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Abstract— This paper describes an on-chip test generation method for functional broadside tests.The hardware was based 
on application of primary input sequences in order to allow the circuit to produce reachable states.Random primary input 
sequences were modeled to avoid repeated synchronization and thus yields varied sets of reachable states by implementing 
a decoder in between circuit and LFSR.The on-chip generation of functional broadside tests require simple hardware and 
achieved high transition fault coverage for testable circuits.Further,power and delay can be reduced by using Bit Swapping 
LFSR(BS-LFSR).This technique yields less number of transitions for all pattern generation.Bit-swapping(BS) technique is 
less complex and more reliable to hardware miscommunications. 
 
Index Terms— Built-in test generation, functional broadside tests, reachable states, Bit Swapping LFSR(BS-LFSR). 
 
I.  INTRODUCTION 
 
Testing of a circuit becomes complex when it is 
tested in non functional mode. Detection of faults 
during non functional mode can be termed as over 
testing which is not desirable. This process consumes 
a lot of power than the power consumed while testing 
the design during functional operation. If an arbitrary 
state is used as scan-in state, a two-pattern test can 
bring the circuit under test through state transitions 
which can’t occur during functional operations. In 
non functional mode as current requirement is 
highthan the current required in functional operation 
may cause voltage drops which may slow down the 
speed of the circuit and also may fail. In order to 
avoid such type of cases functional mode is very 
useful for testing the circuit.  
Functional broadside tests are the tests that are 
applied to the design during its functionality and 
produce a reachable state to detect the faults present. 
As broadside tests, they operate the circuit in 
functional mode for two clock cycles after an initial 
state is scanned in. This results in the application of a 
two-pattern test. Since the scan-in state is a reachable 
state, the two-pattern test takes the circuit through 
state-transitions that are guaranteed to be possible 
during functional operation.  Delay faults that are 
detected by the test can also affect functional 
operation, and the current demands do not exceed 
those possible during functional operation.  This 
alleviates the type of overtesting. In addition, the 
power dissipation during fast functional clock cycles 
of functional broadside tests does not exceed that 
possible during functional operation. 
There are different procedures for test generations 
for functional and pseudo-functional scan-based 
tests were described in [1]. Functional scan-based 
tests use only reachable states termed as scan-in 
states.  Pseudo-functional   scan-based   tests use 
functional constraints to avoid unreachable states 
that are captured by the constraints. 

This built-in generation of functional broadside tests   
reduces the test data volume and also improves test 
speed   application. Test generation methods used 
for finding delay faults, such as the ones described 
in [2] do not impose any constraints on the states 
used as scan-in states. Experimental results show 
that an arbitrary state cannot be used as a scan-in 
state as it cannot produce a reachable state. The on-
chip test generation method from uses pseudo-
functional   scan-based tests. These tests are not 
useful to avoid unreachable states as scan-in states.  
The work showed in this is to produce only the 
reachable states and their usage. 
But it is very clear that the delay fault coverage  
achieved using functional  broadside  tests is 
normally, lower than the coverage achieved  using  
arbitrary  broadside  tests  and pseudo-functional 
broadside tests described in [3]. The main reason is 
that the functional broad side tests avoid the 
unreachable tests, where as the other methods 
cannot avoid the unreachable states. However, the 
tests that are needed for achieving  this higher fault 
coverage are also ones that can cause overtesting. 
They can also dissipate more power than possible 
during functional operation. Only functional 
broadside tests are considered in this work. 
Under the proposed on-chip test generation method, 
the circuit is used for generating reachable states 
during test application. This alleviates the need to 
compute reachable states or functional constraints by 
an offline process. The underlying observation  is 
related to one of the methods used for offline test 
generation, and is the following. 
Initially if a primary input sequence say H which is 
applied in functional mode starts from a reachable 
state, then all the states that can be produced using H 
will also become reachable states. Now the on-chip 
test generation using this sequence H achieves high 
fault coverage. But the number of faults E will be 
generally high. Let it be represented in |E| as 
magnitude form. So the reachable states produced 
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using H  may not achieve the complete fault 
coverage, but may be closer to |E|. 
The hardware used in this paper for generating  the 
primary input  sequence H  consists  of a linear-
feedback  shift-register (LFSR) as a random source 
[4],and some gates of some required number in order 
to make the sequence compatible with the design. 
The usage and application of thisgates should be such 
that the further produced sequences should be 
synchronization free. This is termed as avoiding 
repeated synchronization. The advantage of this is to 
produce different types and patterns of reachable 
states. The required parameters are the following 

1. The number of LFSR bits. 
2. Primary input sequence length H. 
3. The specified gates used to modify the LFSR 

sequence in to sequence H.     
4. Seeds for the LFSR in order to generate 

several primary input sequences and several 
subsets of tests. 

 
The on-chip test generation hardware is based on 
the one de- scribed in [4]. It differs from it in the 
following ways. 
1)The logic that is used to produce the primary 
input sequence H  designed such that the LFSR 
should have the length of atleast  n + mod  bits, 
where n is nothing but the length of the primary 
input sequence of the design and mod  is the mod 
value of the input sequence H. For example if input 
bit sequence H is 4 bit length then n value is 4 and 
mod value is 2. 
And now the total LFSR length required is 6.Here 
the MSB  n  value is  used to apply the input to the 
design and the LSB  mod  value is used to modify 
the sequence H. Due to this some sequences are 
just the shifted values of the previous ones which 
introduces some dependencies. 
In order to reduce the above dependencies 
disadvantages the minimum length of the LFSR 
should be (d.n) bit  where  d  > mod. So on 
considering the above example the minimum 
length of the LFSR here should be (3.4) =12, 
where 3 > mod(2)  and length of primary input 
sequence is 4.This is the minimum length required 
for an LFSR to produce the tests in order to avoid 
synchronization problems as dependencies of the 
patterns on the shifted values of the preceding 
ones. The unused values in (d.n) length of the 
LFSR are used to avoid the synchronization 
problems. Due to this it is possible to produce 
many reachable states using the primary input 
sequence H. In addition to this other parts of 
hardware used for test generation can be simplified 
with the design, as discussed below. 
2)  The test patterns generated are of different 
length to control the number of tests applied to the 
circuit. But in this paper the tests are of uniform 
length so that the entire process is uniform. The 
hardware used for the test generation is simple and 

fixed here and generates the sequences which can 
be stored on-chip. 
When the circuit under test which is to be tested is 
embedded in a large design then there may be a 
chance that its primary inputs may be driven by 
some other logic blocks and also the primary 
outputs of this circuit under test may drive another 
logic block. Functional constraints on primary input 
sequences can be accommodated in one of the 
following ways. 

1. The logic used for producing the primary 
input sequence H can be extended in order to 
support the functional constraints. 

2. A separate logic block can be used to modify 
H in order to satisify the functional 
constraints. 

 
This paper is organized as follows.  Section II gives  
an overview of the on-chip generation and 
application of functional broadside  tests.  Section 
III describes the details. 
 
II. OVERVIEW 
 
This section gives an over view regarding the one 
chip generation of functional broad side tests. 
The below is the design which we are testing in this 
paper.I0,I1,I2,I3 are the inputs i.e of 4 bit length. 
Three flipflops shown in the design represent the 
state of the design. 
The initial state of this design will be 000 which is 
achieved by asserting a reset input. The initial state 
can be represented 

Fig.1.Circuit under test 
 
by sr. The functional operation starts by assuming 
the from the state sr. 
The state changes from sr  to  si on application of 
primary input sequence to the input pins mentioned 
above, H=a(0)a(1) ….a(L-1) of length L in 
functional mode. The design reaches from state sr  to  
su  at time unit u, where 0 ≤  u ≤ L.So s(0)=sr. 
Therefore every state s(u)  can be used as intial state 
for a broad side test t(u) = (s(u),a(u),a(u+1)).By 
using a(u) and a(u+1)  for a single it is possible to 
detect the synchronization problems while testing. 
For illustration consider the below table.Table1 
yields the functional broadside tests as t(0) = 
(000,0100,1011),t(1) = (101,1011,1000) …..,t(14) = 
(101,1011,1100).So it can be formulated as t(u) = 
(s(u),a(u),a(u+1)).At time unit u the circuit is in 
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state s(u).A fault can be detected in one of the 
following two ways. 
 

 
 

1. Based on the primary output vector z(u+1) 
obtained in response to a(u+1),if this vector is 
different from the expected fault free primary 
output vector. 

2. Based on the final state s(u+2) of the state, if 
this state is different from the expected fault 
free state. 

 
It should be noted that the tests starting in two 
consecutive time units, u and u+1,are overlapping in 
the following sense. Application of t(u) takes the 
circuit through states s(u),s(u+1),s(u+2).Application 
of t(u+1) takes the circuit through states 
s(u+1),s(u+2),s(u+3).Application of both t(u)  
and t(u+1) require special hardware to bring back the 
circuit 
To state s(u+1) after t(u) is applied. To avoid the 
need of this hardware, the proposed test generation 
hardware applies subsets of non-overlapping tests of 
the form {t(u0),t(u1),…,t(uk-1)},where ui+1 < ui+1 for 0 
≤ i <k – 1. 
 

TABLE II Parameters 

 
 
III. ON-CHIP GENERATION OF 
FUNCTIONAL BROADSIDE TESTS   
 
This section describes the on-chip generation method 
of functional broadside tests based on the concepts 
discussed in Section II. 

A. Primary Input Sequence H 
The easiest way to generate the input sequences is to 
use a LFSR. The input sequence brings the circuit 
from a known state sr to the set of reachable states. 
Let a primary input cube c synchronizes a subset of 
state variables S(c) if the following conditions are 
satisified. Let c be applied to the circuit whose intial 
states are unknown. Then this cube brings the circuit 
to a next state termed as s, and the values specified in 
s can be included in S(c). 
Let us consider the example that is present in this 
paper i.e S27 circuit. Let the primary input cube 
applied to it be I0I1I2I3 = 0xxx and the initial state be 
y0y1y2 = xxx, results in the next state Y0Y1Y2 = 0xx i.e 
synchronizing the state variable y0.Similarly,if an 
input cube I0I1I2I3 = xx1x is applied in present state 
y0y1y2 = xxx results in the next state Y0Y1Y2 = 
xx0,synchronizing the state variable y2. 
A primary input cube c having less number of 
specified values is likely to appear repeatedly in a 
random primary input sequence H.If this happens the 
state variable in S(c) assume that the same values are 
repeated in H.This prevents the circuit from entering 
in to some reachable states and then reduces the 
ability to detect faults resulting in less fault coverage. 
The on-chip test generation hardware uses c for the 
generation of H = a(0)a(1)a(2) …..a(L-1) as follows. 
For a circuit with n primary inputs and for parameters 
d and mod such that d > mod, the hardware includes 
a (d.n) – bit LFSR. 
Here the LFSR is clocked for every L cycles to 
produce a sequence of length L.  
At every time unit u of the LFSR sequence, every d 
consecutive bits of the LFSR are used to produce one 
primary input value. Let us consider the state of 
LFSR at time unit u be lfsr(u).Let the value of bit I of 
the LFSR at time unit u lfsr(u,i).The value a(u,0) of 
the primary input I0 at time unit u is based on 
lfsr(u,0),lfsr(u,1),….lfsr(u,d-1).And similarly the 
value of I1 at time unit u is based on 
lfsr(u,d),lfsr(u,d+1),…,lfsr(u,2.d-1).It can be written 
as below in general,the value of a(u,j) of the primary 
input Ij is based on on lfsr(u,j.d), 
lfsr(u,j.d+1),…,lfsr(u,(j+1).d-1) using the following 
rules. 
We need to generate 4 bits for every test pattern 
produced and care is taken such that dependency of 
each bit is reduced on its adjacent bit.For this we are 
doing the following. 

 
1. The first bit produced is mostly seen to be 0  

by using an “AND” gate.This gate increases 
the chance to produce the bit “1”. 

2. The second and fourth bit could be any either 
0 or 1.For this the values are just used by a 
wire without using any modifying logic as 
seen above. 

3. The third bit is seen to be “1”.For this we are 
usind an OR gate which increases the 
probability to get the value as “1”. 
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So from above we can observe that the values 
adjacent to each other being equal have the 
probabilities less than or equal to 50% only. 
With this above implementation we can reduce the 
dependencies between the values of different primary 
inputs further. 
 

 
Fig. 2.  On-chip generation of Input sequence H .  

 
Let us see the illustration from Fig 2. The hardware 
used for s27 with parameters d = 3 and mod = 2, n = 
4 and c = 1x0x.Here c(0) = 1,c(1) = x,c(2) = 0,c(3) 
= x.Since c(0) = 1,an OR gate is used to produce 1 
which increases the probability of getting 1 for I0.So 
bits 0,1,2 of LFSR are used to produce I0.Bit 2 of 
LFSR reduces the dependencies between the I0 and I1 
values. 
Bits 3,4,5 of LFSR are used to produce the value of 
I1. As the value of c(1) is x so just the bit 3 is driven 
directly to deduce the value of I1.Bits 4,5 reduce the 
dependencies between the values of I1 and I2. 
Bits 6,7,8 are used to produce the value of I2.The 
value of c(2) mentioned is 0.So and gate is used to 
increase the probability of producing the value as 
0.Bit 8 is used to resuce the dependencies between 
the values of I2 and I3. 
Bits 9,10,11 of LFSR are used to produce the value of 
I3.For I3,c(3) = x.So the bit 9 of LFSR is driven 
directly to produce the value for I3. 
In general,if there are N primary inputs Ij with c(j) ≠ 
x,the implementation illustrated by Fig.2 requires 
a(d.n)- bit LFSR,and N AND or OR gates with mod 
inputs. 
Here in this paper the seed used in this pattern  for 12 
bit LFSR is x10 + x7 + x5 + x3 + 1 i.e the seed used is 
010 011 101 111.  
 
B. Test Selection 
This subsection describes the selection of the 
functional broadside tests that will be applied based 
on a primary input sequence H.In order to detect the 
set of target faults F the tests should be applied at 
time units U = {u0,u1,u2,…,uk-1} and apply a test set 
T(U) = {t(ui) : ui ϵ U},where t(ui) = (s(ui),a(ui),a(ui + 
1)) where the tests should be non overlapping i.e ui 
+1 < ui+1 for 0 ≤ I < k-1. 
Here in this paper all the tests produced T(U) are 
applied consecutively i.e tests applied are multiples 
of 1 as we considered sel line value as 0 i.e tests are 
applied according to the 2sel.Here it is 20 = 1.If sel 
line value = 2 then tests are applied at time units  
which are multiples of 4 as 22 = 4. 

C. Selecting Seeds 
Different seeds yield different primary sequences and 
different tests. So different seeds are needed to 
increase the fault coverage. The process in this for 
selecting seeds is as follows. 
1)  Let F = set of target faults.For i = 0,1,2,… Let a 

seedi is a random seed computes the primary input 
sequence Hiand finds the subset of  tests Ti(U).If 
any faults are detected ,it stores the seedi in a set 
denoted “SEED”.It then continues to consider 
additional seeds until the last Q seeds do not 
improve the fault coverage,for a constant Q. 

2)  Set of SEED = {seed0,seed1,…,seedk-1} with 
corresponding     sequences H0,H1,…,Hk-1. And 
subsets of applied tests T0(U),T1(U),…,Tk-1(U).If a 
fault is detected by Ti(0) then generally seedi is 
stored.But the same fault is detected by seedi+1 then 
the seedi  is not considered. 

3)   If a fault F is detected by seedi from test Ti(U) 
then det(f) = I i.e validi = 1for 0 ≤ i < k for i = 
0,1,…k-1.Now another seedj  is considered for j ≠ 
i,it is tested by subsets Tj(U) and validj = 1.This 
process continues until the fault is 0,i.e validi = 
0.Here the seed used in this pattern  for 12 bit 
LFSR is x12 + x7 + x4 + x3 + 1 i.e the seed used is 
101 011 100 100. 

 
The patterns generated can be shown from the 
TABLE III below. 

 
TABLE III – LFSR SEQUENCE FOR S27 

 

 
 

D. Selecting Parameters 
The parameters are L,d,mod,sel. 

1. Mod: It is generally used to modify the input 
vector.It is normally 3 or 4.The values other 
than 3 or 4 reduces the fault coverage.Mod 
value used in this paper is 2. 

2. L: This value is normally high as it depends 
on length of primary input sequence H and 
mod value. The higher the value of L then 
the fault coverage will also be high. 
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3. d:This value is higher than that of mod 
value.As this value increases the fault 
coverage also increases.d value used in this 
paper is 3 which is greater than mod 
value=2. 

4. sel:The value of sel used here is 0.As its 
value increases the fault coverage will be 
decreased as the number of tests applied to 
test the circuit will be reduced. 

 
ANALYZING THE POWER AND TIMING 
REPORTS WITH AND WITHOUT BS-LFSR 
 
Bit Swapping – LFSR: 

 
Fig – 3: BIT SWAPPING LFSR 

 
For every primary input sequence we need its 
corresponding LFSR sequence. The main advantage 
of this bit swapping LFSR is generation of the 
primary input sequence can be done just by swapping 
the previously generated patterns. So these type of  
patterns need not require the LFSR pattern which 
ultimately reduces time and power. We finally get  
more number of patterns by using less number of 
LFSR sequences. 
Structure and Working: The bit – swapping 
LFSR(BS-LFSR) is composed of an LFSR and a 2 x 
1 multiplexer. It is used to generate test patterns for 
scan-based built-in self-tests, which resuces the 
number of transitions. The proposed BS-LFSR 
generates the same number of 1’s and 0’s at the 
output of multiplexers after swapping of two adjacent 
cells, hence the probabilities of having a 0 or 1 at a 
certain cell of the scan chain before applying the test 
vectors are equal.Hence the proposed design retains 
an important feature of random TPG. 
In the BS-LFSR, consider the case that c1 will be 
swapped with c2 and c3 with c4, cn – 2 with cn – 1 
according to the value of cn which is connected to the 
selection line of the multiplexers. In this case, we 
have the same exhaustive set of test vectors as would 
be generated by the conventional LFSR, but their 
order will be different and the overall transitions in 
the primary inputs of the circuit under test will be 
reduced. 

IV EXPERIMENTAL RESULTS  
 
The timing and power reports are observed using 
Synopsys DC compiler. 
The clock period used here is 30 ns.Operating 
voltage is 0.7v. 
Capacitance is 1.000000ff.Time unit is 1ns.Dynamic 
Power units are 1uW.Leakage Power units are 1 pW. 
 
Timing and Power Reports without BS-LFSR 
Timing Report 

 
 
Power Report 
 
Cell internal power    =  3.3720 uW (75%) 
Net switching poer     =  1.5127 uW (25%) 
                                     ----------- 
Total dynamic power =  4.8848 uW (100%) 
Cell leakage power     =  3.9948 uW 
 

 

 
 
Timing and Power Reports with BS-LFSR 
Timing Report 

 
 

Power Report 
 

Cell internal power    =  3.0548 uW (69%) 
Net switching power     =  1.3471 uW (31%) 
                                     ----------- 
Total dynamic power =  4.4019 uW (100%) 
Cell leakage power     =  3.6123 uW 
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On comparing both results in Power – power has 
been  reduced. Coming to timing it has been reduced 
by 3ns.There is a negative slack for the data arrival 
time in both the reports which  can be reduced by 
reducing the clock frequency.The time period of 
clock used here is 30ns.It can be increased to 40ns 
approximately in order to obtain positive slack for 
data arrival time. 

 
CONCLUDING REMARKS 
 
This paper describes an on-chip test generation  
method for functional broadside tests.The circuit 
which is to be tested is fed with a primary input 
sequence starting with a known   reachable state.This 
further produces additional reachable states.The 
sequences from LFSR are modified to avoid 

repeated synchronization and yield sets of reachable 
states. 
Two-pattern tests were obtained by using pairs of 
consecutive time units of the primary input 
sequences. The hardware structure was simple and 
fixed, and it was tailored to a given circuit only 
through the following parameters: 1) the length of 
the LFSR used for producing a random primary input 
sequence2) the length of the primary input sequence 
3) the specific gates used for modifying the random 
primary input sequence 4) the seeds for the LFSR.5) 
Functionality of BS-LFSR is seen and the reports 
generated by using BS-LFSR are better that the 
reports generated in its absence. 
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