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Abstract— Owing to roaring current density, the worst-case IR drop
of on-chip P/G grids becomes another style of the power constraint on
floor-planning. Thus, it is very important to efficiently minimize the
worst-case IR drop with the definite percentage of routing resource in
early-stage P/G network design. In this paper, we propose a practical
optimization method that uses ICCG algorithm to obtain the exact
optimal solution for P/G meshes. In order to replace time-consuming
ICCG algorithm for shortening optimization process, we give out a
novel approach, named as ACD, to efficiently analyze P/G networks
and certainly to speedup the optimization. Last, we present a theoretic
method to directly calculate the optimal solution for fastest
optimization. Shown with experimental data, the optimization methods
construct single-peak solution spaces and the peaks are close so that
designers can efficiently obtain the practical optimal solution based on
the theoretic counterpart.

1. Introduction

With technology scaling into nano-regime, power dmees one
important design constraint as well as performaamog area [1-2]. In
many scenarios such as mobile applications, posvéne first design
constraint. Therefore, any solution of floor- plarshould satisfy the
power constraint [3]. Additionally, there are twodirect constraints
both linked to the power consumption. One is thérommstraint [3]
and another is the worst-case IR droop constrainDo-die P/G
networks.

Because P/G network, clock network and generalasigatwork
compete each other in the distribution of chip irtresource [2-6],
designers usually assign definite percentages aflevichip routing
resource among them in floor-planning. Althoughre¢hare some
constraints, the main object of floor-planning i§l $he minimum die
area [3]. In the optimization process of floor-piarg, the area-saving
solution increases the current density and decsedke routing
resource for On-die P/G networks. As the resul, IR droop of the
P/G network keeps in monotonic increase duringrffdanning.

In order to guarantee the work voltage of transisty,g, the
worst-case IR droop of On-die P/G network, shouéd Kept in a
limitation with the definite percentage of chip timg resource. Thus, it
is imperative for us to minimiz¥, g of early-stage P/G network subject
to the definite percentage of chip routing resousirce floor-planning
process produces much more solutions for choogiegoptimal and
each solution has its own P/G network as well a®wn die area and
current density, it is very important to find arfi@ént optimization
algorithm for the early-stage On-die P/G networkige.

Up to now, many scholars propose some methods ]4td0
optimize On-die P/G networks. Among them, [4-6]yee approaches
to optimize DC P/G networks through wire sizing;8]J7 give out
approaches to optimize transient P/G networks wébap budgeting,
and [9] presents an unique approach to optimizesieat P/G networks
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through simultaneous wire sizing and decap budgetifethods [4-8]
are feasible to optimize P/G networks at routirsggstwhile some work
need be done to put the approach [9] into usetlBage methods [4-9]
are infeasible to optimize early-stage P/G networliscause
floor-planning need further more efficient optintipa algorithms.
Recently, paper [10] proposes a theoretical methaficient optimize
double-mesh based P/G networks at floor-planniagestUnfortunately,
it is infeasible due to an assumption that alldiimea same mesh are of
equal width. Paper [11] shows that all lines linked®ADs or vias are
wider than other lines.

In this paper, we propose a novel method to efiityeoptimize
early-stage P/G networks supplied by C4-PAD arrhy] [through
sizing the width ratio between lines linked to PA@sl other lines. For
modern chips, On-die P/G networks are composedwaf kayer
networks, upper layer networks are pure meshedawer layer ones
are of different topologies including tree[4], ahl@8] and mesh
[9-10]. Thus, in this paper, we only focus our egsé on single P/G
meshes and in future, we will expend our reseasdiotible-layer P/G
networks. First, we uses ICCG algorithm [6] to optie P/G networks
for exact optimal solutions S-ICCG though it isffi@ent owing to
more time consuming. Then, we propose a novel sitiaun algorithm,
approximate currents distribution (ACD) algorithdfficiently obtain
the approximate optimal solutions S-ACD with sligidcuracy loss.
Last, based on ACD algorithm, we find a theoretioathod to directly
calculate the approximate optimal solutions S-THRxperiments
demonstrate that triple solutions obtained by abmethods are very
close while S-ICCG and S-ACD searching spaces iagtespeak. At
the same time, we can fast obtain S-ICCG and S-AGMD S-THR so
that our methodology is very suitable to efficigndptimize early-
stage P/G grids as well as to fast check whethdoa-planning
solution breaks the IR droop constraint.

This paper is organized as follows. We first foratel the
optimization problem in section 2. Then, sectiopr8sents the method
to use ICCG to get S-ICCG. And section4 propodes ACD
simulation algorithm and the method to obtain S-AQbe method to
compute S-THR is described in section 5. Sectiaoficludes the
paper.

2. Problem Formulation

In the floor-planning stage, tHd" floor-planning solution for a
chip of total current, is of aread¥, which means the current density is
lo /AX because current uniform distribution is also ooestraint of
floor-planning [3]. As for early-stage P/G networkspplied by PAD
array, because total currdgtis the definite value\p,p, the number of
PADs, can be computed with the maximum assignecegtil,,, of
one PAD.

Npsp =ceiling(l, +1

@

where theceiling function is to assign the integer more than ttabia.

pmax)



Assume the chip is square. Thé&h, the number of PADs in a row or
column, can be computed as following:
N, =ceiling((Npp)®)  (2)
Assume the minimum Pitch Ig. Then,Nj,, the number of rows
or columns foik" floor-planning solution, can be computed as foow

(3)

line

N, =bound {(A" )05 =1 m}

where thebound function is to assign the integer less than tlablei
Then, Ny, the number of lines between two adjacent PADsl{aes
two lines linked to two PADSs), can be computedad®ws:

N, =bound{N,, +(N,-1)+1}  (4)

Assume all currents are connected to the crosssnofieP/G
networks. As the result, we can complig., the current absorbed
from one cross node of uniform-current-distributi®iG networks, as

(5)

I node

=1+ {(N, (N, -3

Figure 1: Circuit model for the single-level power mesh.

As for thek™ floor-planning solution, its total routing resoaris
R*A“ whereR, is the definite ratio between routing resource died
area. And the routing area of the P/G gri@js<RxA" whereR,, is the
definite percentage of the total routing resouktéh the routing area
of RPQXRHXA", we can design an initial P/G network whose liags of
the same width. Based on the initial P/G network, minimize the
worst-case IR drop through sizirgg the width ratio between lines
linked to PADs and other lines unlinked. Thus, warfulate the early-
stage P/G network optimization as follows:
min{v,, = f(a)},

{(N, =2)(N, =2) +1- N} xw+ N, xa xw= 05R,, x R, x A"

(6)
wherew is the width of lines unlinked to PADs.

3. Using ICCG to get S-ICCG

In this section, we use ICCG algorithm to find thygimal ratio
o between lines linked to PADs and other lines waihfor a given
routing area. Among simulation approaches [4][6]1B}, ICCG
algorithm is more efficient for accurately calcingt currents and
voltages in VLS| power supply networks. For eactiorawe can

calculate Vg and then we can pursue the minimum. Experiments

demonstrate thaV,g is a single peak function about the ratio
Therefore, we can use 1-dimension searching methah as the
Golden-Section-Search method to get the optimaitieni a.

In the following parts, we induce another paramatereplacea
for simplicity. For a P/G grid, the number of nodeghe typical area
surrounded by four power PADs I XN;, and the number of the C4
power PADs isN, XN,. The voltage of the C4 power pad\ig;, the

N 2 N

total current drained from each PAD|,L§j:IO+(N2)2.

We first consider the situation when all wires afethe same
width wy. The resistance between two neighbor nodeg,ifor all
segments. As we changethe width of the coarser wire beconfiesv,,
and the width of the fine wire igw,. In order to keep the total routing
area the sam@, andy should satisfy this relation:

N, -1=B+y(N,-2)

or _N,-1-8 (7)
YN, -2
and a=pey=px(N2)+ (Ne1B).  (8)

The resistances of the coarse segment and thedgment change to
Ry+3 andRy+y, respectively. And with EQ(8), the formulationoaib
the early-stage P/G network optimization can besfi@med from
EQ(6) to EQ(9), which means th@treplacesa as the optimization
variable.

minfVv = f(B)}, )
{(Nz—l)(N1—1)+1—N2}XIB+N2XN}\l_7];_2'B:O.ERPQXR[XA'(+W0
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(a) All wires are the same. b)ires between pads are coarser.
Figure 2: An example of changing widtiN;=5, N,=3. The circular
nodes inlf) are the worst-case IR-drop nodes.

Because early-stage P/G networks are linear R-cintyits, we
can easily prove that the optimal solutiBgy is independent oWdd,
lnodes Ro- S0 in following experiments, similar to [10], wassign that
Vdd = 2.0V, lpag = 1.0A, andRy = 1.0,

3.1 Optimal results with different N2

As N, becomes large, the mesh can be considered adimitein
resistive plain, and the optimal rafig, will come to a definite value.
We letN;=10, and changhl,. From table.1, we can see results agree to
the above analysis. In the following experiment,l@tdN,=20.

Table 1: The optimal ratio of coarser and fineresiwith differeniN,

N2 Bopl
5 4.141845
6 4.171778
7 4.174862
10 4.177498
15 4.177571
20 4.177556

3.2 S-ICCG with different N1

WhenN; changes, we first get initial worst-case IR-drdpew all
the segments have the same width using ICCG digoriThen we
change the width of segments, get the optimal ®oluS-ICCG
including the worst-case IR-drop and rlig. Table 2 gives the results
asN; changes whil&l,=20.

Shown in table 2, all; increases, the optim&l,¢ changes small
around a value but the initigl,y increases rapidly. The optimel is
much better than the initial one, which means thegr@ach in [10] is



infeasible because it assumes that all wire irsémee layer mesh are of
the same width. Another interesting thing is thia¢ ptimal Vg
becomes slightly smaller & is even than aBl; is odd. Becaus¥,g
occurs at the central of four C4 power padNass even, there is no
central node but a central square. The optifgl increases ad;
increases. We fit the data with least square me#imatiget correlation
coefficient r=0.999799. It is so close to 1 tAg} is linear toN,.
Table 2 The initial and optimal worst-case IR-drdl,;, and the time
consuming by ICCG algorithm.

N1 Initial Optimal Error Bopt Time
Vs Vg (mV) Consuming
(mV) (mV) (s)
5 333.30 240.40 92.9 2107 10.344
6 359.93 233.00 126.93 2.564  23.454
7 392.75 241.74 151.01 2.931 57.473
8 41351 237.80 175.71 3.371 84.371
9 436.79 242.23 194.56 3.747 133.752
10 453.44 239.80 213.64 4.177 177.836
11 471.73 242.46 229.27 4558  259.513

4 Optimize with ACD simulation algorithm

ICCG algorithm can get exact optimization solutidrecause it
can accurately calculate the voltages of all no&es.as the scale of
the mesh increases, the run-time increased ragitilys, it is too slow
to optimize early-stage P/G networks of large séateso much floor-
planning solutions. Thus, we need a far more dffecalgorithm. In
this paper, we propose the approximate currentildision (ACD)
algorithm for efficient analysis and optimizatior early-stage P/G
networks.

ACD algorithm does not calculate the voltages diyett first gets
an estimation of current distribution and then, sugee current
distribution to directly calculate the worst-cade-drop. Thanks the
current uniform distribution of ear-stage P/G netkso the ACD is
accurate enough to obtain the S-ACD nearly arow@CS5 as shown
in following parts.

4.1 ACD simulation algorithm

In ACD algorithm, we assume that the mesh is dinita
resistive grid and estimate the current distributio a typical square
area surrounded by four C4 PADs. The square caiviided to four
sub-squares. According to symmetry, we only needcdasider a
sub-square.

0.25

o A
0.25 . 0.25

0.25

087 0.42

047

047
047

04z

0.87 0.42

04z
042

1.20 042

1.20

0. 92

4. 37 092

T2 120 047

L7z 1.20 047
C C B

4.37 057

047
377

C4 Pad 877 047

Figure 3: An example for simple estimation for a sub-squAreB, C,
D are typical nodes on the border lines.
Now, we describe how to distribute all currentstlie square.
Because PADs are the only current providers tdPii@ network of the
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uniform absorption-current distribution, currentsvays flow from
nodes near to PADs to the far-away neighbors i sab-square. But
for border nodes of sub-square, there are follovgipgcial regulations
on how to supply current. Figure 3 shows the detaitent distribution
in a sub-square of current-even-distribution P/@yr

A. The node that is the center of four C4 PADssgrtrrent evenly
from four neighbors.

The node that is the center of vertical or hamial lines linking
two C4 pads, currents evenly flow in from two ndighs on the
line linking two C4 pads and then, evenly flow aatother two
neighbors.

The nodes locating on border lines of squaresg in B cases,
currents flow into the nodes from the neighbor rieaa C4 pad
and then, flow out to other three neighbors.

The nodes locating on border lines of sub-scgjamecept nodes in
A and B case, currents flow into the nodes froneehneighbors
near to the C4 pads of two sub-squares and thew,dut to the
far-end neighbors.

With the current distribution, we can calculat® thvorst-case
IR-drop quickly. But another question arises beeauws can get
different IR-drop from different ways. So we caltd V., the
IR-drop along the diagonal line, which is smallegtile Vg, the
IR-drop along borders, which is largest. Then, wgard the average
value as the worst-case IR-drop.

Vus= (Vaiag*Voord)+2. (10)

As B changes, we do not change the current distribaia@honly
change the resistances of the mesh. Thus, we oactlgicalculate the
Vg according to the resistances of the mesh.

4.2 S-ACD with different N1

With the ACD simulation algorithm, the only paraeretve need
to consider idN,;, the number of nodes between two neighbor PADs. We
changeN; to get the optimal solution S-ACD includingg and .
Then, we compare S-ACD with S-ICCG (listed in Tabjegotten with
ICCG algorithm.
Table 3 the optimal solutions S-ACD obtained with ACD @ailighm

B.

N1 Vit Vst Bopt Bopt €ITOT
(mV) Error (%)
(mV)
5 236.26 -4.14 2.109801 0.002532
7 234.98 -6.76 2.845255 -0.085893
9 233.91 -8.32 3.538974 -0.207644
11 233.15 -9.31 4.208975 -0.348752
13 232.63 -9.96 4.863712 -0.50246%
15 232.29 -10.39 5.507664 -0.66529%

The error olV,4 is less than 5% while the error &y is less than
12%. Shown in Fig.4 in next pag¥,g of S-ICCG changes slow
around thefqy of S-ICCG. Thusy,y of S-ACD is very close to the
exact one thouglfs,, of S-ACD is not good enough. But the ACD
simulation algorithm is much faster than ICCG aitgon. In fact, we
can first use the ACD algorithm to get an approxiomeB,,; of S-ACD,
then use ICCG algorithm to get the accurate value.

4.3 S-THR Based on ACD algorithm

For the ACD algorithm, the current distributionegonot change
while the ways we choose to calculatg, do not change, too. So the
sums of currents on coarser and finer wires alsomatochange. We
indicate them a$. andl;. According to EQ(10), we get the following
equation.



Ve =('c+'fjx90=('c+'f(“f2)jx& (12)

B v B N-1-p
We set the derivation &f,« to zero:
oV, | I (N1 _2)
Wt | —C Y - =0
o8 ( 5 +(Nl—l—,B)ZJXR(’
Then we get the optimal ratfyy:
(13)

(12)

Once we get the current distribution, we do notdnteesearch for
the optimal solution S-ACD including,y, but can directly calculate it
named as S-THR. Table 4 shows that S-THR is scedlés S-ACD
that we can directly regard S-THR as S-ACD.

Table 4: The calculated S-THR compared with S-ACD.

N1 Bopt Calculated error
5 2.11022 0.0004
7 2.84566 0.0004
9 3.53921 0.0002
11 4.20930 0.0003
13 4.86411 0.0004
15 5.50813 0.0005
065
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Figure 4: The image of function ) using ICCG algorithm and
ACD algorithm wherN1=9, N2=20.

4.4 Usage of Our Method in Floor-planning
Because the uniform power distribution is the caist of floor-
planning, the current distribution of early-stagéGPnetwork is
regarded as totally uniform. For each solution lobifplanning, out
method can efficiently calculate thMgg of the S-THR and fast check if

the solution breaks the constraint of the worsed&sdroop.

Furthermore, for huge P/G networks of nearly umifocurrent
distribution, our ACM algorithm can fast calculatee worst-case IR

droop.

5.Conclusion and Future Work

In this paper, we have discussed worst-case IRsdom single
uniform-current-distribution meshes. We use the @@&lgorithm to
optimize the widths of the mesh and propose a nigorithm to
improve the efficiency. By these algorithms, we cgmimize a single
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mesh quickly and get the worst-case IR-drop. Isu#able to check
whether a floor-planning solution breaks the IRagr@onstraint.

Further research directions may include: (1) Ojziimy early-

stage P/G networks of two layers. (2) Optimizings Rietworks of
nearly uniform current distribution.
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