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1. Background and motivation
2. Effect of phase noise

3. Effect of nonlinearity

4. Conclusion
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Frequency Selection: International Consensus

SCCCUR | I N

100 164 200 226 \dentified at
~102 ~167 ~209 ~231.5 , WRE19 \
Allocated for fixed and |] ﬂ |:| |:| |:| HH
mobile services N . :
102 151.5 209 252 1 275 306 318
~109.5 ~164 ~226 ~2751~296 ~313 ~333
G
44 GHz
75 110 170 260 :
Name of W band H band (WR4) !
E band D band (WR6) J band (WR3)
| | | | | | | | | i | | |
50 100 150 200 250 300 350

Frequency (GHz)

Meteracom Workshop Page 3

20 August 2025



ion Speed

ISS

Single Channel Transm

Recent Developments in THz Wireless

L -l ==+ =4 — - ———J1lL L L L
s E X o oF T e
- o) Q]rrrrt---1- -
() m - I TTrr1T=I1——I——1
c s —~ [F=JFrer-ta=—Ta-=
c -—d+Fr-FA-d--
~ o ®© @w ||‘¥1111J|J|!
nld %) ) ) i o e e ey
. 9 ——d - 4-4
~ ? B l--qrrrrra--
% A O L l--1drrrrra-n
L X c C _——d L L J_ J
c < O O |--J+rr-ba-a-_
O O 5 & |--q+tFrrrra--a4--,
o O 9 % ——qrrcoro- -
c 0 @ oo ca-d -
o o W w f--Jreera N
N T T T T R -
@ O 4 4 - grrrera-a--
1 - L
LT T T [ =L = =T — — — L L J_J_
FHAA— -+ -+ — —=- — — — - LN Tl T A P P
FEA- =t =t - - === tFFEF+F—l-—-l——
IR T U AN U NLUD NI NN N DU M
IR O O TN T TR ENRNRINRIRE U By I Iy Hy B DN DR
I A PRI W DT TN T R P
T R P
1

1
-1
-4
- -
1
- 4
1
1

L L.
(TR (RN P
rcr-- =
ICCCcra”- - ")
LL L
11+i|1|_.
| L e b
T T O N
1 ] 1 1
FiI-F—A—----
recr=i—-1— -1
SRR I N N N N B IR LAY I Y N B DR
W\ el 1 7\ .... 11 |
E—— } A==+ =+ =—F — == P4 b 4 == == — .
e it | N —T-T-—-r—-———-4++rrr+-1—--1—-—+
IR R O AR [ ISR LA N N S AL
___A__| L 1 L [ _‘_ .
1 1=l F4—-—4—-=-F-- dLLLdlid-1- -
FiImlml—t=-t—--— - - - A4+ + + + ===l -
|||||||| i T o e S it o -- rTre-r-- -
I [0 T T e e e e i O S e e i e
o N
1

(spgo) ejel eleg

400 500 600 700

300

Carrier frequency (GHz)

20 August 2025

Page 4

Meteracom Workshop



Basic Configuration of a Wireless Communication System

All components (discrete) are now commercially available up to 300 GHz

\Q:g S e
Arbitrary Waveform . Nl ﬁ
Generator (DAC) e é_ﬁ_
v u Antenna
_ __ IF Real-time
Mixer * Amplifier :I I: Amplifier — Mixer » Oscilloscope
x RF RF _ (ADC)
LO LO
Multiplier Multiplier &’ -
- - Ny "%ﬁ;
. Integrationis % g
. aresearch matter
Signal ............................................................... Slgnal
source source
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Photonics-based Approach: Transmitter

Lightwave Radio wave
O/E % t
t = Converter > Fo=
RF = CA; - Al/(AA)
Digital Data

Signal Generator

Fiber-optic System

v

Laser Source Optical | O/E | RF :I))
(A) Modulator |_. Converter Amplifier |~ ")

Laser Source
(Ay)
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Photonics-based Approach: Mertis

Signal Generation and Modulation /\/\ ﬂoﬂﬂﬂoﬂﬂﬂv

Photonics technology offers broader bandwidth and potentially
higher stability and integrity than electronic technology.

e.g., ). Dittmer et al., “Comparison of electronic and optoelectronic signal generation for (sub-)THz
communications,” International Journal of Microwave and Wireless Technologies, vol. 17, no. 2, pp.
246-256, 2025.

Signal Transmission D)

Direct combination with fiber-optic transmission technology

makes it easy to be deployed in converged wireline-wireless
networks.
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Convergence of Wireless and Fiber-optics

T. Nagatsuma et al., Nature Photonics, vol. 10, 371(2016).
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Photonics-assisted Systems

i »Schottky barrier diode (SBD)
________________________ , i «Field effect transistor (FET)

i -Photodiode i -Resonant tunneling diode (RTD)
| Photoconductor i -Fermi-level managed barrier diode (FMBD)
§7 m M) §7
: " E (IF)
Data signal — Optical — Uiz l\ RF RF Elec. mixer ——— Data signal
o Lmedulator converter [ = |~
T Elec. amplifier E (LO) Elec. amplifier
Optical signal OJE Optical signal
source source
(2-tone laser) converter| o (2-tone laser)

“Photonic LO”
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Photonics-based Receivers

. +Thin-film LN

: *Photodiode ! - EO ponmer & plasmonic electrode
i *Photoconductor {7 rtrerememegreesemseseesoeoeoeoeoooooo
mN]/ P m\]/ _
— E (IF) ; .
RF Photonic _ THz optical | Optical R _
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Real Optical-THz-Optical Link

LO

Digital | é RN

Coherent PD il ))) D Mixer L~
Optical —} EOM Digital
Transmitter Laser Ell Coherent
A ¢ ’ (1 PBS Ay Optical
La)\ser Mixer EOM Receiver

2
o 17 O—Q—1>

J. Zhang, M. Zhu, M. Lei, B. Hua, Y. Cai1, Y. Zou, L. Tian, A. Li, Y. Huang, J. Yu, and X. You1,
“‘Demonstration of real-time 125.516 Gbit/s transparent fiber-THz-fiber link transmission at 360

GHz~430 GHz based on photonic down-conversion,” Tech. Dig. Optical Fiber Communication
Conference, M3C. 2, 2022.
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All Photonic Receiver

Digital

Coherent
Optical —’—
Transmitter

~ P 110 D—
L Digital
aAser — Tl'.lz Coherent
2 Optical Ootical

‘ Modulator puca

Receiver

Y. Horst, T. Blatter, L. Kulmer , B. |. Bitachon , B. Baeuerle, M. Destraz, W. Heni , S. Koepfli, P.
Habegger, M. Eppenberger, E. D. Leo, C. Hoessbacher, D. L. Elder, S.R. Hammond, L. E. Johnson,
L. R. Dalton, Y. Fedoryshyn, Y. Salamin, M. Burla, and J. Leuthold, “Transparent optical-THz-
optical link at 240/192 Gbit/s over 5/115 m enabled by plasmonics,” J. Lightwave Tech., vol. 40. no.

6, pp. 1690-1697, 2022
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2. Effect of phase noise
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THz constellations diagrams are generally poor
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Impact of Noises on Constellation Diagrams

Effect of Intensity Noise

N - 1 - [

Causing symbols fluctuation

Effect of Phase Noise

i - - )

Causing symbols rotation
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Ultralow-phase Noise Reference: Dual-wavelength Brillouin Laser (DWBL)

B. Heffernan, J. Greenberg, T. Hori, T. Tanigawa, and A. Rolland, “Brillouin laser-driven
terahertz oscillator up to 3 THz with femtosecond-level timing jitter, ” Nature Photonics, 18

(12), pp. 1263-1268 (2024).

a ~ 8
DFB I(aS)erZ linewidth:~1 MHz Q~8x10
f

DFB laser 1 ‘ f2

‘ (f,)

fs
Af =1, - f, = 120~320 GHz

Brillouin laser cavity
optical fiber: 75 m)

Injection lock

Brillouin frequency shift:~10 GHz
Reduction in spectral linewidth:~500 Hz f,

120~320 GHz

£, 1, Freq.

Brillouin freq. shift:~10 GHz
Linewidth narrowing: ~500 Hz
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Rb clock

Phase-noise Measurement Method at 300 GHz
10 MHz

B. Heffernan et al., Nature Photonics, 18 (12), pp. 1263-1268 (2024).
UTC-PD

-:r“." A """e‘ fbr1

&
y N
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B\ ST ils
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Measured Phase Noise of DWBL at 300 GHz

B. Heffernan et al., Nature Photonics, 18 (12), pp. 1263-1268 (2024).
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Phase Noise Increase by Frequency Multiplication

Multiplied

20.0 dB (N = 10)
T2010g10(NV) wemmp |26.0 dB (N = 20)

SSB Phase Noise
(dBc/Hz)
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Comparison with Two Major Photonic Sources

Two Laser Pairs
(free-running)

Laser diode (f;) *&’ UTC-PD

Laser diode (f5) *&’

Electro-optic (EO) Comb EDFA UTC-PD
S >t —s
Synthesizer (f;) T L 4 Nfs
Electro- Optical filter N = 9~30
optic phase
modulator fs f Nf for 300 GHz
fs=10~40 GHz T -»‘ i 0 ‘ ‘ ‘ s
*ﬁ R ‘ t
e \_ Frequencyf )\  Frequencyf )
diode (f) frequency multiplication!
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Phase Noise Comparison at 300 GHz

—20 T TorrrTTT T LI | T LI |
Different N 40 Laser Pairs
sources I (free-running)
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Balanced mixer Spect 2 607 |
iX pectrum O ]
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% ]
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Transmission Test with Different LO Sources

AWG 32QAM
Data Transmission TvQ 40 Gbaud
RF. am i
P Different 110~137 GHz
. LO sources
Af=275 GHz IF. Amp
(~45 GHz)
o - I> Real-time
DWBL [> ~C Filter S ED[>FA Z$] ))) D oscilloscope
EDFA -
VOA UTC-PD  SHM =30 GHz
@' SHM: Sub-harmonic Mixer
Phase Noise Measurement -
Different ~137 GHz
LO sources
IF. amp
(~1 GHz)
Spectrum
DWBL {>—Z$ {>_ analyzer
EDFA yTc-PD  sAM

f-~500 MHz
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Effect of Phase Noise on BER at 200 Gbit/s

=
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' Difference in Optical CNRs for Los at ~130 GHz

Optical Spectrum Dual-wavelength Lasers - Amplitude Noise

EO Comb DWBL
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Effect of CNR on Bit Error Rate: EO Comb

Phase Noise of EO comb BER on CNR of EO comb
B 10 GBaud w/ EQ
1(]~1 10 GBaud w/0 EQ
— 20 GBaud w/ EQ
£ 10—2 W 20 GBaud w/0 EQ
3 sp Y b L4
~ o 107k
.8 L) 107° ,
2 N A A
o 10 3
© 1077k
= |
= 1078 | n O
iEv2 1EW "é1'|'z+z; T e O T e e
Frequency (Hz
CNR(dB)

Almost No effect of optical CNR on phase noise and BER when CNR is > 59 dB
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Other “Common” Crucial Factor: IQ Skew

120 Gbit/s 1Q Skew: ~5 ps

(16QAM 30 Gbaud)

1E-1

1E-2
I signal

1E-3 EVM: 13.1%

BER: 2.56 X 10™*
1E-4

BER

e 1Q Skew: ~0 fs
Q signal 1E-6

1E-7

I/Q Skew (ps)

EVM:8.98 %
BER:2.37 x 1077
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Comparison of Constellations: EO Comb vs. DWBL

EO Comb DWBL
32QAM
42 Gbaud
210 Gbit/s
BER =1.7 x 1073 2.8x10°%
64QAM
40 Gbaud
240 Gbit/s
BER = 1.4 x 1072 3.4 x10°%
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Transmission Test Using DWBLs for Tx and Rx

K. Maekawa et al., “Single-channel 240-Gbit/s sub-THz wireless communications using ultra-low phase noise
receiver,” IEICE Electronics Express, vol. 21, Issue 3, 2024.

DWBL 122.5 GHz

AWG - ~130 GHz

e VY g vrees

/Sub harmonic
Antenna mixer

~— — _ VAmplifier

275 GHz %‘< modulator > UTerDb for o f

S D> >) P> &
~ EDFA
AV
X
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Our Evaluation Criteria

HD (Hard decision) FEC limit: bit error rate (BER) < 3.8 X 103
instead of SD (Soft decision) limit (BER<2.2 x 102 )

On-line digital signal processing (DSP) based on common
software equipped in real-time oscilloscopes (RTO) to allow
reasonable comparison and reproducibility
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Best Results: Short-distance (15 mm; B-to-B) Communication

Max. data rates with higher-order modulation (HD-FEC limit)

32QAM/47Gbaud 64QAM/42Gbaud 128QAM/25Gbaud 256QAM/15Gbaud
235 Gbit/s 252 Gbit/s 175 Gbit/s 120 Gbit/s

EVM: 11.1% EVM: 11.1% EVM: 3.33% EVM: 2.47%
BER: 1.7x103 BER: 3.22x10-3 BER: 1.87x103 BER: 1.62x10-3
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Details:120 Gbit/s@256QAM

A: Ch1 256QAM Meas Time ~ +» X | C:Ch1 256QAM IQ Meas Time Interpolated ~ X  E: Ch1 Optic Properties v |

it

F: Ch1 256QAM Bit Error results v |

B: Ch1 Spectrum v X G: Ch1 256QAM Syms/Errs v !

Rng 4.05 dBm

1.«W"’*“W"’”ﬁh’

LogMag
10
B
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3. Effect of nonlinearity
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50-meters Transmission Test

50-dBi Cassegrain antenna

32QAM 40 Gbaud (200 Gbit/s)

1E-01

HD-FEC limit

2 3 4 5 6 7 8 9 10
Transmitter photocurrent (mA)

- Saturation effect of Tx UTC-PD
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64QAM 25Gbaud
(150 Gbit/s)

6 mA
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Distortion of Constellation Diagram
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T EgRFe
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Performance of NTT Innovative Devices’ UTC-PD (Commercial)

Optical Fiber

0 -
° [T 7.5dBm
DC Bias (GPO) (178 LLW)
Top view -10
Ribbon wire | | Radiator || s
UTC-PD / c%
\\ Coupler [ T 15
~ | =52 ]| | ® 3
Optical : : Output g
input CPW || MSL ! 0
Metal WG
Side view Backshort 25
Optical v
input . A 5 /
- ¥y g LG 0.1 10 10.0 100.0
InP tz (100
Metal LI~ Quartz (100 um) | g iph (MA)
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Modified Uni-Travelling-Carrier Photodiode (UTC-PD)

T. Ishibashi et al., “Unitraveling carrier photodiodes for terahertz applications,” IEEE J. Selected Topics in
Quantum Electron., vol. 20, no. 6, pp. 79-88, Nov.-Dec. 2014.

Diffusion block layer p-doped
absorption layer

/

p-contact

layer Un-doped

collection layer

Un-doped
absorption layer

n-contact
layer
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Photodiode Problems: Output Power & Linearity

RF power vs. Photocurrent (log-plot)

Slope: 2 I Linearity is crucial for multi-value modulation
RF .o'..*'
power *  Space-charge effect

Thermal effect

Photocurrent

Carrier Transport engineering - UTC-PD
Thermal (heat) management

(Optical waveguide) l

Photo- Power
e Antenna

-': diode combiner
Optical fiber \ / \

Coupling efficiency Impedance
matching/integration
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Material Properties of SiC and Si

Properties SiC (4H-SiC) Si InP
Loss tangent <1x 103 7.6 x 104 9x 103
Thermal conductivity 490 W/(m-K) 150 W/(m-K) 68 W/(m-K)
Relative permittivity 08 11.7 12 .4
| arbiary cip | gl s o
Other remarks (700 GPa) shaping by RIE trar;sri)stors, etc. |
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Device Fabrication Process: Epi-layer Transfer

T. Nagatsuma, et al., “InP-based Integrated Circuits on SiC/Si Substrates for Terahertz Communications,”
Journal of Lightwave Technology, 2025.

Epi layer
etchin _ _
: SIC, S glass removal
= ———— ——— | E— |-
device fabrication  thinning SIC, Si backside metallization dicing/etching
to ~30 um

Meteracom Workshop Page 40 20 August 2025



Newly Developed SiC-UTC-PD WG-Output Module

Coupler-integrated SiC-PD chip

Hollow waveguide

Optical fiber (WR-3)

=
TN

‘\ THz wave

UTC-PD
%/_/ —

Fiber ferrule WG
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Record Performance for J-band UTC-PD Modules

256 GHz

= 10°3F-------- 1 mW Maximum:
. 4.75 mW at 256 GHz
bt with 26 mA (DC bias: 1.8 V)
()

2L
§ 10
= Comparable to RF amplifier!!
(@}
— 1_
8 10

0 I I

1010‘1 10° 10’ 102

Photocurrent (mA)
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Transmission Test: 32QAM, 25 Gbaud at 270 GHz

3 mA (output power: =12 dBm) 14 mA (output power: 2 dBm)
link distance: 14 mm link distances: 500 mm.

4: Chl 32QAM Meas Time C: Chl 32QAM IQ Meas Time Interpolated A: Chl 32QAM Meas Time C: Chl 32QAM IQ Meas Time Interpolated

Rng 630 mV Rng 630 mV

¥ 1SR Kicw W

"“'“‘ ' = . —" : - ) L. " Const ‘2 *ﬂ“*
¥ $ Sy T S Y AL L o)
300 FanAnw 300 [ L R 300 YA EPLE

" A " P " B SR e S e S iy n a kS DX
. e R e Ul = i e

. BER:6.8x1041| =« 1+ BER:6.8x104

-1.80542986425 1.805429864253 n -1.80542986425 1.805429864253 Stop 1 sym

B: Chl Spectrum ~ D: Chl 32QAM 1Q Meas Time Interpolated B: Chl Spectrum ~
Rng 4 dBm
-3.979
dBm

Rng 630 mV

5.987 15

dBm

LogMag LogMag

10
dB
Idiv

10
dB
Idiv

-94.013
dBm
Center 20 GHz Span
Res BwW 79.5247 MHz Timelen 48.02734 nSec

-103.979
dBm

Center 20 GHz Span Stop 1 sym
Res BW 79.5247 MHz Timelen 48.02734 nSec
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Conclusion (1)

« Commercially available sub-terahertz spectrum analyzers, which use
frequency multipliers as LOs, lack sufficient performance for evaluating
phase noise in the sub-THz band.

« We experimentally compared the phase noise of frequency multipliers, EO-
comb-based signal generators, and free-running lasers, by using a two-
wavelength Brillouin oscillator (based on the principle of frequency
locking to a high-Q optical fiber resonator) as a reference.

« Furthermore, we experimentally clarified the relationship between phase
noise and wireless communication quality.
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Conclusion (2)

« Using a system using a two-wavelength Brillouin oscillator for both
transmission and reception, we experimentally investigated the impact of
nonlinearity due to photodiode saturation on communication quality
during ultra-high-level modulation, such as 256 QAM.

 To improve the photodiode output saturation by more than one order of
magnitude, we developed a photodiode using SiC substrate as a heat sink,
and demonstrated its effectiveness through communication experiments.

« It is expected that these developments will enable transmission
characteristics exceeding 200 Gbit/s over distances of over 500 m while
maintaining high communication quality.
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