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5G Mobile Network

v'Peak Speed: > 10 Gb/s /ch

Enhanced mobile broadband

Gagabytes m a second _l__E
3D wideo, UHD screens
E Work and play m the cloud

Smart home/ulding
Augmented reality

Industry automation

Voice u ——  Mission critical application
SIMATLCIY = Self drvmg car
B @ & | Future IMT
Massive machine type Ultra-reliable and low latency
communications comimunications
v'"Massive connectivity: v'Latency: ~ 1ms

~10 million/km?2
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From 5G to Beyond 5G/6G
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Challenge in MWP Technology for 5G

v 4G v 5G
f. ~15GHz & A~20cm f.~30GHz & A~1cm
Loss in coax cable @ 1.5 GHz Loss in coax cable @ 30 GHz
5D2V o ~ -0.4dB/m CM06 o ~ -2.5dB/m

= g
/A’

v New EOM/EO converter
v' A/D Conversion Technique Antenna-Coupled Electrode
Sampling frequency EO modulator
Js ~32 Gsa/s (ADP7000) £, ~30 GHz = field enhance ~8000

f, ~80 GHz, 90 GHz
Optical amplitude/phase modulator
Polarization reversal technique
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Conventional Dispersion Compensation Techniques

@ Digital Signal Processing (DSP)

© Tunable dispersion compensation

© Wide wavelength range

& High power consumption
Commercial 40 Gb/s &) Limitation of high-speed operation

coherent transceiverll

€ Dispersion Compensating Fiber (DCF)

©) Constant dispersion compensation
& Narrow wavelength range
© Low power consumption

© Possible to operate high-speed
Standard DCF module!?]

[1] K. Roberts, M. O'Sullivan, K.T. Wu, H. Sun, A. Awadalla, D.J. Krause, and C. Laperle, ‘“Performance of dual-polarization qpsk for optical transport
systems," Journal of lightwave technology, vol.27, no.16, pp.3546-3559, 2009.

[2] L. Gruner-Nielsen, M. Wandel, P. Kristensen, C. Jorgensen, L.V. Jorgensen, B. Edvold, B. Palsdottir, and D. Jakob-sen, “Dispersion-compensating bers,"
Journal of Light-wave Technology,” vol.23, no.11, p.3566, 2005.



Pre-equalizing Electro-Optic (EO) Modulator

z Coplanar traveling-wave electrode
L»)’

Port-A\ / J Port-B

Light Inpm‘/ 5 /

//

nght Output

*On/Off Keying

MZ waveguide } cut LINbO3 -BPSK
Polarization-reversed structure
Key point :
E/O signal conversion-+ Pre-equalization
Properties

© High-speed operation (~100 GHz)

© Wide wavelength range (C-band/ L-band)

© Low power consumption

© Fiber length for dispersion compensation (~80 km)

© Tunable dispersion compensation



Dispersion of optical fiber

Transfer function of optical fiber Data Single Mode Fiber
H(w) = exp{—jf(w)L} Laser EO Modulator @ pe [ R
L (km)

Propagation constant (Taylor expansion)

1
f(w) = Bo(w) + (w — wp)f; + 5 (w — wy)* B,

Group velocity disperioi
Transfer function of fiber dispersion effect

1
Hais(@) = exp {—jEwZﬁzL}

TR AL o TAR P/ MMM
IERA Rl

Standard Single-mode glass fiber (L=80 km, D=16 ps/nm*km)




Principle of pre-equalization

Transfer function of fiber dispersion effect Data Single Mode Fiber
1
Has(@) = exp |~ 30zt o) (o] )
Transfer function for pre-equalization H,p(0) X Hi(o) = |
Hemp (@) - L 2 Al
W) =77 =expit+jzwp,L m
e Hqis(w) P { /2 & } Gauss plane

C L After trans
Impulse response for pre-equalization

hemp (t) = ij Hemp (w) exp(+jwt) dw

2T Re

-1.0! ol
Standard Single-mode glass fiber (L=80 km, D=16 ps/nm*km)

- e {(— e +E)} Pre-equalizin 4 ' /M Freg-comp.1
\21B,L PV 2B,L 4 q i{persich M Freg-comp.2
Re Im o B Freq-comp.3
|| J W | | i 10
“ “ (\ 0.51 (\ ﬂ
| | | | | t(ps) | | | . | | | ' (ps)
—400( [ H3lob| |+2pa ' foo| 12pd | | o0 |{|doo —4p 114304 | Froo | 100 "0 10 2001 | 13004 || |#po
“ -0.5¢ x{/
HHUU IV AR UUH“



Operational Principle

Proposed device Single Mode Fiber

/7 Re {hcmp(t) }

Laser \
[mih,,,, (1)} /2

Q ;
D) D
L (km)

~——

Key point :
How to realize impulse responses in the EO modulator

Coplanar traveling- wave electrode

Impulse responsePforithe dispersion compewsation, hep,, (t)

Re{homy (D)} ' MMDM ()
Hightiu}nt ( |j;,-!!, (\ t/\{).i /\

t (ps)

DO

—

—440[ TFslp[ T42po Uo / T 792 B [ Frop \]100
L CL NN 1 et AR 11|

Impulse response fotreRodbERNSEEcompensation (L=80 km D 16 ps/nm=km)
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Impulse Response of Traveling-wave EO Modulator

(" Conditions N
» Velocity mismatching (v, > v,)
- J
Ligh Modul ignal
Impulse voltage ightwave odulated signal(+)
Port-A |
~i»| 1
Lightwave

v

A

Al

Temporal window in the impulse response

Al
AT, = - My — ng)
n,, : Effective index of the modulation signal
ng :Group index of the lightwave
Al :Interaction length
¢ :Lightwave velocity in vacuum

Impulse response of EO modulator

K
A\

AT, ‘ t (ps)



Impulse Response of Traveling-wave Modulator

" Conditions N
» Velocity mismatching (Vg > V)
» Polarization-reversal (y33 = —V¥33)
\_ J
Impulse voltage ] Lightwave M Modulated signal(+)
Port-A\; B Modulated signal(—)

| Impulse response using

Lightwave ! l

Polarization
reversed region (-y33)

Al

Temporal window in the impulse response

Al
AT, = - My — ng)
n,, : Effective index of the modulation signal
ng :Group index of the lightwave
Al :Interaction length
¢ :Lightwave velocity in vacuum

Apolarization-reversal can be tailored like this

t (ps)

AT,



Design of polarization reversal patterns

_1-06 ' Designed parameters

_ MU N | N LW wavelength 1.55 pm

<

g é Fiber length 80 km

o S

A Symbol rate 40 GS/s

0 510 15 20 25 30 35 38 : : ]
position along electrode (mm) Dispersion 16 ps/nm*km
M 1.0 ' LW group index 2.193
O'SI\N\ W f\ /\ /\ /\ /\ /\ /\ [\ I\ [\nf Electrode length 38.25 mm
0.0
O'SUUM \J V U \/ \/ \/ \/ \] VVUU Reversal section length 50 um
-1.0t . Unit numbers in A—X 9
0 510 1 25 30

[

5 2 B Reversed region (—1)
y 0 5.l T 03338 [_] Non-reversed region (+1)
/ position along electrode (mm)

=



Precise design of reversal patterns: A — X method

N\

Required Impulse
response

A 2 X(+1)x8+(-1)x0/8=1
— le— A A

+1 . 4 Y @ ———1
9 = 4%
5 L//
73
o Ll S O O S O O St B S
: yes
= o
= | L@

—1 J

Y

2(+1)x1+4+(-1)x7/8=0.75

%\\\Y Reversal pattern

Reversal section length
: 50 um
Unit numbers in A-X : 9

B Reversed region (—1)

[ ] Non-reversed region (+1)



Polarization-Reversed Patterns for Equalization

Design Parameters

Optical wavelength 1.55 um
Fiber length 80 km
Dara transmission rate 40 Gb/s
Dispersion value, D 16 ps/nm+*km
Group index of lightwave, ng 2.193
Electrode length 38.25 mm
Minimum length of polarization- 50 um

reversed region

Number of quantization leverls 9

T LTI I (T TR h
n i NI O \ o [V !
.I' r 1 1N 11 I Ll | I Ll Cl |
1 1 i 41 /(1 » |
b Uit | WK W R L e il Wit 1Y
il |\ | Al MR [ I . W Al 1 4 L
h " [l ’ 1 I
f | i§’ L \ 1 1 \ L 1 1
i i I 1 N W il Wbl I
vy 1 N il f i
1 J N it i 1
1 Ly
il Ll INL S EE L L 111 TITephmmp i ) WINERORY) )

0 5 10 15 20 25 30 35 5 10 15 20 25 35
Electrode length (mm) Electrode length (mm)

New polarization-reversed patterns compensating for electrode loss effect for equalization




Modulation Frequency Dependence

[—
-

ave
o Hcmp

3dB Bandwidth] ~38 GHz

Modulation index (a.u.)
=
u'-l

S
o

0 20 40 60
Frequency (GHz)
Design parameters for CPW
4 S 4 CPW clectrode
t+ | - < y Hot electrode width, S 33 um

u

GND OT GND ) A Gap between electrodes, W 46.5 um
h Buffer layer Al thickness, ¢ 3 um

z-cut LINbO ~ '
3 MZ waveguide Buffer layer thickness, u 0.2 pm

—>
€

Substrate thickness, £ 250 pm

A\

2
M



Transmission Simulation

11010

0

11

1.0t
7 e A=LS5 pm 08| ’ ‘
EI “| by d I
s, Laser :
(81 (AFE AL

J

()

0 50 100
Time (ps)

150 200

Input signal NRZ40 Gb/s




Simulation

. . .o 1 101 0011
Evaluation of equalizing characteristics Lol | ' ' |
by using eye diagrams and BER 208 ’ \ ﬂ f \

0.6

s U

005 50 100 130 200
Time (ps)

40 Gb/s NRZ ASK input signal

A=1.55 um

Receiver

Laser

SMF(D=16 ps/nm=km)

80 km

1.0
0.8}
0.6¢

0.4t
0.2}

0.0 10 20 30 20 50 00 10 20 30 30 50

Time (ps) Time (ps) Time (ps)

Input Back to back (0 km) After 80 km transmission




Device fabrication

/Z-Cut Lle03
/

| L. ; 250“1’1’1

f

1.Polarization-reversed structure
(Pulse voltage applied method)

Polarization-reversed patterns

1|
2.0ptical waveguide
(Annealed proton exchange method)

1 MZ waveguide Modulation electrode
3.Buffer layer (SiO; sputtering)

4.Modulation electrode (Lift off)

I

CHR

Fabricated device




Experiment-1: low frequency operation

Set—up Oscilloscope

z Oscillator W % J

oo oo B
> Monitor Ch2

Pinhole

e

H Half mirror U

Results

F B 6800

Applied signal v

Chl

» DC voltage for ©/2 ~16 V

Ch2

Umaxll =" 112nl)

CH1z= ZEa@ml) Time 188.8us BH-532.68us




Experiment-2: Single-tone operation

Z .

. Optical Spectrum

Oscillator P Anal}ll)zer

34 [ ~40 GHz ]

X 25 dBm i =
DC bias ,/\J\/\ =

L Monitor -
Lens PinhOIC - 2 @

1.53 um |:| :l
Laser —O O—
|:| Half mirror
Results

Intensity(dBm)
&
S

—801}

Carrier to Sideband Ratio(dB)

195.3479 1953979 5 10 15 20 25 30 35 40
Frequency(THz) Frequency(GHz)

Optical spectrum (f,,,=20 GHz) Frequency response (Vp=0V)

195.2979



Experiment: Standard MZM case

Spectrum Analyzer

Set-up
Oscillator . _ .
z Variable Dispersion Generator
},y }D “VIPA’
X 0~10 km
Laser D oy viPA}—{>—1 PD
MZIM Ol I HbrA
A0 Hy
dis
Wypsp <Oysp
Results

Power(dBm)

10 :
Fiber length (km)



Experiment: Pre-equalizing EOM case

Spectrum Analyzer

Variable Dispersion N
Generator =

A
: Momtor ‘VIPA’ [ N 2215]3]
m
1 //
. e - Half mirror

Results
—65 -
® 8 GHz
® 12 GHz
=70 ® 16GHz
o ® 20GHz
g 75 ® 22 GHz
% . ® 24 GHz
)
Z —80
~
—85
—90

% 6 3 10 12 14 16
é Fiber length (km)
MIE



Conclusions

Pre-Equalizing EO Modulator
Utilizing Polarization-Reversed Structures

v Pre-equalizing utilizing velocity-mismatch & polarization-reversed structures
* New scheme for counter-propagation between lightwave and electrical signal.
= Fiber length for the dispersion compensation (~80 km)
* Able to compensate for electrode loss effect

v’ Simulation
* Evaluation of equalizing characteristics by EYE diagrams & BER
= Good agreement with the designed characteristics

v" Device fabrication
* Optical extinction ratio ~ 30 dB
* Transfer function measurement

v" Next Step
* Design for THz wireless applications
* Tuning of fiber length for compensation
* Assembling & demonstration





