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Abstract— In IC design and manufacture industry, most chips
must go through the process of packaging and testing before
mounting on the PCB board. Owing to complex package design
rules, the layouts of package substrate are manually designed by
engineers. In order to reduce layout design time of package sub-
strates, we develop a floorplanning methodology to automate the
process in early design stage. Given the netlist, die pad and sub-
strate bump ball locations, both die orientation and location can
be simultaneously determined on the package substrate taking
wire length into account.

I. INTRODUCTION

In the IC manufacturing process, each die has to go through
the packaging assembly process as an encapsulated chip that
can be mounted on the printed circuit board. In packaging
design flow, the assembly house customers provides design
specifications, such as the dimensions of a die and the cor-
responding substrates, the I/O pin locations, and the netlists
which specify the interconnects between the die and the sub-
strate pins. Once the specifications are fixed, package sub-
strate engineer would design the substrate layout which include
die placement and substrate routing so that all power and sig-
nal nets could be properly connected. Currently, the placed
die orientation and location, the position of wire-bond fingers,
and the wire routing in the package substrate are manually de-
signed by package layout engineers.

During package substrate design stage, the die orientation
and placement is the first design issue. This is because the po-
sition of the die must be decided before design wire bonding
and substrate routing. With the advances in packaging technol-
ogy and the increasing performance requirements, there might
be multiple dies on a chip substrate. As a result, the complex-
ity and difficulty of manual wire-bond finger placement and
substrate routing are drastically increased. In order to make
good use of package routing resource, the position of the die
is very important for the subsequent package design. How-
ever, there is a missing design optimization gap between sub-
strate die floorplanning and routing. In this paper, we propose
a quadratic wire-length model for substrate die floorplanning
taking die pad and solder ball netlist into account. With the
quadratic objective function, we are capable of obtaining the
best placement location and the rotation angle of the die. The
quadratic solver minimizes the connection distance of power
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and signal from die pads to bump balls and improves the per-
formance of the chip. In addition, the required substrate re-
source of wire-bond fingers and routing is reduced to ease the
difficulty of design packaging and to shorten the time costs.
The rest of this paper is organized as follows. Section II
gives the fundamental knowledge of related packaging tech-
nology. Section III presents the methodology of our research
and mathematical programming. The experimental results are
drawn in Section IV. Finally, Section V concludes our work.

II. BASIC OF PACKAGING

A. Wire-bond Packaging Technology

Wire bonding is a design style to interconnect the I/O pins
between an integrated circuit (IC) or other semiconductor de-
vice and the corresponding package substrate during semicon-
ductor packaging stage. Wire-bond packaging is a mature tech-
nology in the IC packaging industry’s manufacturing process.
Owing to the most cost-effectiveness and flexible connection
technology, wire bonding design style contributes to the ma-
jority ratio of semiconductor packages. [1, 2] Figure 1 is the
structure of a typical wire-bond package comprises of a die,
bonding wires, substrate, and solder ball grid array (BGA).

Die Pad Mold Wirebond
Die
Substrate
Solder Ball

Fig. 1. The structure of a wire-bond package.

Figure 2(a) presents a model of a wire-bond die and die pads
which are typically located at the periphery of the die. [3] Fig-
ure 2(b) presents a model of a package substrate and the cor-
responding BGA solder balls. To interconnect the die to outer
devices, the power/ground and signals of the die are transmit-
ted from die pad to package substrate via bonding wires fol-
lowed by substrate routing wires to transmit the power/ground
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(a) A periphery die model (b) A substrate and BGA model

Fig. 2. The component model of a wire-bond package design.

and signals to underlying solder balls. Finally, molding com-
pound encapsulates the bonding wires and the dies to provide
physical protection and to avoid contamination.

III. MATHEMATICAL PROGRAMMING MODELING

A. Research Method

In IC packaging design, there are 2 important factors that
would affect the position and the rotation angle of a die:

e The netlists of die pads to solder balls.
o The netlists of die pads to the other die pads.

Therefore, we convert these netlist relations to mathematical
formulas. We sum up all the quadratic distance of netlists as
the objective function, and set the position and rotation angle
of die as variables. Finally, we use an optimization solver to
derive the minimum objective function.

B. Definition

e Solder Ball:
Assume there are m solder balls on bottom-side of the
chip package. The location of each BGA ball is given and
denoted as (B;,, B;,) in Cartesian coordinates system.

e Die:

— Assume there are n dies in a package where n is a
positive number. Each die has three variables: the
center of the die, denoted as (cjx, ¢;y), in Cartesian
coordinate system, and the rotation angle, denoted
as a;, in Polar coordinate system.

— The die pads, also known as bond pads, are the en-
trance that the die communicate with outside world.
As the die orientation and location changed, the die
pad positions and rotation angles changed corre-
spondingly. In order to indicate the rotation angle
of die a; in the position of die pad. We denote the
j-th die pad of the i-th die as (7;;,6;; + @;) in Po-
lar coordinate system. Consequently, each die pad

position can be easily derived by transforming the
Polar coordinate system to the Cartesian coordinate
system:

(Pijx,Pijy) = 0
[Cix + r,;.,-cos(H,;j + a’,‘), Ciy + r,;jsin(G,-,j + a’,‘)]

o Netlist:
Since there are die-to-substrate and die-to-die connec-
tions, we separate the objective functions into two parts.
In order to obtain an overall convex function for optimiza-
tion solver to start with, the quadratic pin-to-pin straight
line distance is used in our objective function. The re-
spective mathematical formulas are as follows:

— Netlist of die pads to solder balls
The square of straight line distance of i-th solder ball
and k-th die pad of the j-th die:

(Bix — Pjx x)* + (Biy = Pjxy)* 2)

— Netlist of die pads to other die pads
The square straight line distance of the j-th die pad
of the i-th die and the 1-th die pad of the k-th die:

(Pijx—Pri )+ (Pijy— Priy)? 3)

C. Mathematical Programming Function

In this paper, we adopt the concept of analytical place-
ment [4, 5] to determine the die orientation and placement lo-
cation. A quadratic die orientation and placement objective
function, denoted as QOP, is developed for wire length opti-
mization. The reason for this is the quadratic objective func-
tion has better results and can highlight the importance of long
distance connections by magnifying their distance. The opti-
mization solver could subsequently minimize such long-wire
connections.

e Objective function

m

" Z (B = Pia + By = Piu )’ + @)

Z [(Pijc = Pis ) + (Pijy = Pir )]

e Subject To

IV. EXPERIMENTAL RESULTS

We develop our formulation using C++ programming lan-
guage on a Linux Ubuntul8.04 workstation with 2.50 GHz
Intel i5-7200U CPU and 8 GB memory. Our QOP formula-
tion tool is supplemented by Gtk and Cairo libraries [6, 7] for
user-interface design and the overall substrate and die draw-
ing. We use interior point algorithm of “fmincon” function in
MATLAB R2019b to obtain the optimal QOP result. [8, 9]
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TABLE I
WIRE LENGTH REDUCTION & DIE ROTATION OF SINGLE DIE DESIGNS.

Test Manhattan Distance Euclidean Distance (Ax, Ay) Rotation Run Time
Case Manual QOP Ratio Manual QOP Ratio ’ Angle (sec)
Indl 6.134E+04 | 6.034E+04 1.63% 4.880E+04 | 4.664E+04 4.43% (383.8,93.6) -4.40° 2.23
Ind2 9.629E+04 | 8.156E+04 15.29% 7.770E+04 | 6.754E+04 13.07% (-254.6, -303.9) -9.18° 1.74
Ind3 9.548E+05 9.530E+05 0.19% 7.471E+05 7.459E+05 0.16% (2.9, 118.5) -2.60° 3.68
Ind4 3.007E+05 2.914E+05 3.10% 2.319E+05 2.276E+05 1.82% (41.7,177.9) -5.05° 3.00
Ind5 1.698E+06 1.685E+06 0.79% 1.287E+06 1.276E+06 0.86% (-207.9, 146.9) 7.80° 3.11
Ind6 1.880E+06 1.879E+06 0.04% 1.438E+06 1.436E+06 0.16% (141.6, 236.8) -1.46° 3.66
Average 3.51% 3.42%

There are six single-die industrial designs in our experi-
ments. There are two kinds of connection relationship, the
power and signal connections. Since most of the nets are one-
to-one signal nets and the number of power nets are relatively
small with multiple pins, in our experiment, we only consider
the signal nets. The power connection is not considered. No-
tice that the signal connection of die pads to solder balls con-
sists of two parts, the bonding wires and the substrate rout-
ing wires. Neither bonding wire nor substrate routing wire is
straight line. Consequently, we report both Manhattan distance
and Euclidean distance after the die orientation and placement
are determined.

Table I lists the results of the single die designs and only
considers the signal connections relationship. The column of
Manual is the floorplan designed by substrate layout engineers
with the die placed on the center of the package substrate for
simplicity. The column of QOP is the floorplan derived by
using our proposed QOP objective function. The calculation
of the Ratio column is [(Manual — QOP) + Manual] x 100%.
In single-die designs, the total distance of the signal connec-
tion relations is reduced by using our QOP function. Figure 3
and Figure 4 compare the partial IC packaging design of some
single die test data, in which Figure 3(a) and Figure 4(a) are
designed by package substrate layout engineers, and the posi-
tion and rotation angle of die in Figure 3(b) and Figure 4(b) are
obtained by QOP function.

(a) Manual Design of Ind2 (b) QOP Design of Ind2

Fig. 3. The floorplan of the Industrial2.

In Industrial2, both the total Manhattan distance and Eu-
clidean Distance are reduced by more than 10%. This is be-
cause in the manual design, the connections at the right side
and below of the die are oblique. Using QOP, these connec-
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(a) Manual Design of Ind5 (b) QOP Design of Ind5

Fig. 4. The floorplan of the Industrial5.

(a) QOP with no constraint (b) QOP with boundary constraint

Fig. 5. Boundary constraint issue in Industriall.

tions are made nearly horizontal and vertical to dramatically
reduce the wire length. The column of (Ax, Ay) is the differ-
ence of the manual die center and optimized die center. The
column of Rotation Angle is the die’s rotation angle, and it
could be positive or negative. The rotation of die show that if
we want to reduce the line length even more, we need to rotate
a little bit the angle of the die.

In the partial package design of single die, we can see that
the die of some design are too close to the substrate boundary,
such as figure 5(a), which may cause non-compliance with the
package design rules. The current design can be constrained
by limiting the range of optimally feasible solutions by MAT-
LAB optimization solver. Figure 5(b) shows the results with
boundary limits in the design of Industriall.

Our objective function is not limited to one die packaging
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design. Figure 6(a) is a sample design of multi-die packaging
design was designed by industry engineers. The design con-
tains two dies, diel and die2. The diel is at the bottom of the
substrate, and the die2 is at the top of the substrate. Figure 6
compares the partial design of the package from the multi-die
test data. The diel and die2 positions and rotation angles of
Figure 6(b) are obtained by solving the target function. The
result of the Figure 6 shows that our function can also be used
in multi-die.

(a) Manual Design

(b) QOP Design

Fig. 6. The floorplan of an industrial multi-die design.

V. ConNcLusION AND FUTURE WORK

We have developed a floorplanning methodology to auto-
mate the early-stage package substrate design. We propose a
QOP function to optimize the die orientation and placement si-
multaneously. The optimized floorplan effectively reduces the
overall wire length, which can also reduce the required sub-
strate resource for subsequent wire-bond finger placement and
substrate routing. If the die is too close to the substrate bound-
ary, additional formulations are used to avoid design rule vi-
olations. Besides of the near-boundary and die overlapping
design issues, the multiple-pin power signal are not considered
yet since the properties of the power nets are different from
those of the signal nets. We plan to discuss these issues in
subsequent studies.
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