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Abstract—As a critical energy-conversion system component,
power semiconductor modules and their layout optimization has
been identified as a crucial step in achieving the maximum perfor-
mance and density for wide bandgap technologies (i.e., GaN and
SiC). New packaging technologies are also introduced to produce
reliable and efficient multichip power module (MCPM) designs to
push the current limits. The complexity of the MCPM layout is
surpassing the capability of a manual, iterative design process to
produce an optimum design with agile development requirements.
An electronic design automation tool called PowerSynth has been
introduced with on-going research toward enhanced capabilities to
speed up the optimized MCPM layout design process. As a part of
this continuing research, in PowerSynth v1.9, a constraint-aware
layout engine has been developed, which enables integrating het-
erogeneous components, handling complex geometry, exploring a
larger solution space, improved success rate, and providing options
for multiobjective optimization algorithms. The layout engine is
generic, scalable, and efficient in performing electro-thermal opti-
mizations on both 2-D and 2.5-D power modules. To validate these
enhanced design capabilities, a 2.5-D full-bridge power module
layout is designed, optimized, fabricated, and tested with measure-
ment results matching closely with model prediction. This result
closes the loop in the power electronics design process with an
experimentally validated module design automation flow.

Index Terms—Corner stitch and constraint graph, hierarchical
and heterogeneous, layout optimization, multichip power module
(MCPM), PowerSynth.
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Fig. 1. Cross-sectional view of the 2-D half-bridge power module (left) and
2.5-D full-bridge power module (right).

I. INTRODUCTION

R ECENT advancements in electric automobiles, air-
craft, smart grid, and consumer devices all require

next-generation power conversion circuits and systems with
extremely high density, efficiency, and reliability [1], [2]. These
unprecedented demands are accelerating the design and pack-
aging evolution of power modules by integrating wide bandgap
(WBG) devices (e.g., SiC/GaN) and passive components [3],
[4]. Moreover, multichip power module (MCPM) layouts need
to be optimized carefully to push the power density with smaller
filter size, and increased switching frequency [5]–[7]. Novel
packaging and design techniques are introduced to minimize
parasitics, improve cooling, increase power density, and reduce
voltage overshoot [8], [9]. These techniques include integrating
multiple substrates into a single package, flip-chip wirebondless
modules, and packaging heterogeneous components like gate
drivers, heat sinks, thermal sensors and switches, decoupling
capacitors along with power devices.

Among these advanced techniques, 2.5-D power modules
represent the latest power packaging technique with an agile
product development concept. Though 2.5-D design has been
adapted in very large scale integrated (VLSI) circuit and package
design, 2.5-D packaging is a relatively new concept in power
electronics. 2.5-D package refers to a planar substrate consisting
of multiple active substrates connected with additional routing
resources. For example, two 2-D half-bridge power modules can
be placed on a single baseplate to form a 2.5-D full-bridge power
module (shown in Fig. 1). A direct bonded copper (DBC) or a
low temperature cofired ceramic (LTCC) interposer can be used
to form an electrical reliable connection bridge between these
two substrates [10], [11]. On the other hand, 2-D layout consists
of a single routing and device layer as shown in Fig. 1(left).
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Currently, the power module design process is a manual,
repetitive, tedious task that requires expertise on several tools
and software [12], [13]. To come up with a satisfactory solution,
the designer requires several iterations of finite-element analysis
(FEA) to account for changes in the trace orientation, device
spacing, etc. Due to the conflicting nature of electrical, thermal,
and mechanical aspects of a power module, one trial to improve
one aspect affects the other one. Therefore, it generally takes at
least four to six iterations in the industry for an expert to come up
with a satisfactory design ready for fabrication [14]. Currently,
there is no standard computer-aided design (CAD) tool available
to verify real-world performance before manufacture. Once
the module is fabricated and if the module does not perform
according to expectation, a costly redesign is required. It is
evident that with the ever-growing complexity of the MCPM
layouts, this manual and iterative design process is not capable
of generating high-performance designs that are both cost and
time-effective. Also, the solution space is often restricted due
to limitations in engineering time. As such, recently, design
automation tools with multiobjective optimization have been
investigated by the power electronics society to explore a large
variety of designs, reduce cost and computational effort, and
alleviate design complexity [5], [6], [15]–[20].

In [5], the authors proposed an automatic layout generation
method to consider a legitimate tradeoff between electromag-
netic compatibility (EMC) and thermal constraints. A simplified
EMC and a thermal model are applied individually to generate
a “Thermal-EMC” plane with Pareto-front solutions. Though
the proposed method may determine a theoretical optimum
solution for a given technology, it is hindered by limited solution
space and design rule violations. In [20], a sequentially coupled
approach is proposed for optimizing power module layouts by
integrating a few FEA modeling tools (e.g., ANSYS). These
tools are coupled in a multidisciplinary design optimization
framework to interact with each other while generating solution
layouts. Though the methodology has been proven superior to
the traditional manual design flow, some limitations like time-
consuming finite-element method (FEM) for electro-thermal
evaluation, few design variables in the solutions, and a sin-
gle variable in each iteration of the optimization makes this
methodology infeasible for 2.5-D layout optimization. Another
research also adapted the placement and routing concept from
the VLSI design automation area and implemented in power
electronics design automation [6]. The components like die,
wire bonds, connected traces are merged into a single rectangle
to simplify the problem. Relative position, component orien-
tation, and the gap among components are translated into a
binary string, which is manipulated in the optimization phase to
generate new solutions. Two-folded optimization is performed
by a genetic algorithm, where the outer loop aims at placement
optimization via the sequence pair method [21], and the inner
loop focuses on routing. The optimization cost function involves
only footprint area and electrical parasitics, which raises concern
about the thermal reliability of the solutions. Also, simplified
representation saves computation time by sacrificing accuracy
in calculating parasitics. Though the methodology has been ex-
tended to 3-D layout optimization [22], no hardware-validation
has been presented even with a simplified technology.

Fig. 2. PowerSynth graphical user interface.

PowerSynth Evolution: The initial work in [23] has intro-
duced a simultaneous electro-thermal optimization methodol-
ogy named “Power-CAD” for design, analysis, and optimization
of a discrete power module. Power-CAD has been proven to
be both cost and time-effective for the power module design
industry by significantly reducing the number of design cycles.
After about a decades of research and development effort, a
complete EDA tool “PowerSynth” for MCPM layout optimiza-
tion was presented in [15]. PowerSynth integrates fast, accurate,
hardware-validated electrical, and thermal models for MCPMs
within a multiobjective optimization framework. This published
version uses a symbolic layout consisting of lines and points to
represent a power module. It has a built-in technology library
and manufacturer design kit (MDK) to account for a wide range
of materials and design rules from the manufacturer. Another
important capability is the back-annotation of layout-extracted
parasitics to the original circuit schematic, which enables round-
trip engineering before fabrication. Also, exporting 3-D layouts
to several commercial FEA tools is another must-have feature
for detailed analysis. PowerSynth is the first tool that focuses
on MCPM layouts, and research has been continuing to en-
hance its capabilities and make it more generic, efficient, and
scalable. In [16], a planar representation of the power modules
based on a customized corner stitch [24] data structure with
constraint graph [25] evaluation methodology has been proved
to successfully overcome limitations with the symbolic layout
method. Further research has proved that hierarchical corner
stitch and constraint graph data structure and algorithms are
more effective for power module layout synthesis and opti-
mization [17]. These recent efforts have enabled PowerSynth
to process more complex geometry and lead toward 3-D power
module layout optimization. The graphical user interface (GUI)
of the PowerSynth is shown in Fig. 2.

The following key contributions and new features are high-
lighted in this article.

1) A new layout representation format that replaces lines and
points with rectangles and hence is capable of representing
all planar configurations. This new format can represent
any Manhattan geometry with an arbitrary number of
components, which makes it more scalable and generic.

2) A generic, scalable, and efficient layout engine based on
the hierarchical corner stitch data structure with constraint
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graph evaluation methodology, suppressing the previous
matrix-based layout engine. It can generate not only fixed-
floorplan sized solutions but also minimum-sized, and
variable-sized solutions. These new capabilities provide
more design options with a larger solution space.

3) Constraint-aware layout generation methods that remove
the necessity of the design rule checking (DRC) and
always produce DRC-clean solutions. Design rules con-
sideration in the layout generation phase accelerates the
solution generation process and guarantees 100% manu-
facturable solutions. The design rules can be easily mod-
ified by the user through an exposed interactive interface.

4) Generic connection handling algorithms, for both in-
tralayer and interlayer connections. The interconnect han-
dling algorithms are implemented in a generic way so that
the algorithms can handle different types of connections.

5) A hardware-validated experimental design study showing
a complete PowerSynth-enabled 2.5-D MCPM design
flow. Finally, a 2.5-D power module design is chosen
and optimized hierarchically using the proposed CAD
flow. The optimization results are verified against physical
measurements. The previous work on PowerSynth [15]
focused on validating the models developed for it and
their application in a multiobjective optimization routine.
In that work, test vehicles are used to validate the models
and a full optimization of a 2-D half-bridge module is
presented without final verification of an optimized solu-
tion module through fabrication. However, this work goes
further by not only validating the optimization results but
also with major updates in the layout handling capability.

Section II of the article introduces a brief overview of Power-
Synth’s latest framework. Section III describes the layout gener-
ation methodology of the new layout engine. Section IV provides
a brief description of the electrical and thermal model, along
with optimization algorithms. Section V shows some sample
cases designed by PowerSynth and optimization results for a
2.5-D full-bridge power module design. Section VI presents the
validation of the optimization results through fabrication and
measurements. Finally, Section VII concludes the article and
describes the future work.

II. POWERSYNTH ARCHITECTURE

Since the very first version of PowerSynth [15], some new
models were developed to incorporate new objectives for op-
timization, and some features were added to enable more ca-
pabilities over time. The latest architecture in the v1.9 release
(installation package can be downloaded from [26]) is shown in
Fig. 3.

1) Manufacturer Design Kit: In the integrated circuit (IC)
design industry, the process design kit is one of the most im-
portant pieces of intellectual property from foundries to enable
the design process. Similarly, for power module fabrication, a
certain rule set has to be followed from the beginning of the
layout design. This ruleset includes materials, devices, leads,
wire bond information, and design constraints with a technology
layer stack. To ensure fabrication-ready layouts, an MDK has

Fig. 3. PowerSynth architecture (v1.9).

TABLE I
DRC-CLEAN SOLUTION GENERATION COMPARISON

been integrated with PowerSynth that contains an interactive
material library, design constraints interface, and technology
library. All the libraries are interfaced with graphics so that the
user can edit the libraries, if necessary. A PowerSynth MDK
contains all the required information that an MCPM designer
needs to design a power module with ensured manufacturability,
improved reliability, and maximized efficiency.

2) Hierarchical Layout Engine: The methodology of gener-
ating a layout solution is the backbone of the tool. In the latest
version, the matrix-based methodology has been replaced by a
more generic, efficient, and scalable one using the hierarchical
corner stitch data structure with constraint graph evaluation
techniques. This layout engine takes design constraints from
the MDK together with an initial geometry script from the
user as input to process the layout. With this methodology,
an arbitrary number of components can be handled by apply-
ing generic and time-efficient algorithms. Also, this approach
eliminates the design rule check (DRC) step. The efficiency
comparison between the corner-stitched data structure with the
constraint graph methodology and the traditional matrix-based
methodology has been shown in [16]. The previous layout engine
generated solutions are not always DRC-clean, which shows a
variable efficiency with varying number of devices in the same
layout. To compare the percentage of DRC passed solutions
between two methods, a half-bridge power module layout is
chosen, and the number of devices are varied from 4 to 12
with an increment of 2. For each case, total 15 015 solutions
are generated. The comparison result is shown in Table I. For
each case, the new layout engine generates 100% DRC-clean
solutions, and among all cases, the old one only generates a
maximum of 20.47% DRC-clean solutions. Therefore, the new
layout engine has enhanced the capabilities of PowerSynth to a
great extent. A detailed description is provided in Section III.
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3) Performance Evaluation Models: Though PowerSynth
has been performing electro-thermal optimizations since the first
release, a few more models are developed recently to consider
more objectives like EMI, stress, and partial discharge. Appli-
cation of the EMI model for power module layout evaluation
and optimization is presented in [27]. Besides, an updated elec-
trical model [28] can consider both self and mutual inductance,
resistance, and capacitance. Further discussion on the electrical
model is provided in Section IV. The latest PowerSynth archi-
tecture is based on a modular approach so that the optimizer
is flexible in accepting various models through application pro-
gramming interfaces (APIs) while evaluating performance met-
rics. For example, the Army Research Lab (ARL) has developed
a 3-D thermal and stress evaluation tool called ParaPower [29].
To incorporate their thermal and stress model, a PowerSynth-
ParaPower API has been developed to allow PowerSynth to use
ParaPower for thermal and stress evaluations.

4) Optimization Algorithms: In the first version of
PowerSynth, only a nondominated sorting genetic algorithm
(NSGA-II) [30] has been used for optimization since the
matrix-based methodology is not compatible with some other
optimization algorithms. Though NSGA-II can converge faster,
it has certain limitations: Many generations are required before
convergence; the distribution of the weights to the objectives
is complicated; generated solutions are not guaranteed to be
globally optimum; solution space is not large enough. These
limitations initiated a study toward assessing the viability of
other optimization algorithms.

5) Postoptimization and Solution Export: In the latest ver-
sion, along with the Pareto-front solutions shown in an interac-
tive solution browser, an entire solution space is also reported
after optimization. Moreover, for each solution, the layout geom-
etry is also exposed in a CSV file containing each component’s
coordinates, width, and length. This information helps a designer
to regenerate the geometry script for the solution layout. Users
can also perform filleting to the sharp corners to reduce electric
field concentration as well as partial discharge problems.

To perform a detailed analysis, the user can export Power-
Synth solutions to commercial FEA tools like ANSYS Q3D,
EMPro, and SolidWorks. PowerSynth can generate a script that
creates a 3-D model of the module in these tools automatically.
Then, the user can perform detailed FEA analysis for thermal
and parasitics. The exported SPICE netlist has been updated
with mutual inductance values and can be back-annotated for
subsequent analysis in a circuit simulator.

III. CONSTRAINT-AWARE LAYOUT ENGINE

The new constraint-aware layout engine has enabled Power-
Synth to generate 100% DRC-clean solutions for more compli-
cated 2-D and 2.5-D modules. The hierarchical layout generation
is generic and scalable enough to expand its capability to handle
multilayer 3-D layouts.

A. Layout Geometry Script

The layout engine takes the initial layout as input through the
geometry script, which is one of the fundamental upgrades in

the new version of PowerSynth. Previously, a symbolic layout
was used to represent the placement and routing of the power
module components. This leads to some severe limitations. E.g.,
in the symbolic layout representation, traces and wire bonds are
represented as lines and the devices, and the leads are represented
as points. Also, wire bonds are always perpendicular to their
landing traces. This representation technique limits PowerSynth
to process simple geometries only. Since symbolic layout uses
1-D lines to present traces, it cannot handle geometries with
planar traces containing multiple noncollinear devices easily.
With the updated layout description script, a layout is described
in a hierarchical manner, where each component is considered
as a group of rectangles. This rectilinear representation ensures
to process any kind of Manhattan structure, and the hierarchical
representation ensures to place an arbitrary grouping depth of
any components. Hierarchical placement refers to the order
of component insertion. For example, in a power module, a
trace typically encloses devices, and each device encloses pads.
So, traces need to be declared before the devices and devices
before the pads. A sample 2.5-D power module layout, and
the corresponding tree structure are shown in Fig. 4(a), and
(c), respectively. Since this 2.5-D full-bridge module layout is
symmetrical, it can be split into two subdesigns. The geometry
script shown in Fig. 4(b) represents the highlighted half-bridge
power module in Fig. 4(a). Here, L1, L2, L3, L4, L5, L6,
and L7 represent DC1−, DC1+, Out1, KH, GH, GL, and KL,
respectively. In this example script, the indentation refers to
the hierarchy level. Here, T, L, D, and C stand for trace, lead
terminal, device, and capacitor, respectively. R270 means the
device is rotated by 270◦. The directly connected rectangular
traces are inserted in a group-wise manner. Each new group
starts with a “+” character while a “-” character represents the
continuity of that group. Each trace component is represented
by six fields: name, type, lower-left X,Y coordinates, width, and
length. Each terminal or device representation has four or five
fields: name, type, bottom-left corner X, Y coordinates, and an
optional orientation field. The technology library contains the
terminal and device dimensions. In the layout geometry script,
the device type (i.e., MOS, IGBT, Diode) and terminal type
(i.e., power lead, signal lead) are directly considered. This type
information is used to find the appropriate device and terminal
from the technology library. Once the specific component is
found, the corresponding dimensions, material information are
loaded automatically. These information are then used while
inserting the components in the appropriate hierarchical plane.

B. Data Structure

Since the corner stitching data structure and the constraint
graph evaluation technique has been adapted from VLSI and
customized for power modules, a brief overview of the basic
corner stitch and constraint graph is introduced here.

Corner Stitch: The basic corner stitch data structure was intro-
duced by John Ousterhout [24] and widely used in VLSI CAD
tools. In this data structure, there are two types of nonoverlapping
rectangular tiles: solid and empty. Four pointers are used in each
tile to traverse the layout area efficiently. The planar corner stitch
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Fig. 4. (a) Two half-bridge modules of a 2.5-D full-bridge power module, (b) input geometry script for the right half module, (c) tree structure of the full-bridge
module.

has two orientation types: horizontal corner stitch (HCS) and
vertical corner stitch (VCS). The basic rules for creating HCS
(and VCS) are: (1) each tile must be as wide (tall) as possible.
(2) after satisfying rule (1), each tile must be as tall (wide)
as possible. Due to the linear time complexity of associated
algorithms (e.g., insert, merge, search) to create corner stitch
data structure and the convenience of obtaining necessary design
constraints, this data structure has been extended to represent
power module layouts in PowerSynth. Horizontal and vertical
corner stitch planes of a sample layout are shown in Fig. 5.

Constraint Graph: Constraint graph is a computation tech-
nique for a set of inequalities. In this graph, if a vertex A should
always maintain a minimum distance of W from another vertex
B, then the relationship between A and B can be expressed as

B −A ≥ W. (1)

Here, A is the origin, and B is the destination. To maintain the
minimum design constraints among all components, two types of
constraint graphs (CGs) are created: horizontal (HCG) and verti-
cal (VCG). HCG maintains the relative location among compo-
nents horizontally, and VCG vertically. For each corner-stitched
plane, two constraint graphs are used to maintain technology
constraints, where coordinates are mapped into vertices, and the
constraints are mapped into edges. Sample HCG and VCG are
shown in Fig. 5.

Hierarchical Corner Stitch Data Structure: The original cor-
ner stitch data structure is a representation of a 2-D plane, in
which tile overlapping is not allowed. This data structure is
modified to represent power module layouts. Generally in power
layouts, die and leads are placed on top of traces while pins and

Fig. 5. Layer stack and design constraints illustration, corner-stitched planes
(HCS/VCS) and corresponding constraint graphs (HCG/VCG).
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wire bonds are placed on top of die. To handle hierarchical place-
ment of components in the layout, a tree structure is maintained
in the layout engine, and each node of the tree is a corner-stitched
plane. Due to the hierarchical representation, two additional tile
types are considered: foreground and background. When a tile
is placed on top of another, the former one is treated as the
background and the latter one foreground. For the symmetrical
example in Fig. 4, no additional computation is required for
the left-half. As T2 and T3 are connected, they are in the same
node (Node 7). D1 and D2 are inserted on top of T2, which
makes D1, and D2 foreground tiles and T2 background tile in
Node 9. To generate layout solutions, first, the layout is drafted
hierarchically and converted into the layout geometry script
format. All components need to be declared before using them.
A high-level workflow of the layout generation methodology is
shown in Algorithm 1. The geometry script is read-in and the
hierarchical tree is created based on the input script. A root node
is created with the empty tile having the outline of the floorplan.
For each symmetrical part, a new node is created as a child node
of the root. Then, for one child node, the complete sub-tree [as
shown in Fig. 4(c)] is created using the input geometry infor-
mation. For each node in the sub-tree, corner stitch algorithms
have been applied to create HCS and VCS planes. Pseudocode
for corner stitch plane creation is summarized in Algorithm 2.
Here, for each node, the insert operation is applied to create
HCS and VCS planes. Since the connected components are in
the same node, the inserted tile searches for such tile in its direct
neighbor list and merge horizontally (in HCS plane) or vertically
(in VCS plane) upon satisfying the corner stitch merging criteria.
Then the merged tile traverses all neighbors to merge all possible
empty tiles, which are split during tile insertion. This process is
referred to as shadow rectification in the corner stitch algorithm.

C. Layout Generation

The engine considers all design constraints through constraint
graphs. Two types of constraints have been considered in this
article: technology constraints and high voltage-and-current de-
pendent constraints. The technology constraints are minimum
spacing, minimum width, minimum length, minimum exten-
sion, and minimum enclosure. An illustration of each type of
constraint is illustrated in Fig. 5. Here, constraint value U is
for maintaining relative location between components. These
edges can not be found directly from corner stitch plane. For
high-voltage and current applications, voltage-dependent spac-
ing and current-dependent width are considered as reliabil-
ity constraints. The reliability constraints application result is
shown in [16]. An interactive constraint table is maintained
so that the users can modify the minimum constraint values
according to their necessity.

1) Hierarchical Constraint Graph Creation: Once both HCS
and VCS planes are created, the corresponding horizontal con-
straint graph (HCG) and vertical constraint graph (VCG) are
created by applying all design constraints. High-level sample
pseudocode for constraint graph creation is shown in Algo-
rithm 2. In this step, all X/Y coordinates from HCS/VCS plane
are mapped to the HCG/VCG vertices. The associated design
constraint is mapped as an edge in constraint graphs. Once all

design constraints are mapped, a thorough check is performed
on the constraint graph to make sure there is an edge in between
every pair of vertices. If no edge is found in between any two
vertices, an edge is created with a minimum database unit value
to preserve the relative location. This edge is referred to as a
missing edge in the algorithm. After creating both constraint
graphs, a bottom-up constraint propagation algorithm [17] has
been performed to propagate minimum design constraints from
the child to the parent node. Once the second for loop in Algo-
rithm 1 ends, the root node contains all the propagated minimum
constraints. This node is then evaluated using the longest path
algorithm, and a top–down location propagation algorithm [17]
is applied to generate solutions. Constraint graph evaluation is
described in the latter part of this section.

For each node in the tree, the foreground tiles are used to find
minimum width and length constraints, whereas the background
tiles provide the minimum enclosure and spacing constraints.
The graph creation starts with leaves in the tree. This article
refers ‘node’ to a corner stitch tree and ‘vertex’ to a constraint
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Fig. 6. Five types of rigid wire bond connections.

graph to distinguish between hierarchical trees and constraint
graphs. Each graph is evaluated by the longest path algorithm.
After the evaluation of each child node, the longest distance
from the source vertex to sink vertex is propagated to the parent
node graph as a propagated edge between the corresponding
vertices. Each tile is mapped as two vertices with an edge in
the constraint graph. For each corner-stitched plane, the lowest
coordinate is considered as the source vertex, and the highest
coordinate is considered as the sink vertex. In between, there
may exist independent and dependent vertices. If there is a fixed
dimension component (i.e., devices, leads) in the corner-stitched
plane, that component width (length) is mapped with a fixed
edge in the HCG (VCG). Any destination vertex of a fixed edge
is a dependent vertex. The dependent vertex always maintains a
fixed distance from the corresponding independent vertex. All
other vertices and edges are independent and nonfixed.

2) Interconnection Handling: In this article, two types of
wire bonds are considered: flexible and rigid. For flexible wire
bonds, no alignment between the connected group is maintained.
Therefore, each group can move independently without violating
constraints, resulting in the excessive length of wire bonds. The
rigid wire bonds are treated as point connections and have source
and destination coordinates. Source and destination vertices
either have the same Y or X coordinate for horizontal and ver-
tical wire bonds, respectively. Depending on the hierarchy, five
possible types of connections are considered. A set of horizontal
rigid connections is shown in Fig. 6. Except for Type-1 connec-
tions, all other types of connection handling require vertices
propagation from the child node to the parent node and can also
introduce a backward edge in the constraint graph with both
fixed edge and connection points. The connection processing
algorithms are generic to all these types. A detailed illustration

Fig. 7. Illustration of edges, vertices, and constraint propagation for a sample
layout.

of minimum constraint propagation from the child to parent for
a Type-2 connection is shown in Fig. 7. In the sample layout, a
device (D) placed on top of a trace (T1) is connected with another
trace (T2) by a horizontal rigid wire bond. The corresponding
tree is shown on the bottom-left. In the child node (Node 1), the
trace is the background tile and the device is the foreground tile
with a wire bond terminal point. The parent node (Root) includes
an outline of the layout with both traces and wire terminal points.
The left terminal point of the wire has been propagated from
the child node as the connection is only visible at the root
node. Since the VCS of Node 1 has five Y coordinates, there
are five vertices in the corresponding VCG. Here, E1, E2, and
WD stand for the minimum enclosure of the trace to the device,
the minimum enclosure of the device to the wire bond, and the
minimum length of the device, respectively. There is a nonfixed
edge from Y2 to Y3 with a weight ofE2. Since Y3 is a dependent
vertex, and Y1 is its reference point, the incoming edge from
Y2 can be referred to Y1. The math expressions are shown in
(2) and (3). By substituting Y3, (4) can be derived, which is
represented as a backward edge in the VCG. This backward
edge imposes a maximum constraint, whereas the forward edge
imposes the minimum constraint. As a result, the edge from Y3
to Y4 is also redirected to the reference vertex Y1 with a weight
of WD + E1. Both the dependent vertex and connection point
vertex are handled with this algorithm.

Y 3− Y 1 = WD (2)

Y 3− Y 2 ≥ E2 (3)

Y 1− Y 2 ≥ E2 −WD. (4)

As Y0, Y2, and Y4 vertices are propagated from Node 1 to the
root node, they are labeled in Root VCG with a prefix “1:”. In the
root node, the design constraints are E3, E4, WT , which stands
for minimum enclosure of the substrate to the trace, minimum
enclosure of the trace to the wire bond, and the minimum length
of the trace, respectively. Here, there are two propagated edges
P1 and P2 from the child node (Node 1). P1 is the minimum
distance from Y0 to Y2, and P2 is the minimum distance from
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Y2 to Y4 in Node 1. Both P1 and P2 are equal to E1+E2. In this
way, constraint propagation is performed throughout the tree to
reserve a minimum space for child components in the parent
node.

3) Hierarchical Constraint Graph Evaluation: The con-
straint graphs are evaluated using the longest path algorithm [25]
in two phases. In the first phase, the minimum constraints are
evaluated and propagated from the leaf to the root of the tree. The
bottom-up constraint propagation algorithm is described in [17].
Once all minimum constraints are propagated to the root, the
constraint graphs are ready for the second phase of evaluation,
where the solutions are generated. Based on the user’s choice,
the following three types of solutions can be generated.

1) Minimum-sized solution: To generate the most-compact
solution, the minimum constraint graphs are evaluated.
First, the root node is evaluated, and all vertices minimum
locations are determined. These locations are then prop-
agated from top to bottom in the tree, and the associated
algorithm is described in [17]. This solution reflects the
theoretical maximum power density of the layout though
it is not reliable due to the high temperature. This option
is called “Mode 0” in PowerSynth.

2) Variable-sized solutions: If the designer has no prior re-
quirement of floorplan size, this option (called “Mode 1”)
can help the user to choose a starting point. This mode
can generate an arbitrary number of solutions. Once the
number of solutions is selected, the layout generation
algorithm [16] randomizes the edge weights of the root
node constraint graphs. Then the locations are propagated
towards leaf nodes. Without the upper limit of constraint
values, this mode provides the largest solution space. By
applying the optimization algorithm, a preferred floorplan
size can be determined in this mode.

3) Fixed-sized solutions: This option is called “Mode 2.”
If the user has a pre-defined floorplan size, the layout
generation algorithm [16] can also create an arbitrary
number of solutions. Also, the user can use the optimum
floorplan size found in Mode 1 as the fixed floorplan size.
Due to the fixed upper bound, each vertex in the CGs has
both minimum and maximum locations. Once the movable
range is determined, the location of each vertex can be
randomized to create new layouts.

Since all solutions will maintain the same relative locations
as in the initial layout, all components in the same node are
correlated. If multiple components in the same node share the
same coordinate in the initial layout, the correlation remains
throughout all the solutions. The current layout solutions are
highly input geometry script dependent. For better results, the
user needs to set up the script carefully to maintain a reasonable
layout hierarchy.

IV. MODELS AND OPTIMIZATION ALGORITHMS

A. Performance Evaluation Models

PowerSynth developers have been considering not only new
models to include new objectives for optimization, but also they
are working on improving existing models. The first version of

the PowerSynth has already validated the first-order linear ap-
proximation technique through the Laplacian matrix model [15]
with physical measurements. Since this methodology does not
consider current density and mutual coupling among compo-
nents, for some 2-D layouts with planar traces, it overestimates
the loop inductance. Mutual coupling consideration is necessary,
especially for high-density, multilayer layouts. A partial element
equivalent circuit (PEEC)-based model [28] has been developed
to address these limitations. This model constructs a controlled
mesh structure and produces a detailed voltage-current distribu-
tion map. In addition, PowerSynth thermal model [15] can esti-
mate the maximum junction temperature of the layout within a
good accuracy. Besides, ARL ParaPower API has enabled Pow-
erSynth users to use a 3-D thermal model and stress evaluation
method. For the 2.5-D power module, optimization objectives
include minimizing loop inductance and reducing the maximum
temperature of the module. The electrical and thermal models
used for power loop inductance and temperature evaluation are
summarized in this section.

1) Electrical Model: The PEEC-based distributed electrical
model with an adaptive mesh derived from the corner stitch data
structure from the new layout engine is used for power loop
inductance evaluation. A planar data structure with rectilinear
objects is used to pass the layout information to the model. The
mesh nodes are generated from the corner stitch data structure
by filtering the intersection points from both HCS and VCS
planes. Initially, all mesh nodes are distributed into two groups:
internal and boundary, where the boundary nodes are nodes
located on the connected trace group perimeter, and the rest of
the nodes are treated as internal. The internal nodes always have
four neighbors, as opposed to the boundary nodes. Each node
is tagged with a unique index, and possible edges are created
from the node to connect the surrounding neighbors. This edge
stores the width and length information of each trace and may
be either internal or boundary type. A good approximation of
the skin effect is achieved as boundary edges are always smaller
than internal edges. The response surface model from [15] is
used to evaluate the self-inductance of every edge and while the
mutual inductance between every pair of edges is evaluated using
the equation in [31]. A hierarchical approach is implemented
to handle the connections between device terminals and traces.
This hierarchical representation reduces the total number of
meshes, improves computational efficiency, and handles multi-
layer structures. Experimental verification of this model has been
performed in [28]. This updated model can report distributed
parasitic netlist, including R, L, C, and M components. This dis-
tributed netlist can be back-annotated to the circuit for validation.
Since in a layout, the number of mutual inductance components
(M) is very large, these values cannot be directly used in the time
domain simulation. Therefore, a weighted distributed parasitic
netlist based on the loop computation from the PEEC model can
be used for transient simulation.

2) Thermal Model: Thermal performance is also one of
the most important factors for MCPM layout optimization. In
this article, the hardware-validated, fast, reduced-order ther-
mal model [15] is used for 2.5-D power module optimization.
The thermal model has already proven to accurately estimate
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the steady-state maximum temperature of a power module.
The model takes the layer stack material properties and di-
mensions, heat transfer coefficient, and steady-state power dis-
sipation of each device as input. Then, a FEA simulation is
performed using Gmsh [32] and Elmer [33] for each device.
The temperature and flux values at the top metal layer of the
stack are mapped to a regular grid, which is used to construct
multiple rectangular contours for both temperature and heat
flux magnitude. This format enables faster computation at con-
tour intersections during the superposition calculation, since it
approximates the thermal coupling effect among devices. The
thermal resistance network is then extracted, and an impedance
matrix is built using the 1-D heat transfer circuit topology. Later
this matrix is used to quickly evaluate the steady-state thermal
performance of each solution. This model has been proved to
predict the result correctly with less than 10% error compared
to the FEA simulations and approximately 10 000 times faster.

B. Optimization Algorithms

For optimizing a power module layout, the first version of
PowerSynth and many other studies have used a genetic algo-
rithm. Though a genetic algorithm like NSGA-II has been proven
to be beneficial for multiobjective optimization in general, to
have a legitimate tradeoff among the objectives in case of the
power module, a properly tuned algorithm is required. Also, for
heterogeneous power module layouts, the layout complexity and
number of design variables grow exponentially, which makes
it difficult due to dependency between variables. The following
two optimization algorithms are considered in the latest version.

1) Genetic Algorithm (NSGA-II): This is a multiobjective
optimization algorithm that generates new solutions as a next
offspring by performing crossover, and mutation on the current
population [30]. It takes a set of design variables and the number
of generations as initial input and generates initial solutions as a
starting point. These solutions are evaluated by the performance
models and ranked based on the objectives. A nondominated
sorting is performed on each generation to select the solutions
on the Pareto-front. The procedure runs until it reaches the
maximum number of generations. This algorithm can generally
reach the Pareto-front within a few thousand solutions, thus
yields a fast computational time.

2) Randomization: This is the built-in solution generation
algorithm [16] for PowerSynth latest version. In this algorithm,
the edge weights of the constraint graphs are randomized within
the floorplan upper bound depending on the layout generation
mode. This algorithm can generate an arbitrary number of so-
lutions by varying edge values in the constraint graphs. This
algorithm can explore a larger and more distributed solution
space than that of the NSGA-II at the cost of longer run time.
Since NSGA-II has better guidance towards optimization based
on the objectives than the randomization, NSGA-II can find an
optimized solution space quickly. For example, to achieve the
Pareto-fronts (shown in Fig. 8), the runtime for NSGA-II and
randomization are 2304 and 2698 s, respectively. To reach the
Pareto-fronts, randomization and NSGA-II require 30 000 and
20 000 solutions, respectively. Therefore, it is evident that to

Fig. 8. Pareto-front solution set comparison and tabular representation of the
performance indicator values. Here, HV reference point is (33, 397).

achieve a comparable Pareto-front solution set, randomization
requires a larger solution space as well as longer runtime than
that of NSGA-II.

Several well-established performance metrics [34], [35] are
considered to compare the efficiency of the algorithms. These
include hypervolume (HV), epsilon-indicator, generational dis-
tance (GD), inverted generational distance (IGD), etc. HV re-
flects the accuracy and diversity of the solutions and is measured
against a reference point. The higher HV value represents a
better solution space. Epsilon indicator measures the accuracy,
diversity, and cardinality of the solution space. GD is an indicator
of the accuracy and the inverted GD indicates both accuracy
and diversity. These three indicators are preferred to be lower
values for better-optimized solution space. A study has been
performed for a quantitative comparison of the solution spaces
from both of the algorithms. For a sample power module, a non-
dominated sorting is performed on 20 000, and 30 000 solutions
for NSGA-II, and randomization, respectively. The Pareto-front
solution space is shown in Fig. 8. A reference Pareto-front is
generated from these two Pareto-solution sets, which is used to
calculate the above-mentioned quantitative indicators and the
result illustrated in a table (shown in Fig. 8).

From the table, it is evident that NSGA-II is better in terms
of IGD, whereas randomization is better in case of other three
indicators for the particular case. Based on our study, it can be
said that no single generic optimization algorithm is enough
for the best performance, and customized algorithms are in
great need of expanding design capability without sacrificing
flexibility and efficiency.

V. EXAMPLE DESIGNS USING POWERSYNTH

A. High Current, Complexity, and Density Layouts

The new layout engine is more flexible, efficient, and capable
of handling modules with more complex geometry and higher
power density compared to the old engine. To demonstrate these
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Fig. 9. Three minimum-sized solution layouts. (a) High-current rated half-bridge module (40.5 mm × 33.5 mm), (b) 2.5-D full-bridge module (94 mm × 40 mm),
and (c) phase-leg module (50 mm × 42.5 mm).

capabilities three sample layouts are chosen, which are not
possible to handle using the old layout engine. The minimum-
sized solutions are shown in Fig. 9. Each case represents the
maximum power density for individual initial input layout. A
brief description about each solution is provided below.

Fig. 9(a) represents a high-current rated half-bridge power
module layout with four devices (CPM3-1200-0016 A: 1200V-
112 A) per switching position. The evaluated current rating
for this module is 353 A at junction, and case temperature of
150◦C, and 90◦C, respectively. Since this module has a higher
current rating (353 A versus 300 A) and smaller power loop
inductance (7.12 nH versus 10.2 nH) compared to commercial
modules rated with similar testing condition but larger footprint,
this case shows the capability of producing high-density power
module using PowerSynth.

In Fig. 9(b), a 2.5-D full-bridge module is shown, which has
two symmetrical half-bridge modules. Each half-bridge module
has three SiC MOSFETs per switching position. This case proves
the benefit of hierarchical approach. Optimizing part-by-part has
been proven to be computationally less (12 times) expensive
compared to planar 2.5-D module optimization.

Finally, in the Fig. 9(c), there is a phase-leg module consisting
of SiC MOSFETs (dark pink), IGBTs (light pink), and diodes
(amber). This layout is an example of the geometrical complexity
handling capability and also the hierarchical benefits as the
optimization results can be reused to optimize a three phase
inverter.

All these three modules initial layouts are taken as input
using the corresponding geometry script and a set of standard
minimum design rules is applied to generate the minimum-sized
solutions. Each of the cases can be considered for further opti-
mization with standard floorplan size as well. Depending on the
cost, geometry complexity as well as fabrication complexity, a
simpler 2.5-D full-bridge module design [shown in Fig. 4(a)] is
selected for the optimization study and result validation.

B. Layout Optimization on the 2.5-D Module

This new version of PowerSynth can consider hierarchical
optimization, which enables the tool to optimize part-by-part
and reuse the optimization result. The old version cannot per-
form this divide-and-conquer strategy and hence requires longer

Fig. 10. (a) Minimum-sized solution (30 mm × 35 mm) and (b) complete
solution space.

computation time than the current one. The hierarchical ap-
proach has enabled optimizing the 2.5-D module in two parts:
First, optimize each symmetrical part, and second, perform an
evaluation of the complete module. Therefore, the sample 2.5-D
power module [shown in Fig. 4(a)] layout is chosen in such
a way that the advantage of the hierarchical approach can be
demonstrated and validated through physical measurements in
both cost-and-time effective way. Since the 2.5-D full-bridge
power module has two symmetrical half-bridge modules, op-
timization results from one half can be mapped to the other
one. The hierarchical optimization approach allows the reuse of
the optimization results and hence reduces the computational
effort by half [17]. Therefore, to optimize the 2.5-D full-bridge
power module shown in Fig. 4(a), the right-half module is
taken as the input using the layout description script. A stan-
dard set of minimum design constraints are applied to generate
the minimum-sized solution shown in Fig. 10(a). The solution
layout is then evaluated using electrical and thermal models
described earlier in this section. Since a decoupling capacitor
is inserted into the power module, the power loop is considered
from the capacitor (C1) top terminal to the capacitor (C1) bottom
terminal, and the evaluated loop inductance is 7.986 nH. A layer
stack with a baseplate and a DBC substrate is characterized
using Gmsh [32] and Elmer [33] to evaluate the maximum
temperature. The ambient temperature is set to 300 K, and the
heat transfer coefficient is set to 150 W/m2.K. The maximum
temperature for this half-bridge is found 457.954 K. Since this is
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Fig. 11. Selected three layouts from Fig. 10(b).

TABLE II
PERFORMANCE TRADEOFF OF THREE SELECTED SOLUTIONS

the minimum-sized solution, it reflects the theoretical maximum
power density of the layout family. However, this design is
not reliable in terms of thermal performance due to such high
temperature, though the loop inductance is quite low.

In this article, the optimization target is to minimize power
loop inductance and maximum temperature of the module by
varying the placement and route of the components. To optimize
the layout and come up with a balanced electro-thermal solution,
about 10 000 solutions are generated with varying floorplan
sizes. Since the minimum-sized solution is 30 mm × 35 mm,
the floorplan sizes are chosen to be greater than the mini-
mum size. Floorplan sizes are varied from 35 mm × 35 mm to
50 mm × 60 mm to explore a large solution space. For each
floorplan size, around 500 solutions are generated and evaluated.
The complete solution space is shown in Fig. 10 (b). Here, three
solutions are labeled to show the tradeoff between the electrical
and thermal objectives, and their corresponding layouts are
shown in Fig. 11. Generally, the tool suggests a Pareto-front
solution set and the user can choose from the solution set based
on the tradeoff requirement. However, in this case, the complete
solution space is shown for all evaluated design cases.

In Table II, the performance of each selected solution is
provided. The table shows that Layout C has a lower inductance
value with the highest temperature due to spacing constraints. On
the other hand, Layout A has a better thermal result with a worse
electrical, which is reasonable as it has the largest floorplan
area. Among the solutions, Layout B holds a reasonable tradeoff
between the two extreme choices. Therefore, out of all 10 000
solutions, Layout B with a floorplan size of 40 mm × 50 mm
and balanced design objectives, is chosen for fabrication and
testing. Though the solutions with larger floorplan sizes may
provide both better thermal and electrical performance, those
solutions are not chosen since the floorplan utilization is low, and
the fabrication cost increases proportionally with the floorplan
size. Also, there are few solutions with the same floorplan size
but have lower inductance values. However, those solutions are
not chosen due to some limitations. E.g., devices or traces are

Fig. 12. Fabricated 2.5-D full-bridge power module (92 mm × 60 mm).

too close, wide signal traces, and long wire bonds, etc. These
solutions can be unreliable and difficult to implement through
the manual fabrication process carried out in a lab environment.
Therefore, Layout B is chosen since it is easier to fabricate and
also very close to the Pareto-optimal solution set.

VI. EXPERIMENTAL VERIFICATION

A. Fabrication

The High-Density Electronics Center (HiDEC) of the Uni-
versity of Arkansas has complete processing, packaging, and
assembly facilities for developing state-of-the-art power elec-
tronic module packages. To leverage the facilities, the selected
power module has been fabricated and assembled in-house with
a standard SiC-based MCPM fabrication flow. The selected
layout information is exported into standard CAD files for
manufacturing using the PowerSynth export feature. Then the
DBC is prepared for attaching the devices and terminals through
the chemical etching process. 1.2-kV SiC devices (CPM2-1200-
0040B) from CREE are attached, and the wire bonding is per-
formed by an automatic machine with 12-mil aluminum wires.
Then, the terminals and the capacitor are attached to complete
the half-bridge module fabrication. The room for the capacitor
is not enough on the dc- trace since the octagon terminals in the
fabricated module are different from the square terminals in the
PowerSynth solution. Therefore, the capacitor needs to be placed
diagonally. The substrate has been diced into two half-bridge
modules to form a modular 2.5-D full-bridge module. Both of
the modules dc+ and dc− traces are connected through metal
bridges for intersubstrate connections. Finally, the base plate and
heatsink are attached for heat dissipation. The fabricated power
module is shown in Fig. 12.

The fabricated full-bridge module size is 92 mm × 60 mm
and the current rating is 76 A. To determine the current rating
of the full-bridge power module, a continuous test simulation
is performed in LTSPICE using CREE provided SPICE model
for CPM2-1200-0040B device. The full-bridge module has been
simulated as an inverter at 800 V with a 3Ω resistive load and an
870 µH inductive load in series. In this simulation, PowerSynth
extracted parasitics (shown in Fig. 17) has been incorporated.
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Fig. 13. Double pulse test setup.

The switching frequency is 50 kHz and the output current is
76.64 A with 1 kHz frequency. The calculated efficiency is
99.67%. The external gate resistance is 10 Ω. Since the devices
have a maximum of 175 °C junction temperature tolerance, the
junction temperature is set to 150 °C. Average switching loss
is measured from the simulation. The Rdson value for each
device is found 76 mΩ at 150 °C from the device datasheet,
which is used to calculate conduction loss. The total power loss
values have been used in ANSYS static thermal simulation to
verify the junction temperature. We found a maximum junction
temperature of 158.42 °C (5.6% mismatch with the assumption)
with a case temperature of 90 °C. Two 12-mils aluminum
bonding wires are used in each device, which limits the current
through each device to 40 A. So, for each leg, the maximum
of 80 A current is allowed as there are two devices in each
position. The half-bridge module dimensions are comparable
with commercial modules from CREE [36]. A good number
of larger modules (e.g., 105 mm × 62 mm, 80 mm × 53 mm,
106 mm × 62 mm, 108 mm × 45 mm, etc.) than the optimized
solution are available in the market. Since fabricated module
(shown in Fig. 12) size is smaller, the current rating is also
much smaller compared to the commercial modules. However,
the full-bridge module is a value added by not requiring two
separate half-bridge modules.

B. Double Pulse Testing

To verify the PowerSynth electrical model, a double pulse
test is performed with the fabricated power module. The test
schematic and experiment setup is shown in Figs. 13 and 14(a) ,
respectively. An FR4 small bus has been used to connect the
module (DUT) terminals with the 1.2-kV laminated bus bar
terminals. Due to the custom interface, a jumper wire has been
used to connect the gate driver with the gate and Kelvin source
terminals of the DUT. The load (shown in Fig. 13) has an induc-
tance of 131 µH. As the fabricated module has no encapsulating
gel, both of the modules are tested under 400 V/15 A rating for
safety consideration. The Ids and Vds waveforms are shown in
Fig. 14 (b), and (c), respectively.

C. Thermal Measurement

To verify the optimization result, a maximum temperature
measurement experiment is performed in an access-controlled

Fig. 14. (a) DPT schematic and measurement results for (b) Ids, (c) Vds, and
(d) zoom-in shot of (c).

Fig. 15. Thermal measurement experimental setup.

Fig. 16. Measurement results.

lab environment. The KEYSIGHT U5855 A TrueIR Thermal
Imager has been used to measure the temperature of the devices
and heat sink. A J-type thermocouple from National Instru-
ments is used to measure ambient temperature. While fabri-
cating the module, an aluminum baseplate is used as copper
baseplate was not available. So, silver epoxy is used to attach
the aluminum baseplate (50 mm × 60 mm) with the substrate.
A 60 mm × 60 mm commercial heat sink (shown in Fig. 15 )
is attached with the baseplate using thermal grease material
(thermal conductivity 4.5 W/m-K) to achieve a close match
with the assumed heat transfer coefficient in the optimization
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Fig. 17. Schematic of the extracted parasitic netlist. R, L, and C are in mΩ,
nH, and pF, respectively.

case. However, based on the methodology from [15], the calcu-
lated equivalent heat transfer coefficient of natural convection
is approximately 123 W/m2-K. Here, the heat sink surface area
is 4.83E-02 m2 and temperature is 407 K. The measurement
setup is shown in Fig. 15. A high-current dc power supply is
used to supply the necessary current to the devices so that the
power dissipation for each parallely connected devices pair is
approximately 20 W as we assumed 10 W heat dissipation for
each die while performing the optimization. Two multimeters are
used to measure the voltage drop across each pair of parallel-
connected devices. From electrical measurements, the supply
current is found 17 A to achieve a total power dissipation of
40.052 W for the module. In the measurement case, exactly
same assumed boundary conditions as in the optimization case
cannot be achieved due to several obvious factors like defect
in insulation, heat transfer coefficient mismatch, manufacturing
defects, material mismatch of the baseplate, etc.

D. Validation Results

1) Electrical Performance: PowerSynth extracted
distributed netlist for the Layout B (shown in Fig. 11), has been
used for time-domain simulations in LTSPICE. The schematic
of the extracted netlist is shown in Fig. 17. Here, the capacitance
value of C1 is 1.27 µF. The parasitic values are extracted at
100 MHz, and a gate pulse with −5 to +20 V is applied with
a gate ON and OFF resistance of 15 and 5Ω, respectively. Since
only low-side devices are switched, the high-side switches are
turned OFF. A 400 V dc voltage is applied to the circuit, while
Vds and Ids are measured for low-side switches. The resultant
plots are shown in Fig. 14. From the Vds and Ids comparison
result, it is clear that the simulation has a close match with the
measurement. In the case of Ids, the difference is around 3.71%

TABLE III
COMPARISON BETWEEN THERMAL MEASUREMENT, ANSYS, AND

POWERSYNTH

with 16.49 A in simulation versus 15.90 A in measurement.
The measured Vds has a higher overshoot of about 10 V and
higher noises than the simulated one due to the additional
jumper wire inductance and noises from the gate signal in the
measurement setup. In the case of measurement, the turn-OFF

ringing frequency is found 89.43 MHz, while the simulation
shows 86 MHz as illustrated in Fig. 14(d). The extracted loop
inductance from PowerSynth is within 3.84% accuracy.

2) Thermal Performance: To have a fair comparison between
the measurement result and PowerSynth predicted result, the
thermal performance is re-evaluated for the same layout in both
ANSYS Workbench and PowerSynth by introducing all possible
changes in the boundary conditions from the measurement. The
thermal camera images are shown in Fig. 16. The result compari-
son is shown in Table III. In simulations, for each SiC device, the
heat dissipation is set to 10 W (2.31 W/mm3). The heat transfer
coefficient of the baseplate backside is 123 W/m2-K, and the
ambient temperature is 299 K.

From the results in Table III, it is evident that the maximum
temperature rise difference of PowerSynth compared to the mea-
surement and ANSYS result is within 10%, and 5%, respectively.
There are a few factors like measurement equipment (power
supply, multimeters, thermocouple, IR camera) tolerances, de-
fects in the structure itself, heat dissipation through radiation are
present in the measurement case, which cannot be considered in
both ANSYS and PowerSynth cases. The IR camera tolerance
is within +2 °C and −2 °C. The thermocouple reading accuracy
is within ±0.1%. The natural convection air cooling is applied
and heat sink temperature is measured using the IR camera. The
total power dissipation is not completely across the structure and
a part of the heat is dissipated through radiation. Therefore, the
equivalent heat transfer coefficient value estimation is not 100%
accurate. As the baseplate attachment process was manual, some
voids are found between the substrate and the baseplate from the
scanning acoustic microscope images. All these unavoidable
factors are causing the discrepancy between the measurement
and simulation result.

VII. CONCLUSION

PowerSynth core architecture has been updated from the
planar approach to a modular, and hierarchical one to optimize
more complex, and high density power modules. The hierarchi-
cal corner stitch with constraint propagation has outperformed
the traditional matrix-based layout generation methodology in
efficiency and success rate. The updated constraint-aware lay-
out engine is more efficient, scalable, and generic compared
with the previous approach. This layout engine is demon-
strated with the capability of processing complex geometry with
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heterogeneous components, exploring a broader solution space,
and adapting to different optimization algorithms. Updated elec-
trical and thermal models with hierarchical layout description
script enable PowerSynth to optimize not only 2-D but also 2.5-D
power module layouts efficiently. This hierarchical approach
reveals a promising path to extend PowerSynth to 3-D power
modules as well. A full-bridge 2.5-D power module layout
is optimized using the latest PowerSynth v1.9, and a well-
balanced solution is fabricated and tested. The measurement
and FEM simulation show a close agreement with PowerSynth-
predicted electrical and thermal results. A completed round-trip
PowerSynth-assisted design flow is demonstrated to achieve
better productivity over the traditional manual design approach.
In this iteration, thermal and electrical mutual coupling within
each symmetrical part are considered and the coupling among
different symmetrical parts will be considered in future. Since
the tool is still a subject of on-going research, there are limita-
tions and scope for updating features to produce better solutions.
Two worth mentioning limitations are: 1) dependency on the
initial layout from the user and maintaining the relative position
of the components throughout the solutions; 2) inability to
handle non-Manhattan routing. Along with addressing these
limitations, next step will be demonstrating 3-D MCPM layout
optimization using PowerSynth updated CAD-flow. Existing
models will be updated, and validated for 3-D power module
cases. Also, the architecture will be upgraded to support parallel
computing, and machine-learning models. A new layout de-
scription language with object-based layout representation will
also be introduced in the new version. Incorporating these new
features, PowerSynth v2.0 will be released with the necessary
documentation, and test cases for the users.
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