SPECIAL SECTION ON COMPLEX SYSTEM HEALTH MANAGEMENT BASED ON

CONDITION MONITORING AND TEST DATA

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received January 29, 2017, accepted February 27, 2017, date of publication March 8, 2017, date of current version April 24, 2017.

Digital Object Identifier 10.1109/ACCESS.2017.2679223

Impact of Electrical Contact Resistance on the
High-Speed Transmission and On-Line Diagnosis
of Electrical Connector Intermittent Faults

QINMU SHEN, KEHONG LV, GUANJUN LIU, AND JING QIU

Science and Technology on Integrated Logistics Support Laboratory, College of Mechatronic Engineering and Automation, National University

of Defense Technology, Changsha 410073, China
Corresponding author: J. Qiu (qiujing16@sina.com)

This work was supported by the National Natural Science Foundation of China under Grant 61403408.

ABSTRACT Electrical connectors are widely used in many kinds of main equipment. It is very difficult,
costly, and time consuming for the off-line diagnosis of intermittent faults (IFs) in connectors. To realize
the on-line diagnosis by the traditional method, the voltage drop between two ends of the connector should
be measured continuously at a high sample rate. This continuous measurement requires enormous testing
resources, which is impractical in engineering fields. To solve this problem, this paper proposes an on-line
diagnosis method in condition of the single-end test for the electrical connector IFs. To determine the fault
threshold of the electrical contact resistance (ECR), first the impact of the ECR on high-speed transmission
is studied, and then the connector fault feature in condition of the single-end test, which is called the insertion
loss increment (ILI), is extracted. The measurement method of the ILI is also presented. Based on the
above analysis, an ILI-based on-line diagnosis method for the connector IFs is specified. According to the
qualitative and quantitative tests, the proposed diagnosis method is verified. The verification results show
that the cumulative insertion loss increment, which is calculated from the ILI can truly exhibit the variation
of ECR, and the error of the ILI-based diagnosis method is only about 1%.

INDEX TERMS Electrical connector, electrical contact resistance, high-speed signal, intermittent fault,

on-line diagnosis.

I. INTRODUCTION

The occurrence of intermittent fault (IF) is prevalent in vari-
ous products, which will result in high maintenance costs and
safety risks. IFs can cause no fault found (NFF), erroneous
removal (ER), retest OK (RTOK) and other maintenance
problems [1]. In 2012, a survey among 80 aerospace orga-
nizations showed that the IF was the main cause of NFF [2].
The NFF problem has become the highest cost source in the
maintenance of aerospace equipment [3], [4].

As the fundamental electromechanical element, the electri-
cal connectors are widely used to transmit electrical signals in
different devices, systems and main complicated equipment.
The fault of electrical connector is a widespread problem.
Almost 70 percent of system failures are owing to the faults
of elements, forty percent of which are owing to the faults of
electrical connectors [5]. A field survey of warship faults
performed by the authors shows that the interconnect faults
account for more than 30% of all faults. Connector faults can

result in serious problems, especially with their applications
in aerospace, ship, submarine, high-speed rail and other
complex fields.

The electrical connector IF is also called as the intermit-
tence [6]-[8], which is fairly common [9]. The electrical
connector IF is one of the main sources of NFF problem [10].
The fretting that can be induced by vibration is one of the
main causes of electrical connector degradation. Since the
important influence of fretting was elaborated by Bock and
Whitley [11], many researchers have studied the effect of
fretting on electrical contact, such as Antler [12], [13],
Aukland et al. [14], Swingler and McBride [15], Malucci [16],
etc.. In particular, Bryant [17] developed the fretting failure
model for the electrical connector. Flowers et al. [18], [19]
studied the effect of vibrational acceleration and frequency
on ECR during fretting. Previous studies mainly focus on the
mechanisms [7], [8], [20]-[22] and the occurrence laws [6],
[8], [23] in terms of intermittence. Some researchers have
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also studied the impact of contact performance on high-speed
signal transmission [24]-[26].

However, there are only a few approaches for intermit-
tence detection. They mainly fall into three types. First, find
the signal accident by the signal process method and make
decision by the cluster analysis method. This approach is
developed only for particular components [27], [28]. Second,
measure the signal in single end, and then find the abnormity
of parameters for the transmission model. It is developed
for the power delivery interconnections, as in this case the
supply signals are determinate [29], [30]. Third, the partic-
ular instrument or device is used to detect the IF, such as
the astronics arcsafe wire integrity tester (AAWIT) [31], the
intermittent fault detection and isolation system (IFDIS) [3],
the time domain reflectrometry (TDR) and the frequency
domain reflectrometry (FDR) [2]. In particular, the IFDIS,
which has been used in application, can simultaneously detect
the defects and intermittences of hundreds of interconnection
paths. However, this system can only be applied for the
off-line diagnosis. Although the detection is fast, it may take
a long time to fix the probes. Furthermore, the tested devices
are singled out. This may make the fault detection not cover
all the faulty units.

The connector fault, especially the IF, will propagate in
both the longitudinal and transverse directions in a system
and be confused with the faults of the connected parts, which
will result in intricate fault symptoms, and then make it
very hard to isolate the fault. In particular, the intermittent
characteristic of the fault will make it require extensive man-
power and time to test repeatedly and replace suspicious
parts, and then run the device tentatively. If the traditional
test approach is adopted for on-line diagnosis, the voltage
drop between two ends of the connector should be measured
continuously [7], [23], [32], [33]. This continuous measure-
ment requires an additional test channel. Considering the
numerous quantities of used connectors, this approach is
impractical in practice. However, if the IF could be detected
in the case that only one end of the connector is tested, the
additional test channel would be unnecessary. Thus it would
be possible to realize on-line diagnosis.

This study aims to on line diagnose the connector IFs
in condition of the single-end test. To determine the fault
threshold of the electrical contact resistance (ECR), the trans-
mission characteristics of the electrical connectors in the
transmit path are first analyzed in Section II. Accordingly, the
impact of the ECR on the high-speed signal transmission is
identified. In Section III, the fault features of the connectors
in condition of the single-end test are analyzed. These fea-
tures are referred to as insertion loss increments (ILIs). The
method of measuring the ILIs is also presented. According
to the results of the analysis, the ILI-based on-line diagno-
sis method for a connector IF is proposed in Section IV.
Finally in Section V, the efficiency of the proposed diagnosis
method is verified by way of the qualitative and quantitative
approaches.
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Il. IMPACT OF ECR ON HIGH-SPEED SIGNAL
TRANSMISSION
A. REVIEW OF TRANSMISSION LINE
The signal propagates in the conductor at a velocity v. When
the signal passes through the interconnection with length /,
the time delay is

RN

ta=-= , M
1% C

where ¢, is the relative dielectric constant. The variable ,
is the relative magnetic conductivity of the material, which is
one for most materials.

During the rise time ¢, the signal propagation length in the
interconnection is called the spatial extent of the leading edge,
which is computed as

L =1t xv. 2)

When the next formula is satisfied, the transmission line
effect of the interconnection cannot be neglected. In this case,
the transmitted signal should be seen as a high-speed signal,
and then the signal integrity (SI) problems of the transmitting
path should be considered.

Yooy Lol <, 3)
td

where 6y, is the threshold. In [34], [35], the threshold is set
as 10.

For example, when a digital signal with a frequency of
1 MHz and rise time of 70 ns transmits in a RG58 coaxial
cable, whose relative dielectric constant is 1.6453, the spatial
extent of the leading edge L, will be 16.37 m. When the inter-
connection is longer than L, /10 = 1.637 m, the transmitted
signal should be considered as a high-speed signal. It can be
seen that the length is not great. For the connectors between
devices, the cables are generally long enough at both sides,
so the transmission line effect cannot be neglected even when
the frequency of the transmitted signal is not high. In brief,
when equation (3) is satisfied, the cable should be taken as a
transmission line.

In terms of a uniform transmission line, the instantaneous
impedance is constant and will be referred to as the character-
istic impedance of the transmission line. When the impedance
is not consecutive in the transmit path, the signal will be
reflected. The reflection coefficient is defined as the ratio
of the reflected voltage to the incident voltage, which is
computed as

Z, — 7,
ZEN 7N
where Z; is the characteristic impedance of the initial segment
and Z; is the characteristic impedance of the new segment.

The transmission coefficient is defined as the ratio of the

transmission voltage to the incident voltage and is computed
as

“)
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When there are multi-discontinuities in a transmission
path, the signal will be reflected over and over. Multiple
signals will be superimposed and result in a complex wave-
form, and therefore the discontinuity of impedances should
be eliminated in the design process. However, when the IF
happens in the connector, the reflection will be inevitable,
which will induce signal distortion and errors. Therefore, it
is particularly necessary to analyze the impact of the ECR on
the signal transmission.
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FIGURE 1. Equivalent circuit for electrical contact.
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FIGURE 2. Equivalent circuit for the whole transmission path.

B. CONNECTOR EQUIVALENT CIRCUIT OF THE
TRANSMISSION PATH
In recent years the equivalent circuit of electrical contact has
been developed [25], [26], as shown in Fig. 1. This circuit
includes two elements, i.e., the ECR and the electrical contact
capacitance (ECC). The contact impedance can be computed
as

Rc
" 1+4jwRcCc’
where o denotes the angular frequency of the signal,
R denotes the ECR, and C¢ denotes the ECC.

When the connector is fixed into the cables, the equivalent
circuit of the whole transmission path is shown in Fig. 2. The
ith transmission line is with the characteristic impedance Zj;,
propagation constant y;, length /;, and time delay ¢4 Gener-
ally, it is assumed that Z;; = Z;p = Z.

(6

Zc

C. PERFORMANCE IN THE FREQUENCY

AND TIME DOMAIN

In view of the equivalent circuit shown in Fig. 2, the first
transmission line, the connector, and the second transmission

— 1)

L)<«

Two-port V(s) R
network

FIGURE 3. Two-port network model for the whole transmission path.

line form the two-port network. The signals are formalized
in the complex frequency domain. The circuit model is trans-
formed into a two-port network model, as shown in Fig. 3.

According to the impedance matrix, the port voltage and
port current are formularized as

Vi Zit Zp || §h
[Vz} [Zzl Zzz}[h} T @

They also satisfy the formulas

Vi(s) = E(s) — RiI1(s) ®)
Va(s) = —RpIx(s).
Combining (7) and (8), we obtain
E(s) — Rsl1(s) = Z1111(s) + Z121a(5) )
—RpIx(s) = Zp111(s) + Zoo 15 (s).

The equations in (9) are solved to obtain the transfer
function between the output voltage v»(¢) and the input volt-
age e(t), which is formularized as

Va(s) R1 7>

E(s)  —ZnZin+ Ry +Z1)RL + Za2)
(10)

Hyj0(s) =

Until now, the elements in the impedance matrix are still
unknown. The ABCD matrix will be used to compute these
elements. The ABCD matrix of the ith transmission line is

o [ cosh(yili)  Zo Sinh(Villi)i|
"7 sin(yil)/Zy - cosh(yily) |

where sinhx = (e* — ¢7¥)/2, coshx = (e +¢7¥)/2.
The ABCD matrix of the connector can be formularized as

1z
B:[O 1}. (12)

Calculating in a cascade form, the ABCD matrix of the
two-portnetwork in Fig. 3 will be (13), as shown at the bottom
of this page.

(1)

(Al Ap
| A21 Ax
[ Zc cosh (y111) sinh (y212)

Ar = i| = A 1BA;

7 + cosh (111 + y2b)
. 0 . . .
= | Zcsinh (y1ly) sinh (y212) L sinh (y111 + y2b) Zc sinh (y11y) cosh (y21>)

Zc cosh (y111) cosh (y212) + Zg sinh (y11) + y212)
(13)

7} Z
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Thus, the impedance matrix can be calculated according to
the ABCD matrix [36]

7 1 [Au A -Axp — A - Ay
= —

= . 14
Ay [ 1 Ap ] 19

Substituting the elements of the impedance matrix in (14)
into (10) and letting I's = R;/Zy, 'L = R /Zy, the transfer
function in (10) can be simplified as

I'rtzy

Hyj(s) = ————-,
/ nZc + n22p

(15)

where
m = (Fysinh(y1l1) + cosh(y111))
- (' sinh(y212) + cosh(y212))
m= (1+IsI'z) sinh(y1/1 + y2l2)
+ (s + T'r) cosh(yili + y21o).

According to the signal response on the linear time-
invariant (LTI) system, the output waveform in the time
domain v,(¢) can be solved by

() = FHE(jo)Ha o)}, (16)

where .Z~1() represents the inverse Fourier transform.
E(jw) and H3/o(jw) are the Fourier transforms of the input
signal and the transfer function, respectively.
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FIGURE 4. (a) and (b) Aplitude-frequency and phase-frequency
characteristics, respectively, of the ILI.

For example, the involved parameters are set as follows:
Re = 50,2y =759, Cc = 200 fF, R, = 15 Q,
Ry = 90 @, tz1 = 1.086 ns, and t;p = 2.172 ns. The
input signal is a square signal with a frequency of 10 MHz,
rise time of 3 ns, and duty ratio of 50%. The model results
will be compared to the HyperLynx simulation results. The
amplitude-frequency and the phase-frequency characteristics
obtained from (15) are shown in Fig. 4. The model and
simulated values of attenuation at the frequency of 10 MHz
are marked in Fig. 4(a). It indicates that the error is small.
In the time domain the output waveform solved by (16) and
the simulation waveform are consistent, as shown in Fig. 5.
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FIGURE 5. Comparison of theoretical and simulated output waveforms.
(a) 600 ns. (b) 60 ns.

IIl. FAULT FEATURE IN CONDITION OF SINGLE-END TEST
A. CALCULATION OF THE ILI

According to the impedance matrix in (14), the scattering
matrix (S matrix) can be calculated as [37]

S — St Si2
T S S»
-1
= (ZTZ[)_O}‘Z + Zp()rt) (ZTZ[;)}’I - Zport) ’ (17)

VRs 0
0 JRp |

The element S7; in the S matrix is generally referred to
as the insertion loss (IL). According to the definition of
the S matrix, in essence, the IL is the ratio of the square
root of power between the output waveform in port 2 and
input waveform in port 1. According to (17), it is calculated
as

where Z,,r; =

2v/R,RL
RsA2 + AR + RA2 R +Ar
Equation (18) can be reduced to
22T
T mzZe v mzy

With the new contact impedance Z/-, the IL is calculated
as

So1 = (18)

19)

2Zy/T'sT
Sp =L (20)
MZc + mZo
The new IL S/, can be expressed by the old IL Sy
mZc +mZo
Sy = ————=S. 2

mZe + mZo

We convert the unit of the new IL into decibel (dB) to
obtain

mZc + n22o

IL); = 10logo(|S5;]) = 101og,((
21 10 | 21| 10 nlzé‘+77220

)

mZc + n22o

+ 101og(1S21]) = 101og;(
210 1 g10 7712&4-?7220

)+1Ly,.
(22)
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FIGURE 6. ILI results varying with ECR and frequency. (a) Impedance
matching. (b) Impedance mismatching.

Thus, according to (22), the insertion loss increment (ILI)
between the new and old contact state is estimated as

mZc + n2o
——. (23)
mZc + mo

In view of the last equation, the ILI has correlation with the
change of contact impedance. As shown in Fig. 1, the contact
impedance is made up of ECR and ECC.

The ECC is of the order of several pico-farads at magni-
tude [38]. For example, Deutsch et al. [39] indicated that the
mean value of capacitance was 1.9 pF for a pinned connector
and varied from 1.86 to 1.99 pF for a pad-on-pad connector.
According to Kwiatkowski et al. [40], the ECC is 2.57 pF for
a typical electro-mechanical switch, 0.1417 pF for a typical
RF MEMS switch and 1.72 fF for an open path. Generally,
the impact of the ECC is remarkable only when the frequency
is particularly high. Moreover, the larger the capacitance is,
the more significant the impact will be. However, the ECC
will rapidly decrease in the degradation process. When the
intermittence is active, the ECC is miniscule and can even be
neglected. With no loss of generality, the ECC is set as 20 pF
in the normal contact state and 200 fF in the fault contact state.

For example, the parameters are set as follows: R¢ =
0.01€2, Zg = 75 Q, C¢c = 20 pF, C,» = 200 fF, 141 = 1.086
ns, and ty» = 2.172 ns. When in both the source and load
ends the impedances are matching (R; = R;, = Zp) or mis-
matching (Ry; = 10 ©, Ry = 100 ), the ILI results will vary
with the signal frequency and the ECR, as shown in Fig. 6.
This figure indicates that the smaller the signal frequency is
and the higher the ECR is, the greater the absolute value of
ILI will be.

oL = ILél — Il = 10logo(
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FIGURE 7. ILI curves varying with (a) Signal frequency. (b) ECR.

In case of fixing the ECR value or the signal frequency,
the absolute value of ILI will increase with decrease of sig-
nal frequency or increase of ECR, respectively, as shown
in Fig. 7. Furthermore, the ILI curve can remain constant
below a considerably high frequency (higher than 10 GHz
in this case). When the bandwidth of the transmitted signal
is smaller than the highest frequency below which the ILI
is stable, the stationary ILI value can be taken as the fault
threshold, which corresponds to the ECR threshold. For most
connectors between devices in the electromechanical system,
this condition can be satisfied.

B. ILI MEASUREMENT
In view of the physical meaning of IL, the ILI can be esti-
mated as

81 = 101log;o( P/””f)—101og10( P”“’)
P;n Pin

= 10log, \/E — 10logo v/ Pour
—(10log /P, — 1010g,ov/Pin),  (24)

where P}, and P,, are the mean powers of the received
signal in the new and old contact states, respectively. The
variables P}, and P;, are the mean powers of the sent signal
in the new and old contact states, respectively. The high level
and low level voltages are determinate for the digital signal,
so there will be P, = P;,. Accordingly, the measured value
of ILI can be expressed as

(SIL = IOIOgIO\/P;m - 10]0g10 RV; P()Ml' (25)

According to (25), the discrete ILI sequence can be
obtained by only measuring the voltage at the receiver end.
For a discrete voltage sequence v(n) with the size of N,, the
corresponding discrete Fourier transform is denoted as F'(k),
and then the power of the voltage sequence can be computed
as

1 N—1 1 N-1 s
P= i Do MO =55 2y IFBOF. - 26)
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If it is required to detect the intermittence that is lasting for
more than T4 seconds, the voltage sample frequency F will
be

Fy =N,Fy =NV/TA7 (27)

where Fy is the detection frequency. The larger the sequence
size N, is, the more accurate the calculation of the power
will be, but the higher the voltage sample frequency will be.
So the sequence size should be set appropriately. Accord-
ingly, the electrical connector IF can be detected in real time.

C1
U1 u2.1

I: 1R TL1 20 L2
10.0 ohms 78,9 ohms (R3

10.0 millohms

guva
e

Ramp_contact

75.0 ohms.

FIGURE 8. HyperLynx simulation model for ILI measurement.

C. COMPARISON OF MODEL AND SIMULATION

RESULTS OF ILI

To verify the ILI model, a HyperLynx simulation model of the
circuit in Fig. 2 was developed, which can be employed for
the ST analysis. The ILI values measured from the simulated
output waveform are compared with the model values in (23).
The HyperLynx model is shown in Fig. 8. The parameters are
set as below. The time delays are 1.086 ns and 2.172 ns for
the first and the second transmission lines, respectively. The
characteristic impedances of the two transmission lines are
75 Q. In the normal contact state, the ECR R is 0.01 €2, and
the ECC Cc is 20 pF, while in the abnormal contact state, the
ECR R values are set respectively as 8  and 50 €2, and the
ECC C is 200 fF. The sent signal is a square waveform with
a frequency of 1 MHz, amplitude of 1 V, rise time of 2 ns, and
duty ratio of 50%. Four different cases are considered:

Case 1: Impedances in both the source and load ends are
matching. Let Ry = Ry, = 75 Q.

Case 2: Impedances in the source end are matching. Let
Ry =75 Q and R;, = 100 .

Case 3: Impedances in the load end are matching. Let
R, =10 and Ry, =75 Q.

Case 4: Impedances in both the source and load ends are
mismatching. Let R; = 10 Q and Ry, = 100 Q.

The ILI comparison results are shown in Table 1. These
results indicate that the errors between model values and sim-
ulation values are smaller than 1%. This comparison indicates
the validity of the ILI model.

IV. ILI-BASED CONNECTOR IF ON-LINE

DIAGNOSIS METHOD

By comparing the voltage waveform at the receiver end to
the threshold voltages of high and low levels, the ECR fault
threshold can be determined. According to the ECR fault
threshold, the ILI fault threshold can be calculated via (23).
As shown in Fig. 9, the ILI curve will have a negative pulse
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FIGURE 9. Detection of the IF according to (a) ILI curve. (b) ECR curve.

when the IF turns into activity or a positive pulse when
the IF turns into inactivity. When the connector has an IF,
the ECR will change sharply under environmental stresses,
especially under the vibration stress. Therefore, the IF activity
and inactivity will appear alternately, and the same is true
for the negative and positive pulses in the ILI curve. Thus,
the activity time will be the distance between the adjacent
negative pulse and positive pulse, both of which are exceeding
the ILI threshold. The activity time is estimated as

TV =1t — e, (28)
where Tlgl) is the ith IF activity time, 7/~ is the time at which
the ith negative pulse exceeds the threshold, and tf+ is the
time at which the ith positive pulse exceeds the threshold.
Considering Case 4 in Table 1, the ECR sequence is shown in
Fig. 9(b), and the corresponding ILI curve and fault threshold
are shown in Fig. 9(a). The comparison of the ILI and ECR
curves illustrates that the IF can be detected exactly according
to the ILI curve.

TABLE 1. Comparison of model and simulation results of ILI.

Impedance  ECR  Model ILI  Simulated

matchcase (@) (dB) ILI@dB) O
Case | 8 02254 02254 0.00676%
Case | 50 -12491  -1.2488  0.0257%
Case 2 8 01942 -0.1955  0.67%
Case 2 50 -1.0930  -1.0992  0.58%
Case 3 8 03897 -0.3867  0.78%
Case 3 50 20071 -1.9916  0.77%
Casc 4 8 03055 03077 0.73%
Casc 4 50 -1.6396  -1.6315  0.50%

The ILIs represent the IL variations between the adjacent
contact states. Therefore, when the ECR increases slowly,
decreases slowly or fluctuates during different fault states,
the ILI may not exceed the fault threshold, but in fact the
fault is active. Thus, according to (28), the fault activity may
not be detected. As shown in Fig. 10(b), the first and third
fault activities will be undetected, as their corresponding ILI
values do not exceed the fault threshold. In view of this, the
decision method should be modified. Assume that the con-
tact impedance corresponding to the contact state sequence
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FIGURE 10. Detection of IF according to (a) CILI curve. (b) ECR curve.

{Sili = 1,2,...,N} is denoted as {Zé|i = 1,2, .:.,N}.
Thus, according to (23), the corresponding ILI {5}, |i =
2, ..., N} can be calculated as

mzZg '+ mzZo

‘ ). (29)
mZe + mZo

8, = 101og;(

Therefore, the summation of the ILI sequence will be

8E 48 48N

MZE +mZy MmZg + mZy

= 101log;( )+ 10log o(| —5——
mZE +mZo mZg +mZo
N—1
1Z + mZy
4+ 101og;o( ’ICN—’I
mZc + mZo
1
mZc + mZo
= 10log;(| —s——-
MZe + mZy
N1
=50 (30)

Equation (30) indicates that the ILI value between two
contact states equals the summation of the ILI values of
the refinement states between the two contact states. The
symbol “1” in 8;12, D denotes the initial contact state, SO 8;12, D
represents the ILI value between the present and the initial
contact state. As 8§ILV’1) is the summation of all historical
ILI values, it is referred to as the cumulative insertion loss
increment (CILI), which is simply denoted as SICVIL.

Furthermore, the ECR corresponding to the initial CILI
value may not be the minimum. When the ECR is larger than
its initial value, the CILI should be greater than O dB. Hence,
the CILI curve should be translated downward to smaller than
0 dB. The new CILI is estimated as

by = 8hy — Max({8Ly, ). (31)

The IF can be detected according to the CILI. When it
satisfies

8N < du, (32)

then the fault is active. In this equation, J;, is the ILI fault
threshold. The CILI sequence obtained from continuous mea-
suring forms the fault feature curve. In Fig. 10(a), the ILI and
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FIGURE 11. ILI measurement diagram under the determinate ECR.

CILI curves are displayed. By comparing those curves to the
ECR curve in Fig. 10(b), it is apparent that when the ECR
slowly increases to above the threshold, the ILI may still not
exceed the fault threshold, while the CILI exceeds the fault
threshold. Thus, the IF can be exactly detected according to
the CILL

When the minimum value Z of the contact impedance
sequence {Z’C|i = 1,2,...,N} deviates from the normal
impedance 7l the computation of CILI will has an error,
which can be estimated as

mZz& +m2o

—_— ). (33)
mzZg +mZo

SE‘IL = 101log;(

Because Zg is unknown, the error cannot be worked out.
However, during a long-time measurement, the minimum
contact impedance is generally regarded as a value in normal
state. Therefore, the error can be neglected.

V. VERIFICATION OF ILI-BASED ON-LINE DIAGNOSIS
METHOD FOR ELECTRICAL CONNECTOR IF

As the application situation of the proposed diagnosis method
is different from current approaches, so this method will
be verified by both qualitative and quantitative approaches,
which are according to the experimental results.

A. QUALITATIVE VERIFICATION
Connected in tandem into the cables, the variable-resistance
boxes are used to produce the contact and load resistances.
The test diagram is shown in Fig. 11. An Agilent 33220A
type signal generator sent out a square signal with frequency
of 1 MHz, high level voltage of 3.3 V, and low level volt-
age of —3.3 V. The transmission lines were RG58 cables
with a length of 1 m and characteristic impedance of 50 2.
A Tektronix MS02024B oscilloscope was used to measure
the signal at the receiver end. A computer was connected to
the oscilloscope to record the measurement results.

In the test, the sample frequency of the oscilloscope is
1 GHz. The connector IF with a length of a signal period,
which is one microsecond, is demanded to detect, so the
sequence size N, is set as 1000. The voltage root mean
square (RMS) value in a period was measured every second
by using the toolbox provided by the oscilloscope manufac-
turer. The signal power, ILI and CILI are then calculated from
the RMS results.
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TABLE 2. Settings of the variable-resistance box.

Variable-resistance box value (£2)
Value 1Value 2Value 3Value 4Value 5Value 6Value 7Value 8
Groupl 100 100 100 100 100 100 100 100
Group2 500 500 500 500 500 500 500 500
Group3 20 40 50 60 80 40 70 30
Group4 100 200 300 400 500 500 300 200

Group No.

To compare the variations of the ECR and CILI, the
variant-resistance box was shifted manually to produce differ-
ent ECRs. Four abnormal ECR groups with a sample size of 8
were tested, as shown in Table 2. In each test group, 200 RMS
values were measured.

When the load resistance is 1000 €2, the CILI curves of
different ECR groups are shown in Fig. 12. The CILI acci-
dents, which are corresponding to the sudden changes of
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ECR, are marked out. This figure illustrates that the CILI
curve will have accidents when the ECR increases. Moreover,
the greater the ECR deviation is, the more significant the CILI
accident will be. This qualitative test demonstrates that the
CILI can exhibit the variation of the ECR.

The CILI curves in Fig. 12 have considerable noises. This
result is mainly due to the imperfect grounding. The ground-
ing voltage was found to be as high as 1 V. When the load
resistance increases, the grounding noise will be inhibited.
In fact, when the load resistance was 100 €2, the noises were
more conspicuous. When the experimental circuit was float-
ing, CILI noises were much smaller, and the CILI accidents
were consistent with the sharp ECR variations, as shown in
Fig. 13.

However, for the electrical connector with an IF, it is
still unknown how the CILI would change under vibration
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FIGURE 14. ILI measuring pictures under vibration stress. (a) Assembly
picture. (b) Vibrator. (c) Fault injection.

stress. Therefore, in the following experiment, a JONHON
CY1T20WIJ-CY1Z20HJ type connector was tested instead
of the variant-resistance box. As marked in the Fig. 14(c),
two pins of the electrical connector were milled thinner.
Accordingly, the contact pairs were not contact well. Thus
the IFs would take place under vibration stress. The connector
was then fixed on a minitype vibrator.

The signal generator supplied a sinusoidal voltage signal
with amplitude of 2 V to the power amplifier that can trans-
form the voltage signal to current signal to drive the vibrator.
The output current can be regulated to as high as 10 A. In the
test, the gain of the power amplifier was adjusted to a level
to produce proper intensity of vibration. In condition of fixed
current gain, the smaller the vibration frequency is, the greater
the vibration displacement will be. Several measurements
under different vibration frequency were carried out. It was
found that the vibration displacement was adequate when the
vibration frequency was 20 Hz. So the case when the vibrator
produced sinusoidal vibration with frequency of 20 Hz was
taken as the example.

The CILI curve is shown in Fig. 15(b). For the purpose of
comparison, the CILI curve under no vibration is also shown
in Fig. 15(a). The comparison indicates that when the vibra-
tion stress is loaded on the connector, the IF will be active
or inactive alternately, and the CILI will have significant
accidents. These findings demonstrate the applicability of the
CILI for detecting connector IFs.
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B. QUANTITATIVE VERIFICATION

To quantitatively verify the ILI-based IF diagnosis method
of the electrical connector, the circuit parameters should
be determined, and the ECR and ILI should be measured
synchronously. In the following, the Simulink model for the
transmission circuit is built up. In this model, the ECRs are
from the measured data in the vibration experiments. The ILIs
are calculated according to the simulation output waveforms.
The IF activities are then detected according to (32).

The four-wire resistance measuring method was used to
measure the ECR. Thus, the lead resistance of the mea-
surement loop can be eliminated to obtain a precise ECR.
There were two loop circuits connected to the contact pair.
A constant current of 0.3 A was passed through one circuit,
while the voltage drop of the contact was sampled in the other
circuit via a data acquisition (DAQ) board, whose type was
art-control PCI-8504. The sampling frequency was 4 MHz.
The sampling resolution was 2 m£2, and the measurement
range was from 0 to 16.66 2. The test rig is shown in
Fig. 16.

The Simulink model of the transmission circuit is shown
in Fig. 17. The involved parameters are set as those of Case 4
in Table 1. This model includes four functional modules, i.e.,
the signal source, transmission channel, ILI measurement and
error rate analysis. As the maximum range of the DQA board
is only 16.66 €2, no loss of generality, the ECR fault threshold
is set as 8 2. The corresponding ILI fault threshold is then
calculated to be —0.3055 dB.
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Regarding the measurement result with a sample size of
5000, the CILI and ECR curves are shown in Fig. 18. The
parameter architecture for characterizing the IF has been
proposed in the previous work of the authors [41]. Herein,
the parameters are calculated from the diagnosis results. The
IF activity probability is the probability that the IF is active
when IF is present. The IF activity time is the duration time of
an IF activity. The IF inactivity probability is the probability
that the IF is inactive when IF is present. The IF inactivity
time is the duration time of an IF inactivity. The IF quantity
is the number of activities in a limited time. The IF frequency
is the IF activity number per unit time. Pseudo-period is the
average time of the cycle of IF activities.

The evaluation results of the parameters are shown in
Table 3. The errors between the diagnosis results and the
real results calculated from the ECR are very small. In the

4230

—ILI

0.5

D T clLl
g — Fault threshold
- O P i
If

3 03055 mmummmmm“ﬂ!!l!!!!if!!!!!.,
2 w05
5
>

0 02 04 0.6 038 1 1.2

ECR (q)

‘ T ‘
0 02 04 06 08 1 1.2
(b) Time (s) x10°

FIGURE 18. IF diagnosis results according to (a) CILI. (b) ECR.

TABLE 3. Comparison of IF parameters.

IF

Result  S2™PISS oo ivity activiy . . . W g FPseudo

from exceed probability time Inactivity tnactivity quantity frequency -period
threshold (us) probability time (ps) (ps)

ECR 1230 0.2460 09762 0.7540 29826 315 252000 3.9683

Diagnosis 1223 0.2446 09615 0.7554 2.96 318 254400 3.9308
Error  0.57%  0.57% 1.51%  0.19% 0.76% 0.95% 0.95% 0.94%

TABLE 4. The ECR corresponding to the undetected IF activities.

Sample 5193 9349 2379 2391 2462 2562 3051
positions

ECR(Q) 8.006 8.020 8.022 8.020 8.014 8.016 8.020

diagnosis, only 7 samples above the ECR fault threshold are
not detected. These undetected fault samples would break
down some IF activities and result in increase of the IF
quantity. The indexes of undetected fault samples and the
corresponding resistance values are shown in Table 4. The
table illustrates that the resistances of the undetected faults
are only a little greater than the ECR threshold. In fact, when
the ILI threshold is set as —0.305 dB, whose absolute value
is appreciably lower than —0.3055 dB, only the fault activity
with a resistance of 8.006 €2 is not detected. The quantitative
results show that the ILI-based on-line diagnosis method for
the connector IF can detect the IF effectively. The error is less
than 1%.

VI. CONCLUSION
In this paper, the impact of ECR on the high-speed
signal transmission performance has been analyzed in fre-
quency and time domain respectively. The model of ILI
which is taken as the fault feature in condition of single-
end test has been developed. After that the ILI-based
on-line diagnosis method for electrical connector intermittent
faults is proposed. The qualitative and quantitative tests have
verified the applicability of the proposed method. The ver-
ification shows that the errors of IF parameters are less
than 1%.

The proposed ILI-based diagnosis method merely requires
the measurement of the output voltage signal of the electrical
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connector. Thus, this method does not require additional
measurement paths and will be applicable for the built-in
test. Consequently, the intermittent faults in the large-scale
electrical connectors can be detected in real time. In a word,
the study in this paper provides an approach to solve the trou-
blesome problem of electrical connector intermittent fault.

VIl
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