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Abstract: With the rapid development of integrated circuit production technology, the scale of FPGA
circuits has expanded to billions of gates. The complexity of the internal resource structures in
the FPGAs (field programmable gate arrays) is continually increasing, and there is an increasing
possibility of various faults in these circuits, especially in interconnect resources. These occupy more
than 80% of a chip’s area and have the highest fault rate. To ensure the reliability of the FPGAs, it is
very important to perform high-coverage testing on the interconnect resources within them. This
article uses AMD Xilinx’s Kintex-7 series FPGA as the research object and proposes a deep-priority
algorithm based on graph-based models and improved priority algorithms to intelligently wire the
FPGA interconnected resources. The routing results were produced using a configuration script
written in the XDL language, and the FPGA configuration and testing were conducted accordingly.
This approach achieved a high coverage and intelligent testing for the interconnect resources in
the FPGAs.

Keywords: FPGA; interconnect resources; high coverage; intelligent test

1. Introduction

With the implementation of new applications such as artificial intelligence, big data,
and the industrial Internet of Things, the market demand for chip performance continues
to increase. Field programmable gate arrays (FPGA) have been widely adopted due to
the advantages they provide, such as high performance, low power consumption, and
programmability. As application scenarios become increasingly complex, the required size
of the FPGAs is also increasing, with current scales reaching billions of gates. The area
of interconnect resources within the FPGAs now account for more than 80% of the total
chip area [1]. The probability of failure in the interconnect resources is much higher than
that in other resources, making the testing of the interconnect resources in the FPGAs very
important [2]. However, due to the increasing complexity of the interconnect resource
structures, the testing of the switch matrices and interconnect lines has become a very
complex problem. Traditional routing testing methods can no longer meet the testing
requirements of these ultra-large-scale FPGA interconnect resources, and there is an urgent
need to research new intelligent testing methods to achieve automatic routing and testing.

As FPGA chips do not have any functional configurations when they leave the factory,
the initial step in testing them is to test the resource configuration. Configuration-related
testing methods are then combined to analyze the test results and locate any faults. To en-
sure complete test coverage for all resources within an FPGA chip, multiple configurations
are often used, with the number of configurations directly impacting the efficiency and cost
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of the test. Therefore, the key to efficient FPGA testing lies in generating the least number
of configurations necessary to achieve full coverage.

While earlier research on interconnect resources testing within FPGAs focused mainly
on testing the configurable logic blocks (CLBs) and random access memory (RAM) [3,4],
as well as developing testing methods for these components, such methods are no longer
sufficient for testing today’s larger and more complex FPGAs. In recent years, research has
emerged that focused on testing interconnect resources, utilizing modeling methods based
on directed graph theory, wiring algorithms, and built-in self-tests (BISTs) [4–6]. These
studies abstract the metal interconnects and switch matrices into directed graph models,
using path search algorithms based on directed graphs such as network maximum flow
algorithms, depth-first search algorithms, and breadth-first search algorithms to achieve
automatic testing of the switch matrices [7,8].

However, most of this research has yet to establish a general testing model, and there
are few effective methods for determining and locating fault types. While machine learning
methods have been employed in some testing studies, these approaches require a large
number of training sets and can be hindered by long code running times and uncontrollable
test costs. Therefore, we utilized an improved depth-first algorithm to validate the Kintex-7
FPGA. After nine configurations, we achieved coverage of 100%.

Before testing an FPGA, it needs to be configured, which involves interconnecting
resources to generate test paths. Manually configuring FPGA is time-consuming and
increases testing costs due to the vast and complex interconnect resources. Therefore, in
this paper, we propose an improved depth-first algorithm for wire routing search. Figure 1
is a structure diagram of the FPGA interconnect resource test process. Prior to the search,
we need to extract and process the interconnect resources of the FPGA and convert them
into models. Once the routing configuration file is generated, it is loaded onto the DUT
(device under test) FPGA using an ATE (Automated Test Equipment) to complete the
configuration. Then, the testing phase begins with the ATE applying stimuli to the DUT
FPGA and collecting the corresponding responses to compare them with the expected
results. By analyzing the comparison results, we can determine if the DUT FPGA has
any faults. In this paper, the resource extraction and modeling process will be introduced
in Section 3, the automatic wire routing search will be discussed in Section 4, and the
utilization of ATE for configuration and testing will be explained in Section 5. Table 1
provides the abbreviations used in this paper along with their respective explanations.
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Table 1. Abbreviation table.

Abbreviation Full Name

FPGA Field Programmable Gate Arrays

CLB Configurable Logic Blocks

RAM Random Access Memory

BIST Built-in Self Tests

DUT Device Under Test

ATE Automated Test Equipment

IOB Input-output Blocks

IR Interconnect Resources

BRAM Block Random Access Memory

LUT Look Up Tables

EDA Electronic Design Automation

PIP Programmable Interconnect Points

BEG Begin

SRAM Static Random-access Memory

NMOS N-Metal-Oxide-Semiconductor

2. FPGA Interconnect Resource Structure and Fault Model Analysis
2.1. FPGA Interconnect Structure Analysis

FPGAs are composed primarily of modules, such as configurable logic blocks (CLBs),
input-output blocks (IOBs), interconnect resources (IRs), and block random access memory
(BRAM) [9,10]. The CLB is the core resource of the entire FPGA, consisting mainly of
programmable resources, such as look-up tables (LUTs), multiplexers, carry chains, and
flip-flops, to implement different logical functions. The IOBs form an interface between
the chip and the external circuits, providing suitable drive signals to match the differences
in the electrical characteristics between the internal and external environments. Using
electronic design automation (EDA) software, different electrical standards and physical
information can be configured according to certain requirements, such as adjusting the
size of the driving currents and changing the resistance values of the pull-up and pull-
down resistors. In general, several IOBs are grouped together (banked) for ease of design
and management, with the number of IOBs per group varying across different series of
FPGA chips.

Interconnect resources can be divided into metal line segments and switch matrix
resources based on their connection methods. Metal line segments are distributed mainly
between each tile, connecting various logic blocks and hard-core resources. Switch matrix
resources include the switch matrices distributed in the wiring channels and those that
guide the signals into logic blocks or hard-core resources.

The schematic diagram in Figure 2 shows the switch matrix and CLB structure of an
FPGA, which is an important research object with respect to interconnect resources. The
metal interconnect lines form the outer perimeter of the switch matrix and are divided
into X-fold lines based on the number of switch matrices they traverse. The most common
types of metal interconnect lines are single-fold lines, double-fold lines, and long lines.
These lines typically start at the BEG port and end at the END port, with a unique mapping
relationship between the starting and ending points.
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Figure 2. Schematic diagram of FPGA switch matrix and CLB structure.

Within an FPGA, the switch matrices distributed within each tile connect the metal line
segments from different directions and wiring channels. The internal connections within
the switch matrix are called PIPs (programmable interconnect points), which are controlled
primarily by SRAM (static random-access memory) cells to implement transmission gates
and buffers in different arrangements. A commonly used example is a switch matrix that
uses one buffer and N-many transmission gates to achieve 1-N multiplexing, PIPs start at
the END port and end at the BEG port. The mapping relationship of the PIPs is shown in
Figure 3.
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2.2. Fault Model Analysis

Interconnect wires within the FPGAs can be divided into two categories: metal seg-
ment lines and programmable interconnect points. Each of these interconnect types can
experience different types of faults.

Metal line segments may experience open/short faults, bridging faults, and stuck-at
faults. An open circuit fault may occur if the metal line segments disconnect during the
manufacturing process due to deviations in the process. A short-circuit fault can cause
interference to the shorted components during the transmission of the signal. Such faults
can cause signal transmissions to the short-connected parts during transmission. Bridging
failures may occur if the metal segment line is shorted together with the metal interconnect
of an adjacent channel due to process deviations. This type of failure can cause coupling
problems during the signal transmission. If the metal interconnect wire is short-circuited
with adjacent components due to process deviations, this can result in the signal being
fixed at a certain level, such as being shorted to VDD or GND, which is manifested as a
fixed 0 fault (SA-0) or a fixed type 1 fault (SA-1).
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As shown in Figure 3, the minimum unit of the programmable interconnect points
consists of an SRAM and an NMOS (N-Metal-Oxide-Semiconductor) transmission gate,
forming a switch that can be controlled by the SRAM. When the value stored by the SRAM
is one, the switch is closed, and the NMOS and connection points, END and BEG, are on,
enabling signal transmission. Conversely, when the value stored by the SRAM is zero, the
switch is open, and NMOS gate is disconnected, and the END and BEG connection points
are not conducting, thus preventing signal transmission. Since the probability of failure
of the NMOS transmission gate is much less than that of the SRAM, we only discuss the
failure of the SRAM.

If the programmed data cannot be written correctly when the SRAM fails, the data
stored by the SRAM becomes fixed at 0 or 1. This is known as a stuck-at-0 or stuck-at-1
failure. A stuck-at-0 failure occurs when the programming data cannot be written correctly
internally by the SRAM, maintaining a fixed value of 0 that cannot be modified. When
this fault occurs, the PIP will normally be open and cannot be programmed to turn on.
Conversely, a stuck-at-1 failure occurs when the SRAM cannot write the programming data
correctly, resulting in a fixed value of one that cannot be modified. When this fault occurs,
the PIP will normally be closed and the PIP will always be on [11–13].

3. Building a Test Model

The focus of modeling is to construct mathematical graph models of the interconnect
resources within the FPGAs. In Section 2, we learned that metal interconnect lines are
divided into different types of fold lines based on the number of switch matrices they
traverse. By observing the driver relationship of the metal interconnect lines in different
series of FPGAs, we found that different types of metal interconnect lines exist in different
FPGAs, and their drive mapping relationships also differ. Sections of the same type of
metal interconnect line and its corresponding port within the same series of FPGAs are
grouped together as an X-fold line layer. Thus, a mapping relationship between different
fold line layers exists.

By treating each fold line layer as a point on a mathematical graph and the directional
driver relationship as edges in the graph, we can abstractly convert the interconnect
resources of an FPGA into a directed graph. For example, in Figure 4, the different fold
line layers can be interpreted as being self-driven; single layers and double layers or single
layers and hex layers can drive each other; double layers can drive long layers; hex layers
and long-line layers can drive hex layers; and single layers can drive long layers.
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Within each fold line layer, the points on the switch matrix ports, metal interconnect
lines, and programmable interconnect lines within the interconnect resources of the FPGA
can be treated as points and edges on a mathematical graph. Given the properties of the
metal interconnect lines starting at the BEG port and ending at the END port, and the
programmable interconnect lines starting at the END port and ending at the BEG port, they
can be abstracted into a mathematical graph: G<V,E>. This is demonstrated in Figure 5,
where the solid lines represent the driver relationship of the metal line segments, and the
dotted lines represent the driver relationship of the programmable interconnect lines.
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Figure 5. Abstract schematic diagram of interconnecting lines.

The graph G<V,E> can be divided into two subsets, VBEG and VEND, where VBEG ∩
VEND = ∅ and VBEG ∪ VEND = V. All edge endpoints in graph G belong to either VBEG or
VEND, and graph G satisfies the definition of a bipartite graph. In this study, we analyze
the interconnect relationships of the FPGA’s underlying layers by converting them into
a bipartite graph. As the connection from the BEG port to the END port is unique and
certain, we need to find similar mapping relationships from the END port to the BEG port
that form the maximum path during the configuration. The metal interconnect line, M, is a
subset of the edges in graph G (excluding the loops), where any two edges in M do not have
common vertices. M is a match for graph G, and it represents the maximum number of
edges contained in M, saturating all vertices in graph G. Therefore, the metal interconnect
line M is a perfect match (maximum match) for graph G. When searching for the maximum
path in one configuration, we are also searching for the longest alternating path in graph G.

As the connectivity of the metal interconnect lines is certain, to reduce the search
information in the graph model during the actual processing, we treat a metal interconnect
line from the BEG port to the END port as a single point on the mathematical graph. We also
consider the programmable interconnect lines between the connecting metal interconnect
lines as edges in the mathematical graph, as shown in Figure 6a, which represents the actual
connection information of the ports, wires, and PIPs in the FPGA interconnect resources.
Figure 6b shows the point-edge information that has been batch processed for ease of the
wire routing searches.
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Figure 6. Schematic diagram of a switch matrix model. (a) Description of the actual connection
information of ports, segment lines, and PIPs in the FPGA interconnect resources; (b) description of
the dot and edge information after batch processing to facilitate the routing search.
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4. Intelligent Routing Method

The purpose of the FPGA test configuration is to find the path through which a test
stimulus signal passes. Using the modeling process described above, we converted the
physical connection relationships in the FPGA interconnect resources into vertex-edge
relationships in a mathematical graph. Intelligent wiring is the process of finding a test
path. To satisfy the considerations of high test efficiency and low test cost, we need to
search for the longest wiring path in the mathematical graph. In this study, an improved
depth-first algorithm was used as the intelligent wiring method, with the goal of reaching
the leaf node of the searched structure.

The traversal process of the depth-first algorithm starts at an unvisited vertex as
the starting vertex and walks along the edges of the current vertex to another unvisited
vertex. When there are no unvisited vertices, we return to the previous vertex and continue
to explore other vertices until all vertices have been visited. This algorithm is simple to
execute, but its search strategy is incomplete and has some randomness, which may prevent
it from producing the optimal solution. Additionally, in a directed graph, when traversing
child nodes, it is necessary to backtrack to the parent node, which may require multiple
traversals, thus affecting the traversal efficiency. Furthermore, when processing a large
number of data, duplicate paths may also exist.

Therefore, this study improves the depth-first algorithm to improve the efficiency of
intelligent wiring. The improved algorithm uses memorization during the graph traversal
process to record the visited vertices and maintain the longest path value for each vertex.
When a previously visited vertex is encountered, the current path is compared with the
previously saved longest path value, and the larger value is taken as the new longest path.
This improved depth-first algorithm not only reduces the occurrence of duplicate paths
but also effectively avoids backtracking in the directed graphs, thereby improving both
traversal efficiency and the accuracy of finding the longest wiring path.

The algorithm used in this article retains the recursive idea in the depth-first algorithm.
When modeling and parameterizing each point, the out-degree (the number of outgoing
edges from a vertex) and the traversal flags are added to the original graph dictionary. In
the same type of FPGA, the out-degree of each point may be different, but we set it to 1 for
all points. When using this improved depth-first algorithm to find the next traversal point,
we choose a point with a higher probability of being routable based on a probability model.
If the current state is denoted as s and the next state is denoted as s’, at a certain moment
in time when the state is s, the probability of transitioning to the subsequent state s’ after
taking action a is:

Pa
ss′ = P[s(t + 1) = s′|s(t) = s, A(t) = a] (1)

In this model, s represents a point in a mathematical graph, s’ represents the adjacent
points connected to that point, and action a represents the edges connecting them. In
practice, there can be multiple s’ corresponding to a given s, meaning that the current state
can be connected to many other states. We estimate the probability P by utilizing historical
trajectory configurations and employing the maximum likelihood estimation method. The
probability P is defined as follows:

Pa
ss′ =

#Selectable path in any state
#Selectable path to all states S′

(2)

where i represents the number of available paths in the current state, that is, the out-degree
W of the current point. Therefore, it follows from the properties of the maximum likelihood
probability that

w

∑
i=1

Pa
ss′i

= 1 (3)

Comparing the above calculation results, we can find that the point with a higher
probability of being routable is the one with a larger out-degree in the next state. This can
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also avoid the occurrence of small out-degree points being occupied near the starting point,
resulting in missing or disconnected wires in subsequent wiring paths. The improved
depth-first algorithm process is shown in Figure 7, where the starting point and ending
point are set first. The current state point is set to start, and its adjacent points are the next
state points. The point with the largest out-degree is searched and added to the wiring
path, and it becomes the new starting point until the ending point is found. When a point
is added to the traversal path, its new out-degree becomes

W ′i = Wi − 1 (4)
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During traversal, the principle that any points with an out-degree of 0 cannot be added
to traversal paths is always observed. Additionally, the method sets the flagi of all points
to 1 for marking because each point can only be traversed once in a single routing process.
The traversed points’ flagi values are reduced by 1 to become 0, while flagi = 1 marks
the untraversed points. Only the untraversed points can be selected as the next passing
point. In summary, the following principles should be followed when implementing
intelligent wiring based on the idea of depth-first algorithms: (1) points that have already
been traversed cannot be accessed; (2) points with an out-degree of 0 cannot be traversed;
(3) if there are multiple adjacencies, the point with the largest out-degree is prioritized; and
(4) the process continues until the ending point is reached.

5. FPGA Configuration Method and Test Implementation
5.1. FPGA Configuration

In the earlier discussion, we described how we layered the internal wiring resources
of the FPGA into a directed graph and used graph theory to batch the different types of
connections to achieve higher coverage. We selected the shortest subgraph in the directed
graph, G, as a type of configuration circuit, Gi, in the Euler diagram. We then selected the
new configuration type diagram, G-Gi, as the new graph G until no such subgraph existed
in Figure G, recording the number of configuration types as C. In each configuration type,
Ci, all its port points were converted into a two-part diagram. Due to the limitations of the
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metal cables, to achieve for 100% coverage in this configuration type, it must reach Wi a
number of times, which is the out-degree of the largest point of the out-degree in all ports.
Therefore, the total number of configurations is determined as follows:

Con f iguration times = C×max(Wi) (5)

In addition, if 100% coverage is pursued, a new configuration type can be generated
by adding edges to the last graph, G-Gi, to form an Euler graph.

5.2. CLB Configuration Method

The CLB is the main logic resource for implementing the sequential and combinational
circuits, and each CLB in the Xilinx’s Kintex-7 series FPGA contains two SLICEs. Each
SLICE contains a look-up table, registers, carry chains, flip-flops, multiplexers, and other
components. In interconnection resource testing, we mainly use the look-up table and the
flip-flop in the SLICE [14,15].

In the Kintex-7 series FPGA, the logic function generator is implemented as a six-input
look-up table, with inputs A1~A6 and outputs O5 and O6. During wiring, the LUTs in the
CLBs are connected in series between the interconnection lines to detect faults such as open
circuits and bridges. By configuring the LUT to perform logic operations between input
signals, such as O5 = A1&A2&A3&A4&A5&A6, the output port of the LUT can be used to
monitor its output by connecting it to the trigger in the CLB where the LUT is located. The
response value of the trigger is obtained through bitstream readback, and then the output
response of the LUT can be obtained. In this way, by configuring the logic operation of the
LUT and entering the different excitations into it, the faults can be located, and their types
can be analyzed. By setting the LUT to six inputs and one output, the port of the switch
matrix can be fully used to improve the coverage of the first configuration.

5.3. FPGA Interconnect Resource Test Implementation

This study employs ATE (Automatic Test Equipment) V93000 to test the XC7K325T as
the verification object. After the automatic routing process is completed, but before ATE
testing, the XDL script generated by the code auto-routing must be converted into an NCD
test graphic file [16]. Figure 8 shows an example of an NCD test graphic, where the black
rectangular boxes in the background represent the switch matrix, and the blue lines indicate
the paths after automatic routing. The test graphic requires the generation of a binary
configuration file in the FPGA development environment for sorting and then transforms it
into a pattern that the ATE machine can recognize. The pattern file is subsequently loaded
onto the ATE machine for online configuration. Figure 9 depicts the DUT (device under
test) board, where the central part is a socket for inserting the FPGA chip. The pins of the
FPGA chip are connected one-to-one with the testing channels of the ATE through fan-out.
The ATE machine is capable of providing power to the chip and applying test vectors
to each I/O pin. The device under test generates corresponding signals, which are then
transmitted to the ATE. By comparing the test response with the test graphic, the quality of
the chip can be determined.
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6. Discussion and Conclusions

The automated modeling and intelligent wiring methods proposed in this article
were successfully applied to the connection resource test development of AMD Xilinx’s
XC7K325T FPGA, achieving the automatic generation of interconnect resource tests. Table 2
compares the modeling method of the interconnecting metal segment lines as a point on a
mathematical graph with the traditional modeling method. The original point information
is successfully compressed by nearly half, as shown in Equation (6), where 363 represents
the number of points to be processed for a single switch matrix in traditional modeling,
and 202 is the number of points to be processed for a single switch matrix after modeling
optimization. N represents the total number of switch matrices inside the FPGA. Compared
with the traditional modeling method, this method compresses the modeling space and
reduces the search points when searching the routing path. Consequently, this method is
faster and does not require a separate calculation of the next traversal coordinates of the
current traversal.

Compression ratio =
(363− 202) ∗ N

363 ∗ N
= 44.35% (6)

Table 2. Modeling optimization comparison.

Before Optimization After Optimization

Single switch matrix math
graph scale (points) 363 202

Compared with the theory used in [17], the work reported in this paper adopts
an improved depth optimization algorithm for searching the wiring path that is more
intelligent and automatic. It does not need to observe the direction of the path in each
switch matrix in advance or plan the wiring according to the usual laws. Table 3 shows the
comparison results for the wiring of the sextuple line using the theory used in [9,18]. Due
to the vast and complex nature of FPGA interconnect resources, multiple path searches
and configurations are required to achieve high coverage. The “Times” column in Table 3
represents the number of configurations, while the “Pre-planned” column indicates whether
advance planning is needed before searching the path, including finding wiring patterns or
planning the direction of wiring according to a predetermined plan. There are various types
of linear wires between the interconnection relationships of the six-fold line. Although
the coverage rate of the running results can reach 100%, there are too many operations.
In summary, the improved depth-first algorithm discussed in this paper achieves a high
coverage without requiring advanced observation and planning, making it suitable for
FPGA interconnect resource testing.
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Table 3. Comparison of hex line routing results.

Configuration Type Times Coverage Pre-Planned

[1] 7 100% Y
[4] 29 100% N

This paper 9 100% N
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