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Abstract— The lack of a good testing method for asyn-
chronous circuits has long been a serious drawback for
the use of asynchronous circuits in industrial applications.
With the introduction of a full-scan test method it was
shown that it is possible to develop a full-automated struc-
tural test method for these circuits. The major drawback
of the method however was the excessive area required to
implement the scan features. In this work we present op-
timization methods that can significantly reduce the area
requirements of the method. Both the use of dedicated
standard cells for some asynchronous components as de-
scribed in and the so-called L1L2* testing method offer
large area savings. L1L2* testing is a latch based testing
method, in which scan is implemented without the slave
latches that are normally required for latch based scan.
The application of these optimization methods, reduce the
area needed to implement scan testing from the original
90 % down to around 35 %. Although the area is high
compared to traditional synchronous scan test methods, it
is already sufficiently low to be of industrial use in some
application area. Future optimizations and improvements,
like for example partial scan, will reduce the area further
to around 20 to 25 %

Keywords— asynchronous circuits, DFT, scan design,
LSSD, LiL2*

I. INTRODUCTION

Handshake circuit design methods, like Tangram [1]
or Balsa [2], make it possible to design large and com-
plex asynchronous circuits. This paper describes a
test solution for the Tangram design method. Tan-
gram consists of a high-level description language and
a synthesis flow. In this synthesis flow, circuits are
created by connecting basic handshake components
together. About 40 different types of these handshake
components exist, each corresponding to a different
language construct.

Testing asynchronous circuits is known to be a noto-
rious problem [3]. Even more so than in conventional
synchronous circuits, generating test-patterns for an
unmodified asynchronous circuit is difficult. Not only
because sequential test-pattern generation is needed
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but also because the circuits lack a global clock to
control its operation.

Our approach is to use scan techniques to simplify
the test problem into the well-known combinational
test problem, so as to avoid the above mentioned
difficulties. This requires a modification of the se-
quential elements in the circuit, especially those that
are not found in synchronous circuits, like C-elements
[4]. This should be implemented in such a way, that
not only makes it possible to test all faults in the
modified circuit, but also guarantees an unmodified
asynchronous mode of operation. The method pre-
sented in this paper allows the testing of industrial
size asynchronous designs with high quality and au-
tomatic test-pattern generation. After describing the
full-scan method, its cost are minimized by (i) using
dedicated cells, and (ii) using L1L2* scan [5]. These
methods are evaluated on a number of industrial ex-
amples.

II. TESTING ASYNCHRONOUS CIRCUITS

At circuit level, there are two distinct differences
between synchronous and asynchronous circuits, both
of which significantly increase the difficulty of testing
such a circuit: (i) the lack of a global clock and (ii)
the occurrence of combinational loops.

No global clock: Asynchronous circuits (by definition)
have no global clock. Correct internal timing is
achieved by explicit acknowledgement of signals and
dimensioning of delays to satisfy timing assumptions.
In certain design styles, including Tangram, conven-
tional logic and flip-flops are used in the data path.
The clock signals of the flip-flops are then connected
to locally generated clock pulses.

When testing an asynchronous circuit, the absence of
a global clock is a major problem. In synchronous
circuits, the clock is used to keep track of a global
state. Asynchronous circuits have no global state, in-
stead they have many local states that only synchro-
nize when required. The result is that it is difficult to
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bring the circuit into a certain state (controllability)
and to observe in which state the circuit is (observ-
ability). Both of these operations are essential for
testing.

Combinational loops: Two types of combinational
loops can be distinguished. The first type is a lo-
cal loop, usually within a cell or around several cells
that together form a higher level sequential element.
Local loops are used to store the state of an element.
Common cells such as latches and flip-flops also con-
tain a local loop, but in those cases the loop is masked
by the clock. In asynchronous logic styles, local loops
occur that are not masked and therefore have to be
dealt with by the test method.

The other type of loop is a global loop. These loops
can span many cells, both combinational and sequen-
tial. In synchronous designs all loops have to span at
least one sequential element. For asynchronous cir-
cuits this is not necessarily the case and global loops
can also be completely combinational. When this oc-
curs in a circuit, additional test points are needed in
such a loop to make it testable.

Asynchronous test methods need to deal with these
two complicating factors. Several test methods have
been proposed in literature, an overview of these is
given in [3]. Most of these test methods focus on the
exploitation of a specific feature of a specific design
style. One property that was often used is the ac-
knowledge property. This defines a situation where
every signal transition is acknowledge by another.
Such a circuit will deadlock in the presence of cer-
tain faults. Unfortunately this does not hold for many
stuck-at input faults. It also does not solve the test-
pattern generation problem, since it requires a func-
tional test that excites every path in the circuit. Other
methods use scan techniques for data path circuits,
sometimes combined with simple modifications in con-
trol circuits, for example to cut specific loops [6], [7].
Most of these methods use scan to simplify the gen-
eration of a functional test that actually tests the cir-
cuit. All proposed methods are implementation-style
specific and require custom ATPG tools.

The method described in this paper uses a different
approach: the target is a solution that is compatible
with synchronous scan-test methods, even to the ex-
tend that many synchronous test tools, like for ATPG,
can be used without modifications. The method sys-
tematically solves the two test problems by adding
DT logic. Initially this will result in a significant
area overhead, but with several optimization possibil-
ities the area overhead can be reduced to an affordable

level of around 25%.

III. ScaN BASICS

Most of the test problems can be solved by mod-
ifying the state-holding elements, whether they are
standard (latch, flip-flop) or custom made with a lo-
cal loop. Within Tangram three types of state-holding
elements are used:

Flip-flops: Edge-triggered flip-flops are the default
memory elements in many synchronous design styles.
Scan modifications consist of adding a multiplexer
function for the data input and adding a second mul-
tiplexer function to connect the element to a global
clock. Scanning in this way leads to the default edge-
triggered mux-D scan test.

Latches: Latches are less common in synchronous de-
sign styles. Latches have a level sensitive clock and
scanning them can be done with the well known LSSD
(Level Sensitive Scan Design) scan method [8], which
uses a two-phase non-overlapping clock. With LSSD
two types of latch structures can occur: (i) Single
latch, Figure la, where only one latch is used func-
tionally and the other latch is only added for test; (ii)
Double latch, Figure 1b, where both latches are used
functionally.

s D Ere—s
Se_l_ﬂ L] r“- L3 (a)
Clk 1 Clk 2
s o []° [C2
Si . So (b)
Se —|n, 3
L]
Clk 1 Clk 2
Fig. 1. Single and Double latch

Since all latches in Tangram circuits are single latch
structures, many dummy latches have to be added to
the scan chain, resulting in a high overhead. Most
of the dummy latches can be removed by using the
L1L2* scan optimization described in section 5.
C-elements: C-elements are unique to asynchronous
circuits [4]. They have no clock, and the data in-
puts are therefore always sensitive to input changes.
An example C-element is the asymmetrical C-element
specified by the following production rules:

b — 27
a-b — z| (1)
This specifies a C-element with two inputs: a and

b, and one output z. The output will go high when
b is high and it will go low when both a and b are
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Fig. 2. Example of an asymmetrical C-element

low. Figure 2 shows its symbol (a) and a possible
implementation (b).

The test modification required for a C-element is more
complicated in that not only a scan multiplexer, but
also an enable signal has to be added. A solution
based on LSSD elements has been proposed in [9)].
Such elements, however, are typically not available in
a standard-cell library. At higher area-cost, a decom-
position in standard cells is also possible.

IV. FuLL ScaN

In the full-scan solution that we implemented, all
state holding elements are replaced with the scan el-
ements described in the previous section. Assuming
that the remaining logic is free of combinational loops
and redundancy, it can be tested with conventional
combinational test patterns. Furthermore, these test
patterns can be generated by standard tools.

The full-scan method is straightforward to imple-
ment but requires a lot of additional area because of
the dummy latches that are added to every latch and
C-element in the circuit. The main goal of the full-
scan method, however, is not to optimize for area ef-
ficiency, but rather to verify that test-pattern gener-
ation with existing ATPG tools is possible and that
this leads to a high fault coverage.

A. Circuit modifications

Full scan requires the replacement of all state hold-
ing elements with their scannable equivalents and the
connection of these elements into a serial scan chain.
For asynchronous circuits this alone is not sufficient to
create a valid scan chain; the second problem is con-
necting all state holding elements to a global clock.

The newly added clock inputs of the scan C-
elements can be connected to a clock directly. For
latches and flip-flops this is not possible; their clock
signals are already connected to local clocks generated
by the control part of the circuit. The test clock will
have to be multiplexed on these signals.

The translation of a handshake signal as used in the
control into a suitable clock signal with proper timing
is done by a special circuit called a latch controller,
shown in Figure 3a. This circuit is activated by the
control whenever the latch needs to capture new data.
A latch controller consists of only two components: a
delay element to match delays in the data path logic
and a buffer to drive the enable signal. The buffer has
to drive both the memory elements and the acknowl-
edge signal to ensure that the the acknowledge does
not arrive in the control before all memory elements
are closed.

The latch controller needs to be modified to allow
the multiplexing of a global clock. This has to be
done without breaking the request-acknowledge path
from and to the control, since this path is required
to ensure correct asynchronous operation. Two im-
plementations that fulfill this requirement are shown
in Figures 3b and 3c. The first modification uses
two multiplexers to separate the control block and
the data path. However, the resulting circuit is not
fully testable. Since the multiplexers are permanently
switched in test mode, the normal asynchronous mode
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cannot be tested. This can be solved by using sepa-
rate Tm signals and generating separate tests for the
control block and for the data path. The second mul-
tiplexer is now not required anymore and the first mul-
tiplexer can be partially shared and implemented as
a half multiplexer, as shown in Figure 3c.

During scan-shift steps and data path evaluation
steps, the multiplexer is in “global clock mode”. Only
for control block evaluation steps, the multiplexer is
switched in “handshake mode” to connect the request
and acknowledge of the control.

The overall structure of a scan testable Tangram
circuit is shown in Figure 4. It shows the scannable
C-elements in the control block and scannable latches
and flip-flops in the data path. The latch controller
is connected to the control block with a handshake
interface and drives the latches and flip-flops via the
enable signal.

B. Test signal definition

The circuit in Figure 4 can operate in four different
modes, listed in Table I. To control these modes, four
test signals are used. Two of these: clkl and clk2,
form a two-phase non-overlapping clock. The other
two: Scan Enable Se and Testmode T'm, are used to
control the various test multiplexers in the circuit.

The Asynchronous mode is the normal mode of op-

eration, in which the circuit behaves completely asyn-
In this mode, all test signals including
the clocks have constant values and do not switch.
The other three modes are used for testing. In these
modes, the clocks are active, indicated by the “r” in
the table. The scan shift mode is used to shift a test-
pattern in and out of the scan chain. There are two
different evaluation modes, one for the control block
and one for the data path, the difference is the value
of the Tm signal that is used to switch the latch con-
trollers between “global clock mode” and “handshake
mode”.

chronous.

C. Test pattern generation

The major goal of the full-scan method is the gen-
eration of test patterns with existing ATPG tools. Al-
though the latches and the new C-elements are func-
tionally correct scan elements, existing ATPG tools do
not recognize them as such. The feedback loop that
implements the state of the C-element is seen as un-
controllable and typically marked as undefined. This
results in a significant loss of fault coverage. Another
problem is that C-elements have two or more normal
mode inputs, that by some function determine the fi-
nal state of the element. ATPG tools are not able to
separate this function from the state holding function.

These problems can be solved using remodelling.
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TABLE I
TEST SIGNAL DEFINITIONS

| Mode | CIk1 [ CIk2 | Tm | Se |
Asynchronous 1 1 1 0
Scan shift r r 0 1
Evaluation Control r r 1 0
Evaluation Data r r 0 0

Latches are remodelled as flip-flops, and C-elements
as the original functional C-elements with a flip-flop
to break the feed-back loop, as shown in Figure 5. The
remodelled circuits are fully compatible with existing
ATPG tools leading to efficient test-pattern genera-
tion.

ti

b ]
e

Fig. 5. Remodelled C-element

QD

V. L1L2* ScaN

In the full-scan method, dummy latches are added
for every latch and C-element in the circuit. Natu-
rally, this results in a high DfT area overhead. In the
control part, most of this overhead can be removed by
designing more efficient custom scan C-elements cells
[9]. In the data path, most of the dummy latches can
be removed by applying the L1L2* scan optimization.

A. Circuit modifications

It is often possible to identify independent logic
structures that are isolated by latches. An example
is shown in Figure 6a, which contains two indepen-
dent logic blocks separated by latches.

Figure 6b, shows the L1L2* optimized version of
this circuit. By making the scan enable and clock
signals independent of each other, one of the latches
can be kept constantly in scan mode while the other
captures data from the logic. To test the other logic
blocks, the latches switch these roles of controllability
and observability. The original L2 dummy latches are
no longer present, instead L2* latches are present that
have scan inputs. A complete test now consist of an

SeTn [ aE: )
ck1 ck2 sout

s LD ) D

=Y $e2n |, (b)
ck1 ck2 Sout

Fig. 6. L1L2* principle

Lltest and an L2test. During the Lltest logic 1 is
tested and latch L1 is the master and latch L2 is the
slave. During the L2test, logic 2 is tested with L2 as
master latch and L1 as slave latch.

In actual circuits it is not always possible to find
a complete separation in L1 and L2 parts. Some-
times loops are present that requires both a master
and a (dummy) slave latch. To find out where dummy
latches cannot be removed, the circuit has to be ana-
lyzed prior to the insertion of scan logic. With an ini-
tial heuristic algorithm, a typical circuit needed only
for 15% of the latches a dummy latch. This results in
a 85% reduction of dummy latches with regard to the
original full scan solution.

Connecting latches and flip-flops in one chain is now
not always directly possible, because they may be con-
nected to different clocks. This can lead to the inser-
tion of dummy latches or anti-skew latches in the scan
chain to ensure correct timing. Typically this requires
only a few additional latches.

B. Test signal definition

For L1L2* test an additional scan-enable signal is
needed to test the L1 and L2 parts separately. A
complete circuit test now consists of four different test
that each have a different evaluation mode. L1L2*
testing of an control block that is implemented with
custom C-elements [9] saves only a limited amount of
area. An option is therefore to only use L1L2* test
in the data path, resulting in a total of three tests for
the circuit. The only difference between the L1 and
L2 tests is the behavior of the scan enable signals.
Figure 7 shows how the timing works and at what
moments data is captured. Note that the clock timing
for the two tests is the same.
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C. Test pattern generation

One additional level of remodelling compared to the
full scan remodelling is required. This is used to gen-
erate two independent remodel files for the L1 and L2
parts. Figure 8 shows that the remodelling depends
on which part is tested. For the Lltest, the .1 and 1.2
parts are remodelled differently than for the L2test.

During the Lltest, logic 1 is tested so only logic 1
blocks are put into the remodel file. A latch plus
dummy structure is seen as a scan element during
both Lltest and L2test and is put in both remodel

and are designed to be generic and free of redundancy.
When two or more of these components are connected
together, they start to influence each other. This re-
duces the freedom of the component with as result
that the component is specified more robustly than
required, causing redundant logic at the interface be-
tween the components. This type of redundancy can
be removed by analyzing the redundant components
together. The result has been used to add more opti-
mizations to the Tangram compiler, thereby also step-
wise improving the compiler.

After the initial tests proved successful, several
large non-trivial circuits were tested. These circuits
included a DCC error decoder (DDD), an ADPCM
speech codec, a DES core and an 80c51 pC. Together,
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Fig. 10. Full scan, custom C-elements

these examples cover virtually the entire Tangram
syntax. All circuits were tested with a fault coverage
of around 99%. The remaining faults were caused by
fixed test inputs and some redundancies that still need
to be removed. The addition of DT logic and ATPG
required no manual interaction and the total process-
ing time for each circuit was only several minutes.
Very important with full-scan is of course the addi-
tional area that is required for the DfT logic. Figure 9
gives the result of the full-scan test in which the scan
C-elements were decomposed in discrete cells. This
leads to an average area overhead of almost 90%. Fig-
ure 10 shows the effect of using the custom C-elements
described in [9]: the overhead reduces to around 50%.
Finally, Figure 11 shows the results of the L1L2* scan
optimization, which reduces the area overhead further
to around 35%. The given area numbers are for cell
area only.
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Fig. 11. L1L2* scan

VII. CONCLUSION

In this paper we have presented a complete and fully
automated test solution for asynchronous circuits de-
signed with the Tangram design flow. By using ex-
isting tools to do most of the complex processing re-
quired, it was possible to implement an operational
flow in a short time, while obtaining high stuck-at
fault coverage.

A pragmatic approach has been followed, in which
initially redundant logic and global loops were ig-
nored. It proved that is was always possible to elim-
inate the redundancy. In Tangram, redundancy is
never required to suppress hazards like in many other
asynchronous design styles. None of the circuits that
were studied contained combinational global loops.

The area overhead of the method is on average 35%.
Actual area overhead for a specific circuit is largely
dependent on the type of circuit, whether it is control
dominated or data path dominated. Sofar, we have
given only the cell area overhead. The actual layout
overhead will depend on the number of layers that are
available for routing.

Further improvements are possible to reduce the
DIT area. These improvements include partial scan,
improving various search algorithms and by keeping
testing in mind while designing new circuits in order
to avoid structures that are hard to test. It is esti-
mated that with these improvements, the DfT costs
can be further reduced to 25%.
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