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Optica Technical Group 
Twitter Giveaway
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- Join us for two #OpticaTechGroup webinars 
between February and March for your chance to 
win Optica merchandise!

- Follow us on Twitter @OpticaTechGroup and scan 
the QR code to learn more about the contest 
guidelines. 

- We will announce our two winners 01 April 2023.



A Quick 
Zoom Tutorial

– Submit a question by clicking 
on “Q&A”

– Like a question that’s been 
submitted? 
Click the “thumbs up” icon to vote 
for it.

– Share your feedback in the survey.



5



Emerging Waveform 
Technology for 6G 
Optical and Wireless 
Access
Featuring Dr. Xing Ouyang,  Tyndall National Institute, 
Ireland
15 Feb 2023



Technical Group Executive Committee

2

Webinars Officer
AMOL DELMADE

Dublin City University

Vice Chair
WENTING YI

University College London

Chair
ANASTASIIA VASYLCHENKOVA

University College London

Events Officer
PAULAMI RAY

Aston University, Birmingham

Social Media Officer
ALAEDDINE ABBES

Institut national de la recherche 
scientifique, Montreal



About Our Technical Group
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Our technical group deals with aspects of optical transmission ranging from 
chip-to-chip to ultra-short haul to long haul links. It deals with aspects of 
optical networking, coding and decoding of information onto photons, optical 
signal processing and other transmission-related aspects.

Our mission is to connect the 3800+ members of our community through 
technical events, webinars, networking events, and social media.

Our past activities have included:
• Research Lab Stories: Special Event at OFC 2022, featuring Dr Mable Fok, Prof Darko Zibar, Prof 

Liam Barry, Prof Deepa Venkitesh
• Copackaged Silicon Photonics based Optical Transceivers for high-speed data-center 

interconnects by Dr Jahnavi Sharma
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Q2 Tutorial : Coherent Optical Communication

Q2 Webinar : Quantum Communication

Upcoming Events



Connect with our Technical Group
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Join our online community to stay up to date on our group’s activities. 
You also can share your ideas for technical group events or let us know if 
you’re interested in presenting your research.

Ways to connect with us:
• Our website at www.optica.org/PC
• Our LinkedIn group www.linkedin.com/groups/12607066/
• Our Facebook group  www.facebook.com/groups/OpticaOpticalCommunications
• Email us at TGactivities@optica.org

http://www.optica.org/PC
mailto:TGactivities@osa.org


Today’s Speaker
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Dr. Xing Ouyang
Tyndall National Institute, Ireland

Xing Ouyang is a Research Fellow at the Tyndall National Institute and University
College Cork, Ireland. Xing completed his Ph.D. thesis in 2017 from the Photonic
Systems Group of the SFI Irish Photonics Integration Centre led by Prof. Paul
Townsend in Ireland.

His current research interest includes information theory, advanced modulation
formats such as OCDM and OFDM and DSP techniques for communication and radar,
high speed wireless and optical systems. His work on the orthogonal chirp division
multiplexing waveform has helped him to secure a start-up grant for the
“ChirpComm” initiative. Xing has recently secured a prestigious Starting and
Consolidator Laureate Award from the Irish Research Council to further advance his
ChirpComm technology.
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A Brief Outlook for Future Connected World
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Future Optical and Wireless Access Networks

Looking for A Flexible and Versatile Signal Modulation Technology as the Unified Air Interface 
enabling the so-called Ubiquitous Connectivity for Everyone, Everything, Anytime, and Anywhere

B. Farhang-Boroujeny, et al., “OFDM Inspired Waveforms for 5G,” IEEE Commun. Surveys & Tutorials, 18(4): 2474-2492, 2016. 
X. Zhang, et al., “On the Waveform for 5G,” IEEE Commun. Mag., 54(11): 74-80, 2016. 
Dang, et al. “What should 6G be?” Nat Electron 3, 20–29 (2020). 
M. A. Uusitalo et al., “Hexa-X The European 6G flagship project,” 2021 EuCNC/6G Summit, Porto, Portugal, 2021, pp. 580-585. 5



How to Modulate Information onto Waveform (1/3)

 Historically … 

6

Samuel Morse, US Patent: US1647A, 1840. Courtesy of National Museum of American 
History from Western Union Corporation



How to Modulate Information onto Waveform (2/3)

 Beginning of Modern Communications … 

7

Claude E. Shannon, Bell System Technical Journal 27(4): 623-656, 1948. 

Harry Nyquist, Trans. of the AIEE 47(2): 617-644, 1928.



How to Modulate Information onto Waveform (3/3)

 Block Diagram of a Communication System
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Understanding the Channel

 Channel Model
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IM/DD Systems Coherent Optical Systems Wireless Systems

Information 
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Evolution of Wireless Systems

The World Bank https://data.worldbank.org/indicator/IT.CEL.SETS.P2
Ericsson Mobility Report 2022: https://www.ericsson.com/en/reports-and-papers/mobility-report 10

66% 
CAGR
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Evolution of Fiber-Optic Systems

Jeff Hecht, “City of Light: The Story of Fiber Optics”, Oxford University Press, 1999
David Richardson, “Space-division multiplexing in optical fibres,” Nat Photon, 7, 354–362 (2013). 11
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D. Richardson, Nat Photon, 7, 354–362 (2013). 
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Digital Modulation Technologies

 Fundamental Dimensions available for encoding information
 Time 
 Frequency
 Space
 Polarization
 Code

12
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Chirps are Everywhere

14

LIGO/Phys. Rev. Lett. 116 061102

Periodicity in Perspective

Echolocation, Studying Bats, National Park Service 



Chirps for Radar and Communications

 Applications
 Communications
 Localization
 Telemetry
Military

15
Sidney Darlington, “Demodulation of wideband low-power FM signals,” 
Bell System Technical Journal, 43(1p2): 339-374, (1964).

R. Klauder, J. R., et al. “The theory and design of chirp radars.”
Bell System Technical Journal, 39(4): 745-808, 1960.



Towards Orthogonality …? (1/3)

 Fresnel Diffraction

16
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Towards Orthogonality …? (2/3)

 Fresnel Diffraction to Talbot Effect

H. F. Talbot, “Facts relating to optical science. No. IV,” Philosophical Magazine Series 3, 9(56): 401-407, (1836) 
Lord Rayleigh, “On copying diffraction-gratings, and on some phenomena connected therewith,” Philosophical Magazine Series 5 11(67): 196-205, (1881). 
John T. Winthrop and C. R. Worthington, “Theory of Fresnel Images. I. Plane Periodic Objects in Monochromatic Light,” J. Opt. Soc. Am. 55, 373-381 (1965) 17
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Towards Orthogonality …? (3/3)

 What we want from Fresnel transform

F. Gori, "Why is the Fresnel transform so little known?," in Current Trends in Optics, Academic Press, 1994, pp. 139-148. 18

• C. H. Zhou and L. R. Liu, “Simple equations for the calculation of a 
multilevel phase grating for Talbot array illumination,” Opt. Commun., 
vol. 115, pp. 40-44, Mar 1 1995. 

• J. M. Wen, et al., “The Talbot effect: Recent advances in classical 
optics, nonlinear optics, and quantum optics,” Adv. Opt. Photonics, 5: 
83-130, (2013). 

• D. P. Kelly, “Numerical calculation of the Fresnel transform,” (in 
English), J. Opt. Soc. Am. A-Opt. Image Sci. Vis., 31(4): 755-64, 
(2014)

• C. J. Cheng, et al., “Efficient FPGA-based Fresnel transform 
architecture for digital holography,” J. Display Technol., 10: 272-281, 
(2014). 

• I. Aizenberg and J. T. Astola, “Discrete generalized Fresnel functions 
and transforms in an arbitrary discrete basis,” IEEE Trans. Signal 
Process., vol. 54, pp. 4261-4270, Nov 2006. 

• Etc. 

 Desired Properties
 Orthogonality
 Convolution
 Duality
 Discrete Transformation 
 Etc.



Discrete Fresnel Transform

 From Continuous to Discrete
 Periodicity  Discretization 
 Time  Frequency

Xing Ouyang, et al., “Discrete Fresnel Transform and Its Circular Convolution,” arXiv:1510.00574v1, 2015. 19

Fresnel Integral: 𝑠 𝜂, 𝑧 ൌ ௘ష೔
ഏ
ర

ఈ ׬ 𝑠 𝑡, 0 𝑒௜
ഏ
ഀ ఎି௧ మ

𝑑𝑡ାஶ
ିஶ

𝑠் 𝜂 ൌ 𝑠 𝜂 ∗ Шௗ 𝑡

ሺ1ሻ ൌ ෍ 𝑠 𝜂 ∗ 𝛿 𝜂 െ 𝑛𝑑
ାஶ

௡ୀିஶ

ሺ2ሻ ൌ
𝑒ି௜

గ
ସ

𝛼
෍ න 𝑠 𝑡 𝑒௜

గ
ఈ ఎି௧ି௡ௗ మ

𝑑𝑡
ାௗ ଶ⁄

ିௗ ଶ⁄

ାஶ

௡ୀିஶ

ሺ3ሻ ൌ
𝑒ି௜

గ
ସ

𝛼
න 𝑠 𝑡 𝑒௜

గ
ఈ ఎି௧ మ

෍ 𝑒ି௜
ଶగ
ఈ ௡ௗ ఎି௧ 𝑒௜

గ
ఈ ௡ௗ మ

ାஶ

௡ୀିஶ

𝑑𝑡
ାௗ ଶ⁄

ିௗ ଶ⁄

ሺ4ሻ ൌ
𝑒ି௜

గ
ସ

𝑑ଶ 𝑁⁄
න 𝑠 𝑡 𝑒

௜ గ
ௗమ ே⁄ ఎି௧ మ

෍ 𝑒ି௜
ଶగ
ௗ ே⁄ ௠ ఎି௧ 𝑒௜గே௠మ

ାஶ

௡ୀିஶ

𝑑𝑡
ାௗ ଶ⁄

ିௗ ଶ⁄

ሺ5ሻ ൌ
𝑒ି௜

గ
ସ

𝑁
෍

𝑠 𝑛
𝑑
𝑁 𝑒

௜ గ
ௗమ ே⁄ ఎି௡ௗே

మ

𝑁 ≡ 0 mod 2

𝑠 𝑛 ൅
1
2

𝑑
𝑁 𝑒

௜ గ
ௗమ ே⁄ ఎି ௡ିଵଶ

ௗ
ே

మ

𝑁 ≡ 1 mod 2

ே

௡ୀ଴

Шௗ 𝑡 ൌ ෍ 𝛿 𝑡 െ 𝑛𝑑
ାஶ

௡ୀିஶ

ൌ
1
𝑑 ෍ 𝑒௜ଶగ௡

௧
ௗ

ାஶ

௡ୀିஶ

𝛼 ൌ 𝜆𝑧 ൌ
𝑑ଶ

𝑁 อ
௭ୀ௓೅ே ୀௗ

మ

ேఒ

Шௗ 𝑡 െ
1
2𝑑 ൌ

1
𝑑 ෍ 𝑒௜ଶగ௡

௧ିଵଶௗ
ௗ

ାஶ

௡ୀିஶ

ൌ
1
𝑑 ෍ 𝑒௜గ௡𝑒ି௜ଶగ௡

௧
ௗ

ାஶ

௡ୀିஶ

෍ 𝑒ି௜
ଶగ
ௗ ே⁄ ௡ ఎି௧ 𝑒௜గே௡మ

ାஶ

௡ୀିஶ

ൌ

Шௗ
ே
𝑡 𝑁 ≡ 0 mod 2

Шௗ
ே

𝑡 െ
1
2
𝑑
𝑁 𝑁 ≡ 1 mod 2



Discrete Fresnel Transform – Cont’d

 From Continuous to Discrete
 Periodicity  Discretization 
 Time  Frequency

Xing Ouyang, et al., “Discrete Fresnel Transform and Its Circular Convolution,” arXiv:1510.00574v1, 2015. 20
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Discrete Fresnel Transform – Cont’d

 Discrete Fresnel Transform (DFnT)
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 Properties
 Unitary 
 Circulant
 Eigenvalues and Eigenvectors
 Determinant
 Similarity Transformation
 Convolution Theorem: 

The DFnT of a convolution is the convolution of one with the DFnT of the other

Xing Ouyang, et al., “Discrete Fresnel Transform and Its Circular Convolution,” arXiv:1510.00574v1, 2015. 21



Finally … Orthogonal Chirp-Division Multiplexing 

 A Typical OCDM System

22
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OFDM versus OCDM

 Similarities and Differences (Compatibility and Improvement)
OFDM OCDM

Waveforms
Narrowband Subcarriers – Wideband Chirps

𝜔 𝑡 ൌ 𝑒௝ଶగ௞∆௙ൈ௧, ∆𝑓 ൌ ଵ
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Orthogonality
Fourier Transform – Fresnel Transform

 Linear System Transmission
Block Transmission (CP) – Block Transmission (CP)

 Applications

23

Bandwidth-Limited Systems Power-Limited Systems
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Future Optical and Wireless Access Networks

Looking for A Flexible and Versatile Signal Modulation Technology as the Unified Air Interface 
enabling the so-called Ubiquitous Connectivity for Everyone, Everything, Anytime, and Anywhere

25

Can OCDM be the Solution as the 
Converged Air Interface?



OCDM in High-Speed Wireless Systems (1/3)

X. Ouyang and J. Zhao, “Orthogonal chirp division multiplexing,” IEEE T Commun, 64(9): 3946–3957 (2016) 26

Figure:.  BER performance of the OCDM systems with both ZF and MMSE equalizers and the OFDM system under the LTE extended 
vehicle A channel model with receiver diversity; (a) 4-QAM, (b) 16-QAM, and (c) 64-QAM. 



OCDM in High-Speed Wireless Systems (2/3)

X. Ouyang and J. Zhao, “Orthogonal chirp division multiplexing,” IEEE T Commun, 64(9): 3946–3957 (2016) 27

Figure:. BER performance of the OFDM, DFT-precoded OFDM, and OCDM systems under the LTE extended vehicle A channel model 
with various guard interval length. (a) 4-QAM, (b) 16-QAM, and (c) 64-QAM.



OCDM in High-Speed Wireless Systems (3/3)

X. Ouyang and J. Zhao, “Orthogonal chirp division multiplexing,” IEEE T Commun, 64(9): 3946–3957 (2016) 28



OCDM in Low-Power/Long-Range Wireless Systems

X. Ouyang, et al., “Chirp spread spectrum toward the Nyquist signaling rate — Orthogonality condition and applications,” IEEE Signal Proc Let, 24(10): 1488–1492, (2017) 29



OCDM in Fiber-Optic Systems (Coherent Optics)

 Coherent Optical OCDM (CO-OCDM)

X. Ouyang, et al., “Orthogonal Chirp Division Multiplexing for Coherent Optical Fiber Communications,” J. Lightwave Technol. 34, 4376-4386 (2016) 30
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Experiment Results @ 36 Gbit/s

X. Ouyang, et al., “Orthogonal Chirp Division Multiplexing for Coherent Optical Fiber Communications,” J. Lightwave Technol. 34, 4376-4386 (2016) 31

B
ER

Figure.:  The measured (a) power spectral densities (PSDs) and 
(b) Q-factors of each subchannel/chirp in the CO-OFDM and 
CO-OCDM systems. 

Figure.:  Experiments results of the BER versus OSNR of the 
CO-OFDM and CO-OCDM systems. 



OCDM in Fiber-Optic Systems (IM/DD)

 Intensity Modulation and Direct Detection

X. Ouyang, et al., “Intensity-modulation direct-detection OCDM system based on digital up-conversion” in CLEO 2018, San Jose, US, 13-18 May, 2018 paper SM2C.2.
X. Ouyang et al., “Experimental demonstration of 112 Gbit/s orthogonal chirp-division multiplexing based on digital up-conversion for IM/DD systems with improved resilience 
to system impairments,” in the 44th ECOC, Rome, Italy, 23-27 Sept., 2018, p. Mo4F.3.
X. Ouyang, et al., “Orthogonal chirp-division multiplexing for IM/DD-based short-reach systems,” Optics Express, 27(16), 2019 32
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Experiment Results @ 96/112 Gbit/s

X. Ouyang et al., “Experimental demonstration of 112 Gbit/s orthogonal chirp-division multiplexing based on digital up-conversion for IM/DD systems with improved resilience 
to system impairments,” in the 44th ECOC, Rome, Italy, 23-27 Sept., 2018, p. Mo4F.3. 33

Fig.: Left: The measured BER performance of the conventional DMT-OFDM and the proposed IM/DD OCDM at (I) 96 Gbit/s and (II) 112 Gbit/s.
Middle: The received constellation diagrams of the DMT-OFDM signals and that of the proposed IM/DD-OCDM signals with an input power = −1 dBm
at 112 Gbit/s. Right: (i) The measured CFR of the systems at 112 Gbit/s, and (ii) the measured SNR of each subcarrier in the DMT-OFDM and (iii) that
of each chirp in the proposed IM/DD-OCDM.



Experiment Results @ 180 Gbit/s

X. Ouyang, et al., “Orthogonal chirp-division multiplexing for IM/DD-based short-reach systems,” Optics Express, 27(16), 2019 34

Measured BER performance of OFDM and the proposed OCDM and systems with 36-
GHz bandwidth and 32-QAM

Performance considering Pre-Emphasis



Photonics in 5G+/6G and Beyond

 What do we know about the 5G+/6G
More bandwidth (Frequency Dimension) 
More antennas (Spatial Dimension) 
More users (numbers, types, scenarios) 
 Higher Frequencies (> 50Hz)

 What do photonic technologies offer?
 High bandwidth and high speed routing and transport
 Already deployed multi-user access infrastructure
 Potential to provide power efficiency
 Enabling technology for mm-wave and THz systems

Colm Browning, “Flexible Converged Photonic and Radio Systems:  A Pathway toward Next Generation Wireless Connectivity,” OSA APC, 2021 35
Courtesy: Colm Browning, OSA APC, 2021

Network (More Fiber Distribution)
Signals (Greater Spectral Efficiency)

Bandwidth (Leverage mm-wave /THz)



Radio-over-Fiber for Millimeter Fronthaul

 Basic Concept

 Why considering OCDM 
 Chromatic dispersion induced power fading due to heterodyning by direct detection 
 Impairments such as phase noise, frequency offset
Multipath transmission of wireless access

Colm Browning, “Flexible Converged Photonic and Radio Systems:  A Pathway toward Next Generation Wireless Connectivity,” OSA APC, 2021 36



Optical/mm-wave A-RoF System

C. Browning et al., “Orthogonal Chirp-Division Multiplexing for Performance Enhanced Optical/Millimeter-Wave 5G/6G Communications”, OFC, 2021
X. Ouyang, et al., “Robust Channel Estimation for Coherent Optical Orthogonal Chirp-Division Multiplexing With Pulse Compression and Noise Rejection”, Journal of Lightwave 
Technology, vol. 36, no. 23, pp. 5600–5610, Dec. 2018. 37



Results – Narrowband (200MHz, 5G NR)

38

Property Value

(I)DFT / (I)DFnT 1024

SCs / Chirps 820

QAM-Level 256

Sym. Rate (kHz) 244

BW (MHz) 200

IF (GHz) 4.4

Raw DR (Gb/s) 1.6
EVM: 3.3%



Results – Wideband (1GHz)

39

Property Value

(I)DFT / (I)DFnT 1024

SCs / Chirps 512

QAM-Level 64

Sym. Rate (kHz) 1953

BW (MHz) 1000

IF (GHz) 4.4

Raw DR (Gb/s) 6



Optical/mm-wave A-RoF System w. 2m Wireless

C. Browning, et al., "Orthogonal Chirp-Division Multiplexing for Future Converged Optical/Millimeter-Wave Radio Access Networks," IEEE Access, 10: 3571-3579 (2022). 40



Results – (200 MHz / 4 GHz)

C. Browning, et al., "Orthogonal Chirp-Division Multiplexing for Future Converged Optical/Millimeter-Wave Radio Access Networks," IEEE Access, 10: 3571-3579 (2022). 41



What’s More …

 Wireless and Optical Access 

 Submarine Acoustic Communications

 Satellite

 Telemetry

 Integrated Radar/Sensing and Communications
 Radar and Sensing is a type of channel estimation for communications

42



Conclusion and Outlook 

 Future Wireless and Optical Access Networks
 Flexible and Unified Air Interface
Wireless and Optical Convergence
 Backward and Forward Compatibility

 Orthogonal Chirp-Division Multiplexing
 For a variety of wireless systems (Bandwidth/Power Limited)
 Suitable for a diversity of scenarios
o RF, mmWave, optical systems
o Acoustic, Space, etc.

 Integrated Radar/Sensing and Communications

 Future Work
 Just a waveform modulation technology 

43
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Channel Estimation Based on OCDM Signals (1/5)

 Fibre-Optic Systems (Single-Input Single-Output)

X. Ouyang, et al., “Robust Channel Estimation for Coherent Optical Orthogonal Chirp-Division Multiplexing With Pulse Compression and Noise Rejection”, Journal of Lightwave 
Technology, vol. 36, no. 23, pp. 5600–5610, Dec. 2018. 46



Channel Estimation Based on OCDM Signals (2/5)

 Fibre-Optic Systems (Single-Input Single-Output)

X. Ouyang, et al., “Robust Channel Estimation for Coherent Optical Orthogonal Chirp-Division Multiplexing With Pulse Compression and Noise Rejection”, Journal of Lightwave 
Technology, vol. 36, no. 23, pp. 5600–5610, Dec. 2018. 47



Channel Estimation Based on OCDM Signals (3/5)

 MIMO-OCDM Systems

X. Ouyang, et al., “Channel Estimation for MIMO-OCDM Systems as an Emerging 6G Radio Access Technology,” in 2022 IEEE Globecom Workshops (GC Wkshps), Rio de Janeiro, 
Brazil, 2022, pp. 1573-1578. 
X. Ouyang, et al., “Channel Estimation for MIMO-OCDM Systems,” IEEE Trans. Wireless Comm., (Under Review). 48



Channel Estimation Based on OCDM Signals (4/5)

 MIMO-OCDM Systems

X. Ouyang, et al., “Channel Estimation for MIMO-OCDM Systems as an Emerging 6G Radio Access Technology,” in 2022 IEEE Globecom Workshops (GC Wkshps), Rio de Janeiro, 
Brazil, 2022, pp. 1573-1578. 
X. Ouyang, et al., “Channel Estimation for MIMO-OCDM Systems,” IEEE Trans. Wireless Comm., (Under Review). 49



Channel Estimation Based on OCDM Signals (5/5)

X. Ouyang, et al., “Channel Estimation for MIMO-OCDM Systems as an Emerging 6G Radio Access Technology,” in 2022 IEEE Globecom Workshops (GC Wkshps), Rio de Janeiro, 
Brazil, 2022, pp. 1573-1578. 
X. Ouyang, et al., “Channel Estimation for MIMO-OCDM Systems,” IEEE Trans. Wireless Comm., (Under Review). 50



OCDM-Baed Integrated Radar/Sensing and Comm 
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