1 RF AMS

SiGe CMOS -V
CMOS
RF Radio Freguency AMS Anaog/Mixed-Signal ITRS
IRC 2003 ITRS
-V 2001 ITRS
CMOS CMOS
2003 ITRS RF AMS
1. 0.8GHz 100GHz LAN(local area network)
PAN(persona area networks) RF
RF AMS
2. S CMOS BiCMOS SiGe HBT (heterojunction bipolar transistors)  111-V
CMOS
ITRS 2003
2001 ITRS DRAM (dynamic
random-access memory) SOC(system-on-chip) AM S(anaog/mixed-signal) M PU(microprocessors)
AD
2003 ITRS
RF AMS
AMS(0.8-10GHz ) RF (0.8-10GHz2)
(0.8-10GH2) (10-100GHz) 2 ITRS2001
AMS 39 2 2003 ITRS
10GHz 40GHz
10GHz v Si SiGe

40GHz -V

SiGe 10-
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2 RF AMS

40Ghits -V

Si

0.8 GHz 2 GHz 5 GHz 10 GHz 28GHz 77 GHz 94 GHz

a| WLAN | WLAN | RADAR | Detection

ISM All Weather
CDMA |Bluetooth Landing
30 Application Spectrum®
30
RF
AMS 30 Si SiGe Ga InP
v S SGe -V
GaAs
GaAs InP MHEMT (metamorphic high electron mobility
transistor)  GaAs PHEMT (pseudomorphic high electron mobility transistor)  InP HEMT (high
electron mobility transistor) 30 SiC
GaN 2GHz
94GHz -V CMOS
30
SICMOS SiGe GaAs InP

! Adapted from Fig. 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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3 RF AMS

BiCMOS CMOS
GaAs
HBT LDMOS(laterally diffused metal oxide semiconductor) GaAs
PHEMT  MESFET(metal semiconductor field effect transistor)

GaAs PHEMT InP  HEMT

SiGe HBT GaAs MHEMT InP HEMT
RF
(PAE)
RF
-V
20 -V
S
SiGe A% -V
RF AMS

D

2

RF AMS
2003 ITRS
RF AMS
EDA (Electronic desigh and automation) 4
4

D ( )
2

©)

4

EDA EDA
EDA RF
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4 RF AMS

RF

SN

Ut

RF

LNA(low noise amplifiers)

4
RF
IC
AD DA
AD DA
IC
IC
mechanical systems)
(1)
CMOS
2 MOS
©)
RF
RF
BiCMOS
oscillators)
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5 RF AMS

n- RF-MOS(NMOS)
RF (max
Ft) (Fmax)

RF 800M 10GH GSM (global
standard for mobile) CDMA (code division multiple access) WCDMA (wide CDMA) LAN
|IEEE 802.11 UWB (ultra wideband)

RF LNA(low noise amplifier)
PA(power amplifier) LNA PA PA

DAC/ADC (digital-to-analog converter/anal og-to-degital
converter) DAC ADC

Si-LDMOS GaAs FET GaAs PHEMT SiC FET GaN FET
[HBT

PHEMT MOSFET ]

10G 100GH MESFET
HBT

HEMT PHEMT MHEMT MESFET
SiGe HBT
V 3 4
Hi-v 2003 ITRS IlI-V
4
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6 RF AMS

vt
1.8V

CMOS CMOS

1.0v 1.8V

RF

RF (
) BiCMOS
LNA RF-
CMOS

BiCMOS CMOS
RF-CMOS

1f
RF
RF AD RF (
BiCMOS CMOS
RF-CMOS

CMOS RF

(MIM)
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7 RF AMS

2003 4
RFIC(radio frequency integrated circuits) LAN 2003
PA
RFIC PA
RF
RF
RF
PA
DSP CPU
RF
Sl P(system-in-package)
EDA
RF (IF)
-V
GaAs GaAs
0.025 ( 50% )
0.002
4 6 GaAs
6 8
GaAs InP
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8 RF AMS

NP SiC
GaN
GaN Sic
GaN GaN
HEMT  GaN Sic SiGe HBT RF-
CMOS S
-V 1)
2)
3)
4) GaAs InP SiC
GaN -V -
Vv GaN
1.
2. 110
1f
AMS
CMOS
1f
SoC
CMOS
S

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



9 RF AMS

SiGe BiCMOS

CMOS

CMOS 53a 53b

53a Analog and Mixed-signal Devices Technology Requirements—Near-term

[1] | Year of Production 2003 2004 2005 2006 2007 2008 2009

Technology Node hp90 hp65

DRAM ¥ Pitch (nm) 100 90 80 70 65 57 50
[2] | Minimum Supply Voltage Digital design (V) 1 1 0.95 0.9 0.85 0.8 0.75
(3] Analog design (V) 3.3-1.8 | 25-1.8 | 2.5-1.8 | 2.5-1.8 | 2.5-1.8 | 2.5-1.8 | 2.5-1.8
[4] | NMOS Analog Speed Device | Toy (nm) 1.2-1.8 | 1.1-1.6 | 1.1-1.6 | 1.1-1.6 [NFAS TN A 10 A )
[5] O/ at 5-Lmin-digital 100 100 100 100 mmm
[6] Vf-noise (UVZ-ume/Hz) 300 200 200 200 150 150 150
[7] o Vi, matching (mV-um) 5 4 4 4 3 3 3
[8] | paoSAnalogPreasion | r (o) 653 | 653 | 653 | 653
[9 Analog Vi (V) 0.5-0.3 | 0.5-0.2 | 0.4-0.2 | 0.4-0.2 | 0.4-0.2 | 0.3-0.2 | 0.3-0.2
[10] On/9as at 10-Lmin-cigital 300 300 300 300 300 300 300
[11] 1/f Noise (UV2-Une/H2) 500 300 300 300 200 200 200
[12] & Vi, matching (mV-pum) 15 12 12 12 9 9 9
[13] | Analog Capacitor Density (fF/pn?) 2 3 3 3 4 4 4
[14] Voltage linearity (ppm/V2) <100 <100 <100 <100 <100 <100 <100
[15] Leakage (fA/ [pF-V]) 7 7 7 7 7 7 7
[16] o Matching (%-pm) 1 0.7 0.7 0.7 0.5 0.5 0.5
[17]| Analog Resistor Zi’;ﬁsﬁg; capacitance 0.1-0.02 | 0.1-0.02 | 0.1-0.02 | 0.1-0.02 | 0.1-0.02 | 0.1-0.02 | 0.1-0.02
[18] Temp. linearity (ppm/°C) 50-80 | 40-80 | 40-80 | 40-80 | 30-60 | 30-60 | 30-60

L/f-current-noise per
[19] current? <10 | <10 | <10 | <10 | <10™® |<6x10™?|<6x10™°
(U[un?/HZ)

[20] o Matching (%-pm) 3 2.5 2.5 2.5 2 2 2
[21] | Bipolar Analog Device O/Gce at Wemin * 1200 1150 1150 1150 1100 1100 1100
[22] 1/f-noise (UV2-um?/Hz) 5 3 3 3 2 2 2
[23] ocurrent matching (%-un?®) | 20 20 20 20 20 20 20

*Unusual measure for the voltage gain of bipolar devices, see notes. Added for 1:1 comparison with gy/gas of MOStransistors (item 5).

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known
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RF

AMS

53b  Analog and Mixed-signal Devices Technology Requirements—L_ong-term

[1] | Year of Production 2010 2012 2013 2015 2016 2018

Technology Node hp45 hp32 hp22

DRAM ¥: Pitch (nm) 45 35 32 25 2 18
[2] | Minimum Supply Voltage Digital design (V) 0.7 0.7 0.65 0.65 0.6 0.6
(3] Analog design (V) 1.8-1.2 | 1.8-1.2 | 1.8-1.0 | 1.8-1.0 | 1.5-1.0 | 1.5-1.0
[4] | NMOSAnalog Speed Device | T,y (nm) 05-08 0508 04-06| 0406 | 0405 04-05 |

‘

(5] Om/Gds at 5-Lmin-digital 100 100 |
[6] Vf-noise (UV2-umé/H2) 75 ‘
[7 o Vi, matching (mV-pm) 1.5 1.5 [
[ g'g"noci Analog Precision Tox (M) 32 32 313 | 3-13 | 25-13 | 2.0-1.3
19 Analog Vin (V) 0.3-0.2 | 0.3-0.2 | 0.3-0.2 | 0.3-0.2 | 0.3-0.2 | 0.3-0.2
[10] 9r/ds &t 10-L i cigita 300 300 300 300
[11] Vf Noise (UVZ-um/Hz) 200 200 150 150
[12] o Vg matching (mvV-um)
[13] | Analog Capacitor Density (fF/un?)
[14] Voltage linearity (ppm/V?)
[15] Leakage (fA/[pF-V])
[16] o Matching (%o-pum)
[17] | Analog Resistor Parasitic capacitance (fF/um?) | 0.1-0.02 | 0.1-0.02 | 0.1-0.02 | 0.1-0.02 | 0.1-0.02 | 0.1-0.02
[18] Temp. linearity (ppm/°C) 30-60 | 30-60 30 30 30 30
[19] l(/L[Cﬁ;;ﬁZ??mper CUTEN | <6x10™" | <3x107"° | £3x107" | <3x10™"° | s2x107" | 210"
[20] o Matching (%-pm) 1.7 1.7 1.5 1.5 1.2 1.2
[21] | Bipolar Analog Device /e At Wepmin * 1050 1050 1000 1000 950 950
[22] Vf-noise (UV2-umé/HZ) 1.5 1.5 1 1 0.7 0.7
[23] o current matching (%-un?) 20 20 20 20 20 20

*Unusual measure for the voltage gain of bipolar devices, see notes. Added for 1:1 comparison with G/Ggs of CMOStransistors (note 5).

53a
(1]

(2]
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53b

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known

LOP: low-operation power

48

ORTC: overall roadmap technology characteristics

Vdd



11 RF AMS

(3]

CMOS Vi
/10
N NFET

[4] LOP Si02 CMOS
NMOS High-

[5] 5 CMOS
Gds
Vi 100mV [9]

[6] 1Hz NMOS vf
VCO MOS
1
JFETs vVt 100mV

[7] NMOS
Avt = Tox[nm]mV pm Tox = 5nm

5mV pm SO,
DC

(8] [3] S0, CMOS
[14]

(9] (3] vt

[10] 10 CMOS
Gds
NMOS

[11] [8] (9]
(12 [9] (9]
[13]

(MEMS)
7fE/mm?

5fF/mm?
[14] 2

[15]

[16]

[17] 1%

[18] TC

[19] VCO vf
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12 RF AMS

f Q RF
[20]
[21] Gm qlc/kT Gee
Vearly/lc Vearly kT/q [6]
SiGe Ft/Fmax [17] [18]
CMOS Gm/Gce CMOS
[22] 1um? 1Hz Uf
JFETs 1t
CMOS 1/t
[23] 1um?
CMOS
RF
RF
54a 54b
Software-defined radio Reconfiguring RF

RF
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13 RF AMS

54a 0.8-10 GHz Transceiver Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM ¥; Pitch (nm) 100 90 80 70 65 57 50
Circuit Block—LNA
NPN
Ve (V) 2.5 25 1.8 1.8 1.5 15 15
Emitter width (1m) 0.2 0.18 0.15 0.15 0.13 0.12 0.1
Ic (MA/UM) [1] 75 59 43 37 28 22 16
Peak Fy (GHZ) [Vbc=1v] | 150 173 198 228 262 302 347
Peak Fax (GH2) [2] 180 203 239 256 295 330 387
NFpmin (dB) 0.60 0.54 0.45 0.45 0.39 0.36 0.30
NMOS
Vg (V) 1.50 1.30 1.30 1.30 1.20 1.20 1.10
lds (WA/Um) [3] 26 23 21 16 12 10 9
Peak F; (GH2) 110 120 140 170 200 240 280
Peak Frnax (GH2) [2] 120 140 160 190 220 260 310
NFmin (dB) 0.8 0.7 0.6 0.6 0.5 0.4 0.4
Circuit Block Synthesizer/Logic
CMOS
Gaelengh(nm)[4] | 80 | 75 | e5 [ 53 | 45 | 3 | 32
BICMOS
Gate length (nm) | 100 | 9 | 8 | 75 | 6 | 5 | 45
Circuit Block—VCO
Inductor
Q (5GH2) [5] | 15 | 16 [ 17 | 19 | 20 [ 22 | 24
Varactor
Tuning Range [6] 3.5 3.5 3.5 3.5 3.5 3.5 3.5
Q (5GH2) 30 32 35 38 41 44 48

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known
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RF AMS

54a 0.8-10 GHz Transceiver Technology Requirements—Near-term (continued)

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM %% Pitch (nm) 100 90 80 70 65 57 50
Circuit Block—Driver
System Requirements
Supply (V) | 3 3 3 3 2.4 2.4 2.4
HV NPN
BVcgo (V) 12 12 12 12 10 10 10
Peak F (GHz) [Vbc=1V] 35 40 46 53 61 70 81
Peak Fax (GH2) [2] 80 90 106 114 131 146 172
HV MOS
Vs (V) 3 3 3 3 2.4 24 2.4
Peak F; (GHz) 30 30 40 40 50 50 60
Peak Fmax (GH2) [2] 35 35 45 45 55 55 65
Circuit. Block—Filters/Bypass
Cap
Density (fF/umZ) 5 7 9 12 15 19 23
Q (5GH?2) >50 >50 >50 >50 >50 >50 >50
Resistor
Cparasitic (fF) [7] 70 63 57 51 46 41 37
TCR (ppm/C) 100 90 81 73 66 59 53
Circuit. Block— Isolation
S21.dB [8] [ 60 70 80 90 Tl 110 120 |

NF—noisefigure TCR—temperature coefficient for resistance HV—high voltage

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known

Interim solutions are known
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15 RF AMS

0.8-10 GHz Transceiver Technology Requirements—_ong-term

Year of Production 2012 2015 2018
DRAM ¥ Pitch (nm) 35 25 18
Circuit Block—LNA
NPN
Ve (V)
Emitter width (um) 0.09 0.08 0.07
Ie (UA/um) [1] 13 10 7
Pesk F; (GHz) 400
Peak Fnax (GHz) [2] 438
NFpmin (dB) 0.27 0.24 0.21
NMOS
Vad (V) 1.00 1.00 0.90
Ids (MA/um) [3] 7
Peak F; (GHZ) 400
Peak Fnax (GH2) [2] 450
Nfmin (dB) 0.2
Circuit Block—Synthesizer/Logic
CMOs
Gaelengh(m)[4] | 22 [ 16 [ 11
BiCMOS
Gaelengh(m)[4 | 22 | 16 | 11
Circuit Block—VCO
Inductor
Q (5GHz) | 26 [ 28 | 30
Varactor
Tuning range [6] 3.5 3.5 3.5
Q(5GH2) 52 60 70

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



16 RF

54b 0.8-10 GHz Transceiver Technology Requirements—Long-term (continued)

54a 54b
[1] We
5GHz 10
2] Fmax 40GHz
(3] w
5GHz 10
[4] RFCMOS

[5] 1nH 30,000pm?
[6] Cmax/Cmin
[7130 1%

[8] PA

AMS

Year of Production 2012 2015 2018
DRAM ¥%; Pitch (nm) 35 25 18
Circuit Block—Driver
System Requirements
Supply (V) 2.4 2 2
HV NPN
BVcao (V) 10 8 8
Peak F; (GHz) [Vbc=1V] 93 107 123
Peak Fmax (GH2) [2] 195 221 254
HV NMOS
BVpss (V) 2.4
Peak F; (GHz) 60
Peak Frmax (GHZ) [2] 65
Circuit. Block—Filters/Bypass
Cap
Density (fF/um?)
Q(5GH2) >50 >50 >50
Resistor
Cparasitic (fF) [6] 33 30 27
TCR (ppm/C) 48 43 29
Circuit Block— solation
S21dB [7] 130 140 150
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known
lum Le Ft=50GHz
5GHz 1 10GHz
20dB/dec
Ium L Ft=50GHz
5GHz 1 10GHz
(LSTP Low Standby Power)
5GHz Q
1000Q
2 5GHz WCDMA 2GHz
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17 RF AMS
10mw w RF
CMOS
knee voltage
GaAs HBT LDMOS GaAs HEMT FET
SoC RF
55a 55b
IC
CMOS
FET IC
SoC 55a 55b
55a Power Amplifier Technology Requirements—Near-term
Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM ¥z Pitch (nm) 100 90 80 70 65 57 50
Nominal PA Supply Voltage (V) 3 3 24
. . . Radio/
PA Product Solutions Integrated Module Single Radio SIP [1] Basebaant;OSIP 2]
PA Frequency (GH2) 0.8-2.5 0.8-6 | 0.8-10
I11-V HBT Transistor
Fmax (@t Vo) (GH2) 45 45 45 45 75 75 75
BVcgo (V) 25 25 25 25 18 18 18
Linear efficiency (%) [3] 52 52 52 52 55 55 55
Area (mm?) [4] 2.5 2.5 2.5 2 2 2 2
Cost/mn? (USH) [5] 0.4 0.4 0.4 0.28 0.28 0.25 0.24
I11-V HBT Integration
Power management [ 6] N/A N/A N/A N/A N/A N/A N/A
Switch [7] N/A N/A N/A N/A N/A N/A N/A
Filter [8] N/A N/A N/A Yes Yes Yes Yes
I11-V PHEMT Transistor
Fmax (at Vgg) (GH2) 45 45 45 45 75 75 75
BVpgo (V) 20 20 20 20 16 16 16
Linear Efficiency (%) [3] 55 55 55 55 58 58 58
PA Area (mn) [4] 4 4 4 3.5 3.5 3.5 3.5
Cost/mn? (USH) [5] 0.4 0.4 0.4 0.28 0.28 0.25 0.24

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known

Interim solutions are known
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18 RF AMS

55a Power Amplifier Technology Requirements—Near-term (continued)

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65

DRAM % Pitch (nm) 100 90 80 70 65 57 50
I11-V PHEMT Integration

Power management [ 6] N/A N/A N/A N/A N/A N/A N/A
Switch [7] N/A N/A Yes Yes Yes Yes Yes
Filter [8] N/A N/A N/A Yes Yes Yes Yes
I11-V Passives

Inductors Q [9] 15 15 15 25 25 25 25
Capacitor Q[10] >100 >100 >100 >100 >100 >100 >100
Filzp]ass capacitor density (fF/ ,umz) 0.6 0.6 0.6 2 2 2 2
RF capacitor density (fF/, ymz) [13] 0.6 0.6 0.6 2 2 2 2
Slicon MOSFET Transistor

Tox (PA) (A) [11] 60 60 60 45 45 45 35
Fmax (at Vgq) 45 45 45 60 60 60 75
BVpss (V) 12 12 12 10 10 10 8
Linear efficiency (%) [3] 45 45 45 50 50 50 52
PA Area (mm2) [4] 6 6 6 4.5 4.5 4.5 3
Cost/mm? (US$) [5] 0.1 0.08 0.08 0.06 0.06 0.06 0.05
Slicon MOSFET Integration

Power management [ 8] Yes Yes Yes Yes Yes Yes Yes
Switch [9] NO NO NO

Filter [10] NO NO NO

SGe HBT Transistor

Frmax (GH2) 45 60 60 80 80 80 80
BVcao (V) 18 18 18 16 16 12 12
Linear efficiency (%) [3] 50 50 50 55 55 55 55
PA Area (mm2) [4] 25 2.2 2.2 2 2 1.7 1.7
Cost/mm? (US$) [5] 0.15 0.15 0.12 0.12 0.11 0.11 0.11
SGe Integration

Power management Yes Yes Yes Yes Yes Yes Yes
Switch NO NO

Filter NO NO

Slicon/ SGe Passives

Inductors Q [9] 10 10 10 14 14 14 14
Capacitor Q[10] >100 >100 >100 >100 >100 >100 >100
Bypass capacitor density (fF/ymZ) 2 4 4

[12

RF capacitor density (fF/, ymz) [13] 2 4 4

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known
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55b  Power Amplifier Technology Requirements—_ong-term

Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22

DRAM %2 Pitch (nm) 45 35 32 25 22 18
Nominal PA Supply Voltage (V) 24 24 24 2 2 2
PA Product Solutions Radio/Baseband SIP [2]

PA Frequency (GH2) 0.8-10 GHz

111-V HBT Transistor

Frax (@t Vo) (GH2) 75 75 75 75 75 75
BVceo (V) 18 18 18 18 18 18
Linear efficiency (%) [3] 55 55 55 55 55 55
Area (mm?) [4] 2 1.8 1.8 1.8 1.8 1.8
Cost/mm’ (USH) [5] 0.24 0.22 0.2 0.15 0.15 0.15
111-V HBT Integration

Power management [ 6] N/A N/A N/A N/A N/A N/A
Switch [7] N/A N/A N/A N/A N/A N/A
Filter [8] Yes Yes Yes Yes Yes Yes
I11-V PHEMT Transistor

Frmax (at V) (GH2) 75 75 75 75 75 75
BVpco (V) 16 16 16 16 16 16
Linear efficiency (%) [3] 58 58 58 58 58 58
PA Area (mim) [4] 3.5 3 3 3 3 3
Cost/mm’ (USH) [5] 0.24 0.22 0.2 0.15 0.15 0.15
111-V PHEMT Integration

Power management [ 6] N/A N/A N/A N/A N/A N/A
Switch [7] Yes Yes Yes Yes Yes Yes
Filter [8] Yes Yes Yes Yes Yes Yes
I11-V Passives

Inductors Q [9] 25 30 30 30 30 30
Capacitor Q[10] >100 >100 >100 >100 >100 >100
Bypass capacitor density (fF/,umZ) [12] 2 2 2 2 2 2
RF capacitor density (fF/um?) [13] 2 2 2 2 2 2

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known
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55b  Power Amplifier Technology Requirements—Long-term (continued)

AMS

Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22

DRAM %2 Pitch (nm) 45 35 32 25 22 18
Slicon MOSFET Transistor

Tox (PA) (A) [17] 35 35 35 35 35 35
Frmax (at Vdq) 75 75 75 35 35 35
BVpss (V) 8 8 8 2 2 2
Linear efficiency (%) [3] 52 52 52

PA Area (mi) [4] 3 3 3 1.5 15 15
Cost/mm? (US$) [5] 0.05 0.05 0.05

Slicon MOSFET Integration

Power management [ 8] Yes Yes Yes Yes Yes Yes
Switch [9]) MEMS MEMS MEMS
Filter [10] MEMS MEMS MEMS
SGe HBT Transistor

Frmax (GH2) 80 80 80 TBD TBD TBD
BVceo (V) 12 12 10 10 10 10
Linear efficiency (%) [3] 55 55 55 TBD TBD TBD
PA Area (mmz) [4] 1.7 1.5 1.5 TBD TBD TBD
Cost/mm® (USH) [5] 0.11 0.1 0.1 TBD TBD TBD
SGe Integration

Power management Yes Yes Yes Yes
Switch MEMS MEMS MEMS
Filter MEMS MEMS MEMS
Slicon/ SGe Passives

Inductors Q [9] 18 18 18 18 18
Copacior Q110
Bypass capacitor density (fF/um’) [12] 40 40 40 40 40
RF capacitor density (fF/um?) [13] 10 15 20 20 20

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known

55a  55b

[1] SIp

(2] SIP 1

[3] Linear efficiency PA PCS CDMA 1595

(4] GSM GPRS General Packet Radio Service EDGE

Enhanced Data rates for GSM Evolution PA
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[5] Cost/mm® 4
[6] RF PA
[7] PA
(8l PA
SAW Surface Acoustic Wave
[9] Q PA 1GHz
5nH Q  Quality Factor
[10] Q 1GHz 10pF Q  Quadlity Factor
[11] Tox PA RF MOSFET
[12] Vdd Vce
[13] RF
56a  56b Near term Long term
e 2003 2GHz
e RF $UW 2008 $0.5/W
° Application space
e 2003 LDMOS FET 95%
GaAsFET SIC  GaN FET
[ ]
o CDMA  WCDMA
o 2 1
. PAE Power Added Efficiency
° RF
240W
o LDMOS 2GHz
e GaAs FET LDMOS
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. GaAs FET
° SiC

. 2003

[ ]

. GaN

. GaN

. GaN

GaN

RF AMS

LDMOS 28V

LDMOS GaAs
SiC 1ow LDMOS
SiC
SiC GaN
LDMOS GaAs SiC

SiC GaN

LDMOS GaAs
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B6a Base Sation Devices Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65

DRAM %% Pitch (nm) 100 90 80 70 65 57 50
Application frequency (GHz) 0.8-2 0.8-2.7 0.8-3.5

Cost ($$/Watt) 1 0.9 0.8 0.7 0.6 0.5
Packaging (C-Ceramic, P-Plastic) C/P C/P C/IP Plastic

S LDMOS

Operating voltage (V) 28 28 <40 <40 <50 <50 <50
Saturated power (Watt) 240 240 240 240 240 240 240
Saturated power density (W/mm) 0.7 0.7 0.9 0.9 1.2 1.2 1.2
Saturated PAE (%) 60 63 65 68 65 68 70
Linear power (Watt) 120 120 120 120 120 120 120
Linear PAE (%) 45 48 50 52 50 52 54
GaAsFET

Operating voltage (V) 12 12 12 28 28 28 28
Saturated power (Watt) 180 180 180 180 180 180 180
Saturated power density (W/mm) 0.7 0.7 0.7 1 1.2 1.5 1.5
Saturated PAE (%) 65 65 68 70 68 70 72
Linear power (Watt) 90 90 90 90 90 90 90
Linear PAE (%) 50 50 52 55 57 55 57
SCFET

Operating voltage (V) 48 48 48 48 48 48 48
Saturated power (Watt) 10 30 60 60 60 60 60
Saturated power density (W/mm) 2 2 2 2 2 2 2
Saturated PAE (%) 45 45 45 45 45 45 45
GaN FET

Operating voltage (V) - - 28 28

Saturated power (Watt) - - 10 30

Saturated power density (W/mm) - - 2 2

Saturated PAE (%) - - 52 55

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known
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56b Base Sation Devices Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22
DRAM ¥z Pitch (nm) 45 35 32 25 22 18
Application frequency (GHz) 0.8-5

Cost ($$/Watt) 0.4 0.3

Packaging (C—Ceramic, P—Plastic) Plastic

S LDMOS

Operating voltage (V)

Saturated power (Watt)
Saturated power density (W/mm)
Saturated PAE (%)

Linear power (Watt)

Linear PAE (%)

GaAsFET

Operating voltage (V) 28 28 28 28 28 28
Saturated power (Watt) 180 180 180 180 180 180
Saturated power density (W/mm)

Saturated PAE (%)

Linear power (Watt)

Linear PAE (%)

SCFET

Operating voltage (V)

Saturated power (Watt)
Saturated power density (W/mm)
Saturated PAE (%)

GaN FET

Operating voltage (V)

Saturated power (Watt)
Saturated power density (\W/mm)
Saturated PAE (%)

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known
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(FET)
4

e MESFET (Metal Semiconductor Field Effect Transistor) GaAs

e HEMT (High Electron Mobility Transistor)

InP GaN
e PHEMT (Pseudomorphic HEMT)
HEMT GaAs
e MHEMT (Metamorphic HEMT)
GaAs
HBT (Hetero-junction Bipolar Transistor)
2
e INPHBT IlI-IV [In, Ga, As, Sb, P 3 4 InP
GaAsHBT 10 GHz
e SGeHBT S SiGe
31 GaAs
2001 W-LAN 31
GaN Ka
-V
60 GHz 94 GHz PHEMT
InP HEMT  MHEMT PHEMT

10
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InP HBT  SiGe HBT

BiCMOS

HBT
HBT MESFET
InP  SiGe InP SiGe
Contraband Detection
Wireless, VSAT Instrument Landing
Band Ku K Ka | Q \'} w
*
Frequency 10 20 40 60 100 GHz
Wireless LAN Auto Radar

Frequency (GHz)
GaN HEMT

Dominant

GaAs PHEMT |

Technologies

InP HEMT

GaAs MHEMT

31 Millimeter Wave Commercial Applications Spanning 10 to 100 GHz

57 HEMT PHEMT
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57 Millimeter Wave 10-100 GHz Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM %% Pitch (nm) 100 90 80 70 65 57 50
Device Technology—FET *
GaAs MESFET (digital mixed-signal)
Gate length—L physical (nm) 250 250 150 150 - - -
Minimum M1 pitch (nm) 1200 1200 680 680 - - -
F; - enhancement mode (GHz) 80 80 120 120 - - -
Ft - depletion mode (GHz) 70 70 100 100 - - -
BVgp (ImA/mm, V4=0) (volts) 7.5 7.5 5to 10 5to 10 - - -
09 Power delay product at gate delay-FO=1 () at 2at25 | 2at25 | 1.2at18 | 1.2at18 . ; ;
Shortest DCFL gate delay (pS) 10 10 6 6 - - -
Interconnect metal layers 4 4 5 5 - - -
Interconnect metal Al Al Al Al - - -
Inter line dielectric constant (effective) 4.2 4.2 31 31 - - -
GaAsPHEMT (low noise)
Gate length (nm) 100 100 70 70 50 50
Ft (GHz) 130 130 150 150 170 170
Breakdown (volts) 7 7 7 7 6 6
Imax (MA/mm) 650 650 600 600 550 550
G (S/mm) 0.65 0.65 0.8 0.8 0.9 0.9
NF (dB) at 26 GHz, 18-20 dB associated gain 3.1 3.1 2.5 2.5 2 2
NF (dB) at 94 GHz, 8-10 dB associated gain 4.8 4.8 4 4 3.5 3.5
GaAsPHEMT (power)
Gate length (nm) 200 200 100 100 70 70 -
Frax (GHZ) 75 75 150 150 200 200 -
Breakdown (volts) 1 1 11 11
I max (Mma/mm) 650 650 750 750 850 850 -
G (S/mm) 0.52 0.52 0.67 0.67 0.85 0.85 -
Pout a 26 GHz and peak efficiency (mW/mm) 500 500 550 550 -
Peak efficiency at 26 GHz (%) 20 20 30 30 -
Gain at 26 GHz, at P1gg (dB)*** 10 10 12 12 -
Pout at 94 GHz and peak efficiency (mW/mm) 250 250 - - - - -
Peak efficiency at 94 GHz (%) 15 15 - - - - -
Gain at 94 GHz, at Pygg (dB)*** 6 6 - - - - -

DCFL—direct-coupled FET logic

* Lithography dimensions are drawn dimensions.

** Qutput power at peak efficiency is generally at 2 to 3 dB into compression; Pq is normalized to total gate periphery.
*** P1yg (dB) isthe point at which the device gain is 1 dB less than the linear gain, i.e., the gain is compressed by 1 dB.

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known
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57 Millimeter Wave 10-100 GHz Technology Requirements—Near-ter m (continued)

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM ¥z Pitch (nm) 100 90 80 70 65 57 50
Device Technology—FET *
INPHEMT (low noise)
Gate length (nm) - 100 70 70 50 50
Ft (GH2) - 200 240 240 300 300
Breakdown (volts) - 4 3.5 3.5 3 3
Imax (Mma/mm) - 700 700 700 650 650
G (SYmm) - 1 1.2 1.2 1.5 1.5
NF (dB) at 26 GHz, 2023 dB associated gain - 2.2 1.8 1.8 1.5 1.5
NF (dB) at 94 GHz, 10-13 dB associated gain - 3 25 2.5 2 2
INPHEMT (power)
Gate length (nm) - - 150 100 100 100 100
Frmax (GHZ) - - 200 220 260 260 260
Breakdown (volts) - - 5 5 6 6 6
I max (Ma/mm) - - 750 700 650 650 650
G (SYmm) - - 0.8 0.9 0.9 0.9 0.9
Pout @ 26 GHz and peak efficiency (mW/mm) - - 400 400 450 450 450
Peak efficiency at 26 GHz (%) - - 30 40 50 50 50
Gain at 26 GHz, at P1gg (dB)*** - - 12 15 15 16 16
Pout a 94 GHz and peak efficiency (mwW/mm) - - 250 300 350 350 400
Peak efficiency at 94 GHz (%) - - 25 40 40 45 45
Gain at 94 GHz, at P1gg (dB)*** - - 6 8 10 10 12
GaAs MHEMT (low noise)
Gate length (nm) - - 100 100 70 70
F (GH2) - - 250 250 300 300
Breakdown (volts) - - 5 5 4 4
I max (Mma/mm) - - 680 680 680 680
Gm (§Ymm) - - 1 1 1 1
NF (dB) at 26 GHz, 10-23 dB associated gain - - 1.6 1.6 1.2 1.2
NF (dB) at 94 GHz, 10-13 dB associated gain - - 23 23 1.8 1.8

* Lithography dimensions are drawn dimensions.
** Qutput power at peak efficiency is generally at 2 to 3 dB into compression; Pg is normalized to total gate periphery.
*** Pqyg (dB) isthe point at which the device gain is 1 dB less than the linear gain, i.e., the gain is compressed by 1 dB.

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known
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57 Millimeter Wave 10-100 GHz Technology Requirements—Near-ter m (continued)

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM % Pitch (nm) 100 90 80 70 65 57 50
Device Technology—FET *
GaAsMHEMT (Power)

Gate length (nm) - - - 200

Frmax (GH2) - - - 200

Breakdown (volts) - - - 8

I max (Ma/mm) - - - 600

Gm (S/mm) - - - 0.8

Pout at 26 GHz and peak efficiency B B B 350
(mwW/mm)

Peak efficiency at 26 GHz (%) - - - 45

Gain at 26 GHz, at P1gg (dB)*** - - - 12

Pout at 94 GHz and peak efficiency B B R 200
(mwW/mm)

Peak efficiency at 94 GHz (%) - - - 25

Gain at 94 GHz, at P1gg (dB)*** - - - 6

GaN HEMT (low noise)

Gate length (nm) - - - -

Ft (GH2) - - - -

Breakdown (volts) - - - -

I max (Ma/mm) - - - -

Gm (SYmm) - - - -

NF (dB) at 26 GHz, 14 dB gain . . . .

GaN HEMT (power)

Gate length (nm) - - - -

Fmax (GH2) - - - -

Breakdown (volts) - - - -

Imax (Ma/mm) - - - -

Gm (S/'mm) - - - -

Pout at 26 GHz and peak efficiency
(mW/mm)

Peak efficiency at 26 GHz (%) - - - -

Gain at 26 GHz, at Pigg (dB)*** - - - -

* Lithography dimensions are drawn dimensions.
** QOutput power at peak efficiency is generally at 2 to 3 dB into compression; Pgt is normalized to total gate periphery.
*** Pygg (dB) isthe point at which the device gain is 1 dB less than the linear gain, i.e., the gain is compressed by 1 dB.

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known
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57 Millimeter Wave 10-100 GHz Technology Requirements—Near-ter m (continued)

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM %2 Pitch (nm) 100 90 80 70 65 57 50
Device Technology—HBT *
INPHBT

Emitter width (nm) 1200 800 350 350 250 250

Ft (GH2) 170 170 300 300 300 300

Fmax (GHZ) 170 200 300 300 350 350

Breakdown (BV ceo) (volts) 7 7 4 4 4 4

Imaxlum2 (mA/umz) 1.5 2 5 4 4 4

Beta 20 50 50 50 50 50

3sigmaVgg (MV) 50 40 40 30 30 25

Interconnect metal layers 3 4 4 4 5 5

Interconnect metal Al, Au Al, Au Al, Au Al, Au Cu Cu

Barrier PVD PVD PVD PVD IMP IMP IMP

Wafer diameter (mm) 100 100 100 100 150 150 150

SiGe HBT

Emitter Width (nm) 200 150 120 120 100 100

Ft (GHz) 150 175 200 230 265 300

Frmax (GHZ) 180 205 240 260 300 330

Breakdown (BV cgo) (volts) 6 5.5 5.3 5 5 4.5

Breakdown (BV cgo) (volts) 23 2 2 2 1.8 1.8

I max/m? (MA/pm?) 7 8 10 14 14 18

Beta 140 200 200 200 250 250

Nfmin & 77 GHz (dB) 6.6 6.1 5.5 5.1 4.6 4.3

*Lithography dimensions are drawn dimensions.

** Qutput power at peak efficiency is generally at 2 to 3 dB into compression; P, is normalized to total gate periphery.

*** Pqyg (dB) isthe point at which the device gain is 1 dB less than the linear gain, i.e., the gain is compressed by 1 dB.

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known
Interim solutions are known

32 34 32
NF(Noise Figure) PHEMT
InP 10 MHEMT
32 2003 InP HEMT MHEMT
InP HEMT

NF DC 14
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2003 to 2009 Technology Positioning_jl

NF InP HEM T/
(dB)

0 ] ] N R l L1

20 30 40 60 100 200
Frequency (GHz)
32 Low Noise Amplifiers
33 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 33

MHEMT  40-100 GHz GaAs PHEMT InP HEMT 2006
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Performance figure of merit is MMIC power density (W/mm) times MMIC SS gain per stage (dB) at

application center frequency (typical 10-20% bandwidth).

33 Evolution of Production Power Devices 2003—-2009

GaN GaN HEMT
GaAs PHEMT 5-10 Ka
GaN HEMT
GaAs PHEMT
GaN HEMT 5 Ka
34
CMOS 10-20 GHz
SiGe S
40-50 GHz BVCEO 2V
InP HBT InP
HBT 100 mm 150 mm InP  E/D
(Enhancement/Depletion) HEMT 01pm InP HBT
E/D HBT HBT
HEMT Ut HBT E/D
HBT
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vt
10
® 1 2003 to 2008 Technology Positioning
c
©
£
'6 InP HBT - 2008
E InP HBT - 2005
o
- Sic InP MT
_g SiGe bipolar,
© 2003
£
[=
o -
z /lscm 0298
GaAs 2003
MESFET
2003 >
20 40 60 80 100 120
Clock frequency (GHz)
The metric for performance depends on the class of circuit. It can include dynamic range, signal-to-noise,
bandwidth, data rate, and/or inverse power.
34 Mixed-signal/Ultra High-speed Digital
PIDS

CMOS
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BiCMOS
sol
sol
DC-DC
sip CMOS
A/D
High-k
SIN
CMOS 35
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2004 2007 2010 2013 2016 2019
2003 | 2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 |
Technology Node hp90 hp65 hp45 hp32 hp22 hp16
ACTIVE DEVICES
Technology platform
BICMOS { analog, digital CMOS
CMOSs
Substrate |
Bulk silicon
SOl
Threshold
Muttiple V| |

INTEGRATED PASSIVE DEVICES
High x dielectrics

Ta,05
BST
Piezo

>5 fF/um?

>10 fF/um?

MATCHING

Active compensation

Differential self-adaptive V,,
electronic tuning

Low D, processes
Atomic layer epitaxy / RTP

SIGNAL ISOLATION
Substrates

High resistive bulk silicon
SOl

Substrate / interconnect

Damascene faraday shielding
Buried metal faraday shielding
Micromachining

SIGNAL / NOISE ENHANCEMENT
Device

Bulk accumulation mode MOSFET
SOl accumulation mode MOSFET

Circuit architecture

See System Drivers
and Design chapter | | |

I Rescarch Required  [IIIN Development Underway [ Qualification/Pre-Production V222222222Z Continuous Improvement

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

35  Analog and Mixed-signal Devices Potential Solutions
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RF
RF NMOS Ft  Fmax
Ft ~300 GHz
Ft 300 GHz
Ft 400 GHz
CMOS
CMOS
CMOS
RF
RF CMOS
LDMOS
MIM RF
MIM
High-k
2004 2007 2010 2013 2016 2019
2003 . 2005 2006 . 2008 2009 . 2011 2012 . 2014 2015 . 2017 2018
Technology Node hp90 hp65 hp45 hp32 hp22 hpl6
NPN
ALE techniques
CAPACITOR
TaOq
ALE dielectrics
ISOLATION
Micromachining techniques
RF CMOS (Beyond LSTP
Delayed By One Year)
Asymmetric device
I Research Required I DevelopmentUnderway [ ]| Qualification/Pre-F i Continuous Improvement
This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

ALE—atomic layer epitaxy

36 RF Transceivers Potential Solutions
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SiGe
1/f
CMOS SiGe
CMOS
InP HBT
SiGe HBT
PA InP
RF
MEM
GaAs S
FBAR: Filter Bulk Acoustic Resonator MEM
6 GaAs InP
-V 8 12
-V
GaN
SiC
SiGe
-V GaN
SiC GaAs InP
5-10’
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0.002
SiGe InP
InP HBT SiGe HBT
InP HBT

FET

GaN

-V
-V
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2004 2007 2010 2013 2016 2019
2003 | 20052006 | 2008 2009 | 20112012 | 2014 2015 | 2017 2018 |

Technology Node hpoo hp65 hp45 hp32 hp22 hp16

MATERIALS AND DEVICES

Uniformity and yield Gate recess; wafer breakage

i sandoapengineerin; g _nss ayer L LSSSSSSSSSSSS

SUBSTRATE MATERIALS
8-inch GaAs substrates

6-inch InP substrates

Low defect density SiC

GaN single crystal substrates fo fffffﬁ

High resistivity bulk silicon ; .

DEVICE ISSUES

Thermal dissipation [thinned
wafers, flip chip, thermal shunts]

Passivation [hot electron
issues RWOH]

Breakdown j‘

PASSIVE DEVICES

High voltage capacitors

High Q inductors Ei"r ,H?ffffj

INTERCONNECTS

Substrate vias

GaN, SiC
Multi-level, low-k interconnects

Cu Damascene A S A A S SS S ST ASSSSASSSSS

Low loss on to off chip

interconnect [wire and ribbon D‘r ,yfffﬁr’ffffﬁ

bonds, flip chip] |

I Research Required [ DevelopmentUnderway [ | Qualification/Pre -Production [Z 7 A Continuous Improvement

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

RWOH—reliability without hermiticity

37 Millimeter Challenges and Potential Solutions
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ITWG

ITWG
RF

J RF /SIP

(ERD)

o IRF

J SoC SIP
e SoC S9SP
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RF

RF AMS

RF AMS RF

i
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