RF(Radio Frequency)

AMS Analog/Mixed-

Signal
SiGe CMOS 1-v
CMOS
RF AMS ITRS
2003 IRC 11-v
CMOS CMOS
2005 ITRS RF AMS
1. 0.8GHz 100GHz LAN(local area network) PAN(personal
area networks) RF

RF AMS

2. Si-CMOS CMOS(BiCMOS) SiGe HBT (heterojunction bipolar transistors)
11-v
2003 RF AMS 0.8GH 10GH AMS RF
10GH 100GH 4
2005 RF AMS
CMOS
2003 2005
RF AMS 5 RF AMS CMOS RF AMS
RF 4 0.8GH
10GH 1 10GH 100GHz
30GH

10GH 10GH 30GH

30GH 100GH
5
2005
10GH 4 Si SiGe 10GH
1-v
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SiGe
-V
InP — HBT, HEMT
GaAs - HBT, PHEMT |
SiGe - HBT, BICMOS |
GaN - HEMT
Si— RF CMOS
sic -mesrer R
0.8 GHz 2 GHz 5GHz 10GHz  28GHz 77GHz  94GHz

802.11a | WLAN | WLAN | RADAR | Detection

ISM All Weather
Landing
Figure 44 Application Spectrum'
Figure44
RF AMS Figure44
RF
Figure44
v Si  SiGe IV GaAs

GaAs InP
MHEMT(metamorphic high electron mobility transistor) = GaAs PHEMT (pseudo-
morphic high electron mobility transistor) InP  HEMT(high electron mobility transistor)

SiGe HBT 77GH
SiC  GaN 2GHz
94GHz -V
CMOS
Figure44 Figure44

! Adapted from Figure 1 in Microwave Journal of the paper by D. Barlas, et. al., page 22, June 1999 and
printed with permission from the Editor, Microwave Journal.
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SiICMOS SiGe GaAs InP
2
BiCMOS CMOS
CMOS
WLAN
GaAs HBT LDMOS(laterally diffused metal oxide
semiconductor) GaAs PHEMT  MESFET(metal semiconductor field effect transistor)
SiC  GaN
GaAs
PHEMT InP HEMT SiGe HBT GaAs MHEMT
GaN HEMT
RF
(PAE)
RF 11-v
20 1-v
Si SiGe v
I-v
RF AMS
1 2
RF AMS
2005 ITRS RF AMS
AMS
RF LNA VCO
IC
RF (IF)
SoC(System-on-chip) SIP(System-
in-package)
RF AMS
ITRS 2007
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RF

AMS CMOS (0.8 GHz-10 GHz)

LSTP(Low Standby Power)

RF RF
CMOS
LSTP
1
LNA
MOS
MOS S/N
RF AMS (0.8 GHz-10 GHZ2z)
10 GHz )
LNA
RF (0.8 GHz-10 GHZ2z)
RF AMS 1
5
AMS
digital) DA(digital-to-analog) AMS
(0.8 GHz-10 GH2)
1I-v
SiGe HBT
MOSFET(LDMOS) GaAs SiC GaN  FET
( )
(PDA)
(600W)
600W
900MHz  1900MHz
GaAs
3500MHz GaAs
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CMOS
RF AMS
LSTP
RF
0.5 W
2 3 4
CMOS RF
0.8GHz AD(analog-to-
HBT PHEMT Si-MOSFET
Si
Si-LDMOS
GaAs Si-LDMOS
GaN  GaAs
GaN Si-LDMOS



GaAs

GaN

(10 GHZz-100 GHZz)
(GaAs MESFET GaAs PHEMT InP HEMT GaAs MHEMT GaN

HEMT InP HBT SiGe HBT)
10 100GHz
HEMT PHEMT MHEMT
MESFET HBT MESFET SiGe-HBT 1I1-v 3-4
(NF)
(Fo
(Frax)
I1-v
2005 ITRS 1-v
10-40GHz RF CMOS SiGe
(GaAs )MESFET 10
GaN
1
(DSP)
(EDA)
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(EDA) 4 1) (
) 2) 3) 4)
1)
RF 2) 3)
( )
(S1P)
3
RF AMS CMOS
LSTP
RF
« )
1/f
SOI(Silicon On Insulator)
SOl
CMOS CMOS
SO1
RF AMS
BiCMOS
CMOS
CMOS
(LNA) (VCO) (PA) (RFIC)
10GHz RF CMOS
RF CMOS RF
VCO
VCO LC
System Drivers (AMS)
RF CMOS

CMOS
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(MIM)

2005

2005

PA
DSP

PA

PA

20

(PA) RFIC
2005 7
LAN  Bluetooth PA
PA RFIC PA
RF
PA
3V 2003-4 ITRS PA
2005
CPU
(SIP)
GaN
50%
(MTTF)100
100
20 10%
GaN GaN
Si GaAs
Si-LDMOS GaAs
GaN SiC GaN
SiC GaN
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II-v

0.025

4

GaN
HEMT GaN
CMOS
II-v
4)

GaN
A\
2005
5
RF AMS
1. 2004 RF
2.
3.
4.

a.

b. RF

GaAs
(
6
6 8

GaN

SiC
Si

GaAs

II-v

CMOS(0.8GHz-10GHz)
AMS
CMOS RFCMOS

CMOS CMOS

Ft Fmax

50% )

GaAs

GaAs
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2004

GaAs
0.002
InP
InP SiC
GaN
SiC
GaN
SiGe HBT RF-
1)
2)
InP SiC
I11-
GaN



1.

2.

c 2 3 input/output(l/O)-
2
S/N
d.
RF
e. RF
RF AMS
2004  AMS RF
3
a.
b. RF
c. 2004
I VvV HBT Si (SiGe)
2004
a. Ft
b.
c. Ft
a.
b. PA
RF AMS (0.8GHz
2004  AMS RF
3
a. /
b. RF RF
c. PA
MOS
RF
PA PAs 1III-Vs
PA
0.8GHz 10GHz
2005 PA

(0.8GHz-10GHz)

IV HBT

Fmax (BVceo)
CMOS

10GHz)

PA

pt+
(MIM) MOS
PA /SeGe
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2. PA PA
3. SiGe PA
CMOS PA
PA
4 RF
5. PA PA (silicon
integration enabler) SOI IC  RF MEMS(micro-electro-mechanical systems)
6. PA
a. $/RF Watt $0.70/W
2008 $0.50/W
b. 2GH 3.5GH WiMAX
CDMA WCDMA
c.
d. LDMOS  GaAs FET SiC MESFET SiC
GaN

10GHz 100GHz
1. [ 2011

b.
2. 2003 2004

a. 70 nm 2007

b.

MHEMT PHEMT

3.

a. 2006 GaAs MESFET

MESFET

b. PHEMT InP HEMT 10 MHEMT

4. GaN 2003 2004 2004 2007
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CMOS

SoC

Si

SiGe

11

CMOS
1/f

BiCMOS CMOS
RF
RF
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Table 46a RF and Analog Mixed-Signal CMOS Technology Requirements—Near-term Years

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥ Pitch (nm) (contacted) 80 70 65 57 50 45 40 35 32
Performance RF/Analog [1]

Supply voltage (V) [2] 1.2 1.2 1.2 1.2 1.1 1.1 1.1 1 1
Tox (nm) [2] 2.2 2.1 2.0 1.9 1.6 15 1.4 1.4 1.3
Gate Length (nm) [2] 75 65 53 45 37 32 28 25 22
Em/8ds At 5-Linin-digital [3] 47 40 32 30 30 30 30 30 30
1/f-noise (uWV>um*Hz) [4] 190 180 160 140 100 90 80 80 70
oV, matching (mV-pm) [5] 6 6 6 6 5 5 5 5 5
Ias (LA/pm) [6] 19 15 13 1 9 8 7 6 6
Peak F; (GHz) [7] 120 140 170 200 240 280 320 360 400
Peak F,x (GHz) [8] 200 220 270 310 370 420 480 530 590
NFpmin (dB) [9] 0.33 0.3 0.25 0.22 0.2 <0.2 <0.2 <0.2 <0.2

Precision Analog/RF Driver [1]

Supply voltage (V) 25 25 25 25 25 1.8 1.8 1.8 1.8
Tox (nm) [10] 5 5 5 5 5 3 3 3 3
Gate Length (nm) [10] 250 250 250 250 250 180 180 180 180
8m/ds at 10-Linin_digital [11] 220 220 220 220 220 160 160 160 160
1/f Noise (uV2-um?/Hz) [4] 500 500 500 500 500 180 180 180 180

6 Vi matching (mV-pm) [5] 9 9 9 9 9 6 6 6 6
Peak F (GHz) [7] 40 40 40 40 40 50 50 50 50
Peak F,x (GHz) [8] 70 70 70 70 70 90 90 90 90

Manufacturable solutions exist and are being optimized
Manufacturable solutions are known
Interim solutions are known |4

Manufacturable solutions are NOT known -
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Table 46b  RF and Analog Mixed-Signal CMOS Technology Requirements—Long-term Years

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM ¥ Pitch (nm) (contacted) 28 25 22 20 18 16 14
Performance RF/Analog [1]

Supply voltage (V) [2] 1 1 1 1 1 1 1
Tox (nm) [2] 1.2 11 11 11 1 1 0.9
Gate Length (nm) [2] 20 18 16 14 13 12 11
2m/8ds At 5 Linin-digital [3] 30 30 30 30 30 30 30
1/f-noise (WVZ-um?/Hz) [4] 60 50 50 50 40 40 30
6 Vi, matching (mV-pm) [5] 5 5 4 4 4 4 3
Igs (RA/pm) [6] 5 4 4 3 3 3 2
Peak F (GHz) [7] 440 490 550 630 670 730 790
Peak F,x (GHz) [8] 650 710 790 890 950 1020 1110
NFppin (dB) [9] <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Precision Analog/RF Driver [1]

Supply voltage (V) 1.8 1.8 1.8 1.8 1.8 15 15
Tox (nm) [10] 3 3 3 3 3 2.6 2.6
Gate Length (nm) [10] 180 180 180 180 180 130 130
8m/ds at 10-Linin_digital [11] 160 160 160 160 160 110 110
1/f Noise (uV2-um?/Hz) [4] 180 180 180 180 180 135 135
6 Vi, matching (mV-pm) [5] 6 6 6 6 6
Peak F (GHz) [7] 50 50 50 50 50 70 70
Peak F,x (GHz) [8] 90 90 90 90 90 120 120

switch to FD ro DG device

Manufacturable solutions exist and are being optimized

Manufacturable solutions are known
Interim solutions are known |4

Manufacturable solutions are NOT known _

Table46
[1] ORTC(overall roadmap technology characteristics
RF
LSTP CMOS DG CMOS
RF/Analog CMOS Analog/RF
Tox I Ft Fmax LSTP
[2] \Y% CMOS Tox LSTP
[3]5% LSTP CMOS
Gds
v Vdd/2 A% 200 mV
30
[4]1p ? 1Hz U/f
[5]
Si0
DC
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[6] 50GHz Ft Ids 50GHz F S5GH
10 5GHz 1-10GHz
[7]140GHz 20dB/dec
[8] Fmax 40GHz 20dB/dec
[9] 5GHz NF
[10] 2 5GHz PA
[11]10% LSTP CMOS
G
A% Vdd/2 v 200 mV
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RF AMS
RF and AMS LNA
PA
RF and AMS CMOS
1) Ft Fmax 2

CMOS

3)

Table 47a 0.8 GHz-10 GHz RF and Analog Mixed-Signal Bipolar Technology Requirements—Near-term

Years

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥: Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
General Analog NPN Parameters

Emitter width (um) 0.15 0.14 0.13 0.12 0.1 0.1 0.1 0.09 0.09

1/f-noise (uV2-um?/Hz) 3 3 2 2 2 15 15 15 1

o current matching (%-pm) 2 2 2 2 2 2 2 2 2
High Speed NPN (should be common to mmWave)

Peak Fy (GHz) [Vipe=1V] 200 230 265 300 350 370 385 400 420

Peak Fpax (GHz) 240 260 300 330 390 410 425 440 460

BVeeo 2 1.9 1.8 1.7 1.7 1.7 1.7 1.6 1.6

I, at Peak F; (mA/um?) 10 11 12 13 14 15 16 17 18
RF NPN

Peak F; (GHz) [V,c=1V] 80 80 90 90 100 100 110 110 120

Peak Fpax (GHz) 150 160 170 180 190 200 210 220 230

BV¢eo 33 33 31 31 29 29 2.8 2.8 2.6

NFpnin (dB) at 5GHz 0.3 0.28 0.26 0.24 0.2 <0.2 <0.2 <0.2 <0.2

I (uA/um) [1] at 50GHz F, 43 37 28 22 16 15 14 13 12
High Voltage NPN (Should be common to PA)

Peak F; (GHz) [Vpe=1V] 30 32 34 36 38 40 42 44 46

Peak Fpay (GHz) 100 110 120 130 140 150 160 170 180

BVeeo 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5

BV¢po (V) 18 18 18 18 16 16 16 16 16
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Table 47b 0.8 GHz-10 GHz RF and Analog Mixed-Signal Bipolar Technology Requirements—Long-term

Year

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
General Analog NPN Parameters

Emitter width (um) 0.09 0.08 0.08 0.08 0.07 0.07 0.07

1/f-noise (WV?-um?/Hz) 1 1 0.7 0.7 0.7 0.7 0.7

o current matching (%-pum) 2 2 2 2 2 2 2
High Speed NPN (should be common to mmWave)

Peak F (GHz) [V, c=1V] 440

Peak Fi,x (GHz) 480

BV¢eo 15

J. at Peak F (mA/pum?) 19 20 21 22 23 24 25
RF NPN

Peak F; (GHz) [Vp,e=1V] 120 130 130 140 140 150 150

Peak Fpax (GHz) 240 250 260 270 280 290 300

BVeeo 2.6 2.5 2.5 2.4 2.4 2.4 2.4

NFpin (dB) at 5GHz <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

I (nA/pm) [1] at SOGHz Fy 11 10 9 8 7 6 5
High Voltage NPN (Should be common to PA)

Peak F (GHz) [Vpe=1V] 48 50 52 54 56 58 60

Peak Fpax (GHz) 190 200 210 220 230 240 250

BV¢eo 8.5 8.5 8.5 8.5 8.5 8.5 8.5

BV¢ho (V) 16 16 16 16 16 16 16

Manufacturable solutions exist and are being optimized
Manufacturable solutions are known
Interim solutions are known |4

Manufacturable solutions are NOT known ;

MOS CMOS analog precision device”
MOS
2010 3nm
MOS high-k
P
P
FET(PFET)
200-300 Ohm/square CMOS
500 Ohm/square
100 ppm/
BEOL
RF /0
BEOL TaN
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Q
2
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Q
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Table 48a Passives Technology Requirements—Near-term Years

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM % Pitch (hm) (contacted) 80 70 65 57 50 45 40 36 32
ANALOG
MOS Capacitor
Density (fF/um?) [1] 7 7 7 7 7 11 11 11 11
Leakage (A/cm?) <le-9 <le-9 <le-9 <le-9 <le-9 <2e-6 <2e-6 <2e-6 <2e-6
Resistor
Thin Film BEOL
Parasitic capacitance (fF/um?) 0.03 0.03 0.03 0.03 0.05 0.05 0.05 0.05 0.08
Temp. linearity (ppm/°C) <100 <100 <100 <100 40-80 40-80 40-80 40-80 30
1 6 Matching (% pm) 0.2 0.2 0.2 0.2 0.15 0.15 0.15 0.15 0.1
Sheet resistance Rs (Ohm/sq) 50 50 50 50 50 50 50 50 50
P+ Polysilicon
Parasitic capacitance (fF/um?) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Temp. linearity (ppm/°C) <100 <100 <100 <100 40-80 40-80 40-80 40-80 30
1 o Matching (% pm) 17 1.7 17 1.7 1.7 1.7 17 1.7 1
Sheet resistance Rs (Ohm/sq) 200-300 | 200-300 | 200-300 | 200-300 | 200-300 | 200-300 | 200-300 | 200-300 | 200-300
RF
Metal-Insulator-Metal Capacitor
Density (fF/um?) [2] 2 2 2 4 4 5 5 5
Voltage linearity (ppm/V?) <100 <100 <100 <100 <100 <100 <100 <100
Leakage (A/cm?) <le-8 <le-8 <le-8 <le-8 <le-8 <le-8 <le-8 <le-8
o Matching (%-pum) 0.7 0.7 0.5 0.5 0.5 0.4 0.4 0.4
Q (5 GHz for 1pF) >50 >50 >50 >50 >50 >50 >50 >50 >50
Inductor
Q(5GHz 1nH) [3] 25 27 29 30 32 34 36 38
MOS Varactor
Tuning Range [4] 55 55 5.5 55 5.5 55 55 5.5
Q(5GHz 0V) 30 30 35 35 40 40 45 45
PA
PA III-V Passives
Inductors Q (1IGHz 5nH) [5] 15 25 25 25 25 25 25 30 30
Capacitor Q [6] >100 >100 >100 >100 >100 >100 >100 >100 >100
RF capacitor density (fF/umz) [7] 0.6 2 2 2 2 2 2 2 2
PA Silicon/SiGe Passives [Table 49 a&b]
Inductors Q (IGHz 5nH) [5] 10 14 14 14 14 14 14
Capacitor Q [6] >100 >100 >100 >100 >100 >100 >100
RF capacitor density (fF/umz) [7] 2 2 2 4 4 5 5)
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Table 48b  Passives Technology Requirements—Long-term Years

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM %2 Pitch (nm) (contacted) 28 25 22 20 18 16 14
ANALOG
MOS Capacitor
Density (fF/um?) [1] 11 11 11 11 11 13 13
Leakage (A/cm?) <2e-6 <2e-6 <2e-6 <2e-6 <2e-6 <2e-5 <2e-5
Resistor
Thin Film BEOL
Parasitic capacitance (fF/um?) 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Temp. linearity (ppm/°C) 30 30 30 30 30 30 30
1 6 Matching (% pm) 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Sheet resistance Rs (Ohm/sq) 50 50 50 50 50 50 50
P+ Polysilicon
Parasitic capacitance (fF/um?) 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Temp. linearity (ppm/°C) 30 30 30 30 30 30 30
1 ¢ Matching (% pm) 1 1 1 1 1 1 1
Sheet resistance Rs (Ohm/sq) 200-300 | 200-300 | 200-300 | 200-300 | 200-300 | 200-300 | 200-300
RF
Metal-Insulator-Metal Capacitor
Density (fF/um?) [2] 0 | 12 12
Voltage linearity (ppm/V?) <100 ‘ <100 <100
Leakage (A/cm?) <le-8 ‘ <le-8 <le-8
o Matching (%-um) ‘ 0.2 0.2
Q (5 GHz for 1pF) >50 >50 >50 >50 >50 >50 >50
Inductor
Q (5GHz 1nH) [3]
MOS Varactor
Tuning Range [4]
Q(BGHz 0V)
PA
PA III-V Passives
Inductors Q (1GHz 5nH) [5] 30 30 30 30 30 30 30
Capacitor Q [6] >100 >100 >100 >100 >100 >100 >100
RF capacitor density (fF/umz) [7] 2 2 2 2 2 2 2
PA Silicon/SiGe Passives [Table 49 a&b]

Inductors Q (IGHz 5nH) [5]
Capacitor Q [6]

18 18 18 18 18 | 18 18
10 0 ) 12

RF capacitor density (fF/umz) [7] ‘ 7 7 10 ‘

>
1

Manufacturable solutions exist and are being optimized
Manufacturable solutions are known

Interim solutions are known |4
Manufacturable solutions are NOT known _

Tabled48a Table48b

[1] CMOS precision analog device

[2]

Cu MIM

[3] 1 nH 5 GHz Q
[4] C-v Cmax/Cmin CMOS performance RF device

[5] Q—PA 5nH 1 GHz Q

[6] Q 10 pF 1 GHz Q

[7] RF — ( )
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mW mW

RF CMOS
GaAs HBT LDMOS GaAs PHEMT
RF SOC RF
IC RF
CMOS FET
1C SOC
2005
CMOS
2005 34V
24V 2-3
RF 2.4V
1C MEMS
SOC MEMS
2-3 PA MEMS
2 GHz
3.5 GHz WIMAX RF
GaAs PHEMT RF
$0.70/W 2008 $0.50/W
2005 Si LDMOS
95 GaAs FET SiC  GaN FET
CDMA WCDMA
12 PAE
RF
240 W LDMOS (2 GHz)
LDMOS
GaAs FET LDMOS GaAs
FET LDMOS 28V) SiC MESFET

LDMOS  GaAs
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2005 SiC RF 60 W LDMOS  GaAs 1/4
SiC MESFET SiC SiC  GaN
GaN LDMOS GaAs SiC
2006 GaN SiC GaN
GaN
LDMOS  GaAs GaN

Table 49a Power Amplifier Technology Requirements—Near-term Years

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013

DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32

Nominal Battery Voltage 3.2 3.2 3.2 3.2 2.4 2.4 2.4 2.4 2.4

PA Product Solutions Single Radio SIP [1] Radio/Baseband SIP [2] Radio/Baseband SIP [2]

PA Frequency (GHz) 0.8-6 0.8-6 0.8-6

I11-V HBT Transistor

Fmax (at Vec) (GHZ) 45 45 45 45 55 55 55 65 65

BVcpo (V) 25 25 25 25 18 18 18 18 18

Linear efficiency (%) [1] 52 52 52 52 55 55 55 55 55

Area (mmz) [2] 25 25 2.5 25 2.2 2.2 2.2 2.2 2.2

Cost/mm® (US$) [3] 0.4 0.35 0.32 0.3 0.28 0.28 0.28 0.25 0.25

111-V HBT Integration

Power management [4] N/A N/A N/A N/A N/A N/A N/A N/A N/A
E-PHEMT |E-PHEMT |E-PHEMT E- E-PHEMT |E-PHEMT |E-PHEMT |E-PHEMT |E-PHEMT

Switch [5] PHEMT

Filter [6] N/A N/A N/A N/A N/A N/A N/A N/A N/A

111-V PHEMT Transistor

Fmax (at V4a) (GHz) 45 45 45 45 75 75 75 75 75

BVpgo (V) 20 20 20 20 16 16 16 16 16

Linear Efficiency (%) [1] 55 55 55 55 58 58 58 58 58

PA Area (mmz) [2] 4 4 4 4 35 3.5 3.5 35 35

Cost/mm? (Us$) [3] 0.4 0.28 0.28 0.25 0.24 0.24 0.24 0.22 0.22

111-V PHEMT Integration

Power management [6] N/A N/A N/A N/A N/A N/A N/A N/A N/A

Switch [5] Yes Yes Yes Yes Yes Yes Yes Yes Yes

Filter [6] N/A N/A N/A N/A N/A N/A N/A N/A N/A

Silicon MOSFET Transistor

Tox (PA) (A) [7] 60 60 60 60 35 35 35 35 35

Fmax (at Vdd) 45 45 45 45 60 60 60 60 60

BVpss (V) 12 12 12 12 10 10 10 10 10

Linear efficiency (%) [1] 45 45 45 45 45 45 45 45 45

PA Area (mmz) [2] 6 6 6 6 4.5 4.5 45 45 4.5

Cost/mm? (Us$) [31 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.05 0.05

Silicon MOSFET Integration

Power management [4] Yes Yes Yes Yes

Switch [5] NO NO NO NO

Filter [6] NO NO NO NO

SiGe HBT Transistor

Fmax (GH2) 60 60 60 60 80 80 80 80 80

BVcpo (V) 18 18 18 18 16 16 16 16 16

Linear efficiency (%) [1] 50 50 50 50 55 55 55 55 55

PA Area (mmz) [2] 2.5 2.5 25 2.5 2 2 2 2 2

Cost/mm? (Us$) [31 0.12 0.12 0.12 0.12 0.11 0.11 0.11 0.11 0.11

SiGe Integration

Power management Yes Yes Yes Yes Yes Yes Yes Yes Yes
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Year of Production

2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥; Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
Switch NO NO NO NO
Filter NO NO NO NO NO NO

Manufacturable solutions exist and are being optimized

Manufacturable solutions are known

Interim solutions are known €
Manufacturable solutions are NOT known _
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Table 49b  Power Amplifier Technology Requirements—Long-term Years

Year of Production 2014 2015 2016 2017 2018 2019 2020

DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14

Nominal Battery Voltage 2.4 2.4 2.4 2.4 2.4 2.4 2.4

PA Product Solutions Radio/Baseband SIP [2]

PA Frequency (GHz) 0.8-6

111-V HBT Transistor

Fmax (at V) (GHz) 65 65 65 65 65 65 65

BVceo (V) 18 18 18 18 18 18 18

Linear efficiency (%) [1] 55 55 55 55 55 55 55

2

Area (mm©) [2] 2.2 2.2 2.2 2 2 2 2
2

Cost/mm” (US$) [3] 0.25 0.25 0.25 0.25 0.25 0.25 0.25

111-V HBT Integration

Power management [4] N/A N/A N/A N/A N/A N/A N/A

Switch [5] E-PHEMT |E-PHEMT |E-PHEMT |E-PHEMT |E-PHEMT |E-PHEMT |E-PHEMT

Filter [6] N/A N/A N/A N/A N/A N/A N/A

111-V PHEMT Transistor

Fmax (at Vqd) (GH2) 75 75 75 75 75 75 75

BVbgo (V) 16 16 16 16 16 16 16

Linear Efficiency (%) [1] 58 58 58 58 58 58 58

2

PA Area (mm”) [2] 35 35 35 35 35 35 35
2

Cost/mm*” (US$) [3] 0.22 0.15 0.15 0.15 0.15 0.15 0.15

111-V PHEMT Integration

Power management [4] N/A N/A N/A N/A N/A N/A N/A

Switch [5] Yes Yes Yes Yes Yes Yes Yes

Filter [6] N/A N/A N/A N/A N/A N/A N/A

Silicon MOSFET Transistor

Tox (PA) (B) [7] 35 35 35 35 35 35 35

Fmax (at Vad) 60 60 60 60 60 60 60

BVpss (V) 10 10 10 10 10 10 10

Linear efficiency (%) [1] 45 45 45 45 45 45 45

2

PA Area (mm”) [2] 45 45 45 45 45 45 45
2

Cost/mm*” (US$) [3] 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Silicon MOSFET Integration

Power management [4] Yes Yes Yes Yes Yes Yes Yes

Switch [5] MEMS MEMS MEMS MEMS \ MEMS

Filter [6] MEMS  MEMS  MEMS MEMS | MEMS

SiGe HBT Transistor

Fmax (GHz) 80 80 80 80 80 80 80
BVceo (V) 16 16 16 16 16 16 16
Linear efficiency (%) [1] 55 55 55 55 55 55 55
PA Area (mm?) [2] 2 2 2 2 2 2 2
Cost/mm? (US$) [3] 0.11 0.11 0.11 0.11 0.11 0.11 0.11
SiGe Integration

Power management Yes Yes Yes Yes Yes Yes Yes
Switch MEMS MEMS  MEMS MEMS | MEMS

Filter MEMS  MEMS  MEMS MEMS | MEMS

Table48a Table48b
[1] —personal communication service (PCS) CDMA (IS 95) PA
[2] —4 GSM/GPRS/EDGE  PA
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[3] Cost/mm*—
[4] —PA RF DC
[5] —PA /
[6] — PA SAW (Surface Acoustic Wave)
[7] Tox (PA)—RF MOSFET
Table 50a Base Station Devices Technology Requirements—Near-term Years
Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥: Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
Application frequency (GHz) [1] 0.8-2.7 0.8-3.5 0.8-5
Cost ($3$/Watt) 0.7 0.6 0.5 0.4 0.3 | 0.25
Packaging (C-Ceramic P-Plastic) c/p Plastic
Si LDMOS
Operating voltage (V) <40 <40 <50 <50 <50
Saturated power (Watt) 240 240 240 240 240
Saturated power density (W/mm) 1 1.2 1.4 1.4 1.4
Saturated PAE (%) 65 68 65 68 70
Linear power (Watt) <120 <120 <120 <120 <120 <120 <120 <120
Linear PAE (%) 50 52 50 52 54 50 50 | 50 |
GaAs FET
Operating voltage (V) 28 28 28 28 28 28 28 28 28
Saturated power (Watt) 180 180 180 180 180 180 180 240 240
Saturated power density (W/mm) 1 1.2 15 15 15 1.8 1.8 1.8 1.8
Saturated PAE (%) 68 70 72 68 70 72 2 | e | e |
Linear power (Watt) <60 <60 <60 <90 <90 <90 <90 <120 ‘ <120
Linear PAE (%) 52 55 57 52 54 56 57 52
SiC FET
Operating voltage (V) 48 48 48 48 48 48 48
Saturated power (Watt) 60 60 60 120 120 120 120
Saturated power density (W/mm) 3 3 3 3 3 3 3
Saturated PAE (%) 45 45 47 42 45 45 47
GaN FET
Operating voltage (V) 28 28 48 48 48 48 48 48 48
Saturated power (Watt) 60 60 120 120 120 180 180 180 180
Saturated power density (W/mm) 3 3 4 4 5 5) 5 5 5
Saturated PAE (%) 52 55 55 60 55 60 60 55 60

Manufacturable solutions exist and are being optimized
Manufacturable solutions are known
Interim solutions are known |€

Manufacturable solutions are NOT known _
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Table 50b  Base Station Devices Technology Requirements—Long-term Years

Saturated power density (W/mm)

Saturated PAE (%)

Linear power (Watt)

Linear PAE (%)

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (hm) (contacted) 28 25 22 20 18 16 14
Application frequency (GHz) [1] 0.8-5
Cost ($$/Watt) 0.25
Packaging (C-Ceramic P-Plastic) Plastic
Si LDMOS
Operating voltage (V)
Saturated power (Watt)
Saturated power density (W/mm)
Saturated PAE (%)
Linear power (Watt)
Linear PAE (%)
GaAs FET
Operating voltage (V) 28 28 28 28 28 28 28
Saturated power (Watt) 240 240 240 240 240 240 240

SiC FET
Operating voltage (V)
Saturated power (Watt)
Saturated power density (W/mm)
Saturated PAE (%)
GaN FET
Operating voltage (V) 48 48 48 48 48 48 48
Saturated power (Watt) 240 240 240 240 240 240 240
Saturated power density (W/mm) 5 5 5 5 5 5 5
Saturated PAE (%) 55 60 60 60 60 60 60
Table50a
[] PAE
LMDS(Local Multipoint Distribution Service)
Si
Iv-Iv 1I-V MMIC (Monolithic Microwave IC)

0.15)am HEMT GaAs InP GaN

2

100 mm 150 mm 2 mm
10000
CAM

10

10 mm?

HBT 0.5pmHEMT 0.25pm HEMT

100

100

50 70

DC RF

100
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(FET)
4

e  MESFET (Metal Semiconductor Field Effect Transistor) GaAs

e HEMT (High Electron Mobility Transistor)

e PHEMT (Pseudomorphic HEMT)
HEMT GaAs

e MHEMT (Metamorphic HEMT)

GaAs
HBT (Hetero-junction Bipolar Transistor)
2
e InPHBT II-1V [In Ga As Sb P] 3 4 InP
GaAs HBT 10 GHz

e SiGeHBT Si SiGe

Figure45

2001 W-LAN
GaN 40 GHz
11-v
60 GHz 94 GHz PHEMT
InP HEMT MHEMT

PHEMT 10
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Wireless, VSAT

2N

Contraband Detection
Instrument Landing

Band

Frequency 10

Ku K Ka |Q vV Wi
O~
20 40 60 100 GHz
Wireless LAN Auto Radar

Frequency (GHz)
GaN HEMT

Dominant

GaAs PHEMT

Technologies

| InP HEMT

GaAs MHEMT

Figure 45 Millimeter Wave Commercial Applications Spanning 10 GHz to 100 GHz

InP HBT SiGe HBT

HBT
InP  SiGe

Table51 HEMT PHEMT
/

HBT
MESFET
InP SiGe  BiCMOS
Enhancement Depletion (ED) PHEMT MHEMT

MMIC

MESFET HBT
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Table 51 Millimeter Wave 10 GHz-100 GHz Technology Requirements—Near-term Years

Year of Production 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013
DRAM ¥ Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
Device Technology—FET *
GaAs MESFET (digital mixed-signal)
Gate length—L physical (nm) 150 150 - - -
Minimum M1 pitch (nm) 680 680 - - -
F¢— enhancement mode (GHz) 120 120 - - -
F;— depletion mode (GHz) 100 100 - - -
BVgp (I mA/mm  Vg=0) (volts) 5t0 10 |5to 10 - - -
Power delay product at gate delay-FO=1 (J at pS) 1']2_8at 1']2_8at - - -
Shortest DCFL gate delay (pS) 6 6 - - -
Interconnect metal layers 5 5 - - -
Interconnect metal Al Al - - R
Inter line dielectric constant (effective) 3.1 3.1 - - -
GaAs PHEMT (low noise)
Gate length (nm) 100 100 70 70 70 50
F{ (GHz) 130 130 150 150 170 170
Breakdown (volts) 75 75 7 7 6 5
Imax (MA/mm) 700 700 600 600 600 550 550
G (S/mm) 0.72 | 0.72 0.8 0.8 0.8
NF (dB) at 26 GHz 18-20 dB associated gain 25 25 2 2 2
NF (dB) at 94 GHz 8-10 dB associated gain 4 4 3.5 3.5 3.5
GaAs PHEMT (power)
Gate length (nm) 100 100 100 100 70 70 70
Frax (GHz) 150 150 200 200 250 250 250
Breakdown (volts) 11 11 9 9 7 7 7
Imax (ma/mm) 750 750 850 850 900 900 900
G (S/mm) 0.67 | 0.67
Pout at 26 GHz and peak efficiency (mW/mm) 550 550
Peak efficiency at 26 GHz (%) 30 30
Gain at 26 GHz at Py4p (dB)*** 12 12
Pout at 94 GHz and peak efficiency (mW/mm) 300 300
Peak efficiency at 94 GHz (%) 5 5
Gain at 94 GHz at P 4p (dB)*** 5 5
Device Technology—FET *
InP HEMT (low noise)
Gate length (nm) 100 100 70 70 70
F; (GHz) 210 210 240 240 240
Breakdown (volts) 35 35 3 3 3
Imax (ma/mm) 700 700 650 650 650 600 600
G (S/mm) 1 1 1.2 1.2 1.2
NF (dB) at 26 GHz 20-23 dB associated gain 18 18 15 15 15
NF (dB) at 94 GHz 10-13 dB associated gain 25 25 2 2 2
InP HEMT (power)
Gate length (nm) 150 100 100 100 70 70 70
Frmax (GHz) 200 220 260 260 260 300 300
Breakdown (volts) 5 5 6 6 6
Iimax (ma/mm) 750 700 650 650 650 650 650
G (S/mm) 0.8 0.9 0.9 0.9 1 1 1
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Year of Production 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
Pout at 26 GHz and peak efficiency (mW/mm) 400 400 450 450 450 500 500
Peak efficiency at 26 GHz (%) 30 40 50 50 50 55 55
Gain at 26 GHz at P 4p (dB)*** 12 14 15 15 16 16 16
Pout at 94 GHz and peak efficiency (mW/mm) 250 300 350 350 400 400 400
Peak efficiency at 94 GHz (%) 25 40 40 45 45 45 45
Gain at 94 GHz at Pigg (dB)*** 6 8 10 10 12 12 12
GaAs MHEMT (low noise)
Gate length (nm) 100 100 100 70
F (GHz) 200 250 300 300 400 450
Breakdown (volts) 5 5 5 4 3 &
Iimax (ma/mm) 680 680 680 680 680 680
Gy (S/mm) 1 1 1.1 1.1 1.2 1.2
NF (dB) at 26 GHz 10-23 dB associated gain 1.6 1.6 1.2 1.2 1 0.8
NF (dB) at 94 GHz 10-13 dB associated gain 2.5 2.3 2.3 2 1.8 1.8
Device Technology—FET *
GaAs MHEMT (Power)
Gate length (nm) 150 150 100
Fax (GHz) 200 250 275
Breakdown (volts) 8 8 9
Imax (ma/mm) 650 700 750
Gp (S/mm) 0.75 0.8 0.85 0.9 0.95
Pout at 26 GHz and peak efficiency (mW/mm) 600 650 700 750 800 850
Peak efficiency at 26 GHz (%) 45 55 55 60 60 65
Gain at 26 GHz at Pi4g (dB)*** 12 15 16
Pout at 94 GHz and peak efficiency (mW/mm) 250 300 325 350 400 450
Peak efficiency at 94 GHz (%) 25 30 35
Gain at 94 GHz at Pi4p (dB)*** 7 8 10
GaN HEMT (low noise)
Gate length (nm) 150 100
F (GHz) 100 100 150 200
Breakdown (volts) 40 40
Imax (ma/mm) 1000 | 1200 1500 1500
Gy (S/mm) 0.3 0.4 0.5 0.5
NF (dB) at 26 GHz 14 dB gain 2 2 0.8
GaN HEMT (power)
Gate length (nm) 150 100
Frax (GHz) 100 100
Breakdown (volts) 40 60
Imax (ma/mm) 1000 | 1000 1500 1500
Gy (S/mm) 0.3 0.4 0.5 0.5
Pout at 26 GHz and peak efficiency (mW/mm) 5000 | 6000
Peak efficiency at 26 GHz (%) 35 40 60 60
Gain at 26 GHz at Pi4g (dB)*** 10 12
Pout at 44 GHz and peak efficiency (mW/mm) 2000 | 2000 | 2000 | 2500 | 2500
Peak efficiency at 44 GHz (%) 35 35 35 40 40
Gain at 44 GHz at P gp (dB)*** 8 8 8 9 9
Device Technology—HBT *
InP HBT
Emitter width (nm) 350 350 250 250 150 150 150
Emitter Area (square microns) 1 0.75 0.75 0.5
F (GHz) 300 300 350 350 400 400 400
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Year of Production 2005 | 2006 | 2007 2012 | 2013
DRAM % Pitch (nm) (contacted) 80 70 65 36 32
Fax (GHz) 300 300 400
Breakdown (BVgo) (volts) 4 4 4
Imax/mm’> (mA/pm?) 4 5 5
Beta 50 50 50
3 sigma Vg (mV) 40 30 30
Interconnect metal layers 4 4 5
Al Al Al Al Al Al Al
Interconnect metal Au Au Au Au Au Au Au
Cu Cu Cu Cu Cu
Barrier PVD | PVD | IMP IMP IMP IMP IMP
Wafer diameter (mm) 100 100 150 150 150 150 150
SiGe HBT
Emitter Width (nm) 150 140 130 120 100 100 100
Peak F (GHz) Bp=1V 200 230 265 300 350 370 385
Peak Fmax (GHz) 240 260 300 330 390 410 425
Breakdown (BVcpo) (volts) 5.3 5 5 45 45 43 43
Breakdown (BVcgo) (volts) 2 1.9 1.8 1.7 1.7 1.7 1.7
Iina/ (1M (MA/pm?) 10 11 12 13 14 15 16
Beta 200 200 250 250 300 325 350
Nfimin at 77 GHz (dB) 5.5 5.1 46 43 3.9 38 37
Manufacturable solutions exist and are being optimized
Manufacturable solutions are known
Interim solutions are known |4
Manufacturable solutions are NOT known _
*
o 2-3dB Pout
**%* Prag (dB) 1 dB 1dB
Figured6 47 48 Figure46
PHEMT
PHEMT
InP HEMT 10 MHEMT
InP HEMT MESFET InP HEMT/MHEMT
2005 R&D
InP HEMT MHEMT
NF DC 1/4
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0 20 40 60 80 100 120 140 160
Frequency (GHz)
Figure 46 Low Noise Amplifiers Technology Positioning 2006-2011
Figure47 FOM (Figure of Merit) 10-20%
MMIC W/mm
FOM GaAs
PHEMT InP HEMT 77 GH
GaAs PHEMT
GaAs PHEMT InP HEMT
InP HEMT GaAs PHEMT
InP HEMT
GaAs PHEMT
InP HEMT
GaAs PHEMT
InP HEMT MHEMT Figure47
MHEMT  40-100 GHz GaAs PHEMT InP HEMT
2006
GaN GaN HEMT
GaAs PHEMT 5-10 GaN HEMT
GaAs PHEMT
GaN HEMT 5
Q
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Power Performance FOM

MHEMT 2006

20
GaAs pHEMT 2005

Frequency (GHz)

InP HEMT 2005

Performance figure of merit is MMIC power density (W/mm) times MMIC SS gain per stage (dB)
at application center frequency (typically 10% — 20% bandwidth).

Figure 47 Evolution of Production Power Devices 2005-2011

SiGe
BVCEO 2V
150 mm
(Enhancement/Depletion) HEMT

ED HEMT HBT
HBT
1/f
10
SiGe

CMOS
SiGe
77 GHz
0.1pam
1/f
InP
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Si MT

.,

f CMOS

: 2008
Si CMOS

GaAs / 2005
MESFET >

2005 20 40 60 80 100 120
Clock frequency (GHz)

The metric for performance depends on the class of circuit. It can include dynamic range

Normalized Performance(!

signal-to-noise bandwidth data rate and/or inverse power.

Figure 48 Mixed-signal/Ultra High-speed Digital

2005 0.8GH 10GHz
10GHz 100GHz

(13 2

S/N

CMOS
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RF AMS CMOS
CMOS
CMOS
RF
SOl
SOl
PLL Phase-Locked Loop
RF
SOl CMOS
RF
DC-DC
SIP CMOS
A/D ADC
RF CMOS
Laterally Diffused MOS
RF AMS
RF-CMOS SiGe
1/f
T max
T 300GHz
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T 300GHz
T 400GHz
CMOS CMOS
High-k
RF High-k
MIM MOS MOS
MOM Metal Oxide Metal
RF
RF
Cu
MOS MOS High-k
RF High-k
High-k VCO Voltage Controlled Oscillator
RF MIM High-k
T8.205 Hf02 ngh-k
High-k
MOM MIM
MOM
MOM MIM
Q Quality Factor
CMOS FEOL Front-end-of-

line
BEOL
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Back-end-of-line

RF
RF
R D
InP HBT 10GHz
InP-HBT
SiGe HBT
InP
RF
MEMS GaAs Si
FBAR: Filter Bulk Acoustic Resonator MEMS
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2007 2010 2013 2016 2019
2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021

DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm
0.8-10GHz APPLICATIONS

BIPOLAR*
SiGeC
ALE techniques

Substrate
Planar bulk
FDSOI
Dual gate

CMOS** i

Gate ‘
Poly + oxide/nitride
Metal + high k

Matching i
Active compensation
Metal gate

Gm/Gds enhancement
Assymetric device

INTEGRATED PASSIVES

MOS capacitor varactor
High-k gate

RF MIM capacitor=*
High-k Ta,O, (>5fF/um?)
High-k HfO, (>5fF/um?)
Composite high-k (>10fF/um?)

RF inductor ;

Above-IC
On-chip magnetic film

New resistor — 3 3 3 3 3 3 ‘ ‘ ‘ ‘ ‘
Novel materials/integration
MEMS L L L L L |
Above-IC RF Switches
Above-IC RF Resonators

continued

I Rescarch Required [ Development Underway [ Qualification/Pre-Production S Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

Notes for Figure 49

* Bipolar use mainly in transceiver

** CMOS use in transceiver and AMS

*** Meeting passive roadmap density and leakage w/Cu backend

Figure 49 0.8-10 GHz Potential Solutions
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SIGNAL ISOLATION
Integrated PA

High voltage MOS ‘ MMM T

2007 2010 2013 2016 2019
2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm
0.8-10GHz APPLICATIONS
INTEGRATED POWER
MANAGEMENT
Integrated buck/boost be-Deconv Y

SOl > 1Kohm-cm resistivity | [N |

Substrate/interconnect
Buried metal Faraday
shielding
Micro-machining

Packaging
Flip chip
Low cost low parasitic

On chip filtering (design and
process)

A,

HE Research Required [ Development Underway [ | Qualification/Pre-Production Y Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

Figure 49 0.8-10 GHz Potential Solutions

6 GaAs
I-v 8
I-v
SiC
SiGe
1-v
SiC GaAs InP
5 10

InP
12

II-v

GaN

GaN

0.002
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SiGe InP
InP-HBT SiGe-HBT
InP-HBT
FET
GaN
II-v
II-v
2007 2010 2013 2016 2019
2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm
10-100GHz APPLICATIONS
MATERIALS AND DEVICES
Uniformity and yield
High mobility structures: I Y
bandage engineering high InAs layers
SUBSTRATE MATERIALS

8-inch GaAs substrates
6-inch InP substrates

Low defect density SiC

GaN single crystal substrates

DEVICE ISSUES

Thermal dissipation

thinned wafers, flip chip, thermal shunts
Passivation

hot electron issues RWOH
Breakdown

PASSIVE DEVICES

High voltage capacitors
High Q inductors

INTERCONNECTS
Substrate vias (GaN, SiC)

Multi-level, low-k inerconnects @ | [ ANy
Low loss on to off chip | | ___

interconnect
wire and ribbon bonds, flip chip

I Research Required [ Development Underway ] Qualification/Pre-Production Y Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

Figure 50 10-100 GHz Potential Solutions
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ITWG
ITWG
RF
[ ]
o MEMS BAW
o PA
[ ]
(ERD)

o RF
[ ]
[ ]
. Q
[ ]
o RF
[ ]
[ ]
e RF IC
e RF SIP System in Package co-design

SIP

e SOC System on Chip SIP System in Package

e S0OC RF
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RF
RF
RF AMS
RF  AMS
RF AMS
1/f
BG-CNT FET
RF
1
1THz
RF
RF RF
RF
S Z
4
CNT
RF
RF CNT ¢ T ITH
M. Zhang P. C. H. Chan Q. Liangf

1. X. Huo

Characterization of Back-Gate Carbon Nanotube Field-Effect Transistors
International Electron Devices Meeting ISBN: 0-7803-8684-1

691-694.

12GHz
10
100
RF
RF
BG-CNT FET
DC
4
RF
10GHz T
and Z. K. Tang ““High Frequency S Parameters

” in Technical Digest of the 2004
San Francisco CA December 13—15 2004 pp.
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