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Abstract

Routing software is often optimized for only one of the three physical
domains of electronic systems: the silicon die, the printed circuit board
(PCB), or the intervening package. System-level architects must ensure
that physical connectivity can be achieved among these domains, in
addition to satisfying system-level electrical performance
requirements. Simply achieving connectivity can require weeks or
months of engineering effort, with experts in each domain iteratively
adjusting their physical designs using specialized software tools.

To address system-level connectivity, the present work describes an
open-source, exploratory tool to provide initial guidance to system,
package, or PCB designers. The tool is not expected to provide an
optimal solution within any given domain; its utility instead is its ability
to span multiple domains without dependencies on other software tools
- proprietary or otherwise.

Given the person-weeks of effort often required for traditional
die/package/PCB co-design, this utility prioritizes capability over
speed. The proof-of-concept version achieved full connectivity within
four days for an industry-like routing configuration that include a PCB,
a ball-grid-array (BGA) package with a C4-bumped die, and coarse
routing on the silicon die. The rip-up-and-reroute algorithm employs A*
pathfinding in a three-dimensional, grid-based array; negotiated
congestion that dissipates over time, similar to inverted ant colony
optimization; and concepts borrowed from simulated annealing to
avoid local minima in the routing cost.
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1 INTRODUCTION

Simultaneously designing a silicon chip, printed circuit board (PCB), and
intervening package is necessary for launching new electronic systems
that are optimized for performance or cost. The technical and
organization challenges of this co-design process are well documented,
e.g. [1,2], including newer challenges associated with the increasing use
of packages containing multiple, heterogeneous silicon [3]. Electronic
design automation (EDA) vendors offer a growing array of tools aimed
at these challenges. Some tools are vendor-agnostic, although many are
understandably optimized to integrate with software tools from a single
vendor. Inter-company co-design, which can be complicated by
organizational barriers, may also suffer from a lack of EDA
interoperability. These challenges serve as the motivation for an open-
source utility* intended to enable co-design from on-silicon I/0 buffers
to components on the PCB.

1.1 Problem Scope

With the challenges described above, a non-proprietary utility would be
useful for system-level designers to work with chip-, package-, and PCB-
designers for assessing the routability of various design configurations
across these three domains. For any one domain, a fully optimized and
manufacturable design is beyond this work’s scope; EDA vendors
provide solutions for domain-specific optimization, from length-
matching to design-for-manufacturability. As depicted in Figure 1, the
scope of the current work is the routing of:

e  Top-level silicon traces, such as a coarse redistribution
layer (RDL), with C4/pillar connections to a flip-chip
package,

e  Flip-chip packages with a ball-grid array (BGA)
interface to a PCB,

e PCB routing.

| '~ Redistribution layer(s) on die

Routing layers on
flip-chip package
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Figure 1: Scope of the current work: PCB, package, and limited die routing.

The scope of the current work is limited to planar routing on a die,
package, and PCB. Connections between routing layers are limited to
vertical connections such as laser vias, solder balls, copper pillars, or
C4s. It is understood that linewidths and spacings vary dramatically
between the die, package, and PCB. Likewise, such dimensions can vary
within different regions of the package and from net to net.

Finally, the current work is limited to routing two-terminal nets,
including differential pair (DP) nets. Such nets frequently offer bigger
co-design challenges than multi-terminal power and ground nets.

In the interest of brevity, the routing utility is referred to as Acorn; a
name based on its inspiration from Ant-Colony Optimization for Routing
Nets. Inspired by biological, stigmergic systems like insect colonies and
hives [4], Acorn employs the A* algorithm so that nets are repelled by
congestion (pheromones) deposited by other nets (organisms).

1.2 Previous Work

Two overlapping areas of previous research are described in this
section related to the chip, package, and PCB domains: (1) general net-
routing solutions, and (2) those focused on co-design.

McMurchie et al. [5] developed a negotiated congestion (NC) router
that iteratively ripped up and rerouted nets while monotonically
increasing the congestion cost along occupied routing paths. Tessier
augmented NC with depth-first A* pathfinding [6]. Chan et al [7, 8]
accelerated the compute-time of the NC router using separate CPUs to
route each net in parallel, in addition to other speed-up features. Lin et
al. [9] utilized NC and A* pathfinding in a system with flexible physical
constraints, including irregular arrangements of terminals.

Beyond the microelectronics literature, Dias et al. [10] combined
inverted ant-colony optimization (IACO) with the breadth-first Dijkstra
algorithm for optimizing roadway traffic. Nguyen et al. [11] used a
similar approach called the ‘inverted pheromone model’, introducing
randomization to avoid oscillatory traffic behavior.

In the co-design literature, Fang et al. [12,13] addressed chip,
package, and PCB co-design using integer linear programming (ILP)
techniques, including the routing of DP nets and on-die routing. This
work was later extended to allow the router to select different solder
bumps, or waypoints, between the die and package to optimize the
routing [14]. Further efforts addressed multiple layers of on-die routing,
or redistribution layers (RDLs) [15].

# Source code available at https://github.com/danboyne /ACORN
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1.3 New Contributions of Current Work

Like the NC-based router in Lin et al. [9], this work allows for flexible
definitions of the layout constraints. Acorn differs from previous NC-
based routers by allowing for the cost of congested routing resources to
reduce over time as nets negotiate alternative routes, as is common in
IACO-based methods used in optimizing roadway traffic. Acorn
augments previous grid-based routers by allowing for up to 16 routing
directions: 0°, 26°, 45°, 63°, 90°, .... Further, subsets of these directions
can be applied to different regions, e.g., to allow only Manhattan routing.

Unlike [9], the connections in Acorn between the traces of differential
pair nets and their terminals are flexible enough to minimize trace
lengths at each terminal, regardless of whether the pair is P/N-
swappable. The same applies to the connections between differential
pair traces and each inter-level via.

This work introduces 2- and 3-dimensional routing zones with near-
zero routing cost and zero congestion cost, and in which design-rule
violations are allowed. By placing terminals within such zones, the
associated nets become ‘swappable’ among each other. In the extreme
case, all nets can have one of their two terminals placed in such a zone
to use the router for unordered, multilayer escape-routing.

To the author’s knowledge, this is the first rip-up-and-reroute
algorithm that can make large, stepwise changes to routing costs and
subsequently assess those changes’ effects on routing quality, thereby
predicting whether additional changes would further improve the
routing.

2 Problem Formulation

Acorn reads all input information from a text file, including the netlist, a
physical description of the available routing regions, design rules, and a
small number of control parameters. As in [16], another input is the
maximum number of iterations to execute before giving up. This
acknowledges that convergence to a solution free of design-rule
violations is not guaranteed by negotiated congestion (NC) or inverted
ant-colony optimization (IACO) algorithms.

2.1 Routing Boundaries and Costs

The input text file defines the number of routing layers and intervening
via layers, including the allowed areas for routing on each of these
layers. Routing barriers of arbitrary shape are accommodated, resulting
in systems like that shown in Figure 2(b). In this example are 5 routing
layers and 4 via layers, including the regions on each layer where lateral
and vertical routes are allowed.

Boundaries for die-to-package vias. Boundaries for package-to-PCB vias

Boundaries for routing layerondies %, Boundaries for package routing layers  Boundaries for PCB routing layers

4

A

Figure 2: The definition of the routing map (b) includes the number of routing
layers and lateral extents (a) for each layer, including via layers (top).

The input file may include increased costs for routing in any region of
any layer, thereby prompting Acorn to avoid routing in such regions.

2.2 Routing Design Rules

Acorn checks for minimum spacing between different nets, which
consist of traces and interlevel vias. Trace widths and via diameters are
specified in the input file and guaranteed by design. For design-rule
checking, vias are subdivided into two types: upward-going and
downward-going vias, each of which may have different diameters and
minimum spacing. Figure 3 depicts the three shape-types (Trace, Via Up,
and Via Down) and the 9 design-rules required in the input file,
including the minimum allowed spacings between each of the three

shape-types.
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Figure 3: Acorn creates traces and vias of the widths specified by in the input
file, and denoted above as rules 1, 2, and 3. Design-rule violations occur if the
minimum spacing rules, 4 through 9, are not satisfied by the routing.

In addition to widths and spacings, the input file may specify the
allowed routing directions. In this way, the allowed angles of routing
may be constrained: all-angle routing, subject to the constraints listed in
Section 3.2); Manhattan routing; 45° routing; up/down (vertical)-only
routing through vias; lateral-only routing that prohibits vias; and four
other options.

Nets may be assigned to groups that have design rules different from
other nets, e.g, larger trace-widths for power/ground nets, or larger
spacings for electrically sensitive nets. For DP nets, the input file
specifies the pitch of DP traces. It is understood that DP traces should
not be routed as close as possible if the target characteristic impedance,
e.g, 100 Q, requires greater spacing.

Co-design requires different design rules for different physical
regions, e.g., fine-pitch lines on the die and coarse routing on the PCB.
The input file therefore defines design-rule zones to which each design-
rule set applies. Such zones can apply to an entire routing layer, or to
sections of a given layer (e.g, using finer design rules for escape
routing).

2.3 Pin Swapping

Early in the co-design process, there may be flexibility in the assignment
of pins to/from a given component. RAM data-busses are common
examples, in which the ordering of bits within an eight-bit byte may be
scrambled to optimize physical routing. Such pin-swapping is achieved
in Acorn by locating the terminals of pin-swappable nets into a pin-swap
zone, as illustrated in Figure 4(a). In this example, two separate pin-
swap zones (in yellow) allow 8 pins to be swapped on the left, and a
separate 8 pins to be swapped on the right. Because the two pin-swap
zones are not contiguous, pins from the left swap-zone cannot be
swapped with those from the right.

To use Acorn for escape routing, a terminal of every net is placed
within a single swap-zone. For example, Figure 4(b) illustrates single-
layer escape-routing in which a terminal of every net was placed at the
lower-left corner of the perimeter pin-swap zone. Within pin-swap
zones, design-rule violations are allowed.
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Figure 4: Pin-swap zones in (a) allow for 8 nets to be interchanged in each byte.
In (b), all nets are placed in a single pin-swap zone to assess escape routing.

Differential pairs present a special case of pin-swapping; some
circuits allow the positive (P) and negative (N) nets of the DP to be
swapped without affecting performance. Such nets can be identified
with a flag in the netlist; there is no need to locate the DP terminals in a
pin-swap zone. Nonetheless, placing DP terminals in a pin-swap zone
automatically defines the DP as P/N-swappable, but the P- and N-traces
of the DP are always routed together. For example, the P-net is never
arbitrarily exchanged with an unrelated net from the same pin-swap
zone.

2.4 Escape Routing

As illustrated above, a carefully constructed pin-swap zone can be used
for escape routing on a single layer. This concept may be extended to
study escape routing across one or more domains of the
die/package/PCB system. Figure 5(a) depicts a pin-swap zone (yellow)
beneath all the package-to-PCB solder balls. By locating the terminals of
all nets in this pin-swap zone, one may determine viable pin-maps for
the package-to-PCB connections. Extending this concept, a single pin-
swap zone can extend vertically across all routing layers surrounding
the perimeter of a PCB, as shown in Figure 5(b). Locating terminals of
all nets in this pin-swap zone prompts Acorn to find viable, violation-
free routing across the die, package, and PCB, as detailed further in
Section 4.3.

Single pin-swap zone
along base of package
{yellow) contains
Dterminals of all nets.

b Single pin-swap zone along perimeter of PCB
. (yellow) contains terminals of all nets.

Figure 5: Escape routing can be assessed with low-cost pin-swap zones
(yellow) placed horizontally beneath a package, as in (a), to assess viable
BGA maps. In (b), escape routing on multiple PCB layers can be assessed
with vertically stacked pin-swap zones.

3 Algorithm

An overview of the algorithm is presented in the flowchart of Figure 6.
Before entering the iterative rip-up and reroute loop, Acorn reads user-
defined information from an ASCII text file, including the netlist; the
layout of die, package, and/or PCB; and the grid resolution, i.e., size in

*Netlist,
*Die/package/PCB layout,
*Design rules,

«Control parameters.

(Start)

A
Exchange start/end-terminals if
end-terminal in pin-swap zone.

i

|Convert DP terminals to pseudo-terminals.

+ Cost zones
* Pin-swap zones

* Barriers
® Design-rule zones

Initialize routing grid:
e Start/end terminals

for net = 1 to max nets:
If net is not DP:
Use A* to route net.
Else:
Use A* to route DP pseudo-path.

endFor
+

Convert each DP pseudo-path into two DP nets.

Check for design-rule violations.

Deposit congestion along routes of non-DP nets.

Is solution
adequate?
Or has iteration
count exceeded
maximum?

-up and reroute

ive rip

lterat

Modify algorithm parameters, if necessary.

Deposit permanent congestion near DP vias, if necessary (rare).

—| Rip up all nets. Evaporate 10% of congestion from entire map. |

Figure 6: Flowchart of Acorn algorithm. Green outlines denote compute-
intensive steps that are highly parallelized. Yellow outline highlights the
compute-intensive steps described in Section 3.3.

um of each cell in the map. In general, this dimension should be smaller
than the smallest linewidth plus spacing.

The algorithm terminates if (a) the number of iterations has exceeded
the user-defined limit, or (b) the solution is deemed adequate. An
adequate solution is achieved if at least Nyooa iterations resulted in
routing that is free of design-rule violations. A complex design with
many nets should naturally require more iterations than a simpler
design with fewer nets. Likewise, the minimum threshold Ngooa also
depends on Npes. This dependence was arbitrarily chosen as Ngood =
20-1og10(Nnets), i.€., Ngooa grows slowly with Nyets. For example, in a 100-
net design, at least 40 iterations must result in violation-free routing.
Consequently, a successful run results in many viable routing options.
Acorn highlights which iteration represents the lowest-cost option, i.e.,
that with the lowest via count and shortest aggregate net length,
accounting for user-defined cost-zones.

3.1Routing Grid Definition

For a system with Nigers routing layers, the routing grid consists of Nigyers
two-dimensional grids that represent the X/Y extent of the entire map.
At each cell, Acorn initially stores the following information:

o which design-rule applies;

e whether the cell is part of a user-defined cost-zone;
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e whether the cell is part of a pin-swap zone; and
e whether the cell contains a barrier to prohibit routing in the X/Y
plane or vertically to another layer.
Acorn does not maintain separate layers for inter-level vias, so via
barriers are stored in the routing cell with the ability to distinguish
between barriers to upward-going and downward-going vias, and/or
barriers to lateral routing in the X/Y plane.

For each pair of DP nets, Acorn creates a pseudo-path whose width
spans the widths of both DP nets when routed at their prescribed pitch
(as described in Section 3.3). Likewise, Acorn creates pseudo start- and
end-terminals for each pair. These terminals are located at the
midpoints of the DP nets’ terminals.

3.2 Iterative A* Routing

Excluding DP nets, A* pathfinding is applied to each net and pseudo-net
during every iteration. (DP net routing is derived from these pseudo-
nets, and is covered in the next section.) Because each net’s routing
depends only on the congestion costs from previous iterations, the
results do not depend on the sequence of routing the nets.

From each cell in the map, the algorithm evaluates jumps in up to 18
directions, as depicted in Figure 7. While short of any-angle grid-based
schemes (e.g., [17]), Acorn’s scheme allows lateral routing at angles of
0°, 26.6° [tan"!(%2)], 45° [tan'!(1)], 63.4° [tan!(2)], 90°, etc. The input
file defines which of these directions are allowed in any given region of
the design.

Figure 7: Opaque tiles represent the 18 allowed cell-to-cell transitions from
the central black tile. From the central black cell, the allowed in-plane
transitions are 0°, 26.6° [tan-1(%2)], 45° [tan-1(1)], 63.4° [tan-1(2)], 90°, etc.

A* attempts to find the path with the minimum F-cost [18]. At each
cell (%, y, z) in the explored map, F is the sum of a G-cost and a heuristic
function, H:

F(x,y,2) =G(x,y,2) + H(x,y,2)

The heuristic function is a lower estimate of the G-cost between a
given cell and the net’s end-terminal. If the absolute values of the
components of this distance are denoted by Ax, Ay, and Az, Acorn
calculates the heuristic based on the allowed directions that are
permitted from the given cell:

H(Ax,Ay,Az)
bxym + b,Az for all — angle routing
bxy(Ay\/E +Ax — Ay) +b,Az for Manhattan and diagonal routing with Ax > Ay
by (AxV2 + Ay — Ax) + b,Az for Manhattan and diagonal routing with Ay > Ax
by, (Ax + Ay) + b,Az for Manhattan — only routing

In the expressions above, by and b, are the base values for,
respectively, a lateral move to an adjacent cell and a vertical jump to one
layer above or below. These values are significantly smaller in the small
pin-swap zones than in normal, non-pin-swap zones that constitute
most of the routing area. The values of by and b are tabulated in Table
1 below.

Table 1: Base values by, and b; for calculating H- and G-cost values.

Normal Zones
10.230
10-239 Nyertcost,

Pin-swap Zones
bxy 10
b, 10

The base-costs in pin-swap zones are at least 107 (23°) times smaller
than in the normal, non-pin-swap zones. (The factor of 230 enables fast
binary arithmetic.) The purpose of pin-swap zones is to allow nets to
freely explore regions with relatively low cost. Acorn prohibits A* from
routing any net into these low-cost pin-swap zones. Instead, nets may
route within such zones, and they may exit such zones into higher-cost
areas. This ensures that the heuristic function remains admissible, since
pathfinding for pin-swappable nets always begins in the low-cost pin-
swap zones.

The parameter Nuertcost in Table 1 is a dimensionless ratio (>1) of the
user-defined Dyertcost divided by the cell size. Dyercost Tepresents the
lateral distance that Acorn should laterally route a trace around an
obstacle rather than creating vias to route above/below the obstacle.
Larger values of Dverecost result in routing with fewer vias.

For the G-cost, Acorn includes two components: a distance-related
cost, Gaist, and a congestion-related cost, Geong.

G(x:yrz) = Gdist(xryl Z) + Gcong(xv y'Z)

Guist is the cost of travelling from the start-terminal to (x,y,z). Like the
heuristic function, Gais is based on the base costs by and bz, whose values
differ markedly between pin-swap and normal zones (Table 1). In
addition, Gaise may account for user-defined cost zones. In such optional
cost zones, Gaist is increased by an integer multiplier to minimize routing
on a certain layer or in a certain area.

The congestion-related G-cost, Geong, is an added penalty for routing
through cells that, in previous iterations, were traversed by other nets.
There is no penalty for a path to traverse a cell that previously was
traversed only by the same net; self-congestion adds no penalty, unlike
foreign congestion. (In the context of a hypothetical ant colony, each ant
is repulsed by the pheromones of other ants, but is not repelled by its
own scent.)

In pin-swap zones, Gwng is defined as zero. In the remainder of the
map, Geong is the product of five factors for each cell along a path:

e The number of times the cell has been traversed by foreign nets,

e A multiplier that scales with the base costs of the cell (by or b,),

e A geometric multiplier that estimates a typical distance needed
to detour around the nets that caused the congestion (generally
based on design rules and net lengths),

o The user-defined cost-zone multiplier, if applicable, as described
above, and

e A dynamic sensitivity factor that increases slowly during early
iterations, and which Acorn can later adjust with the goal of
reducing design-rule violations.

Consistent with the decay of pheromones in IACO, the first factor in
the above list is reduced at the end of each iteration. For each path that
traverses the cell, Acorn reduces the count by 10%.

In the context of IACO, the last factor in the above list - the sensitivity
to foreign congestion—may be interpreted as the degree to which an ant
is repelled by the pheromones of other ants. Varying this factor has
proven effective in achieving good routing results. Unlike changes to the
amount of deposited pheromones (congestion cost), the sensitivity
factor can be modulated for a single iteration without affecting the
pheromone (congestion) map.

During A* pathfinding, the congestion-related G-cost is calculated for
only the centerline of the net being routed. To avoid foreign nets,
therefore, Acorn deposits congestion far from each net’s centerline, and
indeed beyond the width of its traces and via. Figure 8 illustrates the
location of deposited congestion (grey) for six nets (red) routed on a
single layer. The deposited congestion repels the centerlines of foreign
nets by increasing their congestion-related G-costs. Note that
congestion overlaps with foreign traces but does not overlap with the
centerlines of such traces. By calculating the appropriate locations for
depositing congestion, Acorn can converge to routing that is free of
design-rule violations.
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Figure 8: Traces (red) and their associated congestion (grey). In the
absence of design-rule violations, no trace’s centerline overlaps with
another net’s congestion.

To avoid design-rule violations in complex designs, Acorn calculates
an appropriate distance from each net for depositing congestion,
including congestion for:

1. Different width and spacing rules for traces, upward-going vias,
and downward-going vias,

2. Different width and spacing rules for power/ground nets, signal
nets, and DP pseudo-nets (described in next section),

3. Boundaries between different design-rule zones, at which
linewidths and spacings can change.

As an example of item (1), Acorn deposits trace-related congestion
nearby a trace, but must deposit via congestion farther away from the
trace to repel large-diameter vias from being routed near the trace. For
this reason, Acorn keeps track of three congestion attributes at each cell:
the amount of congestion, the path that caused it, and the shape-type
that caused it (trace, upward-, or downward-going via).

3.3DP Post-Processing

ACO, IACO, and NC algorithms are well suited to attract or repel nets
from each other. However, differential pair nets present unique
challenges. These nets must route close to one another, but not too close.
Despite attempts to develop more elegant solutions, it was decided to
collapse both DP nets into a single ‘pseudo-path,” which is treated by A*
in a manner similar to non-DP paths (not unlike [9]).

Near the end of each iteration, after pseudo-paths have been routed
along with non-DP paths, Acorn performs four post-processing steps for
DP nets before checking for design-rule violations. These are listed
below and illustrated in Figure 9.

1. Create traces on both sides of the pseudo-path, separated by the
user-defined pitch for the given DP (Figure 9(b)),

2. Remove portions of the DP traces from step (1) to allow for
graceful transitions from DP traces to vias (Figure 9(c)).

3. Create vias for each DP net where the pseudo-path transitions
between layers (Figure 9(d)),

4. Connect the DP traces to DP vias using A* pathfinding, which
respects the deposited congestion from neighboring nets
(Figure 9(e)).

Step 4 is compute-intensive and includes pre-calculations that
determine which of the two DP traces should connect to each DP via.
(Unlike the example in Figure 9(e), this decision is not obvious in highly
symmetric DP routing.) Despite the run-time penalty, careful attention
to DP traces and vias has enabled faster convergence to violation-free
solutions.

Parallel
DP traces

¢ g
d '/g

connections

Figure 9: In place of DP nets, A* is used to route wide pseudo-paths (a),
consisting of pseudo-traces (white) and pseudo-vias (gold). Acorn then
creates parallel traces along the edges of the pseudo-traces (b) before
removing segments near pseudo-vias (c). DP vias are created (d),
consistent with design rules for each layer. Finally, A* routing is used to
bridge the gaps along the DP nets, depicted by the yellow traces in (e).

3.4 Real-time Algorithm Tuning

Over the course of many rip-up-and-reroute iterations, the routing
occasionally converges to a steady state that contains design-rule
violations. Three strategies are employed to avoid such situations:

1. Exchanging the start- and end-terminals of nets that have
violations,

2. Changing the congestion sensitivities for all nets, thereby
changing the G-cost in the A* pathfinding, and

3. Rarely, depositing permanent (non-evaporating) congestion in
regions with persistent design-rule violations.

As a concrete example, Figure 10 shows the aggregate path length as a
function of Acorn run-time over 857 iterations for a 356-net, 5-layer test
case. The path length (green) initially increases before converging to a
relatively stable value. Each blue dot represents one of 139 iterations
with no design-rule violations. When Acorn detects an unwanted
plateau in the aggregate length, it selects one of the above three
strategies to upset the routing configuration. These strategies are
detailed below.
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Figure 10: As a function of run-time, the total routing length (green) and number of design-rule violations (red) are plotted. Blue points represent 139 iterations
with violation-free solutions. Yellow region and dashed lines denote when routing parameters were modified to reduce path costs and design-rule violations.

Acorn exchanges the start-/end-terminals to alter the routing when
multiple routes have equivalent F-costs for the same net. Acorn’s
implementation of A* deterministically selects one of these lowest-cost
routes from iteration to iteration. But when start/end-terminals are
exchanged, Acorn can select a different route with equivalent F-cost.

Acorn modulates the congestion sensitivity, which is one of the
factors that constitutes Geong, to change the cost for nets to cross each
other’s paths. This sensitivity has no effect on Gai and therefore has no
direct effect on nets without design-rule violations.

Figure 11 provides a conceptual diagram of the aggregate F-cost from
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Figure 11: Conceptual representation

of the total routing cost as a function of c.
routing configurations (a). Increasing

the congestion sensitivity (b) increases

the cost of unwanted minima without
affecting violation-free minima.

Extreme increases to the sensitivity (c)
cause large barriers between violation-

free minima

Large cost barrier
to move from Ato C

Aggregate F-cost

Routing Configurations

all nets as a function of the (infinity of) routing configurations. In Figure
11(a) are three local minima (4, B, C) and a global minimum (D) - the
latter representing a routing configuration with design-rule violations.
For zero or small values of the congestion sensitivity (small Gcong), the
global minimum will always represent a routing configuration with
design-rule violations, except for trivially simple problems. By
increasing the congestion sensitivity (Figure 11(b)), Acorn increases the
cost of configurations that contain design-rule violations without
affecting violation-free configurations. Eventually, this will cause local

minimum C, which contains no violations, to become a global minimum
at which Acorn attempts to converge.

If the congestion sensitivity is increased too much, however, Acorn
has been found to converge to configurations that are obviously
suboptimal. Figure 11(c) is one explanation; the cost-barrier between
violation-free configurations A and C becomes so large that Acorn
converges to local minimum A rather than global minimum C.

No theoretical attempt has been made to predict the optimal
congestion sensitivity a priori for a given case. Instead, Acorn gradually
increases the sensitivity early in the run (yellow region in Figure 10)
before settling on an arbitrary (but deterministic) value. If persistent
design-rule violations persist after at least 60 iterations, then Acorn
significantly increases the sensitivity by 41% (by a factor of v/2). At the
end of an additional 60 iterations, Acorn compares the quality of the
routing at the two sensitivity values. If the higher value resulted in
equivalent or better routing metrics, the sensitivity is increased again
by V2x. Such increases continue every 60 iterations until the routing
metrics begin to degrade, at which point Acorn decreases the sensitivity
to congestion. This coarse gradient-descent is inspired by simulated
annealing (SA) algorithms in which the temperature is adjusted to
modulate the likelihood of overcoming cost barriers. A large congestion
sensitivity in Acorn (Figure 11(c)) is analogous to a low SA temperature;
both inhibit transitions between local cost-minima in complex systems.

Acorn deposits permanent congestion in rare situations at locations
that persistently exhibit a specific type of design-rule violation. The
congestion is intended to repel DP pseudo-traces when violations on the
associated DP traces cannot be resolved through the normal IACO
process. Such persistent violations can occur when user-defined
barriers constrain vias to a small region, such as the die-to-package or
package-to-PCB interface where such vias are constrained in
rectangular or hexagonal (staggered) arrays. The permanent congestion
causes the A* pathfinder to add a pseudo-via to a layer that is less
crowded with DP traces.

Finally, Acorn introduces a pseudorandom component into the
routing for all iterations that exhibit design-rule violations. Specifically,
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for all nets that contain design-rule violations during an iteration, Acorn
randomly selects a small number of nets (1-3) to have their congestion
sensitivities temporarily modified on the subsequent iteration. For
some nets, the sensitivity will increase by as much as 400%; for others,
it will reduce by up to 98%. Such temporary, single-iteration changes
can significantly disrupt the routing, but are believed to enable
convergence to routing configurations with overall lower costs, while
avoiding oscillatory routing behavior, similar to [11]. Acorn behaves
deterministically despite these pseudorandom effects.

4 Experimental Results

The Acorn algorithm was developed in the C programming language
with use of the OpenMP libraries for multithreading and LibPng
libraries to generate routing layouts for viewing in a web interface.

More than 300 small regression test cases with 1 to 30 nets were
created to validate routing and design-rule checking (e.g., Figure 4(b)).
Larger test cases with 356 nets were created to mimic industry routing
challenges - especially in the package. Relative to typical industry
designs, these large test cases have comparable routing areas, design
rules for linewidths and spacings, and densities of terminals. The 356-
net cases used a grid-size of 20 pm.

For these large test cases, the software was run on Linux using 16-,
32-, and 64-threaded Arm-based, compute-optimized, Amazon
Graviton3 processors from Amazon Web Services with memory equal to
2 GB per thread.

4.11C Package Routing

To simulate the routing of a flip-chip package, 365 two-terminal nets
were arranged in a netlist to route from realistic C4 sites on the top layer
of the package (near the die) to solder balls in the ball-grid array on the
bottom layer. The netlist included 24 differential pairs (i.e., 48 DP nets),
in addition to 15 two-terminal power/ground nets with larger
linewidths. Depending on the electrical performance requirements, a
package of this size and wire density could easily require eight metal
layers, including the bottom layer dedicated largely to solder balls. For
this test case, only five layers were included because Acorn does not
route power/ground planes.

Figure 12(a) shows the lowest-cost routing configuration for this
package, with quadrants of each layer in Figures 12(b)-(f). The lack of
significant routing in the center of the package and on layers 4 and 5 was
intentional; these regions were defined as high-cost zones, thereby
forcing Acorn to avoid routing in these areas. In a real package, such
zones could be used for power/ground planes.

The routing metrics for this test case are plotted in Figure 10. Using
16 threads, Acorn required 13.6 hours to complete 857 iterations,
including 139 iterations with no design-rule violations. The first
iteration without such violations was found after only 4.0 hours.
However, the lowest-cost iteration was found at 10.9 hours. Subsequent
iterations had comparable (but higher) costs. The aggregate path length
of this lowest-cost configuration was 4.6% longer than the value derived
from simply connecting each start- and end-terminal with a straight line.
The number of vias in the design was the theoretical minimum for the
net- and layer-counts, largely due to a large value used for Dvertcost
(15,000 um), which was more than half the lateral size of the entire
package. This choice made each via costly relative to lateral routing.

4.2 Package and PCB Routing

To assess Acorn with simultaneous package and PCB routing, three PCB
layers were added to the five-layer package described in the previous
section. A netlist for a fully populated PCB was not available, so this case
instead investigated PCB escape-routing from the package. Unlike
typical PCB escape-routing studies, however, BGA sites were not
assigned to specific nets. Instead, these package-to-PCB solder-balls
sites were flexible waypoints for nets to negotiate among each other.
More solder-ball sites were defined than required by the netlist to
enable traces to negotiate for the limited BGA waypoints.

Similar to Figure 5(b), all nets’ PCB terminals for this test were
located in pin-swap zones on the perimeter of the PCB. Acorn therefore
attempted to find the shortest paths to this perimeter using the fewest
vias without violating design rules. Like the previous test case, Dvertcost
was 15,000 pm for this run.

Acorn achieved 146 violation-free routing configurations during
1320 iterations over the course of 60 hours using 32 threads. Routing
on the package layers was qualitatively similar to the previous case
(Figure 12). Figure 13 shows the overall routing and the PCB routing.

Approximate e
<< dieoutline - <« ‘M- i

LA § b #

b. Layer 1

c. Layer 2

f. Layer 5 e. Layer 4

d. Layer 3

Figure 12: Lowest-cost routing configuration for a 356-net package using
five routing layers. Layer 5 is the BGA layer; faint circles around BGA pairs
indicate DP nets.

a. All layers

b. PCB layer 1

d. PCB layer 3

¢. PCB layer 2

Figure 13: Lowest-cost routing configuration for a 356-net case using five
package routing layers and three PCB layers. All eight layers are shown in (a),
with PCB layers shown in (b)-(d). PCB terminals are located in pin-swap
zones that extend across all three PCB layers at their perimeter.
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Figure 14: Lowest-cost routing configuration for a 356-net case using one RDL layer, five package routing layers, and three PCB layers. All nine layers are shown
at left. Insets show the die-level terminals (green), routing (red) and the die-to-package C4 connections (blue). Some C4 sites were not used for routing (white).
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4.3 Die, Package, PCB Routing

Simultaneous die, package, and PCB routing was tested by adding a die-
level RDL layer to the case described in the previous section. 356
terminals of silicon [/0 buffers were assigned to realistic locations on
the die perimeter. Acorn routed RDL traces with a pitch of 16 pm to C4
sites, representing the die-to-package electrical interface. More die-to-
package C4 sites were defined than this net-count to enable RDL traces
to negotiate for the limited C4 waypoints.

Similar to Figure 5(b), all nets’ PCB terminals for this test were
located in pin-swap zones on the perimeter of the PCB. Acorn therefore
attempted to find the shortest paths to this perimeter using the fewest
vias without violating design rules. Dyertcos: Was 5,000 pm for this run.

Acorn achieved 139 violation-free routing configurations during
1850 iterations over the course of 91 hours using 64 threads. Figure 14
shows the overall routing. For the package and PCB layers, the routing
was qualitatively similar to the previous cases (Figures 12 and 13). The
die-level routing is highlighted in the insets of Figure 14.
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