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Abstract— Asynchronous MOUSETRAP pipeline circuit is a
simple and fast circuit thanks to the 2-phase handshaking pro-
tocol which has no return-to-zero overhead. In this paper, we
propose two scan D-latches in order to support its scan test since
D-latches are used instead of flip-flops in the MOUSETRAP. We
design some MOUSETRAP pipeline circuits with the ISCAS89
benchmark combinational circuits using 130nm process technolo-
gies and show some evaluation results of the overhead and the
fault coverage under the single stuck-at fault model.

I. Introduction

Over the past few decades, a considerable number of stud-

ies have been conducted on the test method of synchronous

circuits based on the global clock, and then some EDA (Elec-

tronic Design Automation) tools to support the full-scan test

using scan flip-flops have been developed. On the other hand,

the concern with asynchronous circuits based on the request-

acknowledge handshaking protocol instead of the global clock

has been growing since they have a great potential to re-

solve some of difficulties in synchronous circuit design, e.g.,

delay variations due to process variations and environmental

changes, crosstalk, and EMI (Electromagnetic Interference).

However, the test method of asynchronous circuits has not yet

been established. Thus, in this paper, we focus on the scan test

of asynchronous circuits under the single stuck-at fault model.

When designing an asynchronous circuit, one needs to

choose a handshaking protocol with respect to a request sig-

nal and the corresponding acknowledge signal. The two main

protocols used for handshaking are the four-phase handshaking

(signaling) and the two-phase handshaking (signaling) [1, 2].

The former is often preferred by asynchronous circuit design-

ers since it leads to simpler circuit while it suffers from the

overhead due to the return-to-zero (initializing) phase. On

the other hand, the latter requires no return-to-zero phase so

that it has the potential to outperform the former. Actu-

ally, MOUSETRAP [3] proves that a high speed asynchronous

pipeline can be implemented using the two-phase handshak-

ing protocol, and several similar implementations have been

proposed [4, 5, 6, 7]. However, few attempts have been made

at test methods in the MOUSETRAP circuits. In [8], Gen-

nette et al. proposed a test method for delay faults in asyn-

chronous pipeline circuits which include the MOUSETRAP

circuits. The fault model is different from our target fault

model. Feng et al. introduced C2MOS circuits to the MOUSE-

TRAP scheme and then presented a test method to detect stuck-

at faults [9]. However, it requires the C2MOS circuits which

are different from the normal D-latches. To our knowledge, a

full scan test method in the MOUSETRAP pipeline circuits has

not yet been clearly shown. Thus, in this paper, we propose two

scan D-latches in order to support the full scan test, and eval-

uate the overhead and the fault coverage using the ISCAS89

benchmark circuits and the 130nm process technologies.

The rest of this paper is organized as follows. The MOUSE-

TRAP circuit and constraints are explained in the next section.

Section III proposes two scan D-latches and explains about

the structure of a full scan MOUSETRAP circuit. Section IV

shows some evaluation results. Finally, Section V describes

our conclusions.

II. MOUSETRAP pipeline circuit and its scan test

Figure 1 shows the basic structure of a MOUSETRAP

pipeline circuit [3] and the timing chart of signal transitions in

the three pipeline stages. As shown in Fig. 1 upper part, the cir-

cuit can be separated as a handshake control block and a datap-

ath block where its border is represented by the double-dotted

line. The former is constructed by a D-latch and an XNOR

gate per pipeline stage. A delay element is inserted between

D-latches in order to generate the strobe signal which indicates

the stable state of the corresponding datapath circuit based on

the bundled-data transfer scheme [1]. The request signal and

the corresponding acknowledge signal are performed based on

the two-phase handshaking protocol as shown in Fig. 1 lower

part, i.e., both the rising and falling edges of the signals are

valid. The datapath block is constructed by combinational cir-

cuits and D-latches instead of flip-flops. The enable signal of

D-latches are commonly used in both the control block and the

datapath block. An important point to emphasize is the fact

that both the handshake control block and the datapath block

are constructed by normal D-latches and standard logic gates.

There is no special asynchronous element like the Muller’s C-

element which is often used as a state holding element in asyn-

chronous circuit design. Thus, in this paper, the handshake

control block of a MOUSETRAP pipeline circuit is considered

as one of datapath circuits in the viewpoint of a full scan test.
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Fig. 1. Basic structure of MOUSETRAP pipeline circuit and its timing chart.

The MOUSETRAP pipeline circuit performs as follows.

The D-latches in the control block are initialized by the reset

signal. Then, all the enable (gate) signals en* become 1, i.e.,

all the D-latches are in the transparent mode initially. When

the initializing is finished, input data data in is inserted and

the corresponding request signal ireq is asserted by a rising

edge. As a result, the acknowledge signal oack is asserted as

a rising edge, and the enable signal of the first pipeline stage

en0 becomes 0, i.e., D-latches in the first stage are in the hold

mode. The output request signal req0 from the first stage is

delayed by the delay element whose delay value matches to

the critical path delay of the corresponding combinational cir-

cuit CC0. Then, the second pipeline stage captures the delayed

request signal. As a result, the enable signals en1 and en0 be-

come 0 and 1, respectively. It means that D-latches in the first

stage are in the transparent mode again. Similarly, in the suc-

ceeding stages, the input data is sequentially propagated based

on the above procedures as shown in Fig. 1 lower part. What is

important is that a request signal and the corresponding data

in the first pipeline stage cannot help going through all the

pipeline stages at the normal operation period of the MOUSE-

TRAP scheme. In the viewpoint of scan test, test patterns in

the second stage and the succeeding stages must depend on the

test pattern in the first stage. Thus, it is needed to control each

stage at the normal operation period of a scan test.

On the other hand, at least two control signals are needed to

transfer data between sequential latches. Typically, latches are

separated into master latches and slave latches, and they are

controlled by two enable signals whose valid periods are not

overlapped. When the master enable signal is 1 and the slave

enable signal is 0, a data transfer from the slave latches to the

master latches is performed, and vice versa. As the result, the

stored values in two sequential D-latches from the slave latch

or the master latch must be the same value as shown in Fig. 2.

D
G

QD
G

Q
G D

G
QD

G
Q

G D
G

QD
G

Q
G D

G
QD

G
Q

G D
G

QD
G

Q
G

1 0 0 1 1

master = 1
slave = 0

D
G

QD
G

Q
G D

G
QD

G
Q

G D
G

QD
G

Q
G D

G
QD

G
Q

G D
G

QD
G

Q
G

1 1 0 0 1

master = 0
slave = 1

Fig. 2. Data transfer constraints in D-latches.

In this paper, pipeline stages are classified into master stages

and slave stages. Then, the scan test for master stages is firstly

performed. After that, the scan test for slave stages is per-

formed. Note that all the master (slave) stages can be tested in

parallel. In this case, when the input signals to master (slave)

latches which belong to the master (slave) stages are issued by

other master (slave) latches, additional slave (master) latches

should be inserted between them. Thus, when the number of

stages is odd, additional latches should be inserted between the

last stage and the first stage since both the first stage and the

last stage are classified as the same master stages, resulting in

increasing the number of D-latches by the bit width. On the

other hand, when the number of stages is even, the above ad-

ditional D-latches are not needed.

Suppose that the number of D-latches in an original circuit

is n. When the number of pipeline stages is even, the lengths

of a scan chain is n. Generally, the input of a test pattern can be

simultaneously performed with the output of the test result on

the same scan chain. Figure 3 shows the test procedure of the

proposed method when the number of test patterns is three. As

shown in Fig. 3, the output of the last test result for the master

stages can be simultaneously performed with the input of the

first test pattern for the slave stages. Thus, the test time can be

represented as follows;

(n × Dlatch + Dope) × {# of test patterns} × 2 + n × Dlatch

where Dlatch and Dope denote the delay of scan D-latch and the

delay of the normal operation, respectively.
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Fig. 3. Test procedure of the proposed method.
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III. Scan D-latch forMOUSETRAP

We propose two scan D-latches which satisfy the following

conditions in order to implement the proposed test method in

the previous section.

Condition 1. It is necessary to keep specific D-latches the

hold mode at the normal operation period by the control signals

from the outside of a chip. It can stop the propagation of the

test pattern which has been stored in the first stage through all

the stages during the normal operation period.

Figure 4 shows the structure of our scan D-latch which sat-

isfies the condition 1 and denotes SD1. Table I shows the truth

table of the scan control logic in Fig. 4. The signal SC is 2bit

control signals from the outside of a chip.
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Fig. 4. Scan D-latch which satisfy the condition 1 (SD1).

TABLE I

Truth table of scan control logic in Fig. 4.

SC d g
Normal for normal operation 0 0 D G
mode for test operation 0 1 * 0

Scan 1 0 SI 1

mode 1 1 * 0

As shown in Table I, when SC = (0,0), the proposed scan

D-latch operates as the normal D-latch in the normal mode.

Then, SC should be (0,1) in order to keep its stored value at

the normal operation period in the scan test scheme. It can

properly stop the data propagation. SC = (1,0) and (1,1) are

used to input test patterns and output the test results using the

scan chain. When the mode is changed from the scan (normal)

mode to the normal (scan) mode, the lower bit of the signal SC
should be 1 so that the latch is in the hold mode, resulting in

no redundant transitions.

Condition 2. In addition to the condition 1, it is necessary to

operate as a simple buffer at the normal operation period by the

control signals from the outside of a chip since it is a redundant

circuit except for the scan test.

Figure 5 shows the structure of another scan D-latch SD2
which satisfies the condition 2. Table II shows the truth table

of the scan control logic in Fig. 5.
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Fig. 5. Scan D-latch which satisfy the condition 2 (SD2).

TABLE II

Truth table of scan control logic in Fig. 5.

SC d g
Normal for normal operation 0 0 D 1

mode for test operation 0 1 * 0

Scan 1 0 SI 1

mode 1 1 * 0

As shown in Table II, when SC = (0,0), the proposed scan D-

latch operates as the simple buffer since the enable signal of the

D-latch is always valid, i.e., the D-latch is always in the trans-

parent mode. The difference between the above two scan D-

latches is only the operation under the case where SC = (0,0).

Figure 6 shows the structure of the proposed scan MOUSE-

TRAP circuit which contains three pipeline stages as shown in

Fig. 1. The first stage and the third stage are defined as the mas-

ter stages, and the second stage is defined as the slave stage. In

the datapath block, the original D-latches are replaced with the

proposed scan D-latches SD1s which operate as the normal D-

latches in the normal mode. Note that the enable signal g in

Fig. 4 can be shared in the same stage. The scan chain in the

datapath block is composed from the least significant bit to the

most significant bit as shown in Fig. 6. The scan in is the in-

put port of test patterns. Since the number of pipeline stages

is odd, a normal D-latch is inserted between the scan D-latch

whose bit number is i in the last stage to the scan D-latch whose

bit number is i + 1 in the first stage. In the handshake control

block, the original D-latches are also replaced with the pro-

posed scan D-latches SD1s. Then, additional scan D-latches

SD2s which operate as simple buffer gates in the normal mode

are inserted between the replaced D-latch and the correspond-

ing XNOR gate since the output signal of the original D-latch

generates an input signal to the same D-latch. In addition, two

additional scan D-latches SD2s is inserted for the input signal

iack in order to determine the specific input signals. The scan

chain in the control block is alternately connected as shown in

Fig. 6.

The area of a normal MOUSETRAP pipeline circuit can be

modeled as follows.

{Ad × (M + 1) + Ag} × N

+(Acc + Adc) × (N − 1) (1)

where Ad, Ag, Acc, and Adc denote the area of a normal D-latch,

an XNOR gate, a combinational circuit, and a delay element,
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Fig. 6. The structure of the proposed scan MOUSETRAP (pipeline stage number is odd).

respectively. N and M denote the number of stages and the

number of bit width in the datapath, respectively. Note that all

the combinational circuits are assumed to be the same. The

area of the proposed scan test circuit can be formulated as fol-

lows.

• The number of stages is even.

{ASD1 × (M + 1) + Ag + ASD2} × N

+(Acc + Adc) × (N − 1) + ASD2 (2)

• The number of stages is odd.

{ASD1 × (M + 1) + Ag + ASD2} × N

+(Acc + Adc) × (N − 1) + ASD2 × 2 + Ad × M (3)

where ASD1 and ASD2 denote the area of the proposed scan

D-latch SD1 and the proposed scan D-latch SD2, respec-

tively.

The upper bit of the control signals SC indicates the normal

mode or the scan mode. The mode is the common to both the

master stages and the slave stages. Thus, the upper bit of the

control signal SC master can be shared with that of the control

signal SC slave. Consequently, three input bits are required

to control the proposed scan D-latches. Figure 7 shows the

signal patterns of the above three control signals. As shown in

Fig. 7, SC master[0] and SC slave[0] mutually become valid

when ScanMode = 1. When ScanMode = 0, i.e., in the normal

operation period, either signal becomes valid. As a result, the

test result is properly captured.

In the viewpoint of the fault coverage, a stuck-at-zero fault

on the gate signal in the first stage, which is indicated as the

rounded polygon with the dotted line, cannot be tested. This

ScanMode

SC_master[0]

SC_slave[0]

(a) scan test for master latches

ScanMode

SC_master[0]

SC_slave[0]

(b) scan test for slave latches

scan in/out scan in/out

scan in/out scan in/out
normal

operation

normal
operation

Fig. 7. Control signal patterns.

is because the input values of the first stage are undefined, i.e.,

the stored data in the first stage at the normal operation period

cannot be judged whether it is correct or not when the stuck-

at-zero fault occurs on the gate signal. It means that the test

pattern in the last stage may be the same as the undefined input

values.

IV. Evaluation

In this section, some evaluation results using 130nm process

technologies and the combinational circuits of the ISCAS89

benchmark will be shown.

A. Cell characteristics

First, the characteristics of 1bit D-latches are evaluated. The

proposed scan D-latches are synthesized by the Synopsys De-

sign Vision. It is assumed that the process variation parameters

are taken as the typical values, the voltage of circuits is 1.2V,

- 131 -



the temperature is 25 degrees Celsius, and the output load is

FO4 inverters. Table III shows the characteristics of the nor-

mal D-latch, the proposed scan D-latch SD1, and the proposed

scan D-latch SD2. In table III, each value represents the ratio

value to the normal D-latch instead of the absolute values due

to the NDA. The gate signal G of SD2 cannot become the trig-

ger to flip its output signal since the signal always valid. From

Table III, it can be said that the overheads of the scan D-latch

are large since standard cells are used in this evaluation. It is

considered that they can be reduced by transistor level imple-

mentation. It is in the scope of our future work.

TABLE III

Characteristics of the proposed scan D-latches.

normal scan D-latch scan D-latch

D-latch (SD1) (SD2)

Area 1.00 2.36 2.14

Delay D→Q (rise) 1.00 1.56 1.61

D→Q (fall) 1.00 1.55 2.09

G→Q (rise) 1.00 1.43 –

G→Q (fall) 1.00 1.18 –

Power 1.00 3.45 3.02

B. Area overhead

Suppose that the number of pipeline stages are 4 and 5.

When no combinational circuit is assumed, the bit width is

specified as 32 bits. When there are some combinational cir-

cuits, all the combinational circuits between pipeline latches

are assumed to be the same circuits of the ISCAS89 bench-

mark. When the number of output port in the combinational

circuit is lower than that of the input port, the shortage bits of

the output latches are directly connected to the input latches

without combinational circuits.

Table IV shows the area overhead which is represented as

the ratio of the proposed scan MOUSETRAP circuits to the

normal MOUSETRAP circuits. The overhead decreases as

the amount of the combinational circuits increases. When the

number of pipeline stages is 4, the area overhead is varied from

1.22 to 2.14 with an average value of 1.49. On the other hand,

when the number of pipeline stages is odd, the area overhead is

larger than that of the even stage circuits due to the additional

D-latches in the datapath block.

C. Fault coverage

The Synopsys TetraMAX ATPG (Automatic Test Pattern

Generation) tool is used for the evaluation of fault coverage

under the single stuck-at fault model. The tool can generate the

corresponding test patterns for a combinational circuit. It also

produces fault coverage results as the numbers of total faults,

detected faults, and undetectable faults. The fault coverage of

a combinational circuit of the ISCAS89 benchmark circuit can

be represented as follows;

detected f aults
total f aults

× 100

TABLE IV

Area overhead comparison.

# of # of pipeline stages

circuit ports 4 stages 5 stages

nothing 32 1.93 2.12

s27 7 2.14 2.22

s208 1 18 1.71 1.78

s298 20 1.61 1.67

s344 26 1.59 1.67

s349 26 1.60 1.67

s382 27 1.57 1.64

s386 13 1.52 1.57

s400 27 1.57 1.64

s420 1 34 1.59 1.69

s444 27 1.58 1.65

s510 25 1.42 1.47

s526 27 1.53 1.59

s526n 27 1.51 1.58

s641 54 1.65 1.75

s713 54 1.65 1.75

s820 24 1.36 1.41

s832 24 1.36 1.40

s838 1 66 1.53 1.62

s953 52 1.32 1.37

s1196 32 1.28 1.32

s1238 32 1.28 1.31

s1423 91 1.45 1.52

s1488 25 1.22 1.25

s1494 25 1.22 1.24

s5378 214 1.45 1.52

s9234 250 1.41 1.48

s9234 1 250 1.41 1.48

s13207 764 1.55 1.64

s13207 1 762 1.54 1.63

s15850 681 1.46 1.54

s15850 1 681 1.46 1.54

s35932 1763 1.46 1.54

s38417 1664 1.43 1.50

s38484 1 1578 1.36 1.42

s38584 1578 1.36 1.42

average 1.49 1.56

On the other hand, as mentioned above, the fault coverage of

the scan block cannot become 100% since the stuck-at-zero

fault on the gate signal in the first stage cannot be tested. Thus,

the fault coverage of the remaining scan blocks can be repre-

sented as follows. Note that “×2” denotes a stuck-at-zero fault

and a stuck-at-one fault on each node.

(#node × 2 − 1)

(#node × 2)
× 100

As the result, the total fault coverage can be calculated as

follows;

{detected f aults} × (#stage − 1) + (#node × 2 − 1)

{total f aults} × (#stage − 1) + (#node × 2)
× 100
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Table V shows the total fault coverage of the proposed

MOUSETRAP circuits with the ISCAS89 benchmark combi-

national circuits. They are varied from 89.18% to 99.99% with

an average value of 98.90%. From Table V, it can be seen

that the fault coverage depends on the circuit structure of the

combinational circuits regardless of the amount of the circuits.

TABLE V

Fault coverage [%].

scan block logic total

only pipeline latch 99.87 – 99.87

s27 99.87 100.00 99.99

s208 1 99.87 83.33 96.20

s298 99.87 100.00 99.91

s344 99.87 99.00 99.57

s349 99.87 99.00 99.57

s382 99.87 100.00 99.91

s386 99.87 100.00 99.90

s400 99.87 100.00 99.91

s420 1 99.87 88.24 95.80

s444 99.87 100.00 99.91

s510 99.87 90.79 97.27

s526 99.87 100.00 99.91

s526n 99.87 100.00 99.91

s641 99.91 100.00 99.95

s713 99.91 99.48 99.74

s820 99.87 100.00 99.91

s832 99.87 100.00 99.91

s838 1 99.93 85.35 94.66

s953 99.91 68.92 89.18

s1196 99.87 96.03 98.34

s1238 99.87 96.03 98.34

s1423 99.95 100.00 99.97

s1488 99.87 100.00 99.91

s1494 99.87 100.00 99.91

s5378 99.98 99.65 99.83

s9234 99.98 99.90 99.94

s9234 1 99.98 99.80 99.90

s13207 99.99 95.96 98.29

s13207 1 99.99 96.06 98.33

s15850 99.99 99.14 99.63

s15850 1 99.99 99.14 99.63

s35932 99.99 99.99 99.99

s38417 99.99 95.56 98.08

s38484 1 99.99 99.37 99.73

s38584 99.99 99.37 99.73

average 99.91 96.86 98.90

V. Conclusion

We have presented the test method of asynchronous

MOUSETRAP pipeline circuits under the single stuck-at fault

model. We have presented two scan D-latches in order to sup-

port the full scan test of the circuits. In this paper, we have eval-

uated the overhead and the fault coverage using the ISCAS89

benchmark circuits and the 130nm process technologies. Our

proposed method can control D-latch circuits which operate

based on the 2-phase handshaking protocol, and observe them

by the full scan scheme. In the proposed method, the proposed

scan D-latches are controlled by the control signals from the

outside of the chip instead of the internal handshaking signals.

Thus, it can be said that the proposed scan D-latches can be

used for the scan test not only of other asynchronous circuits,

but also of synchronous circuits. Evaluation results show that

the area overhead is varied from 1.22 to 2.14 with an average

value of 1.49, and it becomes smaller as the amount of the com-

binational circuit increases. The total fault coverage is varied

from 89.18% to 99.99% with an average value of 98.90%. It

is in the scope of our future work to reduce the area overhead

and improve the fault coverage.
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