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Fig. 9. Leakage binning results of 6-channel leakage sensor.

Fig. 10. Layout and key features of the leakage sensor testchip.

curve in Fig. 7 increases. In other words, the sensitivity of drain voltage
to leakage variation degrades. Accordingly, the sensing resolution in
channels with high bias currents is lower than the others. A nonuniform
mirroring ratio of f1�, 2�, 3�, 4�, 6�, 9�g is used rather than a
uniform mirroring ratio of f1�, 2�, 3�, 4�, 5�, 6�g to ensure a
target sensing resolution at high bias currents. This also guarantees that
the monotonically increasing VSEN across the six channels do not swap
levels under worst case WID parameter variations. Since the proposed
current mirror based design shares the bias circuits (IREF; VBIAS)
across each sensing channel, the leakage-sensor circuit becomes
simple and dense compared to [8], where separate VBIAS generators
are required for each channel. Outputs of the comparators should be a
thermometer code with a single transition. Bubbles (lone “1” within a
string of “0”s or a “0” within a string of “1”s) due to WID variation or
comparator metastability can be eliminated using NAND3 gates which
require two “1”s immediately above a “0” in order to determine the
transition point [10]. Additional combinational logics remap the one
cold encoded bit array V1–V6 into a desired binary code sequence,
OUT[2 : 0]. Based on nMOS and pMOS Ion, Io� measurements, the
designed 1.2 V, 0.66 mW, 0.006 mm2 leakage sensor shows excellent
leakage binning results in 90-nm CMOS (Figs. 9 and 10).
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MICRO: A New Hybrid Test Data Compression/
Decompression Scheme

Sunghoon Chun, YongJoon Kim, Jung-Been Im, and Sungho Kang

Abstract—To overcome the limitation of the automatic test equipment
(ATE), test data compression/decompression schemes become a more
important issue of testing for a system-on-chip (SoC). In order to alleviate
the limitation of previous works, a new hybrid test data compression/de-
compression scheme for an SoC is developed. The new scheme is based
on analyzing the factors that influence test parameters: compression ratio
and hardware overhead. To improve compression ratio, the proposed
scheme, called the Modified Input reduction and CompRessing One block
(MICRO), uses the modified input reduction, the one block compression,
a novel mapping, and reordering algorithms. Unlike previous approaches
using the cyclic scan register architecture, the proposed scheme is to
compress original test data and to decompress the compressed test data
without the cyclic scan register architecture. Therefore, the proposed
scheme leads to high-compression ratio with low-hardware overhead.
Experimental results on ISCAS ’89 and ITC ’99 benchmark circuits prove
the efficiency of the new method.

Index Terms—Design for testability, system-on-chip (SoC) test, test data
compression, test data decompression.

I. INTRODUCTION

As the complexity of VLSI circuits increases, it is more important to
test VLSI circuits completely. Especially, today’s large and complex
VLSI circuits in system–on-chip (SoC) environments, need an enor-
mous amount of test data. When SoCs are tested, such test data is trans-
ferred to the circuit under test (CUT) from an automatic test equipment
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(ATE). Since the channel width and the size of memory for the ATE are
limited, the traditional ATE must be modified or more expensive ATE
must be required in order to test an SoC with enormous test data.

To alleviate these problems, there are two useful approaches. One is
a built-in self-test (BIST) scheme [1]–[5] and the other is a test com-
pression/decompression scheme [6]–[16]. However, the BIST can be
applied directly to circuits only if circuits are BIST-ready. In recent
SoC environments, since most IP cores provided from core vendors
are not BIST-ready and incorporating the BIST into circuits can lead
to the performance penalty during normal operation of circuits, BIST
schemes are not an acceptable solution for all circuits in order to reduce
enormous test data.

In a test data compression/decompression scheme, on the other hand,
a test input sequence is compressed and the compressed input sequence
is decompressed by a decompressor on the circuit or the ATE. These
approaches have been researched over the last several years. There are
three types of the previous approaches: the methods using the com-
pacted test sets [6], [7], test data compression methods which reduce
the amount of data transmitted to the ATE [8], and the test data com-
pression scheme using an on-chip decompression architecture [9]–[17].
The method proposed in [12] is suitable for only small primary-input
circuits. In addition, the disadvantage of the approaches proposed in
[13] and [17] are such that, as the block size increases, it leads to high
area overhead for the decompressor. Especially in SoC environments,
the minimal area overhead of the decompressor is more significant
since the decompressor is necessary for each core. In [14], the approach
based on the fact that effective test sets in a test sequence are very sim-
ilar except only a small number of bits is proposed first. In order to
use this fact, the original test set TD is transformed into the differen-
tial test sequence set Tdi� . The Golomb code [10], frequency-directed
runlength (FDR) code [9], and variable-length input Huffman coding
(VIHC) [16] also use the differential test sequence set Tdi� . Although
all of them provide high-compression ratio for most of benchmark cir-
cuits, they still lead to high–area overhead for the decompression archi-
tectures. In addition, in order to regenerate to the original test set TD
from the differential test sequence set Tdi� inside a chip, the cyclical
scan register (CSR) has to be used [14].

Therefore, to alleviate these limitations of previous compression
schemes, we focus on a test data compression/decompression scheme
without the CSR architecture in order to achieve a high–compression
ratio and low–area overhead for the decompression architecture. In
this paper, a new hybrid test data compression/decompression scheme
is proposed. Unlike the previous approaches, the proposed approach
uses the modified input-reduction scheme in order to compensate the
loss of the compression ratio which is caused by our approach without
the CSR architecture and Tdi� .

II. MODIFIED INPUT REDUCTION SCHEME

In order to reduce test sets for a BIST, the input reduction was pro-
posed first in [18]. A new input-reduction scheme is used in this paper,
which is the modified version of the input-reduction scheme in [18], in
order to achieve high–compression ratio. The input-reduction scheme
is to identify circuit inputs that can be combined into other test inputs
without the loss of fault coverage. This method is based on the concepts
of the compatibility and the inverse compatibility.

When a test set TD whose input size is N and length is L is given,
let v(i; k) be a value of input i (0 � i � N � 1) at sequence k (0 �
k � L� 1). The input compatibility is defined as follows.

Definition 1— Input Compatibility: For a given test input set TD ,
two inputs i and j are compatible, if and only if v(i; k) = v(j; k). If
v(i; k) = X (don’t care) or v(j; k) = X , it should not conflict with
the value of any other compatible or inverse compatible inputs.

Fig. 1. Modified input-reduction algorithm.

Let v(i; k) be an inverse value of v(i; k). The inverse compatibility
is defined as follows.

Definition 2—Input Inverse Compatibility: For a given test input set
TD , two inputs i and j are compatible, if and only if v(i; k) = v(j; k).
If v(i; k) = X (don’t care) or v(j; k) = X , it should not conflict with
the value of any other compatible or inverse compatible inputs.

Unlike the input reduction in [18], we consider a case where test sets
are given by the deterministic automatic test pattern generation (ATPG)
or the combination of random and deterministic ATPGs. Therefore, we
propose a new input-reduction algorithm for this situation. The pro-
posed algorithm is shown in Fig. 1. Note that the process of don’t care
identification is required for a given test set obtained from the combi-
nation of random and deterministic ATPG in order to reduce test inputs
efficiently. At the first step of the don’t care identification process, we
perform fault simulation for a given test set TS to mark the essential
faults of each test vector. Next, we drop faults which are detectable by
a currently used test vector in the entire fault list and the combination
of input values which excited and propagated these faults is identified
by the processes of backtrace and the forward implication as similar
methods in the deterministic ATPG. Input values which are not fixed
are reassigned to X’s.

In this way, the scheme to compress test set by identifying compat-
ible inputs and inverse compatible inputs is called the Input Reduc-
tion (IR) scheme. Note that the reduced test set by the input-reduction
method is called TIR.

III. MICRO SCHEME

This section introduces a new compression/decompression scheme
for the reduced test data TIR. We propose an efficient test data compres-
sion/decompression scheme, the Modified Input reduction and Com-
pRessing One block (MICRO), without using Tdi� , which satisfies two
requirements: a lossless compression algorithm and a simple decom-
pression architecture. In this scheme, only one block which occurs most
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frequently in TIR is compressed since it is important as to make the de-
coder for the compression code simple and small as well as to increase
the compression ratio.

A. Proposed Compression Code

In this paper, a new compression code, called the MICRO code, is
proposed in order to compress test data efficiently. The main key idea
is that the compression ratio is enhanced by increasing the occurrence
frequency of one block. It can be achieved by appropriately filling spe-
cific values to numerous unspecified value (“X” values) in test sets.
Compressing one block leads to lower hardware overhead for the de-
coder while, in the methods like the Huffman code, as the number of
the compressed blocks is increased, the hardware overhead for the de-
compression architecture is increased enormously.

To simplify the presentation, the following definitions are used.
Definition 3—CB: The compression block (CB) is defined as the

4-bit block which occurs most frequently in the test data.
Definition 4—UB: The test data which exclude the compression

block are divided into 2-bit blocks. The uncompression blocks (UB)
are defined as theses divided 2-bit blocks.

The idea of the MICRO code is to make the 4-bit block CB, which
occurs most frequently, have a 1-bit code, and the rest of test sets have
3-bit codes which consist of a 2-bit original block and a prefix bit to
identify uncompressed 2-bit blocks. In general, it is easy to increase the
occurrence frequency of one 4-bit block by filling appropriate specific
values to unspecified test cubes since deterministic test patterns contain
many X values. Therefore, increasing the occurrence frequency of the
specific 4-bit block is implemented easily and it is an efficient method
to improve the compression ratio for test data.

Furthermore, test data, except the compression block, are divided
into the 2-bit uncompression blocks, in order to make the most fre-
quent 4-bit block in test sets occur more frequently. This is because di-
viding the rest of test data which exclude the CB into smaller size, has
a high probability to increase the occurrence frequency of the CB in the
original test data. For this reason, the compression block occurs more
frequently as the length of the UB is 2 bits. The goal of the MICRO
code is to improve the compression ratio by increasing the occurrence
frequency of the most frequent 4-bit block in TIR.

To evaluate the relative efficiency of the Huffman and the MICRO
code, we compute the compression efficiency. In the MICRO code, the
compression efficiency is computed as the following equation, where
OFi is the occurrence frequency. The lower compression efficiency
value means that the compression ratio is much higher. Note that the
OF1 is the occurrence frequency of the most frequent block and the
occurrence frequency of the block which decreases as i becomes larger

CEMICRO = 0:25OF1 + 1:5

5

j=2

OFj : (1)

As mentioned before, the OF1 for the CB increases by 0.25 times
because the CB is encoded from a 4–bit original block to a 1-bit code.
Similarly, the sum of the occurrence frequencies of the remaining un-
compression blocks product is 1.5. Note that whenCE = 1, the length
of the encoded codes is the same length of the original data. In the
Huffman code, the compression efficiency depends on the Huffman en-
coding tree and occurrence frequencies of blocks for a given piece of
test data. Empirically, assuming the size of the block is 4 bit in the
Huffman code, the compression efficiency equation for the test data of
most circuits is one of the following equations

CEHu�man =
16

j=1

0:25 � j � OFj

CEHu�man = 0:5(OF1+OF2+OF3)+
16

j=4

0:25(j � 1) �OFj :

(2)

Fig. 2. Example of occurrence frequencies of the MICRO code and the
Huffman code.

In these cases, the compression efficiency of the MICRO code is less
than that of the Huffman code, if the following condition is satisfied:

OF1 �

4

j=1

OFj Hu�man: (3)

For this case, using the MICRO code guarantees a better compres-
sion ratio than using the Huffman code. Although the sum of OF1,
OF2, OF3, and OF4 for the Huffman code is larger than the OF1 of
the MICRO code, the compression ratio of the MICRO code can be
less than that of the Huffman code; however, it cannot always guar-
antee that the compression ratio of the MICRO code is better since the
compression result also heavily depends on the occurrence frequencies
of the uncompression blocks.

Fig. 2 shows the OF1 value of the MICRO code and the sum of
OF1 � OF4 values in ISCAS ’89 benchmark circuits. Since dividing
the rest of the test data, which excludes the CB into 2-bit leads to in-
crease the occurrence frequency of the CB in the original test data, the
average difference between the OF1 of the MICRO code and OF1 of
the Huffman code is almost 30%. In addition, although the compres-
sion efficiency of the Huffman code is marginally better than that of
the MICRO code, it is inevitable that the decoder-area overhead of the
Huffman code will be much higher that that of the MICRO code. The
size of the compression block of the MICRO code can be extended to
5 bits more if a larger size of the CB can guarantee the higher compres-
sion ratio.

B. Proposed Compression Algorithm

The algorithm used to implement the proposed scheme (MICRO)
has three procedures: 1) preparing initial test set; 2) reordering the test
set; and 3) compressing the test set using the MICRO code. The detail
of each step is as follows.

1) Preparing initial test set: The procedure consists of two steps.
In the first step, using the modified input-reduction scheme, the
original test set TD is transformed to the reduced test set TIR. In
the next step, by computing the occurrence frequency of 4-bit
blocks, the CB is determined and the unspecified values in the
reduced test set TIR are mapped to appropriate specific values
to make the frequency of the occurrence for the CB higher.

2) Reordering the test set TIR: The sequence of the reduced test
set TIR, which is mapped to specific values, is reordered so that
the compression block occurs more frequently. Initially, in this
procedure, first test sequence TIR1 is prepared as the initial test
sequence and then TIR1 is divided into 4-bit blocks and 2-bit
blocks according to whether the divided 4-bit block is the CB
or not. If there is the remaining block rb1 in TIR1 (rb1 � 3)
bits and a filling block fb2, which the compression block is
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Fig. 3. State diagram of the FSM decoder for the MICRO.

generated by adding rb1 to, is found in the other sequences,
this sequence which includes the filling block fb2 becomes the
second test sequence TIR2. Otherwise, the original second test
sequence TIR2 is prepared for the reordering procedure. For the
entire sequence k(1 � k � L � 1), repeating the same steps
mentioned above, the occurrence frequency of the compression
block in TIR can be much higher.

3) Compressing the test set using the MICRO code: The re-
duced and reordered test set TIR is compressed by the
MICRO code proposed in Section III-A. This procedure is
to make the compression block fCBg which occurs most
frequently include a 1-bit code, and the uncompression block
fUB1; UB2; UB3; UB4g have 3-bit codes which consist of a
2-bit original block and a prefix bit to identify uncompressed
2-bit blocks. Let N = fnCB; nUB1; nUB2; nUB3; nUB4g be
the number of occurrences of the test set TIR. The total number
of the compressed test data is nCB + 4

i=1
3 � nUBi.

C. Decompression Architecture

A general on-chip decompression architecture consists of the FSM
decoder to decode the compression code and the control logic which is
responsible for controlling the data transfer between the ATE and the
FSM decoder. We assume that the ATE can be external clock synchro-
nization as shown in [19].

Once the MICRO code has been chosen, then an FSM decoder for
the MICRO code is synthesized. The three control signals are parallel,
serial, and wait. These signals control the buffering and the loading
of data into the controller when the data has been decoded and the
synchronization of the ATE. An example of the state diagram for the
FSM decoder of the MICRO code is shown in Fig. 3. Each encoded
block has a prefix bit which indicates whether remaining bits which
exclude the prefix bit are compressed bits or not.

The controller to transfer the decoded test data into scan chains in the
CUT and to control the signals between the ATE and the FSM decoder
is illustrated in Fig. 4. The FSM does not perform the decoding process
but the controller transfers data into scan chains since the FSM clock
is stable, when the sync output signal in the controller is a “1.” If the
sync signal is a “0,” then the FSM decoder decodes the compressed test
data with the shifting process in the controller.

IV. EXPERIMENTAL RESULTS

To demonstrate the efficiency of the proposed method, the proposed
compression/decompression scheme is used to compress test sets for
ISCAS ’89 and ITC ’99 benchmark circuits. The proposed MICRO
scheme is implemented in C and experiments are performed on a
Pentium 3 667-MHz system with the Linux. The test set for each

Fig. 4. MICRO decompression architecture.

TABLE I
COMPRESSION RATIOS FOR ISCAS ’89 AND ITC ’99 BENCHMARK CIRCUITS

TABLE II
DECODER AREA COMPARISON

circuit is generated by MinTest [20] in order to compare with SC [13]
and the Huffman code. Note that, in order to compare fairly, we use
the reduced test data set TIR for all cases. Note that the compression
ratio is computed as follows:

Compression ratio =
jTIRj � Tcomp

jTIRj
� 100 (4)

where Tcomp is the size of the compressed test set.
The results of the compression are presented in Table I. As shown in

Table I, the MICRO code provides an almost similar compression as a
Huffman code, but the number of states for the MICRO is fixed, while
the number of states for the Huffman decoder grows exponentially and
the number of states for SC [13] grows linearly.

We cannot compare the compression ratio of the MICRO with that
of other compression schemes fairly, Golomb [10], FDR [9], and VIHC
[16], since they show different compression ratios according to the test
data set. Therefore, we just compare the area of the decompression
architecture.
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TABLE III
COMPARISON OF THE AREA OVERHEAD FOR THE DECODER

Table II shows the area comparison of the decompression architec-
ture for previous works and the proposed approach. The area is com-
puted by the Synopsys Design compiler with the lsi 10-k library. Note
that the block size of the proposed MICRO code is fixed as 4 bits and,
for SC, Golomb, VIHC and SHC, the area overhead is computed for
the group size of 4, 8, and 16. The area for previous approaches is ob-
tained in [16]. To compare exactly with previous works, the decoder of
the MICRO for s5378 benchmark circuit, whose decoders are synthe-
sized in [16] for the comparison, is also synthesized.

In addition, the area overhead of the decoders for the different com-
pression methods is compared in Table III. The ISCAS ’89 and ITC
’99 benchmark circuits are synthesized with a single scan chain, and a
single scan chain in the benchmark circuit is inserted by the DFT ad-
visor of the Mentor Graphics with the class library. The area overhead
of the decoder is computed as follows. See equation (5) at the bottom
of the page

decoder area overhead =
the area of decoder

(the area of benchmark circuit + the area of decoder)
� 100: (5)

The area for decoders and benchmark circuits is computed by the
Synopsys Design compiler with the class library. Note that the decoder
for each compression scheme is configured by the parameter, the group
size, shown in Table I. Column 2 in Table III is the area of benchmark
circuits without the decoder.

As shown in Tables II and III, the decoder of the MICRO has the
lowest area overhead. Furthermore, for Golomb, FDR, and VIHC, the
area overheads in Tables II and III exclude the area overhead for the
CSR architecture. As mentioned before, it is inevitable that the high
area overhead for the CSR architecture is required. Of course, to re-
solve this problem, the method using the user defined logic (UDL) or
the boundary scan around another core was proposed in [14]. However,
the usage of the boundary scan around another core is not possible in
all cases and the control logic to reconfigure the boundary scan to the
CSR architecture is also required. Although the problem is alleviated,
the area overhead to use the UDL is still high, especially in an SoC.
Therefore, the proposed compression/decompression scheme is an ef-
fective solution of the test data compression/decompression for SoCs.

Finally, it is necessary to compare the total test application time
(TAT) reduction that can be achieved using the different compression
techniques. Table IV shows the results of comparing lower bounds on
fsys=fT to obtain maximum TAT reduction. Note that the value of the
parameters for each scheme is obtained in Table II. The same concept
in [17] is used for the experiments in order to compare the total TAT.
Using this concept, the total test application time is easily compared

TABLE IV
LOWER BOUNDS ON

by using lower bounds on fsy=fT . Note that fsys is the ratio of the
system clock frequency and fT is the tester clock frequency. For the
MICRO code, the block size b determines the lower bound on fsys=fT .
When the decoder receives a complete codeword, it needs to output
the corresponding block of b bits into the serializer in the controller of
the MICRO decompression architecture. Therefore, the lower bound is
given by fsys=fT � (b=Lmin), where Lmin is the size of the smallest
codeword. Since it is more difficult to achieve the maximum reduc-
tion of the total TAT when the value of the lower bound on fsys=fT
is higher, having lower value of the lower bound on fsys=fT has the
advantage.

V. CONCLUSION

In this paper, we propose a new hybrid test data compression/de-
compression scheme using the input-reduction scheme for SoCs. In-
stead of Tdi� , the input-reduction scheme is used in order to identify
redundant inputs for testing, and by the input-reduction, we obtain ef-
fectively compressed test data without any loss of test data information.
This compressed test data TIR is compressed again by the proposed
compression method which consists of three procedures. The decom-
pression architecture for the proposed MICRO code is simple and small
since the MICRO code has a simple decoding process. Therefore, the
area overhead for our approach is much lower than that of previous ap-
proaches.

As shown in experimental results, the on-chip decoder is smaller
than that of previous works and easy to implement. In addition, higher
compression ratio is achieved by the MICRO scheme. Therefore, the
proposed approach is an attractive and effective solution of test data
compression/decompression for SoCs.
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Wafer-Level Package Interconnect Options
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Abstract—As integrated circuit technology enters the nanometer era,
global interconnects are becoming a bottleneck for overall chip perfor-
mance. In this paper, we show that wafer-level package interconnects are
an effective alternative to conventional on-chip global wires. These inter-
connects behave as LC transmission lines and can be exploited for their
near speed of light transmission and low attenuation characteristics. We
compare performance measures such as bandwidth, bandwidth density,
latency, and power consumption of the package-level transmission lines
with conventional on-chip global interconnects for different International
Technology Roadmap for Semiconductors (ITRS) technology nodes. Based
on these results, we show that package-level interconnects are well suited
for power demanding low-latency applications. We also analyze different
interconnect options such as memory buses, long inter tile interconnects,
clock, and power distribution.

Index Terms—Global interconnects, package, performance metrics,
transmission lines.

I. INTRODUCTION

On-Chip global interconnects are perceived as overall performance
limiters of integrated circuits in nano-CMOS technologies [1]. The
delay of global interconnects exceeds transistor logic delay and
their performance deteriorates with length, negating the general
performance improvement expected from scaling. They also consume
significant amounts of power, as much as 53% of the total interconnect
power as reported in [2]. Several solutions such as Cu/low-k, three–di-
mensional (3-D) integration, X-routing and optical interconnects
are proposed to address the global interconnect conundrum. By far,
the optical solution is the best in terms of delay and power but is
useful only for long lines with critical length exceeding 10 mm [3].
Unfortunately, the optical interconnects are also very disruptive and
offer many technical challenges such as dense integration of optical
components on silicon die [4], [5]. An effective alternative would be
to exploit LC transmission line properties of metal interconnect. Con-
sidering the range of possible lengths for on-chip wiring, performance
of well-designed LC transmission lines would be comparable to that
of the optical solution. The optical interconnects outperform trans-
mission lines mainly by their ability to magnify bandwidth through
wavelength-division multiplexing (WDM) [4].

The benefits of LC transmission lines for large on-die L2 cache
memory application were first discussed in [6]. However, imple-
menting the LC transmission lines on-chip requires additional wiring
layers, significantly impacting on the product costs [6]. Instead,
transmission lines implemented on package wiring layers can be effec-
tively used for on-chip global interconnect applications. In this paper,
we propose implementation of LC transmission lines in wafer-level
packaging (WLP) layers and explore their interconnect options for
on-chip global wiring.
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