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Putting things in context:
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We are
HERE
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The National Telecommunications and Information
Administration (NTIA) Frequency Assignment Chart
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Wireless Ethernet Compatibility Alliance (WECA) = WiFi
WIMAX, 75Mb/sec; 105 feet (802.11)-> 10miles (802.16)



The National Telecommunications and Information
Administration (NTIA) Frequency Assignment Chart
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OVERVIEW

e Elements
— What pieces do we need?
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What are the critical blocks?

RF section requires:
Precise and matched inductors,
capacitors, resistors and varactors

Digital section requires:
Performance and low power logic,
Legacy voltage support

o
=

E- !;,:
fol(m’

Baseband/analog requires:
Optimized small signal parameters

LNA section requires:
Low noise components,
Noise/cross talk immunity

PA requires:
High Ft and BV

Nerds love WiFi design :-)
PhD Fellowship Forum - 2004 11




The problem of “feature creep”

LET'S SEE, I'VE
GOT MY PDA,

LAPTOP, PALM
COMPUTER ...

PhD Fellowship Forum - 2004

I'VE GOT MY HiV and LoV
SiGe HBT, MY Hi and Lo VT
10A, 12A, 15A, 25A, 50A
AND 70A N and PMOS, MY
+/- TC- POLY RESISTORS,
MY VFET..

YES, I'D SAY I'M
THE ENVY OF
ENGINEERS
EVERYWHERE!!!
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Strategy for “feature creep”

KISS

(Keep it SIMPLE, STUPID!)

PhD Fellowship Forum - 2004

13



Matching Circuit Needs to Device Type

Logic MOS
Analog MOS
Precision R
Precision C
-V FET
-V HBT

High-Q L
Varactors
LN BJT
HF BJT
HV BJT

VHS differential
RE power amp
Low-noise amp
Mixer

Op amp
Limiting amp
Switch cap filter
ADC/DAC
Bandgap ref
MUX/DeMUX
VCO

Logic and analog MOS are the foundation for the majority of
critical communications circuits



Matching Circuit Needs to Device Type

Logic MOS

Analog MOS
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Precision single elements are key to many circuits




Matching Circuit Needs to Device Type
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VHS differential

RE power amp

Low-noise amp ? 17

Mixer ?

Op amp

Limiting amp ?

Switch cap filter

ADC/DAC

Bandgap ref ?

MUX/DeMUX

VCO ?

Most circuits have multiple implementation paths,
exploiting redundancy is critical to process simplification



OVERVIEW

e [ntegration
— How do we fit the pieces together?
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Integration Challenges
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THE CHALLENGES OF INTEGRATION

Baseline CMOS Communications

 High resistivity substrate
 Triple Well (deep n-well)

« LP CMOS 15A (1.2V)
« Analog CMOS 50A (2.5V)

e SiGe HBT module

* Poly Resistor

-« « MIM Capacitor / TF resistor
- Mzl 7
19
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 Shallow Trench Isolation

 n

« CMOS Well Implants

* Thin gate and poly
e Tip Implants

o <
e Spacer Formation
*« NSD/PSD

e Silicide & contacts
» Metal 1- 6 Layers
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* Thin gate and poly
e Tip Implants

o <
e Spacer Formation
*« NSD/PSD

e Silicide & contacts
» Metal 1- 6 Layers




Noise Isolation

METHODS:

e High resistivity
substrate

e Guard rings

e Deep nwell

VCCN

Y

S21 = forward transmission gain/loss
(common RF isolation metric)
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K. Kuhn, et al. IEDM 2002
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Substrates: Latch-up, P- versus P+ epl

= 80 13
O

T = 70T % tu
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30 .' | 5

24-36 Weem  24-36 Wiem 25-45 WEem

5.5 nm epi

10 nm epi

Non-epi

on p+ (low) on p+ (med) (high)

Merrill, R.B.: Younqg, W.M.: Brehmer, K. “Effect of substrate material on

crosstalk in mixed analog/digital integrated circuits,” Electron Devices

Meeting, 1994.
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LATCH-UP
OVERVOLTAGE

GOOD —>»
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Challenges of DNW integration

DNW
RESIST

~ 5 BITCELLS
HIGH!

~ 2X HEIGHT

OF ENTIRE
90Nm

BACK-END

B I M5
R

| | WM
¥ M2

FE g Ml
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THE CHALLENGES OF INTEGRATION

Baseline CMOS Communications

 High resistivity substrate
 Triple Well (deep n-well)

« LP CMOS 15A (1.2V)
« Analog CMOS 50A (2.5V)

e SiGe HBT module

* Poly Resistor

-« « MIM Capacitor / TF resistor
- Mzl 7
24
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« CMOS Well Implants

* Thin gate and poly
e Tip Implants

o <
e Spacer Formation
*« NSD/PSD

e Silicide & contacts
» Metal 1- 6 Layers




THE CHALLENGES OF INTEGRATION

Baseline CMOS Communications
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Why so much fuss about PASSIVES?

In the digital design world, performance is typically
not determined by passive design elements ...
However, in analog/mixed-signal design,
performance is ultimately limited by the accuracy of
the passive components in the technology.

Allstot, D.J., and Black, Jr., W.C., "Technology Design considerations for monolithic MOS switched-
capacitor filtering systems," Proceedings IEEE, Vol. 71, pp. 967-986, August 1983.

Wikner, J.J., and Tan, N., "Influence of circuit imperfections on the performance of DACs," Analog
Integrated Circuits Signal Processing, Vol. 18, pp. 7-20, 1999.

McCreary, J.L., "Matching properties and voltage and temperature dependence of MOS capacitors,"
IEEE J. Solid-State Circuits, Vol. SC-16, pp. 608-616, June 1981.

Ulrich, R.K., "Getting Aggressive with Passive Devices," IEEE Circuits and Devices, Sept. 2000, pp.
17-25.

Lee, T.H., and Wong, S.S., "CMOS RF Integrated Circuits at 5GHz and Beyond," Proceedings of the
IEEE, Vol. 88, No. 10, October 2000.
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MIM Capacitor
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MIM Resistor
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Challenges of MIM integration

OLD Process >
\ 4

99.9%
99%

Qbd (C/cm2)
90%

5006 V < New Process
10% /

Cum Prob %

ht | F
k-

0 [
1% A=5.2k um? A=26k um?2 A=130k um?2

0.1%
1.E-07 1.E-06 1.E-05 1.E-04

MIM CAP LEAKAGE AT HIGH BIAS [A]

Cu pre-stress T > later T, Cu-CMP will relax the stress by removing bulk continuous Cu. Low hillocks.
Cu pre-stress T < later T > interaction between the tensile Cu and compressive stress from ILD. Severe hillocks.
Fix = counterintuitive = increase pre-Cu anneal T



Challenges of poly resistor integration
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In-plane and out-of-plane inductors

MTG6/MT7 - '
Self-assembled

PhD Fellowship Forum - 2004 K. Schuylenberg (IEDM’2002)



Hi-Q Inductors and substrates

30
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20
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5

0
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50 ohm-cm 50 ohm-cm
J w/o parasitic with parasitic
control control
P+epi x .
w/o parasitic ~ P+epi
control ‘ with parasitic
\ s control
a L 3
A b4
H
i
% x;.r
1 1 10 100

FREQUENCY (GHz)

K. Kuhn, et al. IEDM 2002
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Measured versus simulated Q

Inductor Dimension:
Do=154um W =12 um
T =15

S =1um

PhD Fellowship Forum - 2004

Simulated

Measured

1GHz 10 GHz
FREQUENCY

K. Kuhn, et al. IEDM 2002 33




THE CHALLENGES OF INTEGRATION

Baseline CMOS Communications

 High resistivity substrate
 Triple Well (deep n-well)

« LP CMOS 15A (1.2V)
« Analog CMOS 50A (2.5V)

e SiGe HBT module

* Poly Resistor

-« « MIM Capacitor / TF resistor
- Mzl 7
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« CMOS Well Implants

* Thin gate and poly
e Tip Implants

o <
e Spacer Formation
*« NSD/PSD

e Silicide & contacts
» Metal 1- 6 Layers
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BJTs versus CMOS??

PhD Fellowship Forum - 2004
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Key Performance Metrics

FREQUENCY
NOISE
MATCHING

Om/1Dgat
LINEARITY (IP3)

VA (9ps: Rour)
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Key Performance Metrics

FREQUENCY

PhD Fellowship Forum - 2004
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Physics for MOSFET f- and f,,,«

fr 1s the short circuit
unity gain frequency,
(metric for dividers,
MUXs, etc.)

fuax 1S the unity power
gain frequency,
(metric for amplifiers,
mixers, VCOs, etc.)

P Tmax

H,, and U (dB)
(8
-
|

1.0 10.0  100.0
FREQUENCY (GHz)

f

— VGS'VT)
20C XL  2pal?

fT Zg X— :‘Vdmax‘

pC ZL 2L

1
fr=0n U —

e S Mlou(R +R)* 21, R.C..)
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fr/fyax @t 70 nm
VS bias

/0NnNMmMx2.5mMm x 6
Peak f; at 0.7 V!
209 GHz

0nNnmMx2.5mM x 6
Peak f,,, at 0.6 Vg
252 GHz

Bias behavior is
dueto f; (g,,)

40




Simulation of g,, vS Vgg and Vg

1600 T Mobility degradation
g V=1.2V
1400 | S N\

1200 £ Weak
1000 £ inversion

=0.6V

Vo=0.4v AT

gm [mS/mm]

800 +
£ A V,s=0.2V
400 {
200 { Voz0av 7T
0 oy
0.2 0.4 0.6 0.8 1.0 .
VGS [V]

In a MOSFET g, is low for low values of Vs (weak inversion),
Increases with V s to a maximum, and then reduces at higher Vg
(carrier mobility degradation)

PhD Fellowship Forum - 2004 41



Simultaneous f/f,,,x at 70 nm at V¢ = 1.2V

Peak f,,,x
300 - fmax 248 GHz
N 200 - S >< 9& R
L
9 X Peak f-
é 100 V\ 209 GHz
— 80
- 60:
50 - Vps = 1.2V
40 FVUTTT | TV UTTT | 1
.0003 .0006 .002 .004 .007 .02.03
.001 .01

p (A)
Simultaneous peak f; and fy,x at Vg = 0.7V and Vg = 1.2V

/0 nm x 2.5mm x 6 device.
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fyax @t longer channel lengths

f

f = L
"™ 2[94(Rs +R)+ 21R.C,,

PhD Fellowship Forum - 2004

f . 1S @function of the output
conductance (g.,) and the gate
resistance (Ry).

R; and g4 Increase significantly
as the gate length approaches the
minimum gate length of the
technology.

- Devices slightly greater in
length than minimum will
frequently deliver higher f__. (0.4
and R; improvement
compensating for f; reduction)

43



Simultaneous f./f,,,x at 80 nm at V¢ = 1.2V

Peak f,,,y 277 GHz at 80 nm
(248 GHz at 70 nm)

i 4
30071 1., o-ooo.,
‘ D ......
— 200 - o o =
(1_5 X"‘X y\'><
\; 100 X’ Pea(kzg‘;s.9 1G6|—6| Glt-|$ glt 80)nm
© % Z a nm
80 T
"—% 60 ] N fr
‘-I—l_ 50 T X
40 - Vps = 1.2V
I I T 10111 \| \ I T 11 III| I I
.0005 .003 .006 .02.03
.0001 .001 .01
b (A)

Simultaneous peak f; and f,x at Vg = 0.8V and Vg = 1.2V
/0 nm X 2.5mm X 6 device.



fr and fy,,: CMOS vs BJT

90nm bulk CMOS

> 350 This work High performance
O SiGe BJT
< 300 k. ................. 120 nm node
2 | BJT literature o
~ © 4 1301800m />‘..
I
o £ 200 - .f g @B
. v ®e o ®
s O 150 - N<e— 9 g | :
— 8 ool Bulk CMOS literature
><_ 100 - :.’ : (T 130/90nm
<§E 504 @ B <7 sol cMOs literature
e 130/90nm
O I 1 I
0) 100 200 5{0[0) 400
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Key Performance Metrics

NOISE

PhD Fellowship Forum - 2004
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Broadband Noise

Noise Figure

4rn |Gs - Gopt |2
T IGP) I+ Gy

Minimum Noise Figure
(Fukai equation)

F=F_ +

F . —1+K: 0. (R; +

Minimum Noise Figure
for a MOSFET
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Minimum Noise Figure vs L

71 Le=1.0 M L. =0.6 nm

I:min (dB)

MINIMUM NOISE FIGURE
O N W » O0O1 OO N ©

0] 5 10 15 20
FREQUENCY (GHz)
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Minimum Noise Figure: CMOS vs BJT

n 4

% 180 nm node

0 CMOS

T 9 \
= LW 0.18 SiGe BJT
- D Ref. [6] This work

£ CZ) 27 130 nm node 90 grl\r/}g;)de

e = CMOS Ref. [7]

5 - N /

= 2 =

= -2 ] 0.12 SiGe BJT

O T T T Ref. [5]
0) 5 10 15 20

FREQUENCY (GH?z)
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Minimum Noise Figure: CMOS vs BJT

_.
LL :
% 1.4 -
SiGe BJT
(_D 1.2 - 10GHz [8]
LL O
— 1.0
m W / This work
S 2 0.8 - NMOS 5GHz
- O
E < 06 -
L =
% 0.4 - SiGe BJT
= 02 - 3GHz [8]
=
O | |
0) 10 20 {0

o or I (MA)
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Key Performance Metrics

MATCHING

PhD Fellowship Forum - 2004
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IS

E

\n\., MATCHING
© 10 £ CMOS vs BJT
© O 2 : :
’BT | 0.18mm 130nm 90nm
8 8 1 Technology Node 0o
= 5 i"
© _-
8 1 Bipolar [9] PR | < (DV )H TOXW
I A T AT
- 5. / m-~_ 90nm bulk CMOS

| L= (This work)
o 12

0 2 4 6 8 10
1/Sgrt (WL) um-
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Key Performance Metrics

Om/1Dgat

PhD Fellowship Forum - 2004

53



40_ llllllllllll —_—

30 1 Ves=0.26V -K
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SIMULATION
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1/L (mm-1)

1.2 T Peak occurs Short
= around 0.1 mMm deviiess
L 107 L ﬂjlu\ll'lﬂl
E - /.%:: == j“m’ -

B _ = g | T N
= 08T /!/ oy,
S B J
= S \
3 I
e 06%% Mo y
o mr Long S~=r
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- MEASURED
0.2 T s
0] 5 10 15 20

PhD Fellowship Foru%F%'BJ“m &

Om/IDsat

Simulated and
measured

- In 1973, Johnson
demonstrated that the
maximum (g/ly) for a
diffusion current limited
device is g/kT.

-2 0,//lps for NMOS devices
approaches, but does not yet
equal the BJT g/kT=38V!

- Note that the optimal
d./lps IS NOt at the minimum
channel length.
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Key Performance Metrics

LINEARITY (IP3)

PhD Fellowship Forum - 2004
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Linearity (IP3): CMOS vs BJT

30
25
20
15
10
S
0

IP3 (dBm)

This work
90 nm node
CMOS
(2 & 5 GHz)

GaAs HBT BJT

N

Ref. [10]

N

A Ao
A

.k N

) INGaP HBT BJT
| Ref. [11]

A
100 300 500 700

ID or IC (mA/um)

Recall that input IP3 is the input amplitude at which the first and third output harmonics
are matched. Output IP3 is the same thing, referenced to the output.



Key Performance Metrics

VA (9ps: Rour)

PhD Fellowship Forum - 2004
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CMOS Early Voltage, the impact of scaling

- Tox = 6nm,
rox=7m. — PMOS FNMOS lecots  PMOS [ NMOS
8 —~ Lg =0.41um 0.6 E Em—OSS 0.6 Vg=2.5V
m % Z=20um Vg:28V E u%_ :
~ < = =
(@) g Vg=2.3V e |22 Vg=2.0v
s Vg=1.8V 8
I| = | Va ~ 30 volts
Vg=1.3V i o
LO [ vo=-nov | | | | | |
-30 -20 -1.0 1.0 2.0 3.0 -2.0 -1.0 1.0 2.0
Vs (Volts) Vs (Volts)
. p— Vg=1.4Vv
& lome meonm 12T Vg=1.av Loate =60nm 1.2
M . 1.0 T —
o E -
El 0.8 T 5
< E 06 E
ﬂ A 0.4 1 A

-14 -10 -06 -02 02 06 10 14 -14 -10 -06 -02 02 06 10 14
Vs (volts) Vps (volts)

Thompson, S.; et al.; IEDM '02.
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Rout
VT+200mV, Vds=1.1V

Vgs=

D —
Il

Pocket implants

for improvement

of short channel
effects (SCE)

D —

1 E+07 T No Pocket
' - implant
i J
| Source side
1 E+06 + pocket implant
/.
1 —
1.E+05 ; "
1 E+04 1 Conventional
' : pocket implants
9 (source & drain)
§
1.E+03 — —
0 0.1 0.2

Gate Length [um]
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SUMMARY

e FREQUENCY
— Demonstrated RF NMOS devices at 209/252 GHz fr/fuax
— Demonstrated RF NMOS fuax at 277 GHz at increased Lgate
— Comparable to all but the very highest performance SiGe BJT

e NOISE

— Demonstrated <1dB
— Comparable to SiGe BJTs

e MATCHING
— Equivalent/better to SiGe BJTs
® 0,/IDgpr

— Less than BJT's ideal /KT
— Can be optimized by proper device targeting

e LINEARITY (IP3)
— Equivalent/better to HBT BJTs

® V,(9ps: Rour)
— Short channel effects prevent equivalent performance to BJTs

— Can be optimized by process changes
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OVERVIEW

® Context
— What do people want to buy?
® Elements
— What pieces do we need?
® Integration
— How do we fit the pieces together?
e Summary
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Public
Internet
Project.org’

pEcan ik pons

Wi-Fi is like the Internet itself, reenacting the
bottoms-up process that surprised people so much
-- Nicholas Negroponte (Protessor, MIT)

[We need to] “take Wi-Fi from a wireless rogue
activity to an industrial-strength solution that

10/21/2004 10:31:20 AM

Wireless Intermet Access in 16764 Wi-Fi Hotspots

Wireless Internet Access List, WiFi HotSpots in United States

Alabama, Alaska, Arizona, Arkansas, California, Colorado, Connecticut, DC, Delaware, Florida, Geaorgia, Guarm,
Hamwvaii, Idaho, lllinais, Indiana, lowa, Kansas, Kentucky, Louisiana, Maine, Mandand, Massachusetts, Michigan,
Minnesota, Mississippi, Missour, Montana, Mebraska, Mevada, Mew Hampshire, Mew Jersey, Mew Mexico, Mew
York, Morth Carolina, Moth Dakota, Ohio, Oklahoma, Oregon, Pennsylvania, Puerto Rico, Rhode 1sland, South
Crakota, Tennessee, Texas, Litakh, Wermont, Yirginia, Virgin 1slands, Washington, West Virginia, Wisconsin,

PhD Fellowship Forum - 2004

aptop computer.”
-- Heather Green, Business Week

Wi-Fi looks obvious now, but there were other
competing technologies before. We invested in all
of them. As soon as we saw Wi-Fi was winning, our
resources shifted. But | think Wi-Fi is going to win
long term, too, [in laptops and PDAS]

—Jim Johnson, general manager for the wireless
networking group at Intel)
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e So what IS Wi-FI anyway? Short for wireless fidelity and is meant
to be used generically when referring of any type of 802.11
network, whether 802.11b, 802.11a, dual-band, etc. The term is
promulgated by the Wi-Fi Alliance. This g?r_oup was formerly known
as the Wireless Ethernet Compatibility Alliance (WECA) but
changed its name in October 2002 to better reflect the Wi-Fi brand
It wants to build.

e WIMAX from 802.16 is a standards-based wireless technology that
provides high-throughput broadband connections over long
distances. WiIMAX can be used for a number of applications,
Including "last mile" broadband connections, hotspot and cellular
backhaul, and hl((j:;h-speed enterprise connectivity for businesses.
Unlike WiFi's 150-foot range, WiMax has a reach of one to 10
miles, offering a way to bring the Internet to entire communities
without having to invest billions of dollars to install phone or cable
networks. An implementation of the IEEE 802.16 standard,
WIMAX provides metropolitan area network connectivity at speeds
of up to 75 Mb/sec. WIMAX systems can be used to transmit signal
as far as 30 miles. However, on the average a WIMAX base-
station installation will likely cover between three to five miles.

e Formerly, the term "Wi-Fi" was used only in place of the 2.4GHz
802.11b standard, in the same way that "Ethernet" is used in place
of IEEE 802.3. The Alliance expanded the generic use of the term
In an attempt to stop confusion about wireless LAN interoperability.
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e In its infancy, long before Wi-Fi took shape, the radio technology belonged
to businesses. The year was 1985. The Federal Communications
Commission had opened up slivers of the radio spectrum for _
experimentation. Researchers at a vanguard of companies, including NCR
(NCR ), Symbol Technologies (SBL ), and Apple Computer (AAPL ), started
building wireless networks. Their goal was to link everything from cash
registers to auto assembly lines. But momentum slowed in the late '80s as
the companies developed systems that didn't work together.

An NCR Corp. scientist named Vic Hayes stepped into the mess in 1990.
Hayes led the movement toward a standard. It was a long and combative
process, but in 1997, it led to the release of 802.11b, now known as Wi-Fi,
or Wireless Fidelity. Two years later, Apple kick-started the market by
adding Wi-Fi to its iBook portables for the then-stunningly low price of $99.

The race was on. In cities worldwide, tech geeks began setting up wireless
networks. Led by pioneers such as Rob Flickenger in San Francisco and
Anthony Townsend in New York, these techies jerry-built Linux-based hot
spots and cheap alternatives to expensive gear. Famously, they improvised
antennas using empty Pringles cans. And in the 21st century equivalent of
barn-ralsmsqs, they united to link neighbors to the growing community
networks. Says Townsend, who co-founded NYCwireless in 2000 with

Terry Schmidt: "Our model of Wi-Fi is if you charge people to use it, it's not
useful." Now the pair runs a business that builds community networks.
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e Any products tested and approved as "Wi-Fi Certified" (a
registered trademark) by the Wi-Fi Alliance are certified as
Interoperable with each other, even if they are from different
manufacturers. A user with a "Wi-Fi Certified" product can use any
brand of access point with any other brand of client hardware that
also is certified. Typically, however, any Wi-Fi product using the
same radio frequency (for example, 2.4GHz for 802.11b or 119,
5GHz for 802.11a) will work with any other, even if not "Wi-Fi
Certified." While all 802.11a/b/g products are called Wi-Fi, only
products that have passed the Wi-Fi Alliance testing are allowed to
refer to their products as "Wi-Fi Certified" (a registered trademark).
Products that pass are required to carry an identifying seal on their
packaging that states "Wi-Fi Certified" and indicates the radio
frequency band used (2.5GHz for 802.11b or 11g, 5GHz for
802.11a)
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e While Wi-Fi Nation was taking shape in the streets, a smattering of
businesses were adapting the new networks to their own needs. In
2000, At CareGroup Inc. hospitals in Massachusetts, engineers
Installed wireless systems to connect more than 2,000 doctors and
nurses to the corporate system. This way, whether they were in
emergency rooms or intensive-care units, they could access
patient records, add observations to the database, and check on
medicines. "It's cost-effective, and the doctors love it," says Chief
Information Officer John D. Halamka, who estimates that the
system helps reduce costly medical errors by 50%.

Early on, entrepreneurs saw céloportunity In the burgeoning Wi-Fi
community. Sky Dayton, founder of Internet service Earthlink Inc.,
believed that if anyone could unite the ragtag collection of hot
spots and network communities into a secure nationwide network,
there was a fortune to be made. In 2001, he founded Boingo
Wireless Inc. The idea was to certify networks everywhere as
Boingo providers. Then, when subscribers paying up to $50 a
month turned on their laptops and saw a Boingo connection, they'd
log in. Boingo, based in Santa Monica, Calif., and local providers
would split the take.
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