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Abstract

The complexity and compactness of current chip designs have increased due to the rapid improvements in VLSI
technology. To ensure that these designs function as intended, it is imperative that they can be tested after
manufacture. After a chip is manufactured, defects can be found using Design for Testability (DFT) procedures,
which eliminates the requirement for extensive functional testing on every one of the possibly many physical
devices. Rather than testing each and every device in-depth, DFT optimizes the detection of problems by
improving controllability and observability across all nodes within the system. To find problems on every single
node, Automatic Test Pattern Generation (ATPG) was carried out on three distinct blocks in this project. WGLs
that were created were used in simulations. All three blocks underwent Test Point Insertion (TPI), with the goal
of enhancing the DC coverage. The outcomes of the three blocks were compared, an increase in pattern count

along with a 0.4-2% improvement in DC coverage was observed.
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1. Introduction

The four main phases of the IC design cycle are
design, implementation, testing, and specifications.
Design-for-Testability (DFT) becomes crucial during
testing to confirm chips after fabrication. This is
important since manufacturing processes aren't
perfect, therefore each chip must pass stringent
testing to make sure it satisfies standards. The
"divide and conquer" tactic used by leading industry
practices divides the chip into discrete functional
pieces. Every block is independently targeted by
ATPG, producing test patterns that are designed to
verify each node. Strict temporal constraints are
considered when validating these blocks. To ensure
comprehensive testing of functionality and
performance, CADENCE tools are specifically used
to develop test patterns at the block level for a 6nm
device.

To achieve sufficient detection of transition (AC)
and stuck-at (DC) problems in accordance with
specifications, test coverage analysis is necessary.
After that, simulation techniques are used to
validate the developed test patterns. More
specifically, Cadence's Modus tool is used for
conducting simulations. These simulations use the

Waveform Generation Language (WGL) and are
then converted into formats particular to testers for
silicon testing. This guarantees that, prior to
deployment, the chips are extensively tested to
ensure they fulfill quality and performance
standards.

Scan stitching, which connects Scan Input (SI) and
Scan Output (SO) pins, integrates combinational
logic and scan flip-flops in each block of the design.
Top mapping is the technique by which these pins
at the block level are aligned with equivalent top-
level scan input and output pins. The available input
pins allotted for DFT purposes are used to
determine the longest scan chain length. This
dictates how the flops are sewn together inside the
pattern. The quantity of storage required for test
patterns can also be decreased by using
compression techniques.

In digital circuit design, the DFT scan approach is
used to make integrated circuit (IC) testing and
debugging easier. To collect and output internal
states for testing, more logic is added to the circuit
design using the DFT scan process. The circuit is
divided into a number of smaller sections known as
scan chains to perform the DFT scan technique. A
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series of flip-flops connected in a serial format,
along with extra control logic to enable the scan
process, comprise each scan chain. The internal
state of the circuit is captured by the scan chains
and can subsequently be exported for testing and
analysis.

The goal of Design for Test (DFT) approaches is to
improve fault coverage by strengthening a chip's
internal node control and observation capabilities.
The term "controllability" describes the ease with
which input pins can be changed by designating
binary values (0 or 1). It measures how simple it is
to set values on a circuit's primary inputs (Pls).
Conversely, observability quantifies the ease with
which the circuit can identify and transfer node
values to the primary outputs (POs). Different DFT
methods have been created to improve
observability and controllability.

2. LITERATURE SURVEY

In the realm of semiconductor design and testing,
achieving high testability is crucial to ensure the
reliability and functionality of integrated circuits
(ICs). Hierarchical Design for Testability (DFT) has
emerged as a significant approach to address the
complexities and challenges associated with testing
modern [Cs. This literature review explores the
principles, methodologies, benefits, and challenges
of hierarchical DFT in enhancing testability.

In paper [2], A Hierarchical DFT strategy is
implemented to enhance SOC testability,
partitioning the design into layout and DFT regions
based on functionality. It builds test vectors with
Modus tools for 16nm technology using the D-
algorithm for ATPG with the goal of achieving high
fault coverage (>99% stuck-at, >85% transition
faults). Validation through IES simulations ensures
accuracy before real silicon deployment,
encompassing both block and device levels with
and without timing constraints. Pin-level mapping
and logical simulations further validate effective
test pattern application and integration across
design hierarchy.

The often-utilized architecture included in the DFT
technique is compression logic. In paper [10],
compression technique is used. In this technique,
the scan chains are connected in a pipeline and the
output of the last scan flop in a scan chain is passed
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through XOR logic. This technique reports on the
reduction of the test size and the test run-time, but
the area of the chip increases by the inclusion of this
design in the DFT region. There comes a need to
optimize the area and power. Research on trade-

offs between the power consumed and area
occupied is being carried out.

In paper [3], insertion of scan chains is explained.
Scan chain technique is used to target both the
combinational and  sequential logic  for
controllability and observability. For the post-scan
stitch procedure, there are numerous Automatic
Test Pattern Generation tools at one's disposal. The
test patterns are validated by simulation
techniques, and during simulation, the patterns are
reported as pass or fail. A higher chip yield is
obtained by scanning at a lower process
technology.

In paper [17], the circuits are targeted for high-
speed tests for the better performance of the
circuits for at-speed. This paper comes with an
effective technique which reports in reduction of
test patterns during commit test technique, scan
shift and capture operation, to control the
switching activity of the scan input bits to reduce
the power. The area overhead is also taken care of
which reflects on the reduced cost of the chip.
Three new techniques: launch-on-shift, launch-on-
capture and mixed at-speed testing are proposed in
this paper to support the low power and low-cost
chip testing.

In paper [14], clock gating and non-clock gating
structures are used for testing the device. Some
modes used clock gating concept whereas the other
modes ran with non-clock gating mechanism. The
main aim was to reduce power consumption. The
author came to the conclusion that the modes with
clock gating structure reported better test coverage
than the non-clock gating modes after executing
and analyzing a variety of test cases. Run time was
also found to be reduced when compared to the
novel approach.

Built-in Self-Test (BIST) is the ATPG approach used
for testing in paper [16]. BIST is an internal circuit
that undergoes several loops to make accurate scan
tests and reduces the run time when compared to
conventional methods. This type of testing can be

140



Journal of Harbin Engineering University
ISSN: 1006-7043

used for the circuits that contain combinational
blocks. This technique resulted in coverage
improvement and reduced pattern size.

Paper [1] discusses an approach to enhance fault
diagnosis and testability through the strategic
insertion of test points, specifically as observation
points. To identify optimal observation points,
scores are calculated for signal lines associated with
each fault pair that the existing test set fails to
distinguish. Once the observation points are
selected, the method organizes the primary
outputs and the inserted observation points into
groups, using XOR operations to compact the
output responses within the same group. This
partitioning strategy reduces the number of
observed values while maintaining diagnostic
effectiveness. The proposed approach is validated
through experiments conducted on benchmark
circuits.

3. METHODOLOGY

Fig. 1 depicts the project flow or methodology.
Three blocks are used to construct the ATPG, and
the WGLs are then used as simulation input. In the
event that miscompares are found, ATPG
debugging is carried out to remove any binary or X
miscompares.

Scan stitched netlist ATPG (Pattern Generation) ]_
and libraries —|
|

o Timing
simulations
with zero delay

[ Block level Simulstions using generated WCLs ] ‘

Fig 1: Project Flow

. ATPG: These patterns identify whether the
semiconductor is operating correctly. By comparing
the fault-free output, ATE ascertains if the circuit is
free from manufacturing flaws when the Test
pattern is applied. With ATPG, automated testing
apparatus can differentiate between the proper
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circuit behavior and the defective circuit behavior
resulting from flaws.
. Coverage  Analysis:  Test coverage

produced by ATPG tools indicates an IC's quality.
The goals for coverage are 85% for the transition
test and 99% for the stuck-at test. When test
coverage falls short of these objectives, the DFT
engineer must be well-versed in design structure
and have a close working familiarity with the ATPG
tool in order to troubleshoot the poor test
coverage.

The most difficult part of debugging low-coverage
issues is figuring out why ATPG isn't able to
generate a pattern to identify the errors and
developing a plan to increase the coverage.

. Block level Simulations:

A testbench is created with the provides WGLs and
is applied to DUT for simulating and checking the
behavior of the design for the provided inputs.

a) ATPG tool will generate the patterns as per
the design.
b) Simulation is needed to validate the

generated patterns.

Cadence Xcelium is used for NO-Timing & Timing
simulations.

Two ways of simulations:

i Serial Simulation’s using WGL
ii. Parallel simulation using modus generated
B

e Test Point Insertion:

Test point insertion is a circuit modification
technique that adds extra gates into circuits during
the design-for-test (DFT) phase and enhances
circuit testability. Test points are added into the
circuit to improve controllability and observability
of a node in the circuit. The test points are
categorized into two types: control points (CPs) and
observation points (OPs).
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Build Model

Build Test Mode (=)

WVenfy Test Structures.

Build Fault Model

Test Pattern Generation

Write Vectors

Fig 2: ATPG Flow

. Build Model: Builds the test model that the
MODUS uses by reading in Verilog netlists,
technology libraries, memory, and analog models.
A logical hierarchy is included in the test model to
make design analysis easier.

¢ Build Test Mode(s): Defines the test structures to
be used during ATPG and identifying scan chains,
compression structures, and other DFT-related

logic and provides active and inactive logic.

e Verify Test Structures: Verify that scan chains and

other test structures in the design adhere to
guidelines aimed at ensuring testability. Severe
warnings highlight structures that could lead to the
generation of invalid vectors, while other warnings
flag issues that might reduce achievable test
coverage. Address all severe warnings prior to ATPG
to thoroughly analyze the design database for
potential issues such as scan chain integrity,
clocking concerns, and contentions.

e Build Fault Model: This tool generates fault
models essential for ATPG, aiding in both ATPG and
diagnostics simulations. It constructs specific fault

models for static and dynamic faults within the
design, providing detailed statistics across different
fault categories.

. Test pattern generation: The Modus tool

from Cadence is primarily utilized for ATPG in 6nm
technology. Test pattern generation involves
determining the stimuli needed to validate a
design's correctness and ensure it is free from
manufacturing defects. To generate these test
vectors, script files compatible with the Modus tool
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must be authored. The process includes creating
models that encompass the netlist and 6nm
technology libraries, configuring tests, defining
structures, and verifying the design to identify
potential issues. The output includes reports on
fault models analyzed and their respective testing
outcomes.

e Write vectors: This is used to write out the test
vectors in the following format: STIL, WGL, Verilog,
TDL. It generates vectors for simulation or to
comply with IC manufacturers' manufacturing
interface requirements. It also reports faults,
detailing individual fault models and their current
testing status.

4. RESULTS AND ANALYSIS
Three blocks are used in this project among which

a) The first block has DFT region which needs
to be mapped to high level netlist (layout region),
so macro-mapping is done here.

b) The second block is a RAM dominated
block.
c) Third block has multiple clock domains. So,

the concept of OCC is being used here.

There are 6 Testmodes that are run to achieve
greater coverage. Among the 6 modes, 2 are AC
modes and 4 are DC Modes. The AC modes are
followed by the 4 DC modes, which include
compression, non-compression and that mode
which targets the memories.

Table 1: Blocks information

Block info Macro map Block | RAM dominated block 0OCC block
Gate Count | 4 million (4457166) | 2 million (2028945) ~1 million (994991)
Compression 20 6 2
fatio

Scan bus width 168 168 168
[nternal 3360 1008 336
chain count

No. of clocks 9 1 4

a) Macro-map block: The larger SOC is

partitioned into small regions to aid DFT and Layout
execution. The partition can be done in any of the
following way:

i DFT region and Layout region are same

ii. DFT region only (Layout region is an upper
hierarchy to this DFT region)

iii. Layout region only (may have multiple DFT
regions within)
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In case-1, both no-timing and timing simulations are

executed at same level.
xecu v Table 4: Top up AC mode for memory

But in case-2, ATPG patterns are generated, and no-

Testmode DC AC Patterns Possibly Vector
tlmlng simulated at DFT region level. Coverage | Coverage Tested Count
AC_mode 1 72.98 66.52 6356 Q 1004568
But timing simulation must be exercised at its AC_mode2 7452 63.80 2634 0 416434
. . . RAM sequential AC | 91.34 81.09 206 45365 121008
layout region, as the routed SDF is available at mode
. DC_mode 1 9412 81.10 1454 44195 231988
layout level. So, all the test ports at DFT region must DC mode 2 CYRE) S10 150 a5 T
be mapped to its layout region to perform timing RAM sequential 9321 SL10 670 8309 407600
. . ) Full Scan 9527 0.00 1 8309 1790
simulation, hence the flow is referred as Macro-
mapping flow.
Table 2: Macromap block information In Table 4, we can see an improvement in AC
0, 0,
T oo i e e Ve B coverage from 68.8% to 81.10% after top up mode
Coverage Coverage Tested Count was Used.
AC_mode 1 83.54 77.68 32170 0 4632764
AC mode2 76 oY) 3090 7 136510 Top up modes for memory is necessary to test all
DC_mode 1 9460 8262 s L4642 229098 the untestable faults when the block has more RAM
DC_mode 2 94.72 8262 447 15380 67468 . X . .
RAM soquential 9188 6 T 35393 THE instances or modules instantiated in them.
Full Scan 9501 0.00 449 25497 1232135

201,000ns |201,500ns 202,000ns

1 8 voor (N T TN P e 1 oy LR T E T T TG =TI T

5 2o 791 '\ 1a_ 7820 616403455 CGOISAES 3 | 5_ 8RR 308 4260397 _CSE 34 [ER_TRESINEY_TCAT7s T4 LSV EEEeeees T

‘ Fig 4: RAM dominated block simulations
M scan_en o

&l scan_in[167:0] *n oos [lcss ) 76_EEsar ) D8_E2561091_BAP36e6s_SUr3sen0_p27cI7Es_S577002¢r [ 00_00001000_00000 |

Wb scan_outf167.0) J|'n xx» [J04_c2a00 [ 26_sneno0ns_ooensann_o0000000_oos | B2_35800035_316re430_0b | A2_4860s | A3_8i

Fig 3: Macro map block simulations 0) OCC block:

OCC stands for on chip clock control. It is the logic
b) RAM dominated block: inserted on the SOC for controlling clocks during

) ) silicon testing on ATE (Automatic test Equipment)

This block has more RAM instances. We can . .
) to ensure following requirements are met. ATPG
observe the AC coverage is extremely low as the . .
) S ) has independent control of each clock domain to
block has more RAM instances which is going .
i . improve coverage, reduce pattern count, and
untested in AC mode. So an additional top up AC . . . .
] . achieve safe clocking with minimal user
mode for memory is used to improve the AC . .
intervention.

coverage.

OCC provides the appropriate number of clock

Table 3: RAM dominated block information .
pulses for each pattern during capture.

Testmode DC AC Patterns Possibly Vector A X

Covernge | Coverage Tested | Count In order to apply slow and rapid patterns, it

AC_mode | 72.98 6652 6672 0 1054438 manipulates slow or fast clocks during capture.

AC_mode 2 7452 68.80 2441 0 385990

DC_mode | 8062 68.80 1456 4007 232752 It regulates the precise location of the capture

DC meode 2 80.71 68.80 142 4004 22739 . \

RAM sequential 9518 68.80 681 8674 384336 window's capture pulse onset.

Full Scan 9525 0.00 1 8674 1790

Table 5: OCC block information

143



Journal of Harbin Engineering University
ISSN: 1006-7043

Vol 46 No. 3

March 2025

Testmode nC ac Patterns | Possibly | Vector Table 7: Coverage after Test point insertion on
Coverage Coverage Tested Count .
AC mode 1 86.67 81.59 7923 0 1323471 RAM domlnatEd bIOCk
AC_mode 2 88.94 8440 2664 0 445218
DCi p—— T e e 216 3500 Testmode DC AC Patterns Possibly Vector
DC_mode 2 9521 84.83 60 2536 10549 Coverage | Coverage Tested Count
RAM sequential 95.26 84.83 47 2554 28393 AC_mode 1 7287 66.41 6242 0 986548
Full Scan 93.33 0 L 2554 670 AC_mode 2 7452 68.81 4745 0 750022
RAM sequential AC | 91.39 80.83 199 4076 115879
DC_mode 1 9451 80.83 810 40833 130342
5" k= T DC_mode 2 9451 80.83 26 40797 4397
2504 00ns 1,504 500ns 06 s 650 RAM sequential 9555 80.83 655 4248 398891
Full Scan 95.61 0.00 1 4248 1790
I [_J1

Fig 5: OCC block simulations

TEST POINT INSERTION:

Test point insertion is carried out to improve DC
coverage. DC mode untested faults is targeted, and
all these faults are reported into a file which is taken
as input to analyze how many testpoints and where
those Control or observe points needs to be
inserted. The DFT engineer can mention the
maximum testpoints which should be inserted into
the design keeping the area constraint in picture.
Then the tool gives the final count of how many
testpoints can be inserted into the design.

An experiment was conducted in which a total of
2000 test points were inserted to each block using
the MODUS tool.

For Macro map block, the tool was able to insert all
the 2000 test points among which 1972 were

For OCC block, a maximum of 2000 testpoints was
given to the tool, but the tool was unable to insert
any testpoint into the design.

After comparing the coverage of all the blocks
before and after Test point insertion we can
observe that the pattern count has increased along
with improvement in the coverage. Since the
intention was to improve the coverage, the
increase in pattern count factor cannot be
compromised. But if the goal is to reduce pattern
count and test time, then a different approach

should be used to insert testpoints into the design.

Table 8: Comparing coverage of blocks before and

after TPI
Block name Before fault After fault count | Before coverage | After coverage
count (DC=AC) (DC=AC) (DC) (DC)

Macro map 11725544 11729712 95.01% 97.25%

block

RAM 5549736 5551206 95.25% 95.61%

dominated block

OCC block 2564304 95.33%

observe points and 28 were control points.

Table 6: Coverage after Test point insertion on

Macromap block
Testmode DC AC Patterns Possibly | Vector

Coverage Coverage Tested | Count

AC_mode 1 §3.53 77.67 29484 0 4245980
AC_mode 2 5824 8261 3253 0 468716
DC_mode 1 93.60 8261 1247 19907 | 188489
DC_mode 2 9570 5261 2628 20066 | 388656
RAM sequential 97.12 8261 704 10917 | 362758
Full Scan 97.25 0.00 987 10914 2701935

For RAM dominated block, a maximum of 2000
testpoints was given to the tool, out of which only
699 testpoints could be inserted by the tool in the
design. Out of which 687 observe points and 12
control points.

One of the objectives of the project was to achieve
99% DC coverage and 85% AC coverage. But we can
see that the expected coverage is not met.
Sometimes the faults will remain untested on
Primary input and output pins which will get tested
in Top Interconnect test or using some other

advanced testing methods.
5. CONCLUSION AND FUTURE SCOPE

Because of the quick advancement of VLSI
technology, chip designs have become more

intricate and compact, necessitating post-
fabrication testability to guarantee that the devices
fulfill criteria. Defects can be found with the help of
Design-for-Testability (DFT) which

minimizes the requirement for extensive testing on

approaches,

a variety of devices. DFT minimizes testing
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inefficiencies while optimizing error detection
through increased controllability and observability.

The efficacy of the hierarchical DFT approach is
noteworthy since it makes use of Automatic Test
Pattern Generation (ATPG) to generate compact
test vectors that effectively guarantee thorough
fault coverage. Block-level integrity and
compatibility are further guaranteed by validation
procedures. Targeted coverage analysis and test
point insertion help close gaps when certain blocks
don't match coverage requirements, enabling the
attainment of intended testing targets. In this
project, despite an increase in pattern count, TPI
was added to the blocks to track the progress in
coverage. As TPI receives DC untested fault reports
as input, there was a rise in DC coverage of 0.36%
t0 2.24%.

FUTURE SCOPE

Ultimately, in the highly competitive
semiconductor industry, these tactics are essential
for preserving the performance and dependability
of  contemporary chip  designs. Future
developments in technology, rising complexity, and
the demand for effective testing methods will
probably influence DFT and TPl in VLSL. The
upcoming trends will concentrate more on
automation, machine learning, and integration with
more comprehensive design processes. Using Al in
the testing environment might make it easier for
the tool to find difficult-to-detect errors and using
new testing strategies can help to increase test
coverage and decrease runtime.
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