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Abstract 
This paper documents a novel test method for detection 

of small delay faults in FPGA routing networks. Such 
delays may be caused by resistive open defects, which 
are considered to be major contributions to test escapes. 
According to previous research the form of a test path 

affects the capability of fault detection. In this work, 
detection accuracy is defined, calculated and measured 
in SPICE for test paths with different lengths and number 
of fan-outs. It is shown that the accuracy of detection 
depends on the defect site relative to the point of test 
pattern application.  
Based on the results of the evaluation, test 

configurations are developed that exercise the routing 
network of FPGA by short branched test paths, and a test 
procedure is proposed where test patterns are applied to 
both ends of all bidirectional segments. 
   Comparison with previous test methods shows that the 
proposed method is more accurate, while keeping the 
number of test configurations. More test configurations 
yield improved detection accuracy. 
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1. Introduction 

 
A Field Programmable Gate Array (FPGA) is being 

used in a wide range of commercial applications.  
The main trend in FPGA development has been to 
increase operating frequency and increase the number of 
programmable resources, while reducing transistor sizes. 
However, FPGAs with small and tightly packed 
transistors are more vulnerable to defects in the 
fabrication process. Small defects induce increased 
delays that may fail FPGAs at higher frequencies. In [1] 
it was reported that resistive open defects, i.e. partial 
opens, in vias between each layer are the major type of 
defects escaping tests.  

To assure that FPGA operates correctly at higher 
frequencies, several tests have been proposed to detect 
small defects [2], [3], [4]. These works target defects in 
the routing network of FPGAs since routing occupies 
typically 80% of the FPGA area [5].  

The common approach is to check the delay of the 
segment under test relative to the delay of the fault-free 
segment. The test clock period must allow small delay 
defects on the segment due to process variation. This 
acceptable delay margin determines the smallest delay 
fault that can be detected by the test. [2] introduced 
relative delay measurement by comparing delays of 
identically configured test paths. For absolute delay 
measurement, [3] pointed out that delay margin decreases 
with the length of the test path, and suggested using short 
test paths. [4] observed that delay increase in segments 
with resistive open defects can be boosted by adding 
extra branches to the test path, and proposed a test 
utilizing branched test paths. However, only accuracy of 
defects located in a stem of a test path was considered. 

In this paper, the branch-adding technique is 
developed further through examination of detection 
accuracy in the branches of a test path. Detection 
accuracy is defined as the smallest defect size that can be 
detected. Subsequently, a test is proposed, where all 
segments outside switch matrices are tested by test path 
stems, and segments inside switch matrices are tested in 
both directions. The main contribution is a trade-off 
between detection accuracy and test application time. 

This paper is organized as follows. Section 2 gives 
the theoretical background for the delay testing of FPGA. 
Section 3 defines detection accuracy and shows how it is 
calculated for different defect locations. Section 4 
presents measured detection accuracies from SPICE 
simulation on an FPGA interconnect model. Section 5 
describes the proposed test method, which is evaluated in 
Section 6. Finally, Section 7 concludes the paper.    

 
2. Model of FPGA routing network 

 
2.1 FPGA architecture 
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Figure 1 illustrates the generic FPGA architecture 
used in this paper. It is a symmetrical island-style SRAM 
FPGA, and employs an NxN array of logic blocks 
interconnected by a routing network. On the periphery, the 
array is boarded by input/output blocks. The function of 
each logic block and connection in the routing network is 
selected by configuring SRAM memory cells. 

The routing network consists of global and local 
routing resources. The global resources are comprised of 
parallel wiring channels in the horizontal and vertical 
directions consisting of lines interconnected by 
programmable switch matrices. The channel width 
between neighboring switch matrices is n lines.    

The local routing resources connect logic blocks to the 
line segments in the channels. They include m lines at each 
side of a logic block and programmable connectors.  

All programmable connections are realized by pass 
transistors controlled by SRAM cells. Any path from a 
logic block output to a logic block input emanates from an 
output buffer, passes through some pass transistors and 
ends at an input buffer. The shortest reconfigurable path 
passes through one pass transistor. A fan-out can be added 
to the path either at the local connectors or in the switch 
matrices. The maximum fan-out in a switch matrix is 3 
branches.  

The functionality of the logic block is used for test 
generation and propagation of test responses. Flip-flops 
apply test patterns to the test path, and capture test 
responses. Look-Up Tables (LUTs) configured as 
AND/OR gates combine test responses from several test 
paths.  

The basic idea for delay fault testing given here is 
applicable to more advanced architectures as well, e.g. 
Virtex or Stratix.; as long as they employ several 
combinational logic blocks, and are interconnected by 
switch matrices. 
 
2.2 Delay fault testing 

 
The objective of delay testing is to detect delay faults, 

and ensure that the design meets the desired performance 
specifications. Delay faults are activated and observed by 
propagating signal transitions through the circuit [6]. If a 
signal transition doesn’t appear at the output in time, a 
delay fault is detected on the tested path. Two signal 
transitions are required: low-to-high and high-to low. 

When circuits are designed, they have a delay margin, 
allowing for signals having small delay variations due to 
process variations. Delay margin is the allowable increase 
of the propagation time of a signal above the nominal 
value. A typical delay value margin is 10 % [3]. We used 
this value in our calculations and simulations.   

 

2.4 A model of FPGA interconnect 
 
In our simulations we used a model of FPGA 

interconnect similar to [4], shown on Figure 2. The 
connection between two neighboring logic blocks (LBs) is 
modeled as a line that goes through a pass transistor and 
connects two buffers. The pass transistor may be the 
transistor in a local connection, or in a switch matrix. Extra 
branches are added by switching on other pass transistors 
in the same local connection or switch matrix.  

We assumed zero wire resistance and modelled wire 
capacitance separately for each segment, to be able to 
measure propagation delays more accurately. Capacitor 
Cwire represents total capacitance in each segment. The 
same capacitance value was used for all segments, and all 
transistors were chosen to have equal sizes.  
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Resistive open defects were inserted as extra resistors, 
one at a time, to three different locations: (1) – at the 
output of LB1, in the beginning, or stem, of a test path;  (2) 
– in the branch of the test path just after the fan-out point, 
(3) – in the branch of the test path at the input to LB2 or 
LB4. 

 
3. Detection accuracy 

 
3.1 Definition of detection accuracy 
 

  In this paper, detection accuracy A of a test path is 
defined as the smallest resistive defect size RDEF that can 
be detected by the path. Let T(RDEF, loc), TM and TDO be 
delay of the test path with defect of size RDEF at a location 
loc, the delay margin of the test path and the delay of the 
fault-free path, respectively. The delay fault is detected if 
the delay ratio of the faulty path T(RDEF)/TD0 exceeds the 
delay margin ratio t=TM/TD0. Thus, the detection accuracy 
A(loc) of the location loc is defined as follows: 
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3.2 Simplified view with RC tree structures 

 
We will first study simplified RC structures. In 

particular, we will look for locations of highest sensitivity 
with respect to resistive open defects. We will apply two 
widely used delay models: the Elmore delay formula [7] 
and Penfield-Rubinstein-Horowitz theorem [8]. 

First, let us employ the Elmore delay model [7] of an 
RC chain, see Figure 3. The delay T from the input to the 
output of an N-stage RC chain is computed as: 

1 1
(3.2)

N k

N k m
k m

τ C R
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= ∑ ∑  

Consider a 1-branch shortest test path  (Figure 4a): the 
test path goes through three pass transistors – at the output 
of logic block 1, in a switch matrix and at the input of logic 
block 2. We replace each transistor by a resistor with the 
value equal to its on-resistance and model the test path as a 
3-stage RC chain (Figure 3). For simplicity, we assume 
that all resistors are equal, and all capacitors are equal.   

We notice that equation (3.2) may be written as: 

3 3( ) ( ) (3.3)1 1 2 3 2 2 3T R C C C R C C R C= + + + + +  

The sensitivity of any Ri can be studied. We set all 
capacitances to the same value: Ci =C. Then, after some 
manipulation, (3.3) may be written as: 

(4 ) (3.4)i iT i R C B= − +  
where Ri is any one of the resistances (R1, R2, R3),  

and Bi is the rest of the terms of (3.3), independent of R i.  
If a defective resistance value, δRi, is added to Ri, the 

corresponding increase in delay is given from (3.4) as: 
(4 ) (3.5)i iT i R Cδ δ= −  

Obviously, δTi / δRi is maximum for i=1. When we 
consider Figure 3, (3.5) is in conformance with what we 
expect; a resistance closer to the stem (input) yields a 
bigger IR drop than those far away from the input, and will 
influence the delay value most. 

  Let us simplify more to focus on the effect of a 
defect RDEF (δRi) at various locations. If every pass 
transistor is equal, then we can set Ri = R, which yields T = 
6RC from (3.3). We may then compute the relative delay 
increase due to the resistive change δRi from (3.5): 

/ ((4 ) / 6) / (3.6)i iT T i R Rδ δ= −  
We choose the value δTi /T = 0.1 as the delay margin 

value, as in [3]. Inserted into (3.6), and rearranging, we 
obtain: 

(0.6 /(4 )) / (3.7)iR i Rδ = −  
This δRi is the detection accuracy defined in (3.1).  
Obviously, the best sensitivity, i.e. lowest value of Ri 

before a delay fault of 10% is observed, will be for i=1; 
which is closest to the input (or stem). 

For the 2-branch and 3-branch test paths (Figure 4b, 
4c), we exploit similar RC tree models. The Penfield-
Rubinstein-Horowitz theorem is a generalization of the 
Elmore delay formula, see e.g. [8]. Due to the space 
limitation, we omit the derivation of the detection 
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Table 1. Detection accuracies (A*) per  Ω  
resistance estimated by simple RC tree delay 

models 
Test path type A*(1) A*(2) A*(3) 
1 branch 0.20  0.30  0.40  
2 branches 0.16  0.40  0.80  
3 branches 0.14  0.50  1.00 



accuracies for the test paths with 2 and 3 branches. We 
obtain similar dependency between a Ri and the delay for 
corresponding test paths. This equation may be written as: 

/ ( ) / (3.8)i iT T k i R Rδ δ=  
where k(i) can readily be found in a similar manner as for 
(3.6). (3.8) may be used to compute an equation for δRi, 
the margin for 10% delay increase. 

These RC delay models yield the figures in Table 1. 
We observe that the best detection accuracy (lowest 
resistive value) is obtained when employing 3 branches 
with defect location 1. In general, it appears that defect 
location should appear as close to the test path source 
(stem) as possible.  

In the next section, we will use SPICE simulations to 
verify that Table 1 in fact shows the correct tendencies of 
accuracy with respect to defect location and the number of 
branches activated. 

 
 

4. SPICE simulations and measurements 
 

We performed SPICE simulation on the interconnect 
model of Figure 2. During the simulation, low-to-high and 
high-to-low voltage transitions were applied to the buffer 

of LB1 and the delay was measured at the outputs of 
branch buffers. The detection accuracy was found by 
adjusting defect resistance until the increase of the delay of 
the path became equal to the delay margin of 10 %.  

Figure 5 and Table 2 show the measured delay ratios 
and detection accuracies for test paths with 1, 2, and 3 
branches. For defects in the stem of the test path (Figure 5, 
top) it can be seen that adding extra branches increases 
detection accuracy, in conformity with the results in [4] 
and our calculations (Table 1). Test path with 3 branches is 
the most optimal. However adding longer branches gives 
less increase in delay ratio than adding shorter branches.  

For defects in the branches (Figure 5, bottom), 
detection accuracy decreases as the distance from the fan-
out point becomes larger. When the defect is located in 3, 
the detection accuracy is the lowest. Best detection 
accuracy is achieved for the test path with 1 branch. This 
result also supports our calculations (Table 1). 

Another interesting observation can be made for the 
case of 1-branch test path (Table 2): the detection accuracy 
is the highest for defects located in the beginning of the 
path. This has a useful consequence. If defects located in 
the end of a test path can be retested such that they appear 
in the beginning of a test path, the accuracy of test can be 
improved. We employ this technique in our novel test 
presented in the next section.   

Note that there is a difference in measured detection 
accuracies for the low-to-high and high-to-low transitions. 
It may be caused by the use of equal sizes for p- and n-
transistors, or by varying on-resistance in the pass 
transistors. We are in progress of investigating this.   
 
5. A novel test method 

 
In this section we develop a new test method based on 

our observations and previous work.  
 

5.1 Accurate test  
 
From previous work we know that short test paths has 
better detection accuracy than long test paths, and that 
adding extra branches to a test path increases detection 

Table 2. Measured detection accuracies (kΩ) 
A(1) A(2) A(3) Test path type 

LH HL LH HL LH HL 
1 branch 6 2 6 2 7 6 

2 branches 3 2 7 2 7 6 
3 branches 2 1 6 2 6 9 

LH / HL =  low-to-high / high-to-low transition 
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accuracy of the stem of the test path. We combine these 
techniques and use short test paths with 1, 2 or 3 branches 
to test all segments of the FPGA routing network.  The 
shortest reconfigurable test path starts at the output of a 
flip-flop in a logic block and ends at the input to a flip-flop 
in the neighboring block. Each test path goes through one 
switch matrix, where fan-out can be added. We consider 
all possible cases for the fan-out in a switch matrix.  

Our calculations and simulation showed that in 
contrast to detection accuracy in the stem of a test path, 
detection accuracy in the branches becomes worse when 
extra branches are added. We therefore test all segments 
outside switch matrices by test path stems.  

Segments inside switch matrices cannot be tested by 
stems of the shortest test paths, as shown on Figure 6. 
Instead we utilize bidirectional test for this purpose. Our 
results showed that detection accuracy becomes better 
when defect location moves towards the point where test 
pattern is applied (Table 1). By testing switch matrix 
segments in both directions we ensure that the detection 
accuracy in this part of the routing network is always close 
to the detection accuracy of the stem.  

Test application time in FPGA is dominated by the 
time of loading a configuration into FPGA. To reduce the 
total number of test configurations, as many segments as 
possible must be tested in the same test configuration.  

The detailed steps of how it was done are explained 
below.  

 
5.2 Test configurations 

To find the minimum number of test configurations 
for each type of test path, first the requirement of 

 complete test coverage was fulfilled, i.e. the 
requirement that all segments in 

FPGA routing network must be tested. This was done 
by starting with finding the complete test for the segments 
inside a switch matrix, separately for the case of 1-branch, 
2-branch and 3-branch test paths. Because any test path 

goes through a switch matrix, this approach usually gives 
almost complete test coverage also for the segments 
outside switch matrices [9] [3] [10]. 

Next, all switch matrices of the FPGA were identically 
configured and tthe maximum number of switch matrices 
that can be tested at the same time was identified. This 
number was limited by the number of available lines in the 
routing network of FPGA and represented one test 
configuration. The procedure was then repeated for the 
remaining switch matrices and switch matrix 
configurations until all of them were covered. 

Next, the test was extended to satisfy the requirements 
of the accurate test (Sec. 5.1). This was done by rotating 
and mirroring the initial test configurations for the 2-
branch and 3-branch test paths. In the case of 1-branch test 
path, no extra configurations were needed. 

Figure 7 shows the resulting test configurations for 1-
branch, 2-branch and 3-branch test paths, respectively. 
Test paths are connected together in chains from primary 
inputs to primary outputs. Logic blocks combine and 
forward test responses. Logic blocks with one input 
implement the identity function. Logic blocks with two 
inputs implement the AND function during rising delay 
fault test, and the OR function during falling delay fault 
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test.  
In total, 8 test configurations were achieved for the 1-

branch case, 32 test configurations for the 2-branch case 
and 32 test configurations for the 3-branch case. They can 
be directly derived by shifting and rotating the test 
configurations on Figure such that all switch matrices and 
switch matrix directions are covered. The test has 100% 
segment delay fault coverage.  

 
6. Comparison to previous methods 
 
In this section, the proposed test method is compared 

to the two previous methods mentioned in the introduction. 
In the first method [3], all segments of the routing 

network are tested by 1-branch shortest test paths between 
two flip-flops. The detection accuracy of the test path is 
the same as in our test (Table 1). However, in [3] test 
patterns are applied only in one direction. As a result, 
around 30 % of the routing network is tested with detection 
accuracy of defect location 3. In our bidirectional test these 
parts are tested with detection accuracy of defect location 
1, giving an improvement in test accuracy as shown in 
Table 3.  
 For complete test of an XC4000 like FPGA 
architecture having n = 8 global lines and 2 local input 
lines, the same number of test configurations, 48, are 
required for both [3] and the proposed method.  

 

In the second method [4] [10], test paths span over 6 
switch matrices, and can have 1 or more branches. Using 
analysis similar to that in Sec. 3.2 we calculated detection 
accuracies for the test paths with 1-, 2 and 3 branches and 
compared them to the detection accuracies in the proposed 
test (Table 1). The results showed that the proposed test is 
more accurate (Table 4). The improvements come from 
bidirectional application of test patterns and use of shorter 

test paths. 
However, the number of test configurations has 

grown. In [4], 8 test configurations were required to test 
the whole FPGA for all cases of branched test paths. In the 
proposed test method 8 test configurations for the 1-branch 
test path, 32 test configurations for the 2-branch and 3-
branch test paths are needed. The gain is the improvements 
in detection accuracy discussed above, ranging from 33% 
to 83 %. The real increase in test time is not known until 
we find the total test time. However, we expect the real 
increase in test time to be modest. For any particular 
FPGA, test times can be estimated, and the user may find 
out whether our method is worth while employing.   
  
7. Conclusion 

 
In this paper a new test method was developed for 

delay faults in the routing network of an FPGA that targets 
small resistive open defects. This approach is based on 
short branched test paths and bidirectional application of 
test patterns. With the proposed test 30 % of all segments 
in the routing network can be tested at 66,7 % better 
detection accuracy compared to the test by short test paths 
with one-directional application of test patterns. At the cost 
of four times more test configurations, detection accuracy 
of the branch-adding technique can be increased by more 
than 50 % for the 2-branch and 3-branch test paths.   
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Table 4. Improvement of detection accuracy 

Loc 1 Loc 2 Loc 3 Test path 
type 

A1 (A1-A) 
/A1 A1 (A1-A) 

/A1 A1 (A1-A) 
/A1 

1 branch 0,30 33,3 % 0,72 58,3% 3,60 83,3% 
2 branch 0,40 60,0% 0,96 58,3% 4,80 83,3% 
3 branch 0,48 70,4% 1,16 56,8% 5,80 82,8% 

A1 = calculated detection accuracy for the test paths in [3] 

Table 3. Improvement of detection accuracy 
Defect  loc. Loc 1 Loc 2 Loc 3 

(A0-A)/A0 0 % 0% 66,7% 
A0 = calculated detection accuracy for the test path in [2] 

 


