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Abstract— With today’s advanced integrated circuits (ICs)
manufacturing technology in deep submicron (DSM) environ-
ment, we can integrate entire electronic systems on a single chip
(SoC). However, without careful power supply planning in lay-
out, the design of chips will suffer from mostly signal integrity
problems including IR-drop, Al noise, and IC reliability. Post-
route methodologies in solvm% signal integrity problem have been
applied but they will cause a long turn-around time, which adds
costly delays to time-to-market. In this paper, we study the prob-
lem of power supply noise avoidance as early as in floorplanning
stage. We show that the noise avoidance in power supply planning

roblem can be formulated as a constrained maximum flow prob-
em and present an efficient yet effective heuristic to handle the
problem. Experimental results are encouraging. With slight in-
crease of total Wirelen%th, we achieve almost no IR-drop require-
ment violation and 46.6% of improvement on Al noise constraint
violation compared with a previous approach.

|. INTRODUCTION

_With the advent of further technology scalin?, circuits which con-
tain more functionality are operating at higher frequencies, currents,
and power. The lower supply voltage brings down the power dissi-
pation in general, but at the same time brings down noise margin of
the devices as well. As a result, many effects that were less impor-
tant in the previous technology of designs have become major factors
in correct tfunctionality and performance of these dense chips. In to-
day’s new interconnect-centric paradigm [9, 7], power delivery and
dissipation, timing, signal integrity, and reliability have become as
important, or more important, as die area, which was a prime concern
for previous technologies.
uring manufacturing, the number of silicon failures are caused by
signal integrity problems, such as IR-drop, Al noise, and electromi-
gration. IR-drop and Al noise may cause circuits’ incorrect function-
ing and timing requirements mismatch, while electromigration may
cause the damage of circuits’ lifetime. These problems are on the rise
due to the lack of existing design tools and methodologies to address
these issues effectively. Therefore, as [14] pointed out, the ability to
design the chip, the package, and the surrounding system concurrently
becomes a primary advantage. A packaging technique utilizing flip
chip bonding (Controlled Collapsible Chip Connection, C4) has been
developed from IBM for decades to manufacture VVLSI quickly and
cost effectively [12, 8]. Nowadays C4/flip-chip technology is more
widely used in microprocessor and high-performance ASIC manufac-
turing than wire-bonded technology. Even the technology minimizes
on-chip voltage fluctuations, difficulty still lies in the interaction of
two independent functional blocks that share a (power source [11].
Post-floorplanning or post-route power sulpp y synthesis have been
applied to generate satisfactory power supply, frying to meet the re-
quirements of different components in SoC design. Due to reduced
power supply voltage, tighter noise margin and DC voltage drop, the
task has been difficult. Among the approaches of handling/estimating
power delivery [15], the Iglannlng of mesh power rail followed by hier-
archical power/ground (P/G) networks designs is still a major method
to design high performance IC [6, 3, 18?. Nevertheless, as [13]
pointed out, power supply synthesis after roorpIannln?_ or routing
stage cannot guarantee high-quality power supply under limited rout-
ing resources. In many cases, when the circuit block locations and
sizes are fixed, the constraints such as voltage drop and current den-
sity are so tight that there is no feasible power network design capa-
ble of keeping power supply noise within a specified margin. There
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has been a large amount of research in floorplanning and extended
interconnect-driven floorplanning works. However, most of these ap-
proaches ignored power supply planning. The resultant floorplans
may suffer from serious local hot spots and insufficient power sup-
ply in some regions. Liu et al.[13] integrated power supply planning
and floorplannln? but failed in the attention of possible power supply
noise hazard in floorplanning stage.

_High-performance ICs require a robust power delivery network
with nominal supply voltage fluctuations. We formulate the noise
avoidance in power supply planning problem as a supply-demand
problem for power delivery with side constraint for power supply
noise requirement. We use a constrained network flow model to repre-
sent this problem and handle it with a modified max-flow aI?on; m.
We have incorporated our algorithm into a roorPIannlng algorithm
for integrated floorplanning and power supply Eannl_ng. (This de-
sign can be applied to any floorplanner as_v_vell.? xperimental results
are encouraging. C(_)mparln(]; with a traditional floorplanner with no
ower supply planning at all [17] and a floorplanner with power de-
!ve[jy olanning for avoiding hot spots [13], we obtain floorplans in a
fixed die area but significantly better in terms of meeting the IR-drop
requirements and minimizing the violations of Al noise constraint
imposed by the circuit blocks. This design can augment the P/G dis-
tribution network design and can be an alternative solution other than
decoupling capacitance (decap) allocation [19] in power supply noise
avoidance.

The rest of the paper is organized as follows. Section Il describes
the floorplan des_il%n with power Slépiﬂy noise considerations and prob-
lem definition. The network model and algorithm for power supply
noise avoidance are presented in Section Ill. Section IV shows our
approach for floorplanning with power supply noise avoidance. Ex-
perimental results and concluding remarks are stated in Section V.

Il. FLOORPLANS WITH POWER SuUPPLY NOISE
CONSIDERATIONS

In traditional VLSI design, as [8, 4] pointed out for power supply
noise analysis, the resistive IR drop occurs mostly on the chip and
the inductive Al noise only occurs on the package. IR droB is an ef-
fect caused by wire resistance and current drawn off of the P/G grids.
However, as we move into DSM design, the inductive component of
wire impedance jwL becomes comparable to R. The Al noise, also
referred to as simultaneous switching noise (SSN) or ground bounce,
is caused by changes in current through various parasitic inductors.
C4 has been developed to manufacture VLSI quickly and cost effec-
tively [12, 8]. The major advantage of the technology is, after packag-
ing, that the uniform- and low- inductive/resistive power is fed across
the face of the die, minimizing on-chllp_volt_agg fluctuations that lead
to improved voltage tolerances, resulting in improved on-chip fre-
quencies. Nevertheless, the technology still suffers the problem of
power delivery in mainly two effects mentioned above.

The primary difficulties occurred in DC and inductive induced volt-
age drop during planning power supply in layout design [11]. Firstly,
components in an 1C share acommon power source that supplies volt-
age and current to transistors. The transistors draw current when they
turn on and off. The power source must be designed such that “clean”
voltage and current supplies are uniformly available to all transistors.
IR-drop can have a significant impact on a design. Secondly, the
interaction of two independent functional blocks that share a power
source causes inductive induced voltage drop problem. Illustrated in
Fig. 1(b), the voltage fluctuation of block C and its subsequent load
on the power bus affect the power supply voltage seen by block D
and vice versa. If block D experiences a reduced supply voltage, it
exhibits a higher than normal delay and might not function properly.
So obviously the positions of blocks are important variables in noise
avoidance, meaning floorplanning will affect the quality of power de-
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Fig. 1. Al noise constraint illustration when sharing power sources. Two
examples of two blocks with a power supply bump. The V-t curves are
voltage fluctuations for blocks and the superposition seen in power supply
bump. (a) The power supply bump is clean since the voltage fluctuations of
two blocks are within the upper bound on AV for both blocks. (b) The power
supply bump is noisy since the voltage fluctuations of block C and D exceeds
the upper bound on AV for block D.

o o
pl p2 ol L4 02 o
bl
° °
by P3 pe b2 ps @ pa©
® [ ] O
P5. p5
b3 pe b3 P b2

Fig. 2. Floorplanning affects power supply planning and noise avoidance.

livery. InFig. 2, there are two floorplans with the same area but differ-
ent relative position of blocks in area-array design. Block b3 can get
four power supply bumps to deliver power on the left floorplan while
it can possibly only get three power supply bumps on the right one.
That block may suffer from insufficient power and noise constraint
violation, thus fail to function normally. Next we will introduce the
models of the constraints in our problem formulation.

A. IR-drop Requirement

If the wire resistance is too high or the cell current is larger than
predicted, an unacceptable voltage drop may occur, which causes the
supply voltage to be lower than required. Similar to [5], the following
eqbuatlon gives the effective resistance (R) for pad transfer metal from
a block to the power supply bump with C'1 and C'2 being constants de-
rived from simulation, where dist(b, p) is the distance between block
and power supply bump.

R = C1+ C2 % dist(b, p)

Using I..g4 as the average DC current for the block, we can obtain
voltage drop as g * R. Here we try to bound the resistance be-
tween a block and its power sources so that blocks can obtain suffi-
cient power to alleviate IR-drop effect. If some blocks can not obtain
enough power to meet power requirement, the violation of IR-drop
constraint is occurred.

B. Al Noise Constraint

In general, the SSN voltage should be less than some peak voltage
for a circuit to operate properly [16]. Here we define this peak voltage
as the upper bound on AV for a block, assuming given from intellec-
tual property(IP) block manufacturer. Let z;; be the amount of power

units delivered from power supply bump p; to block b;, §(z:;) = 1
if z;; > 0, = 0 otherwise, (4£); be the maximum rate of current
change during transition at block b;, which is assumed given from IP
provider, L; be the parasitic inductance for power supply bump p;,
which is described in technology file, L;; be the effective wire induc-
tance from power supply bump p; to the center of block b;*, S; be
the set of all power supply bumps that connect to block 4;, and AV}
be the upper bound on AV for block b;, pr; be the transient switch-
ing probablity for block b;. We define the parasitic voltage drop from
package to power supply bump p; as

AV, 3" 8(win)L 2 (i )
ackage = h) i o7~
packag h Zkesh d(zkn)

We sum up all the prL% values from p; to all the blocks which the

power supply bump delivers power to. This is to reflect the sharing of
power sources by adding all the inductive induced voltage drop asso-

ciated with the power sources. Also each L% value is divided by the
number of power supply bumps which deliver power to each block
in the set Sy, (Ekesh &(zxn)) due to the sharing of power demand,
here we simplify the sharing to be equally divided by the power sup-
ply bumps, not very realistic though. We also define the inductive

induced voltage drop from power supply bump p; to circuit block b;
as

pri(4);
D kes, 0(@ri)
The summation of these two parts for each p; and ;, which is the

total Al noise induced voltage drop, should be less than or equal to
the upper bound on AV for block b;.

Av;mckage + AVwire S AV}

Block b; can work properly only when the inductive induced voltage
drop from package to p; and from p; to b; do not exceed this bound.

AVwire = Lij

C. Problem Formulation

_The goal of this paper is to find out the power delivery distribution
with power supply noise minimization. Here we try fo satisfy the
demand of power for every block and avoid possible power supply
noise during floorplanning.

Problem 1 Given a floorplan of n blocks b4, - - -, b, and their min-
imum power requirements ds, - - -, dyn, respectively, and given a set
of m_power supply bumps p1, - - -, p, and the maximum power they
can deliver s1, -+, Sm, respectlveiy, find a feasible solution such that
each circuit block b; obtains d; units of power from power supply
bumps, and each power supply bump p; delivers s; units of power or
less. Meanwhile, the power delivery assignment needs to meet the Al
noise constraint:

pra(%)n pri(5);

[; d(zin)Ls Zkesh 5(zkh)] + [Li; Zkesj 5((17];;]‘)]

< AVj, for each pi,b; s.t. 6(zs5) =1
where those symbols are defined in section 11.B.

I11. POWER SUPPLY PLANNING WITH NOISE AVOIDANCE

In order to handle the power supply planning problem along with
noise constraint to be met, we need o develop reasonable and effi-
cient strategies to deal with the constraint. In this section, we define
feasible power supply region to consider IR-drop requirement, then
introduce the construction of special network for power supply plan-
[‘IInP with noise avoidance. In preserving the advantage of polynom-
inal time max-flow algorithm, we also develop an effective heuristic
to deal with Al noise constraint.

LSince effective wire inductance is very hard to extract, we assume that it
is propotional to the distance between the block and power supply bump for
simplification.



A. Feasible Power Supply Region

We try to bound the resistance between a block and its power
sources to reflect IR-drop effect. Given the current and the upper
bound on AV for a block, we can derive a region which is an expan-
sion of the block in all four directions by a distance . Such a region is
referred to as the feasible power supply region for the block. Only the
power supply bumps within the feasible region of a block can deliver
power to the block.

B. Constrained Network Formulation

To solve the problem, we construct a special network graph and run
a modified max-flow aI?orithm [2] to obtain the solution. The graph
consists of two kinds of vertices besides the source s and the sink ¢:
the circuit block vertices B = {b1, b2, ..., bn } and the power supply
bump vertices P = {pi1,p2, ..., pm }. To simplify the presentation,
we use the same name for a vertex and for the corresponding circuit
block or power supply bump interchangeably.

The network graph G = (V, E) is constructed as follows. There
is an edge from the source s to every Power supply bump vertex and
there is an edge from every circuit block vertex to the sink ¢. The
edge capacity from the source s to a power supply bump vertex p;
is s;, which is the maximum power that can be delivered by p;. Tﬁe
edge capacity from a circuit block vertex b; to the sink ¢ is d;, which
is the minimum power that is required by b;. There is an edge from p;
to b; if p; is inside the feasible power supply region of b;. If such an
edge exists, the edge capacity is set to co. We can state the problem
formally as follows.

Maximize v
subject to
v fori=s
Z 2ij — Z :c,-¢={ 0 forallieV—{st} (1)
jei; €EE jej; €E —v fori=t
pra(§)n Pri(Gi)i
[ 5($ih)Li7t] 4+ [L; ——-dt72
; > kes, 0(@kn) ! Ekesj 8(zx;)
< AVj, for each p;,b; s.t. §(zij) =1 @

We refer to a vector z = {z;;} satisfying (1) as a flow and the
corresponding value of the scalar variable v as the value of the flow.
x5 is the amount of power units delivered from p; to b;, §(zs;) = 1
if z;; > 0, = 0 otherwise. The rest of the symbols are defined in
section 11.B. Any flow from the source to the sink in the network
assigns power delivering from a power supply bump to a circuit block.
We have a theorem as follows.

Theorem 2 A max flow in the network graph corresponds to a power
supply ?Iannmg solution which maximizes the amount of power de-
livered from the power suppp/ bumps to the circuit blocks. A feasible
solution exists if and only if all edges from the source to the circuit
block vertices are saturated.

This theorem guarantees to solve power squIy planning problem
without the constraint we introduced. As can be Seen in the problem
defition, the side constraints are non-linear, so it may be treated as
NP-hard or approximately NP-hard problem. Therefore we can not
use min-cost max-flow/min-cut or maximum bipartite matching algo-
rithms to optimally solve this#roblem. In the following subsection,
we introduce an efficient yet effective algorithm to minimize the vio-
lations of Al noise constraint and still obtain maximum flow.

C. Priority_Augmenting_Path Algorithm

In this section, we describe a priority-based heuristic to deal with
power supply noise constraint in max-flow algorithm. In Ford-
Fulkerson method[10], we try to find any augmenting path to in-
crease the flow. However, randomly pick feasible augmenting path
may cause serious violations for noise constraint in power delivery
planning. Fig. 3 shows the constraint violation example when not
carefully augmenting the flow. Due to this observation, we imple-
ment an efficient algorithm to decide the order of finding augmenting
paths based on the priority assigned on the edges between power sup-
ply bumps and blocks in our network.

Fig. 3. Numeric examples include two max-flow solutions of the network
graph obtained from Fig. 2, the floorplan on the right hand side. Those
number are calculated from technology and given IP parameters. (a) The
solution with randomly choosing augumenting path. The darker numbers and
edge show that there is a Al noise constraint violation. The number on the
edge is the amount of flow on that edge. The number inside the parentheses
on the edges between power supply bumps and blocks is the amount of
inductive induced voltage drop on that edge. The number inside the
parentheses above the block node is the upper bound on AV for the block.
For example, e(p1, b1) has 0.15mV for inductive induced voltage drop,
which does not exceed AVy=0.23mV. But for e(p3, b2), it has 0.3mV, which
exceeds AV>=0.23mV, indicating a violation. (b) The solution using the
algorithm in section 111.C. There is no Al noise constraint violation.

Intuitively, we will choose a path or edge with low inductive in-
duced voltage drop or large AV for the block to augument the flow.
The reason for low inductive induced voltage droP is obvious: we
want to deliver power via low voltage drop to blocks; the reason
for large voltage tolerance of blocks on inductive induced voltage is
that delivering power to small AV blocks is harder due to cleaner
power supply requirement. We assign the cost first to reflect the
rough inductive induced voltage drop without the effect of sharing
power demand of the block. The cost for edge e;; from p; to b;
is cij = (45); * (Li + Li;). We then assign priority values for the
edges between p; and b; as follows. Note that for forward and back-
ward direction of edges, we should assi%n different priority values so
that the preferred augmenting path can be found. For forward direc-
tion, the priority value P;; = ?V—J + ﬁ; for backward direction, the

J 7

priority value Q;; = iv—f + AVj, where Nj is the current number of
ij

power supply bumps which deliver power to block b;. N; needs to
be updated whenever we obtain an augmenting path and augment the
flow since the intermediate flow solution has been modified.

During the process of finding augmenting path, we can use the pri-
ority values to select a preferred path. In this way, finding augmenting
path which minimizes the violations of noise constraint can be accom-
plished. The Priority_Augmenting_Path algorithm is shown below.

Algorithm Priority_Augmenting_Path

begin

z:=0;
while G(z) contains a directed path from stot do
Identify an augmenting path U from stot
base on priority value of the edges;
v:=min{ryj :ei; €U, 1, j €V}
Augment v units of flow along U,
Update G(z) and N, k € B;



TABLE |
COMPARISON OF OUR APPROACH WITH [17] AND [13] oN MCNC
BENCHMARKS.THERUNTIME AND WIRELENGTH DATA ARE DESCRIBED

IN SECTION V.
Traditional PSP Floor- Ours
Floorplanner [17] planner [13]
data bl# | ir-drop noise ir-drop noise ir-drop noise
vio(%) | vio(%) vio(%) | vio(%) vio(%) | vio(%)
apte 9 0 54 0 54.6 0 3.9
XErox 10 0 61 0 63.2 0 9.1
hp 11 27.3 66 0 61.4 0 7.3
ami33 | 33 313 48 3.1 474 3.1 10.1
ami49 49 4.1 61 0 455 0 7.6
avg. 12.54 58 0.62 54.2 0.62 7.6

In the algorithm, z is the flow vector, G(z) is the residual network,
r4; 1S the residual capacity for edge e;;, and v is the residual capacity
of the augmenting path U [2]. From our observation and analysis,
the runtime of the algorithm is within a small approximate ratio to
Edmonds-Karp max-flow algorithm [10].

IV. FLOORPLANNING WITH POWER SUPPLY PLANNING
AND NOISE AVOIDANCE DESIGN

Our floorplanning algorithm with power supply planning and noise
avoidance is based on the Wong-Liu floorplanning algorithm [17[]. In
this paper, instead of optimizing total wirelength and chip area [17],
we propose to perform power delivery planning and power supply
noise avoidance design with respect to the current floorplan being
considered and in result to obtain a much better floorplan with less
Power suppl¥ noise constraint violations. We choose to optimize the

loorplan in fixed die context in this paper, but our approach can also
comply with the objective of minimizing chip area in floorplanning.

For the cost function evaluation, we use ¢ = aA + W + P
for floorplanning with power sup]plﬁ planning and noise avoidance,
where A can be either total area of the packing or fixed die penalty if
using fixed die implementation, which is zero if the area of floorplan
is within the fixed die and is the difference between the area of current
floorplan and fixed die area otherwise, W is total wirelength estima-
tion, and P is the power supply cost penalty, which is positive if the
current floorplan cannot find max-flow solution and/or obtain the vio-
lations of power supply noise constraint. The coefficients «, 8, and «y
a:ce r\1/ve|ght|ng parameters and can be changed due to the importance
of the terms.

V. EXPERIMENTAL RESULTS AND CONCLUDING
REMARKS

We have tested our approach on some MCNC building blocks
benchmarks. All experiments were carried out on 650MHz+ Pentium-
Il _processor. As in [13], the minimum power required by a cir-
cuit block and the max rate of current change during transition at a
circuit block are roughly proportional to its area. The power sup-
ply bumps are in area-array structure. (In fact, our apfproach_ can be
applied to other equivalent structures.) The values of parasitic and
wire inductance and other technology parameters are from ITRS’97
roadma \%] .18um. As for bump pitch, we use the scaling number
from[5]. We set all pr; for all blocks to be 1 to consider the extreme
case, assuming all blocks are switching at the same time. In order to
show the effectiveness of our approach, we implement the algorithm
in [13] and check for the power supply noise constraint violations at
the end. In [13], the cost function for power supply cost part does not
include Al noise constraint violations.

Table I shows the comparison between the floorplans obtained b
our approach, those obtained by a traditional floorplanner in [17j
without any power sqppli/ lanning consideration, and those obtaine
bY the floorplanner in [ 3F|J. with only squIy-demand power supply
planning consideration during the annealing process. All the floor-
plans obtained are within a fixed die area with 7% dead space. The IR-
drop requirement violation percentage is the number of blocks which
obtain insufficient power due to IR-drop effect divided by total num-
ber of blocks. Al noise constraint violation percentage is the number

of power supply bump-block edge constraint violation normalized by
the number of total power supply bump-block edge in the network.
The floorplans obtained boy applying our approach have much less
IR-drop violation, over 50% improvement on Al noise constraint vi-
olations and less than 5% of total wirelength increase in average com-
pared with the floorplan obtained in [17]. We also obtain 46.6% im-
provement on Al noise constraint violations compared with [13]. It
takes roughly 1 hour to solve for am#33, which is comparable to [13].
In conclusion, we have presented an approach to further strength-
ening the power supply planning with constraints which consider the
Eower supply noise avoidance. The efficient yet effective priority-
ased heuristic we have introduced ensures the polynomial time max-
flow algorithm for this difficult problem and experimental results look
encouraging. With slight increase of total wirelength, we can obtain
big improvement on IR-drop and Al noise constraint violations in
floorplanning stage.
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