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Overview of research on convergence of radio and optical technologies

Photonics in ALMA
Photonic LO
High-performance optical fiber transmission

Advanced Lightwave modulation for telecommunication
Precise optical modulation
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EM-wave scattering theory using stochastic integrals
Near field optical microscopy

Panasonic
Lens design

NICT

Optical modulation and devices
Optical signal processing, precise Lightwave control for measurement
Wired and wireless seamless networks
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THz technology

- THz radio comm, THz scattering

Optical modulation
- Precise modulation
- Signal analysis by photonics
- Photonic noise source

Optical fiber communication
- Multi-mode fiber transmission
- Radio-over-fiber
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Concept of Multi-Physics System Design
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Overview of Ground-to-Air Communication Demonstration

Transmitter: Ground station located at Sekiyado Glider Field, Chiba, Japan
Equipped with a 24 dBm power amplifier and a high-gain antenna (57 dBi)
Receiver: Installed on a King Air 200T aircraft

The slant range between the ground station and the aircraft is approximately 3.5 km at the
closest point

TX (Ground station)(*2)

RX (Aircraft
24 dBm ECI)FZFE ( )
2" Up- || Power L »b@* LNA b 1t down-
converter Amp. converter
16GHz] D: 1.2m o 08m - Dﬂb‘GHZ
18 Up- Gain: 57 dBi ain: Convgggr-
Transmitter : : converter
King Air 200T 420Hs [4.46H2
Baseband Module 1Q6P-i§SK Baseband Module

Sekiyado Glider Field,
Chiba, Japan (*2) License of Experimental Radio Station up to 1W of PA is received as B3

5557015
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Overview o'f’ér'ou'nd-to_a‘i' monstration System configuration for ground-to-air demonstration
8
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Photonics in ALMA

* Photonic LO
« High-performance optical fiber transmission

Distribution of stable LO signal (31-120 GHz) over fibers @ @ @ @

Photonic LO :

Reference signal

- O

High-speed data transmission

In WSU, optical transmission links will be based on 400G-ZR (16-QAM).



Radio-over-Fiber

Radio-wave signal  Optical signal modulated  Radio-wave signal

by radio-wave signal
0 \l O,

Radio-wave
q

signal source conversion | Optical fiber |CONVErsion
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Figure 4.4 Configuration of analog radio-over-fiber.

Simple configuration, low-latency,
low-loss and broadband signal transmission



Electric signal Optical signal

Optical modulation S —
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Direct modulation External modulation

Modulating signal (Electric input)

Modulated signal

(Optical output)
Laser Modulated signal
Optical output

Electric current source A (©p put)

k Electric current source

Modulating signal

* Simple configuration * Needs of external modulators
* Modulation speed limited * High-speed modulation
* Large chirp effect * Low chirp and precise modulation

T. Kawanishi, Electro-optic Modulation for Photonic Networks, Springer Nature, 2022



Limitation of direct modulation

Laser frequency response Parasitic frequency/phase excursion (chirp)

Intensity

Frequency

Frequency excursion

Optical output power

Time

Modulation frequency

T. Kawanishi, Electro-optic Modulation for Photonic
Networks, Springer Nature, 2022



Chirp

Intensity modulation with chirp Intensity modulation without chirp
Intensity Intensity
A A

Frequency

Frequency

Frequency excursion

Time Time

T. Kawanishi, Electro-optic Modulation for Photonic
Networks, Springer Nature, 2022



Modulating signal (Electric input)

Laser

A

Electric current source

External modulation

* Electro absorption (EA) effect

* Electro optic effect (EO) effect

Modulated signal
(Optical output)

Absorptance Shift of bandgap by EA effect
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T. Kawanishi, Electro-optic Modulation for Photonic

Networks, Springer Nature, 2022



EO effect

EO coefficient

TR
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Applied electric field
Lightwave electric field

Lithium Niobate: LN (LiNbO,)
r33 = 30.8 x 107> m/V

T. Kawanishi, Electro-optic Modulation for Photonic
Networks, Springer Nature, 2022



Optical Mach-Zehnder Modulator

Maximum output
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Evolution of optical modulation technologies

No. of
symbols  Highly-precise modulation for [ High bitrate ]
complex formats

High-speed 16QAM using QPMZM
400Gbps

16QAM
Q 100Gbps

83Gbaud modulation

QPSK 166Gbps PDM-NRZ-DPSK
40Gbps
BPSK/ B
ECOC 2007 PDP 2.8 z
MSK s
OO0K ) ) 0 10 20 3 40 50 60 70
High-speed modulation time (ps)

25Gbaud 100Gbaud

Baud rate

Now, we have high-speed and precise lightwave control !
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Time | Presenter Affiliation Title File Name
8:00 AM Opening Comments
8:05 AM | Paul Kolesar Commscope Channel Coverage in Data Centers kolesar_01_0308.pdf
8:20 AM | Jack Jewell JDsSU Conditions for 100m and =100m reaches on OM3 and OM4 MMFat | jewell_07_0308.pdf
@10Gb/s/ch
8:40 AM | Robert Lingle OFs Performance of OM3 and OM4 fibers with Relaxed Transceivers sun_01_0308.pdf
9:00 AM | John Petrilla AvagoTechnnologies Multilane MM Optics: Considerations for 802.3ba petrilla_01_0308.pdf
9:30 AM | John Petrilla AvagoTechnnologies Multilane MM Optics: Eye Safety Categories petrilla_02_0308.pdf
I I e I
10:05 AM | Jorg Kropp W-1-Systems Gmbh 1x40Gbit/s and 4x25Gbit/s Transmission at 850nm on Multimode kropp_01_0308.pdf
Fiber
10:35 AM | Petar Pepeljugoski IBM Proposal for a Limiting, Non-retimed PMD for 100Gb/s and 40 Gb/s | pepeljugoski_01_0308.pdf
Ethernet and Related Specifications
11:05 AM | Tetsuya Kawanishi NICT, Japan High-speed 16-QAM for serial PMDs kawanishi_01_0308.pdf
11:25 AM | Pete Anslow Mortel Polarisation Mode Dispersion in T00GbE links anslow_01_0308.pdf
I I e e
1:00 PM Chris Cole Finisar 100GE 10km SMF WDM Grid Alternatives cole_01_0308.pdf
1:55 PM | Chris Cole Finisar 100GE SMF WDM Grid Q&A cole_02_0308.pdf
1:30 PM | Matt Traverso Opnext Uncooled CWDM 25-Gbps EA/DFB Lasers for Cost-Effective traverso_02_0308.pdf
100GbE transceiver for 10km SMF
2:25 PM Matt Traverso Opnext Merits of Selecting CWDM for 10km SMF PMD - Impact of traverso_03_0308.pdf
Wavelength Grid on Optical MUX/DMUX
2:55 PM Matt Traverso Opnext Merits of Selectinag CWDM for 10km SMF PMD traversn_m_DSOa.pdf
3:35 PM | Youichi Akasaka Fujitsu 25Gb/s 10km Transmission performance Using 1.3-um DML isono_01_0308.pdf
4:00 PM | WE Jiang Huawei PHY Layer Monitoring Jjiang_01_0308.pdf
4:30 PM Hidenori Takahashi KDDI Labs Comments on Multi-Lane PMD Reliability takahashi_01_0308.pdf
4:45 PM | Piers Dawe AvagoTechnnologies Eye mask statistical significance and practicality dawe_01_0308.pdf
5:15 PM | Frank Chang Vitesse Considering 40GbE MMF and SMF Reach Objectives chang_01_0308.pdf
5:30 PM | Chris Cole Finisar 40GE 10km SMF PMD Technical & Economic Feasibility cole_03_0308.pdf
5:40 PM | Jesse Simsarian Alcatel-Lucent 40GbE SMF for Carrier Applications simsarian_01_0308.pdf
5:50 PM | Matt Traverso Opnext 40 GbE SMF Technical & Economic Feasibility traverso_04_0308.pdf

Note — Order of presentations and times listed are subject to change.




Over 10000 QAM

16384-QAM TRANSMISSION AT 10 GBD OVER 25-KM SMF USING

POLARIZATION-MULTIPLEXED PROBABILISTIC CONSTELLATION SHAPING
ECOC2019 PD.3.3

[— Lo ’:\P""‘\ B2B
20 GHz ! 25.5-km SSMF
! q:z Tx laser frequency

20dB I I \‘. Image due to Tx 1/Q
109m ,J. VW T imbalance
X A |

28-nm
CMOS-DAC
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Fig. 2 Experimental setup for the transmission of 10-GBd PS-16384-OAM. fnset: Optical spectra before and after 25.5-km SSMF.
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Fig. 6 (a) Recovered PS-16384-QAM constellations with
B=5.597; (b) Histogram of the positive-amplitude portion of real-
part of the transmitted PS-16384-QAM signal with =5.597.



Ti-diffused LN Modulator Integrated with Equalizer

Optical___<
9.2dB TP P ]

Electro-Optic Frequency-Domain Equalizer l csri‘?:,m I
B B o e S A e P e 1
| 'I D
Vx (half-wave voltage) 20V | < | output
1dB bandwidth (chip) 100 GHz | |

3dB bandwidth (packaged) | 100 GHz i i

Total optical loss

including fiber-coupling ¢ s & Fundamental modulation section G s & X-cut TFLN
Electrical 50 Q
input 13.5mm termination

Y. Yamaguchi et al., "Fully Packaged 100-GHz-Bandwidth EO-Equalizer-Integrated TFLN
Modulator with Record-High Slope Efficiency Enabling 200-GBaud Signaling," 2025 Optical
Fiber Communications Conference and Exhibition (OFC)

Reused (HIQALI deck): TFLN Modulator Integrated with Equalizer



“Balanced” Optical Mach-Zehnder Modulator

Optical phase modulator A

Optical phase modulator B

Balance in photonic circuit: high extinction ratio.

Ground Central conductor Ciround

= — A
Optical Optical c-axis
Waveguide Waveguide

Balance in electric circuit: zero chirp (a=0)
(modulation index)

Typ. ER: 20-30dB, a: 0.1-0.2



Sub MZ structures for trimming

Bias el
Electrode A

ECOC 2005, Th1.6.6

Optical
mput output

— ER > 75dB

Imbalance
g | between arms
£ e can be
§ v . compensated
w S - by trimmers.

Normalized voltage
g ngh ER and ER-tuning
WASEDA University

/) SiEmEkAZ

Reused: Sub-MZ structures for trimming (ER > 75 dB, ECOC 2005)



Two-tone sighal generation by optical modulation

=)
. . A I A
High-ER optical modulator R | R
Bias mspe- A I A
Electrode A . l
>R, |
—— — !
Flectrode B MZB ! Optical Freq.
Bias b Signal + Bias >
. — —

Frequency shift
Frequency: f RF signal generator : Y

10] Reference signal -

] Desired A A
E 201 i )ponents A 4 A4 i A A A
B, -301 |
= 46.6dB I
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ol -50 1 |
g 60 :
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Wavelength [nn] Amplitude ripple due to the modulator frequency response can be

Extinction ratio (balance in photonic circuit): 66dB compensated by optical amplifiers or variable attenuators.
Alpha parameter (balance in electric circuit): 0.0099 Frequencies and relative phase are unaffected.

T. Kawanishi et al., CLEO/QELS 2008, CFA1



Principle: Two-Tone Generation by Precise Optical Modulation

« Single laser + MZM at null bias — carrier-suppressed *1st-order sidebands: two tones separated by exactly 2-f
« Photomixing beat: laser phase noise cancels as common mode — correlation guaranteed by structure, not by a lock loop
 Frequency difference = modulation frequency, exactly — set by the microwave reference, no control loop, no unlock

« Spectral purity of the beat is decoupled from the modulator's own frequency response — response ripple changes
tone amplitude, not tone frequency or relative phase

* Intensity noise: single source — removed as common mode by total optical power stabilization

» Trade-off: sideband power < full laser power — weaker beat signal

Laser Modulator Photodetector

RF signal
generator




Photodetector measurement by optical reference (two-tone)

00— 3LV « SRS SIS Rits Standard optical source
3 U CHRETRIMSICE A (optical two-tone signal)
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O/E Conversion Devices for High-
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VNA (R&S) Systems

Optical power meter
RF power meter

K. Inagaki, et al., IEICE Electronics
Express, Vol. 9, 220 (2012)
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Current ALMA Photonic LO: Strengths First, Then Blind Spots

Two-laser offset lock (master/slave + PLL) + Line Length Corrector (round-trip fiber compensation)

Its real strength: best beat SNR — beat amplitude, each tone at full laser power
Residual PLL phase error, unlock events, system complexity; tighter margins at high-multiplication bands
Intensity-noise:

e RIN of two independent lasers adds uncorrelated - beat amplitude noise (PLL fixes phase, not this)

e Relative polarization drift between the two lasers - photomixing-efficiency fluctuation

Photodetector

PLL



The Core Comparison: SNR x Stability

Beat SNR Frequency-difference stability Intensity noise Complexity

Two lasers + PLL Best — each tone at full laser Control-!oop dependent (residual error, RIN gdd§ uncgrrelated; relative High (OPLL)
power unlock risk) polarization drift

Modulator two-tone Moderate — sideband power; Exact: difference = 2-f_m, set by RF Common mode — solved by total- Simple. no lockin
recoverable (EDFA, UTC-PD) reference power stabilization pie, 9

Weak — power divided over N

EO comb .
lines

Exact (same principle) Common mode Moderate

The asymmetry that decides it:
an SNR deficit can be recovered by engineering — a frequency-difference instability cannot.



Integrated reciprocating optical modulator

‘ Input Filter H Optical Modulator H Output Filter ‘

Optical Optical phase modulator Optical
. output

RF input 1 RF input 2

Uniform FBG Uniform FBG

Halfwave voltage of the phase modulator
4.1V atdcand 7.8V at 40 GHz

T. Kawanishi, T. Sakamoto and M. lzutsu, "470GHz Optical Clock Signal
Generation Using Reciprocating Optical Modulation," 2006 European
Conference on Optical Communications



Principle (3" harmonic)
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‘ Input Filter ﬁ Optical Modulator ﬁ Output Filter ‘
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Enhanced 3rd harmonic
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T. Kawanishi, T. Sakamoto and M. lzutsu, "470GHz Optical Clock Signal
Generation Using Reciprocating Optical Modulation," 2006 European
Conference on Optical Communications



Optical power [dBm]
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Toward 2040:
Fiber Plant — Survey Needs, and Life with WSU Coherent Transport

Generation is maturing — the bottleneck moves to the fiber plant

e Thermal delay ~40 ps/km/K, acoustic & vibration, polarization drift

e Two-tone specific: dispersion-induced inter-tone delay; polarization fading at the photomixer
WSU puts coherent Ethernet on the same plant

e 400G-ZR corrects dispersion/phase/polarization in DSP, after detection — the LO reference must not
fluctuate before the fact: simple technology reuse is not enough

Opportunity: coherent DSP internal state (carrier phase, SOP tracking) = a distributed fiber-fluctuation
sensor

e Survey items: (1) site-fiber environmental statistics (2) DSP-telemetry-assisted stabilization



Summary

 Method choice is SNR x stability — and the asymmetry decides: SNR deficits are recoverable by engineering; frequency-
difference instability is not.

* Extinction ratio governs precision — high-ER modulation (>75 dB), field-trimmable and bias-controlled, verified via IEC-
standardized measurement: an infrastructure-grade technology.

* Toward 2040, the bottleneck moves to the fiber plant — site-measured fluctuation statistics and WSU-coherent
coexistence are the next work, with DSP telemetry as an unexpected ally.

Prospects for East Asian Collaboration

* Device qualification via IEC-standardized measurement
* Co-definition of ALMA2040 reference-signal requirements — written jointly in astronomy and photonics languages
* People: student & postdoc exchange around field demonstrations

* Happy to continue these conversations during the workshop and beyond
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