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Abstracl 

In this work, we present an automatic module placement algorithm for simultaneous power supply noise and routing congestion 
minimization for 3D packaging. We employ decoupling capacitance insertion for noise suppression and 3D global routing for 
congestion avoidance. 

I. INTRODUCTION 
The m e  potential of System-On-Package (SOP) 'technology' lies in its capability IO integrate both active and passive 

components into a single high speed/density 3D packaging substrate. 3D packaging offers an order of magnitude saving 
in area, delay, and power compared to the conventional F'CB and MCM technology. We leverage our recent development of 3D 
packaging CAD algorithms [I], [Z], [31, [4] to develop an automatic placement algorithm for 3D packaging to tackle power 
supply noise and congestion problem that are seriously threatening the performance and reliability of 3D packaging. Existing 
approaches consider power supply noise and congestion as an afterthought, which may require excessive amount of decoupling 
capacitance (= decap) to suppress the Simultaneous Switching Noise (SSN) and additional aredayer to alleviate congestion 
problem. In addition, many iterations are required between full-length SSNIcongestion simulation and manual layout repair 
until we converge to a satisfactory result. Our goal is to overcome this problem with decap/congestion-aware 3D layout tools. 

The following are given as the input to our 3D module placement problem: . a set of blocks B = { B I ,  Bz, . .. , B,) that represent the various active and passive components in the given design 
widlh, height. and maximum switching currents for each block 
a netlist N = { N I ,  N z .  . . . , N,,) that specifies how the blocks are connected via electrical wires 

the number of powerlground signal layers in the 3D packaging structure 
the number of placement layers L in the 3D packaging structure 

The goal of the 3D module placement with decap/congestion minimization is to find the location of each block in the given 
3D package layer such that a area + Bwirelength + y . congestion + 6. decap is minimized. 

11. 3D POWER SUPPLY NOISE MODELING 
Active devices draw a large volume of instantaneous current during switching, which causes voltage swings at the power 

sources. The swings are compounded by the presence of several switching entities that cause simultaneous switching noise 
(SSN). An active device drawing current from a noisy source is likely Io cause logic failures due to its decreased drive 
capability. Hence in order to ensure a high quality design, SSN must be suppressed. Recent works [5 ] ,  [6], [7], [8] have 
addressed the issue of decoupling capacitor allocation and power supply noise suppression for 2D circuits and packages. The 
exact calculation of power-supply noise is, however, too time consuming to be used for placement optimization. 

We model the P/G network for a 3-dimensional placement as a 3D grid graph as shown in Figure l(a). Each placement 
layer in the multi-layer placement is represented as a mesh. The mesh is connected by edges which represent the via in the 
PIG network. The edges in the mesh have inductive and resistive impedances. The mesh contains power-supply points and 
connection points. The connection points consume currents. The current is drawn from all the sources by the consumers and 
the current drawn along a path is inversely proportional to the impedance of the path in the power supply mesh, If for a 
particular block I,, 1 2 .  . '. IN are the currents drawn from N power sources in the grid then I ,  + Iz + . . . + I N  = I, where 
I is the switching current demand of the block. Then, 1121 = IzZz = . , . = I N Z N ,  where 2, is the impedances of path i. If 
5 = 1 fZ j ,  then 

I , = L I ,  l < j < N  

The current distribution for all blocks can be calculated using the above equations. If {Pl,P,, . . . ,P,) are the current paths 
under consideration for a consumer block Bk, then the current distribution on the paths can be found by the above equations. 

The dominant currenl source for a block is defined as the voltage source supplying significantly more power to the block 
than any other neighboring sources. The dominant parh for a block is a path from the dominant supply to the block causing 

E;"=, yi 
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Fig. I. (a) 3D power supply modeling, (b) 3D congestion esliinalion 

the most drop in voltage. It has been shown experimentally in [5]  that the shortest path between the dominant source and the 
block offers highly accurate SSN estimation within reasonable runtime. In our 3D SSN analysis engine, we compute dominant 
paths for all blocks. This information is then dynamically updated whenever a new placement solution is evaluated in terms 
of SSN. Let Pk be the dominant current path for block k.  Then T k  = {Pj : Pj r l  Pk # 0) denotes the set of dominating paths 
overlapping with Pk (Tk  includes Pk itself). Let Pjk be the overlapping segments between path Pj and 9. After the current 
paths and their values have been determined for all blocks, the SSN for Bk is given by 

dij v,*.;.. = ( '  ' j  . Rpjk f LP,, -g) 
PETL 

where ij is the current in the path P,k, which is the sum of all currents through this path to various consumer. The weight of 
i j  and its rate of change are the resistive and inductive components of the path. Let Qk denote the maximum charge drawn 
from the power supply by block B I .  If = max( l ,V~o i . . . /V ,~e ) .  where V,!tze is the noise tolerance, the decap allocated 
to block BI is given by 

where M denotes the total number'of blocks to be placed. Finally, the decap cos1 is given by D = E,"=, Ck.  

111. 3D ROUT~NG CONGESTION ESTIMATION 
Estimating congestion at a reasonable level of accuracy during the placement process is at least as hard as global routing 

itself. The congestion profile itself is very sensitive to the placement result, so inaccurate congestion measure can mislead 
placement easily. The process of global routing for 3D packaging is very diffemt from that of the conventional technologies 
PCEI, MCM, standard cells) due to the multiple placement layers existing in 3D packaging. 
We define routing inrerval to be the interval between two adjacent placement layers. Each routing interval typically contains 

several routing layers for various connection. There exists two kinds of nets in 3D routing: i-ner and x-net. An i-net connects 
blocks in the same placement layer, whereas an x-net connects blocks in different layers. In case of an x-net, we decompose 
it into several segments so that each segment is routed in each routing interval. We model the routing layers in each routing 
interval with 3D mesh, where each node represents a routing region. and each edge represents the boundary between two 
adjacent routing region. The routing density of an edge is defined to be the total number of nets utilizing the boundary 
represented by the edge. Let Gi = . (&,E; )  be the grid graph representing the routing resource for routing interval i. The 
routing density of an edge e in Gi, denoted d:. is the total number of netslsubnets that use e. Then, di = mwcE6{< IS the 
local congestion in routing interval i. The congestion of the 3D placement with L placement layers is given by C = E!'' h. 
Finally, the lower bound in the routing layers required for all routing intervals in a 3D package is &leap, where R I  
and cap respectively denote the set of all routing intervals and capacity of edges in Gj. A more uniform usage of the grid 
graph results in low congestion. We perform the following steps to accurately measure C as illustrated in Figure l(b). 

1) Net Segmentation: Nets traversing multiple routing intervals are segmented into subnets. 
2) Pin Generation: Pins are generated for the nets, and the locations where the net enters or exits the routing interval are 

3) Net Distribution: each net is assigned to a unique routing interval. For example, nets having all its pin in the same 
determined. 

placement layer can either be rouied in routing interval right above or below. 
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4) Detailed Pin Distribution: The pins are assigned a legal location in the routing interval. Special care is taken to distribute 

5 )  Topology Generation: A topology for each subnet is generated in the local grid graph. 
the pins uniformly in the routing interval. 

IV. DECAP A N D  CONGESTION AWARE 3D PLACEMENT 
Simulated Annealing [9] is a very popular approach for module placement due to ifs high quality solutions and flexibility 

in handling various constraints. We extend the existing 2D Sequence Pair scheme [IO] to represent our 3D module placement 
solutions. Simulated annealing procedure starts with an initial multi-layer placement. Based on the cumnt configuration, the 
area, decap, and congestion are calculated for the initial solution. We then make random perturbation (= move) to the initial 
solution to generate a new 3D placement solution and measure its cost. If the new cost is lower than the old one, the solution is 
accepted-otherwise the new solution is accepted based on some probability that is dependent on temperature of the annealing 
schedule. The temperature is decreased exponentially, and the annealing process terminates when the freezing temperature is 
reached. 

Our congestion estimation involves several time-consuming steps unlike decap estimation, which makes it impractical to 
perform it for every new candidate 3D placement solution. In order to tackle this problem, we perform congestion estimation at 
every m moves and use these results to interpolate congestion for every candidate solution. Let the values of area, wirelength, 
decap and congestion at the nth congestion analysis call be a l ,  wl ,  dl ,  c l  and at n + lth is a2, w2, d2, c2. Then, congestion 
at move !J (n + m < b < n + Zm) is interpolated as follows: 

where Ac = le2 - ell, and 03, w3, and d3 respectively denote the area, wirelength, and decap results at move b. We note 
that e3 is only an approximate value for congestion at move b. The estimated value of congestion is reasonably close to actual 
value only if the next move causes a small perturbation of the current one and does not result in value swings of the individual 
cost parameters. Since there is no sure and easy way lo ensure this. the estimated value maybe quite erronwus in practice. 
Our solution is to allow the value of estimated congestion to vary only within a certain range (c2 - L < c3 < c2 + L).  This 
prevents a pathological configuration from becoming the best solution. 

V. EXPERIMENTAL RESULTS 
We implemented the proposed algorithms and analysis tools using C++/STL. Our program was evaluated using the GSRC 

benchmarks. We designed several experiments to test the efficiency of our algorithms. In our Simulated Annealing schedule, 
twenty temperature levels are defined and hundred moves are made in each temperature level. We chose our baseline as the 
layout optimized for wirelength. We use the following metrics for comparison: area utilization, wirelength. decap amount and 
congestion. The weights used for the area, wirelength. decap and congestion are I ,  1, 2, and 1 for the multi-objective placement. 
The results obtained are highly sensitive to the weights of the metrics in the cost function. In our experiment, we use the 
same parameters across all the benchmarks. However we noticed that the solution quality can be improved by fine tuning the 
parameters per benchmark. We summarize our observation from Table I as follows: 

Our decap-aware placement gives reduced decap amount (average of 20% and maximum of 25%) for all circuits at the 
cost of a small decrease in area utilization (19%). 
Our congestion-aware placement alone obtained 3% improvement in congestion. The maximum improvement of congestion 
is 15%. Surprisingly, our decap-aware algorithm obtains 8% average improvement in congestion. We believe that this is 
an indication of high correlation between decap and congestion. 
We were able to achieve improvements in both congestion and decap over the baseline with only a slight increase in area 
(23% on the average) and wirelength (15% on the average) with only a small increase in runtime. 

Table n shows power supply noise simulation results for three 3D placement schemes-no-decap aware, decap-aware, and 
decap-aware+decap-placement. The PIG plane structure size is 246" x 254". and the top P/G plane pair was modeled 
using cavity resonator model [11] and simulated in HSPICE. The placement layer that uses this PIG plan includes 14 active 
devices. The DC 5V sources are located at four edges in the plane pair and fourteen current sources exist in the plane pair. 
As can be seen from the Table 11, the SSN for the decap-aware algorithm is lower compared to non-decap-aware algorithm. 
The SSN of the noisiest block bIk4 is 1.58V. which is reduced to 1.42V by our decap-aware scheme. With the insertion of 
decap, the noise is suppressed to 0.22V. In addition, the total amount of decap required for non-decap-aware algorithm is 
26.7, which is reduced to 19.9 with our decap-aware scheme. The largest amount of decap is used for blk5 (0.50nF), because 
of an increase in its SSN after optimization. The numbers show that the SSN was efficiently suppressed and the amount of 
decap reduced by using our algorithms. 
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TABLE 1 

TIME 

ckts 
name size 
n50 50 
n50b 50 
n50c 50 
nlOO 100 
nlOOb 100 
n l m c  100 
11200 200 
n200b 200 
n200c 200 

32 

AREA/WIRE-DRIVEN VS DECAP-DRIVEN VS CONGESTION-DRIVEN 

decap-driven 

no decap decap decap 
blk aware aware used 
blkl 1.21 1.01 0.16 
blk2 1.31 1.15 0.17 
blk3 1.33 1.18 0.20 
blk4 1.58 1.42 0.22 
blk5 1.26 1.41 0.50 
blk6 1.54 1:27 0.31 
blk7 1.47 . '  1.33 ' 0.43 

aredwire-driven 
wire decap 
47599 26.7 
45711 27.1 
52804 30.0 
84469 90.6 
69554 98.6 
82728 100.6 

171096 226.3 
181526 233.2 
168831 237.4 

nodecap decap decap 
blk aware aware used 

blk8 1.33 1.21 0.36 
blk9 1.44 1.16 0.32 
blklO 1.34 1.38 0.32 
blkll 1.43 1.44 0.20 
blk12 1.41 1.35 0.33 
blk13 1.37 1.27 0.27 
blk14 1.05 1.15 0.22 

cong 
23 
27 
26 
40 
34 
41 
87 
83 
62 

- 

11300 300 4 [ 0.84 286218 393.8 100 
RATIO (1.00 1.00 1.00 1.00 

uti1 wire decap cong 
0.57 58503 19.9 25 
0.62 52566 18.5 24 
0.60 51638 16.4 24 
0.59 112131 75.5 38 
0.60 88277 78.3 33 
0.66 105769 71.7 32 
0.64 211171 209.6 67 
0.67 221619 214.5 71 
0.69 195118 214.4 67 
0.63 178150 382.7 90 
0.81 1.12 0.80 0.92 

40 

coneestion-driven 
i 

uti1 wire decap cong 
0.44 62514 49.1 23 
0.32 
0.49 
0.58 
0.49 
0.41 
0.26 
0.43 
0.80 
0.61 
0.62 

~ 

61222 51.45 
54306 37.0 

105136 106.60 
89359 102.0 

117786 116.9 
246638 264.0 
249897 257.6 
168831 237.4 
331029 402.9 

1.26 1.25 
70 

23 
24 
44 
38 
36 
82 
82 
62 
94 

0.97 
~ 

~ 

VI. CONCLUSION 

We presented an automatic module placement algorithm for simultaneous power supply noise and routing congestion 
minimization for 3D packaging. We performed decoupling capacitance insertion for noise suppression and 3D global routing 
for congestion avoidance. Our ongoing work focuses on thermal issues in 3D packaging layout. 
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