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Abstract - Design for testability adds an additional feature to an integrated circuits (IC), which simplify the manufacturing 

tests to detect faults in a hardware. In this paper we present testability analysis through a built-in-self-test (BIST). This 
scheme targets stuck-at-fault by applying test vectors to circuit under test (CUT) through test pattern generator (TPG) and 
recording the response using output response compactor  (ORC) where the operation of different blocks of BIST is 
coordinated by BIST controller. The BIST circuit comprise of hold logic and a signature generation element. The modeling 
of the BIST for combinational logic circuit is performed using Verilog and its implementation is done using RTL compiler. 
A BIST for combinational CUT is carried out using three types of response analyzers namely Serial Input Signature Register 
(SISR), Serial Signature Analyzer (SSA) and Parallel Signature Analyzer (PSA), which are synthesized utilizing 90 nm 
TSMC technology library. These designs are synthesized using RTL compiler to generate area, power and timing results for 

each case. 
 

Keywords - BIST, CUT, LFSR, SISR, SSA, MISR,  DFT 

 

I. INTRODUCTION  

 

The several method for testing must ensure proper 

detection of faulty chips after manufacturing and 

maintain high yield.  Design for testability (DFT) 

refers added hardware that reduces test generation 

complexity help in reducing test application cost [1-

6]. With the ever increase in complexity and density 

of present day integrated circuits the cost of testing is 

becoming significant due to expensive external 
automatic test equipment (ATE). Presently testing 

cost occupies major portion of the overall product 

cost and time i.e. about 60-70% of design process. 

BIST is a one of the useful DFT technique in which 

parts of a circuit are used to test the circuit itself [1], 

[2]. BIST is an on chip circuitry to provide test 

patterns and to analyze output responses. The major 

components of BIST includes TPG, CUT and ORC, 

which can perform test internal to the chip so that the 

need for external testing circuitry which usually cost 

high is greatly reduced.  The BIST reduces testing 
cost as the test is performed at the functional system 

frequency of operation without resorting to an 

expensive automatic test equipment [1]. The circuit 

are designed for two modes of operation i.e. normal 

mode and test mode. In normal mode circuit perform 

the regular function whereas in test mode a set of test 

patterns are applied to CUT and response are 

collected and compressed using ORC to generate a 

golden signature. The signature obtained by 

compacting the responses are then compared with 

fault free responses to determine if the CUT is  faulty 
or fault free.   

In this paper the first design implemented using SISR 

which generates signature for individual output of 

CUT at it consumes large area on chip therefore we 

next implemented SSA, wherein outputs of CUT are 

compressed to a signature using a single SISR as 

explained later in this paper. Finally, we implemented 

a PSA wherein outputs of CUT were concurrently 

compressed to form the final output response [2]. 

In this paper we modelled and verified signature for 

SISR, SSA and PSA  using  Verilog and their 

synthesis are performed using RTL compiler utilizing 

90 nm TSMC technology library to generate area, 

power and timing results for each case. Section II  

describes the general BIST architecture, section III 

describes the proposed BIST design, the result and 

discussion are present in section IV and section V 
concludes the paper. 

 

II. GENERAL BIST ARCHITECTURE 

 

In general BIST is DFT technique where testing is 

carried out using built in hardware components. This 

is a feasible technique as it does not involve any 

expensive external Automatic Test Equipment (ATE) 

rather test pattern are generated by in built testing 

circuit TPG, ORC, Signature and BIST control unit 

(BCU) which take care of mode of operation of BIST 
that is either normal mode or test mode. The BIST 

architecture is shown in figure 1.  

 
Fig - 1BIST Architecture 

 

(A) TPG: It generates test patterns for CUT, which is 

implemented as Linear Feedback Shift Register 

(LFSR). These patterns can be deterministic, 
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pseudorandom and pseudo exhaustive. In our design 

we will be using pseudorandom test pattern generator 
where we get 2n -1 pattern. The selection LFSR based 

on the number of inputs to CUT is described in this 

section. 

(i) Primitive polynomial calculation 

Primitive polynomial is the characteristic equation of 

the LFSR which generates the maximal length 

sequences i.e. k=2n -1, where „n‟ is the number of 

inputs to CUT. Below is the procedure for calculation 

of primitive polynomial, first the (1+xk) polynomial is 

decomposed. The factor that containing both xn and 1 

terms are considered as primitive polynomials.  

 
TABLE 1 

 

(ii) LFSR 
LFSR is most often used as a shift register whose 

input bit driven by exclusive-OR of some bits. 

Pseudo random sequence is generated according to 

the concept of shift generator as shown in figure 2. 

 
Fig2. Linear Feedback Shift Register. 

 

This is a LFSR for 3 bit CUT. The characteristic 

equation as derived in the previous section describes 

the positioning of XOR gates in the structure of 

LFSR. This is an internal feedback modular LFSR 

whose characteristic equation is given by x
3
+x

2
+1 (a 

factor for n=3). Outputs of LFSR are shown in Table 

2. 

 
TABLE 2: LFSR Sequences 

 

S.NO LFSR Output (ABC) 

1 111 

2 110 

3 011 

4 100 

5 010 

6 001 

7 101 

8 111 

 

(B) CUT 

This is combinational can be faulty or fault-free 

circuit to be tested. In this paper CUT is a 

combinational circuit as shown in figure 3, which is 

full adder (generates output „sum‟ and „carry‟) and 
AND operation (generates output Y). For a fault-free 

circuit a golden signature is generated which will be 

compared with signature under single stuck at faults 

at different positions to verify the correctness of the 

CUT.   

 
Fig3. Circuit Under Test 

 

(C) ORC:  This is output response compactor which 

can be implemented as SISR/MISR as explained 

under:  

 

(i)  SISR 

SISR is one of the test response analyzer circuit 

wherein a single input stream of data from CUT is fed 

to one of the inputs of XOR gate and second input 

comes from the output of last flip-flop as feedback. 

The characteristic equation remain same as modular 
LFSR i.e. x3+x2+1 except that there comes an 

additional XOR gate to compress the data coming 

from CUT. SISR is used to compress a single bit 

output of CUT to generate a multiple bit signature as 

shown in figure 4.     

 
 

Fig4. Single Input Signature Register 

 

(ii) Multiple Input Signature Register (MISR) 

MISR are used to compress the multiple output of 

CUT to generate the multiple bit output signature. For 

assumed CUT we had three outputs namely „sum‟, 

„carry‟, „Y‟ which are concurrently fed to one of the 

inputs of XOR gate as shown in the figure 5 and then 

final output response in terms of Q2,Q1,Q0 is seen. 

The advantage of this configuration is that it takes 

less area on the chip as compared to SISR since SISR 

require an individual hardware unit for generating 
signature for each output of CUT. MISR are also 

termed as PSA. 

 

n xk+1 (k=2n-1) Characteristic 

Polynomial 

2 x3+1=(1+x)(1+x+x2) (1+x+x2) 

3 x7+1=(1+x)(1+x2+x3)(1+x+x3) (1+x2+x3) or 

(1+x+x3) 
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Fig5. Multiple Input Signature Register 

 

(D) BIST Control Unit (BCU): 

 It is the main controller of BIST, which controls 

different mode of operation of BIST and generate 

appropriate control signals.    

 

III. PROPOSED BIST DESIGN 

 

(A) SISR based approach:  

The design consists of a LFSR that generates patterns 

for combinational CUT with 3 inputs as shown in 

figure 6. Since our CUT takes three bits as input, so 

according to primitive polynomial calculation theory 
the maximal length for sequence is seven so as per 

Table 1, the LFSR satisfying the one of factor in a 

polynomial equation is chosen to generate patterns. 

The output of LFSR becomes input of CUT. First, to 

generate golden signature the output of LFSR are fed 

as input to fault free CUT and then we place three 

SISR circuits as shown in figure 6. The SISR 

compress the response of each output of CUT and we 

get three golden signatures (one for each of output). 

These golden signatures are then used to test the new 

CUT  i.e. faulty or fault-free.  

 
Fig6. Proposed BIST Architecture 

 

The outputs of three SISR for fault-free CUT are 

indicated in Table 3. The last pattern of LFSR 

(indicated in bold letters) gives golden signature for 

three outputs of CUT i.e. „sum‟, „carry‟ and „Y‟ 

respectively. The golden signature for „sum‟ is „011‟, 

for „carry‟ is „111‟ and for „Y‟   is „011‟ as shown in 

Table 3.  
 

The signature obtained through structural analysis is 

verified mathematically by the given polynomial 

division. Here the signature is verified for „sum‟. The 

characteristic polynomial of LFSR that is x3+x2+1  is 

taken as divisor and dividend is calculated by taking 

output bit stream of „sum‟ as taken from Table 3 i.e. 

„10011101‟ (first bit to last bit). The dividend bit 
stream is represented in decreasing order of 

coefficients i.e. x7+x4+x3+x2+1. Then modulo-two 

addition (modulo two addition is similar to XOR 

where addition of similar term yield „0‟) is done at 

each division step and finally the remainder gives the 

signature for the corresponding output of CUT. The 

remainder is 0.x0+1.x+1.x2 which correspond to 

signature „011‟. This signature matches with the state 

based derived signature as shown in Table 3. The 

polynomial division for fault-free circuit is explained 

in figure 7.  

 
TABLE  3:  LFSR sequence and outputs for fault free circuit 

 

 
Fig7. Polynomial Division of Input sequence with characteristic 

polynomial for   fault-free circuit under Test 

 

Similar verification performed for „carry‟ and „Y‟ to 

obtain signature match for polynomial division 

results. 
To generate faulty signature, a stuck-at-1-fault 

inserted at input „B‟. The circuit was simulated and 

the output responses were recorded as shown in Table 

4. The fault affected all the three outputs of CUT and 

their effect was seen in the signatures produced from 

SISR. These signatures serve as means for 

comparison between faulty and fault-free circuit. The 

signatures are compared with the golden signature 
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International Journal of Electrical, Electronics and Data Communication, ISSN(p): 2320-2084, ISSN(e): 2321-2950 

Volume-7, Issue-5, May-2019, http://iraj.in 

BIST Architecture for Combinational Circuit 

 

4 

and then circuit is considered either faulty or fault-

free depending upon the result of comparison.   
 

TABLE 4. LFSR sequence LFSR sequence for faulty circuit 

(SA1 at ‘B’) 

 

 

Here input stream for output „sum‟ i.e. 10001011(first 

bit to last bit) is written as polynomial x7+x3+x+1. 

This polynomial is divided by characteristic equation 

and the remainder gives the signature corresponding 

to the output „sum‟ of the CUT as shown in figure 8.  

Here the derived faulty signature is x2+x+1 which 
corresponds to „111‟. 

 
Fig8. Polynomial Division of Input sequence with characteristic 

polynomial for   faulty circuit under Test 

 

As seen from Table 3 and Table 4 the signature from 

the last pattern of LFSR sequence does not matches 

with the golden signature, indicating that the circuit is 

faulty. The fault free and faulty signature matches 

with the simulated signatures as indicated in figure 13 

and figure 14.  

 

(B) SSA based approach: 

SSA is another topology for realising the final 

signature of CUT. SISR based approach required 

more logic blocks which increases area on the silicon 

chip. Therefore a new SSA approach  evolve wherein 

outputs of CUT at each clock cycle were 

concatenated and each  output was shifted once to left 

with respect to previous concatenated output and the 

final input stream was generated by doing modulo-2 

addition of all the shifted outputs as presented in 

figure 9. 

 

 
Fig9. Shifting and concatenating of outputs of CUT to form a 

serial stream of input bits. 

 

The CUT was simulated using SSA wherein input 

stream using the process shown in figure 9. The first 

step concatenate each outputs along with previous 

shifted output and performing a modulo-two addition 

to generate a bit stream using LFSR, CUT, a 

concatenation block.  In the second step compress the 

bit stream using SISR as shown in flow diagram as 

shown in figure 10. The process is applied on an 

example as indicated in Table 5. 

 
Fig10. Flow diagram of SSA 

 

First the analysis for „fault free circuit‟ using SSA is 

performed. The final bit stream that is to be fed into 
SISR is generated by doing XOR operation of all the 

shifted sequences. The input stream generated is 

1001011111  (first bit to last bit) as explained later 

Table 5. The input stream with the leftmost bit fed 

first into SISR as show in figure 4 and corresponding 

signature is obtained. The corresponding input 

polynomial obtained is x9+x6+x4+x3+x2+x+1.  
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L 

F 

SR  
output 

(AB 

C) 

S 

U 

m 

C 

a 

r 
r 

y 

Y Concatenated 

output 

Shifted output 

111 1 1 1 111        1 1 1 

110 0 1 1 011       0 1 1  

011 0 1 0 010      0 1 0   

100 1 0 0 100     1 0 0    

010 1 0 0 100    1 0 0     

001 1 0 0 100   1 0 0      

101 0 1 0 010  0 1 0       

111 1 1 1 111 1 1 1        

     1 1 1 1 1 0 1 0 0 1 

Power of „x‟ term 0 1 2 3 4 5 6 7 8 9 

TABLE 5. LFSR sequence and outputs for fault free circuit 

 

L 

F 

SR  

output 

(AB 

C) 

S 

U 

m 

C 

a 

r 

r 

y 

Y Concatenated 

output 

Shifted output 

111 1 1 1 111        1 1 1 

110 0 1 1 011       0 1 1  

011 0 1 0 010      0 1 0   

100 0 1 1 011     0 1 1    

010 1 0 0 100    1 0 0     

001 0 1 0 010   0 1 0      

101 1 1 1 111  1 1 1       

111 1 1 1 111 1 1 1        

     1 0 0 1 0 1 0 0 0 1 

Power of  „x‟ term 0 1 2 3 4 5 6 7 8 9 

TABLE 6. LFSR sequence and outputs for faulty circuit (SA1 at ‘B’) 

 

It is slower since it involves a two-step process in 

first step concatenate each outputs along with 

previous shifted output and performing a modulo-two 

addition to generate a bit stream as shown in Table 5 

and Table 6 . In the second step compress the bit 
stream using SISR. 

The output after sending bit stream 1001011111 to 

SISR circuit will produce the sequence of outputs 

(QA,QB,QC) as 100, 010, 001, 001, 101, 011, 000, 

100, 110, 111 and final signature as „111‟  after 10 

clock cycle.    

Similar analysis for faulty circuit  (i.e. stuck-at-1-

fault inserted at input „B‟)  with SSA is done. The 

input stream generated is 1000101001(first bit to last 

bit) as explained later Table 6. The input stream with 

the leftmost bit fed first into SISR and corresponding 

faulty signature is obtained. The output after sending 

bit stream 1000101001 to SISR circuit will produce 

the sequence of outputs (QA,QB,QC) as 100, 010, 001, 
101, 011, 100, 110, 011, 100, 110 and final signature 

as „110‟  after 10 clock cycle. 

 

(C) PSA based approach: 

PSA is the most area efficient as well time efficient 

topology in testing which uses Multiple Input 

Signature Register (MISR). Unlike in SISR we 

required separate SISR unit for compression of each 

output of CUT, while in PSA multiple outputs are 

http://iraj.in/
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concurrently fed into MISR unit which are then 

compressed to form a single signature. The flow 
diagram representing PSA is shown in figure 11, 

while the structural view of PSA is shown in figure 

12. 

 
Fig11. Flow Diagram of Parallel Signature Analyzer 

 
The structure is analysed for faulty circuit where B 

input is shorted to vdd. In PSA the outputs of LFSR 

are fed into the inputs of CUT. The outputs for PSA 

are shown in Table 7.  
 

 
Fig12. Structural view of PSA 

 

LFSR output 

(ABC) 

Y carry sum MISR 

Output 

(Q2Q1Q0) 
Initialized to 000 

111 1 1 1 111 

110 1 1 0 000 

011 0 1 0 010 

100 0 0 1 000 

010 0 0 1 001 

001 0 0 1 100 

101 0 1 0 000 

111 1 1 1 111 

TABLE 7. LFSR sequence and outputs for fault free circuit 

 

LFSR output 

(ABC) 

Y carry sum MISR 

Output 

(Q2Q1Q0) 

Initialized to 000 

111 1 1 1 111 

110 1 1 0 000 

011 0 1 0 010 

100 1 1 0 111 

010 0 0 1 111 

001 0 1 0 100 

101 1 1 1 101 

111 1 1 1 000 

TABLE 8. LFSR sequence and outputs for faulty circuit  (SA1 at ‘B’)
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From Table 7 shows the final signature as “111” for 

the fault free circuit while the final signature is “000” 
for the faulty circuit as shown in Table 8. The 

functional correctness of PSA is verified using the 

Modelsim simulation as shown later in figure 14 for 

the faulty circuit with SA1 at „B‟. 

 

IV. RESULTS AND DISCUSSION 

 

In this paper BIST architecture for combinational 

circuit has been modelled using Verilog and 

simulated using Modelsim. The logic synthesis was 

done using RTL compiler from Cadence Design Inc. 

utilizing 90 nm TSMC technology library. Using a 3 
bit LFSR test patterns are generated and then applied 

to a combinational CUT. The outputs of CUT are the 

applied to three SISR which in turn generates golden 

signature for the CUT. The golden signature for the 

three outputs is show in figure 13 (appears opposite 

due opposite defined vector) which matches with 

golden signature shown in table 3 which „011‟ for 

„sum‟,  „111‟ for „carry‟ and „011‟ for „Y‟  as shown 

in Table 3. 

 

 
Fig13.  Simulation of BIST Architecture without fault and SISR as response Analyser 

 

Figure 14 shows simulation of PSA, here all the outputs of CUT are simultaneously fed to the inputs of MISR 

and  signature is obtained corresponding to last test pattern of LFSR. The output of MISR maches with „q‟ in 

figure. 

 
Fig14Simulation of BIST Architecture with MISR as output response Analyser 

Table 9 shows RTL compiler results for all the for topologies that is proposed BIST architecture with three 

SISRs, SSA and  PSA.  
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S.No. Parameters BIST  with 3 SISR BIST with SSA BIST with PSA 

1. No. of cells 110 74 63 

2. Cell Area 1206 750 536 

3. Total power (in nW) 18232 13255 11250 

4. Clock period (in ps) 2512 2400 2332 

5. No. of clock cycles 8 8 (for LFSR) + 10 (for SISR) 8 

6. Total time(ps) 8*2512 

=20096 

18*2400 

=43200 

8*2332 

=18656 
TABLE 9. Synthesis Resuls with SISR/SSA/PSA 

 

The results show that BIST with three SISR require 

large cell area and consumes large average power.  

The SSA require intermediate cell area and 

intermediate average power but require large number 

of cycle due to two step tedious process. PSA require 

the least cell area, consume least average power and 

much faster. 

 

V. CONCLUSION 

 

In this paper we presented a BIST based DFT 

approach to test combinational circuits. The BIST 

architecture implemented using SISR, SSA and PSA 

based compactors and process to generate signature is 

explained in each case. The synthesis results for these 

implementations such as area, power and delay are 

compared. The comparison shows that SISR require 

large cell area and consume large average power. The 

SSA require intermediate cell area, consumes 
intermediate average power but it is more time 

consuming. PSA is fastest, require the least cell area 

and consume least power. Thus PSA is most 

economical amongst all three topologies. 
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