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Abstract 
 Despite advances in the design of 
asynchronous circuits, little progress has been made 
in their testing or design for testability.  This paper 
proposes a new strategy for testing micropipelines, 
by treating the asynchronous elements, such as the 
C-element  as atomic state elemen s for testing 
purposes.  By treating asynchronous elements as 
finite state machines, tests fo  these can be 
generated that verify their correct operation and also 
detect nearly all testable faults in the circuit.  Design 
for testability methods fo  a micropipeline are also 
presented that reduce the amount of hardware 
added to the design while increasing its overall 
testability compared to other micropipeline testing 
methods. 
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I. Introduction 

As the limitations of conventional circuit 
designs grow ever more apparent, asynchronous 
circuit design techniques are likely to become more 
popular.  By completely doing away with the clocks, 
asynchronous designs offer several advantages.  The 
most obvious benefit of doing away with the clock(s) 
is removing power consuming and complicated clock 
trees.  Asynchronous circuits also offer the promise 
of higher performance, by allowing computations to 
proceed at much higher speed than the worst case 
delay enforced by synchronous circuits.  
Unfortunately, designing and building asynchronous 
circuits presents numerous challenges, many of 
which have yet to be addressed. 
 Asynchronous circuit designs remain largely 
unused in high volume commercially produced circuit 
designs despite the existence of a prototype, 
Fleetzero, asynchronous chip produced by Sun 
Microsystems that outperforms its synchronous 
counterparts [1].  Reasons for the lack of adoption 
abound.  Asynchronous circuits are more difficult to 
design than their clocked counterparts.  Also, 
producing a product, with high enough yield to be 
profitable, can be difficult without adequate testing 
techniques; and such techniques for asynchronous 
circuits designs are currently lacking. 

 Any circuit design destined for fabrication 
must do more than simply function correctly.  The 
circuit, once fabricated, must be tested for correct 
operation.  Many circuit designs do not easily lend 
themselves to this type of testing.  While many 
techniques for testing combinational and 
synchronous circuits have been developed, testing 
methods for asynchronous circuits are almost non 
existent. 
 Even with the current lack of adoption, many 
still feel that asynchronous circuit designs will soon 
become commonplace.  The clock tree in a high 
performance CPU currently consumes from 5-30% of 
the power dissipated by the chip [7][8].  As clock 
speeds continue to rise, the amount of power 
consumed by clocks will continue to increase, causing 
numerous problems for designers.  In addition to 
offering the potential for lower power consumption 
and higher performance than synchronous circuits, 
asynchronous circuits are becoming desirable for use 
even in largely clocked designs.  Trends pushing 
clock speeds ever higher have also created an 
increase in the number of clock domains in current 
designs, as designers try and push each component 
of the design to its maximum speed.  Transferring 
data between clock domains presents a unique 
challenge however, especially at high clock speeds 
where clock skew between the different clock 
domains can impose strict restraints.  An 
asynchronous circuit used as a buffer between clock 
domains would be under no such constraints, making 
it an increasingly attractive design alternative. 

This paper addresses the test issues related 
to testing a micropipeline by testing all the 
components used to implement it. The next section 
of this paper will provide a more detailed description 
of the problem.  Subsequent sections will examine a 
method for testing asynchronous circuit elements and 
improved methods for testing a micropipelined 
circuit. 
 
II. Background 
 Until recently a major problem with 
asynchronous designs was finding a way to organize 
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a self-timed circuit that would provide for a simple 
conceptual framework upon which large circuits could 
be built.  Such a framework is provided by 
Southerland in his paper outlining Micropinelines [2].  
As shown in Figure 1, a micropipeline consists of a 
datapath and the corresponding pipeline latches 
controlled by a series of interlocking Muller C-
elements. 
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While test generation methods for 
synchronous circuits cannot be directly applied to 
asynchronous circuits, there are several similarities 
between the two types of design that make 
adaptation of synchronous test methods possible.  
Synchronous circuits rely heavily on latches and/or 
flip-flops to hold data despite the fact that these 
latches and flip-flops are asynchronous elements with 
local feedback paths themselves.  One of the keys to 
testing a synchronous circuit is to ignore the internal 
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Though the micropipeline framework 
vides a very simple design concept, it did not 
vide the same simple conceptual framework for 
ting that it does for design.  A consequence of the 
cropipeline design is that any stuck-at fault in the 
lements will halt the forward progress of the 

cuit [3][9].  This fact has lead to several strategies 
 testing the datapath of a micropipelined circuit 
[4][9].  While these strategies might work for the 
ginal micropipeline presented in [2], they may not 
 as effective for testing micropipelines using more 
histicated feedback and control.  Furthermore, 

s strategy will test only stuck-at faults; other 
lts, such as delay and transition faults, that may 
o affect correctness or performance will go 
detected.  

These problems with current micropipeline 
ting methods suggest that a new approach for 
ting micropipelines, and self-timed circuits in 
neral, is needed.  A major problem with testing 
nchronous circuit designs is handling the many 
dback paths that occur on both the local and 
bal level.  Combinational test generators cannot 
equately handle any type of feedback path in the 
cuit under test.  Test generators for sequential 
chronous circuits are able to handle feedback 

ths, albeit in a limited fashion.   

structure of these latches and flip-flops, treating 
them instead as atomic storage (or state) elements.  
Thus the need to test the local feedback paths 
internal to the latches or flip-flops is avoided. 

C

C

C

C

Datapath

Control

Control

delay

Synchronous test generators still must deal 
will global feedback paths.  This is made possible 
because the convention in synchronous circuits is 
that only signals that are the output of a latch or flip-
flop are used as feedback.  This allows the use of 
methods like time frame expansion [12].  Because all 
local feedback paths have been removed from the 
circuit under test and all global feedback paths are 
the outputs of state elements, a synchronous circuit 
test generator can successfully produce tests for 
most clocked circuits. 

Figure 1: Architecture of a micropipeline

A cursory glance at the diagram of a 
micropipeline in Figure 1 shows that it shares several 
key features with its synchronous counterparts.  By 
replacing asynchronous elements with atomic state 
elements in the circuit under test, the same 
conditions that were present in synchronous circuits 
can be achieved; namely that all local feedback paths 
are removed and all global feedbacks will be the 
outputs of state elements.  Thus, traditional methods 
of sequential circuit test generation in which flip-flops 
and latches are treated as atomic elements in the 
design can be adapted for asynchronous circuit 
testing. 

Tests capable of finding faults in 
asynchronous circuit designs are necessary if those 
designs are to become reality.  The key to testing 
asynchronous designs is the testing of the 
asynchronous state elements used in those designs.  
By testing the asynchronous elements used in the 
micropipeline design (such as the C-element) as 
black boxes, their correct operation can be verified 
and known methods can subsequently be applied to 
test the rest of the circuit. 
 The next section examines the methods used 
and the tests generated for two asynchronous 
elements which are commonly used, the Muller C-
element and the Toggle element. The proposed 
approach is to develop checking sequences for these 
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elements and use design for testability (DFT) 
methods to modify the micropipeline such that the 
desired tests can be applied to all elements while the 
logic inserted by DFT avoids critical paths as much as 
possible.  
 
III. Checking Asynchronous Elements 
 Asynchronous elements with feedback are 
not fully testable using ATPG methods designed for 
combinational circuits, as the states of such elements 
depend on a potentially unknown number of previous 
inputs.  Instead of treating these elements as a 
series of interconnected gates with feedback, for 
testing purposes they should be treated as a single  
Finite State Machine (FSM).  By treating the element 
as a FSM, its entire behavior can be captured in a 
form for which it is known how to generate tests.   

 
 First, the C-element, the primary source of 
control in many self-timed circuits such as 
micropipelines, will be examined.  The state diagram 
for the C-element is shown in Figure 2, and a gate 
level design is shown in Figure 3.  From this diagram 
it is possible to construct a checking sequence for the 
FSM represented [5].  By applying this checking 
sequence to a C-element, the functionality of the C-
element can be proven to be correct.  By verifying 
that the C-element responds properly in each state, 
confidence of its correct functionality can be obtained 
regardless of its physical implementation. 

Constructing a 
checking sequence for a 
generic FSM is detailed in 
the literature [5][6].  
Such methods often 
produce very long 

checking sequences however.  By analyzing both the 
FSM and the gate level design of the C-element, it 
was possible to reduce the length of the checking 
sequence substantially.  The reduced sequence that 
has been created consists of two parts.  Sequence X 
= 01011010 and sequence Y = 00001111.  To test a 
C-element, X is applied to one input while Y is 
applied to the other, and vice versa. Finally, 0 must 
be applied to both inputs. The result is a test pattern 
of A=X,Y,0 and B=Y,X,0 as shown in Figure 4.   

CX,Y,0
Y,X,0

Y,Y,0

Figure 4: A test for a C-
element

Tests must also be able to detect the faults 
from an underlying fault model.  To verify that the 
checking sequence developed does this, simulations 
were run using the Mentor Graphics toolset.  The 
simulations show that the developed test sequence 
will successfully detect any single-stuck-at fault in the 
C-element, as well as test all of the robustly testable 
path delay faults and all of the testable transition 
faults. 
 
Table 1: Fault Coverage of C and Toggle elements 
 C-element Toggle
Single Stuck-at faults 26 54 
Tested 26 48 
Potentially Tested 0 6 
Transition Faults 26 48 
Tested 12 24 
Potentially Tested 0 7 
Untestable 14 12 
Robust Path Delay 
Faults 8 N/A 

Tested 4 N/A 
Untestable 4 N/A 

 
The same method can be used to develop a 

test sequence for a toggle element.  The finite state 
diagram for a toggle element is shown in Figure 5.  
With fewer states than the C-element, developing a 
checking sequence for the toggle element was 
comparatively easy.  With seven gates and a gate 
level design similar to that of a D flip-flop it was not 
surprising that the checking sequence produced also 
resembled that of a D flip-flop.  The resulting 
checking sequence for a toggle element was 
001100110. 
 While the checking sequence for a Toggle 
element was less complex than for a C-element, the 

Figure 2: State diagram of a C-element 
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Figure 3: Gate level realization of a C-element
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larger number of gates and feedback paths in the 
design of a Toggle element makes it a much more 
difficult circuit in terms of fault coverage.  Whereas 
the checking sequence developed from the FSM of a 
C-element was able to detect every testable fault of 
the fault models considered, such was not the case 
for the Toggle element.  Still, very good coverage 
was obtained.  The statistics on fault coverage for C-
element and a Toggle element are given in Table 1.   
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IV. Checking Interconnected C-elements 
Having developed a checking sequence for a 

single C-element, the next challenge is how to apply 
this sequence to connected C-elements.  The basic C-
element produces a transition on the output after 
transitions have occurred on both of its inputs.  If 
more than two signals need to be synchronized in 
this fashion, multiple basic C-elements must be used. 

 
Tree of C-Elements: By connecting C-elements in a 
tree structure, the number of signals whose 
transitions can be synchronized is greatly increased. 

Pap
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In = 0
The method presented here has been proven 
o be capable of testing a wide array of asynchronous 
lements [14].  There are limits to its applicability 
hough.  Circuits, such as the arbiter given in [2], 
hich are composed of multiple interconnected 
synchronous elements will not be adequately tested 
y this method.  The lack of effectiveness arises 
ecause such circuits can prevent their component 
lements from reaching all possible states; hence the 
omponent elements cannot be fully tested. 

Testing a large asynchronous design requires 
hat the above method be applied to more than a 
ingle asynchronous element.  The interlocking series 
f C-elements in a micropipeline can be logically 
rranged in several ways.  The next section examines 
wo of those potential structures and how they can 
e tested. 

Expanding the sequence produced in section 
3 to check a tree of C-elements requires the outputs 
produced by the application of the two input 
sequences be examined.  As shown in Figure 4, an 
input of X,Y (applied to inputs A and B respectively) 
or Y,X will produce an output of Y.  To test a tree of 
C-elements, X and Y sequences need to be generated 
on the output of any given C-element so that C-
elements above it in the tree can be tested.  The 
application of Y,Y produces an output of Y and inputs 
of X,X produce an output of X.  With the ability to 
produce both X and Y sequences at the output of a 
C-element, C-elements above the first level of the 
tree can be tested via application of the sequences X 
and Y, just as the single C-element was tested.  The 
critical observer will note that applying the same 
input sequence to two inputs results in multiple 
simultaneous input changes, which is not defined in 
the FSM for a C-element.  A method for avoiding this 
problem is presented shortly. 
 From the results in section 3 and the input-
output sequences given above it can be observed 
that if the sequence Y is applied to either input, the 
output will be Y.  In order to propagate a sequence X 
to the output of a C-element, it must be applied at 
both of the inputs. 

Figure 6: Simple test for a tree of C-elements

In = 1 In = 0 In = 1

Out1=1
Out2=1

Out1=0
Out2=1

Out1=0
Out2=0

Out1=1
Out2=0

Reset = 1

Figure 5: State diagram for a Toggle element
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equired checking sequence on all the C-
pagating the Y sequence forward will be 
By sequentially applying Y to every input 
g X to the remaining inputs, both halves 
ing sequence will be propagated forward 
ement as shown in Figure 6. *

e is a problem with this method 
ecause multiple input changes are not 
annot be applied at both inputs of the 
ment simultaneously.  Instead, the 
must be modified so that there is only 
n on the input pins at any given time.  
portant aspect of X that needs to be 

 the 0->1 and 1->0 transitions, this can 
stretching out the sequence X as it is 
ubsequent inputs.  Hence, the inputs 
gure 6 become X1, X2, X3, X4, X5, X6 and 
in Figure 7. 
oing this, multiple input changes are 

the expense of increasing the length of 
quence.  However, because distinct 
 applied to the inputs of all the C-
e outputs of each element will also be 
s assures there will be no multiple input 
 just on the primary inputs, but also on 
 every other C-element in the tree.  If Xi 
i) are applied to the two inputs of a C-
n the output of such a C-element will be 
arantees that the outputs of all the C-
ll be unique as long as the inputs are 

rtunately, this method increases the 
 checking sequence substantially due to 

                              

            

own, 0’s must be applied to every input as the last 
t of C-elements, as seen in section 3. As the all 
rn need only be applied once, at the end of the 
it was omitted in this and following sections for 

increases in the length of sequence X in addition to 
requiring the repeated application of sequences X 
and Y.  Both the length of X and the number of times 
that X must be applied are directly proportional to 
the number of elements, N, in the tree.  These 
observations can be generalized as follows: 
Result 1: The length of sequence X will be O(N) for 
a tree of C-elements with N elements.†   
Result 2: The length of the overall checking 
sequence to test a tree with N C-elements is 
proportional to the length of the modified X sequence 
and the number of its applications, making it O(N2). 
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Figure 7: Modified test sequences for a tree of C-elements to avoid multiple simultaneous input changes 

X1 = 01111111000000011111111000000011111110000000 
X2 = 00111111100000001111111100000001111111000000 
X3 = 00011111110000000111111110000000111111100000 
X4 = 00001111111000000011111111000000011111110000 
X5 = 00000111111100000001111111100000001111111000 
X6 = 00000011111110000000111111110000000111111100 
X7 = 00000001111111000000011111111000000011111110 
Y  = 00000000000000000000001111111111111111111111 

C3

y,x

x,y
y,y

C1

C2

x,x

y,x

x,x

x,y
Figure 8: Partial test of a tree of C-elements 
                                    

Fortunately, shorter and systematic checking 
es are possible by overlapping the testing of 
-elements in a tree.  By working backwards 
 root element of the tree, a shorter checking 
e can be produced.  First, the test sequence 
ed in section 3 needs to be applied to the 
lement in the tree (C3 in Figure 8).  Doing 

uires that the outputs of the previous level in 
 (C1 and C2) be Y,X and X,Y respectively, also 
n Figure 8.  The next step is to choose inputs 
 level in the tree which will produce the 
ry outputs. 
As was observed previously, applying the 
at one of the inputs propagates the sequence 
 output of that C-element.  Using this, X and 
e applied to inputs A and B of element C2 
vely, accomplishing half of the required 
 sequence of that element in parallel with 

 
ct length of sequence X will be 6N+2. 
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Figure 9: Improved test for a tree of C-elements 
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C

C

the checking of the root element, C3.  Sequence X 
will then need to be applied to both inputs to 
propagate it to the output of C2.  The same method 
gives the inputs for C1 seen in Figure 8.  Now that 
the root element in the tree, C3, has been completely 
tested, the last step is to finish testing the elements 
in the previous level of the tree.  Only one more 
sequence needs to be applied to the inputs of the 
previous elements to complete their testing.  In the 
case of Figure 8, the inputs to both C-elements C1 
and C2 should be A=Y and B=X.  In this manner both 
halves of the checking sequence developed in section 
3 will be applied to each element in the tree.  
Applying this method recursively allows the 
generation of a test sequence for trees of any depth.  
When expanded to 3 levels, the sequences shown in 
Figure 9 are produced. 

y,x,x,yx,x,x,y

This method is also subject to the same 
growth in the length of sequence X as the previous 
method; however, the number of applications of 
sequences X and Y is greatly reduced, becoming 
proportional to the depth of the tree.   
Result 3: The length of the improved checking 
sequence to test a C-element tree with N C-elements 
is O(N * log N).‡

 
Cascade of C-Elements: C-elements can also be 
connected in a cascade manner to synchronize 
multiple signals as shown in Figure 10. Cascades of 
C-elements can be tested using the same basic ideas 
as for a tree of C-elements.  By applying X and Y to 
the element closest the output and working back 
towards the inputs, a checking sequence for the 
entire cascade can be easily developed.  

While there are substantial optimizations 
possible for testing a tree of C-elements, cascades of 

                                                 
‡ There is also growth in the length of sequence Y from applying 
it to multiple inputs simultaneously.  This is small in comparison 
to the other modes of growth however.  The actual length of the 
improved checking sequence is O((N * log N) + log N). 
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x,x,y,x

y,y,y,y
y,y,x,y

x,y,x,x

y,x,x,x

Figure 10: Test for a cascade of C-elements

-elements prove more difficult.  Because both 
odes of growth for the checking sequence increase 
roportional to the depth of the tree or cascade, the 
est for a cascade becomes much longer than for a 
ree with the same number of elements.  Currently, 
here is no efficient way to reduce the length of the 
hecking sequence for a cascade of C-elements.  
esult 4:  The length of the checking sequence to 

est a cascade of N C-elements is O(N2). 
 

. Micropipelines 
The structure for micropipelines outlined in 

2] makes heavy use of C-elements to control the 
rogress of the circuit.  However the existing 

iterature does not propose any way of testing these 
nterlocking C-elements.  It has been shown that any 
tuck-at fault on the input or output of a C-element 
ill cause there to be no more than one transition on 

he output of that C-element [3]. Because of this, a 
icropipeline with any stuck-at faults in the C-

lements will not make forward progress.  
nfortunately, this is not an effective method for 

esting a micropipeline.  Faults other than stuck-at 
aults which can effect both correct operation and 
erformance will not be detected.  
C CCCIn1 Out
In2

Figure 11: C-elements from a micropipeline



 With the datapath components pulled out, 
the micropipeline control seen in Figure 1 reduces to 
an interlocked cascade of C-elements as shown in 
Figure 11.  Since a method for testing a cascade of 
C-elements was demonstrated above, testing the 
control structure of the basic micropipeline in [2] is 
now simply an exercise in how to apply those test 
patterns to the interlocked cascade. 

 By inserting scan latches into the feedback 
paths, it would be possible to obtain a 
straightforward cascade of C-elements, with the 
inputs fed by scan latches instead of feedback as 
shown in Figure 12.  Note that in Figure 12 the 
inverters on the feedback input to each C-element 
have been absorbed into the scan latches for testing 
purposes without loss of generality. In addition, 
because of the layout of the micropipeline in [2], one 
of the inputs to each C-element is guaranteed to be 
off any critical timing paths (since the artificially 
inserted delays can be adjusted).  This allows for the 
scan latches to be placed off the critical path, 
reducing any potential performance impact [13]. The 
downside to this arrangement of scan latches is that 
testing of cascades may prove to be prohibitive for 
larger micropipelines.  Another difficulty of this 
structure is the number of scan chains required to 
effectively test it.  As different input patterns are 
applied to every C-element when testing a cascade, 
there is no opportunity to combine any of the scan 
latches into a single scan chain.  Because of this, 
other potential configurations for the scan latch 
placement are examined in this paper. 

 
s
p
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inputs.  Rearranging the elements in Figure 13 
results in the structure shown in Figure 14. 

By using the 
same strategy that was 
used to develop a test 
for trees of C-
elements, a test for 
this structure can be 
constructed.  The 
primary advantage to 
this choice for scan 
latch insertion is that it 
limits the depth of the 
tree structure.  This 
greatly reduces the 
length of the test sequence that needs to be 
generated.  Another advantage of this structure is 
that only 3 different input sequences are necessary 
to test the entirety of the structure, regardless of the 
length of the micropipeline.  For example, the Y,X,X 
pattern appears on one input of every C-element in 
Figure 15.  If the scan latches driving these inputs 
are connected into a single serial scan chain and 
input sequences X1 is applied to the first scan latch 
after the scan chain is reset, sequences X2, X3 and X4 
will be generated on subsequent latches in the serial 
scan chain.  The same can be done for the two other 
input patterns.  This allows the number of scan 
chains to completely test this structure to be limited 
to three scan chains.   
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Figure 12: C-element cascade after scan latch insertion
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A possible alternative is to alternate inserting 
can latches into the feedback and feed forward 
aths as shown in Figure 13.  This leads to every 
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can be directly controlled.  And because the 
remaining C-elements are controlled by the outputs 
of the neighboring C-elements (both of which will be 
directly controllable) control over the remaining C-
elements can be easily asserted (and subsequently 
the pipeline latches they control).  This allows control 
over the latching of every pipeline latch in the 
datapath.  Using this ability would make it possible to 
forgo inserting scan latches into the datapath itself; 
instead, the event-triggered latches already there 
could be used to perform tests on the datapath by 
controlling their latching through the already present 
control mechanism. 

 
VI. Generalized Micropipeline Testing 

The micropipeline proposed in [2] used only 
C-elements to control the progress of the circuit.  
Other arrangements for micropipelines have been 
developed that insert additional elements into the 
control path.  Figure 17 shows the generic 
micropipeline architecture.  The latch control circuits 
developed in [10] and [11] use multiple 
asynchronous elements in their design to control the 
handshaking and latching signals. 

The control circuits of the generic 
micropipeline can be tested in the same manner as 
the previous example.  By inserting scan latches as 
shown in Figure 18, direct control over the inputs to 
every other pipeline stage (labeled ‘M’ in Figure 18) is 
obtained.  This allows direct application of the 
appropriate test sequence for the control circuit to 
those pipeline stages.  The remaining pipeline stages 
can be tested by generating the appropriate patterns 
on the outputs of the stages labeled ‘M1’ and ‘M2’ by 
providing the necessary inputs through the scan 
latches.  The process is explained in greater detail in 
[14].  As in the previous section, this scan latch 
insertion requires only one latch per pipeline stage.  
It also limits the number of scan chains necessary to 
apply the tests. 

Also, this testing strategy allows for the 
datapath of the micropipelined circuit to be tested 
without adding any more hardware.  The datapath of 
a micropipeline with the control circuits removed, 
shown in Figure 19, is not substantially different from 
the datapath of a synchronous pipelined circuit.  
Because of this, the same testing methods can be 
applied directly to the micropipelined datapath.  
Since the scan latches inserted into the micropipeline 
to allow testing of the control circuits for each stage 
also allow for the latching signals to be controlled, 
the latches in the micropipelined datapath can be 
activated as necessary.  Applying the BALLAST 
method [16] to this structure is straightforward, the 
test pattern is applied to the primary inputs, and 
each latch in the pipeline is activated one time 
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 This allows for the control circuit of each 
-C -C-C -C
tarting with the latch closest to the input (i.e.: latch 
 is activated, then latch 2, then 3 and finally latch 
).  The result is the same as if all the latches were 
ontrolled by a single signal and the test was applied 
n four steps [14]. 

In order to get a better understanding of the 
ost and effectiveness of the proposed method, a 
ample circuit will be analyzed.  Figure 20 shows a 
icropipelined queue, using one of the four-phase 

ontrol circuits presented in [10].  Figure 21 shows 
he same circuit with scan latches inserted. 

The first step in testing this circuit (see 
igure 21) is to apply the test sequence from [14] 
irectly to the stages labeled ‘M’ by using the 

nserted scan latches.  To test the stage labeled ‘N,’ 
he Rout output of the stage M1 and the Ain output 
f stage M2 must provide the test sequence to stage 
.  By applying a value of 0 on the scan latch labeled 

1’ and a value of 1 on the scan latch labeled ‘2’ the 
out output of stage M1 will be forced to 0.  
imilarly, applying 1,0 to scan latches 1 and 2 
espectively will force the Rout output of stage M1 to 
.  Controlling the Ain output of stage M2 is done in 
n analogous manner, allowing for the full test 
equence to be applied to stage N.  Testing for stage 
 is accomplished in the same way. 

stage to be tested.  For this circuit, 100% fault 
coverage was obtained.  Though the fault coverage 
obtained will vary depending on the control circuit 
used, good fault coverage was obtained for a variety 
of circuits examined in [14]. 
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 The datapath of Figure 21 can be tested by 
adapting the BALLAST method as discussed 
previously.  In this case, the fault coverage was 
100%, and the BALLAST method is known to achieve 
high fault coverage on a variety of pipelined circuits 
[16]. 

Figure 20: A micropipelined queue 

 Compared to other methods for testing 
micropipelined circuits, the proposed method offers 
high fault coverage with reduced area overhead.  Full 
scan methods such as the one proposed in [15] 
report overheads of 25-50%, without fully testing the 
asynchronous elements of the circuit.  The overhead 
of the method proposed here is just one scan latch 
per pipeline stage, or 4% for the circuit shown in 
Figure 21.  In general, the overhead of this testing 
method will vary between 2-5% for a 32 bit queue, 
depending on the type of control circuit and pipeline 
latches being used. 
 
VII. Conclusion 
 As clock speeds increase and power 
requirements become ever more stringent, new 
methods will need to be utilized to continue the 
increase in performance that has been experienced 
by integrated circuits over the past several decades.  
Asynchronous circuit design techniques can 
potentially meet both of those constraints.  Before 
asynchronous circuits become viable in commercial 
products however, testing methods must be 
developed. 
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 This paper proposed a new method for 
testing micropipelined circuits by adapting to 
asynchronous circuits the same strategies that allow 
for the testing of clocked circuits.  Treating locally 
asynchronous elements in the design as atomic finite 
state machines allows test to be generated that 
detect most of the faults in that element.  Restraining 
global feedback to be the output of these state 
elements creates a system organized in a similar 
fashion to synchronous circuits and allows tests to be 
generated. 
 The checking sequences developed were 
shown to be very good at detecting faults in the 
asynchronous elements studied.  Furthermore, these 
test sequences were effectively adapted to test a 
micropipeline.  Examining the structure of the 
micropipeline led to several different DFT approaches 
that permit more thorough testing of a micropipeline 
than previous methods. 
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