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Abstract : The behavior of resistive short defect s in FP GA interconnect s is investigated through simulation and theo2
retical analysis. The result s show that these defect s result in timing failures and even Boolean fault s for small defect

resistance values. The best detection situations for large resistance defect happen when the path under test makes a

v2to2v′t ransition and another path causing short fault s remains at value v. Small defect s can be detected easily

through static analysis. Under the best test situations ,the effect s of supply voltage and temperature on test result s

are evaluated. The result s verify that lower voltage help s to improve detectability. If short material has positive tem2
perature coefficient ,low temperature is better ;otherwise ,high temperature is better.
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1 　Introduction

Short fault s are an important type of manufac2
t uring defect s[1～4 ] . U sing the spot defect model ,it

was shown t hat about 50 % of all fabrication de2
fect s in CMOS circuit s could be categorized as

short s[5 ] . A resistive short is a failure mode in

which t he short connection between two circuit

nodes is resistive ,increasing circuit delay and int ro2
ducing timing fault s. For small values of t he defect

resistance ,t hey even cause hard failures. Unlike an

ASIC ,mo st of t he area of an FP GA is dedicated to

t he routing resources and wires of different

lengt hs ;hence ,short defect s are more probable.

Testing of resistive short defect s in FP GA in2
terconnect s was discussed only in Ref . [ 6 ] ; t he be2
havior of resistive short defect s was st udied

t hrough detailed simulation. Based on t he test vec2
tors applied , short defect s result in timing failures

and even Boolean fault s for small defect resistance

values. The aut hors believed t hat the best detection

sit uation happens when t he pat hs under test are

making simultaneous t ransitions in t he opposite di2
rections. But this conclusion is only suitable for

small defect resistance value ,and yet not for large

resistance value. Thus , t he application of best de2
tection sit uation may be limited.

In this paper ,we addressed t he problem of re2
sistive short defect s in FP GA interconnect s and

drew a conclusion about the best test sit uation dif2
ferent f rom Ref . [ 6 ] based on t heoretical analysis

and simulation result s. Under the best detection

conditions , several improved test techniques were

studied. Test configurations t hat satisfy t he best

conditions are similar to Ref . [ 6 ] ; we did not give

detailed description in order to save space.

2 　Fault model and analysis

2. 1 　FPGA architecture and circuit model

The FP GA model we used is a two dimension2
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al array of configurable logic blocks (CLBs) . CLBs

are connected t hrough switch mat rices and line

segment s. Inside each switch mat rix t here are p ro2
grammable interconnect point s ( PIPs ) and pass

t ransistors cont rolled by user2programmable

SRAM cells. These PIPs provide selective connec2
tivity between pairs of line segment s connected to

t he switch mat rix. The PIP act s as a switch. If t he

switch is closed , t he connection between two lines

is established. Figure 1 shows the architect ure of

Xilinx Virtex FP GAs[6 ] .

Fig. 1 　Virtex FP GA architecture

The resistive short circuit model is shown in

Fig. 2 ,where stuck2on t ransistors are closed PIPs.

The choice of identical inverter paths is because of

buffered segment s and regular st ruct ure of FP GAs

in which identical pat hs under test can be generated

in test configurations[7 ] . We use a simple RC inter2
connect model wit h wire resistances R1 and R2 ,par2

Fig. 2 　Circuit model

asitic capacitances C1 and C2 . Resistive short defect

is marked by Rb .

2. 2 　Static analysis

In t he static analysis ,it is assumed t hat inp ut

signals remain constant and outp ut signals are sta2

ble. Therefore , all interconnect parasitic capaci2
tances and sink capacitances are ignored. When In1

and In2 are bot h high or low ,t he bridge has no im2
pact on the circuit . When In1 is low and In2 is

high ,t he circuit is shown in Fig. 3. A short fault

result s in intermediate voltage levels of bridged

nodes. The logic interp retation of t he intermediate

voltage depends on the t hreshold voltage of driven

inverter . For simplification ,we assume t he thresh2
old voltage of inverter in Fig. 3 to be 50 % V dd . An

accurate theoretical analysis of the static behavior

was provided in Ref . [8 ] .

Fig. 3 　Circuit model when ( In1 ,In2) = (low ,high)

Figure 4 gives the simulation result of Out1

for ( In1 ,In2) = (low ,high) . It is clear when short

resistance is below critical resistance Rc
[9～11 ] t here

is a Boolean fault . According to Ref . [ 12 ] ,10 % of

resistive short s have value of larger t han 1kΩ.

These short s result in critical fault which must be

tested through dynamic analysis.

Fig. 4 　Out1 voltage and short resistance

2. 3 　Dynamic analysis

In the dynamic analysis ,t here are four types of

inp ut signals : high ,low ,rising ,and falling. For t he

sake of detecting delay of Out1 pat h , t he inp ut of

t he pat h must not be constant . There are totally 8

cases of inp ut type combinations for In1 and In2. In
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order to find best test condition , we carried out

HSPICE and theoretical analysis of short2defected

circuit of several resistance values. TSMC 0135μm

BSIM3 model was used t hroughout t he paper . De2
lays of x f rom HSPICE , Tsim ,were listed in Table

1.

The increased delay formula for resistive

bridges[12 ] is

d’ = { - llog2 [ (015 - h) / ( g - h) ] - 1} d1 (1)

where d1 is t he nominal delay of x , l , g ,and h are

chosen according to Table 2 in Ref . [ 12 ] . The de2
lays wit h different inp ut combinations , Tthe ,can be

easily calculated and were summarized in Table 1.

The conclusion f rom HSPICE consist s wit h

t hat f rom t heoretical analysis. As t he result s show ,

for a v2to2v′ t ransition on the Out1 path , if t he

Out2 path remains at value v , it int roduces more

t ransition delay to t he Out1 pat h. However ,if t he

Out2 pat h remains at v′,it speeds up the Out1 pat h

t ransition. When two pat hs are making t ransitions

in t he opposite directions ,it may cause an increased

delay or a decreased delay. When two paths are

making t ransitions in the same direction , delay is

almost same as t hat of no short circuit ,so is not be

listed in Table 1. When Out1 path has a v2to2v′

t ransition and Out2 pat h remains v , t he increased

delay is larger t han t hat for opposite t ransition.

Larger delay means higher detectability. There2
fore ,to maximize t he delay ,t he best2inp ut patterns

for larger resistance value defect are ( rising ,low)

and (falling , high) . As for small resistance value

defect ,we can detect it easily using static analysis.

Table 1 　Delay of x for several short resistance values 10 - 10 s

In1 In2
No short 50000Ω 20000Ω 10000Ω 5000Ω 1500Ω

Tsim T the T sim Tthe Tsim T the T sim Tthe T sim T the Tsim Tthe

Rising

High

Low

Falling

1. 11

0. 99 0. 9 0. 85 0. 70 0. 68 0. 52 0. 45 0. 32 0. 07 0. 07

1. 14 1. 15 1. 16 1. 24 1. 21 1. 39 1. 34 1. 68 1. 95 2. 55

1. 01 1. 01 0. 88 0. 94 0. 71 0. 85 0. 48 0. 74 0. 07 0. 31

Falling

High

Low

Rising

1. 40

1. 42 1. 46 1. 49 1. 57 1. 6 1. 79 1. 79 2. 27 4. 35 4. 76

1. 27 1. 20 1. 14 0. 99 0. 98 0. 83 0. 78 0. 66 0. 51 0. 43

1. 33 1. 33 1. 21 1. 29 1. 1 1. 27 0. 98 1. 40 1. 20 2. 73

　　The fault model in Fig. 2 is t he same as that of

Ref . [ 6 ] , but our conclusion of the best detection

situation is different f rom that of Ref . [ 6 ] . They

drew t heir conclusion only based on Boolean fault ,

but we considered bot h Boolean fault and critical

fault at t he same time. The aut hors of Ref . [6 ] be2
lieved t hat the best detection sit uation happens

when the pat hs under test are making simultaneous

t ransitions in t he oppo site directions. The simula2
tion result s of Ref . [ 6 ] are shown in Fig. 5 in which

Boolean fault s are shown as shaded boxes. For

small resistance value defect ,when In1 and In2 oc2
cur opposite t ransition ,there is a Boolean fault no

matter what In1 is. But for larger resistance value

defect ,no any Boolean fault exist s with all kinds of

inp ut combinations. Thus , t heir conclusion is only

suitable for small resistance value defect , and yet

not for larger resistance value defect .

Fig. 5 　Simulation result s of Out1’s t ransition for dif2
ferent input combinations[6 ] 　(a) In1 = Rising ; (b) In1

= Falling
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Even for small resistance value defect s , t hey

were detected using dynamic analysis[6 ] which is

more complex than static analysis that was used by

us. Therefore ,our best detection condition is much

easily carried out and more efficient than t hat in

Ref . [ 6 ] because we can detect not only small re2
sistance value defect but also larger resistance val2
ue defect .

3 　Dependence on test condition

The objective of t his section is to find depend2
ence of testability on test condition under the best

test patterns. The delay ratio is used as t he detect2
ability met ric[13 ] ,which is the delay of the defective

circuit over t he delay of t he good circuit ; a larger

value means higher resolution in detecting t he de2
lay fault . In what follows ,we carried out t he analy2
sis for ( In1 , In2) = (falling , high) . The analysis

for anot her best pattern ( In1 ,In2) = (rising ,low)

is similar .

From t he circuit analysis in Ref . [ 12 ] , we

found when ( In1 ,In2) = (falling ,high) t he circuit

for Out1 in Fig. 2 can be simplified to t he circuit in

Fig. 6 ,where

Ce = C1 +
( Rn + R2 ) 2

( Rn + R2 + Rb ) 2 C2 (2)

Re = ( R1 + Rp ) ∥ ( Rn + R2 + Rb ) (3)

m =
Rn + R2 + Rb

R1 + Rp + Rn + R2 + Rb
(4)

where Rp and Rn are p ull2up and p ull2down resist2
ances.

Fig. 6 　Approximation circuit model for Out1 when In1

is falling and In2 is high

Define the delay of good circuit at x as d0 ,and

t hat of Fig. 6 as d1 , t he delay ratio d1 / d0 can be

comp uted as

d1

d0
=

Rn + R2 + Rb

R1 + Rp + Rn + R2 + Rb
×　　　　

1 +
( Rn + R2 ) 2

( Rn + R2 + Rb ) 2 ×C2

C1
×

log2
1
2

× 1 -
R1 + Rp

Rn + R2 + Rb
(5)

We assumed R1 = R2 and C1 = C2 ,because short de2
fect s of ten occur between t he metal wires in t he

same layer and FP GA interconnect has t he regular

architect ure. In order to obtain equal rising and

falling time , pMOS and nMOS in t he inverter

should have similar on2state resistances ,i . e. Rn ≈

Rp . Based on t he assumption , Equation (5) can be

approximated to

d1

d0
≈ 1

1 +
1

2 ( Rn + R1 )
Rb

+
Rb

Rn + R1
+ 2

×

log2
1
2

× 1 -
1

1 +
Rb

R1 + Rn

(6)

MA TL AB comp utation result s show delay ratio is

an increasing f unction of ( Rn + R1 ) / Rb .

3. 1 　Dependence on supply voltage

When one decreases supply voltage , Rn is in2
creased. Therefore ,delay ratio under lower voltage

is larger t han t hat of nominal voltage , vice versa.

HSPICE simulations for the circuit model shown in

Fig. 2 wit h various supply voltage values were per2
formed. Figure 7 shows t he resulting delay ratio s

as a f unction of defect size. As we expected ,when

supply voltage (215V) is below nominal voltage ,

t he delay ratio is higher than t hat of t he nominal

voltage (313V) . The improvement is obvious when

defect resistance is below 3kΩ (larger t han 25 %) ,

and maximal improvement is 160 %. Furthermore ,

critical resistance value increases wit h decreased

supply voltage.

3. 2 　Dependence on test temperature

Because interconnect resistance is much smal2
ler t han short defect resistance causing critical

fault s ,according to Eq. ( 8) , dependence of delay

ratio on temperat ure is dominated by material of
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Fig. 7 　Dependence of delay ratio on supply voltage

short defect . If short material has positive tempera2
t ure coefficient , low temperat ure is bet ter ; ot her2
wise ,high temperat ure is bet ter .

For example ,we assumed defect material was

Al that has positive temperat ure coefficient .

HSPICE simulations for the circuit model shown in

Fig. 2 wit h t hree test temperat ure 0 ,25 ,and 100 ℃

were performed. These temperat ures are used in

t he package test s in indust ry[14 ] . Figure 8 shows

t he resulting delay ratio as a f unction of defect

size. As we expected ,t he delay ratio is higher when

temperat ure ( 0 ℃) lower t han room temperat ure

(25 ℃) . The improvement in delay ratio is obvious

when defect resistance below 115kΩ ( larger t han

10 %) ,and maximal improvement reaches 46 %. As

shown in Fig. 8 , critical resistance value increases

with decreased test temperat ure.

Fig. 8 　Dependence of delay ratio on temperature

4 　Examples

To verify t he conclusions above ,we carry out

experiment s for a small ( 500Ω ) and larger

(1500Ω) resistance value defect s , assuming defect

material Al . Simulation result s for different inp ut

combinations are shown in Table 2 ,where B repre2
sent s a Boolean fault . For a 500Ω short defect ,any

inp ut combinations generate Boolean fault s ; so we

can detect it easily using static analysis. For a

1500Ω short defect ,we can find the delay for In2 =

Low ( High) is largest when In1 = Rising ( Fall2
ing) . Therefore , t he best2inp ut patterns for larger

resistance value defect are ( rising ,low) and (fall2
ing ,high) . Simulation result s for a 1500Ω short de2
fect under different test conditions are shown in

Table 3 when ( In1 , In2) = (falling , high) . Lower

voltage and temperat ure are helpf ul to increase de2
lay ,even causing Boolean fault s. Obviously ,t he ex2
perimental result s match t he t heoretical result s

well .

Table 2 　Delay of x with different input combinations

10 - 10 s

In1 In2 500Ω 1500Ω

Rising

High B 01 07

Low B 11 95

Falling B 01 07

Falling

High B 41 35

Low B 01 51

Rising B 11 20

Table 3 　Delay of x under different test conditions

10 - 10 s

Test conditions 1500Ω

Voltage/ V

21 5 B

31 3 41 35

4 31 04

Temperature/ ℃

0 51 05

25 41 35

100 31 55

5 　Conclusion

In this paper , we investigated the problem of

resistive short defect s in FP GA interconnect s. Re2
sult s show small short defect can result in hard

failure and large defect s generate critical fault .

Based on t heoretical analysis and dynamic simula2
tion , we achieved t he best test sit uation different

f rom Ref . [ 6 ] . The best test condition happens

when the Out1 pat h makes a v2to2v′t ransition ,and

Out2 path remains at value v for large resistance
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value defect . And small defect s can be detected eas2
ily t hrough static analysis. Our best detection con2
dition is much easily implemented and more effi2
cient t han t hat of Ref . [ 6 ] because we can detect

not only small resistance value defect but also lar2
ger resistance value defect . Under the best detec2
tion sit uations ,t he effect s of test conditions on re2
sult s were st udied. The result s verify lower voltage

help s to improve detectability. If short material has

positive temperat ure coefficient ,low temperat ure is

bet ter ;ot herwise ,high temperat ure is bet ter .
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改善 FPGA 互连阻性短路的测试能力 3

高海霞 　董 　刚 　杨银堂

(西安电子科技大学微电子研究所 , 西安　710071)

摘要 : 通过 HSPICE模拟和理论分析研究了 FP GA 互连中的阻性短路缺陷行为. 结果表明 ,阻性短路产生了时序

故障 ,小电阻缺陷甚至产生了布尔故障. 对于大电阻缺陷 ,当被测通路进行 v2to2v′转换 ,且引起短路故障的另一条

通路保持 v 值时 ,最好检测方式发生.另外 ,使用静态分析可以很容易检测到小电阻缺陷. 在最好检测方式下 ,评估

了电源电压和温度对测试结果的影响. 结果表明低电压有助于改善测试 ,短路材料有正温度系数时 ,低温测试较

好 ,反之高温测试较好.

关键词 : FP GA ; 阻性短路 ; 检测 ; 改善
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