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Hierarchical Partitioning-Based Interchip
Redistribution Layer Routing for Fan-Out
Water-Level Packaging
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Abstract—In modern advanced fan-out wafer-level packaging
(FOWLP), redistribution layers (RDLs) are used to implement
efficient interconnections among chips, where both flexible vias
and irregular pad structures can be deployed to realize highly
integrated heterogeneous systems. With the sharp increase in
chip densities, however, it becomes challenging to fully utilize the
routing resources in RDLs. The routing graph without optimized
resource planning can lead to significant deterioration in the solu-
tion quality of RDL design. Furthermore, prior work determines
via locations in the RDLs before identifying wire routes, thus
offsetting the advantages of flexible vias and irregular pads. To
systematically solve the RDL routing problem in FOWLP, in this
article, we propose a hierarchical partitioning-based interchip
routing method considering both flexible vias and irregular pads,
so that optimized RDL solutions can be generated automatically
and efficiently. The proposed method includes the following key
techniques: 1) a channel planning method for optimized routing
region partition and a dynamic routing graph-based pathfinding
method for efficient global routing; 2) a binary-search-based
hierarchical tile segmentation method for conflict removal and
wirelength reduction; 3) a novel monotonicity-analysis-based
access point optimization method and a staggered via planning
strategy for both wirelength and detour reduction; and 4) a
geometry-based detailed routing algorithm for innertile wire
routing. The experimental results demonstrate that the proposed
algorithm leads to 100% routablility and 4.8% wirelength
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reduction on average compared to the state-of-the-art work, with
a maximum reduction rate of 10.3% across all the benchmarks.

Index Terms—Fan-out wafer-level packaging (FOWLP), flexi-
ble vias, hierarchical partitioning, irregular pads, redistribution
layer routing.

I. INTRODUCTION

DVANCED packaging technologies have shown a grow-

ing trend toward devices with high I/O density, ultrathin
profiles, and high reliability. As a new paradigm of hetero-
geneous multichip system integration, the fan-out wafer-level
packaging (FOWLP) technology has been proven to be very
effective in I/O density enhancement [1], power efficiency
improvement [2], [3], and thermal performance improve-
ment [4] for various advanced products, e.g., Samsung
smartphone series [5] and Apple iPad series [6], thus over-
coming the bottlenecks caused by limited chip footprint.
In particular, the ultrahigh-density FOWLP technology of
the Taiwan Semiconductor Manufacturing Company (TSMC)
has demonstrated significant advantages over existing pack-
aging technologies [7], [8], [9], [10], [11]. In such an
integrated fan-out package, some additional mental layers,
also referred to as redistribution layers (RDLs), are utilized
to establish efficient interconnections among heterogeneous
chips [12], leading to highly integrated processing systems.
Up to now, TSMC’s FOWLP technology has been successfully
applied in many high-performance computing systems, such
as artificial intelligence accelerators and cloud computing
devices [13], [14], [15].

Fig. 1 shows the schematic of a FOWLP structure, where the
molding compound that covers multiple chips is placed at the
top side of the entire package to provide physical protection.
Beneath these chips, several RDLs are deployed to redistribute
signal connections. These RDLs consist of via layers and
metal layers stacking alternately, where via layers are used to
construct interlayer connections for signal transmission between
adjacent layers while wires in the metal layers provide intralayer
connections. At the bottom side of the package, RDLs are
further connected to the package substrate through bump pads,
thus forming a complete package structure. With the FOWLP
structure above, wire connections between 1/O pads of different
chips, also referred to as interchip interconnections, can be
implemented efficiently through both interlayer and intralayer
routing in the RDLs [16], [17].
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Fig. 2. Traditional packaging technology versus advanced FOWLP technol-
ogy regarding the RDL routing design. (a) RDL routing solution of four chips
using traditional packaging technology and (b) RDL routing solution using
the FOWLP technology.

To ensure the overall performance of the integrated hetero-
geneous multichip system, the aforementioned interchip RDL
routing needs to be dealt with carefully, so that optimized
via-and-wire networks can be constructed systematically as
per the predefined routing nets. On the other hand, traditional
packaging technologies allow only fixed vias and regular pads
in a package [18], where I/O and bump pads with the same
size and pitch are deployed as regular 2-D arrays. These
pads are aligned with fixed vias punching through RDLs
for interlayer interconnections and this, undoubtedly, reduces
the flexibility of RDL routing while the solution space is
heavily restricted. For example, since each routing net can
only be implemented within a single layer when fixed vias
are employed, layer assignment has to be performed before
routing so that potential wire crossings can be avoided. In
contrast, flexible vias that can be placed arbitrarily in the RDLs
and irregular pads with different sizes/pitches have already
been supported by the FOWLP technology [11], [19], enabling
efficient heterogeneous integration. More importantly, due to
the vast flexibility of RDL routing in FOWLP, the overall
package cost can be further reduced. For example, since

IWe note there are many FOWLP derivatives in this fast-moving 3-D-IC
industry. Without loss of generality, this basic model does not cover extra
via types like TIV (through InFO via) or even more complicated CoWoS-L
where embedded silicon bridge small interconnect chips are buried between
RDL routing layers. Moreover, the real package substrate is much bigger and
thicker than the cartoon drawing of this figure.
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Fig. 3. Comparison among different interchip RDL routing methods with
flexible vias. (a) solution generated by [16] (wirelength = 392), (b) solution
generated by [17] (wirelength = 384), and (c) optimized solution (wire-
length = 339).

only fixed vias and regular pads are employed in Fig. 2(c)
and (a), three RDLs are used to route the nets among four
chips. In Fig. 2(c) and (b), both the number of RDLs and the
total wirelength are reduced due to the adoption of FOWLP
technology.

Up to now, several methods have been proposed to address
the interchip RDL routing problem. In [20] a minimum cost
maximum-flow algorithm and a ring-by-ring routing method
are proposed to generate interchip connections. In [21] a
directed acyclic graph-based algorithm is proposed to generate
routing solutions with a minimized number of RDLs. Both
methods, however, are based on fixed vias punching through
all RDLs. The vast flexibility of via placement and wire
routing has been ignored, resulting in unsatisfactory solutions.
In contrast, since both flexible vias and irregular pads need
to be considered in FOWLP, this makes the interchip RDL
routing problem very complicated. In recent years, machine
learning has been increasingly applied to address routing
design of integrated circuits. For example, in [22] an asyn-
chronous reinforcement learning framework is proposed to
optimize net order in detailed routing. Reference [23] employs
deep reinforcement learning to realize custom circuit routing
while adhering to industrial design rules. In [24], a generative
pretrained transformers (GPT)-based method is proposed for
PCB routing, which transforms the routing task into a token
prediction problem.

In particular, in [16] a Voronoi diagram-based method is
proposed to deal with the placement of flexible vias in the
RDL routing. However, since vias in [16] are placed irregularly
within tiles before detailed routing, the total wirelength is
increased significantly so that vias can be bypassed in the
routing stage as illustrated in Fig. 3(d) and (a). In [17]
a weighted-MPSC-based layer assignment method and an
octagon model-based algorithm are proposed to deal with
wire routing and irregular pads, respectively. Furthermore, a
linear programming (LP)-based layout optimization method is
adopted to realize via arrangement and wirelength reduction.
This method, unfortunately, generates many tiny fragment tiles
and cannot find the optimum via locations due to the lack
of an overall planning of the routing region, leading to some
redundant vias and extra wire detours as shown in Fig. 3(d)
and (b). In contrast, Fig. 3(d) and (c) shows an optimized
routing solution generated by proposed method, where vias are
placed at tile boundaries to avoid unnecessary wire detours.
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Moreover, by taking intertile and intratile pathfindings into
account simultaneously, both wirelength and extra vias are
reduced simultaneously.

In view of the importance of interchip RDL routing in
FOWLP as well as the drawbacks suffered by existing meth-
ods, in this article, we take both flexible vias and irregular
pads into account and present an efficient routing flow to solve
this problem in a global manner. Our contributions are listed
below.

1) We propose a hierarchical partitioning-based method
that can fully utilize routing resources in the RDLs,
leading to efficient interchip connections with minimized
wirelength and 100% routability.

2) We propose a channel planning method for optimized
routing region partition. Moreover, a novel dynamic
routing graph (DRG)-based pathfinding method is
adopted to generate efficient global routing solutions.

3) We propose a binary-search-based tile segmentation
method to improve routability while reducing the total
wirelength. Moreover, a chord model-based method is
employed to generate efficient layer assignment results.

4) We propose a function monotonicity analysis-based
method for the placement optimization of access points.
Moreover, a staggered via planning strategy is employed
to reduce wire detour for both global routing and layer
assignment.

5) We propose an efficient detailed routing method that
integrates pattern routing, corner routing, and contour
routing together. Experimental results confirm that the
proposed method achieves better solutions compared
with the state-of-the-art techniques.

II. TERMINOLOGIES, DESIGN RULES,
AND PROBLEM FORMULATION

In this section, we first describe the terminologies and
design rules used in the RDL routing. Afterward, the interchip
RDL routing problem in FOWLP is formulated.

A. Terminologies and Design Rules

In contrast to fixed vias that punch through all the RDLs
in traditional packaging technologies, vias can be placed
arbitrarily in the RDLs to increase the flexibility of multichip
integration and further improve the overall performance of the
FOWLP structure [11]. Moreover, I/O pads attached to the top
RDL can also be placed irregularly to support heterogeneous
integration [25]. In this work, we take both flexible vias and
irregular pads into consideration during interchip RDL routing.
First, the standard definitions of terminologies used in this
article are described as follows.

1) I/O Pads: Rectangular pads attached to the top RDL for

chip-to-chip and chip-to-package contacts.

2) Bump Pads: Octagonal pads attached to the bottom RDL

for package-to-board contacts.

3) Irregular Pads: 1/O or bump pads with different sizes

and pitches.

4) Vias: Metal pillars used for interlayer connections.

5) Top Vias: Vias attached to I/O pads in the top RDL.
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Fig. 4.

6) Flexible Vias: Vias that can be placed arbitrarily in the
RDLs.

7) Via Layer: An RDL used for via deployment.

8) Wire Layer: An RDL used for mental wire connections.

9) Interchip Nets: Predefined routing nets between chips.
Each net is associated with a pair of I/O pads that belong
to different chips.

Some notations used in the article are listed below.

) P={pi|1<i<|P|}: A setof I/O pads.

2) N={n; |1 <i<|N|}: A set of interchip nets.

3) L={l; |1 <i<|L|}: A set of routing layers.

4) w,: The width of wires.

5) wy: The width of vias.?

6) §: The minimum spacing between vias and wires of
different nets.

In addition to flexible vias and irregular pads, the design
rules that need to be considered in the RDL routing are as
follows.

1) X-Architecture Wires: Wire segments can only be routed

in £90°, 45°, and 135° directions.

2) Noncrossing Rule: Any two interchip nets cannot be
implemented across each other in an RDL.

3) Minimum Spacing Rule: Any two components need to
satisfy the specified minimum spacing, including wires,
vias, and I/O pads.

4) Connection-Angle Rule: A 90° or 135° turn is allowed
if two wire segments are connected. A 45° turn is not
allowed for better manufacturability [26], [27].

B. Problem Formulation

Based on the above analysis, the interchip redistribution
layer routing problem of heterogeneous multichip system
integration in modern FOWLP can be formulated as follows.

Given a set N of interchip routing nets, a set P of I/O Pads
(irregular), a set L of RDL layers, and design rules, establish
the connections of all the nets with flexible vias such that the
routability is maximized, the total wirelength is minimized,
and no design rules are violated.

2A via is modeled as a regular octagon and wy is set to the width of its
bounding box.
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Fig. 5. Tllustration of fan-in region identification. (a) Top via insertion for a
chip with nine I/O pads and (b) fan-in region and access points of the chip
shown in (a).

III. PROPOSED METHOD

In this section, we present a hierarchical partitioning-based
interchip RDL routing method for FOWLP technology. Fig. 4
shows the overall flow of the proposed method which consists
of the following three major stages: 1) High-level planning;
2) hierarchical partitioning; and 3) detailed routing. The
technical details of these stages are discussed below.

A. High-Level Planning

In the first stage, we present an efficient high-level planning
flow for the global routing of RDLs. Our goal is to maximize
the utilization of routing resources and minimize the number
of conflicts caused by wire intersections.

1) Fan-in Region Identification: Since fan-in regions in an
FOWLP package are usually much more congested than the
fan-out regions, they need to be identified separately so that
routing resources can be fully utilized during RDL routing. To
this end, top vias connected to I/O pads are inserted into the
top RDL to generate the chip-to-package connections as shown
in Fig. 5(a), where a chip with a set of I/O pads is connected
to the package using nine vias. Then, the fan-in region of a
chip can be identified as the rectilinear bounding box of the
top vias connected to it, and the remaining region in the layout
is considered the fan-out region. For example, Fig. 5(b) shows
the fan-in region of the chip described in Fig. 5(a), which is
the area covered by the rectilinear bounding box of top vias
tY—tg. Note that some top vias, e.g., £, t,, and tg in Fig. 5(b),
may be located inside the fan-in region due to the existence
of nonperipheral I/0O pads. To deal with their routing design,
wire segments with the shortest distances between these top
vias and the boundaries of fan-in region are constructed as
illustrated in Fig. 5(b), where a;,, a4, and a;, are referred
to as the access points between fan-in and fan-out regions.
Note that since I/O pads are predetermined based on their
real positions on the chips and any two chips cannot overlap
in package, a feasible fan-in region can always be identified
even if two chips are positioned very close to each other. As
a consequence, an interchip net connecting two nonperipheral
I/0 pads can be transformed into a net connecting two access
points. The computational complexity of this stage is O(|P]),
where |P| is the number of I/O pads.

2) Channel Planning: After completing the identification
of fan-in regions, a Hanan grid is constructed as the underlying
graph of the global routing in the RDLs [28], [29], [30], so
that resources in the given routing region can be fully utilized.
Fig. 6(a) shows an example of Hanan grid construction, where
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Fig. 6. Illustration of channel planning. (a) Construction of a Hanan grid [28],
(b) MST generated on (a), and (c) channel planning result of (a).

the given routing region includes three fan-in regions. We
project line segments from all the corners of fan-in regions
at four orthogonal directions, and each line is ended when
encountering a fan-in region or the boundary of the routing
plane. Note that subgrids formed in the fan-out region in the
Hanna grid are called fan-out grids as shown in Fig. 6(a).

With the constructed Hanan grid, a graph G = (V,E) is
then generated, where a vertex v; € V represents a fan-out
grid and an edge ¢;; € E if v; and v; are two adjacent fan-
out grids in the Hanan grid. Furthermore, to avoid tiny grids
that are difficult to use during routing, we employ an extended
dynamic programming algorithm based on the method in [31]
to merge fragmented grids in the Hanan grid. In [31], a
minimum spanning tree (MST) on G is first generated, where
the weight of an edge ¢;; € E, denoted by w,;, is computed
as

Wei‘/. = F(Viyj) (1)

where v; ; is the grid formed after merging v; and v; and I'(-)
is used to compute the aspect ratio of a grid. In particular, the
aspect ratio of a grid v;; with width w and height /4 can be
computed as

I'(vij) = max{h/w, w/h}. (2)

With the generated MST, adjacent fan-out grids in the Hanan
grid are then merged from leaf nodes to the root using a
dynamic programming method [31]. Note that since the value
of we,; in (1) is mainly determined by the merged grid v;;
rather than grids v; and v; themselves, some tiny grids may still
be remained in the merged Hanan grid especially when the
problem scale is relatively large. To overcome this bottleneck,
grids with a large aspect ratio need to be merged with a higher
priority. Accordingly, we redefine the weight of an edge ¢;; €
E as follow:

, I (vij)*

We,; = m (3)

where « is a user-defined parameter. Fig. 6(b) shows the MST
constructed on the Hanan in Fig. 6(a), where fan-out grids
with the same color are merged sequentially to generate the
channel planning result as shown in Fig. 6(c). Note that both a
merged grid and a fan-in region in the final channel planning
result are referred to as a channel.

3) Pathfinding With Dynamic Routing Graph: With the
generated channel planning result, we further implement a
DRG-based pathfinding method to generate optimized global
routing solutions [32]. Specifically, DRG is a routing graph
that can be updated dynamically in the routing plane once a
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Illustration of pathfinding with a DRG. (a) Initial DRG constructed based on the channel planning result described in Fig. 6(c), (b) valid routing path

{(t1, 12), (12, 13), (13, 14), (14, t5)} generated on (a), (c) removal of edges/vertices and generation of new vertices regarding edge (¢, #) in (b), and (d) newly

added edges for the case described in (c).

Algorithm 1: Pathfinding With DRG

Input: The Initial DRG Go(Vy, Ep) and a set N of
interchip nets.
Output: A global routing solution S;.
1 Initialize the weight of each edge e(i, j) € Eo according
to (4);
2 for each net n; € N do
3 Routing path P;(V?“, E{““)=A*_Path_Search(G;, n;);
4 Initialize V" and E*" to #;
5 for each edge e(j, k) € E{* do
6 Compute newly generated vertices and add them

to Vi,

7 for each vertex v, € V" do

8 Compute newly generated edges and add
them to E7¢";

9 Compute the weight of each newly added
edge in E7" according to (5);

10 end for

11 end for

12 Perform Vi1 = V; — V7 + V¥ according to (6);
13 Perform E; | = E; — E?° 4 E®" according to (7);
14 Gi+1 = (Vit1, Eiy1); //Graph updating

15 Add P; to Sg;

16 end for

valid routing path is found. In particular, a valid routing path
is a set of segments between channel boundaries such that the
two ends of an interchip net are connected in the 2-D channel
plane.

The initial DRG, denoted by Go(Vp, Ep), can be constructed
based on the previously generated channel planning result,
where Vj includes all the midpoints of shared boundaries
between adjacent channels. For each pair of vertices v; and v;
in Vyp, if the edge formed by v; and v;, denoted by e(i, j), does
not pass through any channel boundary, e(i, j) will be added
to Ep. Fig. 7(a) shows the initial DRG constructed based on
the channel planning result described in Fig. 6(c). Then, the
weight of an edge e(i, j) € Ep can be computed as

We(ij) = Edis(v,-, Vj) (4)

where Edis(v;, v;) is the Euclidean distance between vertices
v; and v;. With the constructed DRG, A* algorithm is then
adopted to find a valid routing path with minimized cost for

each interchip net. Note that since vias will be placed inside
channels, a minimum average spacing € between boundary
vertices needs to be satisfied during pathfinding so that
intersections between vias can be avoided, where € = (w, +
wy)/2 + 8. Fig. 7(b) shows a valid routing path generated on
the DRG described in Fig. 7(a), which consists of four edges
connecting the two ends #; and f5 in the DRG.

On the other hand, once a valid routing path is found, DRG
will be updated as mentioned before. We denote the ith (i > 0)
routing path that has been found as P;(V?°, E7°°), where V¢
and E7°° are the set of vertices and edges occupied by the path,
respectively. For example, the vertices and edges occupied by
the routing path shown in Fig. 7(b) are {t1, 12, 13, 14, 5} and
{(t1, 1), (2, 13), (23, 14), (24, t5)}. For each edge e(j, k) € Eiocc’
the channel that covers e(j, k) is split into two subregions.
Then, four new vertices located at the midpoints of channel
boundaries in each subregion can be generated. We take the
edge (t1, t) shown in Fig. 7(b) as an example. It can be seen
from Fig. 7(c) that the channel covering edge (#1, t2) is split
into two subregions R; and R>. In Ry, new vertices 711 and
tr,1 are generated, which are the midpoints between #; and S;
and between f, and S3, respectively. Similarly, new vertices
t12 and 2 can be generated in the region R;. Accordingly,
we denote the set of newly generated vertices for all the edges
in E7° as VIV = {v/|0 <t < 2% [V}

Besides new vertices, new edges also need to be generated
when a DRG is updated. Specifically, for each edge e(j, k) €
E?°°, after new vertices are generated, the two ends v; and vy
as well as the edges connecting with them are first removed
from DRG. Let us revisit the example shown in Fig. 7(c). After
generating the four new vertices, it can be seen that vertices
f1 and f, and edges represented in dotted lines are removed,
respectively. Then, as shown in Fig. 7(d), new edges can be
added to the DRG based on the same rule for generating Go.
Similarly, we denote the set of newly added edges in respect
to all the newly generated vertices as E}*V = {e(s, D)|vs €
VI or v, € VI*V}. In particular, for an edge e(s, ) € EI*Y,
its weight can be computed as

We(s,ny = Edis(vs, vi) +2- (B +y - In(IN[)) )

where 8 and y are user-defined parameters used for evaluating
the influence of intersections between routing paths, |N| is
the number of given interchip nets, and parameter z is a
0-1 variable representing whether edge e(s, r) is intersected
with the original edge inside the same channel on the routing
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Fig. 8. Tllustration of access point optimization. (a) Initial placement of a
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path. For example, the value of z should be set to 1 for the
newly added edges in green color in Fig. 7(d) since they are
intersected with the original edge (¢, f2). In contrast, z is set
to 0 for the remaining edges in black color since they are not
intersected with (1, ).

With the newly generated vertices and edges for routing
path P;, the updating of DRG, in other words the generation
of the (i + 1)th DRG, denoted by Git+1(Vit1, Eix1), can be
realized by updating vertices and edges in the following way:

Vigr = Vi = VP 4 VY (6)
Eiyy = E; — E 4 E™, 7

Algorithm 1 shows the pseudocode of the proposed
pathfinding method with a DRG.

4) Access Point Optimization and Via Planning: With the
previously generated channel planning result as well as routing
paths of interchip nets, the concept of access points can
now be extended to the intersection points between channel
boundaries and routing paths. On the other hand, although
efficient global routing solutions are already generated using
the above discussed techniques, there is still another critical
factor that affects the final routing quality, i.e., the positions
of access points.

Since an unreasonable placement of access points can
lead to unnecessary wire detours, a function monotonicity
analysis-based access point optimization method is proposed
to further reduce the total wirelength in this section. Before
discussing the details of the proposed method, we first present
a formal description of access point optimization problem:
Given a set A = {a;j|l < i < |A|} of access points located
on a channel boundary, adjusting their locations such that
the total Euclidean distance of their connections with other
points is minimized while maintaining their topological order
unchanged.

Fig. 8(a) shows a channel boundary with a set of evenly
distributed access points, where each access point is connected
with another two points, denoted by p; and g;, on the routing
plane. Without loss of generality, we assume that the two
ends of the channel boundary are located at (0, 0) and (L, 0),
respectively. Accordingly, our objective is to minimize the total
length of edges connected to access points

lA]-1

) (\/ (=) + (02 0 — )2 + @?)2) ®)

i=0
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Fig. 9. Two curves of (11), where values of (xf, y{) x?, y?) are set to (2, 2,
4, —2) and (-2, 2, 1, —3), respectively.

where x¢ is the x-coordinate of access point a; € A and (x7, y)
and (x7,y7) are the coordinates of p; and g;, respectively. In
order to maintain the topological order of access points and
satisfy the minimum spacing e, the valid interval of x{, denoted

by [xf , x7], can be computed as

0 i=0

I _ 5

Y = {xj‘_ | + €, otherwise ®)

oL i=|Al—1 (10)
4 X?H — €, otherwise.

Then, for any access point a; € A, the effects of a;’s
connections on (8) can be formulated as

F6) = - 2+ ()

+\/ (- 20 + (oD% (11)

Furthermore, the derivative of the above function can be
computed as

F) = —2 5 >
Ve =7 + o)
X

Y= + 01

Without loss of generality, we assume that % is less than x7,

f'(x{) is then always negative in (—oo, xf ) and positive in

(xf.’, +00). In the interval (x;, x;’), f’(xf-‘) is the sum of two

functions with opposite monotonicity, leading to a unique zero

point. For example, Fig. 9 shows two concrete examples in
respect to (11), where blue and red curves represent the case
when (4, ¥, x?, v = (2,2, 4, =2) and <, 7, &%, y]) =

(-2, 2, 1, —3), respectively. It can be seen that there is a

unique minimum value for both curves. As a consequence, the

optimum value of x{ includes the following three candidates,
ie., xf, x{, and x{, where x{ is the x-coordinate of the
intersection between line segment (p;, g;) and the channel
boundary. Accordingly, we choose the one that minimizes
function f as the final value of x{, thereby determining the

optimum position of access point a;.

Fig. 10 further shows the three types of interconnection
diagrams when the optimum position of access point is located

at (xf, 0), (x{, 0), and (x, 0), respectively. Moreover, Fig. 8(b)

SaS

+

12)
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Fig. 10. Three types of interconnection diagrams when the optimum position
of access point is located at (xl{, 0), (xl‘f, 0), and (xlf , 0), respectively.

shows the optimized placement result after adjusting positions
of all the access points in Fig. 8(a) using the proposed method.
It can be seen that all the optimum positions in Fig. 8(b)
belong to one of the three types shown in Fig. 10. Finally,
Algorithm 2 shows the pseudocode of the proposed access
point optimization method.

With the optimized placement result of access points, via
planning can then be implemented by leveraging the flexibility
of irregular vias. In the proposed method, we insert vias to the
channel boundaries instead of the entire routing region, so that
extra wires introduced due to via-avoidance during detailed
routing can be eliminated.

In the proposed method, vias are arranged staggeredly
along the access points on a channel boundary as shown in
Fig. 11(a). Note that in order to avoid misconnections between
irregular vias and top vias, the vertical distance between
irregular vias is set to 2 % (§ + w,). Then, there is a threshold
zone occupied by vias inside each channel, which cannot be
used in the subsequent layer-assignment and detailed routing
stages. Fig. 11(b) shows an example of wire connections
inside a channel. It can be seen that layer assignment of the
channel can be performed independently since there is always
sufficient space in the threshold zone for vias insert.

B. Hierarchical Partitioning

With the proposed high-level planning flow, in this stage, the
routing nets in each channel are rearranged to eliminate poten-
tial intersections. Moreover, layer assignment is performed
using an updated DRG and an effective chord model [33].
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Algorithm 2: Access Point Optimization

Input: A channel boundary B with length L;, a set A of
access points, and points p; and ¢g; connected to
access point a; € A.
Output: Optimized placement result of A.
1 Initialize channel boundary B by placing it horizontally
at (0,0) and (Lp, 0);
2 Initialize the access points in A by evenly distributing
them on B;
3 for each a; € A do
4 Computing [xf, x;] according to (9) and (10);
5 Computing (x7, 0) = Intersection_Point(B, (p;, q;));
6  if x¢ e [+, x!] then
7 x¢ < x{; /lupdate the optimum location of a;
8
9

else
d; = Dismnce_Calculation(xf) according to (11);

10 d, = Distance_Calculation(x]) according to (11);
11 if d; < d, then
12 X! < xﬁ;
13 else
14 X <—xf;
15 end if
16 end if
17 end for

18 return The placement result of A

QO TIrregular via

Q

| = Connection of vertices () Top via

O
@)

N

Channel

() 1() TThreshold
O
(a) (b)

Fig. 11. Tllustration of via planning. (a) Staggered via array on the channel
boundary and (b) channel with nets and inserted vias.

1) Binary-Search-Based Channel Partitioning: In this step,
we further partition each channel into equivalent rectangular
tiles, so that conflicts between routing nets can be eliminated
within tiles. For each rectangular channel, we partition it into
a set of tiles with r; rows and ¢; columns. For example, the
channel shown in Fig. 12(a) is divided into 12 equivalent tiles
with 3 rows and 4 columns, i.e., 7, = 3 and ¢; = 4. In the
proposed method, values of 7, and ¢; for a given channel are
computed as

(re, 1) = (Lhe/A], we/A)) (13)
where w, and h. are the width and height of the channel,
respectively. Parameter A is used to determine the size of
tiles. Note that the value of A has a significant influence on
the channel partitioning, in other words the tile segmentation
result. A small value of A can lead to larger solution space
since more tile boundaries can be used to insert vias. In
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Fig. 12. Illustration of hierarchical partitioning. (a) Channel partitioning
result with 12 tiles, (b) generated routing paths of nets on (a), (c) layer
assignment result of (b), and (d) design solution of (c) after access point
optimization and via insertion.

contrast, a large value of A can reduce the total wirelength
between tiles.

To realize the tradeoff between wirelength and via insert,
we present a binary-search-based method to find the optimum
value of A. During the search process, for a given value
of X, we check whether tuple (ry,c;) can lead to a valid
layer assignment result. If it fails, the upper boundary of the
binary search will be shrunk. Otherwise, a valid value of A
is found, and the lower boundary of the binary search will
be shrunk. This procedure is performed iteratively until the
lower boundary is equal to the upper boundary, thus finding
the optimum value of A.

2) Layer Assignment Using Chord Model: Layer assign-
ment is performed once a channel is partitioned into a set of
tiles. We first construct a DRG based on the generated tiles
and a feasible path connecting the two ends of each net can
be generated as shown in Fig. 12(b). Then, routing nets inside
each tile are assigned to appropriate layers. We map these
nets to a chord model so that the maximum planar disjoint
subsets (MPDSs) can be found layer by layer [33]. Once all the
nets are assigned without introducing any intersection, the tile
is considered solvable. Fig. 12(c) shows the layer assignment
result of Fig. 12(b), where nets assigned to different layers
are labeled with different colors. With the generated layer
assignment result, the access point optimization and via
planning methods proposed in Section III-A4) are reperformed
to further reduce the total wirelength. In particular, if a net
passing through adjacent tiles belongs to different layers, a via
will be inserted at the crossing position between the shared
tile boundary and routing path of the net as illustrated in
Fig. 12(d).

Moreover, Fig. 13 shows a detailed procedure of the
proposed chord model-based layer assignment. In this exam-
ple, six routing nets inside a tile, i.e., {(p1,ps), (P2,p7),
(3, P10), (P4,p9), (Ps.p12), (Pe, p11)}, need to be assigned
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Fig. 13.  Procedure of the proposed chord model-based layer assignment.

to three layers. To this end, they are mapped into a circle
with six chords according to their topological order. Then,
we employ the method proposed in [33] to sequentially find
MPDSs, where chords in each subset can be assigned to the
same RDL.

C. Detailed Routing

After completing the channel planning and layer assign-
ment, detailed routing is performed layer by layer inside each
tile to generate the final RDL routing solution. Since vias are
inserted on the tile boundaries, there is no conflict between
wires and vias during detailed routing. We categorize the
routing nets inside a tile into two types: 1) Adjacent edge-to-
edge net (AEN) and 2) opposite edge-to-edge net (OEN). For
an AEN, its two ends are located at the adjacent boundaries
of a tile, such as the net formed by p> and p7 in Fig. 13. In
contrast, the two ends of an OEN, e.g., p; and pg in Fig. 13,
are located at the opposite boundaries of a tile.

1) Routing of AENs: In the proposed detailed routing algo-
rithm, AENs are first routed using a pattern routing method.
Specifically, for an AEN, e.g., (p1, p2) shown in Fig. 14(a),
a parallelogram with 45° internal angle is constructed based
on the two ends of the net. Note that the feasible region that
can be used for the routing of (p1, p2) contains the entire tile
since there is only one AEN in this example. Afterward, the
two edges of the parallelogram close to the center of the tile,
i.e., solid lines in blue color in Fig. 14(a), form the routing
path of AEN (pi, p2). Note that dashed lines in blue color
form an invalid routing path since they violate the design rules
presented in Section II-A.

To improve the routability of detailed routing, we adopt a
routing strategy that deals with nets from outside to inside
according to their relative positions in the tile. In other words,
a higher priority will be given to the AENSs close to the corners
of the tile. For example, Fig. 14(b) shows the detailed routing
result of a tile with six AENs, where nets (p1, p2), (p3, p4),
(ps, ps), and (p7, pg) are first routed since they are close to
the corners of the tile. After generating the routing paths of all
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Fig. 14. (a) Ilustration of pattern routing for an AEN and (b) routing result

of a tile with six AENs, where the region in orange color can be further used
for the routing of OENs.

the AENS, the feasible region that can be used for the routing
of OENS in the tile will be updated as illustrated in Fig. 14(b).

2) Routing of OENs: After completing the routing of
AENSs, OENs within each tile are routed using a corner routing
method. First, all the OENSs in the horizontal/vertical directions
are sorted in ascending order according to their positions in y/x
axis. Note that because any two OENSs do not intersect, there is
always a certain order for OENSs in either horizontal or vertical
direction. Then, these OENs are dealt with sequentially by
assigning a corner of the tile (also referred to as reference
corner) to each of them. For an OEN, its reference corner is
determined by the relative positions of its two ends and can
be described as follows.

1) Left-bottom corner of the tile is assigned if the OEN is
in the vertical direction and the bottom endpoint has a
larger value of x-coordinate.

2) Left-top corner of the tile is assigned if the OEN is in
the vertical direction and the upper endpoint has a larger
value of x-coordinate.

3) Right-top corner of the tile is assigned if the OEN is
in the horizontal direction and the left endpoint has a
larger value of y-coordinate.

4) Right-bottom corner of the tile is assigned if the OEN
is in the horizontal direction and the right endpoint has
a larger value of y-coordinate.

Let us take the net (p1, p2) shown in Fig. 15(a) as an exam-
ple, which is an OEN in the horizontal direction. Moreover,
the right-bottom corner of the tile is assigned to this OEN as
its reference corner. The complete procedure of corner routing
can then be summarized as follows.

1) Path search is conducted along the horizontal direction
from p; until it encounters the 45° boundary of the
blockage in the reference corner direction, forming an
intersection # as illustrated in Fig. 15(a).

2) Path search along the 45° boundary of the blockage until
it reaches the position which has the same y-coordinate
with pp, forming an intermediate point #, as shown in
Fig. 15(b).

3) Construct path p; — t; — t, — pp which is a valid
routing path of OEN (p1, p») as illustrated in Fig. 15(c).

In particular, the proposed corner routing method may lead
to an invalid solution for an OEN as shown in Fig. 15(d),
where the intersection is formed outside the feasible region.
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Fig. 15. Routing procedure of OENs. (a) Path search from p; along the
horizontal direction, (b) path search along the 45° boundary of the blockage,
(c) valid routing path of OEN (p1, p2), (d) example of an invalid intersection
formed by the corner routing method, (e) routing path from p; to the
intermediate point ¢, and (f) routing path from the intermediate point #{ to

p2-

In this case, a contour routing method is further implemented
to generate a valid routing path for the net. As shown in
Fig. 15(d) and (e), the proposed contour routing includes the
following four steps.

1) The contour of the OEN is first generated as illustrated
in Fig. 15(d), which is the intersection area between the
rectilinear bounding box of p; and p; and the original
feasible region;

2) An intermediate point, e.g., 1 in Fig. 15(d), is generated
by traversing the boundary of contour clockwise;

3) As shown in Fig. 15(e) and (f), construct routing
paths between endpoints of the net and the generated
intermediate points using the proposed pattern routing
method, thereby generating routing result of the OEN.

With the proposed detailed routing method, routing nets

inside each tile in the RDLs can be routed efficiently, thus
generating the final routing solution of the given interchip nets.

IV. EXPERIMENTAL RESULTS

The proposed interchip RDL routing method was imple-
mented in C++- and tested on a workstation with an Intel Xeon
Gold 3.60-GHz CPU and 256-GB memory. Ten benchmark
circuits are used to validate the effectiveness of proposed
method as shown in Table I, where RDLc01, RDL 02,
RDL;603, and RDLc05 are benchmarks reported in [16],
RDL;701, RDL{702, and RDL 703 are benchmarks reported
in [17], RDL.,04 is a benchmark used in both [16] and [17],
and RDL,,01 and RDL,,02 are two generated large circuits.
These benchmarks are very dense and congested designs with
predefined interchip nets and pads. They are generated based
on real applications using the FLOWLP technology and thus
have a similar level of complexity to real designs. Among
them, the most complicated test case RDL,02 includes
more than 12000 flightline collisions. This implies that each
interchip net would potentially have nearly 40 net shorts in
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TABLE I
DETAILS OF THE BENCHMARKS USED IN THE EXPERIMENTS?

Benchmarks
(Area, #Chips, |P|, |N|, |L|, wy, we, )
RDL;601 [16] RDL;02 [16]
(5%5, 2,44, 22,2,20,4,4) (6x4, 5, 158,79, 3, 20, 4, 4)
RDL1603 [16] RDL1605 [16]
(10x5, 6, 222, 111, 3, 20, 4, 4) (10x10, 9, 522, 261, 4, 20, 2, 2)
RDL;701 [17] RDL;~02 [17]
(5%5,2,44,22,4,20,4,4) (10x5, 6, 222, 111, 5, 20, 4, 4)

RDL1703 [17] RDL.,04 [16] [17]
(10x10, 9, 522, 261, 5, 20, 2, 2) (7.5x7.5, 3, 92, 46, 3, 20, 4, 4)
RDL,,01 RDL¢;02

(16x12, 20, 458, 229, 2, 20, 2, 4) | (16x12, 20, 618, 309, 4, 20, 2, 2)

é\; 100 | RDL,,01
= L | = RDL,702
7 90 — RDL,03
*g 0 == RDL,,04
= el W)

L® oV

Fig. 16. Comparison with Lin-ext [34] regarding the percentage of routability.

the same layer if designed improperly. Even if the nets are
uniformly assigned to different RDLs, there are still more than
2400 flightline collisions. The details of these benchmarks
are reported in Table I, where Area, #Chips, |P|, |N|, |L|,
Wy, We, and & represent the area of the routing region in
each layer, the number of chips, the number of I/O pads, the
number of interchip nets, the number of routing layers, the
width of vias, the width of wires, and the minimum spacing
between wires/vias, respectively. In addition, parameter « used
for computing the weight of an edge in Formula (3) is set
to 1.5. Parameters B and y used for computing the weights
of DRG edges in Formula (5) are set to —1300 amd 400,
respectively.

First, to evaluate the overall performance of the proposed
method, we implemented a channel-guided RDL router called
CRouter based on the PCB planning method proposed in [32].
CRouter first generates channel divisions using a Hanan grid-
based approach and insert vias to the RDLs before global
routing. Then, both layer assignment and detailed routing are
performed by formulating them into an integer LP model
to generate the final routing solution. Table II shows the
comparison results between the proposed method and CRouter
regarding the routability, the total wirelength, the maximum
wirelength, and the CPU time, where Imp provides the relative
improvement of our method over CRouter. It can be seen
that CRrouter fails to complete the routing of the given
nets on three benchmarks, including RDL¢05, RDL,01, and
RDL,,02. In contrast, the proposed method achieves 100%
routability across all the benchmarks with an average reduction
rate of 8.40% in terms of the total wirelength. This is mainly
because our method adopts a hierarchical partitioning-based
routing strategy and inserts vias after pathfinding, and thus
can deal with circuits with a very high density. Furthermore,
compared with CRouter, the proposed method achieves a

3The unit of area is 103,u,m X 103,u.m; The unit of wy/we/8 is pum.
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Fig. 17. Increased wirelength between design stages.

4.68%-23.39% reduction on the maximum wirelength with
an average reduction rate of 11.86%, thus demonstrating its
performance in respect to the worst-case signal integrity. We
provide the runtime of the two methods in the last two columns
of Table II. It can be seen that the proposed method is 2.19
times faster than CRouter.

Also, Lin-ext [34] is a concurrent RDL routing method
using fixed vias and regular pads. Particularly, it employs
an A*-search-based sequential routing strategy to enhance
routability. To verify the advantages of flexible vias/irregular
pads used in the proposed method, we further make compar-
ison between the two methods based on the results reported
in [17]. It can be seen from Fig. 16 that Lin-ext cannot realize
100% routability in the benchmarks due to the adoption of
fixed vias. In contrast, all the given interchip nets can be routed
successfully by the proposed method, demonstrating the vast
flexibility of the proposed method.

To further validate the effectiveness of the proposed method,
we compare it with the algorithms proposed in [16] and [17],
which are the most recent techniques that deal with the
interchip RDL routing considering both flexible vias and
irregular pads in FOWLP technology. Reference [16] employs
a Voronoi diagram-based method and a chord-based tile model
to handle the placement of irregular vias and the routing
of interchip nets, respectively, so that RDL routing solutions
with better routability and shorter wirelength can be generated
efficiently. Table III shows the comparison results between
our method and [16]. It can be seen that both methods
achieve 100% routability in the benchmarks, demonstrating
their effectiveness in dealing with circuits with varied scales
and complexities. Moreover, the proposed method achieves a
4.90%—-13.21% wirelength reduction across the benchmarks,
with an average reduction rate of 8.68%. This is mainly
because irregular vias in [16] are placed within tiles before
detailed routing. To avoid intersections between wires and
vias, a large number of detours have to be introduced
in the routing stage, thus significantly increasing the total
wirelength.
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TABLE I

COMPARISON WITH CROUTER REGARDING THE PERCENTAGE OF ROUTABILITY, THE TOTAL WIRELENGTH,
THE MAXIMUM WIRELENGTH, AND THE CPU TIME
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Benchmark Routability (%) Total wirelength (pem) Maximum wirelength (pm) CPU time (sec.)
CRouter [ Ours CRouter | Ours [ Imp (%) | CRouter [ Ours [ Imp (%) | CRouter [ Ours
RDL;601 100 100 87303 82445 5.89 8843 6853 22.50 5.93 0.93
RDL;602 100 100 252223 242358 4.07 10055 9446 6.06 30.24 5.40
RDL;1603 100 100 491284 475437 3.33 13211 12135 8.14 53.88 34.14
RDL.,04 100 100 228750 205061 11.56 7345 7001 4.68 9.19 2.86
RDL;1605 97.70 100 | >1733790 | 1616681 - - 14425 - 661.28 341.04
RDL;701 100 100 91977 79147 16.21 8660 6634 23.39 3.51 0.43
RDL;702 100 100 505238 467577 8.05 12897 11375 11.80 165.33 41.35
RDL;703 100 100 1787641 1593894 12.16 14773 13822 6.44 773.44 | 402.24
RDL,,01 97.82 100 >553766 535421 - - 9247 - 492.17 174.33
RDL,,02 90.61 100 | >1120355 | 1134318 - - 15311 - 833.15 381.19
[ Average [ 98.61 [ 100 [ - [ - [ 8.40 [ - [ - [ 11.86 [ 2.19 [ 1.00 ]
TABLE IIT

COMPARISON WITH [16] REGARDING THE PERCENTAGE OF ROUTABILITY, THE TOTAL WIRELENGTH, AND THE CPU TIME

Routability (%)

Total wirelength (pum)

CPU time (sec.)

Benchmark o 16T T Ours | Cai [16] | Ours [ Tmp (%) | Cai [16] | Ours
RDL,c01 | 100 | 100 | 86695 | 82445 | 4.90 079 | 093
RDL;02 | 100 | 100 | 258172 | 242358 | 6.2 392 | 540
RDL103 | 100 | 100 | 512619 | 475437 | 7.25 003 | 3414
RDL.,04 | 100 | 100 | 236269 | 205061 | 1321 | 060 | 2.86
RDLi,05 | 100 | 100 | 1835410 | 1616681 | 1102 2.5 | 34104
[ Average [ 100 [ 100 ] - [ - [ 868 | - [ - ]
TABLE IV

COMPARISON WITH [17] REGARDING THE PERCENTAGE OF ROUTABILITY, THE TOTAL WIRELENGTH, AND THE CPU TIME

Routability (%) Total wirelength (pm) CPU time (sec.)
Benchmark g "I77 T Ours [ Wen [171 [ Ours | Tmp (%) | Wen [17] [ Ours
RDL;701 100 100 81302 79147 2.65 8.60 0.43
RDL;702 100 100 495255 467577 5.59 56.60 41.35
RDL;703 100 100 | 1776860 | 1593894 10.30 627.10 402.24
RDL.,04 100 100 206816 205061 0.85 36.30 2.86
[ Average [ 100 [ 100 | - [ - [ 485 ] - - ]
TABLE V
RUNTIME BREAKDOWN OF EACH STAGE IN THE PROPOSED METHOD
Benchmark High-level planning | Ratio of | Hierarchical partitioning | Ratio of | Detailed routing | Ratio of | Total runtime
runtime (sec.) stagel (%) runtime (sec.) stage2 (%) | runtime (sec.) |stage3 (%) (sec.)
RDL 601 0.03 3.22 0.88 94.62 0.02 2.16 0.93
RDL 602 0.16 2.96 5.18 95.93 0.06 1.11 5.40
RDL;603 12.01 35.18 22.03 64.53 0.10 0.29 34.14
RDL.,04 0.09 3.15 2.73 95.46 0.04 1.39 2.86
RDL1605 33.00 9.67 307.75 90.24 0.29 0.09 341.04
RDL;701 0.03 6.98 0.38 88.38 0.02 4.64 0.43
RDL,702 31.02 75.02 10.26 2481 0.07 0.17 41.35
RDL,703 33.00 8.20 368.98 91.73 0.26 0.07 402.24
RDL.,01 3.93 2.25 169.58 97.28 0.82 0.47 174.33
RDL..02 14.75 3.87 365.19 95.8 1.25 0.33 381.19
[ Average | - [ 15.05 - [ 8388 - 1.07 ] - ]

The method in [17] adopts a weighted-MPSC-based layer
assignment algorithm to carry out concurrent intralayer rout-
ing. Then, an LP-based layout optimization algorithm is
implemented to further realize via arrangement and wirelength
reduction. The comparison results between our method
and [17] are reported in Table IV. Similarly, due to the strong

robustness of the two methods, they realize 100% routability
across all the benchmarks. However, owing to the lack of an
overall planning of the routing region, [17] generates many
tiny fragment tiles during routing, leading to some redundant
vias and extra wire detours in the final routing solutions.
Accordingly, it can be seen from Table IV that the proposed
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Fig. 18.

method achieves a 0.85%—-10.30% wirelength reduction in the
benchmarks, with an average reduction rate of 4.85%, thereby
demonstrating its effectiveness in wirelength reduction. Note
that the method in [17] achieves a comparable result in respect
to case RDL.,04 due to a strong exploration capability of
the LP-based optimization algorithm. Such a result is possible
when the scale of the circuit is not very large. Nonetheless,
for large-scale circuits, such as RDL703, the wirelength
reduction of the proposed method reaches up to 10.30%,
further demonstrating its effectiveness in dealing with large-
scale design.

In addition, the last two columns of Tables III and IV
show the CPU times of the three methods. It can be seen
that the proposed method generates the best routing solutions
on average within a short period of time. Table V further
shows the runtime breakdown of each design stage in the
proposed method. It can be seen that high-level planning and
hierarchical partitioning account for 15.05% and 83.88% of
the total runtime on average, respectively. Due to the global
optimization of the first two stages, such as channel plan-
ning/partitioning, layer assignment, access point/via planning,
etc., detailed routing solutions with minimized wirelength can
be generated in a highly efficient manner as illustrated in
columns 6 and 7 of Table V.

The reasons why the proposed method achieves better RDL
routing solutions are analyzed as follows.

1) Fragment channels that can lead to wire detours are

avoided as much as possible by the proposed channel

Pin-connection flightlines and the resulting 5-layer RDL solution of benchmark RDL;703.

planning method, thus improving the overall utilization
of routing resources.

Since intersections between routing nets are allowed
during routing region planning, extra wirelength due to
intersection avoidance can be reduced.

The number of tiles is reduced significantly due to the
adoption of a binary search-based channel partitioning
method, thus significantly reducing the number of wire
detours.

Due to the systematic optimization of access point loca-
tions, wirelengths between channels/tiles are reduced
efficiently.

Since vias are placed at the boundary of tiles, extra wires
introduced for via-avoidance in the detailed routing can
be avoided.

Overall, with the aforementioned optimization techniques,
design stages in the proposed method are seamlessly inte-
grated to complete different tasks in an efficient manner,
resulting in RDL solutions with 100% routability and min-
imized wirelength. On the other hand, although problem
complexities are increased as the design stages move forward,
the ratios of increased wirelength between design stages are
reduced as illustrated in Fig. 17, further demonstrating the
global optimization capability of the proposed method. Finally,
Fig. 18 shows the pin-connection flightlines and the final
routing solution of circuit RDL{703, which is a very congested
test case in the benchmarks. In RDL{703, nine chips with 522
I/0O pads and 261 interchip nets need to be connected using

2)

3)

4)

5)
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five RDLs within a 10000um x 10,000pum routing region.
Besides, since the total number of flightline collisions reaches
up to 10245 in RDL703, it is very difficult to route if the
routing resources are not fully utilized. With the proposed
method, it can be seen from Fig. 18 that all the interchip
nets are distributed evenly to different layers and the routing
network in each layer is constructed successfully without
violating any design rules.

V. CONCLUSION

We have investigated the interchip redistribution layer rout-
ing problem in modern FOWLP considering flexible vias
and irregular pads simultaneously. A hierarchical partitioning-
based algorithm is proposed to solve this problem. With
the proposed method, optimized routing region partition can
be generated and a DRG is constructed for efficient global
routing. To improve routability in RDLs, a tile segmentation
method with binary search is used to efficiently remove
net conflicts. Moreover, wire detours are further reduced
using a staggered via planning strategy. Experimental results
on multiple benchmarks have confirmed that the proposed
algorithm achieves better solutions compared with the state-of-
the-art techniques. Signal integrity optimization in the FOWLP
technology will be considered in our future work.
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