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1 INTRODUCTION

Very Large Scale Integrated (VLSI) circuits designed using modern Computer Aided Design (CAD)
tools are becoming faster and larger, incorporating millions of smaller transistors on a chip. VLSI
designs can be divided into two major classes: Synchronous and Asynchronous circuits. Synchronous
circuits use global clock signals that are distributed throughout their sub-circuits to ensure correct timing
and to synchronize their data processing mechanisms [SU02, SA05]. Asynchronous circuits contain no
global clocks. Their operation is controlled by locally generated signals [OH02]. Asynchronous circuits
[EBE04] have many potential advantages over their synchronous equivalents including lower latency,
low power consumption, and lower electromagnetic interference [EBE04][SAK07]

Synchronous design methodologies have been plagued by the necessity to distribute the
centralized clock all throughout the chip with an acceptably low skew. This task has become even more
difficult with the ever decreasing feature size of modern technologies. Decreasing feature size results in
devices that are smaller, have less parasitics and therefore operate faster. However these devices have
smaller drive strengths, whereas the interconnection parasitics remain more or less the same. As a
result interconnection delays start to dominate, making it especially difficult for centrally distributed
signals (that need to reach to each corner of the chip) to propagate in time [GURO02].

The recent trend to integrate more and more functions on a single chip, called System-on-Chip
(SoC), provides additional challenges. SoCs require a great deal of modularity, where previously
designed hardware modules can easily be embedded in a larger design. This typically results in a
system that consists of several hardware blocks that have been designed to operate with different clock
frequencies. To derive synchronous local clocks from a centralized clock in such a system is an
involved task without a trivial solution [GURO02].

Asynchronous design techniques have always attracted attention as an alternative, especially for
SoC integration, as they do not rely on a centralized clock. This alleviates problems related to clock
distribution and enables the integration of hardware blocks with different clock domains. However,
asynchronous design techniques also have a number of well known shortcomings, most notably
complicated design methodologies and lack of reliable tools and test methodologies [GURO02].

The Globally-Asynchronous Locally-Synchronous (GALS) is a relatively new VLSI system design
methodology that promises to combine the advantages of both synchronous and asynchronous
operations [CHA84]. In GALS, rather coarse grained synchronous functional blocks are surrounded by
self-timed wrappers that include a local clock generator and asynchronous communication ports. The
functional blocks operate synchronous to the local clock but communicate asynchronously with similar
blocks [GURO02].

Globally-asynchronous locally-synchronous (GALS) systems may become a solution for nowadays
challenges in the field of VLSI design. The ITRS road-map [SIA06] predicts that, as a solution to the
clock distribution problem, GALS will become mainstream design technique in the near future. In a
GALS system, a number of synchronous islands of logic communicate asynchronously using a suitable
interconnect. Unfortunately, the testability of asynchronous systems is considered one of their major
drawbacks [SAKO07]. Fully synchronous chips are becoming not feasible anymore due to clock
distribution and power consumption problems. The value of GALS lies in combination of well known
synchronous design methods and relative simple asynchronous communication channels. The key
components are the communication control ports around the synchronous modules and the stretchable
clock also called a wrapper. This clock has an unbound delay and is controlled by events the
asynchronous channel [BL02]. GALS is a solution to combine the advantage of asynchronous and
synchronous circuits design.

However, in order to successfully apply GALS system it is needed to enable efficient and reliable
testing technique for such systems. In general, the testing of SoCs becomes an increasing challenge as
these devices become more complex. A SoC design is typically built block by block. Efficient testing is
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also best done by block by block. Recently, pre-designed cores are also used in the SoCs. Testing
individual circuits, individual blocks and individual cores have established technologies [SAK07].

GALS systems confine the asynchronous circuitry solely to a self-timed wrapper around the locally-
synchronous islands. While this approach offers many advantages, and especially eliminates the costly
asynchronous design of large functional blocks, the asynchronous elements in the self-timed wrapper
can not be verified by conventional methods. For asynchronous parts one has to use additional
features, such as functional testing as described in [GURO02]. Alternatively, it is possible to apply the
embedded functional testing on the system level based on BIST [KGO05]. Finally, it is also possible to
apply synchronous test methods such as scan techniques also to the asynchronous wrappers [TB02]. In
this case, asynchronous wrapper becomes just a part of the locally synchronous module that can be
tested using the classical scan approach for system testing.

In the following text we will summarize the methods for the testing of synchronous and
asynchronous modules and discuss how those methods could be successfully combined for the testing
of GALS systems
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TPG Test pattern generator
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3 TESTING DIGITAL SYSTEMS

3.1 DESIGN FOR TESTABILITY (DFT)

SoC designs contain a variety of components, including digital, memory, as well as analog and
mixed-signal circuits, all of which need to be tested. DFT is essential for reducing test costs and
improving test quality. Scan is widely used for digital logic testing. However, one of the challenges in the
nanometre design era is dealing with the rapidly growing amount of scan data required for testing
complex SoC designs. The bandwidth between an external ATE and the device under test is limited,
creating a bottleneck on how fast the chip can be tested. This has led to the development of test
compression and logic BIST architectures, which reduce the amount of data that needs to be
transferred between the ATE and device under test. Another key issue for scan testing is applying at-
speed tests, which are crucial for detecting delay faults. [WSTO08]

The semiconductor industry heavily relies on scan and logic built-in self-test (BIST) technique
[MC86, AB94]. Scan converts a digital sequential circuit into a scan design and then uses automatic test
pattern generation (ATPG) software [BU0O, Jha03, WWWO06] to detect faults that are caused by
manufacturing defects (physical failures) and manifest themselves as errors, whereas logic BIST
requires using a portion of the VLSI circuit to test itself on-chip, on-board, or in-system. To keep up with
the design and test challenges [SIA03, SIA06], more advanced DFT techniques have been developed
to further address the test cost, delay fault, and test power issues [G1Z06, WWWO06]. The evolution of
important DFT techniques for testing digital circuits is shown in Figure 1. [WSTO08]

Fault
Lodi At-Speed Test Low- Tolerance
Scan > ogie »  Dela » Compres- »  Power >
BIST ay p f Defect and
Testing sion Testing Error
Tolerance
Figure 1: Evolution of DFT advances in digital circuit testing

The success of scan-based DFT techniques from the mid-1970s through the mid-1980s led to
their adaptation for testing interconnect and solder joints on surface mount PCBs. This technique,
known as boundary scan, eventually became the IEEE 1149.1 standard [IE1149] and paved the way for
floating vias, microvias, and mounting components on both sides of PCBs to reduce the physical size of
electronic systems. Boundary scan provides a generic test interface not only for interconnect testing
between ICs but also for access to DFT features and capabilities within the core of an IC [IE1149]
[PARO1]. A test access port (TAP) controller is included to access the boundary-scan chain and any
other internal features designed into the device, such as access to internal scan chains, BIST circuits,
or, in the case of FPGAs, access to the configuration memory. [WST08]

Design for testability has always been a weak point of asynchronous systems and one of the
most important reasons why asynchronous techniques have not gained industrial popularity yet.
Recently, GALS techniques are proposed as an effective way of complex digital system integration.
GALS asynchronous wrappers should allow the integration of large synchronous blocks into complex
digital systems. In order to achieve wide commercial use of the GALS technique, it is needed to provide
an adequate way of testing it. [KGO05]
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3.2 FAULT MODELS

In order to properly test digital circuits we first have to define what kind of defects (faults) can
appear in a digital system. Here is a short overview of those faults.

Stuck-at fault model

Stuck-at is widely used fault model and it is covering many different physical faults [AB94]. The
concept of this fault is very simple, and for each line in the system two possible stuck-at faults may
appear: stuck-at 0, and stuck-at 1. For this type of fault it is considered that the faulty line is in
permanent faulty state giving a constant 0 or constant 1. Additionally, one can consider stuck-at faults
lines at both inputs and output of logical gates or only at outputs. Considering only output stuck-at faults
simplifies the test but doesn’t cover all that can be detected with a test for both input and output stuck-at
faults.

Delay fault model

A delay defect is a defect that causes an extra delay in the circuit. An example is a spot defect
that causes a resistive short or open. To make the delay testing problem solvable, delay defect
behaviour must be abstracted to a delay fault. [WST08]

Transition fault model

The transition fault model is similar to the stuck-at fault model in many respects. The effect of a
transition fault at any point P in a circuit is that any transition at P will not reach a scan flip-flop or a
primary output within the stipulated clock period of the circuit. According to the transition fault model [6],
there are two types of faults possible on all lines in the circuit: a slow-to-rise fault (STR) and a slow-to-
fall fault (STF). A slow-to-rise fault at a node means that any transition from 0 to 1 on the node does not
produce the correct result when the device is operating at its maximum operating frequency. Similarly, a
slow-to-fall fault means that a transition from 1 to 0 on a node does not produce the correct result at full
operating frequency. [JA03]

The primary advantage of the TF model is that test generation does not need to consider circuit
timing. A stuck-at fault test generator can be modified to meet the additional requirements for generating
TF tests [WAI87]. Because a stuck-at fault can be considered a very slow TF, a TF test set will detect all
the corresponding stuck-at faults. The TF model has more constraints than the stuck-at fault model, so
the TF coverage is normally lower than stuck-at fault coverage. Top-off vectors can be generated to test
the stuck-at faults not detected by the TF test set. The primary disadvantage of the TF model is that its
resolution is limited by the difference in delay between the longest and shortest path through the fault
site [WST08].

Inline-Delay Fault Model

Production experience shows that many delay defects are due to resistive interconnect vias,
which cause both the rising and falling transitions through that line to be slow [BENO03]. This can be
modelled by the inline-delay fault. This fault is analogous to the TF, except that only one of the STR or
STF faults must be detected at each fault site. A test set for inline-delay faults is smaller than a test set
for TFs. [WSTO08]

Gate-Delay Fault Model

A spot defect that causes a small delay fault for a particular transition on a gate input or output
can be modelled as a gate-delay fault, also termed a local delay fault [CAR87]. Here “small” is a delay
that is larger than the minimum slack but smaller than the maximum slack for that line. Testing such
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faults requires testing a long or longest path with the appropriate transition through the fault site. The
quality of a test set is defined by how close the minimum detected delay fault sizes are to the minimum
detectable fault sizes [IYE88]. [WST08]

Path delay fault model

The path-delay fault model [SMI85] models the distributed delay on a path. A path is a
sequence of gates from Pls to POs, with a transition on each gate output along the path. The gate input
on the path is referred to as the on-input, or on-path input, whereas the other inputs are side inputs or
off-inputs. If the circuit contains a path that is slow for a rising or falling transition, then it contains a
path-delay fault. Unless explicitly mentioned, we refer to the transition direction at the input to the path.
The path-delay fault model assumes that any path can have any delay, so fault coverage is defined as
the fraction of all paths (or all synthesizable paths) tested. [WST08]

The path-delay fault model is more general than the fault models discussed above, because a
path-delay fault test will detect the corresponding transition, inline, or gate-delay faults, as well as
distributed delay resulting from process variation (global delay faults) or supply noise. The primary
drawback of the path-delay fault model is that the number of paths can be exponential in the size of the
circuit, so computing and achieving high coverage is difficult. Path delay testing is primarily used to test
a set of longest (or critical) paths provided by static timing analysis. [WST08]

A fault model intermediate between gate and path delay is the segment delay fault model. It
assumes that a segment along a path is slow [HER96]. Because the segment length is bounded, the
number of segment faults is linear in the circuit size. The propagation delay fault model combines the
transition fault and path delay fault models [LINO5]. It assumes that the sum of the local delay and the
distributed delay of the fault propagation path causes a failure, with at least one robust propagation
path. [WST08]

3.3 DFT TECHNIQUES

In this section we will discuss the most popular DfT techniques, applied for almost all
synchronous circuits. In particular, we will discuss scan and BIST techniques, and their application with
Automatic Test Equipment (ATE).

As described in [WSTO08], scan design is implemented by first replacing all selected storage
elements of the digital circuit with scan cells and then connecting them into one or more shift registers,
called scan chains, to provide them with external access. With external access, one can now control
and observe the internal states of the digital circuit by simply shifting test stimuli into and test responses
out of the shift registers during scan testing. The DFT technique has proved to be quite effective in
improving the product quality, testability, and diagnosability of scan designs [CRO99, BU00O, JHAO3,
Glz06, WWWO06]. Although scan has offered many benefits during manufacturing test, it is becoming
inefficient to test deep submicron or nanometre VLSI designs. The reasons mostly relate to the facts
that

(1) Traditional test schemes using ATPG software to target single faults have become quite
expensive, and

(2) Sufficiently high fault coverage for these deep submicron or nanometer VLSI designs is hard
to sustain from the chip level to the board and system levels. [WST08]

To alleviate these test problems, the scan approach is typically combined with logic BIST that
incorporates BIST features into the scan design at the design stage [BU0O, MOUO0O, STR02, JHAO3].
With logic BIST, circuits that generate test patterns and analyze the output responses of the functional
circuitry are embedded in the chip or elsewhere on the same board where the chip resides to test the
digital logic circuit itself. Typically, pseudo-random patterns are applied to the circuit under test (CUT)
while their test responses are compacted in a multiple-input signature register (MISR) [BAR87, RAJ98,
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NDO00, STR02, JHA03, WWWO06]. Logic BIST is crucial in many applications, in particular, for safety-
critical and mission-critical applications. [WSTO08]

Since the early 2000s, test compression, a supplemental DFT technique to scan, is gaining
industry acceptance to further reduce test data volume and test application time [TOU06, WWWQ06].
Test compression involves compressing the amount of test data (both test stimulus and test response)
that must be stored on ATE for testing with a deterministic (ATPG-generated) test set. This is done by
using code-based schemes or adding additional on-chip hardware before the scan chains to
decompress the test stimulus coming from the ATE and after the scan chains to compress the test
response going to the ATE. This differs from logic BIST in that the test stimuli that are applied to the
CUT form a deterministic (ATPG-generated) test set rather than pseudo-random patterns. [WSTO08]

There are also many others test techniques, that are mainly used a supplement to the mentioned
one. For example one could use a functional testing, and test the circuit while making its normal
operation. Additionally, it is possible to use current sensing test techniques, such as IDDQ testing, for
identifying short circuits in the system.

3.4 STUCK-AT FAULT TESTING

The basic test, that is already for years an industry standard, is the test of the circuits for stuck-at
faults. To test for stuck-at faults, two steps are involved. The first step is to generate a test vector that
excites the fault and the next step is to propagate the faulty effect to a primary output or a scan flip-flop.
Automatic test pattern generation (ATPG) tools are typically used to generate the test vectors. The
stuck-at fault model is being used virtually everywhere in the industry to screen defects caused by
stuck-at faults. It is relatively easy to generate patterns for stuck-at faults and pattern volume is also
comparatively low. [JAO3]

In the past few vyears, structured scan-based methods, most often full-scan, are being
increasingly used to generate test patterns that are capable of achieving high coverage. The advantage
lies in the short cycle time for developing them, combined with the relative ease in debugging them.
Test application times may not be short if many flip-flops are included in long serial scan chains.
Designers often make use of multiple parallel scan chains to reduce the test application time. However,
as design sizes increase, most types of automatic test equipment (ATE) are incapable of supporting the
increased number and depth of scan chains. Scan based methods still remain the most viable
alternative to functional tests and many improvements are being devised for such methods. [JA03]

3.5 SUMMARY

In the previous text we have introduced basic DfT issues and techniques. For classical
synchronous design there are many mature test solutions available.

All those techniques, or some combination of them, are used for testing digital circuits. Most of
these techniques are invented for the synchronous circuits. However, many of them could be also
successfully applied for the asynchronous circuit testing. There are also special techniques that are
designed only to test asynchronous circuits. This we will analyze in the following chapter.
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4 TESTING ASYNCHRONOUS CIRCUITS

4.1 INTRODUCTION

When considering the evolution of shrinking feature sizes of integrated circuits (ICs), it is obvious
that more complex designs will be integrated within one single chip that will become a SoC. Most ICs
today are designed to be synchronous, i.e., they are controlled by a global clock signal, which triggers
all memory elements, simultaneously. But with the growing complexity of modern ICs the overhead in
design and chip area for the clock tree rises extremely. This is because the complex clock tree contains
amplifiers, buffers and delay elements which are required to ensure that the clock signal arrives at all
memory elements at the same time to guarantee the correct behaviour of the circuit. But clock
distribution is only one of several problems regarding synchronous systems [P102]. Simultaneously
switching registers causes high electrical peaks. The fall of voltage can result in a malfunction of the
whole circuit. Another problem is the electromagnetic interference (EMI) generated by high clock
frequencies. This physical effect has several drawbacks. One is that EMI can negatively influence other
system components and can cause a crosstalk resulting in faulty circuit behaviour.

Additionally, synchronous circuit designs require an adjustment of the clock period to the worst-case
delay behaviour. Before manufacturing the circuit its longest delay path must be identified. The required
time for this path determines the clock frequency. Also the temperature and the operating voltage must
be observed to ensure the correct behaviour when those environmental parameters change.

Asynchronous circuit design can be a solution of the above mentioned problems. The advantage of
asynchronous in contrast to synchronous circuits lies in lower power consumption, because the
modules are active only in the presence of data, better delay behaviour, modularity of such systems,
and additionally in better security aspects. This was studied in [BS97, MRLO04].

But asynchronous systems also have some drawbacks compared to synchronous designs. The
major aspect that shall be addressed here lies the lack of test techniques for asynchronous circuits.
Recently, many test methods have been specifically developed for synchronous systems. Indeed, in the
last decades testability issues of asynchronous circuits were further investigated. Therefore, several test
approaches for synchronous circuits have been adapted to asynchronous designs and new approaches
were particularly developed to cope with the problems regarding asynchronous circuit testing. However,
testing asynchronous circuits is still a difficult task.

This chapter gives an overview about existing problems in testing, solutions to those problems and
Design for Testability (DfT) for asynchronous circuits. Such a comprehensive survey was already
presented by H. Hulgaard et al. in [HU94] and A.J. Martin et al. gave an overview about testing a special
category of asynchronous circuits in [MA91]. The intention of this chapter is to introduce and summarize
new techniques and approaches. Thereto, section 3.2 of this chapter introduces asynchronous circuits,
discusses their properties and gives an insight into types of asynchronous circuits. Section 3.3 deals
with test approaches for asynchronous circuits and presents the most common fault models. The last
section concludes this chapter.

4.2 ASYNCHRONOUS HANDSHAKE CIRCUITS

The basic characteristic of asynchronous circuits is that they are not controlled by a global clock.
Hence, a complex clock distribution tree is not necessary to control the memory elements. In general,
these circuits are composed of asynchronous modules which store the actual state of the circuit and
some computational elementsi between those asynchronous modules. The asynchronous modules
themselves consist of memory cells and asynchronous control logic (ACL) which generates a local clock
signal triggering the according memory cells to store the current state. The computational elements are
realized by combinational logic mostly using standard gates. But also non-standard gate
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implementations, e.g. DCVSL gates, are possible. The communication between asynchronous modules
is organized by a bidirectional handshake protocol using a request (req) and an acknowledgment (ack)
signal. A request is assigned when data should be transmitted. If the data was received then an
acknowledgment is generated. Figure 2 shows the general schematic of asynchronous handshake
circuits.

Req Req Req
ACL > ACL
® — - —
Ack Ack Ack

Comb.
Register Logic ‘ Register

Figure 2: Asynchronous handshake circuits

A handshake protocol can be categorized in different ways. One major distinction regards the
number of phases. Here, there are two major kinds of handshaking protocols to be distinguished, 2-
phase and 4-phase as shown in Figure 3. Both have different properties regarding power and time
consumption and the meaning of signal levels and transitions. The 4-phase handshake protocol is level-
based, i.e. the four different phases of the protocol depend on the level of the handshake signals. This
is simple to implement, but it requires more power and time to execute a full handshake compared to
the 2-phase handshake protocol, which is transition-based. This means that the phase of the
handshake depend on signal events, i.e. transitions, rather than on the level of the handshake signals.
Because the 2-phase handshake protocol requires only half of signal switches it is more efficient in time
and energy consumption.

4-phase handshake protocol

X Valid data X Invalid data X Valid data X Invalid data X
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2-phase handshake protocol
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Figure 3: Asynchronous handshake protocols

Another distinction considers how data bits are transmitted. A handshake-protocol with explicit
request and acknowledgement signals and one wire per each data bit is called single-rail protocol. The
counterpart to this is the dual-rail handshake protocol. It uses two wires (dfdt) per each data bit where a
valid '1’ is encoded with (01) and a valid ‘0’ with (10). When both signals are low then the data is not
valid and this is the so called NULL-value. The last case, if both signals are high, corresponds to the
forbidden state. Dual-rail handshake protocols have no explicit request signal. The request is encoded
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within the data lines when all data bits have a valid value. There also exist other protocols, e.g. m-of-n-
encoding, but due to space limitations these types should not be discussed here.

The last distinction considers the initiator of the handshake. In a push-protocol the sender is the
active part, i.e. that the request goes from the sender to the receiver. The opposite is also possible and
is called a pull-protocol. Here, the receiver initiates the transmission by sending a request that is
acknowledged by the sender. A concrete handshake protocol realization is a combination of the
mentioned categories. J. Sparsg and S. Furber have given a comprehensive overview of the most
important protocols in [SFO1].

Beside the categorization of the used protocol purely asynchronous circuits can also be classified
regarding gate and wire delays as being self-timed (ST), speed-independent (SI), delay-insensitive (Dl)
or quasidelay- insensitive (QDI). An asynchronous circuit which works correctly with positive bounded
gate and wire delays is said to be delay-insensitive. S| circuits consider only gate delays as being
positive bounded. Delays in wires are assumed to be zero. The mixed forms are QDI circuits which
have positive delays in gates and in wires, as well. The difference to DI circuits is that forks are
assumed to be isochronic, i.e. the delays of the fork’s branches are equal. The last class of circuits (ST)
exhibit more elaborate timing assumptions under which they work correctly.

Another type of circuits are globally-asynchronous locally-synchronous (GALS) systems, which
combine the advantages of both design styles. Such systems consist of synchronous modules/blocks
(SB) operating with individual clock domains. Figure 4 illustrates such a GALS system. The
communication between SBs is organized by asynchronous channels, e.g. realized by asynchronous
FIFOs. Other ways for interconnecting SB use synchronizers or pausible clocks. The SBs use
transmission enable signals to indicate that they are ready for transmission. The conversion between
the synchronous communication enable and the asynchronous handshake signal is done by a wrapper
module.

Asynch. Channel
-p oo

- ____ __ __ __ __ __ __ _______}

Figure 4: GALS System

Based on their structure and the corresponding behaviour asynchronous circuits offer several
advantages compared to their synchronous counterparts. For example, due to self-timed properties
asynchronous circuits operate at their maximum speed and consume power only when data must be
processed. Furthermore, these circuits are robust against environmental parameters (supply voltage,
temperature etc.) and the asynchronous switching of memory cells results in lower electromagnetic
radiation. The last major advantage is the possibility of modular design. This enables asynchronous
modules to be separately developed rather than designing an entire design at once.
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Although these advantages are well known, the industry often avoids asynchronous designs,
because of less tool support, the lack of knowledge in dealing with these systems and other problems
which are not present in synchronous circuits. Critical hazards and races are only one example. In
synchronous designs the propagation of those effects is inhibited by adjusting the clock period such that
signal values have enough time to stabilize. In asynchronous circuit where each signal transition has a
meaning, hazards can be disastrous. This shows that the usage of a synchronous design style
simplifies the development of systems and it must be mentioned that the generation of complex systems
was only possible with the restriction to synchronous designs. As a consequence methods for testing
the manufactured circuits were especially developed for synchronous systems. Hence, the test
equipment is organized to operate synchronously which is the reason that purely asynchronous circuits
are difficult to test. However, many approaches for asynchronous circuits were investigated to make
these systems testable. The next section gives an overview about existing methods and discusses their
properties.

4.3 TESTING ASYNCHRONOUS CIRCUITS

Testing is an important part in chip production, since a design will not be passed to mass
production without its verification. In order to enhance the testability, designs must often be extended
with additional hardware to access and control the circuit during test. The majority of DfT-techniques
were developed for synchronous rather than for asynchronous systems. As a consequence, industrial
companies often avoid asynchronous circuits, because of many problems they have to overcome when
testing such designs. One important issue is the communication between the design under test (DUT)
and the test equipment. Most test automatons operate synchronous, apply and compare patterns cycle
by cycle. The problem is that testers are not capable of reacting to responses of the DUT. Hence, a real
asynchronous communication is impossible. To realize the communication the design must be extended
to have a synchronous interface which denotes additional hardware that should preferably avoided.

When testing GALS systems a similar problem appears. Indeed, GALS systems communicate
synchronously with the environment, hence, the communication can be organized. However, these
systems tend to be non-deterministic in their timing behaviour, i.e. a response of the DUT can occur in a
particular range of clock cycles. Here, the problem is that a tester expects a response at a specific clock
cycle rather than in a range of cycles. If the expected response does not occur in the specific cycle then
the whole test is treated as failed. A solution for this problem is called synchro-tokens and was
presented by M.W. Heath and I.G. Harris in [HHO3]. This approach attempts to make GALS systems
deterministic during test using a token ring with a node on each of two communicating SBs. Each node
counts local clock cycles to determine when the token is expected to arrive and when it should depart.
Hence, a node can stop the clock when the token has not arrived and can ignore all transitions on the
asynchronous channel when the token has appeared too early. Using this scheme a GALS system can
be made deterministic.

Another problem of asynchronous circuit testing is redundant logic that is used to avoid critical hazards
and races. Because a fault within redundant logic will not change the logic function of the circuit, it
cannot be detected by any test. The critical point with this is that although a fault within redundant logic
does not affect the circuit’s function it can mask other faults. Thus, the masked fault cannot be detected
by a test (cf. [AB94]).

Fault Models in Asynchronous Circuits

Before a test method is chosen or developed for a given design one has to consider which types of
faults probably occur within the design and which faults the test method is able to detect. Due to their
sensitivity to every signal transition, asynchronous circuits are more susceptible to more types of faults
than synchronous implementations. As previously mentioned, hazards can cause an asynchronous
circuit to malfunction. Hence, test methods developed for synchronous systems could not be adapted to
asynchronous designs without taking such additional effects into account. However, many fault models
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for synchronous systems can also be applied to asynchronous circuits. This section briefly lists a set of
feasible fault models for asynchronous circuits.

Fault models can be defined on different abstraction levels of the circuit. They should preferably be
simple to limit the fault universe, i.e. the number of considered faults. Because of the explosion of
possibilities, it is often assumed that only a single fault occurs in a circuit. But also multiple faults are
considered. Mostly, it is sufficient to determine, whether a circuit is faulty or not. Hence, the most
commonly used model for permanent faults is the single stuck-at fault (s-a-f) model, which assumes one
wire or a gate output to be stuck at a constant value. The s-a-f model is dominated by many others, i.e.
a complete test for single stuck-at also detects other faults which are not integrated within this model.
For example, M. Kishinevsky et al. present a method for detecting delay faults using the stuck-at fault
model in [KK97]. These faults do not affect the logical behaviour of a combinational circuit. Only the
timing is influenced. However, the test for delay faults is essential in ST circuits, because of timing
assumptions under which these circuits work correctly. For this reason delay faults are often the subject
of investigations in asynchronous circuit testing. Similarly, critical hazards and races are also often
considered in asynchronous circuit testing since they can invalidate a test.

Transition faults are another type of faults referring to faulty timing behaviour of asynchronous
circuits. Such faults can be premature and inhibit transitions on control logic signals, which often lead to
violations regarding the order of handshake protocol transitions. These violations are relatively easy to
observe from the functional sight of a system and so they can be used as a first indication whether a
circuit is faulty. As a consequence, the circuit can be further exploited regarding structural faults, e.g.
stuck-short/opens or bridging and coupling faults. These fault models on transistor and logic level,
respectively, are in most cases too complex to be applied to the whole circuit. Therefore, the fault
should be isolated using the mentioned functional analysis.

The next category of faults is transient faults, which only temporarily affect the circuit’s function. Such
faults could appear, if an alpha particle or an atmospheric neutron forces an erroneous signal transition
[YS92, ME82] or can be induced by crosstalk. Furthermore, transient faults can be intentional to
influence the circuit behaviour. For instance, hackers attack a system to access protected memory
areas or secret information using radiation from lightning, laser emission etc (cf. [MRLO04]).

To detect the mentioned faults different approaches can be used. Each approach has several
advantages and some drawbacks and is feasible for a variety of fault models. The following subsections
discuss the properties of the approaches and present some examples and specific realizations.

Self-checking Properties of Asynchronous Control Logic

The first approach to be discussed utilizes the property of asynchronous control circuits to halt
in the presence of a s-a-f. This property was discussed in [HU94]. Figure 5 illustrates two ACL units
which communicate using a single-rail handshake protocol. Initially, the outputs of all Muller-C elements
(MCE) are low. Assume that ack: is s-a-0 and a full handshake should be performed on the left side of
the circuitry, i.e. req,is set to 1 (denoted by req+, ) followed by ack+, ; req-; ; ack-, . After its propagation
delay the first MCE will fire because of req+; and the signals ack; and req. will be assigned to high. Then
req+> will cause the second MCE to set its output high after its propagation delay. But because of ack.-s-
a-0 that inhibits ack+. the first MCE is not able to reset its output when reg-; happens. Hence, the circuit
will deadlock and it can be shown that every s-a-v (v € {0;1}) will also force the circuit to halt. This
deadlocked state can be detected by waiting a certain amount of time using a checking scheme that can
be realized
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Figure 5: Two ACL units with acky-s-a-0
Test Pattern Generation

The generation of test patterns is a complex process during test flow and many aspects, e.g. the cost
and quality of the test patterns, has to be considered. Test patterns can be generated to perform
functional tests, i.e. to determine whether the DUT performs its specified function, or to test for structural
faults. The former is mostly performed during the design process and verification of a pilot line. But
because the set of functional faults is unbounded it cannot be realized automatically. In comparison to
functional faults, the set of structural faults is limited. Hence, a test for detecting such faults can be
automated [AB94], referred to as ATPG.

However, the generation of tests for asynchronous circuits has some obstacles, that makes this
process more difficult than for synchronous systems. As already mentioned, asynchronous circuits
contain redundant logic to avoid hazards and races. Hence, a test pattern set with 100% fault coverage
cannot be achieved. Another problem in ATPG for asynchronous circuits regarding hazards and
unstable states is that these effects can invalidate a test because they are not considered during test
generation. This means that a test fails due to some unstable signals although the circuit is fault free.
Approaches to avoid test invalidation were presented by S. Banerjee et al. in [BA96] and by A. Khoche
and E. Brunvand in [KB97]. The former approach uses a synchronous model that is generated for
ATPG. This model operates in fundamental mode, i.e. input patterns are applied and output responses
are observed only when the circuit is stable. In [KB97] a 6-valued algebra that includes hazards is
applied to ST circuits. The considered ST circuits consist of modules that are composed of XOR gates,
MCEs and gated latches. Therefore, the propagation of the six values has to be considered only for
these elementary components. The algebra was integrated into a modified D-algorithm that performs
the pattern generation.

A further problem of ATPG for asynchronous circuits is that test patterns generated for detecting
structural faults in some cases are forbidden or impossible to occur in normal operation mode. These
patterns can lead into invalid states or oscillation which invalidates a test. Also the huge amount of
sequential elements, e.g. MCEs, makes ATPG for asynchronous circuits problematical. To ease the
pattern application in sequential elements, scan chains can be integrated into the DUT. This is
presented within the next section.

Scan Test Approaches

Scan test is a common DfT technology that is widely accepted by the industry. It is a strong method
for detecting structural faults as well as functional faults if a boundary scan is used for some module of
the DUT. To test a circuit using scan, all memory elements obtain an additional input and are chained
up to one or multiple sequential shift registers. The memorized state of the circuit can then easily be
examined by scanning out the values stored within the internal scan registers. Because conventional
scan registers require a global clock signal for scan operation this technique was mainly adopted in
synchronous circuits. But due to its feasibility to detect structural faults the scan design has been also
adjusted to asynchronous circuits.

In general, asynchronous circuits have feedback loops without memory elements. This is shown in
Figure 6(a). In order to make this design scannable, the feedback loops are broken by inserting scan
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latches which are transparent in normal mode. Figure 6(b) illustrates this. As well as for synchronous
circuits two scan approaches can be distinguished: full-scan and partial-scan. A full-scan offers high
fault coverage but also has a huge hardware overhead due to the necessity to make all memory and
sequential elements scannable. Thus, a full scan introduces scan capabilities into both local and global
feedbacks. A partial scan sacrifices fault coverage in order to save hardware costs. Mostly, this is
achieved by inserting scan capabilities only into global feedbacks. Such a partial-scan technique was
presented by A. Efthymiou et al. in [EF04]. The inserted scan latch is used to apply test patterns to 1-of-
5 pipeline latches of the CHAIN interconnect. These pipeline latches consist of regular MCEs without
any scan capabilities. Hence, the approach takes advantage of the regular arrangement of the MCEs to
apply the same patterns to all those MCEs, simultaneously. Using this scheme, they were able to
reduce the total area by 60% as compared to full-scan and achieve a fault coverage of 99.5%.

I> o(i,s) =0 z> I> 0(i,s) = o z:>

uis) =s u(is) =s"
s 5 Sen | g
Sin
Tck
a) b)
Figure 6: Asynchronous design with (a) and without scan chain (b)

Another possibility to identify locations for scan latch integration uses analysis of the DUT. A. Khoche
and E. Brunvand have presented a partial-scan technique in [KB951, KB952] to get a better coverage
for stuck-at-faults than approaches using the self-checking capabilities of ST circuits. They used the
testability and structural analysis as well as pattern generation aspects to select the elements that has
to be made scannable and which elements should simply be transparent in test mode. Furthermore,
they proposed specially adjusted latches to perform tests.

An approach to detect delay faults using partial scan was proposed by M. Kishinevsky et al. in
[KK97]. As already mentioned, this was done by reducing the test for delay faults to a test for stuck-at
faults. They also used a structural analysis to select the paths that shall be tested for delay faults. Once
a path is selected, a pattern sequence for s-a-f is generated to initialize and to activate the considered
delay fault.

A full scan technique is presented by F. te Beest et al. in [TB02, TB03]. The proposed method
introduces scannable MCEs and adds a synchronous test mode to the circuit, in which the entire circuit
is controlled by external clocks. Additionally, the MCEs and other asynchronous standard cells are
remodelled such that conventional test generation tools can be used for ATPG. The method results in a
test generation flow, capable of automatically testing any handshake circuit with test-quality equal to
synchronous circuits. They used their method to evaluate several circuits and reported a stuck-at fault
coverage over 99%.

The problem of conventional full or partial scan integration within an asynchronous design is the
requirement of a synchronous clock tree. This means that the tree is added to the circuit only for scan
operation; hence, a huge area overhead is required only for scan purposes. Additionally, a synchronous
clock tree is one of those things that should be avoided with the asynchronous design style due to its
required timing and power considerations. A solution to this problem can be an asynchronous scan
path, e.g. given by V. Schéber et al. in [SH96, SHO1]. They developed special asynchronous scan
registers and modules to control the scan registers during test mode. The advantage of this approach is
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that it maintains the asynchronous behaviour even in scan mode. Consequently, no synchronous clock
tree is necessary.

Scan test is capable to test for structural faults and is feasible for performing stepwise tests.
However, it is not applicable to test the design at its operations speed, referred to as at-speed testing.
Therefore, other schemes must be used, e.g. built-in self-test and on-line fault detection approaches
that are presented within the next sections.

Built-In Self-Test

Built-In Self-Test (BIST) is one way to integrate test capabilities directly into the chip. This enables
the advantage that a test can be performed on the operation speed of the DUT, referred to as at-speed
testing. Furthermore, it allows the execution of tests when the DUT is already integrated within an
operating system. In general, besides the DUT a BIST consists of a test pattern generator (TPG) and a
test response analyzer (TRA). Figure 7 shows the general structure of a BIST for asynchronous circuits.
In comparison to synchronous BIST, asynchronous communication channels are required for the
interconnection of the BIST components. Hence, the TPG must be able to generate a request and must
stop its operations until the acknowledge signal arrives. Similarly, the TRA must wait for a request to
occur and must generate an acknowledgement. In [AL98] V.C. Alves et al. have presented a simple
scheme for organizing a BIST in an asynchronous environment. The approach assumes that the DUT
exhibits an end-of-operation signal similar to the request signal of asynchronous handshake circuits.
The only difference is the absence of a acknowledge signal. The approach uses a graph-theoretical
scheme based on tokens to determine the active component. Their first attempt toggles between all
three components TPG, DUT and TRA, where only one component is active. This is enhanced by
activating both TPG and TRA in parallel, since the pattern generation and the response analysis can be
done simultaneously.

However, a conventional BIST also has some drawbacks, e.g. the lack of diagnosis capabilities. This
is because the analysis of DUT’s responses is done by the TRA. Depending on its specification the TRA
either generates a pass/fail information or a signature out of the DUT’s responses. The former option
enables a simple analysis, but there is a problem when the pass/fail signal is erroneous. This can be
avoided using the second possibility. In comparison to the pass/fail signal, a signature can be further
analyzed and a fault within the signature can be detected. But this must be done by an external checker
that knows the expected signature. In both cases, one is not able to extract when and where a fault has
occurred. Hence, a BIST scheme has less diagnosis capabilities than e.g. scan test. In order to
enhance this, a hierarchical BIST can be utilized as it was done by M. Krstic and E. Grass in [KGO05].
This technique for GALS circuits will be described in detail in the next section. This technique was
integrated into a GALS baseband processor to verify separate components. The baseband processor
was divided into a transmitter and a receiver which themselves were subdivided into several SBs
communicating via asynchronous channels. The BIST was used to test these asynchronous
communication channels as well as the SB. Therefore, the BIST is composed of several TPGs and
TRAs to perform individual tests. Thus, different tests can be performed, e.g. local tests including one
asynchronous channel and one synchronous block. Also global tests are possible when the TPG and
TRA of the GALS bounds are utilized to perform tests. Furthermore, the transmitter and the receiver are
connected together in a BIST internal loop, such that stimuli at the input of the transmitter can
propagate through the entire GALS architecture to the outputs of the receiver. Hence, a global test that
checks the entire design can be performed. The drawback of this BIST design is that the TRAs deliver a
pass/fail information that is received by the central controller. An internal fault within the central
controller can distort this information.
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Figure 7: Asynchronous BIST

On-Line Testing and Concurrent Error Detection

A similar approach to observe faults in an IC is on-line testing and concurrent error detection (CED).
In comparison to a BIST that explicitly generates test patterns, an on-line testing scheme tests the
circuit during its normal operation. Here, additional redundant hardware components are used to
estimate, whether the functional unit to be tested operates correctly. One module, namely the Invariant
Property Generator (IPG), generates an expected invariant property using the DUT’s inputs. The output
of the DUT should have this property. Thus, to check for a fault, both the expected property and the
property of the actual output, must be compared. Therefore, a checker generates the property from the
output and compares this with the expected property. The invariant property may be the parity, i.e. the
number of ones modulo 2 within the output vector. But also codes, e.g. Hamming or Berger codes, are
used to implement a CED scheme. For example, P.D. Hyde and G. Russel present a comparative study
of a synchronous and an asynchronous RISC processor using Dong’s code in [HR04].

In order to implement on-line testing methods within asynchronous circuits the IPG and the DUT
must be synchronized before the checker can perform the comparison. Otherwise, the checker may
indicate an error until both computations are complete. A possible synchronization is shown in Figure 8.
Here, both DUT and the IPG receive the request signal from the environment and generate an individual
request when their computations are completed. These two request signals are synchronized by means
of the MCE that generates the request signal propagating to the checker. After the comparison within
the checker, the request is sent to the environment which is then able to receive the result and the fault
indication signal. The drawback of this on-line testing methodology is the additional synchronization that
may decrease the system’s operations speed.

Other techniques do not necessarily require synchronization. In [SY05] D. Shang et al. have firstly
presented an on-line checker for handshake protocols. This checker was enhanced in [SY06] to achieve
lower area costs. The goal of the checker was to check the protocol for stuck-at faults, premature firings
and order violations of occurred transitions. Therefore, the checker scheme is divided into four check
modules corresponding to the four stages of the two handshake signals and four control units used to
control the active stage check unit. Each stage checking module is organized to check one stage of the
protocol. Except their inputs, all these modules have the same structure. They consist of a delay
element, one D-Flip-Flop and some logical gates. The delay element determines the minimum delay
dmin between two signal transitions to detect premature firings. Hereby, the major drawback is the use of
multiple delay elements within the separate stage checking modules. These delay elements require
most of the area when they are realized using inverter chains.

In [RK94] a checker scheme for dual-rail logic based on Differential Cascode Voltage Switch Logic
(DCVSL) is given by D. Rennels and H. Kim. They implemented a checker in CMOS to detect the
forbidden value (11) of the dual-rail code. Furthermore, they have shown how to organize a DCVSL
circuit using this checker. To verify their design approach they inserted a few thousands faults into two
experimental circuits. No error was undetected, but they mentioned that inserting a couple of faults is
not representative for the fault coverage.
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Figure 8: General on-line testing scheme

Comparison

The mentioned test approaches have different properties regarding fault coverage,
controllability and observability, at-speed testing etc. A comparison of the approaches is shown in Table
1. It is clear that using the self-checking aspects of asynchronous circuits does not influence the
performance and the area. Also at-speed testing is possible. However, the observability, diagnose
capability and fault coverage are low, since a deadlock indicate at least one fault within the control logic
of the circuit only, but it is not possible to determine where the fault has occurred. Scan test seems to be
the opposite regarding the considered properties. It offers the best fault coverage, observability and
controllability and also diagnoses capabilities due to its possibility of scanning in test stimuli and
scanning out responses of separate circuit components. But this also implies more test time and the
necessity of replacing all standard flip-flops with scannable ones negatively affects the area and
performance of the design. Additionally, the introduction of a clock tree for the scan operation into
asynchronous circuits is very extensive. The last two testing techniques, BIST and on-line testing are
very similar regarding the requirements. Both techniques allow at-speed testing and are relatively easy
to control and to observe when a feasible interface for the tester is added to the asynchronous DUT.
BIST techniques often utilize linear feedback shift registers for implementing a TPG and a TRA. Those
components are very cheap in area overhead. But these components must be integrated into the DUT
using multiplexers, thus, it influences the performance even in normal operation mode. On-line testing
techniques do not have this performance lost when the result of the check is not required. Only in test
mode an additional delay is required for the check. Because BIST-techniques often use pseudo random
patterns rather than real operation patterns, the functionality of the DUT is harder to test. Furthermore,
the result is often compressed in the form that many test responses are combined within the TRA to one
output signature. Hence, faults can mask other faults and this reduces the fault coverage and the
diagnose capabilities. However, a BIST is easy to implement and the required test time is low. The
design and integration of an on-line testing scheme can be very complex and often it is not easy to find
a feasible invariant property. In addition the test requires much time just like functional tests since the
test patterns must be applied separately. Nevertheless, the responses can separately be analyzed
resulting in better diagnosis and fault coverage.

Table 1: Test method comparison
Test method - , .

Requirement Self-Checking | Scan Test BIST On-line Test
Observability & controllability PR NNl P e 00
Fault coverage e P T A 2ol 2ol
Influences in area ety P el el
Influences in performance PRSASK A S P PSSR S PONTeTeUY
At-speed testing PP P S S T Kdededed | Dedededelk
Diagnose capabilities PR NNl DG PSRN
Test time PROSAERY P NN v 00U
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4.4 CONCLUSION

Within the last sections asynchronous circuits have been introduced as a perspective for complex
SoCs. The replacement of the global clock signal by locally clocked modules is shown as a solution for
design problems regarding clock distribution, power consumption and EMI. But due to the resulting lack
of controllability and observability as well as difficulties with the communication between DUT and ATE,
asynchronous circuits are assumed to be difficult to test. However the last sections have shown that in
the last decades many enhancements on testing asynchronous circuits have been investigated and
developed. However, the testability of asynchronous circuits has to be further improved to make the
asynchronous design methodology applicable in industrial system.
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5 GALS TESTING

5.1 GALS TESTING PROBLEMS

With the increased complexity of the digital circuits it became beneficial to partition a complex
design into the set of smaller localized designs that still function internally synchronously but mutually
communicate asynchronously. However, in order to apply the GALS methodology, we need a clear path
how to test such structured systems. As expressed in [GUO06], as soon as a design using self-timed
circuit techniques is mentioned, the first question that pops up is: "How are you going to test this
circuit?"

To propose an optimal test strategy for GALS systems, it is necessary to define test
requirements. For a GALS application, the test should be clearly separated from the functional part in
order that testing cannot affect the correct functioning of the system. Additionally, the test should be
easily initialized and controlled. The test circuitry should provide easy observability and controllability of
all interesting points in the system. On the other hand, it is desirable to allow hierarchical testing, and
testing at the speed of operation. Finally, all tests should show robustness towards the asynchronous
behaviour of the wrapper and the highest possible fault coverage.

To summarize, GALS testability research has the following main objectives:

- Provide sufficient fault coverage for all the wrapper elements (port controllers and local clock
generators).

- Verify that the LS blocks can communicate with the wrapper.
- Ensure that all GALS modules communicate with each other according to specifications.

- Provide a method for standard test equipment to interface with the individual LS modules, so
that they can be tested using conventional scan based methods.

- Enable testing wrapper elements without modification of the LS modules. [GUR02]

Self-timed circuits have always been regarded as being difficult to test. There are two main
properties of self-timed circuits that make traditional testing approaches infeasible: [GU06]

1. It is not possible to hold the state of a self-timed circuit using a global signal.

In synchronous systems, once the clock is halted, the state of the system is frozen. It can be
observed and manipulated with ease. There are well established methods (i.e. scan based
testing) and proven tools to support this approach. It is possible to support similar functionality
for self-timed circuits as well [GU06]. For example it is possible to break all combinational loop
and insert scannable elements at breaking position, as defined in the pervious chapter.
Additionally, it is possible to insert scan function in the special asynchronous sequential
elements, such as C-element. But the required test functionality must be part of the circuit
definition from the beginning.

2. Self-timed circuits are (in principle) sensitive to all transitions of their inputs.

This increases the amount of failure sources. In synchronous systems, as long as all nodes
have the correct value at the time of a clock transition, the system will function correctly.
Parasitic transitions of intermediate nodes have no negative effect on functionality in a
synchronous system. In self-timed circuits, such glitches can have terminal consequences. Not
only that, but signal transitions that are faster or slower than normal may result in the circuit
malfunctioning. [GUO06]. Therefore, the testing of asynchronous circuits must pay more attention
not only to the static (as in the synchronous case), but also to dynamic faults.
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There have been numerous approaches to address the needs for asynchronous testing, as we
discussed in the previous chapter. When compared to classical asynchronous circuits, it is obvious that
the amount of asynchronous testing is much less in a GALS system, since only a limited amount of
asynchronous elements (which in turn only comprise 10-20 gates per port) need to be tested. While
having a limited number of nodes alleviates the testing problem by some degree, the basic problems of
asynchronous testing remain the same: The port controllers and the local clock generators are prone to
stuck-at faults, bridging faults, delay faults, and hazards. [GUR02]

Generally, the design for testability (DFT) of synchronous digital systems is based on the scan
chain approach. There are similar techniques also in asynchronous domain [TB02]. On the other hand,
there are claims that a functional test is sufficiently effective for asynchronous circuits. For example, a
GALS test technique based on a functional test is proposed in [GUO02]. Built-in Self-Test (BIST) could be
a possible compromise between functional and scan-based testing and it is already successfully used in
the asynchronous world [AL98]. In the following sections we will discuss about the methods and the
strategy for testing of GALS circuits, having in mind the methodology for asynchronous and
synchronous circuits described in previous chapters.

5.2 SCAN ISSUES WITH MULTI-CLOCK-DOMAIN DESIGNS

As we know, the most of the designs in the industry today have more than one clock domain. It is
quite common strategy now to combine different clock domains in the common DfT scan structure.
There are several techniques how the test of the multi-clock domain circuit can be performed. This will
be described in the following text.

Very frequently happens that although in application the system is sourced from several clock
signals, for the test the single clock source is used. However, we have to be sure that the tester period
is made equal to the slowest of all clocks and all clocks are pulsed in this period sequentially. However,
this requires a lot of change, as sequential ATPG has to be supported.

On the other hand, it is lot easier to generate the tests for one clock domain at a time. One clock
pin is used for launch and capture while the scan-in and scan-out operations are done using all clocks.
The procedure is then to scan-in data using all the clocks, use one clock pin to fire the launch and
capture pulses and finally scan out using all the clocks. When ATPG for one clock domain is complete,
the entire process is repeated for a different device clock. The disadvantage is that any “cross-
interacting logic” remains untested in this case. [JAO3]

If one common clock is being used to test designs, all flip-flops in domains not being tested have
to be masked. This places a requirement that the clock tree for this test clock must be able to run at the
fastest frequency being tested. Further, all the flip-flops in other domains need to be identified
beforehand, so that they can be masked accordingly. [JAO3]

In multiple clock domain designs, it may so happen that flip-flops triggered by different clock
domains are on the same scan-chain. In such a case, it becomes imperative to place LOCKUP latches
at the boundaries of these clock domains, to eliminate clock skews between domains while shifting
through the scan chain. Such lockup latches delay the data for half a clock cycle, from the rising to the
falling edge, thus providing a high tolerance to skew between domains. This requirement is especially
necessary for transition fault tests, though desirable for stuck-at tests [SAX02]. [JA03]

In some designs, designers do not use LOCKUP latches, but intentionally skew the device clocks
to make up for the use of LOCKUP latches. This technique works while testing for stuck-at faults using
low frequencies. However, this method will most often not work for at-speed testing, as it is almost
impossible to simultaneously shift the scan chain, perform launch and at-speed capture in the same test
pattern. As a result, the only alternative is to use LOCKUP latches in the scan chain at domain
crossings. Additionally, it is imperative to place the trailing edge-triggered flip-flops prior to the leading
edge-triggered flip-flops in the scan chain. [JAO3]

All those measures could be also applied for the GALS systems. However, it looks unnecessary
to build a common scan chain for different LS blocks triggered with the different clock source. Building a
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common scan chain for different LS block leads to losing of many advantages of the GALS design and
we have to deal with the timing closure of the scan chain at the classical way. Therefore, the easiest
choice for the GALS test designer should be to separate clock domain issue and to focus on separate
testing of LS modules. On the top of this approach, the designer has to take care about the system and
inter-domain testing, without involving the global scan approach in to the DfT flow.

5.3 AT-SPEED SCAN ARCHITECTURES FOR GALS SYSTEMS

Although scan design is commonly used in the industry for slow-speed stuck-at fault testing, its
real value is in providing at-speed testing for high-speed and high-performance circuits. This can be
also applied for circuits that contain multiple clock domains, each running at an operating frequency that
is either synchronous or asynchronous to the other clock domains. [WST08]

There are two basic capture-clocking schemes for testing multiple clock domains at-speed
[WSTO8]:

(1) skewed-load (also called launch-on-shift) and
(2) double-capture (also called launch-on-capture or broad-side).

Both schemes can test path-delay faults and transition faults within each clock domain (called
intra-clock-domain faults) or across clock domains (called inter-clock-domain faults). Skewed-load uses
the last shift clock pulse followed immediately by a capture clock pulse to launch the transition and
capture the output test response, respectively. Double-capture uses two consecutive capture clock
pulses to launch the transition and capture the output test response, respectively. In both schemes, the
second capture clock pulse must be running at the domain’s operating speed or at-speed. The
difference is that skewed-load requires the domain’s scan enable signal SE to switch its value between
the launch and capture clock pulses making SE act as a clock signal. Figure 9 shows sample
waveforms using the basic skewed-load and double-capture at-speed test schemes. [WST08]

Because scan designs typically include many clock domains, which do not interact with each
other, clock grouping can be used to reduce test application time and test data volume during ATPG.
Clock grouping is a process used to analyze all data paths in the scan design in order to determine all
independent or noninteracting clocks that can be grouped and applied simultaneously. [WST08]

Launch
Capture

= 2
g2
=
[]
50

e ———— ——  FI B —
Shift  Shift  Last Shift Shift  Shift Dead Shift
Shift Cycles
(a) (b)
Figure 9: Basic at-speed test schemes: (a) skewed-load and (b) double capture

This strategy is a viable option for GALS systems. However we have to take into the account
asynchronous paths that contain also sequential logic (C-elements) and loops. In order to enable this
technique, one should, in the test mode, break all loops and include the C-elements and the scan-chain.
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5.4 STUCK-AT FAULT TESTING OF GALS-SYSTEMS

Stuck-at fault approach is the most common approach in the synchronous world. There are many
commercial CAD tools (for example Synopsys Tetramax etc.) supporting completely ATPG for stuck-at
model for standard synchronous systems.

Using a stuck-at fault testing approach for GALS wrapper elements is also a known approach
[TRAO5]. Glrkaynak at all in [GUO2] have investigated the suitability of a stuck-at fault testing approach
for their GALS implementation. Since all port controller net lists are obtained using the simple university
CAD tool 3D, they consist of several simple And/Or structures. A test method was developed that was
able to take advantage of this specific structure. At first sight it seems very straightforward to solve the
testability problem using conventional ATPG methods. However there are several problems: [GUO06]

- In order to produce hazard-free outputs, most of the ports contain redundant logic (that
guarantees hazard-free operation). As a result some internal nodes can not be tested without
introducing additional test inputs and/or outputs.

- Some gates that are required to realize the additional testability need to be placed within the
asynchronous signal paths. This would affect the timing of these blocks. As a result the ports
would have to be re-synthesized according to the delays introduced by the test blocks.

- Since the GALS port controller is essentially an asynchronous state machine, even if sufficient
inputs and/or outputs are added to achieve reasonable error coverage, the problem of finding a
sequence of test vectors to excite the circuit is not a trivial problem as it involves sequential
rather than combinational test pattern generation.

- The correct functionality of the GALS port can not be verified by stuck-at faults alone since the
GALS ports are extremely sensitive to path delays, and may fail to function properly if the path
delays are not within certain limits.

- While the high-level port descriptions remain the same across different technologies, the
actual mapping to standard cells may differ due to the available standard cell library. As a result
the test methodology can not be made technology independent.

As a combined result of the above mentioned problems, stuck-at fault based testing approaches
were less than satisfactory for GALS implementation. The solutions that were investigated required
either extensive additional test inputs or outputs which degraded the operation speed considerably or
yielded very poor test coverage. Furthermore the problem of interfacing to external synchronous testing
hardware remained unresolved with this approach.

Testing is an essential part of the IC manufacturing process. Since there are very few self-timed
circuits that have been manufactured in the industry [Ron99], the quality of test solutions for self-timed
circuits, when compared to their synchronous counterparts, is clearly lacking. [GUO6]

The self-timed test problem is tackled in two main directions:

1. Using a functional approach - Certain faults in self-timed circuits lead to clearly observable
behaviour, usually such circuits stop functioning altogether. Several approaches have been
proposed that rely mainly on such 'self-checking' behaviour [MA91, Wie95, GUR02].

2. Modifying the self-timed circuit to support scan-based testing - Since scan based testing is
well-known and effective, most self-timed test methodologies try to add scan capability to state
holding elements [PF95, KB95, BPtB02]. Unfortunately, full-scan based self-timed test methods
incur a very large area penalty, at times doubling the circuit area. In order to keep the overhead
at acceptable values, partial-scan methods have been suggested as well. [GU06]

The GALS methodology developed by Muttersbach used a synchronous fall back method, in
which, for test purposes, all AFSMs were bypassed and synchronous state machines were used
instead. The resulting system was a fully synchronous system that can be tested normally. This method
was more of an emergency solution and several alternatives were considered that actually tested the
AFSMs as well. The AFSMs used in the GALS system are very limited in complexity. Therefore, instead
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of devising a general method that is capable of testing any given AFSM, practical methods that ensure
adequate test coverage for the AFSMs used in the GALS methodology were investigated. [GUO06]

At first, a method that added scanable elements to the asynchronous connections was
considered. This method, similar to the one presented in [BPtB02] introduces a very large area
overhead. Such an arrangement also interrupts the asynchronous handshake signals between GALS
modules, slowing the communication and reducing the throughput. Since all AFSMs are tested in
isolation, this method fails to detect delay faults that occur because signal transitions between two
AFSMs are either too slow or too fast. On top of that, it was shown that the stuck-at test coverage of this
approach is not above 90%. [GUO06]

In a GALS system, only a very small portion of all stuck-at faults are in the AFSMs. As an
example, in Acacia, the total number of stuck-at faults is 154,604. Only 182 (0.118%) of these faults are
within the AFSMs. This was the main motivation to develop a functional approach to test the AFSMs
within the GALS system. This approach [GURO02] adds a Test Extension Element (TEE) to the each
GALS module. The TEE is clocked by a synchronous test clock. During test mode, the TEE is able to
decouple the Pen signal from the LS island and initiate data transfers on all self-timed connections. In
this way, all data connections within the GALS system can be tested individually. This idea is very
similar in principle to the IEEE P1500 standard proposed for testing embedded cores [MAR99]: Inter-
module communication is tested by initiating data transfers between modules. This technique will be
described in more details in sections 5.5 and 5.6. [GUO06]

5.5 FUNCTIONAL TEST FOR GALS SYSTEMS

Before the scan-based structural test techniques were implemented, functional pattern testing
was the only test method being employed in manufacturing test. Many problems are associated with
using functional at-speed patterns. The major problems include the cost associated with developing
them, difficulty in debugging them and the high cost of test hardware. Fault simulation is a major
problem as very few tools exist that can fault grade functional patterns for delay fault coverage. Since
the quality cannot be easily assessed, the level of fault coverage will be unknown. Even if such tests are
generated, a large pattern volume is required to achieve the necessary coverage. As clock rates and
design sizes increased, testing using functional patterns became more impractical. [JAO3]

However, there are still many areas where functional testing is still used. Such examples are
high-performance circuits where timing and hardware overhead introduced by scan is not acceptable.

Additionally, for testing of GALS interconnects the functional testing could also make lots of
sense. For example, instead of testing the internal structure of the GALS ports, in [GURO0E6] is proposed
a method to control and monitor the communication between pairs of ports. In this method means to
control each port are added to the wrapper. For testing purposes the GALS system operates in a test
mode where the port controllers are isolated from the LS block and are controlled by the test circuitry. It
is therefore possible to initiate data transfers between individual GALS ports. Testing is achieved by
observing these data transfers. As the test system controls only the interface between the LS block and
the GALS ports, the asynchronous data path is not interrupted by test hardware and the asynchronous
communication rate is maintained during testing. A functional test is feasible, to test asynchronous
elements in the GALS system, since the asynchronous circuits are of limited complexity [GUOE].

In this work the test extensions for GALS System were developed to provide a common interface
for test purposes. Unlike the stuck-at fault based methodology that concentrates on testing individual
GALS port controller elements, the functional test methodology uses the transfer channel as the main
primitive in terms of testing. The transfer channel, shown in Fig. 10, consists of a point-to-point
connection including an input port and an output port of two separate wrappers.

The test methodology basically consists of controlling the individual transfer channels
independently from the LS block. The necessary circuit to decouple the port controllers from the LS
blocks is part of the test extension element (TEE) [GU06]. The TEE provides all GALS modules within a
GALS system with a unique interface to the test controller. Each TEE is customized to a specific LS
island and contains hardware to access data inputs, data outputs, the local clock generator, and port
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control signals within the wrapper. Figure 11 shows a simplified block schematic of a TEE connected to
a LS island [GUO02].
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Figure 10:  Functional testing of a handshake channel using test extension element
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Figure 11:  Simplified block level schematic with connections between TEE and LSI
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5.6 FUNCTIONAL TEST PATTERN GENERATION AND FAULT COVERAGE
FOR GALS INTERFACES

As concluded in the previous section functional testing should be always performed since stuck-
at and dynamic faults detection and coverage is of the highest importance. Here we show an example
of functional testing for stuck-at faults.

In a typical GALS system, only a very small portion of all stuck-at faults are in the AFSMs. As it is
mentioned in section 5.4, in Acacia [GUO06], the total number of stuck-at faults is 154,604. Only 182
(0.118%) of these faults are within the AFSMs. This was the main motivation to develop a functional
approach to test the AFSMs within the GALS system.

The majority of the faults are located within the locally synchronous islands and can be detected
using standard stuck-at fault testing methods. However, it is necessary to provide access to standard
test interfaces. The local clock generator can be configured to run in a test mode, where an external
synchronous clock is used instead of the locally generated clock. While system functionality can not be
maintained in this mode, scan-chain based test methods can be applied to test all locally synchronous
islands. Such a test is sufficient to provide test coverage for most of the chip [GUOO06].

Faults within:
Local clock generators,
Self-timed port controllers,
Glue logic within the self-timed wrappers,
Input and output registers of the locally synchronous islands,

can not be detected using this method. The local clock generators are designed with a special
configuration port that allows them to be configured and monitored during operation. This interface can
be used to provide a test solution, and all faults within the local clock generator can be detected reliably.
The remaining faults are detected using a functional approach. The procedure is the following: first, a
list of all remaining faults is obtained. Then, for each remaining fault, the netlist of the design is modified
and the system is fed with functional vectors that stimulate the chip to execute data transfers between
all GALS modules. Faults that manifest themselves at the circuit outputs are marked as detected
[GUOO06].

For the control of LS islands in test mode a simplified TEEs can be used. Individual TEEs are
controlled by a centralized test controller (Figure 10). The centralized test controller can be implemented
in hardware, giving the system a built-in self-test capability, or implemented as a test program on
automated test equipment. The TEE also enables the test controller to access the LS island through a
JTAG interface. In this methodology, all LS islands are assumed to have their own test solution.

A special local clock generator developed by Stephan Oetiker [OVG02] can enable switching
between the locally generated clock and an external synchronous clock for configuration. In a way, the
functionality of the TEE can be integrated into the LS island and the local clock generator. During test
mode, all GALS modules are run with the same synchronous test clock. This allows standard tools to be
applied to generate the ATPG patterns. All LS islands can be fully tested using this method. However,
the stuck-at faults within the AFSMs, the local clock generators, and the data interface including the
latches used for retaining data, can not be detected with these patterns. Figure 12 shows the
recommended configuration. All scan chains of individual LS islands are connected and standard ATPG
test vectors can be used to test the circuit. The shaded areas represent the portions of the system that
contain stuck-at faults that can not directly be detected using the scan chains [GUO0B8].
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Figure 12:  The shaded areas represent portions of the circuit that are not covered by these
tests. Functional test vectors are used to detect the stuck-at faults in these areas.

The final gate-level netlist can be directly analyzed with the standard industrial tools such as
Synopsys Tetramax. We will show on the example of Acacia [GU06] what is the typical fault coverage
and faults types that are present in the system after the analysis in Tetramax. All faults regarding the
local clock generators and reset signals were removed from the fault library. The local clock generators
are practically disabled during the scan test mode. A simple functional test was devised, and all local
clock generator outputs were made observable. During fault simulation, the reset signal has to be held
high (inactive). As a result the ATPG algorithm reports all reset/set inputs of the flip-flops to be
untestable against stuck-at-1 faults. This can be easily verified by special test vectors, and therefore,
these faults have been removed from the fault library.

The tool reported a test coverage of 96.2%. A further analysis yielded the following:

e 2900 faults were classified as ’possibly detected’. Tetramax classifies a fault as possibly
detected if the fault simulation does not result in a logic-1 or logic-0, but an unknown. By default,
50% credit is given for such faults. Although this increases the test coverage by few percentage
points, these faults need to be investigated further.

e 2,529 faults were listed as 'ATPG Undetectable’. Faults classified as ATPG undetectable are
tied to a constant value during the fault simulation. Most of the faults in this class are a result of
the test mode signals that enable the circuit to be run synchronously.

e 351 faults were listed as 'Undetectable’. There are a number of reasons why a fault can be
placed in this class. Most common reasons are not connected outputs or inputs that are tied to
a constant value. Most of these are plain design errors and could be eliminated during the
design phase. Tetramax automatically removes these faults from the statistics.

e 1,897 faults were not detected.

After this analysis, all questionable faults were collected. Several of the faults were equivalent. In
addition, for some nodes both the stuck-at-1 and stuck-at-0 faults could not be detected. A total of 3,089
unique nodes were determined by parsing the fault reports. A gate-level simulation was performed and
all of these 3,089 nodes were observed for the duration of a simple encryption and decryption. Each
node that was observed to have changed its value more than 4 times during this simulation was
considered to be detectable for stuck-at-1 and stuck-at-0. This method reported 2,796 (90.5%) of the
specially analyzed nodes detectable for stuck-at faults. Once these nodes were mapped back to the
individual faults, only 175 faults remained undetected in the entire design. This results in respectable
test coverage of 99.89% [GUO086].
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5.7 FUNCTIONAL TESTING OF NOC GALS INTERFACE

Following the example from the previous section a functional testing approach is proposed for the
GALSified NoC Network Interface (NI) (Figure 13). GALSified NI (green blocks in Figure 13) is designed
in a way to have a local plausible clock and again a special local clock enables switching between the
locally generated clock and an external synchronous clock for configuration. In a way, the functionality
of the TEE can be integrated into the LS island and the local clock generator.

On order to implement functional testing all the latches and flip-flops within the Network Interface
(NI) should are changed to scanable flip-flops. Again TEE can be very simple with only ScanEn and
ScanClk signals and special local clock generator implementation.
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block B! initiator Hs HS Nitarget |3 block
\V __ stall | generator 2 | generator |  stall \Vi
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Figure 13:  The red shaded area represent portion of the circuit that is not covered by these
tests. Functional test vectors are used to detect the stuck-at faults in these areas.

First netlist standard test vectors for synchronous modules (blocks+NI) are generated and the
majority of the faults are located within the locally synchronous islands and can be detected using
standard stuck-at fault testing. Since AFSM is very simple and small (10 equivalent gates), the
percentage of undetectable faults that need to be further considered at gate level simulation is relatively
small.

Again, for each remaining fault, the netlist of the design is modified and the system is fed with
functional vectors that stimulate the chip to execute data transfers between all GALSified NlIs. Each
node that was observed to have changed its value more than 4 times during this simulation is
considered to be detectable for stuck-at-1 and stuck-at-0.

5.8 BIST FOR GALS SYSTEMS

Built-in self-test methods form an alternative for applying a test vector from the outside of a chip.
In the previous chapters we have seen the basic BIST methodology for synchronous and asynchronous
systems. An important advantage of BIST is the test speed especially for large chip. Testing can be
done at the internal speed of the chip. This is faster then using an external test setting. To prevent the
use of a big and costly chip area, (pseudo)random sequences generated are used instead of one
created by an ATGP program. One important feature of the BIST that it can be successfully applied also
during the chip operation (usually offline). A linear feedback shift register can be used to generate
pseudo-random sequences. [BL02] In the case of logic BIST, the output response comparison functions
are also built into the chip. BIST could be a possible compromise between functional and scan-based
testing for GALS systems, and it is already successfully used in the asynchronous world [Krstic].
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BIST has obvious positive sides (at-speed testing, no need for external ATPG, etc.) but there are
also some negative. The common problems include:

» There is an incremental area penalty for the BIST controller, which may not be easily
justifiable.

» The requirement of an at-speed scan-enable calls for added changes to the design and test
hardware.

» There is an added routing complexity.
» Complications with timing closure are always a concern. [JA03]

One additional issue of BIST approaches is the power increase, and there are several techniques how
to limit the power consumption of the BIST testing.

One detailed BIST architecture for GALS systems was introduced in [KGO05].

The architecture of one asynchronous channel is given in Figure 14. In order to test the operation of
the channel, several test components are placed. A test pattern generator (TPG) is positioned at the
output of the asynchronous GALS wrapper and the test data evaluator (TDE) is placed at the input of
the asynchronous wrapper. In principle, any placement of TPG and TDE around the wrapper is
conceivable. It is proposed to use the depicted configuration because the priority is testing of the
asynchronous channel. However, the testing of the handshake signals is possible only implicitly by
compacting the valid data transferred via the asynchronous channel. One of the control signals (REQ or
ACK) are used to trigger the respective TDE. With an additional TDE, as shown in Figure 14 it is
possible to evaluate the operation of the locally synchronous part, too. The TDEs and TPGs must be
designed in such way that they operate completely asynchronously and follow the handshake protocol.

TPGi TDE.., TDE;
GALS GALS
BLOCK }------ BLOCK
i-1 i

asynchronous channel

Figure 14:  BIST configuration

The general architecture of the BIST building blocks is shown in Figure 15. Additionally, interfacing of
several BIST blocks is illustrated in Figure 16.
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Figure 15:  BIST components

A test pattern generator (TPG), given in Figure 15a, has to generate patterns that are suited to
perform the testing of internal operations of an asynchronous wrapper and the operation of a locally
synchronous module. The TPG consists of a Linear Feedback Shift Register (LFSR), a BIST controller
and a pausable clock generator. The LFSR has to generate pseudorandom patterns. The BIST
controller has to control the LFSR and to generate test vectors based on the LFSR output and,
optionally, on some predefined test patterns. This predefined data structure is usually connected with
the functional requirements of the specific GALS block. The purpose of this additional logic is to enable
non-random test vectors that open the LS datapaths for particular operations.

9.«[5

\\*'BLock 2

CENTRAL
BIST
CONTROLLER

. GALS

..... BLOCK 4

status and control -
externally accessible

BLOCK 3

Figure 16:  Global BIST configuration

For example, sometimes it is necessary to combine the pseudorandom data pattern with certain
defined sequences in order to activate deeper datapath structures of a complex GALS system. Finally, a
clock generator is needed in the TPGs, because our GALS blocks are request-driven. We need to
trigger the synchronous part of the TPG in parallel with the token generation for the GALS block.
However, in general it is not always easy to use an ordinary external clock source for this purpose
because this clock cannot be stretched if the acknowledge on the GALS line does not arrive before the
next rising edge of the clock. Therefore, a pausable clock is needed, based on a tuneable ring oscillator
to drive the request and BIST clock. For better component utilization, it is proposed to use just one ring
oscillator for all local TPGs, because only one of them is needed for a particular test procedure.

The test data evaluator (TDE) should check the output test data and indicate the result of the testing.
The TDE consists of a test response compression circuit and a comparator, as shown in Figure 15b.
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The test response compression block is based on signature analysis and, accordingly, incorporates one
LFSR in its structure.

The TDE is triggered with the respective handshake signal. It records the changes on the data lines
only when a valid control token in present. Because of that, with this BIST approach, the timing
nondeterminism could be tolerated. For comparison, with the actual signature it uses one of n
precomputed golden signatures. Which golden signature will be used depends on the performed test.
The golden signature could be chosen via the test select control signal, defined by the global BIST
controller. The number of test cycles is defined in the test cycle counter. This circuit is counting the
number of accepted valid test vectors and when this number is equal to the depth of the test vector set,
the test response compression block will be disabled and a pass/fail signal is generated.

In this solution two different types of BIST have been implemented: global and local. The global BIST
(Fig. 16) is initiated at the circuit boundaries and, therefore, is performed fully synchronously.
Consequently it is based on the general well-known BIST strategy. Additionally, during the global test, it
is possible to enable the local test compaction, placed between the GALS blocks, in order to increase
the number of check points and to achieve a better fault coverage. When the global test is finished, our
test controller can activate the local tests in order to further evaluate various components of the GALS
system. During every local test one local test pattern generator is activated and the results are stored in
one or more test data evaluators. With such a strategy, testing may give broad and profound results
about the correctness of the circuit operation and the operation of specific GALS blocks. With an
increased number of test points and with local testing it is possible to isolate faulty components and
possibly perform diagnostics of the fault.

For global testing of the system, a global test pattern generator (TPG G) is used. This generator may
function completely synchronously. The generated data should propagate through the system and a
global test data evaluator (TDE G) should process output data and compare it with the expected value.
Additionally, there are several local TPGs and TDEs (TGG L and TDE L) that are driven completely
asynchronously.

In order to control the BIST registers and to collect and process the results of test, one central BIST
controller (CBC) is proposed. This CBC includes a pausable test clock generator in its structure. CBC
can be programmed to prepare a particular test during system reset when the GALS circuits are stable.
Then the BIST can start immediately after the deactivation of the system reset. After some period, which
should be sufficient for performing the test, the test status data is delivered.

In general, the purpose of the CBC is to allow a simple off-chip communication mechanism that can
be used for test parameter setting and test result reading. From the signals in Figure 17, Test reset is
used for the reset of the testing circuitry, Test on/off is used for the activation of the testing operation
and Test select should select which specific vector set is activated. Signal Test ok indicates the
success of the test, when all test vectors are processed. On the other hand, the CBC controls the
execution of the particular test, based on the external setting. For that reason, TPGi_en and TDEi en
enable the respective TPGs and TDEs, TDEi golden selects the golden signature value for a respective
TDE, and pass/fail; should indicate the result of the testing. In addition to that, the CBC enables the
operation of the pausable test clock generator (PTCG) when the setting of all parameters of the current
vector set is finished and all TPGs and TDEs are ready to perform a particular test. Moreover, it is
possible to adapt the CBC such that it supports some of the existing test standards as EJTAG etc. This
activity of all BIST I/O pins is completely timing deterministic and synchronised with the external clock.
Hence, a hardware tester can be used for automatic testing. The described BIST structures are applied
in the GALS baseband processor.
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Figure 17:  Central BIST Controller (CBC) configuration

In general, BIST clearly separates the test circuitry from the functional part. On the other hand,
in the case of a scan-based approach, the test structure is closely coupled with the functional
components. BIST is also very useful regarding simplicity of the initialization and control procedure. For
the scan-based approaches test generation and management is not easy but there are many tools
which support the designer. For functional tests the test generation is a critical point. There is a big
problem how to access deeper pipeline stages in the system with the functional test. Furthermore, the
number of vectors is usually huge making the cost of testing unacceptable. It is much easier to organize
hierarchical testing based on the BIST a on the scan methods. [Krstic

Regarding observability and controllability it is clear that scan testing offers the best results.
Functional testing has the problem that many errors can be masked inside the design and are not
observable on the I/O pins. In general, the functional test and BIST suffer from low test coverage in
comparison with scan based approaches.

However, regarding time for testing, it is much cheaper to reach a certain level of test coverage
with BIST then in case of the functional test. Finally, at-speed testing is much more difficult with scan
methods. The only possibility for this type of tests is to use either BIST or functional tests.

Very important advantage of the BIST tests for GALS systems is a possibility to run very
complex functional tests internally (without providing external test vectors). The hardware testers are
strictly cycle based and cannot react to asynchronous output signals of the circuit. The GALS arbitration
processes may preclude cycle level determinism. PVT (process, voltage, temperature) variations further
contribute to timing non-determinism. BIST significantly reduces the effort for generating a test program
and enables us to use a synchronous tester.

Therefore, BIST represents one reasonable and preferable option for testing of GALS systems
(rather then global scan insertion). Several reasons support that: the number of scan elements could
huge and the time for testing will be unacceptable, functional testing could verify the correct system
operation with a high probability, the scan-insertion will diminish the performances of the system.
Additionally the scan approach doesn’t cover dynamical faults, race states, it increases the global test
clock tree for scan-cells that we wanted to avoid with GALS. However, applying functional test for GALS
will require expensive testers and increase the cost of testing.

5.9 RECOMMENDED TEST STRATEGY FOR GALS

Previous chapter was dedicated to the theory of testing with a focus on asynchronous circuits. This
section summarizes specific on recommendations on test development for GALS.
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e Use scan approach wherever this seems to be feasible and possible

Create one or more scan-path to reach all latches or flip-flops together of the synchronous
parts. The scan-path may operate only when the circuit is in the test mode and can be
generated by tools for synchronous designing. Automate test pattern generation tools can
therefore be applied in order to minimize the test time and maximize the fault coverage. An
external clock is needed in order the shift the states of the scan-path. Reasonable approach
would be that each LS block has its autonomous scan chain(s). However, it is also possible to
combine different LS domains into the single scan chain as in [GUO6]. In any case we can apply
any of the scan methods that are anyway used for multi-clocking systems, as described in
Section 5.2 and 5.3. Asynchronous wrappers could be included into scan chain, using the
previously described approach (breaking of internal loops and making all sequential elements
scannable). In this case, particular asynchronous wrapper should normally belong to scan chain
of respective locally synchronous.

e Use test monitors for handshaking circuits

The control circuit of the asynchronous part can be tested in normal operation/functional mode.
If the handshaking between modules get stuck in compare with a golden chip, the chip is faulty
and therefore useless. Therefore a test pattern has to be designed which has to activate all the
asynchronous channels in the chip [BLOZ2]. Since it is very difficult to generate test patterns able
to catch all possible dynamic faults that may appear in an asynchronous circuit under
nanometre process environment, it is very useful to implement test monitors that can online
follow the functioning of handshake circuits.

e Combine testing of synchronous and asynchronous components with BIST

For large chips the method of using scan-paths may be use to much time. In those cases
building the self-test capabilities provide a suitable solution just as the do for synchronous
designs. Each module can have it's own BIST structures. They can even work concurrently
[BLO2]. Additionally, it is possible to have also the global BIST test that will test the complete
functionality of the system. It is very useful that BIST test achieve as good as possible test
coverage and this can be checked with appropriate tools.

e Always perform functional test.

Although for the classical synchronous designs the main focus is on structural testing, for GALS
and asynchronous circuits it is very important to verify operation for dynamic faults. Therefore,
some sort of the functional system testing is needed, either over BIST or by testing
asynchronous channels as in [GUO2]. Those functional tests may also, for the limited circuit
complexity as in the case of the asynchronous wrappers, achieve very high test coverage for
the stuck-at fault model, but it can also cover many dynamic faults.

e Use multi-level approach for GALS testing

It is not necessary to base the test of the GALS system on a single test strategy applied for all
system components in the same time and with integrated DfT structure. It is highly advisable to
utiize GALS modularity and organize also testing at the different hierarchical levels. In
particular, local test methods should be implemented on the locally synchronous level (possibly
including respective asynchronous wrapper). Applied local test methods should be based on the
proven and commercially available tools and methods. For example, the usual strategy would
include scan test on the local synchronous level. With this approach we have to grant the
access for ATE to each locally synchronous block.

However, it is also advisable to generate the test method that will operate on the global level
and test the complete system functionality. This global test could be based on functional or
BIST approach. Implementation of standard stuck-at scan methods on the global level is as we
have shown possible but in the context of the global asynchrony looks unnecessary. However, it
is on the system designer to decide whether investment into global test scan methods pays-off
or not.
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e Use commercial DFT tools as much as possible

There is a large spec of already available DTF CAD tools for DFT insertion and ATPG test
generation based on the different fault-models (for example Tetramax etc.). Those tools are
today very effective and mature and for state-of-the-art GALS system those tools should be as
much as possible utilized. DTF scripts should be optimized for GALS and asynchronous logic,
to enable successful testing. However, in principle if asynchronous logic is prepared for scan
insertion and the loops are broken, the commercial ATPG tools could be directly used.
Utilization of academic DFT tools is also possible but usually difficult due to their immaturity,
restriction in system complexity, and lack of support and documentation.

e Enable use of the industrial hardware testers and ATE in general

Today industry standard is application of complex hardware testers for manufacturing test. The
market leaders, such as Verigy, Teradyne, Advantest, and LTX Credence have developed large
set of different testers optimized for SoC testing, memory testing, or mixed-design testing.
However, most of those testers are based around the synchronous paradigm and cycle based.
Therefore, the direct introduction of event-based asynchronous logic to the cycle based testers
is usually not possible without careful evaluation of test strategy. Therefore, the input and output
signals of the CUT have to be synchronized and prepared for cycled sampling and strobing. An
additional potential problem is timing nondeterminism that is present in the asynchronous and
potentially GALS circuits due to the arbitration process. Hardware testers usually have
difficulties to deal with non-deterministic signals. Therefore, non-deterministic behaviour of 10
ports has to be avoided. One elegant solution for this problem could be application of BIST test
on the system level, however with synchronous and deterministic communication with tester.

One important aspect of ATE support is ability to access the local units of the GALS system. If
we focus on multi-level test approach for GALS systems we must grant the access for the tester
to each locally synchronous block. One way to do it is implementation of JTAG ports able to
access each block separately.

If the asynchronous components are included in scan test structure we could also test the
system for dynamic faults by loading the test vectors with a low frequency clock and executing
the test achieving real throughput of the system.

e The test strategy for highly complex GALS systems and NoCs is in principle the same as
described

The proposed strategy is shown simplified at Fig. 18.
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Figure 18:  Simplified Test Flow

5.10 DESIGN-FOR-TEST IN SiLIsTIX CHAIN NoC

NoC brings interesting opportunities for improving the design-for-test (DFT) methodology of SoCs by
providing a high-speed access mechanism to each IP-block’s primary interfaces. Macrocells test access
methods can be easily facilitated over the NoC and is a good fit with the need to separately and
concurrently test many blocks within the NoC architecture. It also provides the modularity needed to
separate testing of the self-timed NoC implementation from the usual test procedure of the endpoint
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logic. Such separation is required because the self-timed implementation of the CHAIN NoC means that
it is incompatible with the conventional scan-insertion (and in some cases also the ATPG tools) from
mainstream vendors. However, in this sense these components are no different than other blocks that
are instantiated as hard macros such as memories and analog blocks, and like those blocks the vendor
has to provide a DFT solution.

Multiple test strategies can be used for the CHAIN NoC components. The first, and least intrusive to a
normal EDA flow is to use full-scan, where the clockless CHAINIlibrary components are constructed
such that every C-element features an integral scan-latch. This approach is compatible with all existing
scan-chain manipulation tools and conventional ATPG approaches. The more advanced, and lower cost
approach relies on a combination of functional patterns and sequential, partial scan. In both cases
similar 99.xx % stuck-at fault coverage as is achieved as in regular clocked logic test. Consideration of
a pipelined path from a transmitter to a receiver as illustrated in Figure 19 can illustrate how the
sequential scan approach works.

Functional vectors loaded into datspath using scan Scan chainweavesthroughihe seliimed logicoutting sl global feedback loopsallowing Functional vectors read out using scan at
attranzmitter %ﬂm an control atprogression ofvectors from transmiterta receiser clock domains receiver clock domair
=can-in = scan-on_r./ \ scan-in
test....c.dg;ﬁﬂ_n:%ﬂﬁ Tl (LI .
I ot
L $Ooo— 1<
== 2t <
/J :
— L i
' M
FSM : i - FSM
-~ ; le———
1 |
2y N . il
Glabal teedback lagp broken by pathal scan Iatd'\/' \ Partial scan latches on alokal feedback (acknawledoe) signals
Ao sEaeck 100b tuokel bl bame 2Cau 1att S S - =
Figure 19: Scan-latch locations for sequential scan

Scan-latches are placed on targeted nodes, typically feedback loops, state-machine outputs and select-
lines that intersect the datapath. These are shown explicitly in the simplified pipeline of Figure 19 but in
reality they are encapsulated in (and P&Red as part of) the hardmacro components. Testing the
network is then a three-stage process:

e The first pass of the test process uses just the conventional scan flops in the transmit and
receive hardmacros to check the interface with the conventionally clocked logic.

e Then in transport-layer test mode the same scan flops are used to shift functional vectors into
the datapath at the transmitter. The circuit is switched back into operational mode (where the
global-feedback partial-scan latches connect straight through without interrupting the loops) and
the vectors are then transmitted through the network at-speed and then read out at the receiver
using it's scan-chain. This achieves good coverage of all of the datapath nodes and many of the
control-path nodes through the network. It is not essential, just more efficient to use this step
since all faults can also be detected using the final pass below.

e The final pass uses the partial-scan latches on the global feedback loops in non-feedthrough
mode to break the global loops allowing access to monitor and control the acknowledge signals.
This enables the propagation of the test vectors to be single-stepped through the pipeline giving
further increased coverage and improved ability to isolate the location of any faults that are
detected.
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The full set of required patterns are generated by the CHAINworks tools in STIL format for use with
conventional testers and test pattern processing tools. Achievable coverage is verified using
conventional third party concurrent fault simulators.

Highly efficient delay-fault testing is performed using a variant on the functional-test approach. Patterns
injected at a transmit unit are steered through the network to a receiver and the total flight time from the
transmitters clocked/asynchronous converter to the receivers asynchronous/clocked converter is
measured. Any significant increase above the expected value [as reported by Silistix high-level NoC-
architectural synthesis tool] is indicative of a delay fault somewhere on the path between the two ends.
This approach is very efficient for detecting the absence or presence of delay faults, but does not help
with localization of exactly where a delay-fault is. However, the scan access facilitates such localization
of any faults detected, albeit through a circuitous route.

D16_IHP_R003_GALS Test Flow.doc PAGE: 46/46



