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- Thermal Issues in 3-D ICs




Why Staking Chips in 3-D?

0 Pros of 3-D IC

. Analog/Mixed signal
Reduce the global wire-length
Flash storage
Reduce the power consumption L.
Increase the chip density DRAM
Heterogeneous integration CPUs, GPU, Northbridge
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Accumulated Power
1

00 Thermal 1ssues of 3-D ICs will be worse than that of
2-D IC
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Accumulating power density is Low thermal conductivity of dielectric
higher than that of 2-D ICs in interconnect layers @
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Thermal Issues (1/2)

S 1
0 Thermal related issues in VLSI design

The delay of devices and wires varies as temperature
Increases

The non-uniform temperature distribution causes the non-
uniform wire and gate delay
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Thermal Issues (2/2)

S 1
0 Thermal related issues in VLSI design

The mean-time-to-failure (MTTF) of wires exponentially
decreases as temperature increases

eakage current of devices exponentially increases as
te m pe ratU re i n CreaSES Sub-threashold Ieakag? current (uA)
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Thermal Properties

O Lateral Locality and Local Similarity
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Motivation (1/2)

S 1
00 During the early physical design stages as floorplan
/placement
The macros/cells will be moved repeatedly

The temperature distribution needs to be re-analyzed after
each moving

Solving the large scale modified nodal analysis (MNA)
system is impractical

Need an effective method to calculate the chip
temperature without losing the accuracy

A Look-up Table Based Thermal Simulator
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Motivation (2/2)

Design Design Tier Tech. Library || Temperature Tables
Netlist | | Constraints | | Information || (With TSVs) Library

Early Stage Optimization Kernel of
Physical Design for 3-D IC's
Thermal-Aware /IS—Z\
Floorplanner of 3-D ICs —= v
Look-Up Table A
l Bas‘qd Thermal ;;’ j k
TSVS/TTSVs Considered Simularor f

(LUTSim) "
Thermal-Aware Placer [ \§ /

of 3-D ICs 7

For timing analysis: timing library in .lib
For thermal analysis: need a thermal library
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Why Tables Can be Pre-Constructed?

0 The following information can be obtained
beforehand for table construction

Thicknesses of silicon substrates and bulk, and material of
TSV/TTSV are manufacturing parameters

Tier counts

Heat transfer coefficients of heat flow paths along package
Effective thermal conductivity of interconnect layers
The outline of chip

All can be determined before floorplan stage
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Problem Formulation
1

Thermal model for early design stage  Steady State heat transfer equation

Ambient Air

V| &(r)VT(r)|=—p(r)
subject to the boundary condition

x(r, ) ( s)+h T(r,)=1,(,)
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Ambient Air
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Spatial Discretization and Duality

DM
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T T,

|\/| N A G : thermal conductance matrix
GT — p T : vector of nodal temperatures
p : vector of power sources
at nodes

Thermal quantity unit Electrical quantity unit

P, Heat flow, power W I, Current A

T, Temperature difference K V', Voltage V

Rip, Thermal resistance | K/W | R, Electrical resistance Q

Cipn, Thermal capacitance | J/K | C, Electrical capacitance | F

. 14



Previous Works (1/2)

S 1
0 Power blurring is a superposition based method

Calculating temperature profile by performing the
convolution of power map and thermal mask

Thermal mask can be obtained by Kemper@
FDM/FEM simulation THERMINICO7
Thermal measurement with infrared camera

L= E]

Power Map Thermal Mask Temperature Profll
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Previous Works (2/2)

N
O Ultrafast temperature profile calculation in IC chips
Theoretical base: Green’s function  Kemper@ THERMINICO7
Only for 2-D ICs

00 Junction-level thermal analysis of 3-D integrated
circuits using high definition power blurring — JTeanms
Extending the power blurring method for 3-D ICs structure

Separate response masks are generated for every
homogenous environment

Circuit with high variations of thermal conductivities will
make it less effective or inapplicable
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Contributions

0 A double-mesh table is proposed to capture the
marginal value of the thermal response

O I-LUTSIm only uses one set of homogeneous thermal
table Iibrary The heat dissipation capability of package
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The Kernel of I-LUTSIM

]
0 MNA equation for homogenous condition (ignored
TSVs/TTSVs) Double-Mesh
GhTh:p:>Th lG;Ip:mO Table
0 MNA equation for in-homogenous condition (with
TSVs/TTSVs)
(G, +AG,, )T =D
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Flowchart
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Double-Mesh Table (1/3)

0 Double-mesh table of the unit power temperature

response
= Coarse
miwn | PTG
Thermal iy [

Down_Length: 2
2 Temperature_Table
J Teer 1
00076 0,083 0.0059 0.0085 00079
0.0082 0.0096 0.0119 0.0098 0.0085
P 0.0086 0.0118 0.0315 0.0119 0.0089
I 0.0080 0.0095 0.0117 0.0096 0.0083
0073 0.0080 0.0085 0.0081 0.0075

Simulation
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00088 00115 00170 00116 0.
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Ter 3
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00084 00099 00113 00100 00087
00088 00111 00142 0.0113 0.0091
00082 0.0097 00111 0.0098 0.0083
00074 00052 0.0087 0.0083 00077

YPT3-PT4

"
Fine

Tmpulse_Power_Regen 6

Impulse_Power_God: {5, 5)

engh
Down_Length 2
Temperature_Table
Ter |

00076 00083 0.0089 0.0085 0.0079
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0.0086 0.0118 0.0315 00119 00089
00080 00095 0.0117 0.0096 0.0083

0.0073 0.0080 0.0085 0.0081 0.0075

0.0085 0.0091 0.0087 0.0081
083 0.0099 0.0116 0.0100 00087
00088 00115 00170 0.0116 0.0091
- 00082 0.0097 00115 0.0098 0.0085
00074 0.0081 00087 0.0083 00077

Ther
PT4-PT5 it o6 0011 001 o0ie
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PT1 PT2
Window W
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Double-Mesh Table (2/3)

]
00 Use local similarity to select the representative grids
for constructing fine-mesh tables
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Double-Mesh Table (3/3)

S 1
00 Execute the table shifting and interpolation process

for the grids having no pre-built table
TAB, TAB, TAB, TAB,

Grtd m that has the GI'ld n that has the

| Tables are shifted to gri
[ for 1nterpolat1ng TAB

éInterpolation and T
- Table Shifting

Gl‘ld q that has the i

pre tﬁlt table TAB | It ta
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Look-Up

Table

up

00 The superposition based table look-
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Complexity Analysis

S 1
00 The complexity of using double table
O((N,y,+Nc+1)N) for solving T,
O((N+Nc+1)(N+(g+1)N+g,) for calculating T4
N : Total number of grids
N,y : Number of fine grids in the window
Nc @ Number of coarse grids
N1o, : Number of grids has TSVs/TTSVs passing through

Since Ny Is smaller than N, the complexity for solving T,
Is O((q+2)N)
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Experimental Results (1/3)

-4
O Experimental environment
C++ language

Intel Core 2 Quad 2.83GHz CPU machine with 8 GB
memory

OO0 Parameter setting of tables
The mesh size of equivalent circuit (N) : 64x64x15 (10)
The window size of fine-mesh tables (N,,) : 10x10
The size of coarse-mesh tables (N ) : 3x3
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Experimental Results (2/3)

e
0 Table construction time

Tier Construction Time (s)
Count | Fine Mesh | Coarse Mesh
2 21.98 354.43
3 93.66 3213.83

0 Test cases

The geometry of each tier : 4832um x 4832um x 50um
Industrial 90 nm standard cells

Test Tier Cell TSV Total
Chip Count | Count | Count | Power (W)
Casel 2 0.5M 222 1.1
Case2 3 8.3M 3320 5.8
Case3 3 8.4M 4000 6.3
Case4 3 8.2M 4000 6.0

28



Experimental Results (3/3)

Test SuperLU GMRES / [-LUTSim

Chip Runtime (s) | Runtime (s) | Max Err. (%) | Speedup | Runtime (s) | Trun. Order | Max Err. (%) | Speedup
Casel 3.92 3.92 0.73 [.10 0.002 2 0.69 196.00
Case2 17.68 8.18 0.78 2.16 0.269 3 0.76 65.72
Case3 18.40 6.83 0.81 2.69 (.282 3 0.81 65.48
4 0.75 41.49

Cased 17.26 7.49 0.75 I B 2.30 0.416
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Summary

e
0 Conclusion

An efficient table look-up based thermal analyzer for 3-D
ICs Is developed and demonstrated by the experimental
results

O Future work

To further extend our application scope, we are taking the
power consumption and the non-uniform distributed
thermal conductivity issue of interconnects into account
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