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Sequential linear decompressors are widely used to implement test compression. 

Bits stored on the tester (called free variables) are assigned values to encode the test 

vectors such that when the tester data is decompressed, it reproduces the care bits in the 

test cube losslessly. In order to do this, the free variable dependence of the scan cells is 

obtained by symbolic simulation and a system of linear equations, one equation per care 

bit in a test cube, is solved to obtain the tester data. Existing techniques reset the 

decompressor after every test cube to avoid accumulating too many free variables, to 

keep the computation for encoding manageable. This leads to wastage of unused free 

variables and reduces the efficiency in encoding. Moreover, existing techniques preload 

the decompressor with free variables before scan shifting, which increases test time to 

help encode the early scan cells. This dissertation presents new approaches that improve 

the efficiency of the decompression process, achieving greater test compression and 

reducing test costs. 

The contributions of this dissertation include a low cost method to retain unused 

free variables while encoding a test cube and reuse them while encoding other test cubes 

with a minor increase in computational complexity. In addition, a test scheduling 

mechanism is described for system on chip (SoC) architectures that implements retaining 
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unused free variables for SoCs without any hardware overhead and with little additional 

control. For testing 3D-ICs, a novel daisy-chain architecture for the sequential linear 

decompressor is proposed for sharing unused free variables across layers with a reduced 

number of TSVs (through silicon via) needed to transport test data (also called test 

elevators) to non-bottom layers.  A scan feedforward technique is proposed which 

improves the free variable dependence of the scan cells, thereby increasing the 

probability of encoding of test cubes, especially when the early scan cells have a lot of 

specified bits, thereby avoiding the need for preloading the decompressor. Lastly, a 

feedforward/feedback mechanism in the scan chains for combinational linear 

decompressors is proposed which improves encoding flexibility and reduces tester data 

without pipelining the decompressor like the conventional methods, thereby reducing the 

test time. 
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Chapter 1:  Introduction 

Test compression is critically important to handle the exploding test data volume 

arising from the increasing density of transistors in each new generation of IC 

technology, as predicted by Gordon Moore [Moore 65], combined with the fact that 

process variations in manufacturing are increasing the number and type of faults targeted 

during testing to ensure test quality. In manufacturing test, the test data is stored on an 

external tester and applied to the circuit-under-test (CUT). The response of the CUT is 

transferred to the external tester and compared with the expected response, which is 

stored on the tester. The bottleneck in this procedure is the bandwidth between the tester 

and the CUT, which is limited and is instrumental in determining how fast the chip can 

be tested. The test time for a CUT cannot be less than the time required to transfer the test 

data from the tester to the CUT. 

 

           
                        

                                              
 

In order to overcome this bottleneck, the test patterns can be compressed and 

stored in the tester, with on-chip decompression hardware to decompress and apply the 

test vectors to the CUT. Since only the compressed data is transferred, the test time can 

be improved using the limited bandwidth between the tester and the CUT. The setup for 

test compression is shown in Fig. 1. The test patterns (also called test vectors) are 

generated by the Automatic Test Pattern Generator (ATPG) and are compressed and 

stored as compressed tester data on the tester. While testing a CUT, these compressed 

patterns from the tester are decompressed and shifted into the scan chains (flip flops in 

the design interconnected to form a shift register, and used for serially shifting in the test 

pattern and store the test response before serially shifting out the test response) and the 
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output response is compressed into a signature before sending it to the tester for 

comparison. This requires a small amount of on chip circuitry and reduces both the test 

storage and the time for testing a chip and utilizes the limited bandwidth and memory of 

the tester. 

 

Figure 1. Test Data Compression 

The compression mechanism used depends on the decompression hardware and 

the actual test patterns to be applied to the scan chains. The test patterns generated by the 

ATPG have many unassigned inputs which are represented as don't cares. These are 

called test cubes and can be favorably used during compression. To preserve the fault 

coverage of the test patterns, it is necessary to compress the test data losslessly, i.e. the 

care bits of the test pattern should be reproduced exactly on decompression. The output 

compaction can be lossy with negligible impact on fault coverage [Touba 06]. This 

dissertation is primarily focussed on the input decompressor part of the on chip hardware. 

A parameter to measure the efficiency of test compression is Encoding Efficiency, 

and it is defined as: 

                     
                     

                                    
 

Hence, the less test data required to be stored on the tester for the same number of 

care bits, the greater is the encoding efficiency.  
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Another parameter to measure compression is Compression Ratio, which is the 

ratio between the number of outputs and number of inputs of a decompressor. If a 

decompressor takes in 8 channels from the tester as inputs and feeds 24 scan chains, it is 

said have a 3x compression ratio. 

The decompressor can be designed in several ways, the next chapter will describe 

Sequential Linear Decompression, which forms the key structure on which almost the 

entire work is based on. In sequential linear decompression, conventionally, the 

compressed tester data is obtained by encoding the test cubes obtained from the ATPG. 

In order to facilitate continuous decompression with minimal control, the same number of 

free variables is fed to the decompressor every clock cycle. Symbolic simulation is done 

using the free variables from the tester, and one equation is formed for each care bit in the 

test cube. Gaussian elimination is performed to solve equations for each care bit in the 

test cube and thereby obtain the tester data for each test cube. This method is described in 

detail in Chapter 2. In order to keep the number of free variables low and the 

computational complexity manageable, the decompressor is reset after every test cube is 

decompressed. However, in order to encode the entire test set, the number of free 

variables fed to the decompressor should be large enough to encode the most specified 

test cube. Consequently, for test cubes that require lesser number of free variables, the 

unused free variables are wasted while the decompressor is reset. Chapter 3 proposes a 

method to retain the unused free variables intelligently so that an encoding advantage is 

obtained similar to not resetting the decompressor after decompressing a test cube. This 

method uses a FIFO buffer to store a few free variables and reuse them. By ordering the 

test cubes in such a way that while encoding, most of the stored free variables in FIFO 

are not used, an advantage is achieved without a blowing up the runtime while solving 

equations to obtain the tester data. Chapter 4 proposes a test scheduling mechanism to use 
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the unused free variables in a hierarchical system on chip test environment. In this 

technique, test cubes of several cores are encoded together in sets and the unused free 

variables are used in other cores by broadcasting these free variables to other cores and 

using them to encoding test cubes in a second set of cores. Testing 3D-ICs is similar to 

testing a hierarchical SoC, however, an additional constraint is that the number of test 

elevators (TSVs used to transport test data) has to be kept low. Sharing the free variables 

to the decompressors in other layers is proposed using a daisy-chain architecture in 

Chapter 5 and by encoding test cubes in these layers together, the free variables unused in 

one layer is automatically available for encoding in the other layers. This improves the 

encoding efficiency by sharing free variables in a 3D-IC. In addition, this chapter 

describes how inter-layer serialization can be used to further reduce the number of test 

elevators required to implement the daisy-chain architecture. 

In conventional methods, the sequential linear decompressor is preloaded with 

some tester bits, while the scan shift is inactive. This is done to ensure sufficient free 

variables are present to encode the care bits in the initial scan slices (set of scan cells 

driven in the same clock cycle). The first scan slice depends on free variables preloaded 

to the decompressor and those loaded to the decompressor during the first clock cycle. 

Subsequently each successive scan slice depends on the free variables present for the 

previous scan slice plus the free variables fed to the decompressor during that clock 

cycle. Hence, the initial scan slices depend on lot less free variables and it becomes 

difficult to encode test cubes with highly specified initial scan slices. In order to improve 

probability of encoding for these cases and to avoid preloading the decompressor, a scan 

feedforward technique is proposed in Chapter 6 using gated feedforward paths to the 

middle of the scan chain. This technique enhances the distribution of free variables and 
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hence improves the probability of encoding, especially when the initial scan slices have a 

large number of specified bits. 

The other major class of decompressors is based on broadcast scan, in which the 

free variable dependence of the scan cells are incorporated in the circuit description given 

to the ATPG and the ATPG itself generates compressed test data. This is explained in 

detail in Chapter 7, which also proposes a feedforward/feedback mechanism in the scan 

chains to improve the encoding flexibility. Increased flexibility provides better fault 

coverage with the constrained ATPG, and reduces the tester data, since the faults 

undetected by constrained ATPG are detected using serial vectors. This mechanism 

eliminates the need to pipeline the data into the decompressor, which is done 

conventionally to improve flexibility in encoding. 
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Chapter 2:  Sequential Linear Decompression 

There are several ways do design decompressors. One highly efficient approach is 

to use sequential linear decompressors, constructed from linear feedback shift registers 

(LFSRs), ring generators [Mrugalski 04], or any circuit built from flip-flops, XORs, and 

wires. In a linear circuit, the final value of each scan cell (flip-flop in the scan chain) after 

decompression can be written as a linear equation in terms of the bits coming from the 

tester, which act as free variables that can be assigned any value. Test cubes can be 

encoded by solving a system of linear equations where each equation corresponds to a 

care bit in the test vector being encoded. If the number of free variables is sufficiently 

larger than the number of care bits in the test cube being encoded, then the linear 

equations can be solved with a high probability [Könemann 91]. 

This chapter describes how sequential linear decompression using symbolic 

simulation with Gauss-Jordan reduction works. This is the basic approach used in several 

commercial tools including Mentor Graphics’ TestKompress tool [Rajski 04]. 

The example in Fig. 2 shows how symbolic simulation of free variables coming 

from the tester is performed to obtain linear equations corresponding to the value of each 

scan cell after decompression. A 4-bit Linear Feedback Shift Register (LFSR), which acts 

as the sequential linear decompressor, is fed by two tester channels, which bring in the 

bits from the tester (free variables), represented by X1, X2... X10. Of these ten bits from the 

tester, the LFSR is initialized (preloaded) with four bits, X1, X2, X3 and X4 and the two 

tester channels feed the LFSR with the remaining six bits, as shown in Fig. 2.  
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Z9  = X1  X4  X9 Z5  = X3  X7 Z1  = X2  X5 

Z10 = X1  X2  X5  X6 Z6  = X1  X4 Z2  = X3 

Z11 = X2  X3  X5  X7  X8 Z7  = X1  X2  X5  X6 Z3  = X1  X4 

Z12 = X3  X7  X10 Z8  = X2  X5  X8 Z4  = X1  X6 

Figure 2. Example of Symbolic Simulation of Linear Decompressor 

The scan cells in the design are represented by Z1, Z2 ...... Z12. The twelve scan 

cells are arranged in sets of four scan chains of three scan cells each. It requires three 

clock cycles to fill the scan chains with the test cube. Since the scan chains act as shift 

registers with the scan cells instead of flip-flops, the data gets shifted deeper into the scan 

chains every clock cycle as the new set of bits come in (scan-in). The scan cells are 

numbered in the order in which they will be filled; Z1 .... Z4  form the first scan slice (set 

of scan cells filled during the same scan clock cycle), and are filled in at the first clock 

cycle, Z5 .... Z8 form the second scan slice, and are filled in at the second clock cycle and 

so on.   

Z9 Z5 Z1

Z10 Z6 Z2

+

X1

X2

X3

X9 X7 X5

Z11 Z7 Z3

Z12 Z8 Z4

+

X4

X10 X8 X6

+
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It should be noted that there are other ways to arrange the scan cells; it is also 

possible to arrange the scan cells in 3 scan chains with 4 scan cells per scan chain. 

However, the arrangement in Fig. 2 needs 4 clock cycles for scan-in and since each clock 

cycle brings in one tester bit per tester channel to facilitate continuous decompression, 

such arrangement would bring in 4 tester bits in each tester channel and hence a total of 

12 tester bits (8 bits from the channel + 4 preloaded bits in the LFSR) are available to 

encode a test cube. Hence, it is necessary to optimize the scan architecture depending on 

the number of bits necessary to encode a test cube. 

Out of the ten tester bits, from Fig. 2, the LFSR is initialized with four bits, At the 

first clock cycle, the preloaded tester bit X2 is XOR-ed with the bit X5 coming in from the 

tester and is fed to the first scan chain. Similarly, as shown in Fig. 2, the second scan cell 

Z2 is filled in by the tester bit X3 from the LFSR; Z3 is fed from the XOR of the bit in the 

top-most flip-flop, X1 and X4; Z4 is fed with the XOR of the tester bit coming through the 

second tester channel (X6) and the data in the topmost flip-flop (through the feedback 

path of the LFSR). Also, the contents of the LFSR are shifted every clock cycle, hence, 

with reference to Fig.2., after the first clock cycle, the flip-flop with X1 will have the 

XOR of X2 and X5 (same as the bit in scan cell Z1), the flip-flop with X2 will have the bit 

X3 after the first clock cycle, X3 will have X1X4 and X4 will have X1X6. Similarly, the 

data in the other scan cells, which are progressively fed in every clock cycle can be 

computed and represented in terms of bits coming in from the tester, as shown in the 

table in Fig. 2.  

It should be noted that this example represented in Fig. 2 shows the symbolic 

simulation for only three clock cycles; 10 tester-bits are used to fill 12 scan cells, 

including the 4 tester bits preloaded into the LFSR. However, each clock cycle 
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(excluding the preload) fills in four scan cells while only 2 tester bits are being fed in 

from the tester. Hence, as will be noticed in case of long scan chains, the compression 

approaches 2x. 

 

Figure 3. System of Linear Equations for the Linear Decompressor in Figure 2 

These linear equations can be represented in terms of a system of Boolean 

equations as shown in Fig. 3.  The tester bits X1 ... X10 and the scan cells Z1 .... Z12 are  

represented by column matrices, with a Boolean matrix representing the dependency of 

the scan cells on the tester bits. As seen from the matrix representation, the equation for 

the scan cell Z1 can be formulated by multiplying the first row of the Boolean matrix with 

the column matrix representing the tester bits, hence we get Z1 = X2X5, Z2 = X3 and so 

on, as shown in the table in Fig. 2. 

0 1 0 0 1 0 0 0 0 0

0 0 1 0 0 0 0 0 0 0

1 0 0 1 0 0 0 0 0 0

1 0 0 0 0 1 0 0 0 0

0 0 1 0 0 0 1 0 0 0

1 0 0 1 0 0 0 0 0 0

1 1 0 0 1 1 0 0 0 0

0 1 0 0 1 0 0 1 0 0

1 0 0 1 0 0 0 0 1 0

1 1 0 0 1 1 0 0 0 0

0 1 1 0 1 0 1 1 0 0

0 0 1 0 0 0 1 0 0 1

X1

X2

X3

X4

X5

X6

X7

X8

X9

X10

=

Z1

Z2

Z3

Z4

Z5

Z6

Z7

Z8

Z9

Z10

Z11

Z12
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X1 ⊕ X6 = 0 

X2 ⊕ X7 = 1 

X3 ⊕ X7 = 1 

X4 ⊕ X6 = 1 

X5 ⊕ X7 = 0 

Figure 4. Example of Solving System of Linear Equations for a Particular Test Cube 

To encode a test cube, there is one equation for each care bit formed into a system 

of linear equations as shown in Fig. 4. To solve the system of equations for any test cube, 

pivots are created to independently justify the care bit value without any dependency on 

the values assigned to the other variables. In the example, a test cube 1--011----0- is 

considered, with 5 care bits. Hence, five pivots are created in the first five columns with 

the non-pivots representing free-variables that can be assigned any value. Creating pivots 

in the matrix is done using Gauss-Jordan reduction, which uses row-wise XOR 

operations to create pivots. Depending on the values assigned to the non-pivots, the 

pivots can always be assigned appropriate values to solve the system of linear equations. 

The resultant equations in terms of tester bits are shown in Fig. 4. From the equations, it 

can be seen that the set of equations can be solved by assigning X1 = 0, X2 = 1, X3 = 1, X4 

= 1 and X5 = 0. Hence, the other tester bits are not used and arewasted when the 

decompressor is reset between encoding two test cubes. This reset decouples the 

equations of the test cubes, otherwise the number of free variables in the decompressor is 

0 1 0 0 1 0 0 0 0 0 1

1 0 0 0 0 1 0 0 0 0 0

0 0 1 0 0 0 1 0 0 0 1

1 0 0 1 0 0 0 0 0 0 1

1 1 0 0 1 1 0 0 0 0 0

Z = 1--011----0-

1 0 0 0 0 1 0 0 0 0 0

0 1 0 0 0 0 1 0 0 0 1

0 0 1 0 0 0 1 0 0 0 1 

0 0 0 1 0 1 0 0 0 0 1

0 0 0 0 1 0 1 0 0 0 0

X = 0111000001

Gaussian

Elimination

Pivots Non-Pivots
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doubled while encoding the second test cube, leading to an enormous increase in runtime. 

A more detailed explanation of the encoding process can be found in [Wang 06]. 

In the example shown in Fig. 4. to encode a test cube with 5 care bits, 10 bits 

from the tester are used, hence this gives an encoding efficiency of 0.5. However, as 

observed, the number of bits coming in from the tester being constant across the clock 

cycles, the encoding efficiency varies with the number of specified bits in the test cube. 

Hence, the overall encoding efficiency depends on the number of care bits in the entire 

test set. When encoding a test set, it is necessary to have sufficient number of tester bits 

to encode the test cube with the highest number of care bits. Otherwise, it will not be 

possible to solve the equations, as enough pivots cannot be created without sufficient 

number of tester bits for a test cube. 

In order to facilitate continuous (i.e., streaming) decompression with simple 

control, typically a fixed number of free variables is used to encode each test cube. In this 

case, the variance in the number of care bits per test cube greatly impacts the encoding 

efficiency. The number of free variables used to encode each test cube must be 

sufficiently large enough to handle the test cube with the most care bits. For test cubes 

with fewer care bits, more free variables end up being used to encode them than 

necessary. 

Several techniques have been proposed to optimize the number of free variables 

used in linear decompression. In EDT [Rajski 04], the number of care bits per test cube is 

balanced out to some degree by performing dynamic compaction during ATPG where 

additional input assignments are made to target other faults as long as the linear equations 

remain solvable. In [Könemann 01] and [Krishna 04], the number of free variables used 

to encode each test cube is dynamically adjusted depending on the number of care bits in 
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the test cube, but this comes at the cost of additional control information that must be 

stored on the tester. In [Kassab 10] and [Janicki 12], tester channels in a system-on-chip 

(SOC) environment are dynamically reallocated to other cores-under-test depending on 

the number of free variables needed to encode test cubes. Regardless of the technique 

used, there are generally a number of free variables that are not used as pivots when 

solving the linear equations (i.e., they are extra degrees of freedom that are unused when 

encoding the test cube). These non-pivot free variables are effectively wasted when the 

sequential decompressor is reset between test cubes. 

In the next chapter, a method is proposed in which the unused free variables are 

used to encode other test cubes, thereby reducing the amount of data stored on the tester, 

with minimal hardware overhead and control. 
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Chapter 3:  Improving Test Compression Using Sequential Linear 

Decompressors with Retained Free variables 

In this chapter, an architecture is proposed to retain the non-pivot free variables 

from encoding one test cube to help with encoding the next test cube using a FIFO (first-

in first-out) buffer, achieving nearly the same benefit as encoding the test cubes together 

without blowing up the runtime for solving the linear equations. A portion of this work is 

presented in [Muthyala 12]. Some techniques have been proposed earlier to try to utilize 

the non-pivot free variables. In [Krishna 02], the free variables themselves are 

compressed using a non-linear code where the non-pivot free variables are treated as 

don’t cares. In [Liu 09], the assignment of values to the non-pivot free variables is 

selected to try to minimize test power when the test cube is decompressed. 

A simple way to use the unused free variables is to not reset the decompressor, 

however, as mentioned in the previous chapter, it leads to the decompressor accumulating 

twice the amount of free variables used for one test cube and increases the complexity. 

 

Figure 5. Block Diagram of the Proposed Approach 

In the proposed approach, the free-variables coming from the tester to the 

sequential linear decompressor are also stored in the FIFO buffer as illustrated in Fig. 5.  
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The number of clock cycles worth of tester data (i.e., the number of tester slices), q, that 

the FIFO can store is equal to: 

   
        

               
 

So the FIFO is used to capture (i.e., sink) the free variables coming from the tester 

in the last q clock cycles while encoding one test cube, and then these captured free 

variables are send to the decompressor in the first q clock cycles of next test cube. Note 

that when the FIFO is capturing the free variables in the last q clock cycles, they are still 

going to the decompressor as well, so those free variables are available to help encode the 

first test cube if needed, but those that end up as non-pivots can be used to help encode 

the next test cube.  

The advantage of using the FIFO in this manner is that Gaussian elimination can 

be ordered to first try to use the early free-variables as pivots as much as possible, and 

only create pivots in the free variables coming in the last q clock cycles when necessary. 

This approach maximizes the number of non-pivot free-variables that are retained in the 

FIFO for encoding the next test cube and achieves nearly the same benefit as encoding 

the test vectors together without resetting the sequential linear decompressor. It only 

misses non-pivots that occur before the last q clock cycles, which would generally be 

few. 

Figure 6. Structure of Boolean Matrix Using FIFO with Size Equal to F.n to Solve for 

Two Testcubes 
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To understand the additional computational complexity in solving the linear 

equations using this method, consider what the linear equations will look like. Fig. 6 

shows the structure of the linear equations assuming two test cubes are encoded as a 

group. Let n be the number of free variables shifted in from the tester when 

decompressing each test cube, then the fraction of the free variables, F, that are retained 

by the FIFO to help in encoding the next test cube is equal to: 
 

  
        

 
 

As labeled in Fig. 6, the Boolean matrix corresponding to the linear equations can 

be divided into four non-zero regions labeled as submatrices D1, D2, S12, S21. The four 

submatrices are classified into two broad categories: "dedicated matrix”, represented as 

Dx, where x is the position of the test cube in the group and "shared matrix", Sxy, where x 

is the position of the current test cube and y is the test cube with which the free variables 

in Sxy are shared. A fraction of the n free variables coming from the tester to encode each 

test cube is stored in the FIFO and made available to encode the next test cube. These 

free variables are in the shared matrices (Eg. S12 in Fig.6). The other free variables, 

dedicated to encode the test cube for which they were brought in, are in the dedicated 

matrices. Therefore, each test cube in the group has one dedicated matrix, which has free 

variables used only to encode that test cube. For example, D1 in Fig. 6 has free variables 

to encode test cube t1 and D2 has free variables used to encode test cube t2. In addition, 

the rows corresponding the test cube also have a shared matrix corresponding to the 

unused free variables while encoding the previous test cube, which were stored in the 

FIFO, and are now available to encode (Eg. S21 in Fig. 6). 

As a first-order approximation to simplify analysis, assume the number of care 

bits in the test cubes is on the order of n and the pivots are evenly distributed among the 
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submatrices in proportion to their width (i.e., number of columns). For submatrices S12 

and S21, which share the same columns, assume half the pivots are in S12 and half in S21. 

Using these approximations, the computational complexity for Gaussian elimination for 

each of the submatrices can be represented in terms of the number of XOR operations 

which is equal to: (number of pivots) x (length of rows) x (height of pivot column). This 

is calculated assuming Gaussian elimination for the submatrices is done in the order 

shown below: 

Submatrix D1 = [(1- F)(n)] [n] [n] = (1-F)n
3
  

Submatrix D2 = [n][(1+F)(n)] [n] = (1+F)n
3
  

Submatrix S12 = [(0.5)(F)(n)][n][2n] = (F)n
3
 

Submatrix S21 = [(0.5)(F)(n)][2n][2n] = (2F)n
3
 

Total = (2+3F)n
3
 

Conventionally, where no FIFO is used and the two test cubes are solved 

independently, the number of operations is 2n
3
. If we use F=10%, then the number of 

operations would be (2.3)n
3
. Therefore, the complexity increases by a factor of 1.15, 

which is very reasonable. 

Fig. 7 shows the structure of the matrix if three test cubes are encoded together. 

The matrix has 7 non-zero regions. These submatrices can again be classified into two 

categories, dedicated matrices D1, D2 and D3 that have free variables used to encode the 

corresponding test cube only and shared matrices S12, S21, S23 and S32 that have free 

variables stored in the FIFO and shared with one of the adjacent test cubes in the group.  
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Figure 7. Structure of Boolean Matrix Using FIFO with Size Equal to F.n to Solve for 

Three Testcubes 

Using the same approximations as before, the number of XOR operations is 

calculated assuming the Gaussian elimination for the submatrices is done in the order 

shown below: 

Submatrix D1 = [(1-F)(n)] [n] [n] = (1-F)n
3
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Submatrix S23 = [(0.5)(F)(n)] [3n] [3n] = (4.5F)n
3
  

Total = (3+10.5F-F
2
)n

3 

In the conventional case where no FIFO is used and each of the three test cubes 

are solved independently, then the number of operations is 3n
3
. If we use F=10%, then 

the number of operations would be (4.04)n
3
. Therefore, the complexity increases by a 

factor of 1.35, which is still quite reasonable. 

Extending this analysis to m test cubes encoded together, each test cube tx in the 

group has one dedicated matrix Dx and either one or two shared matrices Sxy, depending 
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on the position of the test cube in the group. As shown earlier in Fig.7, while encoding 3 

test cubes in a group, the first and the last test cube in the group have only one shared 

matrix in their corresponding row. This is because no free variables are fed to the LFSR 

from the FIFO while encoding the first test cube, since the LFSR and the FIFO are reset 

before encoding each group of test cubes. In addition, when encoding the last test cube in 

the group, no free variables are stored in the FIFO. Therefore, all the free variables 

brought in from the tester are available to encode the last test cube in the group, which 

means that all the free variables brought in from the tester for the last test cube are in the 

dedicated matrix. 

By using this nomenclature, the structure of Boolean matrix for encoding a group 

of m test cubes is shown in Fig. 8. 

  

Figure 8. Structure of Boolean Matrix Using FIFO with Size Equal to F.n to Solve for m 

Test Cubes 
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Using the aforementioned approximations, the numbers of XOR operations 

required for each category of matrices are as follows: 

Dedicated matrices:  

D1:                                                    [(1-F) n][n][n] = (1-F)n
3
 

D2, D3... Dm-1 (total m-2 matrices):  [(1-F)(n)][(1+F)(n)][n] = (1-F
2
)n

3 

Dm:                                                   [n][(1+F)(n)][n] = (1+F)n
3 

Total XOR operations for dedicated matrices:  

                                                        (1-F+1+F + (m-2)(1-F
2
))n

3
=(m-(m-2)F

2
)n

3
 

Shared matrices: 

S12:                                                              [0.5Fn][n][2n]= Fn
3 

Sm m-1:                                                          [0.5Fn][2n][2n] = 2Fn
3 

S21, S32... Sm-1 m-2 (total m-2 matrices):       [0.5Fn][2n][3n] = 3Fn
3
 

S23, S34... Sm-2 m-1 (total m-2 matrices):       [0.5Fn][3n][3n] = 4.5Fn
3
 

Total XOR operations for shared matrices: 3Fn
3
+7.5(m-2)Fn

3
 = (7.5m -12)Fn

3 

Total XOR operations:                                ((7.5F+1)m-12F-(m-2)F
2
)n

3
 

Since the above equation for the number of XOR operations is a linear equation in m, for 

a particular value of F and n, the computational complexity increases linearly with m, as 

shown in Fig. 9. 
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Figure 9. Variation of Computational complexity with the number of test cubes in a 

group for n = 100 and overlap (F) = 10% of n 

Depending on the affordable computation time, the number of test cubes that are 

encoded together can be selected appropriately. If m test cubes are encoded together at a 

time, then after the m-th test cube is decompressed, the contents of the FIFO are reset 

before the next group of m test cubes is decompressed. This decouples the linear 

equations and keeps the complexity of solving the equations reasonable. Most of the 

benefit can be obtained even by encoding two test cubes together at a time (i.e., m=2) by 

ordering the test cubes such that a test cube with fewer care bits is paired with one with 

more care bits. This is because the variance in the number of care bits per encoded test 

cube pair will be less than the variance in the number of care bits per individual test cube. 

By smoothing out the variance, the encoding efficiency can be improved. Moreover, 

fewer non-pivot free variables will be wasted. 

3.1.  HARDWARE IMPLEMENTATION 

This approach involves storing the free variables coming from the tester in the last 

q clock cycles when decompressing each test cube in a FIFO. The design of the FIFO can 
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be simplified if the FIFO is the same size or smaller than the number of flip-flops in the 

sequential linear decompressor itself. In this case, the FIFO can be replaced by a shadow 

register of size q·c that captures during the last q clock cycles as illustrated in Fig. 10. 

Normally the sequential linear decompressor is reset before decompressing the next test 

cube. However, in this case, instead of resetting it, the contents of the shadow register are 

transferred to overwrite the state of the sequential linear decompressor, and then the 

shadow register is reset. This operation effectively initializes the sequential linear 

decompressor with the non-pivot free variables from the previous test cube, which can 

then be used to help in encoding the next test cube. 

 

Figure 10. Proposed Scheme when Retaining k-bits or Less for a k-bit Decompressor 

If the required size of the FIFO calculated from experiments is larger than the size 

of the sequential linear decompressor, then it needs to be implemented as a conventional 

FIFO buffer as illustrated in Fig. 5. In this case, the sequential linear decompressor is 

reset between test cubes, and the contents of the FIFO are transferred serially to the 

sequential linear decompressor as it decompresses the next test cube, through additional 

injectors that are designed as part of the sequential linear decompressor. Normally the 
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sequential linear decompressor is designed with a number of injectors equal to the 

number of channels feeding it from the tester. In this case, additional injectors are added 

to allow free variables to come from the output of the FIFO at the same time. The FIFO 

injects its contents into the sequential linear decompressor during the first q clock cycles 

when decompressing the next test cube concurrently with the free variables being injected 

from the tester. The design of ring generators with an arbitrary number of injectors is 

described in [Mrugalski 04]. 

Note that it may be possible to implement the FIFO for the proposed method 

using an existing memory/buffer that is already present in the design for functional 

purposes. In that case, the hardware overhead for implementing the proposed method 

would be minimal. 

The experimental results indicate that good results (improvement similar to that 

obtained by encoding two test cubes together without resetting the decompressor) can be 

obtained when the size of the FIFO is on the order of the size of the decompressor. 

Therefore, the shadow register implementation is generally sufficient. 

3.2.  PROCEDURE FOR ENCODING TEST CUBES 

There are two ways of encoding test cubes using a sequential linear 

decompressor: static and dynamic. In static encoding, the test cubes are generated apriori 

with automatic test pattern generation (ATPG) leaving unassigned inputs as X’s, and are 

then encoded by solving the linear equations. The other is dynamic encoding where the 

equation solver is run iteratively during the ATPG process to regulate dynamic 

compaction and make sure that each generated test cube is solvable with a given 

decompressor. The procedure for using the proposed approach in these two scenarios is 

described in the following two subsections. 
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3.2.1. Static Encoding 

In static encoding, the entire test set is partitioned into groups of m, with each of 

these groups solved together. The partition is done is such a way that the total number of 

care bits in the each group of m test cubes is minimized. In other words, the test cubes in 

the test set is reordered to even out the number of care bits in each group of m test cubes. 

Hence, the number of free variables shifted in to encode each group of m test cubes is 

reduced. Since this technique encodes test cubes in groups, in order to encode a group of 

m test cubes, it is enough to shift in a number of free variables sufficient to encode the 

group of m test cubes. This reduces the overall number of free variables shifted in from 

the tester per test cube.  

For example, consider a test set of 100 test cubes where the most specified test 

cube has 100 care bits. Hence, using the existing approaches, at least 100 free variables 

are needed to be able to encode the most specified test cube. Bringing in 100 free 

variables for all the test cubes, a total of 10000 free variables are needed to encode the 

entire test set. However, using the proposed approach, if the test cubes are partitioned 

into groups of 2 test cubes, with the number of care bits in each group minimized, then it 

is sufficient to bring in enough free variables to encode the group with the maximum 

number of care bits. Since the test cubes are partitioned with minimizing the care bits as 

the objective, this reduces the total number of free variables required. For instance, in the 

above example, if the maximum number of care bits in each group of 2 test cubes is 105, 

then the number of free variables required to encode the entire test set would become 105 

× 50 = 5250. This is possible only when the free variables are shared across the group of 

m test cubes as shown in the earlier sections. 
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Furthermore, the test cubes within each group are ordered starting with the test 

cube with fewest care bits and finishing with the test cube with the most care bits. Since 

the non-pivot free-variables from earlier test cubes are passed on for encoding later test 

cubes in the group, this allows the non-pivot free variables collected from the earlier 

"easy-to-encode" test cubes with fewer care bits to be pooled up to help with solving the 

"hard-to-encode" test cubes with more care bits. 

3.2.2. Dynamic Encoding 

In dynamic encoding, dynamic compaction is performed until it is no longer 

possible to solve the system of linear equations. With the proposed approach, the system 

of linear equations is first constructed assuming the test cube is the last test cube in the 

group of m, and all previous test cubes in the group of m are don’t cares. Dynamic 

compaction is performed until it is no longer possible to solve the system of linear 

equations under these conditions. For the next test cube, the system of linear equations is 

constructed assuming that test cube is second to last in the group of m, and the previous 

test cubes are all don’t cares and last test cube is the one previously generated. This 

process continues in this manner until all m test cubes in a group have been generated. At 

that point, the system of linear equations is solved to obtain a final solution, which can 

then be used to perform fault simulation to drop additional faults. This process is then 

repeated to obtain the next set of m test cubes. 

3.3.  EXPERIMENTAL RESULTS 

Experiments were performed using a 64-bit LFSR with a phase shifter as a 

sequential linear decompressor using static encoding of test cubes, which provide 100% 

fault coverage of detectable faults. The results are shown in Table 1. The first four 

columns show information about each circuit: number of test cubes, number of scan cells, 
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and number of tester channels. Results are then shown for the conventional approach 

where each test cube is encoded individually and the decompressor is reset between each 

test cube. The number of scan chains was increased until it was no longer possible to 

encode all the test cubes with the given number of tester channels. The number of scan 

chains and the resulting amount of data that needs to be stored on the tester is shown for 

the conventional approach. Note that the amount of tester data is equal to the number of 

groups of test cubes times the number of free variables loaded from the tester to encode 

each  group.  

Next, results were generated using the proposed approach to retain non-pivot free 

variables. The results under the major heading m=2 show the case where two test cubes 

were encoded at a time as a group. The number of scan chains was increased until it was 

no longer possible to encode all the test cubes with the given number of tester channels. 

As the number of scan chains goes up, the scan length decreases. Consequently, less data 

is shifted in from the tester to the decompressor, so the amount of data stored on the tester 

is reduced (i.e., test compression increases). The percentage reduction in test data is 

computed as: 

                                    

                    
 

To measure how large the FIFO needs to be, the maximum reduction in tester data 

was first determined by not resetting the LFSR between the two test cubes. Then the size 

of the FIFO was increased until the proposed method was able to achieve the same 

reduction in tester data as the case where the LFSR is not reset. This FIFO size is 

reported is the overhead column. It corresponds to the minimum size FIFO that would 

achieve the results reported in the table. Note that the FIFO size was always less than 64-
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bits (which is the size of the LFSR). This indicates that the simpler hardware 

implementation for the proposed method shown in Fig. 10 could be utilized. 

Lastly, results were generated using the proposed approach with m=3 where three 

test cubes were encoded as a group. Some improvement was obtained compared with 

m=2, but there is a diminishing marginal return as m is increased as is to be expected. 

Table 1.  Results for using the Proposed Scheme to Encode Test Data 

 
Num. 

Vect. 

Scan 

Cells 

Tester 

Channels 

Conventional 

m = 1 

Proposed 

m = 2 m = 3 

Scan 

Chains 

Tester 

Data  

(# of bits) 

Scan 

Chains 

Tester 

Data 

(# of bits) 

Percent 

Reduction 

Overhead 

(Min. # of 

FFs) 

Scan 

Chains 

Tester 

Data 

(# of bits) 

Percent 

Reduction 

Overhead 

(Min. # of 

FFs) 

A 205 2522 6 76 46740 86 41820 10.5% 14 94 38130 18.4% 14 

B 212 2764 6 87 43248 107 35616 17.6% 36 111 34344 20.6% 36 

C 426 3644 8 68 190848 81 160176 16.1% 48 81 160176 16.1% 48 

D 253 4376 4 88 53,636 116 41492 22.6% 44 122 39468 26.4% 44 

E 308 6338 4 127 65,296 166 51744 20.8% 40 173 49280 24.5% 40 

F 402 10184 4 131 128,640 155 109344 15.0% 44 162 104520 18.8% 44 

The results show a 10%-26% improvement in compression obtained using the 

proposed approach. While the test set was fixed in these experiments, an alternate 

experiment to measure the benefit for the proposed method would be fix the compression 

ratio and see how much the number of test patterns can be reduced due to the relaxed 

constraints on solving the linear equations that the proposed method provides. More static 

and dynamic compaction can be performed which should reduce the number of test 

patterns and provide a similar benefit in terms of overall compression. Due to tool 

limitations, these experiments were not performed. 

To fit in the normal design flow, the FIFO needs to be sized before knowing the 

test data. The results in Table 1 suggest a good size for the FIFO is to simply make it the 

same size as the decompressor. In this case, a shadow register can be used in place of a 

FIFO as explained earlier. Consequently, the control is very simple. The shadow register 
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is activated to capture the last q clock cycles of free variables for one test cube and then 

used to initialize the LFSR between test cubes. For the experiments in Table 1, this 

process was able to achieve the same results as not resetting the LFSR between test 

cubes, but with much less computational complexity. 

3.4.  CONCLUSION 

The chapter presents the idea of retaining non-pivot free variables during 

sequential linear decompression of test cubes. Some of the ideas proposed are: 

1. Use a FIFO or a shadow register to store the unused free variables and use them in 

the encoding subsequent test cubes. 

2. The test cubes are encoded in groups, with the non-pivot free variables being 

shared across the test cubes in a group.  

3. The test cubes within each group are arranged in the ascending order of the 

number of care bits in each test cube. 

This method provides a nice boost in compression achieved by a sequential linear 

decompressor at very minimal cost in terms of hardware, computational complexity, and 

control complexity. It is a simple scheme for allowing multiple test cubes to be encoded 

together without significantly increasing the runtime for solving the linear equations. 
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Chapter 4:  SOC Test Compression Scheme Using Sequential Linear 

Decompressors with Retained Free Variables 

Testing a system-on-chip (SOC) involves designing wrappers around the cores 

and providing test access mechanisms (TAMs) to transfer data between the tester and the 

cores. It also involves test scheduling for each core to optimize test time. Thorough 

testing of an SOC involves testing the cores, interconnections between the cores, and the 

user-defined logic (UDL) between the cores. Hence, to ensure quality of the integrated 

SOC, it is necessary to ensure high quality of the individual cores. Several techniques for 

designing wrappers, TAMs and test schedules have been developed; which are surveyed 

in [Xu 05].  

Several techniques for incorporating test compression in SOC testing have been 

proposed. Some of the early techniques were based on coding using frequency-directed 

run-length (FDR) codes [Iyengar 05], nine codewords [Tehranipoor 05] and XOR 

networks [Gonciari 05]. [Wang 07] proposes a single sequential linear decompressor 

expanding the tester channels to drive a larger number of TAM lines. However, this 

method performs the decompression before the TAM lines and hence needs more TAM 

bandwidth.  

Consider an SOC with k cores, where each core has a local decompressor and the 

tester channels feed the test data to the decompressor. In this architecture, the allocation 

of tester channels across the decompressors decides the amount of test data fed into each 

core. In [Kinsman 10], the tester data in each clock cycle (referred to as tester slice) is 

loaded into one of the k decompressors, which is selected by the control bits, which are 

needed every clock cycle. Hence, log2(k) tester channels are allocated for the control bits. 

The number of tester slices used to encode each test cube is controlled by the control bits 
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to try to match the number of free variables with the number of care bits in the test cube 

being encoded.  

Using dynamic channel allocation in EDT [Rajski 04] is described in [Janicki 12], 

where tester channels are allocated dynamically to decompressors allowing test cubes 

across multiple cores to be decompressed simultaneously. Test scheduling is performed 

on a test cube basis to determine channel allocation among the decompressors. So control 

information is needed on a test cube basis to determine channel allocation. In addition, 

the control information is loaded using the same tester channels, eliminating need for 

allocating dedicated channels for control data.  

In both [Kinsman 10] and [Janicki 12], the strategy for improving the encoding 

efficiency is to try and match the number of free variables used to encode each test cube 

to the number of care bits in the test cube. In [Kinsman 10], this is done by selecting the 

number of tester slices loaded in the decompressor, whereas in [Janicki 12] it is done by 

selecting the number of tester channels loaded to the decompressor. These methods offer 

limited resolution in matching the number of free variables to the care bits in the test 

cube; it is limited by the quanta of free variables in each slice for [Kinsman 10] or 

channel for [Janicki 12] as well as the number of care bits in the available test cubes that 

can be paired with it. In either case, the unused free variables at the end of a test cube 

encoding, which are considerable in number, are wasted when the decompressor is reset 

after encoding the test cube. 

4.1.  PROPOSED SOC TEST ARCHITECTURE 

The proposed SOC test scheme uses the broadcast architecture illustrated in Fig. 

11, which allows a single tester slice to be simultaneously loaded into multiple 

decompressors in a clock cycle. This proposed method is published in [Muthyala 13]. 
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The set of decompressors that load the tester slices is fixed throughout the decoding of a 

test cube, so the control information is needed only on a per test cube basis similar to 

[Janicki 12].  This eliminates the need to allocate tester channels for carrying control data 

as is needed in [Kinsman 10].  When decompressing a test cube for a core, if there are 

more free variables than necessary, then test cubes for other cores can be decompressed 

at the same time.   

 

 

Figure 11.  Proposed SOC Test Architecture 

Let the set of cores that are decompressing test cubes at the same time be denoted 

as core-set-1 and the set of test cubes (one corresponding to each core in core-set-1) be 

denoted as testcube-set-1.  These sets are selected under the constraint that there are 

enough free variables to simultaneously solve for all care bits.  The tester slices are 

broadcasted to all cores in core-set-1 and a system of linear equations containing one 

equation for each care bit in testcube-set-1 must be solved when encoding these test 

cubes.  The unused non-pivot free variables can be retained as described in Chapter 3. 

Let the next set of cores that are decompressing test cubes at the same time be 

denoted as core-set-2 and the set of test cubes be denoted as testcube-set-2.  As long as 

core-set-1 and core-set-2 are disjoint, the unused non-pivot free variables from encoding 

testcube-set-1 can be retained to help in encoding testcube-set-2.  This is done by 

broadcasting the last q tester slices when decompressing testcube-set-1 to the 
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decompressors for core-set-2 (with scan shifting disabled in the cores in core-set-2).  This 

pre-loads the decompressors in core-set-2 with the last q tester slices worth of free 

variables for testcube-set-1.  By ordering the Gaussian elimination process to try to create 

pivots in the earlier free variables first when encoding testcube-set-1, most of the non-

pivot free variables will be in the last q tester slices worth of free variables and hence will 

be available to help encode testcube-set-2.  After decompression of testcube-set-1 is 

completed, decompression of testcube-set-2 is performed. 

Due to the partial overlap of free variables used to encode testcube-set-1 and 

testcube-set-2, the linear equations must be solved altogether.  The structure of the linear 

equations will look as shown in Fig.12, where matrix A contains free variables used to 

encode testcube-set-1 (t1), matrix C contains free variables used to encode testcube-set-2 

(t2). Matrix B contains free variables brought in while encoding t1 and were not used, 

hence can be used to encode t2. The amount of overlap (width of matrix B) is equal to the 

number of free variables in q tester slices, which is equal to q times the number of tester 

channels, c. 

  

Figure 12.  Structure of Linear Equations when Solving testcube-set-1 (t1) and testcube-

set-2 (t2) with q·c Free Variables Retained 

If desired, this process could be repeated to encode a third set of test cubes, 

testcube-set-3, with overlap of free variables between testcube-set-3 and testcube-set-2.  

In this case, core-set-3 needs to be disjoint from core-set-2, but could include cores that 

A

B C

t1

t2

q·c
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were present in core-set-1, because there is no overlap between testcube-set-3 and 

testcube-set-1.  The last q tester slices when decompressing core-set-2 is broadcast to the 

decompressors for core-set-3 to pre-load them.  This allows non-pivot free variables from 

decompressing testcube-set-1 and testcube-set-2 to be used for decompressing testcube-

set-3.  In this case, all three test cube sets need to be solved together 

Let m be the number of test cube sets that are encoded together.  Then m=1 is the 

conventional case where there is no overlap of free variables when encoding test cubes 

sets,  m=2 is the case where the non-pivot free variables for testcube-set-1 are used to 

help encode testcube-set-2, and m=3 is the case where the non-pivot free variables for 

testcube-set-1 are used to help encode testcube-set-2 and the non-pivot free variables for 

testcube-set-2 are used to help encode testcube-set-3.  Note that there is a diminishing 

marginal return from encoding additional test cubes sets together (as can be seen in the 

experimental results).  So encoding more than 3 test cube sets together would generally 

not be worthwhile. 

Each set of test cubes that encoded together are encoded using a particular 

decompression mode.  A decompression mode is defined by core-set-1, core-set-2, and 

core-set-3, where some of these core sets would be empty if m is less than 3.  For 

example, for a decompression mode where m=2, then core-set-3 would be empty.  The 

decompression process works as follows. First, some control data is provided to establish 

the decompression mode (methods for providing the control data will be discussed in Sec. 

4.3).  Then the cores in core-set-1 load the tester slices for a number of clock cycles equal 

to the longest scan length in any core in core-set-1.  If m > 1 for the current 

decompression mode, then in the last q clock cycles, the decompressors in core-set-2 also 

load the tester slices.  After the scan chains in core-set-1 are finished loading, the cores in 

core-set-1 perform a capture cycle, and then the scan chains in core-set-2 are loaded, and 
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when that completes, they receive a capture cycle.  If  m > 2, the decompressors in core-

set-3 would be loaded in the last q clock cycles when core-set-2 is loaded, and the scan 

chains for core-set-3 would be loaded when core-set-2 is finished.  After completing one 

decompression in the current decompression mode, control information is provided to 

establish the decompression mode for the next decompression, and the process repeats 

until all test cubes have been applied. 

There are a number of existing output compaction schemes that can be employed 

in this scenario including something similar to what is used in [Janicki 12]. 

4.2.  TEST SCHEDULING PROCEDURE 

Given the set of test cubes that needs to be applied to each core, the test 

scheduling problem involves deciding which test cubes should be decompressed together 

and which decompression mode should be used when they are decompressed.  The larger 

the number of unique decompression modes that are used, the more control bits are 

required to specify the decompression mode.  Therefore, there is a tradeoff in terms of 

how many different decompression modes are used versus how efficient the encoding is.  

To manage this tradeoff, the test scheduling procedure described here uses a user-

supplied threshold parameter, thresh, to determine when a new mode should be created 

and when an existing mode should be used.  If the improvement in encoding efficiency 

for some decompression with a newly created mode exceeds the encoding efficiency of 

using an existing mode by an amount greater than thresh, then the new mode is created, 

otherwise the existing mode is used. 

The proposed test scheduling procedure is as follows: 

Step 1:  Select the test cube with most care bits from the core with most remaining 

test cubes left to encode. 
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Step 2:  Consider each existing decompression mode that contains the selected 

core.  For each such mode, choose test cubes for the other cores present in the 

decompression mode that maximize encoding efficiency while still having a solution for 

the overall set of linear equations. 

Step 3:  Create one new candidate decompression mode for each value of m for 

the test cube selected in step 1, which maximizes encoding efficiency. 

Step 4:  If no existing decompression mode uses the selected core, use the new 

candidate decompression mode from Step 3.  Otherwise, compare the encoding efficiency 

of the best candidate decompression mode from Step 3 with the encoding efficiency of 

the best existing decompression mode from Step 2, and if it exceeds the value of thresh, 

then use the new candidate decompression mode, otherwise, use the existing 

decompression mode.   

Step 5:  Remove all the test cubes covered by the decompression and loop back to 

Step 1 while more test cubes remain. 

If the number of decompression modes that result from running the test 

scheduling procedure is too high, the procedure can be rerun with a higher value for 

thresh.  The test scheduling procedure is a greedy procedure and will find a good test 

schedule but is not guaranteed to find the optimum test schedule. 

Note that in some cases where unwrapped glue logic between cores is tested, it 

may be necessary to apply some test cubes to groups of cores at the same time.  This can 

be handled in the proposed framework, but would require some constraints on the test 

scheduling process to ensure that the decompression mode for applying such test cubes 

includes the necessary cores. 
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4.3.  CONTROL DATA 

As mentioned earlier, control data is required to establish the decompression 

mode used for each decompression.  There are a number of different ways for generating 

the control data.  One approach would be to load the control data with one or more tester 

slices right at the beginning of each decompression.  The minimum number of control 

bits would be log2(number of modes) to select the decompression mode to use.  On-chip 

hardware would then decode the mode and generate the appropriate control signals 

during the decompression.  Another approach would be to order the decompressions so 

that all the ones that use mode 1 come first, followed by those that use mode 2, and then 

mode 3, etc.  In this way, one bit could signal whether the mode should be incremented or 

not.  It is also possible to design an on-chip custom FSM for a particular test schedule 

that controls the mode, in which case no control data would be required on the tester. 

If it is desirable to have a generic controller design that is not customized to any 

particular set of modes, then more control data would need to be brought in from the 

tester.  For example, the value of m (i.e., number of core-sets) for the mode could be 

loaded followed by a vector with one bit per core indicating which cores are included in 

each core-set.  In this case, there would be no need to minimize the number of modes 

during test scheduling since any number of modes could be applied at equal cost. 

4.4.  EXPERIMENTAL RESULTS 

Two sets of experiments were performed with the proposed scheme on different 

SOC designs with different number of cores.  One is where the number of scan chains in 

each core is optimized to maximize compression (results are shown in Table 2).  The 

other is where the scan architecture for each core is not changed as would be the case for 

hard cores (results are shown in Table 3).  In both cases, the number of tester channels 

used is 16, and the test time and amount of data stored on the tester is shown for the case 
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where the cores are tested serially one at a time, with the total test time being the sum of 

the clock cycles required for testing each core.  Next, the test scheduling procedure in 

Sec. 4.2 is used without retaining unused free variables (i.e., m=1).  Then results are 

shown for the m=2 case where the unused free variables when encoding test cubes in 

testcube-set-1 are retained and used to help encode test cubes in testcube-set-2.  

Similarly, results are shown for the m=3 case where unused free variables are retained 

between testcube-set-1 and testcube-set-2, and also between testcube-set-2 and testcube-

set-3.  In all cases, the percentage improvement in test compression is calculated in 

comparison to the conventional case where the cores are tested serially. 

Table 2.  Results Using the Proposed Scheme when the Number of Scan Chains in 

Individual Cores is Optimized 

  

Cores 
Scan 

Cells 

Serial Testing m = 1 m = 2 m = 3 

Test 

Time 

Tester 

Data 

Test 

Time 

Tester 

Data 

Percent 

Reduction 

Test 

Time 

Tester 

Data 

Percent 

Reduction 

Test 

Time 

Tester 

Data 

Percent 

Reduction 

A 34 95322 139381 2230096 116101 1857616 16.7% 105805 1692880 24.1% 83169 1330704 40.3% 

B 20 57923 71366 1141856 62006 992096 13.1% 52050 832800 27.1% 44481 711696 37.7% 

C 16 45375 59963 959408 54725 875600 8.7% 45003 720048 25.0% 39313 629008 34.4% 

D 23 78821 92318 1477088 75173 1202768 18.6% 64011 1024176 30.7% 58450 935200 36.7% 

E 28 86379 128365 2053840 106795 1708720 16.8% 97054 1552864 24.4% 78660 1258560 38.7% 

Table 3.  Results Using the Proposed Scheme when the Number of Scan Chains in 

Individual Cores is Not Changed 

 

 

 

Cores 
Scan 

Cells 

Serial Testing m = 1 m = 2 m = 3 

Test 

Time 

Tester 

Data 

Test 

Time 

Tester 

Data 

Percent 

Reduction 

Test 

Time 

Tester 

Data 

Percent 

Reduction 

Test 

Time 

Tester 

Data 

Percent 

Reduction 

A 34 95322 169680 2714880 143000 2288000 15.7% 98380 1574080 42.0% 82760 1324160 51.2% 

B 20 57923 92660 1482560 82000 1312000 11.5% 49880 798080 46.2% 41920 670720 54.8% 

C 16 45375 71560 1144960 65600 1049600 8.3% 37280 596480 47.9% 31980 511680 55.3% 

D 23 78821 111920 1790720 94300 1508800 15.7% 56320 901120 49.7% 51700 827200 53.8% 

E 28 86379 142780 2284480 121420 1942720 15.0% 79960 1279360 44.0% 71540 1144640 49.9% 

As can be seen in the results, retaining free variables provides more flexibility 

during test scheduling to allow greater efficiency resulting in significantly better 

compression.  The improvement is less when the scan architecture is optimized in Table 2 
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because conventional test compression does better to begin with, but it is still a 

significant improvement.  In Table 3 where the scan architecture is not optimized, the 

greater flexibility in test scheduling is a big help in improving compression, and the final 

numbers for test time and tester data for m=3 in Table 3 get close to those in Table 2. 

The effect of changing the number of tester channels on the test time is shown in 

the graph in Fig. 13 for Design B.  The test time is plotted versus the number of tester 

channels for serial testing as well as the m=1, m=2, and m=3 cases using the proposed 

scheme.  The effect on the amount of data stored on the tester (i.e., the amount of 

compression) is shown in Fig. 14.  Note that the overall amount of compression is 

relatively constant regardless of the number of tester channels, although it tends to 

degrade slightly as the number of channels is increased. 

 

Figure 13.  Test Time versus Number of Tester Channels for Design B 
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Figure 14.  Tester Data versus Number of Tester Channels for Design B 

Note that in these experiments, the set of test cubes is fixed and must be encoded 

as is (i.e., static encoding).  An alternative (which is used in EDT [Rajski 04]) is to 

incorporate the encoding process into the automatic test pattern generation (ATPG) (i.e., 

dynamic encoding).  The proposed scheme can also be used with dynamic encoding in 

the manner described in Sec. 3.2. 

4.5.  CONCLUSION 

This chapter proposes a test compression scheme for system on chip designs, 

which reuses unused free variables thereby improving test compression. Some of the 

ideas proposed are: 

1. The test cubes from different cores in the SOC are encoded together as a test 

set, with the free variables unused in encoding one test cube being reused in the other test 

cube in the set. 
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2. An algorithm for test scheduling is proposed to determine an efficient way in 

which the cores can be tested using the proposed approach. 

3. In this method, there is a tradeoff between the amount of control data and the 

efficiency in test scheduling, which can be used based on the application and the 

constraints in testing. 

This approach provides greater flexibility in test scheduling for SOC testing. The 

computational complexity and the control complexity can be adjusted as desired, with no 

additional hardware.  
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Chapter 5:  Reducing Test Time for 3D-ICs By Improved Utilization of 

Test Elevators 

Three-dimensional integrated circuits (3D-ICs) using through-silicon vias (TSVs) 

are an important new technology that provides a number of significant advantages 

including increased functional density, shorter interconnect, higher performance, and 

lower power.  Stacking in a 3D-IC can be done wafer-to-wafer (W2W), die-to-wafer 

(D2W), or die-to-die (D2D).  3D-IC designs are typically composed of reusable cores, 

each of which must be thoroughly tested.  Cores can be synthesizable designs (i.e., soft 

cores) in which the design-for-test (DFT) architecture can be customized (e.g., number 

and length of scan chains, etc.), or they can be layouts (i.e., hard cores) in which the DFT 

architecture is fixed.  For intellectual property cores (IP cores), it may not be possible to 

perform ATPG, in which case a set of test cubes (i.e., test vectors in which the 

unassigned inputs are left as don't cares) is provided that must be applied during test. 

Testing a 3D-IC, which is also a core-based design, involves designing wrappers 

to go around the cores, providing test access mechanisms (TAMs) for transporting data 

from the tester pins to the cores, and developing a test schedule for determining which 

cores are being tested at different times.  Many techniques for designing wrappers, 

TAMs, and test schedules have been developed, see [Xu 05] for a survey.   

However, 3D-IC testing differs from conventional 2D testing in two important 

ways.  One is that transporting test data between layers requires the use of TSVs (i.e., test 

elevators) which are expensive in terms of both area overhead as well as impact on yield.  

Consequently, it is important to consider the number of test elevators when optimizing a 

test architecture for 3D-IC.  Optimization procedures for minimizing test time under a 

constraint on the number of test elevators has been proposed in [Wu 08] and [Noia 10].  

A second difference for testing 3D-ICs is that pre-bond testing is performed on each die 
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individually, to ensure defective dies are not used in stacking. Then post-bond testing is 

performed on the final stack to ensure that the 3D-IC as a whole is not defective.  In some 

cases, testing might also be performed on partial stacks.  In order to do pre-bond testing 

on the non-bottom layers, it is necessary to add probe pads for test purposes.  This is 

because the TSV tips as well as the microbumps are too small to be probed and are 

sensitive to scrub marks [Marinissen 09].  These probe pads are a test overhead that take 

up a lot of space and limit the locations where TSVs can be placed which puts constraints 

on the design and floorplan of a die.  Consequently, the number of probe pads for non-

bottom layers is typically very limited resulting in less bandwidth being available from 

the tester for pre-bond testing than available in post-bond testing.  Techniques for 

handling this include either having separate TAMs for pre-bond and post-bond testing 

[Jiang 12], or having a single TAM with a bandwidth adapter [Lee 13]. 

The conventional way of implementing test compression in core-based designs is 

for each core to have its own local decompressor.  This allows compressed data to be 

brought over the TAM lines to each core.  For 3D-ICs if the uncompressed test data is 

shared across layers, the number of test elevators required to transfer the uncompressed 

test data will be much higher.  The amount of compression achieved with sequential 

linear decompressors depends on the encoding efficiency.  The encoding efficiency that 

can be achieved when using the conventional approach of having fixed size TAMs 

feeding multiple independent core decompressors is limited by the fact that the TAM 

bandwidth to each core decompressor needs to be large enough to bring enough free 

variables to encode the worst-case test cube with the largest number of care bits.  To 

maximize encoding efficiency, a special ATPG procedure is used to generate test cubes 

in a way that limits the number of care bits in each test cube.  This typically comes at the 

cost of more test cubes being generated to have sufficient fault coverage.  Moreover, 
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there can still be a considerable amount of variance in the number of care bits per test 

cube (profiles for industrial circuits showing how the percentage of care bits varies can be 

found in [Janicki 12]).  The inherent drawback of the conventional approach is that the 

number of free variables brought in for decompressing each test cube is fixed by the 

worst-case test cube with the most care bits, and so many free variables are wasted for 

test cubes with fewer care bits. 

The existing methods for dynamically adjusting the number of free variables sent 

to each decompressor have the drawback that they increase the amount of routing (i.e. 

TAM width) required between the tester channels and the core decompressors.  This is 

less suited for 3D-ICs because routing between layers requires additional test elevators 

(i.e. extra TSVs) which are expensive.  This chapter proposes a new architecture and 

methodology for test compression in core-based designs, which is better suited for 3D-

ICs.  It can be used to either provide greater compression for the same number of test 

elevators or reduce the number of test elevators while maintaining the same compression 

compared to existing methods. 

Whereas conventional methods for test compression in core-based designs are 

based on an architecture where tester channels are routed directly to independent core 

decompressors, the proposed method uses a daisy chain architecture as described in Sec. 

5.1.   

In conventional testing, the scan shift frequency is typically much slower than the 

functional clock frequency and the maximum ATE (automatic test equipment) clock 

frequency, due to power dissipation limitations as well as the fact that the test clock may 

not be buffered and optimized for high speed operation.  In [Khoche 02], the ATE shifts 

in test data n times faster than the scan shift.  An n-bit serial-to-parallel converter is used 

to take in serial data at the fast ATE shift rate and convert it to n-bits in parallel at the 
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slower scan shift frequency.  This allows a single ATE channel to be used to fill n scan 

chains in parallel. This idea was combined with a test compression scheme in [Wang 05], 

where faster ATE channels are sent to a time division demultiplexing (TDDM) circuit 

which feeds the inputs of a VirtualScan decompressor [Wang 04], and the compacted 

output response is fed through a time division multiplexing (TDM) circuit to go to the 

ATE. 

This chapter presents a similar concept for test elevators when transferring test 

data from one layer to another layer in a 3D stack.  The idea is to use a serializer in the 

layer sending the test data that accepts data in parallel at the scan shift frequency, and 

generates a serial output at the functional clock frequency which is sent over the test 

elevator to a deserializer on the receiving layer which converts the serial data coming in 

at the functional clock frequency into parallel outputs at the scan shift frequency. This 

approach is described in detail in Sec. 5.2. 

5.1.  PROPOSED ARCHITECTURE 

The conventional approach for test compression in a core-based design is 

illustrated in Fig. 15.  Each core has its own decompressor operating independently of the 

other core decompressors. The input test data bandwidth from the Automatic Test 

Equipment (ATE) is distributed to core decompressors using TAMs. The tester channel 

allocation is done in such a way that the total test time for testing the entire 3D-IC is 

minimized.  

In the architecture shown in Fig. 15, the test channel allocation is static. In order 

to make it dynamic, it is necessary to route the entire ATE bandwidth to all the layers, 

and control the number of channels allocated by providing additional control signals, 

which need more test elevators compared to static channel allocation. 
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Figure 15.  Test Architecture of 3D-ICs with Static Allocation of Tester Channels 

Figure 16.  Proposed Architecture with Daisy-Chained Decompressors 

The proposed architecture is shown in Fig. 16; the decompressors of the cores are 

daisy-chained together. The number of channels between layer 2 and layer 3 is less than 

the number of channels between layer 1 and layer 2, which in turn is less than the input 

bandwidth to the decompressor in layer 1, i.e. total bandwidth from the ATE. Using this 

architecture, some free variables from the decompressor in layer 1 is sent to the 

decompressor in layer 2 and so on. This provides some flexibility in encoding the test 
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cubes. Free variables unused while encoding a core in a layer are available to encode 

other cores in the layers above, hence improving encoding efficiency. The contributions 

described in this chapter are presented in [Muthyala 14a]. 

The bandwidth feeding each layer should be sufficient to supply enough free 

variables to encode the test cubes for the core in that layer as well as the free variables to 

encode the test cubes for the layers above, as the decompressor in each layer is fed via 

taps from the decompressor of the layer below. Hence, the bandwidth supplied to layer 1 

should be big enough to supply free variables to encode test cubes of the cores in layer 1 

as well as cores in layer 2 and layer 3. Similarly, the bandwidth supplied to layer 2 should 

be big enough to supply free variables to encode test cubes of the cores in layer 2 and 

layer 3. In other words, the number of free variables supplied to decompressor in each 

layer decreases as we move from the bottom layer to the top layer. Hence, a tapering 

bandwidth is used, as shown in Fig. 16, proportional to the number of free variables 

required to be supplied to the decompressor in each layer.  

Consider an example using the conventional architecture shown in Fig. 15, where 

the optimal static allocation of the 32-bit channel from the ATE is as follows: a 16-bit 

TAM for layer 1, 10-bit TAM for layer 2 and a 6-bit TAM for layer 3. The bandwidth 

assignment for the proposed architecture using daisy-chained decompressors (Fig. 16) is 

as follows: the full test data bandwidth from the ATE is sent to the first decompressor 

using a 32-bit TAM. Output taps from the first decompressor are used to drive a 16-bit 

TAM to the decompressor in layer 2. Similarly, output taps from the second 

decompressor drive a 6-bit TAM in layer 3. 

The proposed architecture provides flexibility in utilization of free variables; any 

free variable coming from the tester can be used in any of the layers to which it is 

distributed. By daisy-chaining the decompressors as shown in Fig. 16, some free 
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variables from the decompressor in layer 1 are fed to the decompressor in layer 2, 

similarly some free variables in layer 2 are fed to the decompressor in layer 3. Using this 

architecture, unused free-variables from one decompressor can be used by other 

decompressors.  

Consider the decompressor in layer 3 is encoding an easy-to-encode test cube 

with few specified bits, which needs less than average free variables, while the test cube 

being encoded in layer 2 is hard-to-encode with a larger number of specified bits, needing 

more free variables than average. In the proposed architecture, the free variables which 

are not required in layer 3 can be used in layer 2 in help encode the hard-to-encode test 

cube. This reduces the number of free variables required to encode the entire test set for 

the 3D-IC, without additional hardware and control, with the same number of TSVs as 

used in the conventional architecture shown in Fig. 15. 

Table 4.  Example - Care Bit Profile of Test Cubes for the Three Cores of the Example 

3D-IC 

Test 

Cube 

# Care bits in Test cube 

Core 1 Core 2 Core 3 

1 13 11 12 

2 12 11 10 

3 10 10 9 

4 9 7 8 

5 8 6 7 

6 7 5 5 

7 7 5 4 

8 6 4 3 

To illustrate the encoding advantage of the proposed approach, consider a small 

example in which a 3D-IC has three layers with each layer having one core. Let the set of 

test cubes for the cores have care-bit profiles as shown in Table 4. To encode the entire 

3D-IC using the conventional architecture shown in Fig. 15, core 1 would need a 

minimum of 13 free variables per test cube, core 2 would need 11 free variables and core 
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3 would need 12 free variables per test cube. Since there are 8 test cubes for each core, a 

total of (13 + 11 + 12) x 8 = 288 free variables are required to encode the 3D-IC. 

Consider the same 3D-IC, now using the proposed architecture. In this case, 

encoding is done in groups of three test cubes, with one test cube from each core. 

Optimizing the test cubes in the group for minimizing the total number of care bits in the 

group, the test cubes are grouped as shown in Table 5. 

Table 5.  Care Bit Profile of Test Cube Groups for Encoding Using Proposed 

Architecture 

Test Cube 

Group 

# Care bits in Test cube Total Care Bits in 

Test Cube Group Core 1 Core 2 Core 3 

1 13 4 7 24 

2 12 5 8 25 

3 10 5 12 27 

4 9 6 10 25 

5 8 7 9 24 

6 7 10 5 22 

7 7 11 3 21 

8 6 11 4 21 

By encoding in groups according the above table, the maximum number of care 

bits in any group is 27, and hence, to encode the entire set of eight test cube groups, 27 x 

8 = 216 free variables are required using the proposed architecture, which is less than the 

number of free variables required to encode using the conventional architecture shown in 

Fig. 15. Hence, it is seen that the proposed architecture gives a better compression and 

hence reduces the tester storage requirements and test time. 

The drawback in the proposed architecture is that the linear equations for scan 

cells driven by daisy-chained decompressors cannot be solved independently. Consider 

one test cube from each layer being encoded. The total number of free variables brought 

in from the tester has to be sufficiently large enough to encode all three test cubes. Hence, 

creating pivots for care bits in all the three test cubes involves a lot of computation. The 
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total number of XOR operations required to create pivots is 9n
3
 as compared to 3n

3
 XOR 

operations required to encode using the conventional approach. Hence, this method is 

reasonable when the additional computation is a reasonable price to pay for the amount of 

test time reduction achieved. 

5.2.  OPTIMIZING NUMBER OF TEST ELEVATORS BY INTER-LAYER SERIALIZATION OF 

TEST DATA 

In this section, an implementation is proposed using a serializer-deserializer 

structure to further reduce the number of test elevators required to implement the 

proposed architecture. The scan shift frequency is usually lower than the functional 

frequency, since the scan clock tree is generally not buffered up for high speeds. Another 

reason is that during scan, a large percentage of flip-flops toggle, and hence a large 

amount of power is drawn from the power grid of the chip. This causes a voltage drop in 

the power lines. To avoid these problems, scan shifting is generally considerably slower 

than functional frequency. 

By using the proposed implementation, the difference between the slower scan 

shift frequency and the faster functional frequency can be exploited to further reduce the 

number of test elevators. The idea is to use a serializer at the layer sending test data to 

serialize the test data from the decompressor taps and drive the test elevators in the 

driving layer using this serialized data, and a deserializer at the receiving end, which 

restores the test slices in the receiving layer by converting the serial data back into 

parallel format (Fig. 17). 
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Figure 17.  Proposed Implementation of Inter-layer Serialization of Test Data 

If the test elevators can be operated at n times the scan shift frequency, then 

instead of having m test elevators to transfer data across layers, m/n test elevators are 

required. On the other hand, it is also possible to have the same number of test elevators 

and increase the effective bandwidth by n times, i.e. m x n bits of data can be shifted in 

one shift cycle using m test elevators implementing inter-layer serialization, compared to 

m bits of data shifted in one shift cycle using m test elevators without serialization.  

Hence, depending on the constraints on the number of test elevators, this architecture can 

be used at an advantage to either increase the effective bandwidth or reduce the number 

of test elevators required in the design. 

Consider a serializer driven by m taps from the LFSR in the lower layer. Let the 

functional clock be n times faster than the scan clock. Hence, as explained previously, the 

number of test elevators required would be m/n. Let the number of test elevators required 

be represented as t, which, here, is equal to m/n. Inter-layer serialization would require an 

m x t serializer in the sending layer driving the test elevators between the layers and a t x 

m deserializer driving the LFSR in the receiving layer. The simplest way of implementing 

an m x t serializer in the sending layer is by using a m:t multiplexer controlled by a 

modulo m counter driven by the faster functional clock (Fig. 18). 
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Figure 18.  Serializer Implementation for Functional Clock Operating n Times Faster 

than Scan Clock, Where Number of Test Elevators, t = m/n 

This ensures that the test data coming in at scan shift frequency from the LFSR is 

coupled to the test elevators at the faster functional clock frequency. Similarly, the 

deserializer can be implemented as an n bit shift register (n is the ratio between functional 

clock frequency and scan clock frequency) driven by the faster functional clock, whereas 

the data in the shift register is sampled at the slower scan clock rate (Fig. 19). 

 

Figure 19.  Deserializer Implementation for Functional Clock Operating n Times Faster 

Than Scan Clock, Where Number of Test Elevators, t = m/n 

As discussed above, inter-layer serialization has a small area overhead; hence it 

can be used in cases where the advantage of implementing it outweighs the additional 

cost of implementing the required architecture in the core. 
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5.3.  EXPERIMENTAL RESULTS 

Experiments were conducted on six different 3D-IC designs and the results are 

presented in this section. Each of the 3D-ICs has three layers. Three different test 

compression architectures were experimented using these test chips. In the first test 

architecture (arch1), each core has a 64-bit LFSR, acting as a decompressor. The input 

tester channels from the ATE were allocated to the decompressors statically. In this 

architecture, the output cone of the each decompressor is confined to the layer in which 

the decompressor is present, i.e. test elevators are required to transfer the compressed test 

data to the decompressors in the non-bottom layers, however, the scan cells which are 

driven by a decompressor are localized to the layer in which the decompressor is present. 

Hence, it is enough to have sufficient test elevators to transfer the compressed test data, 

which is generally less in number. 

In the second architecture (arch2), the 64-bit LFSRs that were local to each layer 

in arch1, are interconnected and reconfigured to form a big primitive LFSR with number 

of flip-flops in this big LFSR being the sum of the number of flip-flops in the arch1 

LFSRs in all the three layers. It should be noted that the LFSR in arch2 is distributed 

across the three layers, i.e. sections of LFSR are present in each of the three layers and 

these sections are interconnected using test elevators in such a way that a primitive LFSR 

is formed and drives scan chains in all three layers of 3D-IC. In this case, the scan chains 

are confined within the layer, i.e. test elevators are required to transfer compressed test 

data to the sections of LFSR in the non-bottom layers and to interconnect the sections of 

LFSR which are in different layers. Hence, more test elevators are required in arch2 than 

arch1. Using this architecture, the equations for the scan cells of the three layers are 

solved together and since the pivots for the test cubes are created in common, the free 
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variables are used more efficiently and results in better compression and increased 

encoding efficiency. 

The third architecture (arch3) is the proposed architecture using daisy-chained 

decompressors shown in Fig. 16. In this case, the decompressors used are similar to the 

ones used in arch1, a local 64-bit LFSR in each core acting as a decompressor for the 

core, with all the decompressors daisy-chained together. The tester channels are allocated 

to the decompressors as proposed in Sec. 5.1. This method combines the advantages of 

arch1 and arch2 at the cost of increased computational complexity of encoding the test 

cubes together. By using this architecture, some of the free variables are distributed to the 

decompressors in the other layers and the encoding of the test cubes of the three layers 

are done together, thereby the free variables are used more efficiently and results in better 

compression and increase in encoding efficiency similar to arch2. However, in this 

method, test elevators are required only to transfer the compressed test data to the non-

bottom layers, similar to arch1, while providing an encoding advantage similar to arch2. 

In addition, reconfiguration of the local 64-bit LFSRs into a big LFSR for post bond 

testing of the 3D-IC is also not necessary when using arch3. 

Experiments were run on six different designs of 3D-ICs, each containing three 

layers. The test cubes used provided 100% coverage of detectable faults. Static encoding 

was used to encode the test cubes. The compressed test data, i.e. tester storage required 

for the three architectures explained above is presented in Table 6. As shown in Table 6, 

there is reduction in the amount of tester data while using arch2 when compared to 

arch1. 
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Table 6.  Tester Data for the Three Architectures 

Design 
Test 

Vectors 

Scan 

Cells 

Local Independent 

Decompressors (arch1) 

Global Decompressor 

(arch2) 

Proposed 

Daisy-chained Decompressors 

(arch3) 
Percentage 

Reduction in 

Tester Data Tester Data 

(# of Bits) 

Number of  

Test Elevators 

Tester Data 

(# of Bits) 

Number of 

Test Elevators 

Tester Data 

 (# of Bits) 

Number of  

Test Elevators 

A 838 2578 8272 13 6016 21 6016 13 27.27% 

B 606 6747 18245 15 11070 21 11070 15 39.33% 

C 686 5662 9512 13 6560 21 6560 13 31.03% 

D 751 8724 13314 15 9193 21 9193 15 30.95% 

E 803 9432 13583 15 10144 21 10144 15 25.32% 

F 807 10538 17538 15 12046 21 12046 15 31.31% 

As explained earlier, similar benefit is obtained by using arch3 as well. This is 

because both arch2 and arch3 provide flexible use of free variables across layers and the 

free variables not used in encoding test cube of one layer can be used to encode test cubes 

of other layers. In addition, by using daisy-chained decompressors (arch3), the number of 

test elevators required is less compared to arch2, since the decompressors are local to 

each layer. 

5.4.  CONCLUSION 

By using the daisy-chained decompressor architecture, improvement in 

compression can be achieved, with efficient usage of test elevators. Experimental results 

are presented in which the proposed architecture is compared with the conventional 

architecture. In addition, inter-layer serialization is proposed with a serializer-deserializer 

coupling the test elevators to the decompressors, which further reduces the number of test 

elevators required to implement the test architecture. 
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Chapter 6:  Scan Feedforward Mechanism to Improve Probability of 

Encoding Test Cubes in Sequential Linear Decompressors  

In chapter 3, a method was proposed to improve encoding efficiency by 

"recycling" unused free variables while encoding. In this chapter, an architectural 

modification is proposed using feedforward taps in scan chains, which makes the free 

variable distribution more efficient and effective, thereby improving the probability of 

encoding of test cubes. 

In sequential linear decompression, the free variables coming from the TAM are 

fed into a linear finite state machine (LFSM), e.g., a linear feedback shift register (LFSR) 

or ring generator [Mrugalski 04].  Symbolic simulation of the free variables coming from 

the TAM is performed to obtain the linear equations corresponding to the value of each 

bit in the scan cells after decompression in terms of the free variables.  This process is 

described in Chapter 2. 

The example assumed that the decompressor was initially loaded with free 

variables. In reality, the decompressor is reset to all 0's between each test cube to 

decouple the linear equations for each test cube so that each test cube is encoded with its 

own set of free variables.  After the decompressor is reset, the conventional approach is 

to have a pre-load phase where the decompressor is loaded with free variables from the 

TAM for a few clock cycles before scan shifting begins. If the decompressor is not 

preloaded, the initial scan slices (the set of scan cells loaded in the same scan shift cycle) 

do not have sufficient number of free variables and hence the probability of encoding a 

test cube will be low. Hence, conventionally, a preload phase is used before the actual 

scan shift, during which the free variables are loaded into the decompressor without the 

scan shifting. This brings in sufficient number of free variables to increase probability of 

encoding of test cubes.  However, this presents some problems when the TAM is very 



 55 

narrow, which is now becoming the trend due to increasing number of cores in 

hierarchical designs. Consider the case where the TAM width is only one bit.  In this 

case, to preload the decompressor with n free variables, the pre-load phase is n clock 

cycles long.   

The structure of the system of linear equations in the conventional approach is 

shown in Fig. 20 where the shaded areas indicate free variable dependence.  Similar to 

the Boolean matrix shown in Fig. 3 in Chapter 2, the columns correspond to free-

variables from the tester and the rows correspond to scan cells. In Fig. 20, the scan slices 

are marked S1, S2... S6. The shaded regions are the regions where the free variables are 

present. For instance, the linear equations for the scan cells in the first scan slice will 

depend on the n free variables that were pre-loaded plus the free variables arriving on the 

TAM inputs during the first scan shift cycle. Therefore, in the rows corresponding the 

first scan slice, only the width n of the preload phase and the TAM width worth of 

columns are shaded, indicating the region of free variable dependence.  In each 

subsequent scan shift cycle, the TAM will bring additional free-variables equal to the 

width of the TAM.  The scan cells in each subsequent scan slice will depend on all the 

free variables that have arrived up to that point in time (which increases by a number 

equal to the width of the TAM in each shift cycle).  The very last scan slice loaded into 

the scan chains depends on all the free variables (used to encode that particular test cube).  
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Figure 20.  Structure of Linear Equations for Conventional Sequential Linear 

Decompressor 

Thus, it can be noticed that the free variables distribution amongst the scan cells is 

uneven, with the initial scan slices dependent on very low number of free variables. This 

reduces the flexibility in encoding test cubes and reduces the probability of encoding of 

test cubes. 

6.1.  PROPOSED ARCHITECTURE 

For better distribution of free variables, an architecture is proposed using a 

feedforward tap to the middle of each scan chain. This proposed feedforward technique, 

illustrated in Fig. 21, is also presented in [Muthyala 14b].  An additional output from the 

phase shifter is fed forward and XORed into the middle of each scan chain.  These 

feedforward inputs are activated only after the output response has shifted past the XOR 

gate.  There is a control signal, C, that is ANDed with all feedforward inputs and holds 

them at 0 until the output response can shift past the XOR gates without being modified. 
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If each scan chain is m-bit long, then after the capture cycle, the control signal C is 

deactivated for the first m/2 clock cycles after which it is activated for the remaining 

clock cycles until the scan chain is fully loaded.  The phase shifter should be designed to 

ensure appropriate channel separation between all outputs of the phase shifter [Rajski 00] 

including those used as feedforward inputs. 

Figure 21.  Feedforward Scheme for Sequential Linear Decompressor where each scan 

chain is m bits long.  C=0 for first m/2 shift cycles after capture cycle, and C=1 for 

remaining shift cycles until scan chain fully loaded. 

The advantage of using the feedforward technique shown in Fig.21 is that it 

significantly increases the free variable dependence of the early scan slices.  Consider the 

first scan slice loaded in the scan chains.  Normally it only depends on the number of free 

variables that are pre-loaded into the decompressor plus the first set of free variables on 

the TAM.  With the feedforward technique shown in Fig. 21, after m/2 clock cycles, the 

first scan slice is getting XORed with additional free variables being fed forward from the 

decompressor. At this point in time, the decompressor has received many more additional 

free variables from the TAM.  So the linear equations for the first scan slice after the 
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feedforward input is XORed in will depend on not only the pre-loaded free variables, but 

also on all the free variables received by the decompressor over the first m/2  scan shift 

cycles plus the current shift cycle.  The structure of the system of linear equations with 

the proposed feedforward scheme is shown in Fig. 22.   

 

Figure 22.  Structure of Linear Equations for Sequential Linear Decompressor with 

Proposed Feedfoward Scheme 

Comparing Fig. 22 with Fig. 20, it can be seen that the linear equations with the 

feedforward scheme are more diverse with increased free variable dependence providing 

more degrees of freedom for solving them.  If there is a cluster of care bits in the early 

scan slices, there may not be enough free variables in the system of linear equations in 

Fig. 20 to solve for it, but with the more diverse and considerably expanded free variable 

dependence in Fig. 22, it is much easier to solve. In addition, the free variables brought in 
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during the last scan slice are used only to encode scan slice S6 in the conventional 

architecture (Fig. 20) whereas in the proposed architecture it is better utilized since it is 

used in scan slice S3 as well. 

Consider the case where the linear decompressor is not pre-loaded at all before 

beginning to load the scan chain.  With the proposed feedforward technique, the linear 

equations for the early scan slices will still depend on all the free variables received by 

the decompressor from the TAM over the first m/2  clock cycles plus the current shift 

cycle.  These equations will still have much greater free variable dependence than the 

conventional approach of pre-loading the decompressor, which will typically be much 

shorter than m/2  clock cycles.  Consequently, with the proposed feedforward scheme, 

it is possible to shorten or omit the pre-load phase altogether thereby saving test time and 

improving test compression. 

Even if the pre-load phase is not shortened, the increased diversity and expanded 

free variable dependence in the linear equations for the feedforward scheme increases the 

probability of encoding a test cube.  Typically for sequential linear decompressors, ATPG 

will continue to make input assignments to target additional faults (i.e., perform dynamic 

compaction) as long as the test cube remains encodable (i.e., the system of linear 

equations can be solved).  With the proposed feedforward scheme, there is more 

flexibility to make additional input assignments while still being able to solve the linear 

equations thereby improving the amount of dynamic compaction that can be performed 

during ATPG.  This results in fewer test cubes being generated to achieve the same fault 

coverage.  Fewer test cubes means less test data stored on the tester and less test time to 

apply the tests. 
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6.2.  EXPERIMENTAL RESULTS 

To evaluate the effect of the proposed feedforward scheme for sequential linear 

decompressors, experiments were performed to measure the probability of encoding test 

cubes.  This was done by generating a statistically significant number of random test 

cubes with different numbers of specified bits and seeing how often they can be encoded 

with a sequential linear decompressor with the conventional scheme and with the 

feedforward scheme.  Figs. 23 and 24 show graphs plotting the probability of encoding a 

test cube versus the number of specified bits in the test cube.  In Fig. 23, results are 

shown for a scan architecture with 100 scan chains each 100 bits long, and the 

decompressor is an LFSR driven by a 4-bit TAM.  In Fig. 24, results are shown for a scan 

architecture with 50 scan chains each 50 bits long, and the decompressor is an LFSR 

driven by a 2-bit TAM.  In both cases, 8 pre-load cycles were used before the scan 

shifting begins.   

 

Figure 23.  Probability of encoding test cubes using an LFSR decompressor with a 4-bit 

TAM driving 100 scan chains with a scan length of 100 with 8 pre-load cycles 
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Figure 24.  Probability of encoding test cubes using an LFSR decompressor with a 2-bit 

TAM driving 50 scan chains with a scan length of 50 with 8 pre-load cycles 

While the proposed feedforward scheme could be effective without any pre-

loading, the conventional approach would not be effective without pre-loading because 

there would not be enough free-variables to encode the early scan slices.  So to have a 

fair comparison, 8 pre-load cycles are used for both the conventional method and the 

feedforward scheme.  As can be seen from the results, the feedfoward scheme is able to 

effectively encode test cubes with more specified bits than the conventional approach due 

to the free variable distribution being more effective thereby giving the flexibility of 

encoding. This also means that more dynamic compaction can be performed during 

ATPG resulting in fewer test vectors, or alternatively a more aggressive expansion ratio 

can be used to achieve greater compression. 

6.3.  CONCLUSION 

The proposed feedforward scheme can be used to eliminate or reduce preload 

cycles in sequential linear decompressors with very little control overhead. Alternatively, 
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if there is no constraint on the number of preload cycles, the feedforward architecture can 

be used to increase the probability of encoding with the same amount of tester data. 

Experimental results are shown comparing the probability of encoding for the 

conventional approach and the proposed feedforward approach.  
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Chapter 7:  Feedforward-Feedback Scheme for Combinational Linear 

Decompressors to Improve Encoding Efficiency 

The techniques proposed in the previous chapters dealt with sequential linear 

decompressors, which are one of the major class of test compression schemes used in 

commercial tools. The other major class used in commercial tools is based on having 

simple decompressor constraints that can be incorporated into the ATPG backtrace.  For 

example, if two scan cells have the same tester bit, then in the circuit description, these 

scan cells are tied together and the input to the scan cells is given as a primary input to 

the ATPG. Thus, ATPG itself generates the compressed test data. This process is 

illustrated with an example in Figs 25 and 26. Note that in Fig. 26, the flip-flops denoted 

by the dotted lines are not actually present in the design, they are shown to compare and 

contrast Figs 25 and 26. This approach focuses the ATPGs search so that it only 

considers input assignments that can be encoded when targeting faults. This allows more 

aggressive dynamic compaction without the risk of the test cube becoming unencodable.  

The constrained ATPG can be applied with varying degrees of complexity on several 

types of decompressors. Complex decompressor constraints, such as the sequential linear 

decompressor, would blow up the ATPG runtime.   

 

Figure 25.  Example Scan Architecture Having 2 Scan Chains Fed by Same TAM 

channel. 
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Figure 26.  Scan Constraints Given to ATPG for Generating Compressed Test Cubes for 

the Example in Fig. 25. 

One way to keep the decompressor constraints simple is using broadcast scan 

based decompressors (Fig. 27) in which the same value is loaded into multiple scan 

chains (eg. [Lee 98], [Hamzaoglu 99], [Samaranayake 03], [Wang 04]).  In this case, the 

decompressor constraints can be incorporated into the ATPG by simply tying dependent 

inputs together in the circuit description given to the ATPG as explained in the paragraph 

above.   

Figure 27.  Broadcast Scan with 2 Tester Channels and 4 Scan Chains 
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The drawback of broadcast scan is that the encoding flexibility is limited because 

scan cells in the same scan slice fed by the same tester channel can never take on 

opposite values, which can make it impossible to detect some faults.  The faults that 

cannot be detected through the decompressor have to be tested in "serial mode" in which 

the decompressor is bypassed and all the scan cells are tied to form one long scan chain 

[Hamzaoglu 99]. These uncompressed serial vectors degrade the amount of compression 

that can be achieved. In addition, the trend towards hierarchical designs has led to cores 

having narrow TAMs, which creates problems for the broadcast scan based 

decompressors. One approach to reduce the number of faults for which serial vectors are 

needed is to provide the ability to reconfigure the decompressor to change the constraints.  

This can be done statically (on a per scan basis) by either reconfiguring the scan chains 

[Pandey 02] or reconfiguring the fanout network [Samaranayake 03], [Tang 03], [Mitra 

06], or using Multimode Illinois Scan [Chandra 07].  Or, it can be done dynamically (on a 

per shift basis) [Sitchinava 04] where MUXes are placed in front of each scan chain and 

the control signals for the MUXes are driven by tester channels. One issue for 

reconfiguration based approaches is that for small width TAMs, the number of different 

ways that the constraints can be reconfigured becomes limited, and for a one-bit TAM, 

there is only one broadcast configuration which is to load all scan chains from the single 

TAM input.  The scheme proposed in [Chandra 09] addresses this issue by having n 

pipeline flip-flops store a window of n bits arriving on the TAM and then using these n 

bits to perform reconfigurable fanout.  These pipeline flip-flops have to be pre-loaded 

before scan shifting similar to sequential linear decompressors discussed in the previous 

chapter. 

An alternative to reconfiguration is to have limited dependence XOR constraints 

as proposed in [Wang 04] and [Dutta 06] where the value of each scan cell depends on 
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the XOR of a small number of free variables (e.g., 2 or 3).  This provides more flexibility 

for encoding test cubes compared with fanout based constraints, but is simple enough that 

it can be incorporated into the ATPG backtrace and still allow efficient ATPG.  Unlike 

fanout based constraints where certain scan cells must always have the same value as 

other scan cells, with XOR constraints, there is more than one way to justify a particular 

value on a scan cell.  The impact of the improved encoding flexibility provided by XOR 

gates on the overall probability of encoding a test cube was quantitatively analyzed in 

[Dutta 06] and shown to be substantial.  In [Dutta 06], the number of unique 

combinations of limited dependence XORs was increased by using pipeline flip-flops, 

which again requires a pre-load phase. This chapter proposes an architecture which 

improves encoding flexibility using feedforward and feedback connections amongst the 

scan chains while avoiding the need for preloading pipeline flip-flops. 

7.1.  PROPOSED ARCHITECTURE 

The proposed scheme using both feedforward and feedback in the scan chain to 

create limited dependence XOR constraints without the need for pre-loading is illustrated 

in Fig. 28.  The scheme proposed in this chapter is also presented in [Muthyala 14b]. 

There is a control signal, C, which when set to 0 disables the feedforward and feedback 

allowing normal scan shifting.  After the capture cycle, the control signal C is held at 0 

until the output response shifts past the feedback tap.  In the example in Fig. 28, there is a 

two-bit TAM with its channels labeled X and Y which are used to load 6 scan chains (3 

loaded from X and 3 loaded from Y).  Each scan chain is 8 bits long.  The feedback tap 

comes after the 5th scan element in each scan chain.  So after the capture cycle, C is held 

to 0 for 5 shift cycles thereby disabling the feedback and feedforward lines so that the 

scan chain shifts normally.  This allows the output response to be shifted past the 
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feedback line.  The free variable dependence of each scan cell after the first 5 shift cycles 

is indicated in Fig. 28.  The free variables coming in from the X and Y channels are 

labeled as X1-X8 and Y1-Y8, respectively.  For the last three shift cycles (shift cycles 6 

through 8), C is set to 1 which activates the feedforward and feedback lines.  The free 

variable dependence of each scan cell when the scan chain is fully loaded is shown in 

Fig. 29.  As observed, no scan cell depends on the XOR of more than 3 free variables and 

no two scan cells have identical XOR dependence.  No pipeline flip-flops are used.  Even 

those flip-flops that are used to store the window of data required to drive the 

feedforward inputs are part of the scan chains and hence no additional pre-load phase is 

required.   
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Figure 28.  Example of proposed scheme with 2-bit TAM driving 6 scan chains.  C=0 for 

first 5 shift cycles.  Contents of each scan cell shown after 5 shift cycles. 
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Figure 29.  Example from Fig. 28 after scan chains are fully loaded.  C=0 for first 5 shift 

cycles, and C=1 for last 3 shift cycles. 

The number of cycles used to load the scan chains is exactly equal to the length of 

the scan chain.  This reduces the test time and amount of test data required to load the 
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scan chains in comparison to [Dutta 06] and [Chandra 09].  Similar to what is done in 

[Dutta 06], the XOR constraints for encoding a test cube imposed by the proposed 

scheme can be incorporated into the circuit description during ATPG so that the ATPG 

takes into account the constraints and generates the tester data directly. 

The proposed scheme can be implemented for any TAM width and any number of 

scan chains.  An algorithm for selecting the feedback and feedforward locations and their 

inputs is described as follows. 

First some definitions.  The expansion ratio (ER) is defined as the number of scan 

chains driven by each TAM channel (i.e., ER = Scan Chains/TAM_Width). One of the ER 

scan chains fed by a TAM channel is the primary scan chain for the TAM channel and is 

fed directly by the TAM without additional inputs XORed at the input of the scan chain 

(refer to Fig. 30), and the others are secondary scan chains for the TAM channel, which 

have inputs from primary scan chain of other channels XORed at the input of the scan 

chain. These additional feedforward inputs are controlled by the control signal C. Thus, a 

primary scan chain is the reference scan chain, which has unshifted scan data from the 

TAM channel. The outputs of the various scan cells of the primary scan chains are tapped 

and fed to other scan chains. The distribution of scan data from the primary scan chains 

of various TAM channels to the other scan chains is done in such a way that at the end of 

the scan shift, no two scan cells depend on the same set of free variables. The structure of 

the primary and secondary scan chains is shown in Fig. 30 where the scan length is m 

bits.  The scan chains are divided into 3 segments where the first scan segment contains 

[m-(ER/TAM_Width)]/2 scan cells, the second scan segment contains 

[m-(ER/TAM_Width))/2 scan cells, and the third scan segment contains 

ER/TAM_Width scan cells. This type of segmentation ensures maximum compression 

while maintaining sufficient flexibility to ensure no two scan cells are dependent on the 
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same set of free variables. Note that the third segment contains the "pipeline" flip-flops, 

which are also a part of the scan chain. Hence extra flip-flops are not required to store the 

required window of scan data, which are then used to drive the feedforward taps of 

various scan chains.  

Figure 30.  Structure of Primary and Secondary Scan Chains and Nomenclature of 

Feedfoward and Feedback Taps 

Each primary scan chain for the i-th TAM channel (TAMi) has one feedforward 

input labeled as INi,1,1 in Fig. 30.  Each j-th secondary scan chain for TAMi has three 

feedforward inputs labeled as INi,j,1, INi,j,2, and INi,j,3.  Each feedforward input is driven 

from the output of a scan cell in a primary scan chain.  The outputs of the scan cells in the 

primary scan chain will be denoted as OUTx,y,z in the pseudo code where x is the TAM 

channel that the primary scan chain is associated with, y is the scan segment number (1, 

2, or 3), and z is the scan cell position in the scan segment numbered, starting from 1 

(where position 1 is the rightmost scan cell in the scan segment).   
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The pseudo-code for connecting the feedforward inputs in each scan chain is as 

follows: 

for TAM = 1 to TAM_Width { 

   t = TAM; p = 1; 

   for chain = 1 to ER { 

      if (TAM_Width > 1) { 

         t = (t % TAM_Width) + 1; 

         if (t == TAM)  { 

            p++; 

            t = (t % TAM_Width) + 1; 

         } 

      } 

      else p++; 

      INTAM,chain,1 = OUTt,2,p; 

   } 

   t = TAM; p = 1; 

   for chain = 2 to ER { 

      INTAM,chain,2 = OUTt,3,p; 

      INTAM,chain,3 = OUTt,3,p; 

      t = (t % TAM_Width) + 1; 

      if (t == TAM)  p++; 

   } 

} 

The connections described by the pseudo-code above ensure that no two scan 

cells depend on an identical set of free variables, and no scan cell depends on the XOR of 
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more than 3 free variables. Moreover, only one control signal C is required to activate the 

feedback and feedforward taps, which is very small control overhead for the advantages 

obtained using the proposed method. 

7.2.  EXPERIMENTAL RESULTS 

Experiments were performed to evaluate the effectiveness of the proposed 

feedforward/feedback scheme for incorporating the decompressor constraints in the 

ATPG.  Table 7 shows results comparing implementing compression using Illinois Scan 

[Hamzaoglu 99] versus using the proposed scheme.  For each circuit in Table 7, the 

number of scan cells is shown.  Results were generated when the TAM width is 1, 4, and 

8 bits, and in each case, results are shown for an expansion ratio of 8 and 16.  For Illinois 

scan, each TAM channel was fanned out to a number of scan chains equal to the 

expansion ratio.  For the proposed scheme, the feedforward and feedback connections 

were made using the algorithm given in the previous section.  For both Illinois scan and 

the proposed scheme, the decompressor constraints were incorporated into the circuit 

description used for ATPG.  ATPG was performed to generate a set of vectors that can be 

applied through the decompressor, which are referred to as "parallel" vectors in Table 7.  

Serial vectors were generated to detect the remaining faults that could not be detected 

with the decompressor constraints.  In Table 7, the number of parallel and serial vectors 

and the corresponding total amount of tester data is shown for both Illinois Scan and the 

proposed scheme. 
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Table 7.  Results for Decompressor that Incorporates Constraints in ATPG Backtrace 

Circuit 
Scan 

Cells 

TAM 

Width 

Expansion 

Ratio 

Illinois Scan Proposed  Feedforward/Feedback Scheme 

Parallel Serial Tester Parallel Serial Tester 

Vectors Vectors Data Vectors Vectors Data 

Ckt-A 3065 

1 
8 242 23 163,423 239 2 97,906 

16 267 72 271,944 272 4 64,484 

4 
8 223 41 211,297 236 3 99,819 

16 256 76 282,092 365 4 82,340 

8 
8 236 32 188,704 235 3 99,435 

16 288 64 251,456 293 4 68,516 

Ckt-B 1960 

1 
8 192 49 143,080 220 1 55,860 

16 236 91 207,388 287 3 41,181 

4 
8 197 54 154,696 219 2 58,232 

16 243 74 175,172 286 3 41,344 

8 
8 216 38 128,048 205 2 54,760 

16 258 72 174,144 276 4 43,168 

  As observed, the proposed scheme provides greater encoding flexibility, which 

allows more faults to be detected with parallel vectors even with a TAM width of 1 and 

without the need for any pre-loading. This in turn reduces the tester data significantly for 

the proposed method. 

7.3.  CONCLUSIONS 

The proposed feedfoward scheme can be implemented by inserting only a small 

amount of logic in the scan chains.  For decompressors in which the constraints are 

incorporated into the ATPG backtrace, a method was described for increasing encoding 

flexibility.  It was shown to be effective even for one-bit wide TAMs without the need for 

pre-loading pipeline flip-flops as is required in previous schemes (e.g., [Dutta 06] and 

[Chandra 09]). The proposed approach can be applied in hierarchical designs where cores 

may have local decompressors fed by narrow TAMs. 
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Chapter 8:  Summary and Future Work 

This chapter summarizes the contributions of the dissertation for improving 

encoding efficiency in test compression. 

In Chapter 3, a method is proposed to improve encoding efficiency in test 

compression based on sequential linear decompressors. This architecture can be 

implemented using a FIFO buffer to store the unused tester data and minimal additional 

control. In addition, if the size required for the FIFO is less than the size of the 

decompressor, it is also possible to implement this method by storing the unused tester 

data in a shadow register, and initializing the decompressor with the contents of the 

shadow register. 

Chapter 4 describes a novel test scheduling mechanism to improve test 

compression in system-on-chip architectures. In this approach, test cubes of different 

cores are encoded together and an algorithm for selecting the cores and the test cubes has 

been proposed in this chapter. This method requires control data on a test cube basis. 

Moreover, the amount of control data can be either reduced at the cost of more tester data 

(i.e. less compression) or more compression can be obtained by using more control bits.  

A test architecture using daisy-chained decompressors for 3D-ICs is presented in 

Chapter 5, which uses very few test elevators. Using this architecture, the tester data is 

shared across different layers of 3D-IC and thereby reduces tester data. Furthermore, 

inter-layer serialization of data can be used to further reduce the number of test elevators 

required to implement this method. 

Chapter 6 demonstrates how feedforward lines in scan chains can be used to 

distribute tester data efficiently and effectively to all the scan slices. This improves the 

probability of encoding test cubes and can lead to better dynamic compaction and thereby 
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reduce the amount of tester data required. In addition, this method enables reduction or 

elimination of preload cycles, and hence, is effective in reducing test time. 

A similar architecture is proposed for broadcast scan based decompressors in 

Chapter 7, with decompressor constraints implemented in the circuit description given to 

ATPG.  This method uses feedforward and feedback lines amongst the scan chains in 

order to improve encoding flexibility. With the increased flexibility, the ATPG is able to 

detect more faults with the constraints implement compared to the conventional 

approach. Since the faults undetected by constrained ATPG are detected by connecting 

all scan chains serially, the proposed method reduces the number of serial vectors and 

thereby improving compression. This method also eliminates the need for pipeline flip 

flops, which are used to provide flexibility in cores with narrow test access mechanisms. 

There are several areas for future investigation. In the feedforward mechanism for 

scan chains to improve encoding efficiency, several gated XOR taps can be used in 

various segments of the scan chain instead of just one as used in the technique proposed 

in Chapter 6. In addition, this gated XOR technique can be used to implement X-tolerance 

at the input to the scan chains. If an X enters the scan chain, on compaction, the output 

signature gets corrupted. Hence, it is necessary to avoid X's propagating to the output 

compactor. A gated XOR can be used to gate the X's before they enter the scan cells, 

thereby avoiding the need to mask X's before the output compactor. Another scope for 

further improvement is sharing of free variables in 3D-IC. The method presented in 

Chapter 5 is a simple, intuitive method giving a big improvement in compression, but 

involves a lot of computational overhead, and hence is applicable to architectures where 

the advantages obtained outweigh the cost of computation. Further research in this 

direction would unwrap more efficient ways to share free variables, which can tradeoff 

the advantages obtained with the computational complexity involved.  
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