
SHRINKING PROCESS TECHNOLOGIES and

increasing design sizes have led to highly com-

plex, billion-transistor integrated circuits. Testing

these complex ICs to weed out defective parts

has become a major challenge. To reduce design

and manufacturing costs, testing must be quick

and effective. The time it takes to test an IC

depends on test data volume. The rapidly

increasing number of transistors in ICs has

spurred enormous growth in test data volume.

Techniques that decrease test data volume and

testing time are necessary to increase production

capacity and reduce test cost.

The latest system-on-a-chip designs integrate

multiple ICs (microprocessors, memories,

DSPs, and I/O controllers) on a single piece of

silicon. SOCs consist of several reusable

embedded intellectual-property (IP) cores pro-

vided by third-party vendors and stitched into

designs by system integrators. Testing all these

circuits when they are embedded in a single

device is far more difficult than testing them

separately. Achieving satisfactory SOC test qual-

ity at an acceptable cost and with minimal

effect on the production schedule is also

becoming increasingly difficult. High transistor

counts and aggressive clock frequencies

require expensive automatic test equipment

(ATE). More important, they introduce many

problems into test development and manufac-

turing test that decrease product quality and

increase cost and time to market.

ATE costs have been rising steeply. A tester

that can accurately test today’s complex ICs costs

several million dollars. According to the 1999

International Technology Roadmap for Semi-

conductors (http://public.itrs.net/Files/1999_SIA_

Roadmap/Home.htm), the cost of a high-speed

tester will exceed $20 million by 2010, and the

cost of testing an IC with conventional methods

will exceed fabrication cost. Conventional direct-

probe testing methods have become inadequate

and are no longer commercially practical. The

increasing ratio of internal node count to exter-

nal pin count makes most chip nodes inaccessi-

ble from system I/O pins, so controlling and

observing these nodes and exercising the numer-

ous internal states in the circuit under test is dif-

ficult. ATE I/O channel capacity, speed,

accuracy, and data memory are limited.

Therefore, design and test engineers need new

techniques for decreasing data volume.

Test resource partitioning offers a promising

solution to these problems by moving some test

resources from ATE to chip. Our new TRP

approach, based on test data compression and

on-chip decompression, reduces test data vol-

ume, decreases testing time, and uses slower

testers without decreasing test quality.
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Overview
There are three main TRP techniques:

� Test set compaction. This technique reduces

test data volume by compacting the partial-

ly specified test cubes generated by auto-

matic test pattern generation (ATPG)

algorithms. It requires no additional hard-

ware investment. The test set is compacted

through dynamic or static compaction pro-

cedures.1,2 However, test set compaction

results in the application of fewer patterns to

the SOC. Because every modeled fault is thus

detected by fewer patterns, this approach

can reduce unmodeled-fault coverage.3

� Built-in self-test. BIST, an alternative to ATE-

based external testing, offers several advan-

tages: It lets precomputed test sets be

embedded in test sequences generated by

on-chip hardware, supports test reuse and

at-speed testing, and protects intellectual

property. Although BIST is now extensively

used for memory testing, it is not as common

for logic testing. This is particularly true for

nonscan and partial-scan designs in which

test vectors cannot be reordered and apply-

ing pseudorandom vectors can lead to seri-

ous bus contention problems during testing.

Moreover, BIST can be applied to SOC

designs only if the IP cores are BIST-ready.

Because most currently available IP cores

are not BIST-ready, BIST insertion in SOCs

containing these circuits is expensive and

requires considerable redesign.

� Test data compression. Another way to

reduce test data volume is through data com-

pression techniques such as statistical, run-

length, Golomb, and frequency-directed

run-length (FDR) coding.4-7 These techniques

compress precomputed test set TD, provided

by the core vendor, into the much smaller

test set TE, which is stored in ATE memory.

Figure 1 shows a TRP scheme using test data

compression. An on-chip decoder performs

pattern decompression to generate TD from

TE during pattern application. Compressing

difference-vector sequence Tdiff determined

from TD decreases test set size and reduces

testing time.5-6 Figure 2 shows test architec-

tures based on TD and Tdiff and cyclical scan

registers. However, using Tdiff and CSRs is not

always necessary. Directly encoding TD can

also achieve significant compression.

Our TRP approach uses the third technique,

which reduces test data volume more than test

set compaction and is less expensive than BIST.

Run-length codes
To encode SOC test data, we first decom-

pose it into either fixed-length or variable-length

blocks. We then assign each block a code
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word, also of either fixed or variable length.

Assigning a fixed-length code word to fixed-

length data blocks doesn’t lead to significant

compression, so we must consider variable-to-

fixed-length and variable-to-variable-length

encoding.

Variable-to-fixed-length: conventional run-
length coding

The first step in encoding test set TD is to gen-

erate a fully specified test set with long runs of

0s followed by a single 1. Run-length codes can

be used to compress both difference-vector

sequence Tdiff and TD. Let TD = {t1, t2, t3, …, tn} be

the (ordered) precomputed test set. A straight-

forward heuristic procedure determines the

ordering.6 We say that Tdiff = {d1, d2, …, dn} = {t1, t1

⊕ t2, t2 ⊕ t3, …, tn−1 ⊕ tn}, where a bitwise exclu-

sive-or operation is carried out between pat-

terns ti and ti+1. If uncompacted test set TD is

used for compression, all the don’t-care bits in

TD are mapped to 0s to obtain a fully specified

test set before compression.

The next step is to select block size b. Once

b is determined, the runs of 0s are mapped to

groups of size M + 1 = 2b. The length of the

longest run of 0s determines the number of

groups. The set of run lengths {0, 1, 2, …, M − 1}

and a run of M 0s form group A1; the set {M, M

+ 1, M + 2, …, 2M − 1} and a run of 2M 0s form

group A2; and so on. In general, the set of run

lengths {(k − 1)M, (k − 1)M + 1, (k − 1)M + 2, …,

kM − 1} and a run of kM comprise group Ak. The

code word size for the kth group is k(M + 1).

Table 1 shows the encoding.

Variable-to-variable-length: 
Golomb coding

The first step in the encoding procedure is to

select Golomb code parameter m. For certain

distributions of the input data stream (Tdiff, in our

case), group size m can be optimally deter-

mined. For example, if the input data stream is

random with 0-probability p, then m should be

chosen such that pm ≈ 0.5. However, because

the difference vectors for precomputed test sets

do not satisfy the randomness assumption, the

best value of m for test data compression must

be determined experimentally.

Once group size m is determined, the runs

of 0s in the precomputed test set are mapped

to groups of size m (each group corresponding

to a run length). The length of the longest run

of 0s in the precomputed test set determines the

number of groups. The set of run lengths {0, 1,

2, …, m − 1} forms group A1; the set {m, m + 1,

m + 2, …, 2m − 1} forms group A2; and so on. In

general, the set of run lengths {(k − 1)m, (k −
1)m + 1, (k − 1)m + 2, …, km − 1} comprises

group Ak.

To each group Ak, we assign a group prefix

of (k − 1) 1s followed by a 0. We denote this by

1(k−1)0. If m is determined to be a power of 2

(that is, m = 2N), each group contains 2N mem-

bers, and a sequence (a tail) of log2(m) bits

uniquely identifies each member in the group.

Thus, the final code word for run length L that

belongs to group Ak is composed of two

parts—a group prefix and a tail. The prefix is

1(k−1)0, and the tail is a sequence of log2(m)

bits. Thus, (k − 1) = (L mod m)—that is, k = (L

mod m) + 1. Table 2 shows an example of

Golomb encoding.

Variable-to-variable length: FDR coding
The need for FDR coding arises from the dis-

tribution of runs of 0s in typical test sets. We con-

ducted a series of experiments on the large

benchmark circuits from the International

Symposium on Circuits and Systems (ISCAS) and

studied the distribution of runs of 0s in Tdiff
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Table 1. An example of conventional run-length

encoding for block size b = 3.

Group Run length Code word

A1 0 000

1 001

2 010

3 011

4 100

5 101

6 110

7 111

A2 8 111000

9 111001

10 111010

11 111011

… … …



obtained from complete single stuck-at test sets

for these circuits. Figure 3 illustrates this distribu-

tion for benchmark s9234. We found that the dis-

tributions were similar for other circuits’ test sets.

Figure 3 shows that the frequency of runs of

0s of length l

� is high for 0 ≤ l ≤ 20,

� is very low for l ≥ 20, and

� decreases rapidly with decreasing l even

within the range 0 ≤ l ≤ 20.

If we use conventional run-length coding

with block size b for compressing such test sets,

every run of l 0s, 0 ≤ l ≤ 2b−1, is mapped to a b-

bit code word. This is clearly inefficient for the

large number of short runs of 0s. Likewise, if we

use Golomb coding with code parameter m , a

run of l 0s is mapped to a code word with l/m
+ 1 + log2(m) bits. This is also inefficient for

short runs of 0s. Clearly, test data compression

is more efficient if the more frequently occur-

ring runs of 0s are mapped to shorter code

words. This leads us to the notion of FDR codes.

FDR code is constructed as follows: The runs

of 0s are divided into groups A1, A2, A3, …, Ak,

where k is determined by length lmax of longest

run (2k − 3 ≤ lmax ≤ 2k+1 − 3). Also, a run of length l

is mapped to group Aj, where j = log2(l + 3) − 1.

The ith group’s size equals 2i—that is, Ai contains

2i members. Each code word consists of two

parts—a group prefix and a tail. The group pre-

fix identifies the group to which the run belongs,

and the tail identifies the group’s members. Table

3 shows an example of FDR encoding.

FDR code has the following properties:

� For any code word, prefix and tail are of

equal length. For example, they are each one

bit long for A1, two bits long for A2, and so on.

� The length of the prefix for group Ai equals i.

For example, the prefix is 2 bits long for

group A2.

� For any code word, the prefix is identical to

the binary representation of the run length

corresponding to the group’s first element.

For example, run-length 8 is mapped to

group A3, and this group’s first element is

run-length 6. Hence, the prefix of the code

word for run-length 8 is 110.
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Table 2. An example of Golomb encoding for group size m = 4.

Group Run length Group prefix Tail Code word

A1 0 0 00 000

1 01 001

2 10 010

3 11 011

A2 4 10 00 1000

5 01 1001

6 10 1010

7 11 1011

A3 8 110 00 11000

9 01 11001

10 10 11010

11 11 11011

… … … … …
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Figure 3. Distribution of runs of 0s for ISCAS benchmark circuit

s9234.

Table 3. An example of FDR encoding.

Group Run length Group prefix Tail Code word

A1 0 0 0 00

1 1 01

A2 2 10 00 1000

3 01 1001

4 10 1010

5 11 1011

A3 6 110 000 110000

7 001 110001

8 010 110010

9 011 110011

10 100 110100

11 101 110101

12 110 110110

13 111 110111

… … … … …



� Code word size increases by 2 bits (1 bit for

the prefix and 1 bit for the tail) as we move

from group Ai to group Ai+1.

Run lengths are also mapped to groups in

conventional run-length and Golomb coding. In

run-length coding with block size b, the groups

are of equal size, each containing 2b elements.

The number of code bits to which runs of 0s are

mapped increases by b bits as we move from

one group to another. On the other hand, in

Golomb coding, the group size increases as the

runs of 0s grow—that is, Ai is smaller than Ai+1.

However, tails for Golomb code words in dif-

ferent groups are of equal length (log2(m),

where m is the code parameter), and the prefix

increases by only 1 bit as we move from one

group to another. Hence, Golomb coding is less

effective when the runs of 0s spread far from an

effective range determined by m.

Figure 4 compares the three codes, showing

the number of bits per code word for different-

length runs of 0s. Conventional run-length code’s

performance is worse than that of Golomb code

when run-length l exceeds 7. Golomb code’s per-

formance is worse than that of FDR code for l ≥
24. FDR code outperforms the other two types for

runs of lengths 0 and 1. Since these runs’ fre-

quencies are very high for precomputed test sets

(Figure 3), FDR codes outperform run-length and

Golomb codes for SOC test data compression.

Test data compression and
decompression

Although the on-chip decoder designs are

similar for the three codes we’ve described, we

discuss only the Golomb decoder in this article.

The decoder is simple, scalable, and indepen-

dent of the core under test and the precomput-

ed test set. Moreover, because it is small, it does

not introduce significant hardware overhead.

The decoder decompresses encoded test set

TE and outputs Tdiff. The exclusive-or gate and the

CSR generate test patterns from the difference

vectors. A counter of log2(m) bits and a finite-

state machine can efficiently implement the

decoder. Figure 5 shows the decoder’s block dia-

gram. The input to the FSM is bit_in, and enable

signal en is used to input the bit whenever the

decoder is ready. Signal inc increments the

counter, and rs indicates that the counter has fin-

ished counting. Signal out is the decoder output,

and v indicates when the output is valid.

The decoder operates as follows:

� When the input is 1, the counter counts up

to m. Signal en is low while the counter is

busy counting and enables the input at the

end of m cycles to accept another bit. The

decoder outputs m 0s during this operation

and makes v high.

� When the input is 0, the FSM starts decoding

the input code word’s tail. The number of

output 0s depends on the binary value of tail

bits. The en and v signals synchronize the

decoder’s input and output operations.
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Figure 5. Block diagram of the decoder used for decompression.



Figure 6 shows the FSM state diagram corre-

sponding to the decoder for m = 4. States S0 to

S3 and S4 to S8 correspond to prefix and tail

decoding, respectively. We synthesized the FSM

using the Synopsys Design Compiler to access

the decoder’s hardware overhead. The synthe-

sized circuit contains only four flip-flops and 34

combinational gates. For a circuit whose test

set is compressed using  m = 4, the logic shown

in the gate-level schematic is the only addi-

tional hardware required other than the

counter. Thus, the decoder is independent of

not only the core under test but also its pre-

computed test set. The amount of extra logic

required for decompression is small and can be

implemented easily—in contrast to the run-

length decoder, which is not scalable and

becomes increasingly complex for higher val-

ues of block length b.

Test application time
Here, we analyze the testing time for a single

scan chain using Golomb coding with the test

architecture shown in Figure 2. The Golomb

decoder’s state diagram indicates that

� each 1 in the prefix takes m cycles for

decoding,

� each separator 0 takes one cycle, and

� the tail takes a maximum of m cycles and a

minimum of γ = log2(m) + 1 cycles.

We let nC be the total number of bits in TE,

and r the number of 1s in Tdiff. TE contains r tails

and r separator 0s, and the number of prefix 1s

in TE equals nC − r[1 + log2(m)]. Therefore, max-

imum and minimum testing times Tmax and Tmin,

measured by the number of cycles, are

Tmax = {nC − r[1 + log2(m)]}m + r + mr

= mnC − r[mlog2(m) − 1]

Tmin = {nC − r[1 + log2(m)]}m + r + γ r

= mnC − rm[1 + log2(m)] − (1 + γ)

Therefore, the difference between Tmax and

Tmin is

δT = Tmax − Tmin

= r[m − log2(m) − 1]

A major advantage of Golomb coding is that

on-chip decoding can be carried out at scan

clock frequency fscan while TE is fed to the core

under test with external clock frequency fext <
fscan. This lets us use slower testers without

increasing test application time. The external

clock and the scan clocks must be synchro-

nized such that fscan = mfext, where Golomb code

parameter m is usually a power of 2.8 Therefore,

the decoder can generate the bits of Tdiff at fscan.

Next, we analyze testing time, using fscan = mfext,

and compare our method’s testing time with that

of external testing applying ATPG-compacted

patterns. We let the ATPG-compacted test set con-

tain p patterns and the scan chain’s length be n

bits. Therefore, the ATPG-compacted test set’s

size is pn bits, and testing time TATPG equals pn

external clock cycles. Next, we let difference-vec-

tor Tdiff obtained from the uncompacted test set

contain r 1s and its Golomb-coded test set TE con-

tain nC bits. Therefore, the maximum number of

scan clock cycles required for applying test pat-

terns in the Golomb coding scheme is Tmax = mnC

− r[mlog2(m) − 1].
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The maximum testing time τ (seconds) with

Golomb coding is

τ = Tmax/fscan

= {mnC − r[mlog2(m) − 1]}/fscan

and testing time τ′ (seconds) for external test-

ing with ATPG-compacted patterns is

τ′ = pn/fext

= pnm/fscan

If we are to accomplish testing in τ* seconds

with Golomb coding, scan clock frequency fscan

must equal Tmax/τ*. That is, fscan = {mnC −
r[mlog2(m) − 1]}/τ*. We meet this requirement

using a slow external tester operating at fre-

quency fext = fscan/m. On the other hand, if we use

only external testing with p ATPG-compacted

patterns, the required external tester clock fre-

quency f ′ext is pn/τ*.

The ratio between f ′ext and fext is

f ′ext/fext = (pn/τ*)/(fscan/m)

= pn/[nC − rlog2(m) + r/m]

Our experimental results show that in all cases

the ratio is greater than 1, demonstrating that

Golomb-code-based TRP lets us decrease test

data volume and use a slower tester without

increasing testing time.

Interleaving decompression
architecture

Our interleaving decompression architec-

ture based on Golomb coding enables testing

of multiple cores in parallel with a single ATE

I/O channel. The architecture reduces testing

time and test data volume stored in ATE mem-

ory and increases ATE I/O channel capacity.

As discussed earlier, when Golomb coding

is applied to a data block containing a run of 0s

followed by a single 1, the code word contains

two parts—prefix and tail. For given code para-

meter m (group size), the tail’s length log2(m)

is independent of the run length. Every 1 in the

prefix corresponds to m 0s in the decoded dif-

ference vector. Thus, the prefix consists of a

string of 1s followed by a 0, and the 0 identifies

the tail’s beginning.

Whenever the decoder FSM receives a 1, it

runs the counter for m decode cycles and starts

decoding the tail as soon as it receives a 0. Tail

decoding takes at most m cycles. During pre-

fix decoding, the FSM must wait m cycles

before the next prefix bit can be decoded.

Therefore, we can test m cores in parallel by

using interleaving to feed each core’s decoder

with encoded prefix data every m cycles.

Interleaving can also be used to feed multiple

scan chains in parallel, as long as their capture

cycles are synchronized. Whenever a tail is to

be decoded, the respective decoder is fed with

the entire tail of log2(m) bits in a single burst of

log2(m) cycles.

Figure 7 shows the SOC channel selector used

for interleaving. It consists of a demultiplexer, an

i-bit counter, and an FSM. Interleaving proceeds

as follows: First, the SOC integrator combines the

encoded test data for m cores to generate com-

posite bit stream TC, which is stored in the ATE.

Next, TC is fed to the FSM, which detects the
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beginning of each tail and feeds the demulti-

plexer. An i-bit counter, where i = log2(m), selects

the outputs to the various cores’ decoders.

TC is obtained by interleaving the prefixes of

each core’s compressed test sets, but the tails

are included unchanged. In the example in

Figure 8, compressed data for two cores (gen-

erated using group size m = 2) have been inter-

leaved to obtain TC. The final encoded test set

will be applied to multiple cores through

decompression.

Let’s describe the SOC channel selector in

greater detail. The FSM detects the tail’s begin-

ning and generates clk_stop to stop the i-bit

counter. Signals vin and vout indicate that data_in

and data_out are valid. The i-bit counter con-

nects to the demultiplexer’s select lines, and

the demultiplexer’s outputs connect to the dif-

ferent scan chains’ decoders. Each scan chain

has a dedicated decoder. This decoder

receives either a 1 or the tail of the compressed

data corresponding to the various cores con-

nected to the scan chain. If the FSM detects that

a portion of the tail has arrived, the 0 that iden-

tifies the tail passes to the decoder, and clk_stop

goes high for the next m cycles. The demulti-

plexer’s output doesn’t change during this peri-

od, and the entire tail passes continuously to

the appropriate core.

Figures 9a and 9b (next page) show the FSM

state diagram for m = 4 and the corresponding

timing diagram. The FSM is fed TC correspond-

ing to four different cores. It remains in state S0

as long as it receives 1s corresponding to the

prefixes. As soon as it receives a 0, it outputs the

entire tail unchanged and makes clk_stop high.

This stops the i-bit counter and prevents any

change at the demultiplexer output. The timing

diagram shows that whenever the FSM receives

a 0, SOC channel selection remains unchanged

for the next m + 1 cycles.

The difference between maximum and min-

imum testing times for a single tail is δt = [m −
log2(m) − 1]. If we restrict m to be small, then

m ≤ 8 and δt ≤ 4. In this case, we can easily

modify the decoder FSM by introducing addi-

tional states to the Golomb decoder FSM such

that the tail decoding always takes m cycles

and δt = 0. As Figure 10 shows, three additional

states are required to equalize tail and prefix

decoding for m = 4. The additional states don’t

increase testing time and hardware overhead

significantly. There are m cores in parallel, and

each separator 0 and tail takes m + 1 cycles to

decode. For m cores, therefore, the decoding

time for the separator and tail is

where

Because all cores’ prefixes are decoded in

parallel, the number of cycles tprefix required for

decoding all the prefixes in TC equals the num-

ber of 1s in the prefix of the core with the largest

amount of encoded test data. Therefore,

tprefix = max(m{nC,i − ri[1 + log2(m)]})

= m{nC,max − rmax[1 + log2(m)]}

where nC,i and ri are the number of encoded bits

in TE and the number of 1s in Tdiff for the ith

core, respectively. Moreover, nC,max and rmax are

the number of encoded bits in TE and the num-

ber of 1s in Tdiff for the core with the largest

amount of encoded test data. Therefore, total

testing time for m cores tested in parallel with

interleaving is

TI = tprefix + ttail

= m{nC,max − rmax[1 + log2(m)]} + R(1 + m)

In contrast, we now find the testing time TNI
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Figure 8. Interleaving composite encoded test data for two cores

with group size m = 2.



(NI denotes noninterleaved) required if we test

all the cores one by one using a single ATE I/O

channel:

where TC denotes the number of bits in TC.

The difference between the interleaved and

noninterleaved testing times is

TNI − TI = mTC − Rmlog2(m) + R − nC,max +  

mrmax[1 + log2(m)] − R − mR

= m(TC − nC,max) − m[1 + 

log2(m)](R − rmax)

= m{(TC − nC,max) − [1 + log2(m)]

(R − rmax)}

≈ m(TC − nC,max) >> 0
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Figure 9. State diagram (a) and timing diagram (b) for the SOC channel selector FSM (m = 4).



because nC,max >> rmax and TC >> R.

Consider a hypothetical example of four

cores with an encoded test data size equal to

nC,1 = 40, nC,2 = 60, nC,3 = 80, nC,4 = 100, and r1 = 4,

r2 = 6, r3 = 8, and r4 = 10. Therefore, nC,max = 100,

rmax = 10, m = 4, R = 28, and TC = 280. Finally,

TNI − TI = 4[(280 − 100) − (1 + 2)(28 − 10)] = 504.

This analysis shows that the interleaving archi-

tecture reduces testing time and increases ATE

channel bandwidth.

We developed a Verilog model of the FSM

for m = 4 and simulated it using TC =

1010110011011. We also synthesized the gate-

level circuit of the channel selector FSM with

the Synopsys Design Compiler. It contains only

four flip-flops and 17 gates. Thus, additional

hardware overhead is small.

Experimental results
We performed TRP on the large ISCAS

benchmark circuits. We considered full-scan

circuits for the proposed compression and

decompression schemes. For full-scan circuits,

we reordered patterns to achieve higher com-

pression. For all full-scan circuits, we consid-

ered a single scan chain. We computed the

compression percentage as CP = (TD −
TE / TD) × 100, where TD is the test set size

and TE is the encoded test set size.

For our first experiment, we used difference-

vector sequences (Tdiff) obtained from partially

specified test sets (test cubes). Table 4 presents

results for test cubes obtained using dynamic

compaction with the Mintest ATPG program.9

The table compares the fully compacted Mintest

test sets with the compression obtained from

FDR, Golomb, and conventional run-length cod-

ing. The table lists precomputed (original) test

set sizes (TD), encoded test set sizes (TE), and

smallest ATPG-compacted (Mintest) test set

sizes. We used a Sun Ultra 10 workstation with

a 333-MHz processor and 256 Mbytes of DRAM.

Table 4 shows that FDR codes provide bet-

ter compression than Golomb and conven-

tional run-length codes in all cases. (Golomb

code results reported here are better than those

reported in an earlier publication6 because we

used an improved pattern-reordering heuristic

for these experiments.) For circuit s38417, the

increase for FDR codes was as much as 7% over

Golomb codes. In all but one case, the encod-

ed test set (TE) size is much smaller than that of

the Mintest-compacted test set.

The test cubes we used for s35932 were

already highly compacted, so we didn’t obtain

high compression for this circuit. Nevertheless,

in contrast to FDR codes, Golomb codes pro-

vided insignificant compression, and run-length

codes provided no compression for this circuit.

On average, the compression obtained with

FDR codes was 7.49% higher than that obtained

with Golomb codes and 19.56% higher than

that obtained with conventional run-length

codes. Test data compression always leads to

encoded test sets smaller than ATPG-compact-

ed test sets.6 Moreover, test data compression

decreases testing time by several orders of mag-

nitude,10 and substantially reduces power con-

sumption during scan testing.

Table 5 demonstrates that using test cubes

TD (with all the don’t-care bits mapped to 0s)

also yields high compression. The advantage
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of using TD for compression is that the decom-

pression architecture for on-chip pattern gen-

eration doesn’t require a separate CSR. For

circuits with long scan chains, equally long

additional CSRs increase hardware overhead

significantly. Therefore, compressing TD to

generate the encoded test set not only yields

smaller test sets but also reduces hardware

overhead.

Table 6 shows that Golomb coding lets us use

a slower tester without incurring a time penalty.

In comparison with external testing using ATPG-

compacted patterns, we achieved the same test-

ing time using a much slower tester.

Overall, our experimental results for the ISCAS

benchmarks show that the compression tech-

nique is very efficient for full-scan circuits and

that ATPG compaction is not always necessary to

save ATE memory and reduce testing time.

TEST DATA COMPRESSION offers a solution to

the TRP problem for SOC designs. We are cur-

rently working on reduced-pin-count-testing

(RPCT) and BIST techniques using test data

compression. �
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Table 4. Compression obtained using various Tdiff sequences.

Run-length Golomb FDR TE size Mintest

TD size compression compression compression with FDR test set

Circuit (bits) (%) for b = 3 (%) (%) (bits) size (bits)

s5378 23,754 44.49 53.73 61.32 9,188 20,758

s9234 39,273 49.63 59.85 60.63 15,460 25,935

s13207 165,200 58.75 84.33 87.67 20,368 163,100

s15850 76,986 52.15 66.55 71.95 21,590 57,434

s35932 28,208 None 2.27 25.74 20,946 19,393

s38417 164,736 46.82 58.08 65.35 57,066 113,152

s38584 199,104 48.52 59.61 64.67 70,328 161,040

Table 5. Compression obtained using TD.

Run-length Golomb FDR TE size Mintest

TD size compression compression compression with FDR test set

Circuit (bits) (%) for b = 3 (%) (%) (bits) size (bits)

s5378 23,754 35.72 37.11 48.02 12,346 20,758

s9234 39,273 42.12 45.25 43.59 22,152 25,935

s13207 165,200 56.83 79.74 81.30 30,880 163,100

s15850 76,986 47.98 62.82 66.22 26,000 57,434

s35932 28,208 None None 19.37 22,744 19,393

s38417 164,736 32.53 28.37 43.26 93,466 113,152

s38584 199,104 42.21 57.17 60.91 77,812 161,040

Table 6. Comparison between external clock frequency fext,

required for Golomb-coded test data, and external clock

frequency f ′ext, required for external testing with ATPG-

compacted patterns (for the same testing time).

Circuit m r nC pn f ′ext/fext

s9234 4 5,039 22,250 25,935 1.93

s13207 16 6,716 41,658 163,100 9.90

s15850 4 8,702 40,717 57,434 2.25

s38417 4 20,165 92,054 113,152 1.99

s38584 4 23,320 104,111 161,040 2.54
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