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. Three topics
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Experiments
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Applications

., Applications

A Mobile

A Wireless (WiFi, WiMax)
A Wired (Ethernet)

A Storage (Hard disks)

. Passive components found
these devices

. A decade ago inductors,
MIM capactors

. Now a whole range of
components and devices
are being used




Tech trends
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A High density MOM
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MIM (2fF vs 4fF)
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|C processes

|IC processes offer tight tolerances
Low variability
. Chip real estate is expensive
Integration offers big cost savings
A No extra packaging
A Much tighter tolerances and better yield

. When a device can be built with reasonable
guality compared to an off  -chip oran LTCC
structure it will be integrated

Devices that used be considered exotic are
now routinely used



Passive components
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Full circuits

VCO?3: inductors +
iInterconnect+
capacitor bank

1. SiGe Semiconductor on IBM BiCMOS
2. STATS ChipPAC IPD technology
3. Wipro on TSMC 90nm




Modeling

Increased prevalence of passives has made fast
and accurate modeling critical

. Two aspects to modeling

1. Electromagnetic (EM) simulation to evaluate
candidate designs (and possible refinement)

2. Converting EM simulation results that can be
used in higher level simulators (like Spice).



EM simulation

. Two broad categories for

1.

2.

equations
Differential formulations
A Finite - difference, Finite element (FEM), FDTD
Integral Formulations

A Method -of-Moments, Boundary element
(BEM), Integral equation solvers

rf "\



Differential vs Integral

Diff formulations
Flexible

Imposes no constraint
on shape of metals,
dielectric regions

Need to enforce
Maxwel | 0s
everywhere
surrounding the object

Leads to large sparse
matrix solve

equart

Integral formulations
Planar dielectrics,

conductors
Need to enforce
Maxwel | 6s equ
only on conductors

t heo

(.Greenos
| ons

Leads to smaller dense

matrix to solve

Many techniques
developed recently

For IC passives this
approach is the best
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3D Integral Formulation in EMX

1
, EMX isa 3D EM Es(r)=—=J(r)+ jwA(r) + Vo(r)
simulator o
. 3D volume Integral A(r) = [ Ga(r.r)J () dr’
formulation (time
harmonic) o(r) = ngs(?", ) p(r')dr’

. Unknowns (charge
and currents)

A Surface charges
A Volume currents

A 3D: Current
vectors can be in
X-Yy-z directions

11



Matrix formulation

1
Es(r) = EJ(T‘) + jwA(r) + Vo(r) (continuous form)

I

AX — B (Ais a dense matrix)

. Suppose that N elements in the mesh

. Conventional approach O(N  3) time and O(N ?)
memory

A Cost is prohibitive
A Double the size of the problem 8X time
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Innovations in numerical methods
(GMRES)

AX=D

. Iterative methods were developed in the
numerical analysis community (GMRES, Yale,
19806)

. Matrix vector products instead of matrix
Inversion

K_={b, Ab, AD,..., A"}

. This reduced the time to O(N 2)
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Innovations in numerical methods
(FMM)

AX=Db

. The Fast Multipole Method was developed in
1987

. Developed N -body problem

. Applied to capacitance byWhite at MIT for

A FastCap, Fast Henry, (1990s).

. Applied to 2.5D field solution

A IES3 Bell Labs, Kapur and Long, (1990s)

. These sorts of problems can be solved in linear
time (with a large constant)

. All recent effort is decreasing this cost
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Exploiting regularity

Mesh generation was regarded

as an orthogonal sub problem
(typically unstructured Delauny
triangulation)

Layout has a lot of structure

This structure can be imposed on
the mesh
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Adaptive frequency sweep

. An adaptive frequency S L
sweep o
Reduced order model or
using Krylov subspace
methods S 20
A Methods developed in | —
the 600s (Bel™ ! R e
MIT, CMU, Intel)
. The reduced order S S

model from a small set
of EM solutions

Only few simulations
need to be done
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Time and Memory scaling

1 inductor 64 inductors

Single frequency
simulation (including
iterative solve)

Compare speed and
memory for 1, 2, 4, 8,
€, 64 inductor

900

800

700

600

Memory (in MB)

300

200

100

Time scaling

[

(=1

(=]
T

B

(=

(=
T

L 1 1 1 1
10 20 30 40 50 60
Number of Inductors

Memory scaling

1 1 Il 1 Il 1
10 20 30 40 50 60
Number of Inductors



Examples: Spiral Inductor

Spiral Inductor

L Q
5 20
10
Lo
0
-5 : : -10
3D mesh 0 10 20 30 0 10 20 30
R Z
1000 1000
— EMX
@ Meas
E 500 I 500
O
0 - 0 . .
0 10 20 30 0 10 20 30
Current GHa GHz

Standard high Q spiral inductor used in lots of circuits. Thick copper and large size.

Courtesy: TSMC. 65nm RFCMOS, 9LM thick metal technology. Published at RFIC 2009

fincluding Pattern-Dependent Effects in Electromagnetic Simulationsof On-Chi p Passi ve Componentso, | ntegrand ¢
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Stacked Inductor

Stacked inductor
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Small stacked inductor. High inductance low Q (used in Chokes). Upto 20-30nH
in small area

Courtesy: TSMC. 65nm RFCMOS, 9LM thick metal technology. Published at RFIC 2009
Componentso, I ntegr alrbd

fincluding Pattern-Dependent Effects in Electromagnetic Simulationsof On-Chi p Passi v e



MOM (finger)Capacitor

3D mesh of 0.6pF Cap

High-density MOM caps (at 40nm can be 4fF/square micron). Important to
parasitic inductance to get SRF.

Courtesy: TSMC. 65nm RFCMOS, 9LM thick metal technology. Published at RFIC 2009
fincluding Pattern-Dependent Effects in Electromagnetic Simulationsof On-Chi p Passi ve Componentso, Integrand a
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