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Abstract—The performance improvement of modern computer Recent works have investigated techniques for co-fabrication
systems is usually accompanied by increased computationalof 3D-ICs and interlayer channels. The 3D-IC and micro-channel
power and thermal hotspots, which in turn limit the further = manufacturing process and overhead were investigated [3][9Som
improvement of system performance. In 3D-ICs, this thermal existing research addresses the design and optimization of the fluidic
problem is significantly exacerbated, necessitating the need for ac channel configuration for achieving maximum cooling effectiveness
tive cooling approaches such as micro-fluidic cooling. This paper [4][12][14]. These works typically assume that the electronic aspects
investigates a co-optimization approach for 3D-IC electric (gate of the design have been completed and use the associated power
sizing) and cooling design that fully exploits the interdependency dissipation levels to optimize the cooling system. Several researchers
between power, temperature and circuit delay to push the power- are also investigating thermal modeling of 3D-IC with micro-fluidic
performance tradeoff beyond conventional limits. We propose a cooling [16]. Recently, micro-channel is also incorporated in dynamic
unified formulation to model this co-optimization problem and thermal management for enhancing runtime thermal control [6].

use an iterative optimization approach to solve the problem. s . .
The experimental results show a fundamental power-performage  C: Motivation: Simultaneous Gate Sizing and Micro-channel

improvement, with 12% power saving and16% circuit speedup. Distribution
Conventional approaches addressing the optimization of interlayer
I. INTRODUCTION micro-channel structures usually assume that the electronic aspect

, of 3D-IC design is finished. This causes several sub-optimalities.
A. 3D-IC’s Thgrmal Chgllenge ) ) Distribution of channels in the interlayer regions can be controlled

3D-ICs, with improved integration density and reduced intercorio favor some sub-regions over others. As shown in Fig. 1(b), the
nect delay, have become a significant approach to fulfilling th@istribution of channels can be used to control the local temperature
growing demand for system performance and energy efficiency. 3B 3D-IC subregions, while conventional air cooling doesn't support
ICs comprise several layers of active electronic components that &€alized cooling. Thidocalized thermal controbnabled by proper
stacked vertically. Despite the performance improvement, stacked gigtribution of channels (higher channel density in some areas over
structure also brings new challenges to chip thermal managemasiver channel density in others) offers several advantages to the 3D-
Temperature has always been a limiting factor in achieving highgr design process, which are ignored by the conventigrusitfix
computing performance. The problem of heat removal is significanproach for design of the cooling system.
exacerbated in 3D-ICs [3]. Firstly 3D-ICs enable considerable in- The power, performance and temperature aspects of 3D-ICs
crease in device counts thereby resulting in higher power densiigve a very complex interdependence. Temperature profile depends
3D-ICs, especially those incorporating high power heterogeneagss both the amount as well as distribution of power. Non-linear
technology (with analog, RF and digital components together) aeakage thermal interdependence implies that higher temperature
expected to dissipatg00 — 1kW of power. Secondly the stackedleads to greater power. Higher temperature also impacts the device
layer configuration could result in overlapped hotspots and highgsrformance. Addressing these complex interdependencies between
thermal resistance to the heat sink due to greater number of laygstver, temperature and performance has been a major focus of
in between, including dielectrics with poor thermal conductivity. research both for 2D and 3D ICs. Localized temperature control

Recent works attempt to address the 3D-IC thermal chalnabled by micro-channel distribution can be exploited in a number
|en9¢t?/ﬂby ellther_ th?éana' aware _deS|t%n %pproaﬁchesdsugh_tas% plagieways by the 3D-IC design optimization process.
ment/floorplanning [5], or improving the thermal conductivity fro R , . . .
the inner layers by using dummy thermal through-silicon-vias (TSV4]'Proving circuit speed: Allocation of greater cooling surrounding

: : . - iming critical areas could be used by 3D-IC design methods to

[7]. However such approaches still rely on conventional air cooli rove timing (by aggressive timing optimization), since the
where heat is conducted through several layers of silicon, metal ociated power could be addressed by greater cooling. Reduced

oxide into heat sink which is cooled via air flow. As the power densi ) . =
increases, air cooling would be unable to deliver the copoling demarfgdperature would also contribute to an overall speeding up of circuit.

of high performance, heterogeneous 3D-ICs [3][13]. _Reﬂucri]n? d{namic and Ieakal%eé)_owelr dissoilpatiorEBr_ealterlfoolinlg I
L g - in high Teakage areas would directly reduce their leakage levels

B. Interlayer Micro-fluidic Cooling Technology ) .due to non-linear dependence between leakage and temperature.

Several recent approaches have proposed use of interlayer- migtgduction in temperature around timing critical circuits would result
channels in 3D-ICs for addressing the heat removal challenge][3][h an overall speeding up of the design. Hence we do not need
Physical structures such as lateral micro-channels are embeddegdgressive timing optimization, which helps saving both dynamic
the interlayer regions as illustrated in Fig. 1(b) which carry coolingnd leakage power (for example by down sizing gates). Reduction in
fluid in the close vicinity of hotspots. This configuration has mangower would further reduce temperature, causing a favorable mositiv
advantages including a) significantly higher heat removal rate duefé@dback. The reduction in chip power may be significantly greater
superior properties of the coolant (usually deionized water) [17], Bjan the required pumping power (experimental results to support
localized cooling due to close proximity of heat removing and hegiis claim would be provided subsequently). Hence the total power
generating entities. While micro-channels do not conflict with thgf 3D-IC including dynamic, leakage and pumping would be reduced.
gates in active layers, they do conflict with TSVs used for interlay . . . ) . .
communication. Another overhead is the pumping power associafggduction |nf pumpm%_ power: Desljgnh of 3D-IC would decide ¢
with pushing coolant through the channels (see Fig. 1(a). Fig. 1{g 381 S BTN HEREETan 00 ARoRoe, FCmRIT et o
shows the pumping power versus chip powerdooptimizedmicro-  |¢ 2! : . : .
channel design (channels placed all over the interlayer regions). #&'Plify the cooling configuration and therefore save pumping power.

chip power increases, the required pumping power increases \&ry feundamental advancement in power-performance tradeoff:Per
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Fig. 1. (a) 3D-IC with micro-channel, (b) micro-channel andvi®nfiguration, (c) pumping power versus chip power for uirojted micro-channel design

the advantages noted above, co-optimization of cooling and 3D-i€sistive network [11]. Given the 3D-IC thermal resistive network, th
design enables better performance under a given power enveldpe iaterdependency between chip power and temperature can be modeled
better power for a given performance constraint, thereby resultingh G - T = P. Here G represents the thermal conductance matrix,
fundamental power-performance improvement. Experimental datavi@iich depends on the material properties, configuration of micro-

support this claim is illustrated subsequently. . channels, and TSV distribution, etf.and P are the 3D-IC thermal

In this paper we attempt to highlight the need for this co-desi ' = .
and the associated challenges and opportunities. We investigategig ?g;}l(:;gr%fg\?\,se}’\lme that the poweris the sum of both dynamic

simultaneous gate sizing and micro-channel distribution problem

h : - ; P st The micro-channels consume extra power for performing chip
3D-ICs as an illustration of the advantages of this co Opt'm'zat'oncooling. The cooling power basically comes from the work done

D. Summary of Contributions by the fluid pump to push the coolant through micro-channels. It

In our problem, we assume a 3D-IC design whose gates have b§§RENds on the coolant flow rate through micro-chanrfelshe
placed in active layers and the TSV locations have been decided P[§SSure drop across micro-channél as well as micro-channel
this design we perform simultaneous gate sizing as well as allocat®NtV: Prump = N fAp. These three parameters, together with the
of channels in the interlayer regions such that: a) timing constraintT4Cro-channel distribution, also decide the cooling effectiveness of
met, b) overall power including dynamic, leakage and pumping powgpcro-che_mnels.. In this work, we assume the pressure drop and flow
is minimized, and c) micro-channels do not conflict with TSVs, ~'ate are fixed, since they usually depends on the pump configuration.

This is a very challenging problem because it seeks to unify tfgence the cooling effectiveness and pumping power is decided by the
power, performance, thermal and cooling aspects of the optimizatigpunt and distribution of micro-channels. Increase in micro-channel
problem. We develop an iterative optimization approach. In the firgunt results in better cooling, at a cost of increased pumping power.

step we optimally solve thédeal case where perfect control of Manufacturing Overhead of Micro-channels

silicon temperatures is assumed. This design is used as a guideling,. . i,
to generate a target channel distribution. The channel distributio, ?I/lgr(lné;z%nnfsls':?ée ﬂg;:egh (l)r\IN;heHsélrl]uC:gntﬁgbg)t(lrizzgntc)gt\/(\;?e%ié\;\gci

as well as gate sizes are iteratively refined to further save po f :
: ; .channels does not have direct impact on the placement of gates or
and improve performance. In each step, we exploit the mathemai e routing, since they are allocated in different layers. However,

prql%erggfné?]sgt?gt%ritﬁethgeﬁgﬁu%? %fg?l'%ntghd fluidic cooling col SVs travel through interlayer regions, hence the micro-channels and

design, we compare our approach with the conventional thermafS VS have potential resource conflict. When placing micro-channels,
aware gate sizing approach, which does not use micro-fluidic coolimy’ch constraint should be considered.
The experimental results show significant improvement of power, Gate Delay Model

and performance, with2% power saving and6% circuit speedup. The dela P
o e /0 . y of a gate depends on many circuit parameters such as
I\!otel that gategDs'lzc':ng IS just %n exi':_\mple to illustrate thFe power %Ete sizes, threshold voltage and carrier mobility. Many works model
S|mu|dta_neouts_ - es'?” zén Co? ||ng co-o?nm;z?ht_lon. l(thur_e wo &g gate delay as a posynomial function of the sizes (of itself and all
\r/]vou 't '”f‘f’est'gatﬁ more .;J” ?menta aspects Oh 'fs Cgb (Iecs:lgn 3tanouts) [8]. Temperature also influences the gate delay [18]. [10]
ow It altects other circuit optimization approacnes for Sb-ILS. — y5qels the dependency of gate delay on temperature as a polynomial
The paper is organized as follows. In section 2, we introduce t ction d  T°. By incorporating impact of both gate sizes and
3D-IC structure,fundamentals of micro-fluidic cooling, gate delay a erature. we can model the gate delav as:
power consumption. Section 3 gives the formulation of the gate sizi P ' 9 y as.
and micro-channel placement co-optimization. We explore the algo- > Mk wk
rithm for gate sizing and micro-channel placement co-optimization di = T¢ - (1o; + VkEFO(gi) ) (1)
in section 4. The experimental results are given in section 5. N ;
Herew;, T; are the width and temperature of ggte wy, is the width
II. BACKGROUND of g;’s fanout gatesg, no; andny; are constants.
A. 3D-IC with Interlayer Micro-Fluidic Cooling Eq. 1 shows that change in the following parameters can result in

: . . . . gate delay reduction: (a) increase of its own width, (b) decrease in
Fig. 1(a) shows a 3D-IC integrated with micro-channel heat slnk%1 : ; P
In this 3D-IC, three active layers, which contain functional units suc e width of its fanouts, and (c) reduction in temperature.

as cores, caches, are stacked vertically. Micro-channels are emb@d Dynamic and Leakage Power Models

ded in the interlayer regions. Each channel spans the whole interlayefe power dissipation also depends on gate sizes and temperatures.
region in z direction as Fig. 1(b) shows. Liquid is pumped throughto, each gatey:, its dynamic power can be modeled as a linear
channels, and takes away the heat generated in the active layers. T@ 8tion of gate sizé?;; = A;w; F, wherew; is the gate sizeF’

are incorporated to enable interlayer communications. As Fig. 1@®)the clock frequency and; depends on the switching activity and
shows, TSVs also travel through interlayer regions, causing resoukgnply voltage, etc. In this work, we assume is constant.

conflict with micro-channels. The leakage power depends on both gate gizand temperature

The thermal behavior of 3D-IC with micro-fluidic channels can bg-, _ .
modeled as a distributed RC circuit, with R corresponding to therm%T [lo]gszdelS the leakage-temperature dependencyPas o

resistance and C indicating the ability to store heat [15][16]. In mari T e 7i + (3. We found that this exponential function can be
cases, people are mostly interested in the steady state thermal behpproximated as a quadratic function with very good accuracy, hence
ior of 3D-IC, enabling us to capture the thermal behavior as a purethis work we use quadratic leakage modBl;; = w; - (1772 +



e2T; + e3), whereeq 2 3 are constants obtained by quadratic fitting

Placed 3D circuit
of the exponential leakage model in [10]. Note that [19] also verifig l

Ideal case Refinement

‘
‘
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. . . . . | i i . ’ ) B
According to the power models, large gate size will result in highe| & Qet‘_te_s'zt? > szSt,zm ‘l"es'g” ! > pri‘.sc”pm't‘ " ?.VStem "
dynamic and leakage power, which leads to temperature increg *>-oPimzation or\deal case || refinemen refinemen

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, I

Temperature increase will lead to further increase in leakage power.

I1l. PROBLEM FORMULATION T~ !

Given a 3D-IC circuit and the associated gate and TSV placement
(as Fig. 1(b) shows), we would like to decide the size of all gates Fig. 2. Overall design flow
and location of interlayer micro-channels such that the total power ~
consumption (including the dynamic and leakage power, as well IV. GATE SIZING AND MICRO-CHANNEL PLACEMENT
as the pumping power consumed by micro-channels) is minimized, CO-OPTIMIZATION ALGORITHM
while at the same time minimizing the longest path delay and The problem formulation illustrated above is quite complex.
ensuring silicon temperature to be less than the maximum constraine develop an iterative optimization approach where each step
The channels should not come in conflict with TSVs, which hawgystematically solves some aspects of the problem. We have
been placed already. The co-optimization problem is formulated $frived to use rigorous optimization methods as much as possible.
Eq. 2. Here we assume that gates and TSVs have been placed=ghdamentally the overall optimization problem is decomposed into
a grid (each gate/TSV is within a grid). Also the gate sizing doago: deciding the gate sizes and grid temperatures simultaneously
not change the gate’s grid location. Note that these assumptions @fiél then designing the micro-channel distribution which removes the
similar to other works dealing with in-place gate sizing. heat generated by the circuit (function of temperature and gate size)
Decision variables: i, B while coming as close as possible to the prescribed temperature.
This process is iterated several times as summarized below.

min > (Pai + Pri) + Ppump Step 1: Ideal heat sink and gate size co-optimization:We
Vgate:g; first simplify the problem by assuming that temperature in each
s.t. t; + di(w,Ty) < t;,Vgateg:, g; € FI(g:) grid is perfectly controllable and is not dependent on the 3D-IC

1 e ; ’ ) 4

‘ _ (2) conductivity matrixG. The resulting solution allocates a gate size

2. ti <teon,Voateg; € PO and temperature level to each gate/grid. The ideal case acts as a

3. G(B) T = }3(117’ F, T’) guideline to following optimization steps which would then strive to
S get as close to this ideal solution as possible.

4. 0<T <Thaa

Step 2: Micro-channel distribution for the ideal case: Interlayer
5. Wmin < Wi < Wmaa, VOAtEG; micro-channels are now placed such that: a) the heat levels decided

The decision variables in this problem are the gates gizand DY Step 1 are effectively removed and the grid temperatures are as
micro-channel location®. close to those prescribed by step 1 as possible, b) micro-channels

P P . A t allocated in areas with TSVs, and c¢) smallest number of
The objective of the optimization problem is to minimize the tot re no o :
power consumption of the 3D-IC (including dynamic, leakage an annels are aII.ocated for'mlnlmal pumping power. ]
pumping power) for the given timing constraint,,. Here P;; and Step 3: Gate size and grid temperature refinementSince step
P,; represent the dynamic and leakage power of gatevhich can 2 will be unable to entirely meet the ideal case solution of step 1,
be calculated based on the models in section II-D. The dynanili¢ gate size and grid temperature solution needs to be refined to
power depends on the gate siz&and clock frequencyF, and account for the current micro-channel network in place.

leakage power depends on both gate sizesind thermal profile Step 4: Micro-channel distribution refinement: The solution from
T (temperature in all grids). The clock frequency is usually decidestep 3 gives a modified gate size and grid temperature prescription.
by the maximum circuit delay. Hence, in this work, we assume thdence the micro-channel network needs to be refined further.

clock frequency is the inverse of timing constraifit=1/tcon. Step 5: lterate steps 3 and 4 till convergence criteria is met:

_ The first two constraints are timing constraints, indicating that thg,e convergence criteria could be set to a maximum number of
S|gtnalt pr(%pg\g)atlgn ?c?'gy frc.m ﬂ:ﬁ ptrllm.ary '”putsai(;ls)ﬁo p;'mariYerations or levels of improvements achieved.
outputs (POs) should be within the timing constraint,. Here t; _ _ .
denotes the signal arrival time at the output of gatefrom the Fig. 2 illustrates the overall approach. In each step we strive to
primary inputs andi; is the propagation delay of gage. The delay, US€ algorithms and heuristics which draw upon rigorous optimization
which depends on gate sizes and temperature, is calculated usinggtgé’ry while exploiting the structure in the problem formulation. Now
model in Eq. 1. We assume the 3D-IC is divided into grids. For ea¥® describe each step in detail.

of explanation, we assume each grid only contains one gate. Hece Step 1: |deal Heat Sink and Gate Size Co-optimization

grid ¢ contains gatey; and has the temperatu®. If a grid does not ! S N . .
have a gate, the corresponding power is 0 and the temperature woullfet Us first simplify the optimization problem in Eg. 2 as:

be decided by neighboring grids based on the conductivity métrix Decision variables: @, T
The 3D-IC thermal profilel” is then represented by the temperature 1
of all grids: T' = {T} vgrids:i }. Note that this formulation is easily min»  (Pai(w) + Pa(wi, To) + X Y 7
extendable to the case where each grid contains multiple gates. Vgate:g; Vgrid:i
The third constraint indicates the interdependency between tem- st. 1. t;+d;(w,Ty) < t;,Voateg;, g; € FI(g;) (3)
erature and power. L&t and P(w, F, T') represent the thermal and ) ) ’
Bower profile gt all gridsg in SDSIC. The) poever dissipated in a grid 2. ti< tjm,,,Ygategz € PO
1is P = Pg; + P; (if a grid does not have any gate then its 3. 0<T <Tmax
power is 0). Note that the power profile is a function of gate sizes 4. Wmin < Wi < Wias, Voateg;

and temperatures. Hei@ represents the 3D-IC conductivity matrix ) i : )
which depends on the properties of the material, TSVs as well asln this formulation, the grid temperatuf& is assumed to be per-
design of the micro-channel structuBe The last two constraints are fectly controllable through an ideal heat sink. The constraints signify
the maximum temperature constraint and feasible gate size rangeneeting the timing constraint while staying with temperature and gate
The power, temperature and gate delay are interdependent ifiZ¢ constraints. The objective has two components: minimization of
complex way (as the models in section Il shows), making this c@ower as well as an additional tef,, ,,.;,.; 7 This term signifies
optimization problem difficult to solve. The allocation of micro-the fact that reducing@’; comes at the penalty of a more complex heat
channels at discrete locations adds further complexity to this problesimk (which would be designed in the subsequent steps). Without this



term, this optimization problem would trivially assign dl) to be as the new channel infrastructure in-place, this assumption does not
small as possible (because that would benefit both timing and powédm®ld anymore. Hence the gate sizing needs to be re-evaluated. 2)
The solution of this problem represents allocation of gate sizes alowg may still want to refine the channel structure further, based on
with grid temperature, and would be used as a starting point foewly prescribed temperature and gate sizes. Hence we would like
further optimization. to generate new assignments from grid temperature while accounting
In order to solve this problem we make the following transforfor the current cooling system in place.
mationw; = ¢% andT; = e%. Based on this transformation, the In order to achieve the latter objective we divide the temperéattre
gate delay and power consumption models described in sectiorintio two components: controllable and uncontrollable pafts, and
becomed; = ¢ - (os + 3 - €%~ %), Py; = A;Fe%, Tnei. The uncontrollable temperature is decided by the relationship
VYkeFO(g;) ' between power and temperature which is a function of gate sizes and
P =e% - (162" +£2e +3). It can be seen that the models foralSO the micro-channel structure in place. The controllable part is an

delay, leakage and dynamic powers are convex functions of variabféilitional parameter which we can control to prescribe any change

a; andb;. in temperature. It would be used to further refine the micro-channel
Theorem 1: Formulation is Eq. 3 can be solved optimally usinggtructure. The gate/grid temperatifie= T, i * T, ;. HereTe, = 1
convex optimization approaches. indicates no change at gage (or grid 7), T,; < 1 indicates greater

Proof: As indicated, gate delay, dynamic and leakage power functiofged for cooling and.; > 1 indicates less cooling necessary. The
are convex w.r.t. variables, andb;. Hence the constraints are convexformulation at this step can be represented as follows.

1 —b; i i L. . - —
The term} . .. 7 9ets transformed t§ ;€7 whichisa 5 .icion variables: @, Too, T
convex function, too. Hence the overall objective function is convex

as well, making the whole formulation optimally solvable using Objective : ®)
polynomial time convex method#l min Z (i (w3) + Prs(ws, Tros % Tot)) + A Z
B. Step 2: Micro-channel Distribution for Ideal Case Voatog: N e ’ variai Lei

Step 1 has assigned gate sizes and grid temperature values. T S . . .
gate sizes and temperatures decide the overall power dissipatjor N objective structure is the same as the ideal case in step
profile while the temperature assignments indicate the level of coolifig However, the temperature affecting the gate leakage has two
necessary in each grid. Together, these two aspects profoundlytim;?é”pOnents now: uncontrollable pdit.,; and controllable paff:;. ~
the design of the interlayer micro-fluidic system. The problem witRecause the controllable component is being assigned by us in this
the “ideal formulation” of step 1 is that it assumes perfect contrgt€P; We would likeT. ; to be as large as possible indicating minimal
of each grid temperature which is not possible even with interlayBf€d for channels. This would help reduce pumping power. Hence
micro-fluidics. By nature, micro-fluidic channels carry heat alonf)® OPjective combines total power dissipated (the first two terms)
the direction of fluid flow. They are incapable of controlling gric!ong with pumping power (the third term).
level temperatures. This is because, even though they enable localized ., straints 1. 2 -
cooling, they cannot completely remove the thermal cross-coupling of o
neighboring grids. The decision of allocating or removing a micro- 1. & + di(W, The,i * Tei) < ti,Vgategi, g; € FI(gi)  (6)
channel will influence all the grids adjacent to this micro-channel. 2. ¢; < t..,, Vgateg; € PO
Hence in this step, we would like to allocate channels such that_ . . . . N
temperatures are as close as possible to the prescribed levels fromf‘ih@;ideal case except the gate temperature has two components.

1. We use least square fit (LSF) to find the micro-channel placement:

,omn I G(B)_ Taesire Pde‘””_ I2 , () As indicated earlier7},. ; is the uncontrollable temperature which

Here Tacsire is the prescribed thermal profile decided by the s decided by the power being dissipated and also the cooling system
previous step.Puesire IS the sum of dynamic and leakage powein place. This constraint establishes the relationship between chip
calculated based on the prescribed gate sizes and temperatures yssagr dissipation and’,.;. Note that we do not includd.; in
the power models in section II-D. The objective is to decide thiis equation, because this parameter is being controlled to prescribe
channel allocation such that the RMS (root-square-mean) errorréginements in the cooling system, and would be used by future steps
minimized.B is the allocation of micro-channels aB) is the as- to redesign the cooling system.
sociated thermal conductivity matrix. For a given allocation of micro- Unlike the ideal case in step I.; should not be arbitrarily
channels, the associated conductivity matrix could be generated usisgigned in each grid since we already have a micro-channel network
the modeling approach described in section II-A. It is noteworthy that place. For example, if a grid already has a channel underneath,
for a given set of potential channel locatiois we would like to then increasindl:.; would prescribe removal of this channel. But
choose a subset such that the aforementioned objective is minimizesing so without accounting for the impact on other grids may result

To solve this, we first formulate the problem as an integer prograin. significant sub-optimality since removal of a channel would affect
Essentially we assign a decision variable for each potential micra-large number of grids. Also, if a grid is located close to a
channel location (binary constraint) and show that the conductiviigV, then even if it has a small value @f.; (indicating a need
matrix G is a linear function of these binary variables (prooffor channels), its extra cooling demands may never be met due to
are omitted for brevity). By approximating the binary variables ashysical constraints imposed by TSVs. To account for these issues,
continuous, this problem becomes minimizing the RMS error afie following constraints are imposes on the controllpf.

Constraint 3: G(B) ~fnc = }Sd(u?) + }31(117, ’fnc) @)

an affine function (sincéﬁdesire and Pyesire are known, G(B) - Constraints 4, 5 :
Taesire — Paesire) 1S @ linear function ofB), which can be solved . . -
efficiently. After solving this problem, we roundup the continuous 4 Temin < Te < Temax (8)

variables to obtain the locations of micro-channels. Note that the 5. T.; =T, ;, Vadjacent gridg, j along channel direction
objective here is to generate a fluidic cooling solution that come as
close as possible to the prescrib€g.si-e and Pyesire- .

p p @81 © desire Cated Tc,mazy Tc,min are VeCtonzed—‘c,maz,'Ly_Tc,'min,i)- Tc,min,i S

C. Step 3: Gate Size and Grid Temperature Refinement 1 and7.. ... > 1. A small value ofI.. ..., ; implies the possibility
Since the micro-channel solution from step 2 may not be abté adding more cooling around grid while a large value of ¢ ,in,i

to come very close to the solution desired by step 1, we needplies smaller chance of adding extra cooling aroun8imilarly, a

to refine the original solution. Following are the objectives of thikrge value ofT. ,.q.,; implies that gridi is close to some existing

refinement step. 1) Step 2 synthesized a micro-channel solution whattannels, hence great temperature increase would occur if the cooling

controls how power and temperature impact each other. This neagisund gridi is removed. A small value df. ... ; implies that the

to be accounted for in the gate sizing solution. The ideal case infpact of existing cooling configuration on grids small since they

step 1 had assumed a perfectly controllable grid temperature. Wétte far away. By appropriately assigning the valuesTor.,...,; and

Te,min,i @NdTe, maq,; Values control how th&, ; values are allo-



T.,maz,i, We can control the degree of change that is prescribed to . - _,
the cooling system by the optimization formulation. The,.,.; and _ Constraint 3:  G(B) - Temp = Power (10)
Te,maz,i Values for eacll. ; are allocated using the following rules. HereTemp and Power are vectorizedPower; andTemp;. This
Rule 1: If grid 4 is in the close vicinity of a TSV, then allocating modification enables us to linearize constraint 3, which could now be
channels nearby would be tougher. Hence we do not wish to hasggment with the other constraints and solved with standard convex
too much additional control of temperature at grid Therefore, optimization methods. The final solution of this optimization would
Te,min,: andT, maz,: are allocated to be closer to each other such thee a;, b,,.; andb. ; values for all gates. These would now be used
significant changes in the fluidic structure around not prescribed to refine the micro-channel distribution.
by the optimization formulation. We use a formula based on distange o . .
and number of closeby TSVs to compute this range. The details hade Step 4: Micro-channel Distribution Refinement
been omitted for brevity. Just as step 2, we would like to design the micro-channel dis-
Rule 2: If a channel is already allocated very close to gijd tribution to address the heat dissipation decided by the gate sizes
thenTe min,: is assigned to 1 and: ...z,; IS assigned to be a large (and temperature) and also account for the change in the current
value. This indicates that the step 3 formulation only has the optieonfiguration prescribed by, ;. This step is basically the same as
of suggesting removal of a channel from this location. step 2. However there are a few changes. Firstly, the formulation
Rule 3: If a channel is allocated close but not too close to a grisolved in step 3 uses upper bouRdwer; andTemp; as illustrated
i, thenT. min,; < 1 and its value is a function of the number ofin Eg. 9, 10. Hence, for a given gate size and micro-fluidic configu-
potential channel locations in the close vicinity. More the potentiaation, we will need to recompute the actual uncontrollable thermal
channel locations, smaller the value®f ini- T¢,maz,: is allocated profile T,,. (which could be done by simply solving Eq. 7 for the
to be a value greater thain and is a function of the distance to theassigned gate size). Note that this is a complex equation to solve
closest channel in theurrent design. Greater the distance smallegjue to leakage thermal interdependence. This would give the actual
the value ofT 4. This is because, prescribing an increase i nrofile for the given gate size solution. Now we combine the
grid temperature by removing channels will only be effective if the}cya|7;,. ; with the prescribed’,; values to obtain the target grid
are located sufficiently close (further details omitted for brevity). temperaturel’; = T,..., * T-.. The generated target thermal profile is

Rule 4: If no channel is allocated in sufficient vicinity thenbasicallyfdesm from step 2. Since the target thermal profile and gate

T.min,: has the smallest valupossibleindicating that a channel _; - )
could be added and’.....; = 1 indicating that there is little SIZ€S are known, the chip power profile could be computed as well.

possibility of removal of a channel. This would constitutePesir.. Using these values, a new channel
Rule 5: All T, for the grids along the same micro-channel iglistribution is computed using techniques described in step 2.

allocated to be the same. As shown in Fig. 1(b), each micro-changel Step 5: Re-iteration and Stopping Criteria

spans the whole interlayer region irdirection, hence the prescribed ) h X .
changes for grids along the same micro-channel are assigned teps 3, 4 are iterated to continue improvement in the overall

be 4 - . S
the same due to the nature of micro-channels. This is iIIustrated?H_Ut'Q”- Firstly we would like to point out that the formulation in step
constraint 5. » indirectly captures pumping power using the texh.., .., 7 -

Allocating T min.: andT. . values is very critical since the Secondly, as we iterate, Eq. 8 controls the tolerable level of change
ranges decide what kind of changes from the current fluidic structdrem the current micro-channel allocation. By shrinking the range of
end up being prescribed. The rules above attempt to constrain ffig as we iterate, the amount of change in the cooling solution be-
formulation of step 3 to prescribe changes which are in sync with tkemes lesser and lesser. Hence after a few iterations, it will converge.
current fluidic system in place. Also, as we re-iterate, we would like fbhis approach unifies the design of cooling structure with gate sizing.
make fewer modifications in the micro-channel structure. This coulhis is a significant improvement over conventional approaches that
be achieved by reducing the range fir; as iterations progress. usually design the cooling infrastructure after designing the electrical

Solving this formulation is more complex than the ideal casaspects. In the result section we illustrate how such co-design can
of step 1. Here too, we transform the temperatiig; = e®»<¢, fundamentally improve the power-performance tradeoff in 3D-ICs.

T.; = e’ and gate sizew, = e*. Hence the prescribed £ Computational Overheads and Other Merits

temperaturdl; = T}, ;% T.; = e’neitoei With this transformation, he com . R
b6 ; putational complexity in this approach stems from the
g]letﬁgt% gt(élagi’zgygﬁgl'feﬁqngeg?lljfegevgr?;vb%g)ecqmaengobnyex.lfﬁQCt'g orithmic complexity of the individual steps as well as the number
objective and constraints 1,2 in Eq. 5, 6 remaiTrLfs’zconvexC’ZConstrai iterations. We would like to point out that each of the individual
4 and 5 are also convex. (since.ra}lges of the prime{ry variabReps attempts to make the best use of the fundamental mathematical
could be transformed to appropriate ranges of the transform ucture in the problem formulation. For example step 1 is optimally
: ; : : : - SOlvable, step 2 is approximated as an unconstrained convex program,
variables). Constraint 3, however is problematic. In this constrai ep 3 is approximated using the piecewise linearization approach
Te,i and power dissipation values are convex functionsiofind hich is then solved optimally and step 4 is similar to step 2. The

bne,i. However the equality relationship in the constraint causi% ; ; : .
TLCst : : mber of iterations are systematically controlled by appropriately
the convexity to breakdown. In order to address this problem, tting the range o, variables.

represent the the power dissipation of gate(leakage + dynamic) “"\\i" pajieve our a - : . .
. > i ; ‘ pproach is a unique way of integrating the
as a piecewise linear function of the gate size paramejeand electrical, thermal and cooling aspects in a unified optimization

uncontrollable temperature variablg. ;. Note that the right hand PR ) ;
side of the constraint is basically the power dissipation for all gatqaﬁ[.zgrrggggnvgg'ﬁgéz capable of effectively accounting for the complex

We also represerit,.; = ebnesi (on the left had side) as a piecewise
linear function of b,.,;. The underlying model parameters could
be used to generate the coefficients for the piecewise linearization ) V. EXPERIMENTAL RESULTS
(these are standard approaches and therefore omitted for brevity)ln the experiment, we use the ITC'99 circuits, which are typical
Because, both gate power dissipation did,; are convex functions synthesized circuits consisting of AND, OR, NOT, NAND and NOR
of a; and b,.,, the following approach can be used to replacgates, to generate the 3D-IC benchmarks [2]. Each 3D-IC contains
the variablesT),. ;, Pas, Pi,; from constraint 3 by the underlying three layers and each layer contains several arbitrarily chosen9TC’9
piecewise linearization. circuits. We use the Capo placer to place the gates in each layer [1].
Power: > eaq @i+ €an-buesteon Vs=1..8 We also place a total 02000 TSVs in the whitespace. The chip
¢ = sl T AT Cs,2 " Bne,i T Cs,3 - (9) dimension sV = L = 9mm. The width, height and pitch of micro-
Temp; > eu,1 bnei +eu2 Vu=1..U channel arel00, 200 and 100um. The maximum thermal constraint
HereS andU are the number of linearizations imposed on the gate 85°C. The parameters of delay, thermal and power models are
power dissipation an,,. ;. Here Power; represents an upper boundobtained from [10][18][19] and SPICE simulation. Note that we strive
on gatey;’s total power. TheS-piecewise linearization is derived fromto use realistic 3D-IC benchmarks. However, since no real 3D-IC
the underlying model. Similarl{{’emp; is an upper bound off,..;. benchmark is publicly available, we try to construct close-to-realistic
Constraint 3 is now written as: 3D-IC benchmarks using existing 2D standard benchmarks.



TABLE |

COMPARISON OF TOTAL POWER CONSUMPTION S
Bench[#£Gate§ t.on(ns) | Total power (W) [Power saving w.r.t ‘:2507 R
mark (tight/loose)Air CoolPostixOurAir Cooll Postiix g
48 (tight) | 294 | 289 (254 13.61%) 12.11% 8 I—arces 1 TTUeeee..
1 |343380 70 (loose)| 226 | 223 |19712.83%| 11.66% T 2% postfix
74 (tight) | 256 251 (219 14.45%| 12.75% 2 - - -Co-design
2 |394152 95 (loose)] 233 | 219 (189 18.88%] 13.70% 1500 45 s0 55 80 6 70
70 (tight) | 221 218 (191 13.57%| 12.39% Max delay (ns)
3 [342267 90 (loose)| 182 | 189 |164 9.89% | 13.23% Fig. 3. Delay versus power tradeoff for benchmark 1
39 (tight) | 293 287 258 11.95% 10.10% . . .
4 |295632 60 (loose)| 214 | 210 (189 11.68% 10.00% basically the best power-delay tradeoff that the conventional gate siz-
5T (tight) | 284 | 291 249 12.67% 14.78% N9 approach can achieve. The power-performance curve achigve
5 208575 61 (loose) 251 | 245 [21912.75% 10.61% Postfixapproach has slight (but not significant) improvement over the
55 (Gight) | 232 | 232 206 11.21% 11.21% conventional gate sizing approach. However, using co-design results
6 181722 75 (loose) 190 | 188 |16712.119% 11.17% N significant power-performance improvement. The figure showts tha
for all timing constraints we tested, our design always dissipates less
verag 9 ~2.Y97%0  power compared with the other two approaches. Similarly, when the
available power budget is fixed, our design achieves better circuit
TABLE I speed, indicating a fundamental power-performance improvement
COMPARISON OF CIRCUIT PERFORMANCE achieved by 3D-IC electric and cooling system co-design.
Bench Postiix Oour Circurt
mark |[Besti..,(ns)Power(W)Besti.,, (ns)Power(W)speedup
I 18 289 40 289 [16.67% . . ) VI CONCLUSI_ON .
2 74 251 60 251 |18.92% ‘This paper investigated the co-design of 3D-IC gate sizing and
3 70 218 57 218 |18.57% Mmicro-channel allocation that fully exploits the interdependency be-
4 39 287 34 287 |12.82% ENeen %ower, '_[tedmﬁerat\ijre akr:d cnrgu;tl()jelay 'g‘o re(_jucesgo;/éer Icorgs_un?p-
5 51 201 44 277 113.73% tion and circuit delay. We show that by performing 3D-IC electrica
6 55 232 a7 231 |14.55% and cooling system co-design, a fundamental improvement in power-
Averagd] 56 | 261 | 47 | 750 [15.88% performance tradeoff can be achieved.

To verify the power and performance improvement achieved b¥
our approach, we compare our design with two other approaglires: 1]
Cool and Postfixapproaches. In théir Cool approach, we perform ]
thermal aware gate sizing with pure air cooling. The overall therma[l2
resistance of the heat sink for air coolingli$°C/W. In the Postfix  [3]
approach, we first perform gate sizing assuming there isn't any micro

channels and then place micro-channel using the approach in [14][4]

A. Comparison of Power Consumption

We compare the total power consumption resulted from the thref]
approaches. For thdir Cool approach, the power consumption
consists of dynamic and leakage power, while Rastfixand our [6]
approaches, the total power consumption also includes the pump-
ing power consumed by micro-channels. Table | shows the powgy]
consumption resulted from these approaches. For each benchmark,
we tested power consumption for different timing constraints: one i
tight and the other is looser. Note tlight timing constraint is the [9]
best achievable timing constraint fésir Cool approach (basically
the tightest timing constraint that we can compare). Table | shows
that, under the same performance constraint, our approach cdin rd4q]
in 13.33% total power savings compared withir Cool approach,
indicating that the use of micro-channels, not only does not increase
the system total power consumption, but actually helps save power|
instead. Compared witRostfixapproach which performs gate sizing
and micro-channel placement separately, our co-design approach
achieves12.05% power saving. This is because: a) micro-chann
structure is optimized, b) the co-optimization also helps further
reducing the leakage power and circuit delay, causing a favorapig)
positive feedback.

B. Comparison of Circuit Delay

We also compare the best achievable circuit delay under the s
power envelop. This was obtained by performing a binary search on
timing constraintg..,,. Table 1l shows that our co-optimized design
achievesl 5.88% circuit speedup over thiostfixapproach, while still
consuming the same (or even less) amount of power. (16]

C. Power-Performance Tradeoff

To characterize the tradeoff between the system performance &hd
power consumption, we plot the circuit delay versus power consun(]é 5
tion for benchmark 1 as Fig. 3 shows. For all three approach ,]
the power consumption increases as the timing constraint beco
tighter. In the figure, the solid line is the power consumption of
conventional gate sizing approach using pure air cooling. This line is

(14]
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