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Abstract— Test data compression is an enabling technology for
low-cost test. Compression schemes however, require communication
between the system under test and the automated test equipment. This
communication, referred to in this paper as synchronization overhead,
may hinder the effective deployment of this new test technology for
core-based systems-on-a-chip. This paper analyzes the sources of syn-
chronization overhead and discusses the different trade-offs, such as
area overhead, test time and automatic test equipment extensions. A
novel scalable and programmable on-chip distribution architecture is
proposed, which addresses the synchronization overhead problem and
facilitates the use of low cost testers for manufacturing test. The design
of the proposed architecture is introduced in a generic framework, and
the implementation issues (including the test controller and test set
preparation) have been considered for a particular case.

Index Terms— DFT, low cost test, test data compression, core-based
SOC

I. I NTRODUCTION

Driven by high transistor density the semiconductor industry is
seeing an increase in transistor test cost, which as emphasized in the
international technology roadmap for semiconductors (ITRS) [1] may
even exceed the cost of manufacturing it. The increase in test cost is
attributed to mainly two factors:(a) the high cost of the automated
test equipment (ATE), and(b) high test times. On the one hand,
to account for high pin count, for high test pin accuracy and for
the high volumes of test data (VTD), the ATE’s are equipped with
cutting edge equipment, which considerable drive their cost. On the
other hand, using existing ATE infrastructure, due to the high volume
of test data and limited ATE bandwidth, the test time is becoming
increasingly high [2]. To reduce the cost two main trends have been
merged:(i) the usage of low-cost testers to reduce the cost of the ATE
[3]; and (ii) the usage of test resource partitioning schemes, which
by adding on-chip test resources can reduce the test application time
and bandwidth requirements [4, 5].

Test resource partitioning has received considerable attention in
recent years due to it’s inherent property of reducing the load on
the tester, and hence endorsing a low-cost ATE test strategy. In this
paper we address one fundamental issue in test resource partitioning
in general, and test data compression in particular: communication
between the ATE and the on-chip test infrastructure, required for(a)
transferring test data to and from the ATE, and for(b) controlling
the flow of data, e.g., to start/stop the flow of data.

Test data compression (TDC) is a two step process which aims
at reducing the volume of test data required to test a chip [6]. In
the first step, the initial test set (TD) is compressed by means of
a compression algorithm and the resulted compressed test set (TE)
stored on the ATE; while in the second step, the compressed test set
is sent to the chip under test (CUT) and decompressed on-chip by
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means of an on-chip decoder. As will be seen in the following section,
both data and control communication requirements of some TDC
schemes can be considerable (i.e., a large number of ATE channels
are required). Furthermore, based on the type of on-chip decoder (i.e.,
serial or parallel) some of the TDC schemes may also incur hardware
penalties. Throughout the paper we will refer to communication
requirements and hardware penalties assynchronization overhead.

This paper analyzes synchronization overhead for different TDC
schemes, and provides a generic solution to reduce it. The proposed
solution does not impose changes to existing decoders and it provides
easy design flow integration. The solution eases system level test as
it is scalable(i.e., it can be extended to as many cores as required)
andprogrammable (i.e., the characteristics of each core test, such as
the type of test, the length of the internal scan chain can be changed
at run-time). In particular, the proposed approach is illustrated for the
Variable-length Input Huffman Coding (VIHC) method [6].

The remainder of this paper is organized as follows. In the follow-
ing section previous approaches to reduce synchronization overhead
are analyzed. In Section III, the proposed approach is presented, and
experimental results are given in Section IV. In Section V practical
implementation issues of the distribution architecture introduced in
this paper are discussed, and Section VI concludes the paper.

II. T HE IMPORTANCE OF SYNCHRONIZATION IN TEST DATA

COMPRESSION

As will be seen in this section, in general, synchronization overhead
includes one or more of the following:(i) the use of multiple ATE
channels;(ii) adapting ATEs to start and stop the data stream in
real time;(iii ) on-chip serialization units; and(iv) extensions to the
device interface board (DIB). Each of the above influences the cost
of test and diminishes the benefits of TDC, as explained next:

• the use of multiple ATE channels(i), diminishes the effective-
ness of reduce pin count test (RPCT) and lead to inefficient ATE
resource usage;

• the adaption of ATEs to start and stop the data stream in real
time (ii) requires ATE extensions, such as source synchronous
buses, which can increase cost;

• the usage of on-chip serialization units(iii ) increases the area
overhead on-chip;

• the extensions to the DIB(iv) may lead to prohibitive high DIB
costs due to the complex designs of DIB when high frequency
SOCs are tested [1, 7, 8].

When all of the above are included, the ATE – DUT interface is
illustrated in Figure 1. As shown above, to cope with communication
requirements, there is usually a hardware component required. In
addition to the immediate cost of the hardware, synchronization
overhead may also incur additional test costs. For example, when
multiple ATE channels are used, the volume of test data is given by
the depth of the longest channel multiplied by the number of channels.
Hence, test data penalties are incurred. Also, the starting and stopping
of the ATE data stream has to be programmed, increasing the test
preparation time. In addition, whenever the ATE data stream is
stopped, but the test session is not finished, the effective test time
is also increased.

As noted above all the extensions will lead to an increase in test
cost. Hence, synchronization is an important issue which requires
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Fig. 1. Test data compression environment with synchronization overhead

cost effective solutions in order to take full advantage of the benefits
of TDC. In this section the above issues will be detailed and an
analysis of previous approaches, which have targeted synchronization
overhead, will be provided.

A. Sources of synchronization overhead

As illustrated in the previous section, synchronization overhead is
due to the second step of TDC,on-chip decompression. Therefore,
firstly we illustrate a generic on-chip decoder, then we review TDC
approaches from the decoder’s perspective, and finally we analyze
decoders based on their synchronization overhead requirements.

An on-chip decoder can be conceptually seen as comprising acode
identifier and apattern generator(see Figure 2). The “data source”,
in the figure, provides the compressed test set (TE) to the decoder’s
“data in” and can be either on-chip or off-chip. Note that, while the
primary data source is on the ATE, some decoders require on-chip se-
rialization units which will therefore become their “data source”. The
“sync” lines ensure the synchronization between the on-chip decoder
and the “data source”, and can comprise ATE clock signals, start/stop
signals from the decoder to the ATE or to the on-chip source, and
special clock signals. The output of the decoder (“data out”) drives
the core’s internal scan chain synchronously with the “scan clk”.
The compressed data is sent from the ATE to the DIB at the ATE
operating frequency (fate), and the decoder outputs data with the chip
test frequency (fchip).

1) Test data compression approaches:For the purpose of this
paper, TDC methods are broadly classified into two categories:(i)
methods which exploit the spareness of care bits in the test set [4,
9–11] and(ii) methods which exploit the regularities of the test set
[6, 12–14]. The relevant aspects of the above approaches are their
decoders. For the first category(i), the decoders tend to have a small
number of inputs (n), and a large number of outputs (m). For the
second category(ii), the decoders tend to have a small number of
inputs, and a small number of outputs (usually 1), however the outputs
are driven at a frequency higher than the inputs. The above conditions
are discussed in detail in the following paragraphs.

(i) For the first category, two aspects are important from the
compression perspective. Firstly, to increase compression ratio, it
must be ensured thatm>> n, and secondly, any combination required
at the decoder’s outputs must be generated by an input sequence
(over one or more clock cycles). While the first issue is solved by
adding anxor network (or phase shifter) [4, 9, 10] at the outputs of the
decoder, the second problem requires careful consideration. Assume,
for example, that one particular pattern can not be generated at the
outputs of the decoder (i.e., there is pattern lockout condition). If this
condition is not resolved, the fault coverage could be affected, and
hence, the approaches would render impractical. Proposed solutions
to deal with this condition are three fold:(a) provide an extra input
which notifies the decoder when the data should be loaded into
the scan chains [9];(b) integrate the compression method with an
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automatic pattern generator (ATPG), and ensure that patterns that
can’t be justified by the decoder will not be generated by the APTG
[4, 10]; or,(c) account for pattern lockout by prefixing the data sent to
the decoder with information that distinguishes between compressed
data, and uncompressed data [11].

Hence, in order to deal with the pattern lockout condition, the
above approaches imply some overhead: in terms of hardware re-
source, such as the addition of extra inputs; and in terms of test time
and test data resources, through the addition of padding bits. Thus,
whilst this first category it taught of as synchronization overhead
free, the overhead issues are dealt withinherentlyby the approaches
in order to alleviate the pattern lockout condition, and therefore not
covered in this paper.

(ii) Since the methods in the second category are build around
coding schemes, these will implicitly guarantee the generation of the
required pattern at the output of the decoder. Hence, these methods
do not suffer from the pattern lockout condition, however, in order to
reduce test application time (TAT), when the decoder has 1 output,
the pattern generator should operate at a frequency greater thanfate.
This is explained as follows: if the pattern generator is operating
at fate, then the time required to generate the initial test set (TD)
will be the same as ifTD is directly transported from the ATE
to the CUT. In addition, the code identifier unit adds its latency,
which is the time required to identify a code. Thus, with the pattern
generator running atfate the TAT is not reduced, rather it is actually
increased! Therefore, to reduce TAT the ratio between the on-chip test
frequency (fchip) and the ATE operating frequency must be exploited

(α = fchip

fate
). Exploiting the frequency ration brings forth a number of

synchronization problems as will be seen in Section II-A.2.
It is important to note that thedecoderhas to operate at a frequency

fchip greater thanfate; and while, for simplicity, we also assume that
the scan chains are fed atfchip, this is not mandatory. For example,
the output of the decoder could feed a shift register, and this could
then load data into a multiple scan chain core at a frequency smaller
than fchip, or even thanfate. It should be also noted that when the
pattern generator can generate any pattern in one chip test clock cycle,
there is no need to exploit the frequency ratio [14].

2) On-chip decoder’s characterization:Based on the dependen-
cies between the code identifier and the pattern generator (see
Figure 2), on-chip decoders can be characterized asserial (i.e., during
the decompression of the current code, no new code can be identified)
or parallel (i.e., the decompression of the current code and the
identification of a new one can be done simultaneously). To illustrate
the fundamental distinction between serial and parallel decoders, and
at the same time to illustrate the main source of synchronization
overhead, in Figure 3 the functionality of the two types of decoders
is exemplified considering a frequency ratio ofα = 2. The serial
decoder receives data at thefchip frequency and it generates data at
the fchip frequency, while the parallel decoder receives data at thefate

frequency and generates data at thefchip frequency. The stopping of
the data stream is illustrated for a serial decoder in Figure 3(a). It can
be seen in the figure that the code identifier (CI in the figure) works
at the on-chip test frequency and that while the pattern generator (PG
in the figure) generates data, the code identifier will not process any
new data. This will lead to stopping the ATE data stream as shown
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Fig. 4. Synchronization overhead for serial and parallel decoder

in the figure. The stopping of the ATE data stream is illustrated for
a parallel decoder in Figure 3(b). It can be seen in the figure that the
code identifier can work independently from the pattern generator,
i.e., the CI can receive data while the PG generates data, and that the
ATE data stream is stopped only when required. The synchronization
overhead for the two types of decoder are analyzed next.

(i) When a serial decoder is employed, in order to exploitα
the entire decoder operates atfchip. Hence, the “data source” is
constrained to using techniques such as those described in [15] and
[16] for providing data atfchip. This implies the usage ofmultiple
ATE channelsand a serialization unit on-chip or on the DIB. This is
exemplified in Figure 4(a), where forα = 4, the ATE channels and
the serialization unit are illustrated. In addition, when the current
pattern is generated no more data can be processed by the code
identifier, hence, the “sync” lines need to notify the ATE to stop
sending data (see Figure 3(a)). Since, some ATEs are not capable of
starting/stopping the data stream immediately and require a number
of clock cycles to change the state of the channel, the DIB must
account for this latency. Therefore, the interface between the ATE
and the chip requires a first-in first-out (FIFO)-like structure to solve
this problem. The number of elements in the FIFO is given by the
maximum number of clock cycles needed to start/stop the data stream
on the channels. The FIFO-like structure is marked in the figure as
DIB extension. Hence, a serial decoder will not only requireα input
ATE channels, but also anα bit wide FIFO-like structure.

(ii) When aparallel decoder is employed, the code identifier can
receive data atfate, and the pattern generator can generate data at
fchip. Hence, the decoder implicitly exploits the frequency ratio, and
therefore only one ATE channel is required for feeding data to the

decoder as shown in Figure 4(b).
For a parallel decoder, considerαmax the frequency ratio which

allows the pattern generator to generate the longest pattern in the
number of ATE clock cycles needed by the decoder to identify the
shortest codeword. For example, if the longest pattern has 6 bits, and
the shortest codeword 1 bit, the decoder has to generate data 6 times
faster than it receives, henceαmax= 6.

Therefore, if α is greater than, or equal to,αmax, no stop noti-
fications will be send to the ATE; however, if the frequency ratio
is less thanαmax, the on-chip decoder will notify the ATE to stop
sending data. As also noted earlier, the ATE has a certain latency
to starting/stopping the data stream on a channel and therefore a
FIFO-like structure is required, which is marked in the figure as
DIB extension. Hence, when compared to a serial decoder, the
parallel decoder has less synchronization overhead with respect to the
interface between the ATE and the DUT. However, since the two units
(the code identifier and the pattern generator) can work independently
explicit communication between the two units is required, and hence,
parallel decoders tend to have larger area requirements [6]. Since by
redesigning the serial decoder, a parallel version can be envisioned,
this paper will focus on reducing synchronization overhead for
parallel decoders.

With the advent of new generation ATEs, one may consider
exploiting the source synchronous bus feature to eliminate the DIB
extensions introduced by the starting/stopping of the data stream.
However, in addition to being an expensive feature which requires
new investment, the starting/stopping of the data deployment on a
channel must be programmed. Hence, the DIB extensions can be
eliminated at the expense of programming the starting/stopping of
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the data stream within the ATE memory. In addition, as it will be
seen in Section III-A, halting the ATE data stream is not periodic and
therefore, the ATE must know exactly when the data stream must
be started and stopped. This can lead to prohibitively larger ATE
programs, thus larger memory requirements, and it will not reduce
the TAT.

To summarize this section, it becomes clear that synchronization
overhead introduces a trade-off between the effectiveness of test data
compression and cost (i.e., hardware overhead, test time, volume of
test data). Addressing this issue is therefore of primary importance
in test data compression.

B. Analysis of previous approaches to reduce synchronization over-
head

As illustrated in the previous section, depending on the type of
decoder, different synchronization schemes are required. In the fol-
lowing paragraphs we analyze synchronization overhead implications
of the compression methods proposed in [12, 13].

Selective coding (SC) [13]:employs a parallel on-chip decoder
to decompress the test set on-chip. The SC decoder uses a modified
Huffman finite state machine (FSM) as the code identifier, and a
serializer as the pattern generator. The code identifier is receiving
data atfate, and the pattern generator generates data atfchip. Hence,
synchronization with the ATE is required ifα < αmax (see Section II-
A). To solve this problem [13] tailors the compression method to suite
α. With αmax= b

wmin
[13], whereb is the block size andwmin is the

minimum length codeword, the synchronization overhead is reduced
if wmin≥ b

α . Therefore, to reduce the synchronization overhead for a
given block size,wmin has to be increased. This can be done in two
ways as follows.(a) If the number of patterns chosen for selective
coding do not yield the requiredwmin, the number of patterns can
be increased. While this could increase compression ratio, it also
increases the on-chip decoder area considerably [13].(b) A second
approach, assuming a fixed number of patterns, is to increasewmin

by manipulating the Huffman tree used to obtain the selective code,
and appending bits to the codewords which are shorter than required.
This, however, has a direct impact on the compression ratio since
increasingwmin increases the average codeword length, which reduces
compression ratio leading to test data penalties, as illustrated next.

Consider four patternsA,B,C and D, and their number of occur-
rences as given in Figure 5(a) in the first two columns. Based on
these two columns the Huffman tree can be built. The corresponding
Huffman tree is illustrated in Figure 5(b). Based on the Huffman tree,
the codes are derived and shown in the third column in Figure 5(a).
It can be observed thatwmin = 1. If for example,b = 4 andα = 2,
then based on the previous formula,wmin ≥ 4

2 = 2 in order to
eliminate the synchronization overhead. Tailoring the compression
method to obtainwmin = 2 is illustrated with Figure 5(c), and the
codes obtained based on this new tree are shown Figure 5(a) in
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the fourth column. Summing up, the VTD for the two codes is 25
and 32 bits respectively. Hence, it becomes clear that tailoring the
compression method can lead to an increase in VTD. It should be
noted that ifb= 6, awmin of 3 can only be obtained if the codes are
padded.

Thus, the synchronization overhead is reduced at the expense of
test data penalties and a frequency ratio dependent on-chip decoder.
Hence, if testing is sought at different frequencies, the ATE is
constrained to operate at a new frequency such that the frequency
ratio between the CUT and the ATE remains the same. With already
limited ATEs, the on-chip decoders should fully exploit the ATE
capabilities and not further constrain them. Therefore, Section III-A
proposes totailor the compressed test set, and not the compression
method, for a givenα. In addition to obtaining similar and smaller
test sets than the above approach withno changes to the on-chip
decoder, tailoring the compressed test set is generally applicable to
decoders which require a FIFO-like structure.

Golomb [12]: uses a serial decoder to provide decompressed test
data to the CUT. Hence, to reduce TAT the decoderrequiresDIB ex-
tensions and/or on-chip serialization units, as illustrated in Figure 4(a)
(Section II-A). To reduce this synchronization overhead, in [12] an
interleaving architecture was introduced which decompresses the bit
stream for multiple cores. The architecture is illustrated in Figure 6.
The main idea behind this architecture is to exploit the particularities
of the Golomb decoder, i.e., when a ’1’ bit is encountered by the
Golomb decoder a run of ’0’s of length equal to the group size is
generated, and using a FSM and a de-multiplexer multiple cores can
be tested. While the architecture can use a single ATE channel, it still
requires the FIFO-like structure. This is because, while processing the
encoded bit stream, the FSM can notify the ATE that no more data
should be sent [17] (also see Section II-A). It should be noted that
the architecture does not exploit the frequency ratio, and it reduces
TAT by supplying data to multiple cores in an interleaved manner by
activating the corresponding decoder when required. It should also be
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noted that, due to its serial nature the decoder proposed in [18] has
the same requirements as the Golomb decoder and the partitioning
scheme proposed in [19] also requires also a FIFO-like structure.

Since Golomb’s decoder is a serial decoder, the FSM will have to
explicitly control each decoder connected in the interleaving archi-
tecture. In order to synchronize the FSM and the decoders,changes
to the on-chip decoders arenecessary. In addition, the interleaving
architecture imposes the following two restrictions. Firstly, all the
cores which are driven by it have their test sets compressed using
the same group size; and secondly, the number of cores tested
using this architectures is constrained by the group size [17]. These
two restrictions are due to the exploitation of the above mentioned
Golomb decoder’s property. Also, these two restrictions will eliminate
the need for the DIB extension at the expense of imposing constraints
on the system integrator. To remove the above restrictions for multiple
core SOC test, Section III-B proposes a distribution architecture
which doesnot require any changes to the on-chip decoders, and
it is alsoscalableandprogrammable.

III. PROPOSED APPROACH FOR REDUCING SYNCHRONIZATION

OVERHEAD

The solution proposed to reduce the synchronization overhead is
divided into two parts. The first part, illustrated in Section III-A,
reduces the FIFO-like structure by introducingdummybits within
the compressed test set, hence tailoring the compressed test set for a
given frequency ratio. The second part, illustrated in Section III-B,
exploits the inserted dummy bits and provides a complete solution
for system level test using a distribution architecture.

The proposed solution has two distinctive features: it is applicable
to decoder which requires a FIFO like structure, and it provides a
complete RPCT scenario for SOCs with low storage requirements and
low TAT without any constraints or changes to the test or interface
equipment, e.g., ATE or DIB. In this section we will introduce the
proposed approach using the Variable-length Input Huffman Coding
(VIHC) scheme [6], which is briefly revised next.

The VIHC scheme splits the test set into runs of ’0’s of length
smaller than, or equal to, a group size (mh). The obtained patterns
are then encoded using Huffman coding. This is exemplified, for
mh = 4, in Figure 7, where one test vector is processed. Using VIHC
the initial test vector (tinit ) is compressed (tcmp) (see Figure 7(b)
where the codewords are delimited through spaces). The dictionary
employed in the compression process is illustrated in Figure 7(a).
The VIHC method uses a parallel on-chip decoder comprising a
Huffman decoder as the code identifier and a control and generation
unit (CGU) as the pattern generator. When the Huff-decoder identifies
a codeword, the CGU starts generating the pattern after two on-chip
clock cycles. For the distribution architecture proposed in this paper,
the following signals are of interest. TheATE syncrepresents the
signal used by the CGU to notify the ATE to stop sending data, the
FSM clk represents the clock used to drive the code identifier unit,

thedec clkrepresents the CGU clock, thedata outrepresents the data
output of the decoder, and thescan clkrepresents the clock generated
by the CGU to control the scan chains.

A. Tailoring the compressed test set

The optimum frequency ratio for the VIHC decoder is given by
αmax= mh

wmin
, wherewmin is the minimum codeword length [6]. Hence

if α < αmax, the CGU will notify the ATE to stop sending data. This
is exemplified next, for the case considered in Figure 7.

Example 1 Based on Figure 7, it can be derived thatαmax= 4
1 = 4.

To illustrate the stopping of the data stream, for the remainder of
this sectionα = 2. For the example in Figure 7(b), Figure 8 shows a
timing diagram whentcmp is decompressed using the VIHC decoder.
The arrows in the figure point from the compressed test bit, which
lead to the identification of a codeword, to the clock cycle when the
generation of the corresponding pattern starts. The diagram captures
the activity of the decoder’s parts starting with the second codeword
from tcmp (001 in Figure 7(b)). The reference clock is the on-chip test
clock. The time frame of interest is from the 6th to the 15th clock
cycle, where there are two stop cycles in which no data from the ATE
is processed. At the 6th clock cycle the codeword “1” is identified.
The CGU, at clock cycle 8, starts generating the corresponding
pattern “0000”. However, since the next codeword is “1” there are not
enough clock cycles to generate the pattern, i.e., the code identifier
requires1 ATE clock cycleto determine the next codeword, while
the CGU requires4 on-chip clock cycles, or 2 ATE clock cycles, to
generate the current pattern. Hence, the ATE will be stopped for 1
clock cycle. Similar for clock cycle 13.

The reason for stopping the ATE is to make sure that no data is lost
while the on-chip decoder is unable to process it. However, if care
is taken to ensure that the data which could be lost is not relevant,
there is no need to stop the ATE in the first place. To achieve this the
compressed test set istailored for the current frequency ratio. This
works as follows. For the number of ATE clock cycles in which the
CGU setsATE syncto low, thus notifying the ATE to stop sending
data,dummy(D) bits are inserted in the compressed test set. For a
given frequency ratio (α) the number of dummy bits is obtained using
d |Li |−wi+1·α

α e, where|Li | represents the length of the current pattern
andwi+1 represents the length of the next codeword [6]. Hence, since
there is no need to stop the ATE, the FIFO-like structure can be
removed thus eliminating the synchronization overhead. Since these
dummy bits will not be processed by the decoder they will not affect
the correct generation of the decompressed test set. Applying this
strategy to the entiretcmp, t

′
cmp= 000 001 1 1D 1D 011 1D 010 is

obtained. While, tailoring the compressed test set increases the VTD,
however, the TAT is equal to the TAT of the initially compressed test
set. In addition, since the ATE must not start/stop when requested by
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the CGU, the size of the tailored test set in bits will equal the TAT
in ATE clock cycles.

When compared to tailoring the compression method (as illustrated
in Section II-B), this approach is especially suitable when the ratio
betweenmh and α is rather large (e.g.mh

α is 4 or 8). This is
due to the large number of padding bits required by tailoring the
compression method. For example assume that when the test set is
compressed usingmh = 16, wmin = 1. If α = 2, then in order to
reduce synchronization overhead,wmin will be 8. Thus, tailoring the
compression method will increase all the codewords to be of size 8,
hence reducing compression ratio.

Since the proposed approach does not change the code used for
compression nor the on-chip decoder, it is generally applicable to
methods which require a FIFO-like structure for synchronization.
Despite this advantage, tailoring the compressed test set and tailoring
the compression method increase the volume of test data stored on
the ATE. Hence, these methods bring forth a trade-off between the
synchronization overhead and the amount of memory required on the
ATE. To solve this problem in the following section a distribution
architecture to test multiple cores is proposed.

B. Distribution architecture for multiple core test

Testing multiple cores using onlyone ATE channelimplies ex-
ploiting the clock cycles when the decoder corresponding to a core is
not capable of processing data. For example, when using the MinTest
[20] test set for the s13207 full scan ISCAS89 [21] benchmark circuit,
and applying VIHC withmh = 8, the compressed test set is 38123
bits. However, the TAT forα = 2 is of 89646 ATE clock cycles.
Hence, there are 51523 ATE clock cycles in which the decoder is
not processing data, or there are 51523dummybits in the tailored
compressed test set stored on the ATE.

To explore these dummy bits for multiple core test using one ATE
channel, the following steps are performed:(a) the core’s compressed
test sets are merged into one composite test set,(b) one decoder
per core is used and(c) the necessary, core and decoder, selection
hardware is added. These steps are illustrated in the next example.

Example 2 Assume a system composed out of two cores (Core0
andCore1) and their corresponding decoders (dec0 and dec1), with
the test sets given byT0

D andT1
D in Figure 9(a). Both test sets have

been compressed using the codes given in Figure 7(a) and tailored
for a frequency ratio ofα = 2 (T0

t andT1
t in Figure 9(a)). It can be

observed that, in order to reduce the synchronization overhead, both
test sets require three dummy bits. Using only one ATE channel the
test data can be send to the cores by careful selection of the decoder
which receives data. This is illustrated generically in Figure 9(b) with
the distribution unit, which will be detailed later in this section. The

unit is receiving data from the ATE atfate, using one ATE channel,
and sends data to the selected decoder atfate. Hence, the data send to
the distribution unit has to correspond to the selected decoder. This
is achieved by generating a composite test set (TC) which matches
the distribution’s unit functionality, as detailed next.

Starting with the tailored compressed test sets, the composite test
set is generated as illustrated in Figure 9(c). Firstly, the bits from the
first test set are copied intoTC up to the firstdummybit. At this point,
the next test set is chosen,T1

t (bold is used to represent the data from
T1

t ), and the bits up to the first dummy bit are copied intoTC. To
illustrate the implications in the distribution’s unit functionality when
the changing of the test set occurs, a timing diagram is presented in
Figure 9(d). Each decoder has been represented by the code identifier
(CI) and the pattern generator (PG) in the figure. It can be seen that
at the 4th on-chip clock cycleCI1 becomes active. Hence, instead of
sending a dummy bit to decoderCI0 as in the case of the tailored test
set, useful test data is sent to decoderCI1. Since, the test data from
T1

t has been added toTC, CI1 will receive the correct compressed test
bits. While switching of the test sets based on the occurrence of the
dummy bits is usually performed, there are some exceptions which
have to be accounted for. For example, bit stream “1D 011 1D” in the
tailored compressed test set forT0

t was copied intoTC without the
first dummy bit. This is due to the fact that when the first codeword
1 from the above bit stream is received byCI0, the pattern generator
does not generate any more data, and therefore it can commence the
generation of the pattern immediately after the codeword has been
identified (clock cycle 14 in Figure 9(d)). Note that this is contrary
to Figure 8 (clock cycle 13), where the pattern generator was still
busy generating the pattern corresponding to a previous codeword,
and therefore the dummy bit was inserted in theT0

t . In general, if
|Li |−wi+1·α

α is negative then there is no need to insert the dummy bit
into TC. It is important to note that, if the number of bits copied into
TC are not enough to account for the number of dummy bits from
the previous test set, and if there are no more test sets available, then
dummy bits are inserted intoTC.

A distribution architecture which can make use of the composite
test set as generated above is given for the general case ofk cores
in Figure 10. The distribution architecture comprises: alog2k bit
counter, ak : 1 multiplexer, a log2k : k decoder and ak bit config-
uration register (conf reg). The counter drives the log2k : k decoder
and thek : 1 mux. The eni output of the log2k : k decoderis high,
enabling the corresponding decoder (deci) if the log2k counter has
the appropriate value. The synchronization elements (sync elem),
illustrated in the figure, represent blocks of logic which ensure that
the code identifier of decoderdeci will not receive theFSM clk if
eni is low. In addition, in order to completely disable the decoder
after the pattern has been generated one may also consider gating
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thedec clksignal (as illustrated withadd. gatingin Figure 10). This,
however, is not necessary for the VIHC decoder [6].

After reset, the counter is selecting decoderdec0. As long as the
ATE syncsignal is high,dec0 processes data fromdatain. Once the
ATE syncis set to low, the counter will increment enabling the next
decoder which has theATE syncline high to process data from the
ATE. It should be noted that theATE syncis set low when the pattern
generator is still busy processing the previous pattern and can not
commence the generation of the new one. This state corresponds to
the changing of test sets as illustrated in Example 2.

To summarize, for a system withk cores, employing this ar-
chitecture implies the following steps. Firstly, each core’s test set
is compressed such that the compression ratio, area overhead and
TAT meet the system’s constraints. Secondly, for the decoders which
have αmax greater than the available frequency ratio, the tailored
compressed test sets are determined. Finally, the tailored compressed
test sets are merged together into a composite test set (TC) as
illustrated with Example 2. If there are test sets which do not require
tailoring, and dummy bits have to be inserted intoTC, then the
distribution architecture can be extended with one more decoder. This
decoder corresponds to the test sets which does not require tailoring.
When all the decoders connected to the distribution architecture are
busy, then the data can be redirected to this separate decoder, and
thus no dummy bits are required. It should be noted that, the size of

TC is lower bounded by the sum of sizes of the initially compressed
test sets and upper bounded by the sum of the sizes of the tailored
compressed test sets. This is because, if no dummy bits are inserted
into the composite test set, the size of the composite test set is given
by the sum of sizes the initially compressed test sets. If however,
dummy bits are required, the number of dummy bits is always smaller
than the sum of the dummy bits in the tailored compressed test sets.

The algorithm for computing the composite test set has a com-
plexity which is linear in the size of the compressed test sets for the
number of cores connected to the distribution architecture. Consider
k cores and the compressed test sets lengths|Tk

D|, the complexity of
the algorithm isO(∑ |Tk

D|), i.e., the algorithm has to process every
bit of each core’s compressed test set, determine if a codeword has
been found, identify the length of the pattern, and decide whether
a dummy bit is required or not. While we chose to compute the
tailored test sets separately, this can be done simultaneously with the
computation ofTC.

Since the distribution architecture exploits the notification signals
from the VIHC decoder, it does not have to explicitly control each
decoder, but rather disable them when appropriate. This leads to
scalability. Therefore, the architecture can handleany number of
VIHC decoders of any group size. An additional advantage of the
proposed architecture isprogrammability . This is achieved by using
the conf reg register. If some cores have finished the test faster
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than the others, then the decoders corresponding to these cores are
no longer needed. To disable these decoders, the register can be
loaded with the appropriate value. It is important to note that, these
two features,scalability andprogrammability are missing from the
interleaving architecture proposed in [12, 17]. Furthermore, using the
interleaving architecture, multiple cores must be assigned to the same
decoder, thus increasing the length of the scan chains in the SOC,
which can lead to excessive power dissipation.

IV. EXPERIMENTAL RESULTS

To validate the efficiency of the proposed solution, experiments
have been performed on the full-scan version of the largest ISCAS89
benchmark circuits [21] using the MinTest [20] test sets. The experi-
ments have been executed on a Pentium III 500MHz workstation with
128 MB DRAM. The algorithms to tailor the compression method
(based on [13]), and to tailor the compressed test sets (see Section III-
A) have been implemented for VIHC. In addition, in order to provide
a comparison between the two architectures for multiple core test
(the interleaving architecture [12, 17] and the proposed distribution
architecture (see Section III-B)), the generation of the composite test
set for the two architectures has been also implemented.

Two sets of results are discussed in this section. Firstly, for the
largest ISCAS89 benchmarks cores a comparison between tailoring
the compressed test set and tailoring the compression method is given.
Secondly, the distribution architecture is quantified for two systems. It
should be noted that, since the synchronization overhead is removed,
the results reported in this section represent both volume of test data
(VTD) in bits and test application time (TAT) in ATE clock cycles.

Tailoring the compressed test set:The comparison between
tailoring the compression method and tailoring the compressed test
set is given in Table I. The table lists the circuit, the group size (mh),
the volume of test data (|TE|) obtained after compression, the size of
the test set after tailoring the compression method (cmp) and after
tailoring the compressed test set (set), when the group size is 4, 8
and 16. Tailoring the compression method and the compressed test
set has been performed for frequency ratios equal to 2 (α = 2) and
4 (α = 4). The best result obtained by the methods for each core,
group size and frequency ratio, are marked with bold in the table.
As illustrated in Section III-A, tailoring the compression method will

Circuit mh |TE| Tailored |TE| (bits)
(bits) α = 2 α = 4

cmp set cmp set

s5378 4 13983 16554 17703 13983 13983
8 13575 21892 18705 13622 15080
16 12604 34952 17668 17547 13740

s9234 4 21494 25730 27144 21494 21494
8 21494 29888 25931 21494 21494
16 21151 44736 27334 22610 21785

s13207 4 53523 88997 90322 53523 53523
8 38123 93496 89646 54419 55146
16 32444 107008 90920 53862 55229

s15850 4 32326 45405 47123 32326 32326
8 27922 50500 47196 32137 34195
16 27666 66904 49070 33940 35266

s35932 4 19813 28952 20050 19813 19813
8 15730 48376 20021 24751 15881
16 13585 88120 19908 44060 15641

s38417 4 103470 123525 129395 103470 103470
8 92610 171060 119297 101568 94355
16 86012 279648 118989 140134 92777

s38584 4 90730 121347 127263 90730 90730
8 82003 139336 129604 89993 97081
16 80392 193416 127849 97590 92377

TABLE I
TAILORING COMPRESSION METHOD(cmpBASED ON [13]) VS. TAILORING

COMPRESSED TEST SET(setSEESECTION III-A)

min= 273854
Method Tailored |TC| (bits) % overhead

α = 2 α = 4 α = 2 α = 4
cmp 450510 332150 39.21 17.55
set 446528 320231 38.67 14.48

distr 293851 279837 6.80 2.13

TABLE II
COMPARISON WITH PREVIOUS WORK FORS1

lead to large test sets especially when the ratio betweenmh and α
is large. For example, in the case ofs35932 formh = 16 andα = 2,
tailoring the compressed test set (column 5) will lead to a reduction of
77% when compared to tailoring the compression method (column 4).
Similarly, for α = 4 andmh = 16 a 64% reduction is obtained, when
the two methods are compared. While there are cases when tailoring
the compression method leads to smaller test sets than tailoring the
test set, the difference is on average of less than 5%.

Distribution architecture: The usage of the distribution ar-
chitecture (distr) is illustrated next. Two experimental setups are
considered: systemS1comprising all the circuits from Table I andS2
comprising 2x s5378, 2x s9234, 2x s13207 and 2x s38584. The first
system (S1) has been chosen to illustrate the potential of the proposed
distribution architecture to provide test data to all the cores in a
SOC and to illustrate the trade-off reduction between the VTD and
synchronization overhead introduced by tailoring the compression
methodcmp and tailoring the compressed test setset. The second
system (S2) has been chosen to illustrate the scalability of the
proposed distribution architecture when compared to the interleaving
architecture from [12, 17]. Both systems are tested using one ATE
channel, with frequency ratios ofα = 2 andα = 4. The results for
systemS1 andS2 are presented in Table II and III, respectively.

For systemS1, Table II illustrates the results obtained using the
three methods (cmp, set and distr) for the two frequency ratios.
It should be noted that forcmp and set, for each circuit, the
best result reported in Table I has been chosen in computing the
total test set size forS1, when S1 is tested one core at a time
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min= 293182
Method Tailored |TC| (bits) % overhead

α = 2 α = 4 α = 2 α = 4

inter [12] 483162 39.32
distr 310105 302337 5.45 3.02

TABLE III
COMPARISON WITH PREVIOUS WORK FORS2

and the synchronization overhead eliminated. For example, for core
s5378, forα = 2, cmp= 16554 andset= 17668. As also noted in
Section III-A, cmpandset bring forth a trade-off between reducing
the synchronization overhead and VTD. Therefore, the minimum test
set forS1, when one core at the time is tested (min), and the increase
in VTD, are also illustrated in Table II. The minimum test set has been
computed by summing up the minimum|TE| from Table I column 3,
e.g., for cores5378 the chosen test set size has been 12604. Fordistr,
the compressed test set obtained using a group size of 16 has been
chosen for each core. It can be observed from Table II that in order to
testS1, one core at a time and reduce the synchronization overhead,
tailoring the compression method (cmp) obtains larger test sets than
tailoring the compressed test set (set). For example,set obtains a 3%
reduction overcmp for α = 4. The trade-off between the VTD and
synchronization overhead becomes obvious when the values obtained
for cmp and set are compared to themin value. For example, there
is 39% and 38% increase in VTD whencmp and set are compared
to min for α = 2. However, employing the distribution architecture
(distr) the VTD can be reduced. For example, forα = 2, 34.77% and
34.19% reductions are obtained when compared to thecmpandset
approaches. Similarly, forα = 4, reductions of 15.74% and 12.61%
are obtained when compared to thecmp and set approaches. Note
that, the sizes of the composite test sets used in conjunction with
the distribution architecture are only 6.80% and 2.13% larger than
min for the circuits inS1 for α = 2 and α = 4 respectively. Thus,
employing the distribution architecture there is virtually no trade-off
between reducing the synchronization overhead and the VTD. Since
the entire system can be connected to the distribution architecture
without any restrictions, the proposed solution can easily fit into a
design and test flow without any further modifications to the test and
interface equipment, e.g. ATE or DIB. Moreover, as illustrated in
Figure 10 (see Section III-B), the architecture is driven using only
one data input. Hence, the distribution architecture provides an easy
integration to the IEEE 1149.1 standard [22] for test data compressed
SOC testing. In addition, as will be seen in Section V, the distribution
unit and the decoders for the corresponding cores can be considered
as a separate core which is plugged into the system.

The second experiment is detailed next. As noted in Section II-
B, the interleaving architecture proposed in [12, 17] imposes certain
constraints on how the cores are connected to the system, i.e.,
all the cores’ test sets must be compressed with Golomb using
the same group size, the number of the decoders driven by the
architecture is restricted to the group size and the length of the test
sets for each decoder should be approximately equal. To conform with
these requirements and to illustrate the scalability of the proposed
distribution architecture, a group size of 4 has been considered for
the interleaving architecture. Hence, the architecture drives 4 decoders
of group size 4. The assignment of the cores to decoders is as
follows: 2x s5378 and 2x s9234 to one decoder, 2x s13207 to the
second decoder, 1x s38584 to the third decoder and the 1x s38584
to the forth decoder. This is done to obtain approximately equal
length test sets for each decoder. For the distribution architecture
a group size of 16 has been used for all the cores. It is important

to note that this experiment shows the scalability of the proposed
approach and the benefits derived from it. Also note that when the
same compression ratio is obtained by both Golomb and VIHC,
and when all the requirements are fulfilled both, the interleaving
architecture and the distribution architecture will yield the same TAT.
Since, the interleaving architecture [12, 17] is based on the serial
Golomb decoder, it does not exploit the frequency ratio. Hence, the
size of the composite test set does not change with the frequency
ratio. As illustrated in the table, the distribution architecture (distr)
yields smaller test sets than the interleaving architecture (inter). For
example, reductions of 35.81% and 37.42% in VTD are obtained for
α = 2 andα = 4. Hence, when cores come with different decoders and
different group sizes, the proposed distribution architecture does not
require any decoder’s modifications to fully exploiting them. This is
contrary to the interleaving architecture which requires that the same
group size is used for all the cores, and that the compressed test sets
are combined to yield almost equal test sets per decoder.

Therefore, in addition to the features which allow an easy design
flow integration, the proposed distribution architecture also reduces
volume of test data when compared to previous methods for syn-
chronization overhead reduction. Moreover, because when no the
synchronization overhead is induced the VTD in bits equals the TAT
in ATE clock cycles, the reduction in VTD equals the reduction in
TAT. Furthermore, at-speed structural test can be facilitated by using
on-chip test controllers without some of the drawbacks of the slow-
fast clock approach [23], as illustrated next.

V. I MPLEMENTATION ISSUES

In this section we consider practical implementation issues related
to the proposed architecture when testing core based SOCs. Our
design aimed at facilitating:(a) IEEE 1149.1 compatibility, by
ensuring that extending the test access port (TAP) controller [22]
with one instruction will suffice for using the approach proposed
in Section III; (b) stuck-at and delay fault test, hence allowing
the system integrator to target different types of faults using the
distribution architecture; and(c) seamless integration, through plug-
and-play and easy configuration.

Test controller:As the distribution architecture generates data at
a different frequency than it receives, controlling test deployment and
application from the ATE becomes very difficult. Therefore, in order
to endorse(a) and (b) pointed out above, we enhance each decoder
with a test controller. In addition, to support plug-and-play and easy
configuration(c), each test controller has a configuration register.
A high level view of the test controller is given in Figure 11(a).
The inputs to the controller areprog_data_in and do_prog - for
loading the configuration register,tm - the test mode signal,en -
to enable the decoder (see Section III-B),din - data input to the
decoder, andclks - the clocks (clk andFSM clkin Section III-B); the
outputs areprog_data_out, ate_sync- for feeding in the distribution
unit, se - scan enable,si - scan in data, andclk - clock. The test
controller has three modes of operation:(i) test mode, when tm is
high; (ii) normal mode, whentm is low, and(iii) program mode, when
do_prog is high. When in(i) test mode, it will(1) ensure that the
decoder is receiving the correct clocks, depending on theen signal;
(2) generate the scan enablese corresponding to test data shifting
(se= 0) and test application (se= 1) depending on the value of the
counter; (3) and generate a scan clock derived from the decoder’s
output. When in(ii) normal mode, the decoder is disabled,se is
high and the generated clock is the on-chip test clock. When in(iii)
program modeprog_data_in will feed the configuration register in
the test controller.

The configuration register will contain core specific information,
such as the type of test (we used 01 and 10 to represent a stuck-at test
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and delay-fault test, respectively) and the length of the wrapper scan
chain [24] (we assume a serial core wrapper design configuration). A
distribution architecture connected to two test controllers is illustrated
in Figure 11(b). The configuration registers of the distribution archi-
tecture and ones of the two test controllers construct a scan chain
which is programmed usingdo_prog and prog_data_in. Thus, the
entire architecture can be easily configured.

The design illustrated above can be easily connected to a TAP
controller, which will control enable, do_prog and tm, of the
distribution architecture, by means of one miscellaneous register
(user register). In addition, since the on-chip test controller ensures
clock generation at on-chip frequencies, the proposed distribution
architecture represents a Load Slow/Run Fast environment which
is very suitable for DFT-focused test [23]. Thus, we can achieve
at-speed structural test without some of the drawbacks of using a
typical slow-fast clock approach, such as using programmable PLLs
for generating the launch and capture clocking [23]. It should also be
noted that the TAP controller will require to only shift data, the update
and capture states are not used for internal test with the proposed
architecture. For issues related to at-speed structural test the interested
reader is referred to [25, 26].

For the design given in Figure 11(b), we considered the decoders
with a group size of 16; and we assumed the two cores with scan
chains of length 256, hence, the length of the counter is 8, while
the configuration register’s length is 10. The above design has been
implemented using Synopsys Design Compiler [27], the synthesized
design has been placed and routed using Silicon Ensemble from
Cadence [28], for Alcatel 0.5µ technology library (MTC35000). At all
stages, the design has been simulated using Model-Sim from Mentor
Graphics [29]. The design has an area of 416982.5µm2 (≈ 2000·2-
input NAND gates), of which 93.00% represents the area of the two
test controllers. Hence, while the distribution architecture can handle

any number of decoders, a system integrator may want to limit these
in order to contain area overhead.

Test preparation:As an on-chip test set deployment and ap-
plication architecture, with data fed to the cores at a frequency
different than the ATE’s, providing test application support from the
ATE becomes difficult. Therefore, the test generation process, which
occurs on-chip, should account for the test application as well. As
noted in the beginning of Section V, we are considering stuck-at as
well as delay fault tests. For delay fault tests we chose a double-
capture scenario.

The test controller detailed above will ensure proper test appli-
cation, however care must be taken to ensure that there is no useful
test data generated by the decoder during test application. This can be
achieved by either(i) modifying the uncompressed test set, depending
on the type of test performed, or by(ii) ensuring that the decoder does
not generate any data. For the former, each test vector is padded with
one bit in the case of a stuck-at fault test, or with two bits, in the case
of a double capture delay fault test. These bits will be then ignored,
and not fed into the scan chain. In the case of the latter, during
the test application period, the decoder’s clock will be gated. While
the difference between the two cases does not appear significant,
the following should be considered. In the former case(i), the test
stimuli for each core must be pre-processed before compression (i.e.,
each test vector must be padded with 1 or 2 bits), and then the
flow illustrated in Section III-B performed. In the latter case(ii) ,
the composite test set generation illustrated in Section III-B must be
altered, to consider the type of test. In our implementation we opted
for solution (i).

Plug-and-play:To enable easy integration with existing designs,
the implementation should support different configurations, which
will allow for various trade-off scenarios. Clearly, the distribution
architecture as illustrated in Section III-B, allows for multiple core
test, when for each core one decoder is chosen, or when multiple
cores are connected in series. However, due to routing overhead, scan
power dissipation or decoder area overhead, for example, different
configurations may be desired. One scenario that can extend the
proposed approach, is to feed multiple cores using the output of one
test controller. Feeding multiple cores using one data input can be
achieved by using a programmable clock distribution network (CDN),
i.e., a shift register, which holds the configuration for the active core,
and a decoder that passes the corresponding clock. Extending the test
controller with such a unit, implies the connection ofprog_data_out
to the shift register’s input of the CDN. Note that this extension does
not require any modification to the distribution architecture or test
controllers. Also note that, as long as the test controllers use the same
interface, adding test controllers to the distribution architecture is only
limited by the number of outputs of the distribution architecture, no
other modifications are required.

Finally, we illustrate a simulation screen shot obtained by simulat-
ing the placed and routed design, pointing out the different features
of the proposed approach. For demonstration purposes we considered
two cores,core0 andcore1, with 7 and 9 scan cells respectively. We
considered forcore0 a single clock cycle capture test, while forcore1
a double capture test. Also, the two cores use a clock period of 20ns,
and the ATE clock period is of 60ns. Figure 12 illustrates one test
scenario, when both cores are tested in parallel, each with its own test
strategy. The figure illustrates the design immediately after it has been
configured (i.e.,do_prog is set low, andenableis set high). Hence,
din is fed to the decoders, and their corresponding test controllers will
generatese, si andclk, for the two cores, respectively (starting from
2usto 4usin the figure). Also marked in the figure are thesefor single
and double capture, hence different tests strategies can be performed
simultaneously for different cores. When the test session has finished,
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or another configuration needs to be loaded,enable is set low (as
marked in the figure), and the architecture reprogrammed. Note that
this may occur only after all decoders have finished generating data.

VI. CONCLUSION

This paper has analyzed synchronization overhead in SOC test for
coding schemes based compression methods. A two step solution for
addressing the synchronization overhead problem has been proposed,
which exploits frequency ratio and does not require any extra control
from the ATE. The two steps, tailoring the compressed test set
and the distribution architecture, add scalability and programmability
features to the solution. Therefore, the proposed solution facilitates
multiple core SOC test and easy integration in the design flow without
imposing any restrictions on the system integrator. Additionally,
detailed hardware implementation issues including the test controller
and test set preparation have been considered in the paper. Hence,
this paper has shown how a new test methodology based on test data
compression using coding schemes, can be employed in a reduce pin
count test – IEEE 1149.1 compliant environment, and also ensure
stuck-at and delay fault tests.
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