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Outline

e CMOS SOI 65nm for upcoming WPAN chip sets.

 Modeling for mmWave circuit design
— Passive modeling using 3D EM solver
— Active modeling

e 60 GHz circuit design
— LNA
— VCO
— Divider
— Further work
e Conclusion
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WPAN Application

By the year 2010, a data speed of 10 Ghit/s is
expected, driven by the increasing memory capacity
In mobile devices.

« WPAN — Wireless Personal Area Network

__* First application : Fast Data Synchronisation
=% — One application is the “immediate” synchronization of a
2 mobile terminal or iPod”

— 10Ghit/s and short range of up to 1 meter

o Second application : Wireless Entertainment and
Displays
@ — High-definition displays (High-Definition Multi-media
.. o\e5° Interface/HDMI 1080p HD)
we — 5 Gbhit/s and a coverage range of up to 10 m.
— Uncompressed video transmission
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WPAN Application

» Typical Residential Application of WPAN

BS/CS/Digital Terrestrial Analog Signal Freedom to locate anywhere
Digitally Stored TV Program (Compressed) S— §

Digtally Stored TV Program (Compressed)  Base Station ... — ;

HD Uncompressed Digital Stream on the ceiling s

Internet Access & Backbone

T

TV Monitor

Internet -y

No penetration through walls
(High Security)

e
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60 GHz for WPAN Application

7 GHz unlicensed bandwidth around 60GHz
worldwide

Frequency (GHz)

— Australia 59.4-62.9 GHz S S TR SN S SR N
— Canada & USA 57-64 GHz "l _ = —
— Japan 59-66 GHz hp B =

Europe [ 57 66 |

— Europe 57-66 GHz
Few regulatory specifications

Simple modulation scheme for Giga-Bit data
rates

Compact Antennas enable an integrated
antenna solution
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CMOS SOI 65nm for MMIC Design

depletion
region

e SOI Silicon On Insulator

e Benefits

— Low cost and integration in advanced baseband processing
compared to other technologies such as GaAs, InP, SiGe
BICMOS

— Low substrate coupling compared to CMOS Bulk

— Lower Losses for CPW on SOl
e 0.6dB/mm @60GHz HR SOI substrate (1-3 k .cm
o 2.5dB/mm @60GHz CMOS grade substrate (15 .cm)

 Drawbacks
— More expensive than bulk CMOS
— Lack of accurate models, design kits etc

p-substrate silicon substrate
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MMWave design challenges

60 GHz is challenging for CMOS Device Performance

TR

— As freq Available Gain and Power , NF |

Accurate interconnect and passive device models
required to characterise loss, Q...

Unexpected parasitic effects e.g. cross-talk through
substrate.

Chip interconnect issues — flip chip, bond wire etc

PaC kag I ng TG21 indB vs. Frequency [c.omo
l 8.00] S — TG21
Measurement! ;
6.00
S Name X Y
2400 ml | 10.0000 | 8.4754
1 m2 60.0000 | 3.4374 2
2.00
OIO%'lO Il'rgguency in GHz [(15?-;9? 100.00
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CPW for interconnection

« Coplanar Waveguide (CPW) can be realised on HR
Silicon substrates to make standard passive RF building
blocks such as couplers, filters etc

« CPW Advantages: i_

— uniplanar, low dispersion, high isolation
— Zo controlled by W/G — optimize for loss, application etc

« CPW Disadvantages:

— Typically less compact than Microstrip

— Requires underpass connections at discontinuities to suppress
parasitic slot mode. |

— Fewer Design Kits available
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Passive Modeling
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(@ SUCCESS ool nets
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Passive Component Library Building Flow

. 3D EM modeling and validation -

e Electrical model creation «
e Building model card in Spectre format

« Passive component creation for Nexxim
— Cadence ADE sncton
— Ansoft Designer with HFSS Dynamiclink weian

S2=5um

CPW_T Junction

S3=5um

« Passive component library validation

CPW_Bend o —

Varactor VCO

area=18 oum .
TempK=290
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3D EM modeling

Stackup simplification for 3D EM simulation

CMOS Back-end

Equivalent Back-end for
3D simulations

Al

Multi dielectric
layers
SiO,/Si;N,

STI
BOX

Diel3

Passivation

Diell
BOX

—¢

Si
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CPW transmission lines 3D EM modeling

M6+Al

M1-M6+Al

Full 3D Simulation in HFSS as a function of W, G, stackup and
frequency (1GHz to 110 GHz)

Extraction of

‘ [ As a function of
Zc (Re & Im) ! W
Propagation constant (Re & Im) G
~ Frequency
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APPLICATION WDHHSI—EGF‘S FOR HIGH-PERFORMANCE ELECTRONIC DESIGN




CPW Performance vs Geometry

HFSS can be used to extract CPW performance as a function of various
parameters such as line width, gap, stackup arrangement etc.

Enables the circuit designer to quickly identify suitable line geometries.

Examples below of loss and Zc as function of stackup and line geometry.
 M1-M6AI = Full stackup for CPW central line, M6-Al = only M6-Al for CPW Central Line

Zc vs Gap (um)

29:“‘

70

60

40]

30

W=12pm M6-Al

N

W=12pm M1-M6-Al

T T T T T T T T T T T T T T U T T T T T
6 8 10 12 14 16 18 20 22 24 26
Gap (um)
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CPW Loss (dB/mm) vs Zc

alpha (dB/mm)
e = = = = = e et g
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@

e
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e
N

1 W=12um M6-Al

W=12pm M1-M6-Al

DESIGN
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Real(Zc)
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CPW Modeling
CPW electrical modelling for CAD tools

3D EM simulations CAD tools implementation
<j 2>
Implementation ABCD matrix description:
VN _cosfig)  Zsinhgt) Rl A(Z)=MG" +MG" + Mo f " + M F™ <
c D ¥ sinhd) cosHg) ,7Zc N
e . \
/ A(Zc)= Ny f™ - Ny \
. I |
< (i2) =4KTA(%) \ b =Cﬁ Eet !
\ 0 /
] « 9 =L fe+LGY +LG+L,
cOr=A(-%3% S :efiKL(lGsz-;ng)f:+K+f+KG //
\ A(D/B) \\~~— 1 5 ’6”/

e o ==

Empirical equations
md (@ FIRST-PASS SYSTEM
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Under-pass Model

Classical structure

L L
I I
Under-pass D-:—': :_:_<
| |
|
Pl T Cu P2
RefI
o‘g O
Evi-veral  ElMe+A  [m I &é\@ Analytical model vs geometry
N
Optimized structure Q’@" o= (\/\/,G) { (e
u
Under-pass l Handy library
UnderPath
W=w
[ M1-M6+Al B vea [ Im1 '?':rpn_ng?fTempK

FIRSF-PASS SYSTEM SUCCESS ceoneta
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@

3D EM Optimization using DSO

-

Progress

CPwW-S0165nm_Underpath. Opt Farametric Analysis on Local Machine - RUNNING
—
Analysis progress: Solved =7 Solving =7 Remaining = 52

]

CPW_BSnm_underpath_dso - CPW-S0I65nm_Underpath_Opt- Setupl: Solving Adaptive Pass #4 on 10.0.0.36-

]

Sending solution file: Setupl.adp

CPWW._BSnm_underpath_dso - CPW-S0165nm_Underpath_Opt- Setup: Sohing Adaptive Pass #3 on 10.0.0.34 -

]

Building matrix

CPW_BEnm_underpath_dso - CPW-B0165nm_Underpath_Opt- Setup]: Solving Adaptive Pass #8 on 10.0.0.37 -

]

Sending solution file: Setupl.evirs_0

CPWwW_BSnm_underpath_dso - CPW-S0I65nm_Underpath_Dpt- Setupl: Solving Adaptive Pass #2 on 10.0.0.43-

Sending solution file: Setupl.adp

CPwW_B5nm_underpath_dsao - CPW-S0165nm_Underpath_Opt - Setup1: Discrete Sweep 'Sweepl!, Step #21 ¢

L H OB

Solving matrix part 1 of 2

CPWw_BEnm_underpath_dso - CPW-E0I6Enm_Underpath_Opt- Setup1: Making Initial Mesh — Completed on

Sending solution file: initial.hyd

CPW_BSnm_underpath_dso - CPW-S0I65nm_Underpath_Opt- Setupl: Adaptive Pass #10- Fefining Mesh on

doing adp refinement

1

Width of underpass (Wu) and central line (W2) swept from to 2-6um and

4.4-12um respectively.

Distributed Solve Option (DSO) run on seven separate computers
1h57min with DSO compared to 11h47min on a single computer

SU CESS ceoreti @ viaes ‘y I
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Optimized Under-pass Simulation

 HFSS Model of four underpass elements in series
o Zc extracted using TRL technique,

« Perturbation due to the under-pass is minimized by reducing the
overlap area of the underpass with the central signal line.

1
Underpasses 55.00 Zc Optimised and Unoptimized for Underpass Structure 2000
Curve Info
—=— re(Zo) - Unoptimised i
5250 ] — re(Zo) - Optimized B 15,00
1 —=— im(Zo) - Unoptimized ||
— im(Zo) - Optimized
50.00 — — 10.00
47.50 — — 5.00
45.00 — — 0.00
e _//’ -
40.00 — 7T T T T T T T T T T T T T T — T -10.00
0.00 20.00 40.00 60.00 80.00 10d.00 120.00
)

ANSOFT )
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90% Bend Model

Classical structure

- |
P #{under path model N, ' p2
I Underfath CPW Line w4  Underpath |
: _Line_
p§ l ] : W/;
I ] |
. L=length !
N |
! ap=gap - gap=gap ap=gap
TempK= 29 TempK=290 TempK=290

/ / —L0
Line model with W2 and G2 geometry.

Length is calculated as a function of W, G and W2

CPW_Bend

W=5um
S=5um
TempK=290
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Tee Junction Model
underpath model

Classical structure
_____pz/____ P3

Underpath
gap=gap3
TempK=TempK

L=L3
gap=gap3
Underpath  TempK=TempK ? Underpath
gap=gapl gap=gap2

TempK=TempK  cowy Line wa CPW Line wa  'eMPKSTempK

I ‘\-
1

| I | I
L=L1

gap=gapl
TempK=Tem

p2

_E<>
_<>

L=L2

Optimised structure Line model. Geometry is calculated

as a function of W, and G; (i= 1,2,3)

CPW _T_Junction
W1=12um
W2=12um
W3=12um
S1=5um
S2=5um
S3=5um
TempK=290

SUCLCESS cenl reti @ wiae ‘y,
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CPW Model Validation

« CPW Line Model in HFSS

e W=12um, Gap =12.2um

« Comparison of Models and Measured response

» Zo extracted from measured data using TRL method

Zo - Simulation vs Measurement
90.00
80.00]
] Curve Info
. — HFSS
70.00- — Measurement
560.00-]
2 ]
£ ]
S 4
o '\\____ e —————— A
N 50,00—|
40.00—]
30.00-]
2000 """""""""""""""""""""""""""""""
0.00 10,00 2000 30,00  40.00 _ 50.00 6000 7000 8000  90.00  100.00
Frequency [g]

N
ANSOFT
@ FRSF-PASS SYSTEM SUCLESS ceci nets s (g7
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CPW Model Validation

CPW Line W=12um, Gap =12.2um, Length

= 600um

Comparison
Model.

of HFSS Model and Design Kit

HFSS models can be used directly in circuit

schematic u

sing the Multiple

Representations and Co-simulation in

NeXXIm CPW _Line
B o
Portl
L=600um
= W=12um
S=12.2um
Name |  wvalue | Unit [Evaluat.| | Stack=1
L 600 um B00um o
W 12 um 12um
= 12.2 um 12.2um
Stack 1 1
Ka 1 1
Tempk, 290 290
CosimD.. ___ Edit |
>Electrical Model
Bypass

ParamVal  prss Mode!  m—

C:

> HFSS Model

SUCCESS C@ Lleti
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S11indB
-20.00
i Curve Info
—a— Circuit Model
b —— HFSS Model
-30.00
-40.00
-50.00
60.00 H———
0.00 20'00 40'00 60.00 80.00 100.00 120.00
F [GHz]
S21 Module and Phase
0.00 0.00
Curve Info
. —=— s21dB - Circuit Model
0.10 —
] — 521 .dB - HFSS Model i
L -50.00
0.20] —k— S21 Phase - Circuit Model | |
] ¥~ S21 Phase - HFSS Model ||
030 | .100.00
0.40 -
L -150.00
0.50] i
o604 1 20000
0.00 20.00 40.00 60,00 80.00 100.00 120.00
F [GHz]




90% Bend Model validation

s11 in dB - Measurements vs Models

* Meander structure to test Bend Model .

 Modelled using Design Kit extracted
models and using HFSS dynamically ]
linked projects for each component

-20.00]

Curve Info
—a— Circuit Model
— HFSS Model

— Measurements

« Comparison of Models and Measured
response ]

20.00 40.00

Fe[%gg | 80.00 100.00

s21 in dB - Measurements vs Models

120.00

-0.50

CaSimul.. DefaulMetlist
Status Artive

Design Kit Model

-1.00

Ve [ [
CosimD... Edit | ‘ ‘
Cravamn b ialime | aanaral [ Sombal |

CoSimul.. HFES Model
Status Arctive

HFSS Model

R R —o~ -1.50
|Cust Edit | ‘ ‘ k

-2.00

Curve Info
—a— Circuit Model
— HFSS Model

— Measurements

SUCLESS
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Tee Junction validation

S11 in dB - Measurements vs. Models

0.00 —

 Shunt stub structure to test Tee Model

 Modelled using Design Kit extracted
models and using HFSS dynamically 1 |+ Creui oce
linked projects. | | — eSS Mogel

-40.00+ | — Measurements
e Comparison of Models and Measured '

-10.00

~20.00 Curve Info

—50.000_

reS p O n S e 00 20.00 | 40.00 FG%?_%] 80.00 100.00 120.00
0.00 S21 in dB - Measurements vs. Models
-10.00 ]
] Curve Info
20.00-] -=— Circuit Model
] — HFSS Model
-30.00] — Measurements
-40.00 -] | . . .
0.00 20.00 40.00 FGPG?-?Z ] 80.00 100.00 120.00
S21 Phase - Measurements vs. Models

100.00

Curve Info

—=— Circuit Model
— HFSS Model

Design Kit Model

0.00]

— Measurements

-100.00]

HFSS Model

—300.000_

00 20.00 4000 FGPG?—?Z] 80.00 100.00 120.00



S21

Tee validation with State-Space Method

S21

0.00 0.00
-5.00
-5.00 | ]
T -10.00
-10.00 | -15.00—_
- ]
w—20.00—_
-15.00 i
i -25.00
Curve Info 7]
—a— S21 Circuit 1
20,00 1 —A— S21HFSS -30.007
D —¥— S21 HFSS State-Space ]
—@- S21 Circuit State-Space -35.00 ]
0t — -40.00 -]
0.00 20.00 40.00 60.00 80.00 10d.00 120.00 0.

Frequency [GHz]

State-Space and frequency data
simulation shows very good agreement

CPW model can be used seamlessly in
linear, harmonic balance and transient
simulation

Cune Info
—a— S11 Circuit

—k— S11 HFSS
—¥— S11 HFSS State-Space

—@- S11 Circuit State -Space

00

S21 Ang [deqg]

20.00 40!00

60.00
Frequency [GHz]

8

S21 Phase

100.00

0.00

100.00

50.00]
0.00
-50.00]

100.00

150.00

Cune Info
200.0( —— $21 Ang Circuit

| —@- S21 Ang Circuit State-Space

250.0 —A— S21 Ang HFSS
| =¥~ S21 Ang HFSS State-Space
300.00 +—————1——
0.00 25.00 0,00 500 100.00

5000 7
Frequency [GHz

1

120

.00
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Model Validation with State-Space method

S11

100 90 g 80 Cune Info
. — s11
— S11

« CPW line and discontinuities models can be
used seamlessly in frequency and time domain

simulation \ \sodz0
e State Space method is used for time domain .88 .
simulation (here transient simulation of stub
fllter) _1?0 0.20 -5.0 20
o State Space method accurately fits frequency § |
domain data as shown on smith chart 0110
Vout — Frequency Domain Data
] cremo | — State Space Model S21
650.00 - — V(Port2) 110 100 X0 80 Cune Info
] 120 60 | — s21
450.00 130 50 2 Gy — st
] 140 40
250.00—5 150 30
s ] 160 f.20 5.00,20
£ 50.00] _4 170 10
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] -170 -10
-350.00 -160 £0.20 . -5.00/ 20
-550.00 ' _15-0 140 -40_30
-130 930 200”50
-750.00 -120 -60

000" ~ " 10d.00 = " 20d.00. 30000 = 400,00  500.00 . g
Yime [ps] 10 100 g0 80 70



Active Modelling



Non-linear Model for SOl MOSFET
Standard BSIM MOdeI Measured intrinsic transconductance

at high frequency

— Not available for high frequency. 1200

— BSIM model extraction requires many 1000
measurements and test patterns :

time and Silicon area consumption.

LETI's SILICA Model

— Fast to extract. Limited number of test patterns bl
req u I red ] 0 0,2 0,4 0,\6/gS (V()),S 1 12 1,4
— Accurate from dc to 110 GHz.

800 [

(mS/mm)

600

m_int

400

g

50 T w T T 50
45 R S o)
40
35
30
25
20
15 -
10 -
5 |
0

U (dB)
H21 (dB)
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[ J
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200.00
z |
— 0.004
3 i
o
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-200.00
520.00 540.00 560.00
ime [ps]

Non-linear Model for SOl MOSFET

Model shows good agreement with measurements
Model works both in transient and harmonic
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Varactor VCO
|

area=18

MOM_25 105
N
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L=LengthCap




Topology of the receiver



60 GHz WPAN in CMOS SOI 65nm technology

Power amplifier

Combiner

Integrated Antenng




Building Blocks



0.96 mm
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60 GHZ LNA

Multiple stages, each stage is a cascode amplifier

Benefits of cascode stage over a single common source
one:

— More gain

— Unconditional Stability at 60GHz

— Increased isolation which allows simultaneous matching of input
and output more easily

Drawbacks:
— Increase of noise figure (~ +1dB)
— Increase of supply voltage

Good candidate to evaluate mmW performances of an
emerging technology (SOI)



LNA Topolog}/

TI— 1
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L o \\ matching
r 'l \ network
S50W \ I
N Eﬁ /" Thanks to analytical models, we optimise CPW (L, Zc),
N - _ Wif, Nf and biasing to achieve these goals at 60GHz:
?———" - - In~50 and opt~ 50
) - out~ 50
Noise and 50 - S21 maximum

matching at the
input



LNA

Cmd: Sel: 0 Slatus: Ready

Tools Desigh Window FEdit Add Check Sheet Options Help
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Design Variables Outputs
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1  vgs2 700m

2 wgsl 650n
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NF & FMIN in dB
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VCO Topology
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* A single transistor is destabilized by transmission line on the
gate and source

* Oscillation frequency is set by CPW on G, S, Cgs, Cgd and
varactor capacitance on the source



VCO Schematic
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VCO Simulation results
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Divider by 2



Divider by 2 Topology
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Harmonic Injection Locked Frequency
Divider (HILFD)
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P in dBm

Divider Sensitivity

Divider lock sensitivity vs. Fin, Pin
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Further work

Design Buffer to increase sensitivity of the
divider

Design Mixer

VCO-Buffer-Divider co-design

LNA-VCO-Mixer co-design



Conclusion

65nm SOI CMOS technology has demonstrated
promising performance at 60GHz for upcoming
WPAN chip sets.

HFSS 3D EM solver enables accurate MMWave
modeling minimizing resources and time

Availability of models for time and frequency
domain ensure full block simulation

Accurate modeling up to 110 GHz combined
with state of the art circuit simulator enables first
pass system success



