, “42.7 Gbit/s electro-optic 

modulator in silicon technology,” Opt. Express 19(12), 11841–11851 (2011).

38. L. Alloatti, M. Lauermann, C. Sürgers, C. Koos, W. Freude, and J. Leuthold, “Optical absorption in silicon 

layers in the presence of charge inversion/accumulation or ion implantation,” Appl. Phys. Lett. 103, 51104

(2013).

39. S. Wolf, H. Zwickel, C. Kieninger, Y. Kutuvantavida, M. Lauermann, J. Lutz, L. Altenhain, R. Schmid, W.

Freude, C. Koos, and S. Randel, “Silicon-Organic Hybrid (SOH) IQ Modulator for 100 GBd 16QAM 

Operation,” in Optical Fiber Communication Conference (OFC) (OSA, 2017), paper Th5C.1.

40. V. R. Almeida, Q. Xu, C. A. Barrios, and M. Lipson, “Guiding and confining light in void nanostructure,” Opt. 

Lett. 29(11), 1209–1211 (2004).

41. M. Lauermann, S. Wolf, W. Hartmann, R. Palmer, Y. Kutuvantavida, H. Zwickel, A. Bielik, L. Altenhain, J. 

Lutz, R. Schmid, T. Wahlbrink, J. Bolten, A. L. Giesecke, W. Freude, and C. Koos, “Generation of 64 GBd

4ASK signals using a silicon-organic hybrid modulator at 80°C,” Opt. Express 24(9), 9389–9396 (2016).

42. Institute of Microelectronics, Agency for Science, Technology and Research, (A*STAR), https://www.a-

star.edu.sg.

43. R. Schmogrow, B. Nebendahl, M. Winter, A. Josten, D. Hillerkuss, S. Koenig, J. Meyer, M. Dreschmann, M.

Huebner, C. Koos, J. Becker, W. Freude, and J. Leuthold, “Error Vector Magnitude as a Performance Measure 

for Advanced Modulation Formats,” IEEE Photonics Technol. Lett. 24(1), 61–63 (2012). Erratum: ibid., 24, 

2198. 

44. W. Freude, R. Schmogrow, B. Nebendahl, M. Winter, A. Josten, D. Hillerkuss, S. Koenig, J. Meyer, M. 

Dreschmann, M. Huebner, C. Koos, J. Becker, and J. Leuthold, “Quality metrics for optical signals: Eye 

diagram, Q-factor, OSNR, EVM and BER,” in International Conference on Transparent Optical Networks 

(ICTON) (IEEE, 2012), paper Mo.B1.5.

45. Y. Enami, J. Luo, and A. K.-Y. Y. Jen, “Short hybrid polymer/sol-gel silica waveguide switches with high in-

device electro-optic coefficient based on photostable chromophore,” AIP Adv. 1, 042137 (2011).

46. S. Huang, J. Luo, Z. Jin, X.-H. Zhou, Z. Shi, and A. K.-Y. Jen, “Enhanced temporal stability of a highly efficient 

guest–host electro-optic polymer through a barrier layer assisted poling process,” J. Mater. Chem. 22(38),

20353–20357 (2012). 

47. Y. J. Cheng, J. Luo, S. Huang, X. Zhou, Z. Shi, T. D. Kim, D. H. Bale, S. Takahashi, A. Yick, B. M. Polishak, S. 

H. Jang, L. R. Dalton, P. J. Reid, W. H. Steier, and A. K. Y. Jen, “Donor - Acceptor thiolated polyenic

chromophores exhibiting large optical nonlinearity and excellent photostability,” Chem. Mater. 20, 5047–5054

(2008).

48. F. Qiu and S. Yokoyama, “Efficiently poled electro-optic polymer modulators,” Opt. Express 24(17), 19020–

19025 (2016). 

49. Z. Shi, J. Luo, S. Huang, B. M. Polishak, X.-H. Zhou, S. Liff, T. R. Younkin, B. a. Block, and A. K.-Y. Jen, 

“Achieving excellent electro-optic activity and thermal stability in poled polymers through an expeditious 

crosslinking process,” J. Mater. Chem. C Mater. Opt. Electron. Devices 22(3), 951–959 (2012).

50. R. Ding, T. Baehr-Jones, W.-J. Kim, B. Boyko, R. Bojko, A. Spott, A. Pomerene, C. Hill, W. Reinhardt, and M. 

Hochberg, “Low-loss asymmetric strip-loaded slot waveguides in silicon-on-insulator,” Appl. Phys. Lett. 98, 

233303 (2011). 

51. F. Chang, K. Onohara, and T. Mizuochi, “Forward error correction for 100 G transport networks,” IEEE 

Commun. Mag. 48(3), 48–55 (2010).

Vol. 26, No. 1 | 8 Jan 2018 | OPTICS EXPRESS 222 



52. Keysight Technologies 89600 VSA Software, online: https://www.keysight.com/us/en/software/application-

sw/89600-vsa-software.html. 

53. K. Schuh, F. Buchali, W. Idler, Q. Hu, W. Templ, A. Bielik, H. Langenhagen, J. Rupeter, U. Dümler, T. 

Ellermeyer, R. Schmid, and M. Möller, “100 GSa/s BiCMOS DAC Supporting 400 Gb/s Dual Channel 

Transmission,” in European Conference on Optical Communication (ECOC) (2016), pp. 37–39.

54. D. Chang, F. Yu, Z. Xiao, Y. Li, N. Stojanovic, C. Xie, X. Shi, X. Xu, and Q. Xiong, “FPGA verification of a 

single QC-LDPC code for 100 Gb/s optical systems without error floor down to BER of 10−15,” in Optical Fiber 

Communication Conference (OFC) (OSA, 2011), paper OTuN2.

55. K. Cushon, P. Larsson-Edefors, and P. Andrekson, “Low-Power 400-Gbps Soft-Decision LDPC FEC for Optical

Transport Networks,” J. Lightwave Technol. 34(18), 4304–4311 (2016).

56. L. M. Zhang and F. R. Kschischang, “Staircase Codes With 6% to 33% Overhead,” J. Lightwave Technol. 

32(10), 1999–2002 (2014).

57. S. J. Savory, “Digital filters for coherent optical receivers,” Opt. Express 16(2), 804–817 (2008). 

58. R.-J. Essiambre, G. Kramer, P. J. Winzer, G. J. Foschini, and B. Goebel, “Capacity Limits of Optical Fiber 

Networks,” J. Lightwave Technol. 28(4), 662–701 (2010).

59. S. Lange, S. Wolf, J. Lutz, L. Altenhain, R. Schmid, R. Kaiser, M. Schell, C. Koos, and S. Randel, “100 GBd 

Intensity Modulation and Direct Detection with an InP-based Monolithic DFB Laser Mach-Zehnder Modulator,”

J. Lightwave Technol. DOI: 10.1109/JLT.2017.2743211 (available online, posted 23 November 2017, in press). 

1. Introduction

Advanced modulation formats such as quadrature phase-shift keying (QPSK) and 16-state 

quadrature amplitude modulation (16QAM) are widely deployed in metro and long-haul 

networks. This has significantly contributed to increase the data rates that can be transmitted 

over a single wavelength-division multiplexing (WDM) channel. However, it is additionally 

necessary to increase the underlying symbol rates, while the underlying devices must be 

amenable to compact and cost-efficient integration to maintain economical and technical 

scalability of high-performance WDM systems to large channel counts [1]. 

In laboratory experiments, net data rates up to 1 Tbit/s on a single optical carrier were 

demonstrated using QAM modulation at symbol rates up to 100 GBd [2,3]. However, these 

experiments relied on conventional lithium-niobate modulators, which lack the potential for 

dense photonic integration and which were combined with an optical equalizer to compensate 

the low-pass characteristics of the device. As a promising alternative, modulators based on 

semiconductors like indium-phosphide (InP) or silicon (Si) have been explored, offering 

comparable bandwidths, but much smaller footprint. Using high-bandwidth InP modulators, 

the generation of single-carrier signals at line rates (net data rates) of up to 352 Gbit/s 

(286  Gbit/s) has been demonstrated [4,5]. However, while InP offers the potential to 

monolithically integrate modulators and lasers, it requires expensive processing and is not 

amenable to co-integration of electronic circuits. 

In contrast to that, silicon photonics [6–10] leverages advanced large-scale cost-efficient 

complementary metal-oxide-semiconductor (CMOS) fabrication processes [9,11], which are 

designed for high integration density and high yield, and which offer a path towards co-

integration of photonic circuits with electronics [12]. However, up to now, conventional all-

silicon photonic (SiP) IQ modulators still lag behind their InP counterparts, both in terms of 

transmission speed and efficiency. The highest reported line rate for SiP modulators amounts 

to 227 Gbit/s per polarization, exploiting electrical orthogonal frequency-division 

multiplexing (eOFDM) [13]. In this experiment, a forward-error correction (FEC) algorithm 

with a code rate of 0.68 (47% overhead) was used to achieve error-free transmission after 

480  km, thus leading to a net data rate of 154.2 Gbit/s. In another experiment, a net data rate 

of 150 Gbit/s was generated using a 30 GBd polarization-division multiplexing (PDM) 

64QAM signal [7]. Hence, up to now, using SiP IQ modulators, the 400 Gbit/s mark, 

corresponding to a single-polarization net data rate of 200 Gbit/s, has not yet been reached. 

Moreover, all these devices rely on carrier depletion in reversely biased p-n junctions [14], 

which leads to a comparatively low modulation efficiency. In general, the modulation 

efficiency of electro-optic (EO) modulators is quantified by the π-voltage-length product UπL, 

which typically amounts to a relatively large value of the order of 10 Vmm for depletion-type 
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SiP MZM [15–17]. As a consequence, broadband drive amplifiers providing voltage swings 

between 2.5 Vpp and 5 Vpp are required to operate these devices [18,19]. 

Silicon-organic hybrid (SOH) modulators [20,21] overcome the limited efficiency of all-

silicon devices by combining conventional silicon-on-insulator (SOI) waveguides with 

highly-efficient organic EO cladding materials [22,23]. Typically, organic EO materials 

feature negligible absorption losses for wavelengths above 1200 nm [24–26] while 

maintaining high electro-optic activity [26,27]. SOH devices can hence be used over a broad 

range of infrared wavelengths, including common telecommunication bands around 1310 nm 

and 1550 nm. The underlying SiP waveguide structures can be fabricated using optical 

lithography, and the organic materials are deposited in a back-end-of-line process. With 

voltage-length products down to 0.5 Vmm [28,29], the efficiency of SOH Mach-Zehnder 

modulators (MZM) surpasses the efficiency of all-silicon devices by more than one order of 

magnitude. Using SOH MZM, on-off-keying (OOK) signals have been generated with drive 

voltages of only 80 mVpp [29], and the devices are also well suited for higher-order 

modulation formats [30–32]. The generation of 112 Gbit/s 16QAM signals has been 

demonstrated at a voltage swing of only 600 mVpp without any drive amplifiers [30]. SOH IQ 

modulators can also be operated directly from the binary outputs of a field-programmable 

gate array (FPGA), where line rates of up to 52 Gbit/s were demonstrated [31]. Besides low 

drive voltages, SOH EO modulators allow high-speed signaling for both coherent and direct-

detection transmission [32–34]. 

In this paper, we demonstrate that the SOH concept allows to further push the limits of 

silicon-based IQ modulators by enabling 16QAM signaling at symbol rates of up to 100 GBd. 

In a first set of experiments, we use CMOS digital-to-analog converters (DAC) to drive an 

SOH IQ at 16QAM symbol rates of 63 GBd, thus leading to a single-polarization line rate of 

252 Gbit/s [35]. The bit error ratio (BER) amounts to 4.1 × 10-3 such that forward error 

correction (FEC) schemes with a 7% overhead can be applied, thus leading to an error-free 

reception with a net data rate of 232 Gbit/s. In a second set of experiments, we use BiCMOS 

DAC and employ a bandwidth-increasing gate field [36–38] to demonstrate 16QAM 

signaling at line rates of up to 100 GBd, corresponding to single-polarization line rates of up 

to 400 Gbit/s. For the 100 GBd 16QAM demonstration, we obtain BER values that are below 

the limits of state-of-the-art third-generation FEC algorithms. Considering a code rate of 0.83 

(20% overhead), the line rate of 400 Gbit/s corresponds to a net data rate of 333 Gbit/s [39]. 

This represents the highest line rate and the highest net data rate so far demonstrated for an 

integrated EO modulator fabricated on a semiconductor substrate. Exploiting the second 

polarization would enable single-carrier line rates of up to 800 Gbit/s. The 63 GBd and 

100 GBd signals were generated with small peak-to-peak drive voltages of 1.0 Vpp and 

1.5 Vpp, respectively – the lowest value so far demonstrated for semiconductor-based IQ 

modulators at these speeds. The electrical energy consumption of the modulator amounts to 

only 25 fJ/bit for the 400 Gbit/s signal – more than an order of magnitude below that of 

conventional all-silicon modulators at considerably lower speeds [18,19]. These proof-of-

principle experiments underline the outstanding properties of SOH modulators and show a 

path towards coherent silicon-based transmitters operating at line rates of 400 Gbit/s and 

above without the need for power-hungry drive amplifiers. 

2. Silicon-organic hybrid (SOH) IQ modulator

Silicon-organic hybrid (SOH) modulators rely on the interaction of the optical wave with an 

EO organic cladding material in a silicon-on-insulator (SOI) slot waveguide [20]. The 

concept of an SOH IQ modulator is depicted in Fig. 1(a). The IQ modulator consists of two 

nested Mach-Zehnder (MZ) interferometers formed by SOI waveguides and multi-mode 

interference (MMI) couplers, which split or combine the fields at their inputs. A schematic of 

the cross-section A - A’ of an SOH MZM is depicted in Fig. 1(b). The phase shifter sections 

are realized as SOI slot waveguides which are formed by two 240-nm wide silicon (Si) rails  
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Fig. 1. Concept of the silicon-organic hybrid (SOH) modulator. (a) Schematic of an SOH 

inphase-quadrature (IQ) modulator consisting of two nested Mach-Zehnder modulators 

(MZM). The thin black lines represent standard silicon-on-insulator (SOI) strip waveguides. 

The phase modulator sections are based on slot waveguides (rail width wrail = 240 nm, slot 

width wslot = 120 nm) and represented by rectangles in light grey. Coplanar ground-signal-

ground (GSG) radio-frequency transmission lines carry the modulation signals. (b) Schematic 

of the SOH MZM cross section along the line AA’ illustrated in (a). The transmission line is 

electrically connected to the slot by aluminum (AL) vias and thin n-doped silicon slabs 

(thickness hslab = 70 nm, width 8 µm). The chip is overclad with SiO2, which is locally 

removed in the slot areas. The slots are covered with an organic electro-optic (EO) material, 

which is deposited on the chip such that it homogeneously fills the slots. The chromophores 

are aligned (green arrows) at an elevated temperature using a poling voltage Upol applied to the 

floating ground (G) electrodes. After cooling to ambient temperature, the orientation of the 

chromophores is frozen, and the poling voltage can be removed. For operation of the device, 

the modulating signal is applied to the GSG line. This RF field (red arrows) is oriented in 

opposite direction to the chromophore alignment in one arm, and in the same direction in the 

other arm of the MZM such that two phase modulators of the MZM are operated in push-pull 

mode. (c) Fundamental quasi-TE mode of the slot waveguide. The color-coded graph shows 

the magnitude of the dominant optical electric field (dominant x-component), which is strongly 

confined to the slot. (d) Magnitude of the electrical RF modulation field (dominant x-

component), which is also strongly confined to the slot. The good overlap of optical and RF 

field results in efficient EO modulation. 

that are separated by the 120-nm wide slots. The slots are filled with an organic electro-optic 

cladding material. For the fundamental quasi-TE mode (dominant transverse electric field 

component parallel to the substrate), the high refractive-index contrast between waveguide 

and EO cladding leads to a strong confinement inside the slot [40], as visualized in Fig. 1(c). 

Utilizing the high linear electro-optic coefficient of the organic cladding material, the 

refractive index is modulated by an electric field between the two silicon rails. The 

modulating electric field is generated by applying a drive voltage, Udrive(t), to coplanar 

ground-signal-ground (GSG) travelling-wave electrodes, which are connected to the silicon 

rails via 70-nm high slightly n-doped conductive slabs, see Fig. 1(b). This design ensures that 

the modulating electric field Ex,RF(t) is also confined in the narrow slot, Fig. 1(d), thus leading 

to a strong overlap of the optical and the modulating electric fields and resulting in a high 

modulation efficiency with UπL products down to 0.5 Vmm [29]. In contrast to previous 

demonstrations of SOH devices [32,41], which still relied on electron beam lithography for 

structuring the slot waveguides, the devices in this work are fabricated using the 248 nm 

deep-UV (DUV) process at A*Star IME [42], which allows for highly reproducible large-
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scale processing at high yield and low cost and for co-integration of SOH devices with the 

full portfolio of standard silicon-photonic components such as Germanium photodiodes and 

thermal phase shifters. Fabrication at IME required some adaptations of the modulator and the 

transmission line design to comply with the design rules. Note that Fig. 1(b) gives only a 

simplified schematic of the structure – in the real device, the silicon slot waveguides, the 

actually buried metal transmission line, and the contact pads at the chip surface are connected 

by aluminum (Al) vias. In Fig. 1(b), only the transmission line metal layer is depicted. For the 

deposition of the EO material, the slots are accessed by locally opening the oxide cladding in 

the respective regions. In contrast to earlier demonstrations of SOH devices, we have 

developed dedicated dispensing processes that allow to locally deposit the EO material 

instead of applying it to the entire chip by spin coating. In order to achieve EO activity in the 

cladding, the material is poled in a one-time procedure after deposition. To this end, the 

device is first heated close to its glass-transition temperature. A poling voltage Upol is then 

applied across the floating ground electrodes, see Fig. 1(b), such that half of the voltage drops 

across each of the slots. This leads to an alignment of the dipolar chromophores in the slot in 

the direction of the poling field, indicated by the green arrows in Fig. 1(b). Finally, the device 

is cooled down to ambient temperatures while holding the poling voltage. The chromophore 

alignment is thus “frozen” and will remain, even after removing the poling voltage. Applying 

the modulating voltage Udrive(t) to the GSG electrodes then leads to electric fields, indicated 

by red arrows, Fig. 1(b). These fields are oriented in the same (opposite) direction as the 

chromophores in the right (left) slot. Consequently, the phase shifts in both arms have equal 

magnitude but opposite sign, and the SOH MZM operates in push-pull mode when applying a 

single-ended drive signal, allowing nearly chirp-free modulation [34]. 

The modulation bandwidth of SOH modulators is limited by an RC characteristic resulting 

from the resistivity of the silicon slabs (represented by a lumped resistor R) and the 

capacitance of the slot (represented by a lumped capacitance C). Previous high-speed 

experiments with SOH modulators [32,33,41] relied on the use of a gate voltage applied 

between the bulk silicon and the device layer. The gate voltage leads to a highly conductive 

electron accumulation below the Si slab surface near the SiO2-layer, which decreases the slab 

resistivity and consequently increases the modulation bandwidth [36,38]. In future designs, an 

improved lateral doping profile of the 8-µm wide silicon slabs could eliminate the need for a 

gate voltage without compromising the optical attenuation. 

In the following sections, we describe two sets of high-speed modulation experiments, 

obtained with and without a gate voltage. In the first set of experiments, we show single-

polarization 16QAM modulation and detection at symbol rates up to 63 GBd, resulting in line 

rates (net data rates) of up to 252 Gbit/s (235 Gbit/s) at an energy consumption of down to 

22 fJ/bit. These experiments were performed without a gate field. In a second set of 

experiments, we use a gate voltage to push the modulator limits, breaking the 100 GBd mark. 

This leads to single-polarization 16QAM optical signals with line rates (net data rates) up to 

400 Gbit/s (333 Gbit/s), generated at a slightly higher energy consumption of 25 fJ/bit. 

3. Setup for optical data generation

The basic experimental setup is depicted in Fig. 2. The electrical drive signals are derived 

from an arbitrary-waveform generator (AWG) and rely on random bit sequences. Radio-

frequency (RF) amplifiers are used to increase drive voltage levels. The GSG transmission 

lines of the SOH IQ modulator are fed using a microwave probe and terminated by external 

50 Ω resistors that are connected via a second probe. The optical carrier is provided by an 

external cavity laser (ECL) and coupled to and off the chip via grating couplers (GC). An 

erbium-doped fiber amplifier (EDFA) after the modulator compensates the insertion loss and 

acts as a receiver pre-amplifier, and an optical bandpass filter is used to remove out-of-band 

amplified spontaneous emission (ASE) noise. The signal is received back-to-back by an 

optical modulation analyzer (OMA) and evaluated off-line. In the experiments, the length of  
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Fig. 2. Experimental setup. An arbitrary-waveform generator (AWG) is used for driving the 

modulator via radio-frequency (RF) amplifiers. The electrical drive signals are fed to the 

ground-signal-ground (GSG) transmission lines of the SOH IQ modulator. The transmission 

lines are terminated by external 50 Ω resistors. The optical carrier is provided by an external 

cavity laser (ECL). Grating couplers (GC) are used to couple light to and off the chip. The 

insertion loss of the modulator is compensated by an erbium-doped fiber amplifier (EDFA), 

and an optical bandbass filter is used to suppress out-of-band amplified spontaneous emission 

(ASE) noise. The signal is received, recorded and evaluated using an optical modulation 

analyzer (OMA). We perform two sets of experiments, which we refer to as Experiment 1 and 

Experiment 2 in the following. Both experiments use the same setup scheme, but differ in the 

specifications of the actual equipment, in particular in the bandwidth of the AWG and the 

OMA, see Appendix A for details. 

the signal recording is limited by the available hardware. The bit error ratio (BER) can be 

measured directly in case enough errors are found within the signal recordings. Otherwise, we 

use the error vector magnitude (EVM) [43] as a quality metric. The EVM describes the 

deviation of a received constellation point from its ideal position in the complex plane and 

can be used to estimate the BER under the assumption that the signal is distorted by additive 

white Gaussian noise only [43,44]. 

Using the scheme depicted in Fig. 2, we performed two sets of experiments, which are 

referred to as Experiment 1 and Experiment 2 in the following. Both experiments use the 

same setup scheme, but differ in the specifications of the actual equipment, in particular in the 

analog bandwidth of the electronics at the transmitter and receiver, see Appendix A for a 

detailed list and the technical specifications of the various equipment items. The two 

investigated SOH modulators have virtually the same specifications: In the first (second) 

experiment, the phase shifter length of the IQ modulator amounts to 0.5 mm (0.6 mm), and 

UπL-products of 1.1 Vmm (1.0 Vmm) were achieved by using SEO100 (SEO250) as EO 

material [24,45–47]. Note that these UπL-products are slightly larger than the ones reported in 

previous work [28,29] because the EO materials were chosen for good temperature stability 

rather than for highest EO activity. For SEO100, EO coefficients of r33 = 166 pm/V have been 

achieved in bulk material, and the glass transition temperature amounts to 140 °C [24]. Using 

this material, we have previously demonstrated device operation at temperatures of 80 °C 

[41]. We expect that the operating temperatures and long-term stability of organic EO 

materials can be further increased in the future, e.g., by reducing the mobility of the 

chromophores, which helps maintaining the acentric alignment established during poling. 

This can, e.g., be accomplished by using materials with an intrinsically higher glass transition 

temperature such as side-chain EO polymers [48], or by exploiting cross-linkable materials 

[49], in which additional chemical bonds are established after poling. In the first experiment, 

the insertion loss of the SOH IQ modulator chip amounts to approximately 17.5 dB, 

dominated by the fiber-chip coupling losses of approximately 9 dB (4.5 dB per GC- 

interface). The device used in the second experiment had a higher insertion loss due to a 

specific chip design which contained additional power splitters in the feeding waveguide 

sections. We expect that the total fiber-to-fiber insertion losses (on-chip losses) of the IQ 

modulator can be reduced to significantly less than 10 dB (5 dB) by improved fabrication  
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Fig. 3. Results of Experiment 1. Constellation diagrams for single-polarization (a) QPSK and 

(b) 16QAM signals with symbol rates of up to 63 GBd for 16QAM signaling and up to

77 GBd for QPSK. In the QPSK experiment, we measure the error vector magnitude (EVM)

and estimate a corresponding bit error ratio (BERest) [43]. With estimated BER values below 

10 –9, the QPSK signal can be considered error free for symbol rates up to 63 GBd. For the 

77 GBd QPSK signal with a line rate of 154 Gbit/s on a single polarization, we measure an 

EVM of 20.3 % corresponding to an estimated BER of 3.6 × 10–7 – still well below the 

threshold of hard-decision FEC with 7 % overhead. For the 16QAM signals, the BER is 

directly measured from the signal recordings. The BER values range from 4.3 × 10
−4 for the 

46 GBd signal to 4.1 × 10
−3 for the 63 GBd signal representing a line rate of 252 Gbit/s. All 

16QAM BER values are hence well within the limits of hard-decision FEC with 7 % overhead. 

processes that reduce sidewall roughness, by asymmetric slot waveguide geometries [50], and 

by optimized doping profiles for the phase shifter sections [32]. 

4. Coherent signaling generation up to 400 Gbit/s

In Experiment 1, we use an AWG featuring an analog bandwidth of 32 GHz and a sampling 

rate of 92 GSa/s (Keysight M8196A) along with an OMA featuring an analog bandwidth of 

63 GHz and a sampling rate of 160 GSa/s (Keysight DSOZ634A). We first generate single-

polarization QPSK signals with data rates up to 154 Gbit/s, corresponding to symbol rates of 

up to 77 GBd – the corresponding constellation diagrams are shown in Fig. 3(a). For these 

signals, a direct measurement of the BER was not possible since no errors were measured in 

our recordings of 6.5 × 106 bit. Instead, we used the measured EVM values to estimate the 

associated BERest values, assuming that the signal is distorted by additive white Gaussian 

noise only [43,44]. The measured EVM of 11.3 % and 13.6 % for symbol rates of 46 GBd 

and 56 GBd correspond to BERest values well below 10−15 and 10−12, respectively. The 

63 GBd signal can still be considered error-free as we estimate a BERest < 10−9 from the EVM 

of 15.3%. For symbol rates of 73 GBd and 77 GBd, the measured EVM of 19.7% and 20.3% 

correspond to BERest values of 2 × 10−7 and 3.6 × 10−7, respectively. Still, these values are 

clearly below the 4.5 × 10
−3 limit for hard-decision forward error correction (FEC) codings 

[51] with 7% overhead. The received signals were evaluated using Keysight’s vector signal

analysis (VSA) software [52] using a series of digital processing stages such as low-pass

filtering, polarization demultiplexing, chromatic dispersion compensation, frequency offset

estimation, carrier phase estimation and adaptive equalization.
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Fig. 4. Results of Experiment 2: 16QAM constellation diagrams for symbol rates of 50 GBd 

(left), 80 GBd (center) and 100 GBd (right). The BER up to 80 GBd (320 Gbit/s) remains 

below the hard-decision FEC limit with 7% overhead, while the 100 GBd (400 Gbit/s) signal is 

below the soft-decision FEC threshold with 20% overhead. The single-polarization net data 

rate is 333 Gbit/s. 

The (single-polarization) 16QAM constellation diagrams are depicted in Fig. 3(b) - here 

we measure BER values directly. The lowest BER value is 8 × 10
−6 for a 23 GBd 16QAM 

signal corresponding to a line rate of 92 Gbit/s (not depicted). For the 46 GBd and 56 GBd 

(184 Gbit/s and 224 Gbit/s) signals, the measured BER is 4.3 × 10
−4 and 8.5 × 10

−4, 

respectively. For the highest symbol rate of 63 GBd, corresponding to a line rate of 252 Gbit/s 

for a 16QAM modulation in a single polarization, the BER is 4.1 × 10
−3. All of the measured 

BER values are within the 4.5 × 10
−3 limit for hard-decision FEC coding with 7 % overhead. 

Considering the FEC overhead, the single-polarization line rates of 154 Gbit/s for the 77 GBd 

QPSK signal and of 252 Gbit/s for the 63 GBd 16QAM signal correspond to net data rates of 

143 Gbit/s and 234 Gbit/s, respectively. 

In Experiment 2, we expand the analog bandwidths of both the AWG and the OMA for 

increasing the symbol rate of the 16QAM signaling. As an AWG, we use a Micram DAC4 

featuring an analog bandwidth of more than 40 GHz and a sampling rate of up to 

100 GSa/s [53]. The OMA comprises a coherent receiver (Tektronix OM4245) featuring an 

analog bandwidth of 45 GHz and 70 GHz real-time oscilloscopes with sampling rates of 

200 GSa/s (Tektronix DPO77002SX). We further apply a gate field [36–38] of 0.1 V/nm to 

increase the modulator bandwidth. The larger transmitter bandwidth allows for symbol rates 

up to 100 GBd at the cost of a higher noise level. This requires advanced FEC schemes with 

BER thresholds of 2 × 10−2 or even higher, which may use soft-decision or staircase 

architectures [54–56]. We further use dedicated digital signal processing (DSP) at the 

receiver, including digital timing recovery along with a 33-tap fractionally spaced (two-fold 

oversampled) adaptive feed-forward equalizer that is adapted by a least-mean-square 

stochastic gradient algorithm [57]. To this end, we use training symbols to initialize the 

coefficients, before we switch to a decision-directed operation. We compute the BER from a 

sample of more than 500 000 bit. 

The results for the single-polarization 16QAM generation are depicted in Fig. 4. At 

50 GBd (200 Gbit/s) and 80 GBd (320 Gbit/s), we measure a BER of 1.3 × 10−5 and 

3.8 × 10−3, respectively. The measurement shows an improvement with respect to the 

previous results, enabled by the bandwidth improvements in the setup and by the optimized 

DSP. Both BER values are within the threshold of a hard-decision FEC with 7 % overhead, 

leading to net data rates of 186 Gbit/s and 299 Gbit/s. At 100 GBd, corresponding to a line 

rate of 400 Gbit/s on a single polarization, the measured BER of 1.7 × 10−2 is within the limits 

of today’s soft-decision FEC codes. The optical signal-to-noise power ratio (OSNR) 

measured for a spectral bandwidth of 0.1 nm amounts to 27.5 dB, which corresponds to an 
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implementation penalty of Δ OSNR = 8.5 dB for the single-polarization 16QAM signal at 

100 GBd with respect to the theoretical value [58]. We attribute this implementation penalty 

to bandwidth limitations of the RF components and of the modulator and to the fact that we 

did not pre-equalize the drive signals. Considering a FEC overhead of 20%, this results in a 

net data rate of 333 Gbit/s. Note that, in contrast to Experiment 1, the 100 GBd signals are 

generated without oversampling such that pulse shaping techniques cannot be used. For a fair 

comparison of the results, the 50 GBd signal (2-fold oversampling) and the 80 GBd signal (no 

oversampling) are also generated without pulse shaping. To the best of our knowledge, our 

experiments represent the first demonstration of 100 GBd signaling using an IQ modulator 

realized on a semiconductor substrate. 

5. Energy considerations

Power dissipation is an important aspect in today’s optical communication networks. 

Especially the electronic drivers for EO modulators contribute significantly to the total power 

consumption of a transceiver unit. The specifications for the drivers are dictated by the choice 

of the EO modulator and the required drive voltages. As a figure of merit which is related to 

the transceiver’s energy consumption, we use the power dissipation in the modulator. 

For an estimate of the IQ modulator power dissipation, we assume that the transmission 

line impedances of the two MZM are perfectly matched to the terminating resistances 

R = 50 Ω and to the 50 Ω internal resistances of the driver. We further assume that all 

symbols of the 16QAM-constellation occur with equal probability. The energy per bit then 

depends on the line rate r and the peak-to-peak drive voltage Udrive as measured from the 

electrical eye opening [30], 
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The 100 GBd 16QAM signal with a line rate of 400 Gbit/s was generated with a peak-to-peak 

drive voltage of Udrive = 1.5 Vpp, the energy per bit is 25 fJ/bit. For the 252 Gbit/s experiment 

with a lower voltage swing of Udrive = 1 Vpp, we find a slightly reduced energy consumption 

of 22 fJ/bit. 

6. Summary

We demonstrate high-speed coherent signaling using silicon-organic hybrid (SOH) IQ 

modulators. The SOH approach expands the capabilities of the silicon photonic integration 

platform by combination with highly efficient organic electro-optic (EO) materials, thereby 

enabling highly efficient high-speed optical phase modulation without amplitude-phase 

coupling. In our experiments, we use SOH modulators with π-voltage-length products of 

approximately UπL = 1 Vmm to generate data streams with 16QAM modulation at line rates 

of up to 400 Gbit/s in a single polarization. Up to line rates of 320 Gbit/s (80 GBd), the 

measured BER remains within the limits of hard-decision forward-error correction with 7 % 

overhead, resulting in a net data rate of 299 Gbit/s. At 400 Gbit/s for a 16QAM symbol rate of 

100 GBd, the BER is still below the threshold for soft-decision FEC with 20 % overhead, 

corresponding to a net data rate of 333 Gbit/s. Our experiments demonstrate the highest 

symbol rates and the highest data rates reported so far for IQ modulators that are realized on a 

semiconductor platform, thereby emphasizing the unique advantages of the SOH integration 

for high-speed energy-efficient coherent communications. 

Appendix A 

This section gives a detailed overview on the equipment used in the two experiments, which 

are referred to as Experiment 1 and Experiment 2 in the main text of the manuscript. 
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Experiment 1: The signal is generated by an arbitrary-waveform generator (AWG, 

Keysight M8196A), featuring a nominal resolution of 8 bit, an analog bandwidth of 32 GHz, 

and a sampling rate of up to 92 GSa/s. The data pattern is derived from a pseudo-random 

binary sequence (PRBS) with a length of 29 – 1. We use a pulse shape with raised-cosine 

(RC) spectrum and roll-off factor β = 0.35. We generate QPSK signals at symbol rates of up 

to 77 GBd and 16QAM signals up to 63 GBd. For signal generation up to 63 GBd, we use 

30 GHz RF amplifiers (SHF 807) and measure an electrical eye opening of 1.0 V, which 

operates the modulator in its linear regime. For the 77 GBd signal, we replace the 30 GHz RF 

amplifiers with 50 GHz amplifiers (SHF S807) and operate at an electrical eye opening of 

1.4 V. The frequency response of the RF equipment (amplifiers & cabling) is determined in a 

reference measurement and digitally compensated by pre-distorting the drive signal at the 

transmitter. At the receiver, we use a 2 nm optical bandpass filter, an optical modulation 

analyzer (OMA, Keysight N4391) and 63 GHz real-time oscilloscopes (Keysight 

DSOZ634A), each having a sampling rate of 160 GSa/s. 

Experiment 2: In Experiment 2, we use a Micram DAC4 as a signal source. The device 

features a nominal resolution of 6 bit, a typical analog 3 dB bandwidth of 40 GHz with a 

smooth roll-off to 50 GHz [53], and a sampling rate of up to 100 GSa/s. The data pattern is 

derived from a pseudo-random pattern with length 215. In the experiment, we did not yet use 

any pre-compensation of the transmitter drive signals. For 80 GBd and 100 GBd, the signal is 

generated without oversampling (1 sample per symbol), and the sampling rate is adjusted 

accordingly. Eye diagrams of electrical four-level signals at 80 GBd and 100 GBd are 

depicted in Fig. 5; more details can be found in [53,59]. The 50 GBd signal is generated with 

two-fold oversampling (2 samples per symbol). To drive the SOH modulator, we use RF 

amplifiers with 70 GHz bandwidth (SHF 827) and a peak-to-peak output voltage swing of 

1.5 Vpp. These amplifiers are actually the main source of drive signal distortion, featuring a 

phase response which changes by approximately 200° between 40 GHz and 75 GHz, see  

[33,34] for details. In our experiment, these distortions were corrected by the receiver 

equalizer. At the receiver side, we use a 1.5 nm-wide optical band pass filter, a coherent 

receiver (Tektronix OM4245), and 70 GHz real-time oscilloscopes (Tektronix 

DPO77002SX), featuring a sampling rate of 200 GSa/s. 

Fig. 5. Eye diagrams of electrical four-level signals at 80 GBd and 100 GBd, measured at the 

output of the DAC used for Experiment 2 without pre-compensation by a finite impulse 

response (FIR) filter. 
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