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Abstract— This paper presents the state-of-art advance in H
3D integrations. It illustrates the need of a high-performance
3D design driven by the dynamic power and thermal integrity. Device Layer.
The through-silicon-via (TSV) is used to simultaneously déver . . _
the power supply and remove the heat. More importantly, Pereropeundyte Thlrt' via
1§ De-Cap

to scope with the large-scale design complexity, the modern Exi=n ey
macromodeling technique is applied to handle not only the Dielectric Lay.

Device Layer-:

r

large number of dynamic inputs/working-loads but also the
large of size of RLC/RC networks distributing the power/heat. == " - -
Experiment showed promising results to apply the 3D design — —

presented by this paper. —_—

I. INTRODUCTION

Composite Substrate

The high-performance VLSI integration by the technol-
ogy scaling has confronted with the dramatically increased  Fig. 1. A typical 3D stacking with non-signal through-vias.
design cost from the noise, power and process variation. The
emergence of the multi-core system integration is becoming

an alternative design paradigm to improve the performance :
by increasing the throughput rate. However, in today’s twgred from the bottom power/ground planes in the package,

dimensional (2D) Systems-on-chip (SoC) integration, thBaStﬁed by ;he throu%h V|asdan<_jd ca burt‘ppsdan(_j colnnected
memory is surrounded by logic circuits and its performanc € on-chip power/ground grid on active Gevice 1ayers.

in terms of memory bandwidth is limited by the long e call the through vias to deliver the supply voltage as

interconnect length. Thanks to the recent advance in ﬂg)énwer/ground vias. The 3D integration, by definition, has

three dimensional (3D) integration [1]-[7], a 3D integeati integrated more than one layer of the active device. They

can reduce the physical distance between the memory aﬂ@w much larger current from package power/ground planes

logic circuits and hence has shown a promising potential ar:hZDh IC_:S' ;”:'S Caﬂ_ obhwou/sly rezult .'g Ephe IR dropf
integrate hundreds of cores with a better scaled performan r the horizontal on-chip poweriground grid. -1he surge o
than the 2D integration. the injecting current further leads to a large simultaneous

Since there are large numbers of devices densely pack%‘ﬁf'tlfhmg. r10|?e (SIS:N) ;orhthose I{jotqlnvders_ at t?eh Ch'?
in a number of device layers, it brings a significant burdeRackage Interface. F1g. = shows a detaiied view ot how to

for the heat removal and power (supply voltage) deliverin lace signal and power/ground vias through package planes.

in 3D ICs. This paper discusses an allocation of through—hey form a number of different sized loop-inductances

silicon-via (TSV) to simultaneously consider the dynamiéhat have significant couplings with each other. We call the

power and thermal integrity in 3D ICs. In Section Il, we firstVOItage bounce at l/Os geower irtegrity in this paper.

illustrate the need of dynamic power and thermal integrity On the other hand, due to the increased power density and
in 3D design, and present a TSV allocation problem and tHBe slow heat-convection at inter-layer dielectrics, tleath
challenge to solve this problem. In Section IIl, we discus§issipation is another concern in 3D ICs [1]. The excesgivel
how to apply the modern macromodeling technique to reduddgh temperature can significantly degrade the reliabelitg

the design complexity, and present an efficient solution fd¥erformance of interconnects and devices [1], [2], [4]-{6]
our TSV allocation. We show the result in Section IV and9]- We call the temperature gradient at active device layer

conclude the paper in Section V. asthermal integrity. As shown in Fig. 1, a heat-sink is placed
on the top of device layers and it is the primary heat-removal
Il. HIGH-PERFORMANCE3D DESIGN path to the ambient air. One observation is that there are
A. Dynamic Power and Thermal Integrity through vias delivering supply voltages or signals from the

bottom package through each active device layer. Since the

Fig. 1 illustrates a typical 3D stacking of multiple device ) i
layers within one package. The supply voltage is deliv[netal vias are good thermal conductors, the through vias can

provide additional heat-removal paths passing the irsped
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Fig. 2. The power delivery by vertical power/ground vias dsdimpact Fig. 3. The definitions of the cycle-accurate power, tramsieermal-power,
to inductive current loops. and maximum thermal-power at the different scale of timestant.

In the modern VLSI designs, dynamic power managemens well. Therefore, the reusing of the power/ground via as
such as clock-gating and uncertainty from the workload catthermal via can save the routing resource for signal nets.
lead to time-varying power inputs. This results in a sphtial More importantly, the allocation of power/ground vias can
and temporally variant thermal model. The inputs are theinimize not only the dynamic power integrity, i.e., the
time-varying thermal power (See Fig. 3) [10], [11] definedvoltage bounce for those 1/Os at package and chip interface,
by the running-average of the cycle-accurate (often in theut also the thermal integrity, i.e., the temperature gradi
range ofns) power over several thermal time constants (ofteat those active device layers.
in the range ofms), and injected at input ports of each Same as [12], this paper assumes that the via allocation is
layer. As such, a temporally and spatially variant tempeeat after the placement and global routing but before the detail
at output ports can be considered by definingimtegrity routing of the signal nets. The power ground vias are placed
integral with respect to time and space [6]. As a result, that centers of tiles between two layers, and follow an aligned
temperature gradient can have either a sharp-transititmawi path from the bottom package I/Os to the top heat-sink. We
large peak value, or a time-accumulated impact to the devicall those aligned pathsertical tracks or tracks. As vias
reliability. In addition, different regions can reach theiorst-  are aligned, the, tracks pass botlp, output ports of the
case temperature at different times. electricalRLC' model andp, output ports of the thermal-

A dynamic thermal-integrity constraint is thereby neededC' model. The density of power/ground vias at each track
to accurately guide the physical level resource allocatioris the primary design parameter considered in this paper. Th
Since the active device layer at the bottom (See. Fig. Density adjusts to satisfy two requirements at output ports
has the longest path to the heat-sink on the top, in thiBhe first is the integrity constraint of the temperature grad
paper, adynamic thermal integrity is defined as the integrated and voltage bounce. The second is the resource constraint
temperature fluctuation at, output ports on the bottom with provided signal net congestion.
device layer. As shown in [6]-[9], a dynamic thermal in- Accordingly, we have the following problem formulation:
tegrity can accurately capture not only the sharp-traorsibif Formulation 1: Given the targeted voltage bounce V; for
temperature change due to the dynamic power management, output ports at power/ground |/Os, and the targeted
but also the time-accumulated temperature impact that céemperature gradient 7} for p, output ports at bottom device
affect the device reliability. Similar to the static thedma layer, the via-allocation problem is to minimize the total via
integrity analysis, the dynamic thermal integrity assumegumber, such that the temperature gradient f7' is smaller
the worst-case input from a limited number of thermalthan T; and the voltage bounce fV is smaller than V.
power inputs. However, since the dynamic integrity has &uch a via-allocation problem simultaneously driven by
more accurate transient temperature profile, it leads to ppwer and thermal integrity can be represented by
smaller allocation compared to the static thermal-intggri

Po
based design [4], [12]. Note that the dynamic power-intggri min Z n;
has already been employed in many on-chip or off-chip =
power integrity verifications and designs [13]-[15]. A diani st. V<V, fT<T,

dynamic power integrity in this paper is defined as the time-
integrated voltage bounce at power/ground I/Os, which are
located on the interface between the bottom device layer afgbte thatn; is the via density afjth track andV; and T

the package. are the targeted voltage bounce and temperature gradient.
. fV and fT are the metrics of power integrity and thermal
B. TSV Allocation Problem integrity, defined by the spatially-averaged time-intégria
We notice that the previous thermal via allocations [4]the transiend/(¢) [15] and T'(¢) [6], respectively.
[6], [12] assume adding dummy vias to conduct heat. They As discussed later in Section Ibh,; is decided according
ignore the fact that power/ground vias can help heat-remov® the power and thermal sensitivities obtained from the

and Nmin <15 < Nmaz )



macromodel. As our power/ground vias are allocated aftéime-points
the placement and global routing of signal nets at eachectiv Li(to) -+ TLi(tw)
device layer, the densities of those inter-layer signak net : : (5)
are available to calculate a maximum density,, for the I &t ) e T ('t )
power/ground vias. In addition, for the sake of the reli&bil pi 0 pi (PN
concern for the large current, the via densityon the other in a sufficient long period0, 7,]. The sampling cycle is
hand can not be smaller than a minimum density;,. in a different time-scale for the thermal-power (ms) and
These parametersif,q.,nmin,Vs,1:) €an be estimated and switching-current (ns). According to the POD analysis [16]
provided by users. the similarity can be mathematically described by a cor-
relation matrix (or Grammian), estimated by a co-variance
I11. INTEGRITY OPTIMIZATION WITH MACROMODEL matrix:
We represent eh 3D ICs by two distributed mod- | X
els, a thermaRC model for the heat-removal and an R=7 D (Ate) = D(I(ta) — )" € RP*P. - (6)
electricalR LC' model for the power-delivery. They (without a=1
power/ground vias) can be described in the state-space b¥ is a vector of mean values defined by:
dx(t)

Ga(t) +C——= = BI(t), y(t) = LT x(t) 2)

dt LN
I:N;Iw 7

or in frequency §) domain
_ _ T Usually, the input vectol(¢) is periodic and the waveform
(G + sC)als) = BI(s), yls) = La(s). 3 in each period can be approximated by the piecewise-linear
Note thatB is the topology matrix to describg input ports model.
with injected input sources, and is the one to describg, An output similarity is defined for responses at output
output ports for probing integrity and adjusting via deysit ports and measured byoatput correlation matrix. To extract
During the design optimization of our TSV allocationthe output correlation matrix that is independent on the
problem, the main difficulties to directly apply the abovenputs, we assume that; inputs in the input vectol(s)
state-space equation come from three-fold. Firstly, the@e all the unit-impulse sourdgs) and define an input-port
are so many inputs to try and so many outputs to prob&ector 7 (s) by
Secondly, the dimension of the distributed thermRal-and
electricalRLC models are too large to analyze. Thirdly, for J = BI(s), € R, (8)
the sake of design optimization, we are more interested {phich hasp; non-zero entries with the unit-value ‘1’. Ac-

the sensitivity than the nominal response. In the followingcordingly, thep, output responseg(s) are calculated by
we will show how to compress the I/Os and further generate

. . T —
an effective structure and parameterized macromodelséort ~ ¥(s) = L'(G+sC)7'T

design automaton. = [11(s) w2(s) -+ wp,(s)] € RP*1. (9)
A. Compression of 1/0s The according output correlation matrix is extracted in

Generally, there can be thousands of thermal—powél?e frequency-domain. Similarly, the output signals can be

sources injected at each active layers or hundreds g?presented bﬁ taking a set of ‘snapshots’ sampled/at
switching-current sources injected 1/0s. The size of th equency points

macromodel increases with the number of ports, and hence y1(so) -+ wyi(sn)

the computational cost to solve the macromodel is still high . . . (10)
Since the electrical signals may share the same clock and : ' '

operate within a similar logic function, their waveforms in Ypa(50) - Ypo(sn)

time-domain at certain input ports can show a correlationn g sufficient wide band0, smqez]. The s, locates in
Similarly, the thermal power may differ significantly be®ve g |ow-frequency range for the temperature and in a high-
those regions with and without the clock gating, but can bgequency range for the voltage. A co-variance matrix is
quite similar inside the region with the same mode as inputsefined in frequency-domain as follows
have similar duty-cycles over time. Based on the correfatio N
\évr?ng%rglrgglrjg‘e the redundancy in 1/Os by identifying those j Z(y(s ) — ) (y(sa) — §)T € RP-<Po (11)

We call this phenomenomput similarity. As the input o=t

vector to estimate the correlation matrix amopg outputs.y is a

I(t)=[L I 1, € Rpix1 (4) vector of mean values defined by:

N
is usually known during the physical design, they can be = 1 12
) , , y > y(sa) (12)
represented by taking a set of ‘snapshots’ sampledvat Na:l



Silicon Copper Dielectric

LetV = [vy,ve, ..., vx] (€ RN*K) as the firstK singular- ~ A 596 % 10°5/m A
value vectors of the input correlation matrk, and W = er NA NA 3.3
[wi, wa, .., wk] (€ RN*K) as the firstK singular-value | fr |0V 00Wim - K SOW/m - K
vectors of the output correlation matri All singular-value ke | 1.75x 1090/m3 - K | 3.55 x 10J/m3 - K | 0.7TW/m - K
vectors are obtained from the singular-value decompasitio TABLE |
(SVD) of (V, W). A rank-K matrix P; can be constructed by ELECTRICAL AND THERMAL CONSTANTS.

P, = VYVT, and a rank-K matrixP, can be constructed by
P, = WWT. As shown in [16], the correlation matrixz(

R) is essentially the solution that minimizes the least-sgua layer size material
between the original stated(f), y(s)) and their rank-K dg\iiﬁg‘;‘er 210m x 2107” x 14mm gﬁi%%if
H H H - cm X lem X 4um
a_pprommatmnsﬂ-l(t), Po~y_(s)). As a result, both thg input inter-layer | 1em x lem x lum | dielectric
signalsI(¢) and the output signalg(s) can be approximated P/G plane | 2em x 2em x 10um | copper

by an invariant (or dominant) subspace spanned by the

. ! TABLE I
orthonormalized columns df and W, respectively:

DIMENSIONS OF3D ICS LAYERS.

I=VIk, y=Wyk. (13)
Based on (13), it leads to the following equivalent system
equation Substituting (17) in (16), (16) can be reformulated into a
(G + sC)rxc(s) = BrcIie(s), y(s) = Lowx(s)  (14) parameterized system with augmented dimension by
where (Gap + 5Cap)Tap = Bapli (5),  Yap = LapTap,  (18)
L =wWTLT, Byx =By. (15)

where G,, and C,, show a lower-triangular-block struc-

Therefore, both the dimensions gf (¢ RVN*re) andB (¢  ture and hencer,, can be solved from block-backward-

RN*Pi) are greatly reduced whei << p; andp,. We substitution.

call Ix andyg principal inputs and outputs identified by To further compress the dimension of the state-matrices

principal input-port and output-port matrices Bx and Lx,  Yap andCeyp, we first construct a lower-dimensioned subspace

respectively. Qap from the moment expansion of (18), and then trans-

form @ into the block-diagonal forn@,,. After the block-

orthonormalization of@,,, we apply a two-side projection

to (18) by Q,, and obtain a dimensioned-reduced system
Recall that the design parameter in our problem formuwith preserved lower-triangular-block structure [6],,[[14],

lation is the the via density at one track. Blindly allocatg15]. The accuracy of macromodel is preserved to match the

the via by searching all kinds of combinations would be&lominant moments of the original model. More importantly,

computationally expensive if not impossible. We decide thdue to the structure-preserving, both of the nominal respon

via density based on the changes at outputs, i.e., setisgivi and the sensitivity with regard to the via-density change, c

caused by the change of via density. be calculated simultaneously. As such, we can easily embed
Let’s first parameterize the nominal system 3. The addeslich a structured and parameterized macromodel into the

via is described by two parameters:the via density and(;  optimization flow of our TSV allocation problem.

the topological matrix that connects the via into the nomina

system. As such, a parameterized state-space description ¢ IV. RESULTS

be obtained by

B. Dynamic Sensitivity by Structured and Parameterized
Macromodel

Experiments are implemented in C and MATLAB and run

Po Po on a Sun-Fire-V250 workstation with 2G RAM. We call
(G +sC+ angj +s Z”jcj)x(na s) = Brlk(s), the separated allocation of thermal vias and power/ground

j=1 j=1 vias as thesequential optimization, and call our allocation
yx(n,s) = L z(n, s). (16) of power/ground vias for both power and thermal integrity

as thesimultaneous optimization. Moreover, the steady-state
analysis is employed to calculate a static integrity [4R][1
We use the sequential optimization with the static intggrit
Tap = 20,2V, ., z(VIT. (17) as the baseline, in comparison to the sequential optirizati
’ with the dynamic integrity and the simultaneous optimizati
It contains both the nominal respons®) and its first-order with the dynamic integrity proposed in this paper. Tabled an
sensitivities [:vgl), ...,x,(,i)] with respect top, parameters Table Il summarize the used electrical and thermal constant
[n1, ...,np,]. The overall responses is obtained by and dimensions. The targeted voltage violatignis 0.2V
Po and the targeted temperatufe is 52°C. One modest 3D
=20 1 ng,l), stackings is assumed with 2-device-layer/2-dielectigf.
=1 Moreover, there are 1-heat-sink and 2-P/G-plane.

Similar to [6], [7], [15], we expand:(n, s) in Taylor series
with respect ton;, and introduce a new state variablg,



ckt Steady-state(direct)] Transient(MACRO-1) Transient(MACRO-2)
runtime | total via # | runtime total via # runtime total via # total via #
(s) by seq-opt (s) by seq-opt (s) by seq-opt by sim-opt
cktl(2-layer) 5.4 178800 0.63 153800 (-13%)| 0.63 153800 (-13%)| 112800 (-36%)
ckt2(2-layer) 29.7 184900 0.81 159600 (-13%)| 0.56 159600 (-13%)| 118200 (-36%)
ckt3(2-layer) || 182.2 218100 18.6 183800 (-16%)| 4.2 184200 (-15%)| 136200 (-38%)
ckt4(2-layer) || 1269.2 234800 165.7 | 199000 (-15%)| 10.3 199600 (-15%)| 145600 (-38%)
ckt5(2-layer) NA NA NA NA 41.2 208600 (NA) 154200 (NA)
TABLE Il

COMPARISONS OF VIA NUMBER AND RUNTIME FOR THE SEQUENTIAL OPTMIZATION WITH STEADY-STATE ANALYSIS, THE SEQUENTIAL
OPTIMIZATION WITH TRANSIENT ANALYSIS AND THE SIMULTANEOUS OPTIMIZATION WITH TRANSIENT ANALYSIS.

We compare the runtime and the number of vias in Tablihe design without using the dynamic integrity, experirsent

[ll. In Table Ill, column 2-3 show the runtime and allocatedshow that our approach reduces the the number of TSVs up

via number for the baseline, and column 4-8 show the results 45.5% yet with hundreds of times speedup.

for the optimizations using the dynamic integrity. In dktai
column 4 shows the runtime of transient analysis using
macromodels without the port-compression, and column %1
shows the number of allocated vias under the sequential
optimization. Column 6 shows the runtime of transient
analysis using macromodels with the port-compression, ant!
column 7-8 shows the number of allocated vias under the
sequential and simultaneous optimizations, respectively  [3]

The use of macromodels reduces the computational cost
to solve power and thermal integrity and their sensitigitie 4
Compared to the macromodel without the port-compression,
the macromodeling with the port-compression reduces the
overall runtime up to 16X with similar allocation results.
Compared to the steady-state analysis with the full-matrixe]
analysis, our macromodel with the port-compression has a
127X smaller runtime. And the steady-state analysis can
not complete the largest example in a reasonable runtimez]
The maximum transient-waveform difference introduced by
the macromodel is about 7% when compared to the exag
transient waveform.

We further compare the sequential thermal/power opti-
mization with the simultaneous thermal/power optimizatio g
Here both methods allocate vias with the use of dynamic
integrity. Our simultaneous optimization reduces thecdat
up to 34% when compared to the sequential optimization; o
with static integrity, and up t@2% when compared to the
sequential optimization with dynamic integrity. This demo
strates that the reusing of power/ground vias can redu[:lel]
the via cost compared to allocate the dummy thermal vias
separately from the power/ground vias. (2]

V. CONCLUSION [13]

This paper explains the need of dynamic power and
thermal integrity for the high-performance 3D integration
using an example of the through-silicon-via (TSV) alloocati
To cope with design complexity, an effective macromodel
is employed to abstract the physical level detail for théls]
system level design. It composes of the I/0O compression
and structured and parameterized model order reductiqg)
which efficiently calculate power/thermal integrity ancith
sensitivity with respect to the via density. Compared to

[14]
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