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A COMPREHENSIVE OFFER FOR
RF AND mmWave FRONT END MODULES
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5G/B5G/6G/WiFi/BT Spectrum

LoS communication Severe path loss &
atmospheric absorption

... WiGlg
5G FR1 | 5G FR2 /S .
450M - 7.15G | 24.25G - 52.6G 71G 6G Territory
-

B5G territory

220G 3000G

330G

80G 90G 100G

70G

60G

40G 50G

e 5G covers sub-6GHz and
/% mmW
e |low-band 5G and 4G use
same frequency range
e 5G and 4G will share
same band using DSS

4G (LTE) / 5G
r N

GPs  WiFi6 WIFi6  WiFi 6 e 6G targets the THz range
GNSS /BT 2.4G 5G
2 2 2 2 2 2 2 z z z Sources:  3GPP TS 38.101
= =3 S S S =3 8 8 8 S Wi-Fi IEEE 802.11
= o “ ¥ © © ~ ® < ITU-R, FCC, NTIA, ESA
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System needs for 5G / B5G & 6G

e Spectrum extension up to mmWw
e High RF power |
O .« Energy efficiency e 1UD(E(;Z§;d
n High linearity
e High RFFE integration
outdoorindeor . Effcency
3+ |
&) ° More efficient use of new and existing spectrum 5
O (up to THz) o 2 Specta
%.J © More efficient use of radiated RF power ety Eficiency
e Excellent linearity ‘
8 e High speed 1/Os, DAC/ADC - 01
faa)] © System integration of best in class technologies R ibiacd e

(RFFE, analog/mixed, processing)

Source: Samsung research, 2021
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New substrate materials for 5G / B5G & 6G

Use of existing high-performance solutions
Enhancement of current 4G/5G solutions for mmW and 6G
New substrate materials for B5G and 6G
New substrate materials for higher performance in 5G applications

Soitec RF/mixed
signal products

Substrate
materials for
new frequencies

Wafer-level
heterogeneous
integration

GaN on
RF-SOI

Stacking
technologies for
advanced

packaging
and 3D
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FD-SOI for 5G mmW

2Vto+2V

Gate body biasing 28 GHz FEM Benchmark* circuit results (SOl 22FDX)

Source Drain Peak PAE m“ 3dB BW
Ultra-Thin Buried Oxide

PA 42% 18 dBm 13dB 11 GHz

(differential cascode)

power/performance tradeoff g::;le e 13d8B 3dBm 1.35dB 13 mwW
e Smaller process variability

e Better analog/RF performance m“

o Higher bandwidth/lower power Switch 065d8  >23dB | >30dBm
o  Lower noise (3-stack series/shunt)

e FD-SOI gives superior

o Less parasitics FD22X — ft/fmax: 350/430 GHz Source: Global Foundries, 2021

e mmW FEW building blocks show excellent  «gepchmark results in-line with state-of-the-art results (see Annex)
performance

e Ideal for SOC integration with mmwW FEM

@ Nov. 2021 Soitec proprietary — no copying or distribution permitted 2021 SEMICON Europa: Advancements in Wireless Technologies &



FD-SOI already a solution for >100 GHz

B .
Vitrain tl/2 l H l ! '_[_Q_:
}-'z{ Dranne (e e /_q;:tt
istri T s ci
Distributed oscillator at 134 and 202 GHz ‘ —lE:m 4@12 —||j‘43 4@;,,2 =
= B IGate tinel _(Zom) y =2y :
28 nm FD-SOI CMOS - : =g
~ Ref: R. Guillaume at al, RFIC’17

/ ¥ ¥ i A B Faakitt \

140 GHz T/R Front-End Module in 22 nm
FD-SOI CMOS

*al 2 sl & 3 paik I »
\ " Ref: Xinyan Tang etal, IMS’21 )
: N\

220 GHz high-isolation SPST switch and
Voltage Gain LNA

9 Ref: Lucy Wu, IMS’21 )

FD-SOI: SoC TECHNOLOGY FOR Co-INTEGRATED LOGIC & RF FEM SYSTEMS (5G/mmW)
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FD-SOI Material Roadmap

Better RF passives
Ylta-thin Mono-crystal Top S Higher on-chip antenna efficiency

Ultra-thj i ide -
ltra-thin Buried OXi — Ultra-thin Buried Oxide

Eacoiiicol High Resistivity Silicon

Yltra-thin Mono-crystal Top SHCO™

Blocks to potentially benefit from FD-SOI+HR

5G mmW Transmitter Example Q .rw. RF out 1. RF Switch Performance
i ¥
Data o0 /> § 1. 2. RF Output Power Combining
0—| DAC PPA é. r ¥ 2. . :
L\ g 3. Synthesizer Phase Noise
4, z §
4. RF Inter-stage Matching

5. RF Phase Shifter (not shown)
FD-SOI +HR: SCALING OPERATION FREQUENCY WHILE MAINTAINING DIGITAL INTEGRATION
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RF-SOI for RFFE

RFeSi substrates provide the benefit of Si CMOS and a
Mono-crystal Top Silicon high-resistivity substrate

e Parasitic reduction and high-speed transistors
Buried Oxid . . . . . .
Trau:;ich)l(_la;er e High-quality RF passives with improved quality factor and
low-loss interconnections
High Resistivity Silicon e Highly linear substrate (for RF switches and passives)
e Can be enhanced to provide temperature stability
20 \

-40
- 40 RFeSI90
L _ 60 dB E 40 RFeSI9OT
3 § S RFeS1100
§ i 3 90
§ : z
¢ & (o
§ Jo] < ~100
R -120 : : :

} * RFeSi - 0 S50 100 150 200 250
00 Q : ‘1; = 150 —16915 -10 -5 ) 5 10 15 20 25 30 35 Temperature (oc)
Frequency (GHz) Output Power (dBm)
o o

Measurements performed in collaboration with UCLouvain
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RF-SOI for 5G mmW

e Low substrate losses kept at > 100 GHz
e Linearity is maintained at 28 GHz

RFeSI performs even better at mmw

e Use of transistor stacking techniques thanks
to single FET isolation

e I|deal fFor Integration of robust high-end FEM
modules at 24 and 40 GHz

PA

RF switches

envelope trackers
phase shifter
combiners

o O O O O O

50 MHz 900 MHz 5.4 GHz 28 GHz
-20
22| A == - @
¢ T T m=ad
3 il
/ = 60
E O
% 0 -
) o
@ -100 A
8 ® -
E Noise Floor
-120 -
O HR(0V) m iFEM-SOI © RFeSI80 A RFeSIS0
-140
10 10000
Frequency (MHz)

Measurements performed in collaboration with UCL

A highly rugged 39 GHz 19.3 dBm Power Amplifier for
5G Applications in 45nm SOI Technology

A. Bossuet!, B. Martineau'. C. Dehos', B. Blampey', A. Divay' and ¥ Ibl E\Emi:
!CEA, Grenoble, France 6 (3]
*SOITEC, Crolles, France 0/17! Prg s

{1 1 Y 7 .
{'alice.bossuet. 'baudouin.martineau} @cea.fr 2 90,
92, oo
Abstract — This paper describes a highly rugged power- strategy to generate high output power 1s to ¢ Z{/m Q[
amplifier for the fifth generation (5G) FR2 mew radio (NR)  unit power cells to achieve the maximum output powe b

application implemented in a 45nm SOI process (4SRFSOD. BY 1y this work, we present a two stages PA based on the <i- 20‘;
using device stacking technique together with an optimized supply 0100y using the recently added PAFET drain extended <2/

voltage reduction, the power amplifier achieves 20 dBm P:a and " 2 i R .
2202 PAFe. 8 Do of 10 dRi and 2 PAF ... of 8% ic achioved jn ___ Gcvices that present improved hot carmrier injection (HCI)

CEA-SOITEC JDP for RF-SOI 40 GHz applications

@ Nov. 2021 Soitec proprietary — no copying or distribution permitted 2021 SEMICON Europa: Advancements in Wireless Technologies &



RF-SOI also for > 100 GHz applications

8-Element 140 GHz Phased-Array Transmitter w/ 32 dBm Peak EIRP and > 16 Gbps 16QAM and 64QAM Operation

40

w
o

140 GHz IF Beamforming \
Phased-Array Transmitter

< 4x2 Elements LO (21-24 GHz)
Wafer-Scale Chipset

TX Channel

RF Band
(Front-End)
+—>

136-147 GHz
¥ On-chip Filter Null

Electronic Gain (dB)
> S

5.4 mm

o

130 140 150
Frequency (GHz)

Fig. 4. Measured array electronic gain with a fixed IF frequency (11 GHz).

40

—a— P1dB
—o— Psat

%

W
o
T

w
o
T

EIRP (dBm)
N
o

» por o
- N
o o

Protection| @ E 10 1 1 1 1 1
S / 132 135 138 141 144 147
IF (9-14 GHz) Dig. Control PCB GND Frequency (GHz)

Fig. 1. Block diagram of 8-element wafer-scale IF beamforming phased array

Fig. 5. Measured 8-element phased-array transmitter EIRP at P1dB and Psat
transmitter chipset at 140 GHz in CMOS-SOL

Ref: Siwei Li et al, RFIC'27 ~ Yersus frequency.
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GaN RF technology

GaN RF technology is typically deployed in the sub 6GHz and X-band
e Typically based on 20nm Al25Ga75N / GaN HEMT grown on SiC substrates
o SiC = high-end
o Si = low-cost
e Features very high power density (~ 10W/mm) and high PAE (>65%)
e Operated at 28V or 48V
e High temperature capability

Typical application is in infrastructure (base stations)
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GaN RF technology for mmwW

For higher frequency operation Possible roadmap of RF GaN HEMTs
. < 100 nm Gate (2W/mm
Ga te SCa ll n g \ 5G/Beyond 5G Infrastrn(Jc!ure{Mobilz
H Radar & Defense Remote sensin,
e Lower powe r d ensl ty an d PAE Satcom Autonomous c:rs
150 nm Gate (4W/mm) 2
5G/Beyond 5G Infrastructure/Mobile :
Advanced HEMT concepts are needed o el all
e HEMTSs with very thin AIN barriers 250 nm Gate (6W/mm)
. . 5G/Beyond 5G Infrastructure N
® HEMTS W|th InAlN based ba rriers :a:lar&/\tl)se;nse Internet of Things (loT) /
L. 500 nm Gate (10W/mm)
\ HEMT epItClXICll SLTUCI.'UI'e 4G/5G Infrastructure
Radar & Defense  Internet of
passivation Satcom/VSAT Things (foT)
barrier
2DEG <6GHz 6GHz-20 GHz 20GHz-80 GHz >80GHz
GaN channel Source: Hsu, L.-H. et al, Micromachines 2021, 12, 1159

buffer
nucleation

Si / SiC substrate
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Performance of GaN HEMT for RF PA at mmW

Active load-pull @ 40 GHz
2x50um HEMT w/ Lg = 110nm

InAlN barrier

AlN barrier

~

35 80 35 . . . : 80

30_gzsoegglzode i I I 59 ] %:22:\7 PAE matching o 5.2 Wimm =

25 {Vos = 15V . § : 25 w
o ~Gain 2.4 Wi o 4.4 Wimm
il 20 .:g.gi-—- LIS TR .A‘f% . a8 %« 201 _Gain /‘»‘A‘ :o 55% 60
5 15 tesam T L md mmaad 150 4 £ sedlesrzat, F 150
0 107 el f & P @ 10+ Vo \‘J-H >
£ s Dot s 192 F 6] et - jof
S o /4 {30= g o & o >
i Akl /@ 30 = nS / 30
= -5 ’/oo < 5] U /g,,

o 4 -

2 10 g 20 o 10 0@ 2

-15+ /9{ Power Matching | 10 151 /o CWmode 10

95" ~o~  PAE
-20 amoq*‘”“ PAE Matching 0 -20 4 e 8 Pulsed mode
10 0 10 20 30 -10 0 10 20 30
Pinj (dBm) Pinj (dBm)

e AIN barrier robust HEMT solution with higher power density

e State-of-the-Art PAE (71%)

¢ InAlN having higher gain due to much larger ft/fmax

AlN gain limited by electron mobility

/)

Nov. 2021

Active load-pull @ 94 GHz
2x25um HEMT w/ Lg 80nm

/

430

420

\

AlN barrier
35 TeWmdde ' ' 20% |
30 @ 94 GHz
Vps =10V
g 2] 1.2 Wimm
T 20+
£ 15
8“ 10 7G§m AAAAAA )
S v v S
T o4 by AAA 2
3 R
-10 | A o‘/°¢
15 Rlégaooo-ooooooﬁn”"woo a\éAE
'20 T T 1] T T
-20 -10 0 10 20
Pinj (dBm)
e State-of-the-Art PAE (29%)
and power density
e Expected higher gain by

using InAIN

\

25

(%) avd

/

Measurements performed in collaboration with IEMN
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GaN RF roadmap

GaN on (RF-)SOI

e Replace HR-Si substrate by RF-SOI

e Better vertical isolation and increased linearity

e Higher BW due to smaller feedback (vertical) capacitance -
e Could allow PA, LNA and switch integration on GaN Buried Oxide

e Possible path for Si CMOS co-integration and mobile Si

handset application
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InP best power amplifier technology for applications > 100GHz

Saturated output power versus frequency (InP)

+ InP <10%
P 10-20%
InP 20-30%
+ 1P >30%
—Trend InP <10%

—Trend InP 20
W%

® o
%<20..30%

+

1

10 100 1000
(Log) Frequency {GHz) 140
GHz

Source: PA survey, (https.//gems.ece.gatech.edu/PA_survey.html)

GaAs mHEMT
GaAs mHEMT

InP HEMT
InP HEMT
GaN HEMT
GaN HEMT

SiGe-HBT
SiGe-HBT

InP DHBT
InP DHBT
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7
70 450 g 0.5
35 900 2 1
130 380 1 <1
30 1200 1 <1
60 250 20 1
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45 280 1 2-3
55 400 155 15
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130 1100 3

Source: Ericsson/ST
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1,600 (]
v 3
1,400 — . F;
3
1,200 <
N 1,000
N
S 800 | | m Planarbulk cMOS
% e @ FinFET
£ 600 — . . FDSOI
ha S B A SiGe
400 — + » - » : - | <4InPHBT
A ¥ InP HEMT
] n
200 WS - ' - | * GaN HEMT
o 1 T T T T T T T T
200 250 300 350 400 450 500 550 600 650 700

fT (GHZ)
Source: RF Enabling 6G, 2021

\

A relatively mature InP 0.25um process offers fmax of 600GHZ,\
with a breakdown voltage of 4.5V, for high efficiency with
moderate output power at 140GHz

Multistage InP PAs provide more than 20 dB of gain with
efficiency of 25% @ 140GHz

InP is superior to CMOS with higher power and

efficiency

InP is the only material allowing fmax at THz

higher

)

2021 SEMICON Europa: Advancements in Wireless Technologies
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InP adoption

InP has major advantages for RF

High frequency devices (RF, THZ, 5G/6G, ...)

Very low 1/f noise

High mobility/current gain at low current density
Higher thermal conductivity than GaAs

but InP has also major drawbacks

Expensive material
Brittle material
Poor availability
Low diameter bulk substrates,
( mostly limited to 100 mm today)

Barrier (Si 8 doping InAlAs) |
Spacer (undoped InAlAs)

InGaAs
Buffer InAlAs

InP Substrate

InP HEMT

= "InP substrates” "=\

N “INP ecosystem” =

Epi
growth

‘ Introduce engineered substrates solutions based on Smart Cut™ technology!

@ Nov. 2021
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Smart Cut™ InP on “small diameter”

4 N/ I
Smart Cut™ “InP on Anything” HandleAsubstrate

| InP on Si

J' (100 mm)
>

InP on Sapphine

4 Bonding layer N Crystalline quality )
SiO2 bonding layers (InP/SiO2/Si) No SiO2 (InP/GaAs)
- — - Bibliography, see:
E. Jalaguier et al; IPRM 99
il I | R— BulkInP
TEM N — InPoGans A. Tauzinetal; CPV 11,2015
i E. Guiot et al; CSW 2015
section
TEM cross-section (InPOGaAs) S
\ AN N J
@ Nov. 2021 Soitec proprietary — no copying or distribution permitted

2021 SEMICON Europa: Advancements in Wireless Technologies




Innovative InP substrate solution for 200 - 300 mm

o Pseudo Donor
Smart Cut™ InP & Tiling L realization

Small ¢ l

bulk wafers .

e Smart Cut &
e Reclaiming

e Scaling to larger wafer diameter
(200-300 mm)

e Pseudo-Donor wafer: From small
InP wafers

e Handle substrate: Silicon (bulk or
device wafer)

e Versatile die size and geometries

e Reuse of donor substrate

¢:200-300mm
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Smart Cut™ and tiling of InP on “LARGE diameter”

e Smart Cut &
e Reclaiming

InPOSi 200 mm
(Epi ready)

Pseudo-Donor
(for reuse)

\

sitec

Path to 300 mm |L
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Takeaways

e WiGIg
5G FR1 ! 5G FR2 'SR .
: 6G Territor
450M - 7.15G 1 24.25G - 52.6G 71G hiald

N\ B5G territory

10G  20G  30G 40G 50G 60G 70G 800G  90G 100G 220G 330G 3000G
GaN

e FD-SOI, RF-SOI & GaN to be widely used for B5G
e SOITEC's InP to enable high-performance 6G applications
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Conclusions

e SOITEC's Engineered substrates already enable 5G and mmWwW

e FD-SOI and FD-SOI+HR SoC technology for logic/analog co-integration and
efficient antenna on-chip solutions

e RF-SOIl robust solution for sub-6GHz and mmW RFFE applications

e GaN solutions, GaN on (RF-)SOI, to enhance GaN adoption for handset application
at mid-band mmw

e Existing, enhanced, and new substrate materials (InP) will be used For B5G and 6G
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Thank you

Follow us on:

3 Soitec

¥ @Soitec_FR / @Soitec_EN
B Soitec

For more information, visit us at:

A www.soitec.com
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State-of-the-Art of FD-SOI technology at mmW for FEM

Techno Vdd fo Gain Psat P1dB PAE PAE
PA [GHz] [dB] [dBm] [dBm] max 6dB backoff
Torres’18 28 FD 1.98V 31 21.91t032.6 17.3t017.9 15.3 to 24.7 to 11.5t010.4
11.6 25.5

Liu'18 22FDX 0.8V 28 16.7 13.5 11.2 33.8 131
Aikio’18 22FDX 2.8V 28.5 9.9 18.8 14.9 23.4 ~14*
Din’18 28 FD 3.15Vv 24 9.7 17.9 16.2 7 N/A
Mayeda’19 22FDX N/A 28 221 17.3 14 29.2 ~10
Zong'20 22FDX 2.4V 28 27 21.7 191 271 221
Zong'21 22FDX 2.4V 28 26.1 22.5 211 26.2 19
Rack’21 22FDX 1.6V 28 16.8 15.4 14 36.3 N/A

Techno BW [GHZ] Gain NF [dB] NF [dB] Pdc [mW] | IIP3 [dBm] OP1dB [dBm]

LNA [dB] (min) (max)
Gao’'19 22FDX 24-43 23 3.7 3.1 20.5 -16/-19 ~-5/~-5
18.2 43 43 121 30/40 GHz 30/40 GHz

Rack’21 22FDX 36.7-49.5 19.8 2.7* 2.4* 20 3.9

Techno Topology Freq Ins. Loss [dB] Isolat. [dB] P1dB IIP3 [dBm] | Area

SPDT SWITCH [GHz] [dBm] (103 mm?]
Rack’21 22FDX Series- DC-80 21/2.6 25/21 19.9* 33.6* 14
shunt 60/80 GHz 60/80 GHz 60GHz 60GHz

Nov. 2021 Soitec proprietary — no copying or distribution permitted 2021 SEMICON Europa: Advancements in Wireless Technologies




{
O
O
®
{
®

28GHz 16 channel beamformer
on 45 nm SOl CMOS

RF-SOI solution for 28GHz phase-array beam formers FEM

RF-SOI provides high-level of digital/analog integration
required For bias/gain/phase control

and available memory blocks for large beam tables storing

High-output power (>20 dBm) and gain (>30 dB), as well as breakdown voltage
Fast and highly linear RF switches (best-in-class)
Technology of choice for fixed-wireless CPEs and mobile infrastructure in urban environments

Diagram of large-scale mmW phased array using 2x2 dual-pol. beamforming FEM

()—| >—0 Passive Combine/
Ej_o/ O & Distribute

P Digital

Sgr‘:;g: @ Bean?Table

wuw g9

YECI—O/ [ O &
:] —
Power @ -

N2 ISensor|
Drivers

Ref: Khalil et al, ISSCC'21
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