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Outline

* Optical, Wireless, and Optical Wireless — What? Why?

= Optical-Electronic Integrated Circuit (OEIC)

* CMOS mmWave Phased-Array IC
= High-SPLIQ IC for 6G Era
* New Potential Applications in the 6G Era

* Summary
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Optical, Wireless, and Optical Wireless
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Ethernet Wireline Link
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CMOS Optoelectronic Interconnect Chip: Architecture Design
Fully-Integrated System Architecture De5|gn and Verlflcatlon
1. Top-down system simulation to clarify specifications for each module : i

2. Multi-chip system simulation throughout the entire design cycle
3. Support complex modulation scheme, like PAM-4, OFDM, QAM

)

56-Gb/s PAM4 TX | 56-Gb/s PAM4 RX . 14-GHz PLL

- Data path implements VCSEL nonlinearity | - Signal equalization in frequency domain .+ Sub-sampling PLL achieves low jitter
compensation 3 - PAM4 signal decoding and clock recovery . e Low supply voltage to decrease power

+ Clock path has on-chip PLL

| PAM4
4 . i | Signal Input age
DFF Array r | 2Pu(s) 2Pin(s) LE

3 | Iorr Array]
DFF Array

2 | orr Array]
DFF Array

ak
Clock Buffer |
a¥ [ | s PAE |
- -Rate | CLKe g veDLs ) CKBUFH | CKBUF,
Multi-Phase PLL ! ClKm ° U EHHE | FSur
| Qutput frequency resolfution:
Afper (If frer_ri =frer Without DIVIN/G), faes (If frer e =0.25faer with DIVIN/G)
Vem e is connected to Voo, Cs: 4pF, Cy: 2.2pF, Cy,y 80pF, Cy: SpF, Ry: 8kQ

J9apoouz
JapwowdyL
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PAM4 Optoelectronic Interconnect Chip EMI Analysis and Cancellation
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EM Emission P-Si mp

+ Clarify radiation theory of CM noise . Tl
N

« Propose close-loop controlling of CM ’ﬁ’”f"\ﬁé—\
noise A Electrical-to-Optical Optical Fiber
= Interface

. . . . \
» Propose CM noise cancellation circuit rranadover conndo. Flex Cable
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EEECIRGM: EEMEAY - Y e
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Foshan I—
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High-linearity 56-Gb/s PAM4 TX chip
Based on 4-to-1 MUX, including data path, clock path, and bias and control part

Data path: adopting thermometer code-based architecture for piecewise compensating E/O gain and

bandwidth nonlinearities

Clock path: multi-phase PLL to generate 8-phase clock

On-chip PRBS for testing

DFF Array

DFF Array
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Clock Buffer
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Multi-Phase PLL
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High-linearity 56-Gb/s PAM4 TX chip: 4-2-1 MUX design
« Implemented in 40nm CMOS, 0.1 mm? of core area
Tuned slice EQ and slice gain to compensate for the VCSEL nonlinearity

PLL, fmW Output Driver, ‘ 100 HWI—>5 ps 100 HWI—>5 ps

Clock Tree,

34 mW 2.05 pJ/b
at 56-Gb/s
PAM-4

e e a o Re-timer and Height/Width: 12.12W/2.39ps
Encoder, 4 mW 4-to-1 MUXs, 46 mW ‘ g : el iy .

B A — PRBS Generator + Binary-to-therm. Encoder RLM: 0  Horizontal Skew: 4.76ps§ RLM: 65% Horizontal Skew: 1.89ps|
L 5 &F lp EE Is » ~ . B — Re-timer + 4-to-1 Multiplexers (a) EQ OFF, Equal Slice Gain (b) Equal Slice EQ and Slice Gain

" -y C — Phase-locked Loop
D — Clock Tree
‘\ Q |E — Output Driver
'F — Bias Circuit + I’C

_——_ Response w/ Equalization
Response w/o Equalization 1 N

>v”‘ihidth:v‘.'4>4pr.'2A Width: 45. p

RLM: 89% Horizontal Skew: 1.83ps :90% Horlzontal Skew: 177ps\

~ | e ey () Equal Slice EQ, Piecewise (d) Piecewise Tunned Slice
Pre-tap of the FFE + CTLE Pre-emphasns + CTLE Tuned Slice Gain EQ and Slice Gain
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56 Gb/s
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IIFE

<400 mW

152 mW
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PTL’18

JSSC’22

VLSI’'19

ASSCC’21

This work

Technology [nm]

65

40

65

40

40

Signalling scheme

1/2-rate
PAM-4

1/4-rate
PAM-4

1/4-rate
PAM-4

1/4-rate
PAM-4

1/4-rate
PAM-4

Date rate [Gbps]

50

56

64

64

56

OMA [mW]

2.00

0.81

2.50

1.08

1.18

Power effi. [pJ/b]

5.12

1.73

2.69

2.09

2.05

Core area [mm?]

0.31

0.47

0.28

0.16

0.10

Asymmetric
equalization

2.5-tap DAC-
based FFE

2-tap DAC-based
FFE

3-tap LSB/MSB-
based
Asymmetric FFE

3-tap LSB/MSB-
based Asymmetri
FFE

2-tap FFE + CTLE
+ Pre-emphasis

Nonlinearity
compensation

Full

Full

Partial

Partial

Full

Method type

Digital

Digital

Analog

Analog

Analog
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PAMA4 RX: signal equalization, decoding, and clock recovery

- Two-stage CTLE to compensate signal in frequency domain

« Y rate architecture, 3 comparators to adjust top, middle, and bottom eyes separately

« Clock generated by DLL CDR, adopts jitter compensation to improve quality of output data

PAMA4
i T
Signal Input c code to

(o W— - Bcode
2Pin(s) 2Pin(s) b Bottom_|Converter

L]
+ | PH-0/90/180/270

4 x 2-bit Bcodes )
LMSBREC and LSBRE{;)__

e ssssscssssssssssccccches e et ..o
1

+>| Sync.
<. w E3 Y
r T Edge | v Inverted
5

BBPD Follower
WBPLL

Lrl{cPldPFD %j

VCD - ollower '

1/4-Rate _ : g -
CLK §

Jitter Compensation Circuit
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PAMA4 RX: signal equalization, decoding, and clock recovery
« Implemented in 40nm CMOS technology, 0.58 x 0.34 mm? of core area
« Error-free under 60-Gb/s with PRBS7/15, 70.8 mW of total power

76 um; L

Die photo

7.5 GHz CLKREch
Jitterrms: 0.97 ps

=

L

e —— |

it

=0-PRBS7
=0O-PRBS15

00 02 04 06 038
ul

Bathtub curve

7.5 Gb/s MSBRECJC
Jitterrus: 2.68 ps

i
i inun naxinum total weas :
g01s g e ii

Eye diagram of output

U I\ 1110 E 1 d LE

OL BAT CcO PA

Jitter RMS( 3 O70 fs
1itt g

63.8 GHz

Eye diagram of output

VMISB under Y4 rate
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CTLE, 8.10 mW,
11.6% PAM4 Slicers,
CSG, C-VCDLs, Calibrator (CAL),
11.2 mW, DAC, Tcode-to-
16.0% Bcode Converter,
28.0 mW, 40.0%

BBPD, CP, WBPLL,
VCDL, 22.7 mW, 32.4%

Power breakdown

7.5 Gb/s LSBRECJC
Jitterrus: 2.88 ps

“..~ Measul g

it Minimnun W1 nun total meas
Jitter RMG( » 2.88 ps Z.64 ps 256 ps ey
litt 18.24 1.4 159,24 44

Eye diagram of output
B under Y rate
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1R 2 56 Gbps
IiE < 400 mW

SLATEIR
60 Gb/s
70.8 mW

WisiEls (ZB=BHEURSIAE) SEMRIMRTHEARRILL

JSSC’19

JSSC’19

VLSI'14

JSSC’17

VLSI'14

This work

Technology

28-nm

40-nm

65-nm

65-nm

28nm

40-nm

Architecture

1/4-Rate
NRZ

1/4-rate NRZ

1/4-rate
NRZ

1/4-rate NRZ
Adaptive LPF BW
in CDR

1/4-rate NRZ
Split path CDR

1/4-rate PAM4,
JCCDR

JTOL [Ulgp]
@ 3dB bandwidth

None
@ 1 MHz

0.22 UIPP**
@ 4 MHz

0.1 UIPP
@ 1 MHz

0.41 UIPP
@ 20 MHz

0.2 UIPP
@ 8 MHz

0.2 UIPP
40 MHz

JTRAN [dB]
@ 3dB bandwidth

None

0~-3dB
@DC ~ 4 MHz

0~-3dB
@DC ~ 1 MHz

0~-3dB
@DC ~ 4 MHz

0~-3dB
@DC ~ 3MHz

<-8 dB
@All band

Data rate [Gb/s]

2-pairs x 16

25

14

40

4-lanes x 40

60

Power [mW]

2-pairs x
16.06

27***

7.8

225

4-lanes x 175

70.8

Power efficiency
[pJ/bit]

1.004*

1.08***

0.56

5.625

4.375

1.18

Supply voltage (V)

0.9

None

0.8

1.2

None
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VCSEL TRX Demo: 56-Gb/s PAM-4 VCSEL TX and RX

Link

PAMAI & B &8 =¥ 351 ESSCIRC
2023+VLSI2021 Fuzhan Li_BERBRENE bilibili

QR code

y”

/
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Starlink Satcom Starlink Ground Dish

e Mechanical satellite
tracking employed

o Utilization of electrical
and digital beamforming

« Architecture designed tc
minimize beamforming IC
usage

 Focus on combining
individual PAs and LNAs
for gain enhancement
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A Ka-Band Phased-Array Tx SoC in 40nm CMOS

%ZS-GHZ RF signal-1 out

28-GHz RF signal-3 out
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Area Efficiency Comparison

TMTT 2021, 38 GHz JSSC 2010, 60 GHz JSSC 2022, W band This work, 28 GHz
4.3 X 2.2 mm? 2.9 x 1.4 mm? 2 X 2 mm? 1.87 x 1.16 mm?
w/o LO Gen. w/o LO Gen. w/o LO Gen. with LO Gen
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Waveform versus Control Code

* Phase Shift and Gain Control Demo
— Orthogonal phase shift and gain control

7 - v id _il f.’v\.

Voltage (V)

Voltage (V)
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° BeamSteering Demo Measured Radiation Pattern

00

25 20 -5

Measured Radiation Pattern
00
-30° : 30°
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Ka-Band Cascaded QPLL

28-GHz VCO i 7-GHz RF PLL 28-GHz mmWave PLL

Single Loo _)@ ! Ref - Low jitter N Wideband R @
8 P "|1%-stage RFPLL| |2"-stage loop

1 | t

>

A

Reference PN Reference PN

}6~8 dB

N
-
~
(&)
(aa]
S
2
(a

PN (dBc/Hz)

I I:"§lcascaded_loop
f 1>-Stage VCO PN
1%-stage PLL BW Freq

I PNsin?gle_loop

>

Single-stage PLL BW Freq
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28GHz Dual-Loop PLL Architecture

FLL MMD . —
| | i

PFD + DZ i : -
T : : Proportional Path

Lo~ .o.m__r
/' u RPZ

e
oL
P>

28-GHz QVCO

Lock Det.

; ¥
> Pul. Gen. PULssce

ULsu] MA;SA!M 1

1% SSPD »| AC-SSCP——

VSAM

“ Dual-branch

n
wn
o)

I-CP

OD/\"Z'H'E)‘Z""

T Integral Path ~ :
SSBUF [« 28-GHz

Div-4
ABupif\j RB%VB{I 7-GHz SSPLL ol:‘t’pu:_
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Experimental Results

* The 1st-stage RF
SSPLL dominates the
overall jitter

 1st-stage contributes
54.4-fs out of 56.8-fs
total rms jitter

« High frequency VCO
phase noise is
sufficiently attenuated

 Over 1 kHz to 100 MHz
range, QVCO PN

profile is well above
QPLL

CcO PA PR

Nominal Frequency

Ref Level & Att
Measurement

1 Phase Noise

-2,10 dBm, Att O dB

7.000441928 GHz | Measured Level
Initial Delta

1 kHz to 100 MHz Drift

-2.68 dBm | Measured Freq
0.42 dB Initial Delta
0.04 dB Drift

.1 [ 10kHz ]

7.000441928 GHz
-311.19 Hz / -0.04 ppm
-6.38 kHz / -0.91 ppm

-84 dBc/Hz~

-93 dRg/Hz

—Fred runing 5

___ 7.GHzVCO

-111 dBcfHz

R O e SO

-120 dBc/Hz

-129 dBcfHz

-138 dBe/Hz

-147 dBc/Hz

-156 dBc/Hz

EL1
1.0kHz

Freguency Offset

; ...G 1:| |:|
100.0 MHz

3 gnothioise

Type

[ Offset Frequency [T1]

Phase Moise [T1]

2 Residual Noise
Trace |

User 3
User 4
User 5

Start Offset |

100.00 kHz

Cascaded 28-GHz '

10.00 MHz

QPLL div-4

Stop Offset | Int PHN | PM

-116.51 dBco/Hz
-121.81 dBo/Hz
-135.61 dBo/Hz

| FM |

Jitter

T1
T1

B—
T4

1.00
1.00

kHz 100.00 MHz
kHz 30.00 MHz

-54.84 dBc
-55.06 dBc

146.78 m® / 2.56 mrad
143.15 m® / 2.50 mrad

38.45 kHz
13.28 kHz

58.24 fs
56.80 fs

1.00

E—
kHz 100.00 MHz -55.37 dBc

138,04 m® / 2.41 mrad

—
18.97 kHz

—
54,77 fs

T4

1,06kHz

1

-55.43 dBc

k 30,00 MHz
-stage 7-&-Hz PLL

137,16 m® / 2.29 mrad

11.13 kHz

54.43 fs

TP

SUM
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Performance Comparison

Hu
ISSCC20

EK
JSSC18

Yang
ISSCC22

Du
VLSI21

Kim
JSSC19

Liao
JSSC20

This work

Tech

28nm

28nm

nm

28nm

65nm

45nm

40nm

Arch.

CS +
Harmonic
extraction

Single-stage

Harmonic
mixing

Harmonic
extraction

Cascaded
SS+QILO

Cascaded
RSPLL+
ILFM

Cascaded
SS+DP-SS

Freq. (GHz)

21.71~
26.49

23.3~
30.2

25~28

24~31

28~31

33.6~36

24.0~
29.8

Freq. range

19.3%

25.8%

11.3%

25%

10.1%

6.9%

21.4%

Ref. (MHz)

250

491.5

74

50

100

80

250

Jitter (fs)

75.89
(10k~30M)

114

88

199
(10k~30M)

76
(1k~30M)

251
(10k~10M)

56.8
(1k~30M)

Spur (dB)

45

-65.1

-61

-65

-58

-60

-55.6

Pdc (mW)

16.5

31

12.9

11.5

41.8

20.6

42. 1

FOMjitter (d B)

-250.2

-244

-250

-243.3

-246.1

-238.9

-248.6

FoMiiitter-N (d B)

-270.4

-261.2

-275.8

-270.9

-270.7

-265.3

-269.1

Area

0.5

N. M.

0.24

0.3

0.32

0.41
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https://github.com/HKUST-ECE-IC-Design-Center-OWL/ISEE-Complex-Signal-Co-simulation-Platform-For-Intergrated-Circuit-and-System-Design

High-Integration
4 —

Compact Package

Designed to achieve highest-level of integration in a small form-factor and includes multiple functions IC

with multiple processes
This RFFE SiP includes 56 SMDs, 9 Acoustic filters, 4 HBT PAs, 2 SOI Switches, 1 SOI LNA, and 1 CMOS

controller

High powseyrsfﬁgi-pi)g:cli)grf I::Iaeg\/(iece like DC-
. .... A R BB BB E l... ..l. DC converter and GaN PA in the same

package
Multiple-tech chips in a single package

i PFoxexofs
2 8.65mfnx§.§rh'm

High-Voltage High-Power Buck Boost Converter

EPC 140W Micro SmartPower * Supports 2C1A independent fast charging

Type-C Bidirectional PD3.1/Max 140W Supports dual PD3.1 simultaneous charging and discharging
Type-A multi-channel fast charging Solar energy charging

Intelligent power allocation for multi-port 28V-5A discharge; 28V-2A charge

high-power charging Multiple over-voltage, over-current, and over-temperature
Built-in dual DC-DC protection
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High-Quality Factor Passives

VDD / VSS

" n R =ﬂ:o Technique 1: guard-ring removal

Mo & slotted wide-track layout
80 200
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Frequency (GHz)

Frequency (GHz)

CCP

Custom-design optimized inductor

Directly using PDK inductor

— L=138 pH g — L=153 pH g
_ Q=47 (42% higher)

— Q=33
Trade-off between Q factor, inductance density, and power
handling capability
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New Opportunities: Optical-Wireless Hybrid Link
* Fiber-Wireless Hybrid Network: Cascaded Topology

Evolution of Cellular Networks Fiber-Wireless Network
10° High speed
! ! ! - wlreless link
plmlnlnrmm

Densely
pupulated area

Mobile Network Generation

5G mobile network requires ultra-dense cellular cells 21 pang, JLT 2014 T i

Backhaul links deployment is challenging
Fiber-wireless networks provide high performance and flexible backhaul link connections

Fiber link - Access

—

£
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New Opportunities: Optical-Wireless Hybrid Link

* Fiber-Wireless Hybrid Network: Parallel Topology

Optical/Millimeter-Wave
Hybrid Unit ) el Optical/Millimeter-Wave
Direct VLM Hybrid Unit :
A - i
'y, | N
i T >
Iy 1
"I

VLLC: Visible Laser Light s, g
Communication

When VLLC links not available,
switch to millimeter-wave links

Optiéal Fiber Optical Fiber
Links Links

Under good weather condition: mmWave + Optical in parallel
Under bad weather condition: mmWave only
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Optical-Wireless Hybrid Link for SatCom

Satellite Bus AOCS
Mixed usage of AOCS: Attitude and Orbit Control System B

OCT: Optical Communication Terminals |
OWC and mmWave
links for LEO SatCom RF/Optical

Hybrid Router

Coordinated controller

— Optical: communication i
between satellites Ka-TRX

— mmWave: between Rhesed ey
satellite and ground
base station ?CT x5

2 for intra-plane
/ - 2 for inter-plane
- 1 for GND or User
Sat
e g j | i User-Sat

‘Okada. Tokyo Tech]
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Optical-Wireless Hybrid Transceiver Architecture
* Optical-In-mmWave-Out + mmWave-In-Optical-Out

s ' Off-Chip
PAM-4 Optical Receiver ' > 16-QAM Transmitter ! | Antenna Array
' i - =

Optical r [
@D input S :\:\ 14Gbps | |
: H De pS: :
]
28Gbps PAM4 5: =
¥

(]
16-QAM Receiver | ! Antenna A"ay
: ' f ] L

l
Optlcal

@ Output ;
]

28Gbps PAM4
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An Area of Excellence Project (AoE/E-601/22-R)
6G: Wireless Access and Connectnvnty for an Intelllgent and Sustainable World

Coordinating
University:

& FEREKER
THE HONG KONG

ULJ UNIVERSITY OF SCIENCE
AND TECHNOLOGY

Started Jan. 2023 and
Supported by the Hong
Kong Research Grant
Council
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Optlcal Wireless Lab (OWLE_) Chip Gallery

; VDD Ibi = S i L . B e _'““.O‘.'

{ Summer &
ant driver

2007~2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
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