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ABSTRACT: As the complexity of logic devices increased, it required more time and effort to manually design
and verify tests, it was difficult to estimate test coverage, and the tests ran too slowly. This method is known as
functional testing. Therefore, the industry adopted a design for test (DFT) strategy in which the design was updated
to make testing simpler. In this work, a full scan testability method is going to be implemented to a sequential
circuit (CUT). The CUT consists of at 6 D flip-flops and 10 logic gates. This CUT was designed using quartus
prime software. The following steps are going to be implemented in this work: First, simulate the fault free circuit.
Second, three faults were injected and tested to check if they can be detected or not. Finally, analyze the obtained
results in terms of (what is the test pattern needed, how the fault can be observed at output).

Keywords: Design for testability (DFT), sequential Circuit, flip-flop, circuit under test (CUT), full scan

1. INTRODUCTION

As a result of semiconductors, the electronics sector is making constant progress. The semiconductor industry has
been able to keep up with rising performance-capacity expectations because of the advent of new technologies,
particularly nanometre technologies with 14 nm or smaller geometries. The industry's long-term outlook has been
improved as a result of this [1]. The problem is that with new technology come new difficulties. Several types of
mistakes become more likely as die sizes decrease. Incorrect ICs are a major problem. Some problems that might occur
during chip production are listed below [2].

Maintenance Issue: In the event of a future breakdown, precise fault coordinates will be necessary for servicing
and repair. Due to shrinking PCB sizes, multimeter testing is becoming obsolete. Moreover, as we go towards SoC
(System on Chip) architecture, the modular design is becoming less useful, which in turn increases the cost of
maintenance [3].

Density Issue: The development of deep-submicron design technology has added a great deal of complexity to the
fabrication process. It's easy to see this trend in the shrinking and thinning of design components, which are drawing
closer to one another. The transistor count on today's VLSI chips is in the billions. Consequently, there is a
considerable potential for a short circuit to occur between two wires, or for a very thin wire to break. To name just a
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few, these may be the causes of mistakes. The point is that numerous such mistakes might arise throughout the planning
and production phases. Failure is thus more likely the higher the density [4].

Software Issue: Additionally, inaccuracies in the translation process are possible owing to flaws in the CAD
software tools used to design the chip, which may occur at any stage of the process from manufacture to translation [5].

Solutions to these problems is design for testability (DFT) Simply said, Design for testability is a method of chip
design that incorporates extra circuitry to make testing the chip easier and cheaper [6]. Alternatively, embedded
functions may be evaluated with the help of Design-for-testability methodologies, which increase the internal nodes'
controllability and observability [7].

The cost of testing is not negligible. Present day microprocessors have more than 1000 pins. The number of
features they provide is staggering. If even one transistor on a chip fails, the whole chip is useless and must be thrown
away. To put it simply, the customers do not count on manufacturers to provide them with defective chips. However, it
might be difficult to find a single faulty transistor among billions. We may have to try out every feature in every
imaginable permutation. The time-to-market for the chips might be so long if testing is conducted in that manner. So,
we use a specific procedure to upgrade these chips. Design for Testability (or DFT) is the acronym for this approach.
Furthermore, it enhances a chip with the property of "testability" [8].

The problem of testing sequential circuits may be overcome with the help of DFT. Unfortunately, testing
sequential circuits may be challenging. Because in addition to the flip-flops, there are also clocks to consider [9]. In
contrast to combinational circuits, the output of sequential circuits cannot be determined by only examining the inputs.
By virtue of flip-flops, sequential circuits have limited states. Additionally, the production relies on the condition of the
equipment. Internal flip-flops are difficult to regulate and witness outside [10-22]. Therefore, the state machines cannot
be tested without being started with a known value. In addition to the normal circuitry, we require a special set of
characteristics to initialize them. DFT permits the addition of this feature to a sequential circuit, allowing us to test it. In
this paper, DFT using full scan method is going to be implemented for a circuit that consists of 10 logic gates, and 6
Flipflops.

2. METHOD

In this section, 10 logic gates, 6 (2 tol) multiplexers as well as 6 D flipflops (FF1, FF2, FF3, FF4, FF5, FF6) were
connected properly to implement full scan method. The primary inputs are (A, B, C, D, E, F), Sl is the pin used to
initialize the flipflops with the desired values, select pin is used to select between test mode or normal mode (Select=1
for test mode, select=0 for normal mode), CLK pin is the clock. Z is the primary output, and finally SO is the scan
output as shown in Figure 1.
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FIGURE 1. - Circuit under test

First of all, the Flipflops, primary inputs (A, B, C, D, E, F), Sl pin, and Select pin need to be initialized and after
that the circuit is simulated to get the fault free circuit’s wave form result which will be used for a comparison with
faulty circuit.

3. RESULTS AND DISCUSSION
3.1HSTUCK at1

In this case we are injecting a fault in CUT by connecting H input to VCC as shown in Figure 2, this line will be
always stuck at 1. To propagate this fault, the test pattern used is for {A, B, C, D, E, F, FF1, FF2, FF3, FF4, FF5, FF6}
is {0,0,0,0,0,0,0,0,0,0,0,1} respectively, as shown in Table 1, to propagate the fault then the fault will be propagated

14



Taha Rashid et al., Al-Salam Journal for Engineering and Technology Vol. 2 No. 2 (2023) p. 13-20

through FF5 and FF6 and through Z. The fault was detected at Z pin after 7 clock cycles, because the original value of
Z pin in fault free circuit was (Z=1), while we get (Z=0) in faulty circuit as shown in Figure 3, Figure 4 and Table 2.
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Table 1. - Test pattern used for H stuck at 1.
Pin A B C D E F FFl FF2 FF3 FF4 FF5 FF6
lInpu 0O 0O O O O O 0 0 0 0 0 1

Master Time Bar: 1000 ns 4|+ Pointer. 198 Intesvak 38,02 ns Start
Vaue a P P8 200ns 400ns 60.0ns 80.0ns 100,0ns 1200ns 1400ns
Name | 100.0re 100.0ns
J
0 A | AD]
w1 B AD
w2 c AD
w3 o AD
4 E A0
=5 F AD
6 sl a0 | 1
w7 SELECT| A1 1 !
o8 S0 AD J
o5 z AT
w10 CLK AD 1 J I 1 I 1

FIGURE 3. - Fault Free waveform (H stuck at 1)
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FIGURE 4. - H stuck at 1 simulation waveform

Table 2. - fault free circuit output compared to faulty circuit output (H stuck at 1).

Fault free circuit Faulty circuit Number of
Primary output (Z) Scan out (SO)  Primary output (Z2) Scan out (SO) CI?]%E dcg/gle
1 1 0 1 7
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3.2JSTUCK at1

In this case we are injecting a fault in CUT by connecting H input to VCC as shown in Figure 3, this line will be
always stuck at 1. To propagate this fault, the test pattern used is {A, B, C, D, E, F, FF1, FF2, FF3, FF4, FF5, FF6} is
{0,0,0,0,0,0,0,0,0,0,0,1} respectively, as shown in Table 3, to propagate the fault then the fault will be propagated
through and FF6 and through Z. The fault was detected at scan out pin after 7 clock cycles, because the original value
of scan out pin in fault free circuit was Scan out (SO=1), while we get scan out (SO=0) in faulty circuit as shown in
Figure 6, Figure 7 and Table 4.
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FIGURE 5. - J stuck at 1
Table 3. - Test pattern used for J stuck at 1.
Pin A B C D E F FF1 FF2 FF3 FF4 FF5 FF6

lnput 0 0 0 0 O O 0 0 0 0 0 1

Master Time Bar 100.0 ns ﬂllpﬂ'ﬁﬂ 1.5 ns Inderval B8 2 na Shat
vu‘.'Pw 200 40.0 50.0na E0Qra 100,0na 12003 140,0ra
Name 1000 100.0rs
[ d A Y
w1 B Al
w2 c Al
[ ] D AD
[ E Al
w5 F Al
[T 3l a0 i 1
w7 SELECT, A1 | E——
o8 50 Al |
[T 2] z Al
=10 CLK AD I 1 I ! J J 1 J !
FIGURE 6. - Fault Free simulation waveform (J stuck at 1)
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FIGURE 7. - J stuck at 1 simulation waveform
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Table 4. - fault free circuit output compared to faulty circuit output (J stuck at 1).

Fault free circuit Faulty circuit Number of

Primary output (Z)  Scan out (SO)  Primary output (Z)  Scan out (SO) Clﬁ‘é‘égggle
1 1 1 0 7

3.3KSTUCK at0

In this case we are injecting a fault in CUT by connecting H input to VCC as shown in Figure 3, this line will be
always stuck at 1. To propagate this fault, the test pattern used is {A, B, C, D, E, F, FF1, FF2, FF3, FF4, FF5, FF6} is
{0,0,0,0,0,0,0,0,0,1,1,1} respectively, as shown in Table 5, to propagate the fault then the fault will be propagated
through and FF6 and through Z. The fault was detected at Z pin after 6 clock cycles, because the original value of scan
out pin in fault free circuit was (Z=1), while we get scan out (Z=0) in faulty circuit as shown in Figure 9, Figure 10 and

Table 6.
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FIGURE 8. - K stuck at 0
Table 5. - Test pattern used for K stuck at 0.
Pin A B C D E F FF1 FF2 FF3 FF4 FF5 FF6
lnpuu 0 0 0 0 O O 0 0 0 1 1 1
Master Tine Bar: 100.0 s 4] ¢] Peantes: T1ns Inbeist 5289 s Siart

- Yﬁ: Pm 200ns 400 60.0ns 800 ns :;&;g: 1200ns 140.0ns
A AD
B [ a0
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] AD I 1
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z A1 |
CLK AD J L I I 1 | 1 I J 1

FIGURE 9. - Fault Free simulation waveform (K stuck at 0).
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FIGURE 9. - K stuck at 0 simulation waveform
Table 6. - fault free circuit output compared to faulty circuit output (K stuck at 0).
Fault free circuit Faulty circuit Number of
Primary output (Z)  Scan out (SO)  Primary output (Z)  Scan out (SO) c'%%‘égg’gle
0 1 1 1 6

Area Overhead

Area overhead =

n

4 x il X 100%
Mg + Myes

Flip flop= 6, Gates = 10

n, = 10, Neer = 6, 1 flipflop =10 gates
4% 6
(10+ (6 x 10))

Area overhead = [ ® 100%

- [24] « 10004
~ 170 ’
= 34290

From the results obtained there are a few observations can be made. For H stuck at 1 the test pattern used for {A,
B, C, D, E, F, FF1, FF2, FF3, FF4, FF5, FF6} was {0,0,0,0,0,0,0,0,0,0,0,1}. However, all inputs A, B, C, D, E, F is
actually unknown X since we do not care its value since it does not affect the propagation of the fault through the scan
out and output Z, however for the sake of the simulation the value unknown cannot be set because it will give an error
thus in the simulation all the unknown will just be set to 0. In order the observe whether the fault has been propagated
or not the scan out pin and output z pin was observed and to ensure that the fault is propagated we need to make sure
scan out pin an output z pin is D’ for H stuck at 1 and to do this the circuit was simulated with the test pattern mention,
{0,0,0,0,0,0,0,0,0,0,0,1} for H stuck at 1 then by using the same test pattern the circuit was simulated for fault free
where the fault was removed and the output waveform is compared between fault free and faulty. From the output
waveform we can observe at the 71" clock cycle the output Z is 1 for fault free and 0 for faulty circuit while the scan out
pin is the same which is 1 for both faulty and fault free thus the fault can be observed at Z and not at scan out. This is
due to when the flip flop is initialized for 6 clock cycle then the D' is propagated through FF5 which adds another clock
cycle during normal mode however the fault is still not propagate to primary output Z or scan out because the output for
z and scan out pin is still the same for fault free and faulty so the fault is then propagate through the NAND gate thus is
why we can observe the output at Z as shown in the waveform but we do not need to add another clock cycle because
the fault went through a logic gate and not a flip flop. So, the total clock cycle used for H stuck at 1 is 7 clock cycle.

For J stuck at 1 the test pattern uses for {A, B, C, D, E, F, FFl, FF2, FF3, FF4, FF5, FF6} was
{0,0,0,0,0,0,0,0,0,0,0,1}. The same process was done which was the circuit simulated using the test pattern for fault J
stuck at 1 and then circuit was simulated using the same test pattern for fault free circuit. Then we compare the
waveforms. For J stuck at 1 the output Z is 1 for faulty and fault free while the scan out pin is 0 for faulty circuit and 1
for fault free thus the fault can be detected at the scan out pin. After the flip flop was initialized for 6 clock cycle then
the fault is verified to be propagated through the FF6 in normal mode since scan out is O for faulty and 1 for fault free
which adds another clock cycle. Since the fault is already propagated through the scan out, we do not need to propagate
the fault through Z. So, the total clock cycle used to detect J stuck at 1 is 7 clock cycle.
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Lastly for K stuck at 0 the test pattern used was {A, B, C, D, E, F, FF1, FF2, FF3, FF4, FF5, FF6} was
{0,0,0,0,0,0,0,0,0,1,1,1}. In order to activate the fault FF4 and FF5 must be 1 to activate the fault and the FF6 must be 1
so that the fault can be propagated through the NAND gate and to Z. The circuit was simulated using the test pattern for
fault free and K stuck at 0. From the output waveform we can observe that the primary output Z is 1 for faulty and 0 for
fault free circuit which means that the fault can be observed at primary output Z and not the scan out pin. The fault can
be observed during the 6th clock cycle, this is due to when the Flip flop has been initialized for 6 clock cycle then the
fault is propagated to Z during normal mode, however another clock cycle is not needed since the fault is propagated
through a logic gate in normal mode.

4. CONCLUSION

Manually creating and validating tests for ever more sophisticated logic devices was too time-consuming, test
coverage was difficult to assess, and test runs took too long. Functional testing describes the method used. So,
businesses adopted a design for test (DFT) strategy, wherein designs were altered to facilitate testing. In this paper, the
full scan approach of design for testability to a sequential circuit (CUT) has been done. 6 D flip-flops and 10 logic gates
make up the CUT. The Quartus prime program was used to create this CUT. Following are the procedures that was
used to complete this task: A perfect circuit simulation must first be performed. Second, the system's ability to identify
problems was evaluated by injecting three different types of errors. As the last step, evaluate the gathered data in (what
is the test pattern needed, and how the fault can be observed at output). It is concluded that all faults can be detected
using the given test patterns.
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