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–– What do people want to buy?What do people want to buy?
ll ElementsElements

–– What pieces do we need? What pieces do we need? 
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We are HERE

Putting things in context:  
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We are 
HERE

Wireless  
Business
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We are 
HERE

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

We are HERE

Wireless Ethernet Compatibility Alliance (WECA) àWiFi
WiMAX, 75Mb/sec; 105 feet (802.11)à 10miles (802.16)
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The National Telecommunications and Information 
Administration (NTIA) Frequency Assignment Chart

We are HERE

FCC 1985 (NCR, Apple, SBL), 1990 Vic Hayes (NCR), 1997 802.11b, 
1999 Apple iBook, then Flickenger (SF) Townsend (NY); 2002 Intel Centrino
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RADIO GAMMA-RAYS

1.5 GHz ISM 2.4 GHz

We are HERE

Caregroup, MA



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 1010
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What are the critical blocks? What are the critical blocks? 

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

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

BasebandBaseband/analog requires:/analog requires:
Optimized small signal parametersOptimized small signal parameters

PA requires:PA requires:
High Ft and BVHigh Ft and BV

LNA section requires:LNA section requires:
Low noise components, Low noise components, 
Noise/cross talk immunityNoise/cross talk immunity[20]

[21]

Nerds love WiFi design :-)
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LET’S SEE, I’VE 
GOT MY PDA, 
LAPTOP, PALM 
COMPUTER …

YES, I’D SAY I’M 
THE ENVY OF 
ENGINEERS 

EVERYWHERE!!!!

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…

The problem of “feature creep” The problem of “feature creep” 
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Strategy for “feature creep” Strategy for “feature creep” 

KISS
(Keep it SIMPLE, STUPID!)(Keep it SIMPLE, STUPID!)
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VHS differential
RF power amp
Low-noise amp
Mixer
Op amp
Limiting amp
Switch cap filter
ADC/DAC
Bandgap ref
MUX/DeMUX
VCO

Matching Circuit Needs to Device TypeMatching Circuit Needs to Device Type
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Logic and analog MOS are the foundation for the majority of 
critical communications circuits
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VHS differential
RF power amp
Low-noise amp
Mixer
Op amp
Limiting amp
Switch cap filter
ADC/DAC
Bandgap ref
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Precision single elements are key to many circuits

Matching Circuit Needs to Device TypeMatching Circuit Needs to Device Type
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VHS differential
RF power amp
Low-noise amp
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 
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OVERVIEW OVERVIEW 
ll ContextContext

–– What do people want to buy?What do people want to buy?
ll ElementsElements

–– What pieces do we need? What pieces do we need? 
ll IntegrationIntegration

–– How do we fit the pieces together?How do we fit the pieces together?

ll SummarySummary



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 1818

Integration ChallengesIntegration Challenges



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 1919

Baseline CMOSBaseline CMOS CommunicationsCommunications

• Shallow Trench Isolation

• CMOS Well Implants

• Spacer Formation
• NSD/PSD

• Silicide & contacts
• Metal 1 - 6 Layers

• High resistivity substrate

• Triple Well (deep n-well)

• SiGe HBT module

• LP CMOS 15Å (1.2V)
• Thin gate and poly 

Tip implants

• MIM Capacitor / TF resistor

• Poly Resistor

• Metal 7

•

• Inductors

• Analog CMOS 50Å (2.5V)

THE CHALLENGES OF INTEGRATIONTHE CHALLENGES OF INTEGRATION
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Deep nwell
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Noise IsolationNoise Isolation

METHODS:

• High resistivity
substrate

• Guard rings
• Deep nwell
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VCCN

S21 = forward transmission gain/loss 
(common RF isolation metric)
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2424--36 36 ΩΩ--cm cm 
5.5 5.5 µµm m epiepi
on p+ (low)on p+ (low)
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Merrill, R.B.; Young, W.M.; Brehmer, K. “Effect of substrate material on 
crosstalk in mixed analog/digital integrated circuits,”   Electron Devices 
Meeting, 1994.
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DNW 
RESIST

~ 5 BITCELLS
HIGH!

~ 2X HEIGHT 
OF ENTIRE

90nm 
BACK-END

Challenges of DNW integrationChallenges of DNW integration
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Baseline CMOSBaseline CMOS CommunicationsCommunications

• Shallow Trench Isolation

• CMOS Well Implants

• Spacer Formation
• NSD/PSD

• Silicide & contacts
• Metal 1 - 6 Layers
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Tip implants
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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.

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.

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

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.

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.

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.

Why so much fuss about PASSIVES?Why so much fuss about PASSIVES?
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K. Kuhn, et al.  IEDM 2002

Challenges of MIM integrationChallenges of MIM integration

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 àinteraction between the tensile Cu and compressive stress from ILD.  Severe hillocks.    

Fix = counterintuitive = increase pre-Cu anneal T
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Challenges of poly resistor integrationChallenges of poly resistor integration



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 3131

InIn--plane and outplane and out--ofof--plane inductorsplane inductors
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Self-assembled
K. Schuylenberg (IEDM’2002)

MT6/MT7

Planar spiral
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HiHi--Q Inductors and substratesQ Inductors and substrates
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Measured versus simulated QMeasured versus simulated Q

Inductor Dimension:
Do = 154 um     W  = 12 um

S   = 1 um          T  = 1.5
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K. Kuhn, et al.  IEDM 2002
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BJTsBJTs versus CMOS?? versus CMOS?? 
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Key Performance MetricsKey Performance Metrics
ll FREQUENCYFREQUENCY

ll NOISENOISE

ll MATCHINGMATCHING

ll ggmm/ID/IDSATSAT

ll LINEARITY (IP3)LINEARITY (IP3)

ll VVA A ((ggDSDS, R, ROUTOUT))



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 3838

Key Performance MetricsKey Performance Metrics
ll FREQUENCYFREQUENCY

ll NOISENOISE

ll MATCHINGMATCHING

ll ggmm/ID/IDSATSAT

ll LINEARITY (IP3)LINEARITY (IP3)

ll VVA A ((ggDSDS, R, ROUTOUT))



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 3939

0

10

20

30

40

50

H
21

an
d 

U
 (

dB
)

1.0 10.0 100.0
FREQUENCY (GHz)

( )( )gdGTSGsd

T

CRfRRg
f

f
π22max ++

=

( )

.).(
1

22
1

1
22

1
 

max

22

satvel
LL

v
ZLC

gf

LL
VV

ZLC
gf

d

ox
mT

TGS

ox
mT

∝=
⋅

⋅=

∝
−

=
⋅

⋅=

ππ

πα
µ

π

fMAX is the unity power 
gain frequency,                          

(metric for amplifiers, 
mixers, VCOs, etc.)

fT is the short circuit 
unity gain frequency, 
(metric for dividers, 

MUXs, etc.)  

ffMAXMAX
ffTT

Physics for MOSFET Physics for MOSFET ffTT and and ffMAXMAX



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 4040

100
80
70
60
50

40

200

300
f T

(G
H

z)
 

C
U

T
-O

F
F

 F
R

E
Q

U
E

N
C

Y

.001
.0006 .0003 

.01
.007 .004 .002 .02 .03 

ID (A)

VDS = 0.3V

VDS = 1.2V

VDS = 0.6V 70 nm x 2.5 µm x 6 
Peak fT at 0.7 VGS:
209 GHz

.0001 .001
.0005 

.01
.006 .003 .02 .03 

ID (A)

100
80
70
60
50

40

200

300

f m
ax

(G
H

z)
 

M
A

X
. O

S
C

. F
R

E
Q

U
E

N
C

Y

VDS = 0.3V

VDS = 1.2V

VDS = 0.6V

fT/fMAX at 70 nm
vs bias

70 nm x 2.5 µm x 6 
Peak fMAX at 0.6 VGS:
252 GHz

Bias behavior is 
due to fT (gm)

Peak Peak ffTT
209 GHz209 GHz

Peak Peak ffMAXMAX
252 GHz252 GHz



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 4141

0

200

400

600

800

1000

1200

1400

1600

0.2 0.4 0.6 0.8 1.0 1.2

VGS [V]

gm
 [m

S
/m

m
]

VDS=0.1V 

VDS=0.2V 

VDS=0.4V 

VDS=0.6V 

VDS=1.2V 

Weak
inversion

Mobility degradation

Simulation of gm vs VGS and VDS

In a MOSFET gm is low for low values of VGS (weak inversion), 
increases with VGS to a  maximum, and then reduces at higher VGS

(carrier mobility degradation)



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 4242

.001
.0006 .0003 

.01
.007 .004 .002 .02 .03 

ID (A)

100
80

60
50

40

200

300
f T

,f
m

ax
(G

H
z)

 

fT

fmax

VDS = 1.2V

Simultaneous peak fT and fMAX at VGS = 0.7V and VDS = 1.2V
70 nm x 2.5µm x 6 device. 

Peak Peak ffTT
209 GHz209 GHz

Simultaneous fT/fMAX at 70 nm at VDS = 1.2V

Peak Peak ffMAXMAX
248 GHz248 GHz



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 4343

( )( )gdGTSGsd

T

CRfRRg
f

f
π22max ++

=

ffMAXMAX at longer channel lengthsat longer channel lengths

fmax is a function of the output 
conductance (gsd) and the gate 
resistance (RG). 

RG and gsd increase significantly 
as the gate length approaches the 
minimum gate length of the 
technology.

à Devices slightly greater in 
length than minimum will 
frequently deliver higher fmax (gsd
and RG improvement 
compensating for fT reduction)
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Key Performance MetricsKey Performance Metrics
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Key Performance MetricsKey Performance Metrics
ll FREQUENCYFREQUENCY

ll NOISENOISE

ll MATCHINGMATCHING

ll ggmm/ID/IDSATSAT

ll LINEARITY (IP3)LINEARITY (IP3)

ll VVA A ((ggDSDS, R, ROUTOUT))
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Key Performance MetricsKey Performance Metrics
ll FREQUENCYFREQUENCY

ll NOISENOISE

ll MATCHINGMATCHING

ll ggmm/ID/IDSATSAT

ll LINEARITY (IP3)LINEARITY (IP3)

ll VVA A ((ggDSDS, R, ROUTOUT))



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 5454

10

1 5 10 15 20
1/L (µm-1)

20

30

40
gm

/ID
S

A
T 

(V
-1

) 38 V-1
gm/Idsat
for BJTs

0.2

0.4

0.6

0.8

1.0

1.2

0 5 10 15 20

1/FCCD [µm −1]

N
o

rm
al

iz
ed

 g
m

/Id
sa

t

Short 
devices

Long 
devices

Peak occurs 
around 0.1 µm

SIMULATION

MEASURED

gm/IDSAT
Simulated and 

measured

à In 1973, Johnson 
demonstrated that the 
maximum (gm/IX) for a 
diffusion current limited 
device is q/kT.  

à gm/IDS for NMOS devices 
approaches, but does not yet 
equal the BJT q/kT=38V-1

à Note that the optimal
gm/IDS is not at the minimum 
channel length.  

VGS=0.26V 

VGS=0.42V 

VGS=0.5V 

VGS=0.35V 



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 5555

Key Performance MetricsKey Performance Metrics
ll FREQUENCYFREQUENCY

ll NOISENOISE

ll MATCHINGMATCHING

ll ggmm/ID/IDSATSAT

ll LINEARITY (IP3)LINEARITY (IP3)

ll VVA A ((ggDSDS, R, ROUTOUT))
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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.
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Key Performance MetricsKey Performance Metrics
ll FREQUENCYFREQUENCY

ll NOISENOISE

ll MATCHINGMATCHING

ll ggmm/ID/IDSATSAT

ll LINEARITY (IP3)LINEARITY (IP3)

ll VVA A ((ggDSDS, R, ROUTOUT))



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 5858

Thompson, S.; et al.; IEDM '02. 
Bohr, M.; et al; IEDM ‘94. 

CMOS Early Voltage, the impact of scaling
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SUMMARYSUMMARY
ll FREQUENCYFREQUENCY

–– Demonstrated RF NMOS devices at 209/252 GHz Demonstrated RF NMOS devices at 209/252 GHz ffTT/f/fMAXMAX

–– Demonstrated RF NMOSDemonstrated RF NMOS ffMAXMAX at 277 GHz at increased at 277 GHz at increased LgateLgate
–– Comparable to all but the very highest performance Comparable to all but the very highest performance SiGeSiGe BJT BJT 

ll NOISENOISE
–– Demonstrated <1dB Demonstrated <1dB 
–– Comparable to Comparable to SiGeSiGe BJTsBJTs

ll MATCHINGMATCHING
–– Equivalent/better to Equivalent/better to SiGeSiGe BJTsBJTs

ll ggmm/ID/IDSATSAT
–– Less than Less than BJT’sBJT’s ideal ideal q/KT q/KT 
–– Can be optimized by proper device targetingCan be optimized by proper device targeting

ll LINEARITY (IP3)LINEARITY (IP3)
–– Equivalent/better to HBT Equivalent/better to HBT BJTsBJTs

ll VVA A ((ggDSDS, R, ROUTOUT))
–– Short channel effects prevent equivalent performance to Short channel effects prevent equivalent performance to BJTsBJTs
–– Can be optimized by process changesCan be optimized by process changes
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OVERVIEW OVERVIEW 
ll ContextContext

–– What do people want to buy?What do people want to buy?
ll ElementsElements

–– What pieces do we need? What pieces do we need? 
ll IntegrationIntegration

–– How do we fit the pieces together?How do we fit the pieces together?

ll SummarySummary
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ll WiWi--FiFi is like the Internet itself, reenacting the is like the Internet itself, reenacting the 
bottomsbottoms--up process that surprised people so much up process that surprised people so much 
---- Nicholas Negroponte  (Professor, MIT)Nicholas Negroponte  (Professor, MIT)

ll [We need to] “take [We need to] “take WiWi--FiFi from a wireless rogue from a wireless rogue 
activity to an industrialactivity to an industrial--strength solution that strength solution that 
corporations can bet on"                                        corporations can bet on"                                        
---- Anand Anand ChandrasekherChandrasekher (vice(vice--president for the president for the 
mobilemobile--platforms group at Intel)platforms group at Intel)

ll “The next job is to establish “The next job is to establish WiWi--FiFi as a global as a global 
mainstay, and Intel is responding, naturally, with a mainstay, and Intel is responding, naturally, with a 
chip. The chip. The CentrinoCentrino family of chips, released in family of chips, released in 
March with a $300 million media campaign, March with a $300 million media campaign, 
embeds a embeds a WiWi--FiFi receptor into the innards of a receptor into the innards of a 
laptop computer.”                                               laptop computer.”                                               
---- Heather Green, Business WeekHeather Green, Business Week

ll WiWi--FiFi looks obvious now, but there were other looks obvious now, but there were other 
competing technologies before. We invested in all competing technologies before. We invested in all 
of them. As soon as we saw of them. As soon as we saw WiWi--FiFi was winning, our was winning, our 
resources shifted. But I think resources shifted. But I think WiWi--FiFi is going to win is going to win 
long term, too, [in laptops and long term, too, [in laptops and PDAsPDAs]                              ]                              
–– Jim Johnson, general manager for the wireless Jim Johnson, general manager for the wireless 
networking group at Intel)networking group at Intel)
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ll So what IS So what IS WiWi--FI anyway?  Short for FI anyway?  Short for wireless fidelitywireless fidelity and is meant and is meant 
to be used generically when referring of any type of to be used generically when referring of any type of 802.11802.11
networknetwork, whether 802.11b, 802.11a, dual, whether 802.11b, 802.11a, dual--band, etc. The term is band, etc. The term is 
promulgated by the promulgated by the WiWi--FiFi AllianceAlliance. This group was formerly known . This group was formerly known 
as the as the Wireless Ethernet Compatibility AllianceWireless Ethernet Compatibility Alliance (WECA) but (WECA) but 
changed its name in October 2002 to better reflect the changed its name in October 2002 to better reflect the WiWi--FiFi brand brand 
it wants to build.it wants to build.

ll WiMAXWiMAX from 802.16 is a standardsfrom 802.16 is a standards--based wireless technology that based wireless technology that 
provides highprovides high--throughput broadband connections over long throughput broadband connections over long 
distances. distances. WiMAXWiMAX can be used for a number of applications, can be used for a number of applications, 
including "last mile" broadband connections, hotspot and cellulaincluding "last mile" broadband connections, hotspot and cellular r 
backhaul, and highbackhaul, and high--speed enterprise connectivity for businesses.  speed enterprise connectivity for businesses.  
Unlike Unlike WiFi'sWiFi's 150150--foot range, foot range, WiMaxWiMax has a reach of one to 10 has a reach of one to 10 
miles, offering a way to bring the Internet to entire communitiemiles, offering a way to bring the Internet to entire communities s 
without having to invest billions of dollars to install phone orwithout having to invest billions of dollars to install phone or cable cable 
networks.   An implementation of the IEEE 802.16 standard, networks.   An implementation of the IEEE 802.16 standard, 
WiMAXWiMAX provides metropolitan area network connectivity at speeds provides metropolitan area network connectivity at speeds 
of up to 75 Mb/sec. of up to 75 Mb/sec. WiMAXWiMAX systems can be used to transmit signal systems can be used to transmit signal 
as far as 30 miles. However, on the average a as far as 30 miles. However, on the average a WiMAXWiMAX basebase--
station installation will likely cover between three to five milstation installation will likely cover between three to five miles.es.

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

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

The race was on. In cities worldwide, tech geeks began setting uThe race was on. In cities worldwide, tech geeks began setting up wireless p wireless 
networks. Led by pioneers such as Rob networks. Led by pioneers such as Rob FlickengerFlickenger in San Francisco and in San Francisco and 
Anthony Townsend in New York, these techies jerryAnthony Townsend in New York, these techies jerry--built Linuxbuilt Linux--based hot based hot 
spots and cheap alternatives to expensive gear. Famously, they ispots and cheap alternatives to expensive gear. Famously, they improvised mprovised 
antennas using empty Pringles cans. And in the 21st century equiantennas using empty Pringles cans. And in the 21st century equivalent of valent of 
barnbarn--raisings, they united to link neighbors to the growing communityraisings, they united to link neighbors to the growing community
networks. Says Townsend, who conetworks. Says Townsend, who co--founded founded NYCwirelessNYCwireless in 2000 with in 2000 with 
Terry Schmidt: "Our model of Terry Schmidt: "Our model of WiWi--FiFi is if you charge people to use it, it's not is if you charge people to use it, it's not 
useful." Now the pair runs a business that builds community netwuseful." Now the pair runs a business that builds community networks.orks.



PhD Fellowship ForumPhD Fellowship Forum -- 20042004 7272

ll Any products tested and approved as "Any products tested and approved as "WiWi--FiFi Certified" (a Certified" (a 
registered trademark) by the registered trademark) by the WiWi--FiFi Alliance are certified as Alliance are certified as 
interoperable with each other, even if they are from different interoperable with each other, even if they are from different 
manufacturers. A user with a "manufacturers. A user with a "WiWi--FiFi Certified" product can use any Certified" product can use any 
brand of brand of access pointaccess point with any other brand of client with any other brand of client hardwarehardware that that 
also is certified. Typically, however, any also is certified. Typically, however, any WiWi--FiFi product using the product using the 
same same radio frequencyradio frequency (for example, 2.4GHz for 802.11b or 11g, (for example, 2.4GHz for 802.11b or 11g, 
5GHz for 802.11a) will work with any other, even if not "5GHz for 802.11a) will work with any other, even if not "WiWi--FiFi
Certified."  While all 802.11a/b/g products are called Certified."  While all 802.11a/b/g products are called WiWi--FiFi, only , only 
products that have passed the products that have passed the WiWi--FiFi Alliance testing are allowed to Alliance testing are allowed to 
refer to their products as "refer to their products as "WiWi--FiFi Certified" (a registered trademark). Certified" (a registered trademark). 
Products that pass are required to carry an identifying seal on Products that pass are required to carry an identifying seal on their their 
packaging that states "packaging that states "WiWi--FiFi Certified" and indicates the Certified" and indicates the radio radio 
frequencyfrequency band used (2.5GHz for 802.11b or 11g, 5GHz for band used (2.5GHz for 802.11b or 11g, 5GHz for 
802.11a) 802.11a) 
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ll While While WiWi--FiFi Nation was taking shape in the streets, a smattering of Nation was taking shape in the streets, a smattering of 
businesses were adapting the new networks to their own needs. Inbusinesses were adapting the new networks to their own needs. In
2000, At 2000, At CareGroupCareGroup Inc. hospitals in Massachusetts, engineers Inc. hospitals in Massachusetts, engineers 
installed wireless systems to connect more than 2,000 doctors aninstalled wireless systems to connect more than 2,000 doctors and d 
nurses to the corporate system. This way, whether they were in nurses to the corporate system. This way, whether they were in 
emergency rooms or intensiveemergency rooms or intensive--care units, they could access care units, they could access 
patient records, add observations to the database, and check on patient records, add observations to the database, and check on 
medicines. "It's costmedicines. "It's cost--effective, and the doctors love it," says Chief effective, and the doctors love it," says Chief 
Information Officer John D. Information Officer John D. HalamkaHalamka, who estimates that the , who estimates that the 
system helps reduce costly medical errors by 50%.system helps reduce costly medical errors by 50%.

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


