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» 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
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Optical, Wireless, and Optical Wireless
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— ¢ « | * Copper: high loss, low bandwidth
. * Fibers: low loss, high bandwidth, need OE-EO
e ° Optical for Distance X Data Rate > 100 Gb/s-m
« Cross-over opportunities!!
» High-Speed OWC, Short-Reach Optical

. Multi-Mode Optics

. Single-Mode Optics 1000 Gb/s.m

2024/9/20

w



¥ (D 0

OWL ICDC ECE HKUST

Ethernet Wireline Link

I communication &
cooling system

at every interfaces : h

1
e e e e === ——

Internet of Things 1

; g 300
CDAUI-8, CDAUI-16  Central Office L
CEI-56G-VSR-PAM4 2 |
‘ Flex Ethernet, SJ(;:?(,”’ 250 3xin5 72
400GBASE-LR8&J || 1Z < 200 X1n o year
To 10km = 24%
0.5 to 10km °
400GBASE-DR4 E 1 50 B
uter*000PASETRE 400G-PM-QPSK
Backplane,Chip to module w100 04 119
: 50
CDAUI-8 e 0
CEI-56G-VSR-PAM 4
CEI-56G-LR-PAM4* ” 2016 2017 2018 2019 2020 2021
Other Clt_lei ___________ Yeal'
________________ | 1 ar
| Global IP traffic Boom '+ _____________ I Severer channel loss | I Higher power
i 5G Mobile Network | _ | Increased datarate! L ____________ I_| consumption on
| mmp--coooooooiis |
1
1

—_— e e e e —————

______________________________________________________

High-SPLIQ IC and
SIP required Iin
advanced enterprise
communication

applications

2024/9/20

. S S T =
I oy T o
a® 000 et o S ) ey,
Optical
2 Inter-Satellite
.-'g&\‘ """"""""" Link
oo A,
e -' "oy
* t Downlink . P T e Q\
Beams = *
" Uplink g Service
a8 Bem g v Link
Y " _SGNR-NTN e Handovers Unmodified @ :
\&O Device g Smart Phone Terrestrial Network
B
/ =]
56 Core SQ’g ﬂ
VSAT Network N~ '
Core Network PFUPTI?IGTIY
Data Network Termina

(Source: Texas Instruments,2022)

Non-terrestrial networks (NTN)

Optical fiber network for 5G
network back-, mid-, front-haul
connectivity

High5 Semiconductor Ltd. Proprietary and Confidential. Protected under NDA. Copyright 2024.



Ircu

cal-Electronic Integrated C




. {20]

OWL ICDC ECE HKUST

CMOS Optoelectronic Interconnect Chip: Architecture Design
¥

Fully-Integrated System Architecture Design and Verification

] o Evaluation Engine (ISEE) [i] Seting

1. Top-down system simulation to clarify specifications for each module

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

¥ 7 -
56-Gb/s PAM4 TX (ESSCIRC 2023) 60-Gb/s PAM4 RX (JSSC 2023)

+ Thermometer-coded architecture * Quarter-rate RX with jitter compensation CDR
+ Piecewise VCSEL nonlinearity compensation « Wide jitter tolerance bandwidth + low jitter transfer
* Pulse-based asymmetric edge compensation

« Small area + low power

Clock Path

Clock cML2 bee cKBUF & | 2
Input cmos Delay Line |

DFF Array

48-GHz PAM4 Optical RX (VLSI 2024)

* Inductor-less + mixed signal decoding
» TAS-TIS topology for enhanced GBW
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-":v dojedauss Saud
Japoouz

DFF Array
ik %g
af
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PAM4 Optoelectronic Interconnect Chip EMI Analysis and Cancellation

EM Emission

‘ ;\ P-Signal
— — N-Signal
Y
= TR ——— iz
\ > . CM Noise
‘ Electrical-to-Optical Optical Fiber -
= - & / 18 § I ] Interface E

+ Clarify radiation theory of CM noise

+ Propose close-loop controlling of CM
noise

« Propose CM noise cancellation circuit

\
Flex Cable

Magnitude (dBuV)

Transceiver Connector
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Emission

1004 Amplitude Mismatch

61.6 dBuV
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Nonlinearity of VCSEL Limits the Optical Signal Quality

E/O Gain Nonlinearity of VCSELs _
oy Output Optical PAM-4

g 11 Non-idealities of VCSEL:
o 2 >—10
g Trsel 5N o1 Q Bias Current 1, E/O Gain |
o N (Ga > Gu* G
T 4 Bias Current 1, Bandwidth
T (BWg < BWy, < BW;)
BWg
BV A Trise < TeaLL

BW+

T
00 01 10 M

Input Electrical PAM-4 _ _ _ Frequency
Bandwidth Nonlinearity of VCSELs

[1] F. Chen and C. P. Yue, ESSCIRC 2023, Lisbon, Portugal.
2024/9/20 9
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owicoc ecenkust - High-linearity 56-Gb/s PAM4 Optical Tx chip

_______________________________________________ \ 4 Data path

|
|

i Data Path : - 2-tap feed-forward equalizer

4 . |
i 5 Top Slice (T) 1 ., | «  Gm cell-merged CTLE
| _ o 123 24 | _ _ _
! e L%’ Middle Slice (M)[ =T pre-tap : « Pre-emphasis circuit
: o : 4/ M %—\ | Bondwire
| — | % 8 % f} »| Re-timer 4 P D ClOCk path
| Q) P 4 4 Pre-emp. U .
: ol |53 ¥ el N «  Wideband phase-locked loop
I o ; MUX | Main-tap . .
B RE _ «  Clock tree with cascading
2 = 12 | 21 | | Bondwire VCDLSs
! R Bottom Slice (B) L T -osv

- I ]
| 2f 11 A 11 | O Bias & control part
14 Clock Tree | Bias Circuit |
l af t . Q Optical part
! Phase-locked Loop - 1’C : Wire-bonded deudr
! : . . ire-bonded anode-driven
| Clock Path L Bias & Control ! VCSEL
Reference Clock Input  Negative bias for power saving

[1] F. Chen and C. P. Yue, ESSCIRC 2023, Lisbon, Portugal.
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PLL, 7 mW

Output Driver,
24 mW

Clock Tree,
34 mwW

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

Binary-to-therm. Re-timer and
Encoder, 4 mW 4-to-1 MUXs, 46 mW
A — PRBS Generator + Binary-to-therm. Encoder
B — Re-timer + 4-to-1 Multiplexers
C — Phase-locked Loop
D — Clock Tree
\E — Output Driver
F — Bias Circuit + I’C

| signals

- RAe/sponse w/ Equallzatlon

e

Pre tap of the FFE + CTLE

Pre- empha5|s + CTLE

O Implemented in 40nm CMOS, 0.1 mm?of core area

Optical Transmitter Measurement Results

Horizontal Skew: 183ps‘ RLM 90% Horlzontal Skew: 177ps\

(c) Equal Slice EQ, Piecewise
Tuned Slice Gain

(d) Piecewise Tunned Slice
EQ and Slice Gain

O Tuned slice EQ and slice gain to compensate for the VCSEL nonlinearity
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Comparison with the State-of-the-Art

PTL’18 JSSC’22 VLSI'19 ASSCC’21 This work
Technology [nm] 65 40 65 40 40
Sianalling scheme 1/2-rate 1/4-rate 1/4-rate 1/4-rate 1/4-rate
J J PAM-4 PAM-4 PAM-4 PAM-4 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 2.5-tap DAC{  2-tap DAC- 3-tap LSB/MSB-| 3-tap LSB/MSB-} 2-tap FFE +
equalization based FFE | based FFE based based CTLE + Pre-
. Asymmetric FFE|Asymmetric FFE emphasis
Nonlinearity : :
: Full Full Partial Partial Full
compensation
Method type Digital Digital Analog Analog Analog

2024/9/20
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PAM4 RX: Signal Equalization, Decoding, Clock and Data Recovery

: Data path
|
|
--p= - Top
' Cal ["r~3| Buf Top slicer >
- | 1 0 .
S S/H :‘--gl Buf Middle slicer Mld_dle > Tcode to Bcode
g —/\ ¥ Bottom Converter
< B> 1 | [DAC | Li5f Buf | Bottom slicer = >
= 2-Stage
& | | CTLE Edge path f MSBrec & LSBrec MSBrec & LSBrec
A C-VCDLs
| / \ : _
Vo \ S/H |—{ Buf | Slicer > BBPD Inverting Voltage
: I Follower
' cP
: [
: LF ]
: 8-PH AD-DA | VLFmr -)Illjilg
! CLKRrec VLF i =
: 8-Phase - Voltage CLKE;C__,D% _
: WB-PLL CLKpLL iy Follower -
| Clock Recovery DLL CSG Jitter Compensation

[1] L. Wang and C. P. Yue, JSSC 2023.

2024/9/20

O---O---0-------c-momom -

1/4 Rate CLK Input

CLKRrecsc LSBrecsc MSBrecsc

- e e G s G G G G GEP GEP GES GED GEP GEP S GEP GEe GEe GEe e e e e el

[2] L. Wang and C. P. Yue, VLSI 2021, Kyoto

0 Two-stage CTLE

« Chanel loss
compensation

d 1/4-Rate architecture

O DLL-based CDR
architecture

Q Jitter compensation
circuit:

« 40-MHz wide jitter
bandwidth

- attenuated -8-dB
jitter transfer

, Japan.
13
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O Implemented in 40nm CMOS technology, 0.58 x 0.34 mm? of core area, Error-free under 60-Gb/s

O Up to 64% of the input jitter can be attenuated, improving the quality of decoded data
= wlo JCC | with JCC

I Nt e T — - IPPRSSIPRR-R S g B e |

——maaer

Jitter Compensation Performance with 10-KHz Input Jitter
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Bathtub Curve Jitter Compensation Performance with 1-MHz Input Jitter
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Comparison with the State-of-the-Art

2024/9/20

JSSC’19 JSSC’19 VLSI'14 JSSC’17 VLSI'14 This work
Technology 28-nm 40-nm 65-nm 65-nm 28nm 40-nm
1/4-rate NRZ 1/4-rate
Architecture 1/?55?6 1/4-rate NRZ 1/;1'_;;& Adaptive LPF Slll?t-ragﬁhNCRDZR PAM4,
BWincDpr | PP JCCDR
JTOL [Ulpp] None 0.22 UIPP** 0.1 UIPP 0.41 UIPP 0.2 UIPP 0.2 UIPP
@ 3dB bandwidth | @ 1 MHz @ 4 MHz @ 1 MHz @ 20 MHz @ 8 MHz 40 MHz
JTRAN [dB] None 0~-3dB 0~-3dB 0~-3dB 0~-3dB <-8 dB
@ 3dB bandwidth @DC~4MHz | @DC~1MHz | @DC ~4 MHz @DC ~ 3MHz @AIll band
Data rate [Gb/s] |2-pairs x 16 25 14 40 4-lanes x 40 60
Power [mW] 2-pairs x D7 7.8 225 4-lanes x 175
16.06
Power efficiency | 4 5544 1.08%+* 0.56 5.625 4.375
[pJd/bit]
Supply voltage (V) 0.9 None 0.8 1.2 None

15
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A 48-Gb/s Half-Rate PAM-4 Optical Receiver

O No CTLE, using TAS-TIS amplifier for boosting gain-bandwidth (GBW) product
O Inductor-less design, achieving 0.06-mm? area efficiency in 28nm CMOS

O Half-rate architecture to simplify the clocking scheme and layout

Clock Path
Clock o0— cwmL2 DCC CKBUF & | 2, DIV &
Input 0— CMOS Delay Line [ 7 Delay Line
[oddPath | k
|
2 [ \ |
. I Even Path __| !
|
\ Linear TIA ! trom Odd mal . 5 | MSB
\ : Path — ' /|3
I A 4 o— | : 8
Dy TIS » : S/H O—' + E'_:_'__’ S
! [ ! = LSB
i Summer — i ,: E
DCOC N | to Odd Path_] _II
DAC & Offset Direct FB
Calibration 2-Tap DFE |«

[1] C. Zhang and C. P. Yue, VLSI 2024, Honolulu, USA.

2024/9/20 16
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PAM-4 Optical Receiver Measurement Setup

O A PD is wire-bonded with the receiver chip, the light (1308 nm) is coupled through an fiber

O The optical signal is converted to electrical signal, then amplified, decoded, and de-muxed

on chip
(r n .
Optical Reference Ref(elrr]epnljcteE?/pe)tlcal
— Transmitter (c n / N
Keysight 80491A _\ OE Module Oscilloscope
‘ SMF iber ® Keysight | Keysight
(B 86105D DCA-X N1000A
,
. N |
Pattern | \
Generator I BERT
Keysight | Keysight
M8045A |] ! M8046A
L JH )

2024/9/20
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PAM-4 Optical Receiver Measurement Results

O By enabling the FFE, BER reaches 1e-5 with 48-Gb/s input, better than the standard of 2.4e-4
O Under 2.4e-4 BER target, -5.1-dBm sensitivity at 48 Gb/s is achieved

10
10 '\
2.4e-4 Limit ﬁ 10
m ——28 Gb/s NRZ
. 30 Gb/s NRZ
107 ¢ —=—48 Gb/s PAM4
—e-w/ RX FFE only 107
—=w/ RX FFE & DFE - - e
10° ' | ' [ [ | 1 [ [ 10 - -
0.4 0.2 0.0 02 04 10 s 5 2

Sampling Offset (Ul) Decoded 6-Gb/s Output Input OMA (dBm)

2024/9/20 18
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VCSEL TRX Demo: 56-Gb/s PAM-4 VCSEL TX and RX

Link

PAMAIL & . F 8 7= {55 ESSCIRC
2023+VLSI2021 Fuzhan Li_MENEMENE bilibili

QR code

Ol a0
B

2024/9/20


https://www.bilibili.com/video/BV1Du411c77w/?spm_id_from=333.999.0.0&vd_source=e3470a433ce051c7fa41e14e360c225a
https://www.bilibili.com/video/BV1Du411c77w/?spm_id_from=333.999.0.0&vd_source=e3470a433ce051c7fa41e14e360c225a
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Starlink Satcom Starlink Ground Dish

« Mechanical satellite
tracking employed

o Utilization of electrical
and digital beamforming

« Architecture designed to
minimize beamforming IC
usage

 Focus on combining
individual PAs and LNAs
for gain enhancement

2024/9/20
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A Ka-Band Phased-Array Tx SoC in 40nmm CMOS

"
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¢ Off-Chip v
0
i Antenna 7

[ Element-4

Element-3
Element-2

Inductor-less
RFLO Buffer

Element-1 28-GHz mmWave Path

.ﬁ K]

Chip-Scale IF
Distribution

5.6-GHz IF Path

TAS

TAS

TAS-TIS IF VGA
(Also Support IF I/Q Combination) I-BB

Q
45°-spaced 8-Phase
IFLOs
2 Phases >
N -
® =
IMPI  IFLOPS — 9 —

Chip-Scale 22.4-GHz
RFLO Distribution

4-Element Phased-Array
TX Chip

A Single Global
RFLO Buffer

SSPD I: Proportional-Path
1 Integral-Path
TSPC Div-4
t A Compact Dual-Path SSPLL

OOA
ZHO-Vv'¢C

8-Phase 5.6-GHz IFLOs
0°,45°,90°...315°

—

Harmonic-Mixing Div-by-4

[2] Z. Liu and C. P. Yue, IMS 2024, Washington, USA.

2024/9/20

Sliding-IF Architecture @ IFLO Phase Shifting + IF VGA R Integrated PLL @ Differential Antenna

[1] L. Wang and C. P. Yue, ESSERC 2024, Brugges, Belgium. [3] L. Wang and C. P. Yue, CICC 2024, Denver, USA.

[4] L. Wang and C. P. Yue, JSSC 2024, Invited Special Issue.

22
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Area Efficiency Comparison

Q=L Ev

R

| § I
SHENE] |

1Q Up-Converter [ Tripler&Drive
} & Active Splitter

LY

v TX Element3 X Element 4
FUFTEF N ENE B IS BI RIS

-
.
g
m
K
-.,';;z
i
il
._

L
5

-3
4
[
| K
i
2]
28
2
[
]
B

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

2024/9/20 23
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Comparison with the State-of-the-Art

27 .
=
KThisic  raRe+IMETR
L R e s
< a|SSCC 2022
T 202
d o1l A TMTT 2021 §§F§S§C32019 ________
- "ISSCC 2019
©
LC>J’ 18- n J_S_S_C_Z_OIQ_"_.JSSC 2024
D
e bro RFIC2022
Ll = JSSC 2020 | G@l
o L2 wJSSC2022
Q
= = RFIC 2021 ’
___________ mJSSC2018
-9 %350 2018
0.2 05 1 2 5
Area / Element (mm®)
2024/9/20
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Phase Shift-Induced RMS Gain Error (dB)
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Beamformer Chip + Matching Network + Antenna

4 Prototyped in 40-nm
process

 Total area (4 elments):
1.3 x 2.1 mm?

1.3 mm

1 Core area per element:
0.26 mm?

U Bonded + matching

AEESAS .-ﬂ'é > 7

network + differential L a, N
antenna ' : g AT et :

2024/9/20 25
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0.03

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

0.02

o
o
=

Voltage (V)
o

o T e R S | -
ol a2 I I )
1 hE i
- |
— ||

-0.03

o
=]
%]

o
o
=

Voltage (V)
(=]

2024/9/20

Waveform versus Control Code

-0.01 f

-0.02

o

=]

]
T

-0.01F

-0.02

-0.03 f

| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
I I I I
0 0.5 1 1.5 2 25 3 3.5
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- Beamsteering Demo

2024/9/20

Measured Radiation Pattern
00

-60° 60°

-90° 90°
15
Measured Radiation Pattern
00
-30° 30°

-60° 60°

-90°" 190°
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Ka-Band Cascaded QPLL

28-GHz VCO
Ref.=| Single Loop P> @
4
A
Reference PN

PN (dBc/Hz)

2024/9/20

l PNsin;gIe_Ioop

Single-stage PLL BW

Freq

i 7-GHz RF PLL

28-GHz mmWave PLL

! Ref - Low jitter N
" "|1%-stage RFPLL

Wideband

yricand LI Q)
2 "-stage loop

>

1

PN (dBc/Hz)

4
b

}6~8 dB

I PNcascaded_Ioop

Reference PN

17:Stage VCO:PN

1%-stage PL

L BW

>

Freq

28
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28GHz Dual-Loop PLL Architecture

[1] L. Wang, and C. P. Yue, VLSI 2023, Kyoto, Japan.

2024/9/20
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Experimental Results

D I h e 1St _S t a e R F Nominal Frequency 7.000441928 GHz | Measured Level -2.62 dBm | Measured Freq 7.000441928 GHz
Ref Level & Att -2.10 dBm, Att 0 dB Initial Delta 0.42 dB Initial Delta -311.19 Hz / -0.04 ppm
Measurement 1 kHz to 100 MHz Drift 0,04 dB Drift -6.38 kHz / -0.91 ppm

SSPLL dominates A —

the overall jitter v TrCE TURRIY i
* 1st-stage contributes e v

T oplldiwa

-111 dBgfHz

-120 dBc/Mz .
54.4-fs out of 56.8-fs :;
total I‘mSthtel‘ fj:zj: BRI EEEE IR E R i : | e L

- | 5&AfSrmsjitter [
([ ] H I g h freq u e n C y VCO % &G 100 oG 100 oG 100 oG 100 AVG 100 AVG 100 AVG 100 AVG 100 AVG 100
1 1 10 kriz Frequency Offset 100-0MHz
phase noise is — —
sufficiently attenuated trers | S LT | e er bt |
User 4 Cascaded 28-G HZ 1.00 MHz -121.81 chsz
ser 5 10.00 MHz -135.61 dBc/Hz
¢ Over 1 kHZ to 100 MHZ 2 esiduaINTise Q|PLL diV'4 | | | | |
Trace Start Offset Stop Offset Int PHN PM M Jitter
Ti 1.00 kH 100.00 MH -54.54 dB 146.78 m® / 2.56 mrad 38.45 kH 58.24 f
ran g e’ QVCO P N T1 1.00 kH; 30.00 MHE -55.06 dBE 143.15 2 / 2.50 g:d 13.28 kHz 56.80 fi
: : B 1.00 kM 100,00 MH 5557 db 156,04 m® 7 2.4l mrad 16,07 kH S 77 T
prOfIIe IS We” ab Ove T4 1.o&kH§ 30.00 MHz 55.43 dBE 137.16 2 7 2.39 gZd 11.13 kHz 54.43 F:
1--stage 7-GHz PLL

QPLL
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Performance Comparison
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Hu EK Yang Du Kim Liao This work
ISSCC20 JSSC18 ISSCC22 VLSI21 JSSC19 JSSC20
Tech 28nm 28nm nm 28nm 65nm 45nm 40nm
CS + : : Cascaded
: : Harmonic Harmonic Cascaded Cascaded
Arch. Harmonic | Single-stage o : RSPLL+
extraction mixing extraction SS+QILO ILEM SS+DP-SS
Freq. (GHz) | %ef e 25-28 24~31 28~31 33.6~36 oh
Freq. range 19.3% 25.8% 11.3% 25% 10.1% 6.9% 21.4%
Ref. (MHZz) 250 491.5 74 50 100 80 250
Jitter (fs) 75.89 114 88 199 76 251 56.8
(10k~30M) (10k~30M) (1k~30M) (10k~10M) (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
FoMiitter (dB) -250.2 -244 -250 -243.3 -246.1 -238.9 -248.6
FoMiiter-N (dB) -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 0.4

31



32

2024/9/20




¥ (D 0

OWL ICDC ECE HKUST

High-Speed + High-Power

{ GaN for mmWave ]

J. Albrecht et al., IEEE
CSICS (2010).

GaN for power
management

I. C. Kizilyalli et al., “Wide
band-gap semiconductor
based power electronics for
energy efficiency” (ARPA-E,
Washington DC, 2018)

2024/9/20

K. Shinohara,

“IlI-Nitride  millimeter wave transistors”,

Chapter 4 in llI-Nitride Electronic Devices, Elsevier (2019).

1000 g— T 3 v v e e
— 1 % mcanrer || Charger and power supply - ' radar ' -
A 4/ OInP HEMT i '\‘:\‘.\\ slope CW operation ]
@ 1 - m W 0 i MOSFET 7 ] \t-\\ 1/f o
£100 5 B SR R A InP HBT R Vo [ . i -
g 3& | @ m 4 GaAs HBT E Sso I~ 3
. e ., _ (] ~ p
£ el A T | " L §iGe HBT - i
5 Tan, L AN e
% 10 E = x“al,:. ‘“:‘ @ s 101 ) D\
2 Ooié .9 u& = - 0
m b —| oo a ﬁ’ﬂ.‘m?‘:".&;\. “‘h T E :
1 SRS 88 B . TR EET &t L H
10 100 1000 10000 HIGHS g 10° £ .
f; (GHz) 3 : 5G &
- v high band A
§ 3107 e 3
Nl = = GaN HEMT . NG
/) : a | QJ ﬂ \ )
104 O 0 GaAs PHEMT| 5 El N
5 102 A INPHEMT | = A
% v InP HBT o 4
5 103 - e SiGe HBT v
g 10%E{ © CMOS - —
0 Iy E P | sl
e rf
3 102 0.01 1 10 100
Frequency (GHz)
101 ¢ —
10° 104 10°
Device Frequency (Hz)
33
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High-Linearity

PTODS OB G

P TSO9D OB

35 r ! PpPoeOOOS® QS

_ 30t (32 GHz PPOOOBD®P
3525_ NN NN NN N
= KK XK XK

g L 20 7 YYXRRENEN

Z 15} CE AT XY

'5‘(!]

o .10t QAM-64 constellation
£ 5l with low EVM
O

0 O %% & p O
-SV' Foo®d B Ead

-10
Pin (dBm)
Large signal performance of a

mmWave power amplifier (PA),
including P,,;, Gain and PAE

-20
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b B 8 de
) s UNEC NG
PP @ 0 ;HR
® @ PG>
R G PO

@ Baedaafo
‘QAM-64 constellation
with high EVM (bad

linearity)

dBrn(s FPA Cht)

High5 Semiconductor Ltd. Proprietary and Confidential. Protected under NDA. Copyright 2024.

Spectnun of PA Chutput

-].I:l] 1 I L I 1 I 1 I L I 1 I 1 I L
342 344 344 343 350 352 3.54 356 308
freq, GHz

ACPR from ISEE

(Integrated System Engineering Evaluator),
a simulation platform developed by OWL)

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

34
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High-Integration
4 M o ™}

DC-DC GaN PA

=20 Fcxe2o5
- 8.65n'1'mlx(§f_8m'm

Cu

Cu

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 SOl Switches, 1 SOI LNA, and 1 CMOS

Compact Package

controller
CMOS TRx SOl LNA Controller RF Switch

System-in-Package

High power dissipation device like DC-
DC converter and GaN PA in the same

package

Multiple-tech chips in a single package

~

J

High-Voltage High-Power Buck Boost Converter

EPC 140W Micro SmartPower

Type-C Bidirectional PD3.1/Max 140W
Type-A multi-channel fast charging
Intelligent power allocation for multi-port
high-power charging

Built-in dual DC-DC

e Supports 2C1A independent fast charging

e Solar energy charging

protection

Supports dual PD3.1 simultaneous charging and discharging

28V-5A discharge; 28V-2A charge
* Multiple over-voltage, over-current, and over-temperature

\

J

2024/9/20

High5 Semiconductor Ltd. Proprietary and Confidential. Protected under NDA. Copyright 2024.
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High-Quality Factor Passives

VDD / VSS
T E "] =.;|r1'0 Technique 1: guard-ring removal
7 NN [T & slotted wide-track layout
7454 TN 80 200 80 200
0,. 135 ' "‘0 15 . f '5
4 oy bl 5 AT < e
™ —p- o L 1 L
et |l 80 e[ 2 a0f > A {1150 § >40 150
LN | ] - - __..-l" H =
) 155 " g - 1A g g
‘:‘i ‘o’:o o 20 '\g’ E a2
& é %
: R 0 100
Na&H HH H %0 » = 15 100" 0 25 5 75 100
CCP Frequency (GHz) Frequency (GHz)
Directly using PDK inductor Custom-design optimized inductor

— L =138 pH — L =153 pH
— Q=33 — Q=47 (42% higher)
Trade-off between Q factor, inductance density, and power

handling capability

2024/9/20 High5 Semiconductor Ltd. Proprietary and Confidential. Protected.under.NDA..Copyright.2024.

Inductance (pH)
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New Potential Applications
In the 6G Era
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New Opportunities: Optical-Wireless Hybrid Link
* Fiber-Wireless Hybrid Network: Cascaded Topology

Evolution of Cellular Networks Fiber-Wireless Network
10° 10° High speed
: : : ~ _ wireless link_~
g WP E Overcoming last mile | /
S 10°f S e 10° © physical or economic
E 102 """"""" e """"""‘E """" " 'ﬂ'"x """"""" &U m
© 1’~ o] 3 ©
s i<—®"e’®.—>e o O
g e AT g R Densely
LT Y 10° ¢ Metro/Core T la2owm  populated area
& 102}t 8 3 |
4 o' E E E . 35 mtwo* @ . \
109819 t :
1 2 3 4 5

Mobile Network Generation

«  5G mobile network requires ultra-dense cellular cells [2] X. Pang, JLT 2014 Recovery & protection
. Backhaul links deployment is challenging
. Fiber-wireless networks provide high performance and flexible backhaul link connections

2024/9/20
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New Opportunities: Optical-Wireless Hybrid Link
* Fiber-Wireless Hybrid Network: Parallel Topology

Optical/Millimeter-Wave
Hybrid Unit Optical/Millimeter-Wave

Hybrid Unit

Direct VLLC LinK

|
Optical Fiber
Links

Optical Fiber
Links

« Under good weather condition: mmWave + Optical in parallel
« Under bad weather condition: mmWave only

2024/9/20 39
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Optical-Wireless Hybrid Link for SatCom

. . . Satellite Bus AOCS
Mixed u sage of AOCS: Attitude and Orbit Control System
OCT: Optical Communication Terminals [
OWC and mmWave
. Coordinated controller
links for LEO SatCom RF/Optical
. i i Hybrid Router
= Optical: communication |
between satellites Ko TR —l—
= mmWave: between — =, | —
satellite and ground Antenna MR — =
base station oct | Gimba __

OCT x5
- 2 for intra-plane
% - 2 for inter-plane
- 1 for GND or User
A A Bomee”
RF-GS Opt-GS User-Sat

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

O uup R ; Off-Chip
Antenna Array
S EEEEEas
A = m h m mm w
1’ 'A:_‘g‘—j—‘__gﬁ.—j—:‘—'[]ﬂoﬂ
j “—sasssuE8
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Optical i
@ oot SR

‘ "_T—&HA T
(I e S i s s e
| —s-a--a-E-n-n-u
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>
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(9]
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] ]
2 ' l
0! PAM-4 Optical Transmitter ! '
' ' '
] 0
' CDR b ! oo e e, ; Off-Chip
] [}
' ; E 16-QAM Receiver , E Antenna Array
X : X [ tesssass
'l  BB_I|: i o
S <« T ’ | —o o
optical orv fe——mux| e b— i
@)Output :V.\ \: g H E o E E H | -
. | — OO
26Gbps PAM4 1 3z DFB BB_Q ;! ¥ e .
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Simultaneous Wireless Information
and Power Transfer (SWIPT)

Transmit
Power 4
= Ceen . 3
User3 =S Phased-Array
— QNG| Transceiver
k. *|
User2
Userl g

—' Exchange information for
e Adjust beamforming angle

e Adaptive power level control | [Hajimiri, Caltech & Guru]
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<1 MHz 1~100 MHz 100 MHz ~ tens of GHz Frequency

B Qi standard RF for <10 GHz Beamforming for >10 GHz
; o
NG 5 @
)
<1lm,
Around 100mW 1~10m 10~100m
D DD Tens of mW <100uW for loT sensors
= A e o, Bl e W2 @
Inductive | ‘ Typesofsensors ()
) B & P e e
coupling e —
RF or mmWave beamforming
- A few cm to :
0~4cm A few meter to tens of meter Distance
2024/9/20 tens Of cm
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An Area of Excellence Project (AoE/E-601/22-R)
6G: Wireless Access and Connectwnty for an Intelllgent and Sustainable World

{ NS P S i R Coordinating
Project Coord/ham/ti : _ A age ; UniverSity.
Khaled B. LETAIEF '
New Bright Professor of- Engmeermg - - { . L/ : = . pr
Chair Professor S L=t oW TETa e . ) ; BERKEKE
Department of Electronic and Computer ﬁngmeermg R\gran L | ° THE HONG KONG
The Hong Kong University of Science and Technology \|'|:: LAl ' i B LlN} UNIVERSITY OF SCIENCE
: AND TECHNOLOGY

3 Started Jan. 2023 and

Supported by the Hong

Kong Research Grant
Council
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The AoE Team

-~

Communication
/ Signal
Processing

Electromagnetics /

Antennas / Al/

IC Design Machine
Learning

MULTIDISCIPLINARY TEAM
&VITH COMPLEMENTARY STRENGT

~

-
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B FERERE
T THE HONG KONG
LlNJ UNIVERSITY OF SCIENCE
AND TECHNOLOGY

AP LR F
niversity of Hong Kong

§F§)\““

THE UNIVERSITY OF HONG KONG

K. B. LETAIEF R. MURCH

Patrlck YUE

A. ZHANG

¥y 2,

K. HUANG

Jun ZHANG

Jiaya JIA

Qian ZHANG

C.Y.TSUI

Song GUO
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Integrated Circuit Design Center
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* 14 faculty (6 IEEE fellows)
100 post-docs, RAs, PhD and MPhil students

Patfick YUE Wing Hung Kl Tim CHENG Mansun CHAN Ricky LEE Yihan ZHANG
Stanford UCLA UC Berkeley Princeton UC Berkeley Purdue Columbia
FIEEE, FOSA FIEEE FIEEE, FACM, FAAAS FIEEE FIEEE

&

Wei ZHANG Howard LUONG Chi Ying TSUI George YUAN Khawar SARFRAZ Zhiyao XIE Fengbin TU
Princeton uc FBIEEKEHGY USC UPenn HKUST Duke Tsinghua
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Optlcal ereless Lab (OWL @) Chlp Gallery
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AR A T K% = A A 3 p1-RENEIEERE L0 351 (bilibili.com)

28-GHz 3B BRI O A ER
*) 179 (3 0 2023-09-20 15:58:42 @ FE(EEIEN, RILER
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