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Abstract—The length of an open- or short-circuited wire is 
linearly proportional to the capacitance or inductance of the 
wire, respectively. Several types of simple and inexpensive circuits 
are introduced to measure these values. Open-circuited (capac­
itance) measurements are very effective. Short-circuited (induc­
tance) measurements are more difficult, and not all of the circuits 
worked well. A 555 timer circuit was found to have the best 
overall performance to locate the ends of both open- and short- 
circuited wires. The capacitance and inductance values of various 
types of aircraft wires were measured and verified with analytical 
equations.

Index Terms—Aging aircraft wire, capacitance sensor, fault 
detection, inductance sensor.

I. I n t r o d u c t i o n

A GING WIRING has been identified as an area of critical 
/ m  national concern [1], Miles of aging wires are buried in­
side virtually all of the major structures and systems with which 
we are familiar. Wiring is pervasive in private, commercial, and 
military aircraft; trains and other vehicles; industrial machin­
ery; homes and buildings; communication networks; overland 
power distribution lines; nuclear reactors; control systems; etc. 
As these wires age, they may begin to crack and fray or break, 
corrode, or be damaged by careless maintenance.

Detecting and locating these faults are extremely important, 
and there are several existing and emerging methods for doing 
this. Reflectometry methods send a high-frequency signal (e.g., 
step, pulse, sine wave, and pseudonoise code) down the wire, 
where it reflects off impedance discontinuities, such as open or 
short circuits. The time delay (or equivalent phase delay) be­
tween the incident and reflected signals tells the distance to the 
fault. These methods have been shown to be highly effective,
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cost effective (on the order of $20/sensor), and miniaturizable 
for some applications; however, other applications require de­
vices that are even less expensive. Capacitance sensors may 
be the most effective solution for some types of very price- 
sensitive wire fault-location applications [2]—[4].

The capacitance of an open-circuited wire and the induc­
tance of a short-circuited wire are linearly proportional to 
their lengths, and capacitance measurements have been used 
to locate open circuits on wires [5]. Capacitance sensors are 
very simple and inexpensive and require testing from only one 
end of the cable. However, short circuits are, by far, the largest 
problem of aging wiring, and the capacitance sensor in [5] does 
not work for short-circuited wires since this is inductive rather 
than capacitive.

Many different capacitance-sensing methods have been used 
for motion, position, or pressure sensors [6]—[9]. Most methods 
are not accurate enough to handle the very small variations 
in capacitance that are required for locating wire faults to 
within a few inches. An interface circuit for measuring very 
small capacitance changes with a double-difference principle 
using active rectifiers, a low-pass filter, and an analog-to-digital 
converter is given in [10]. A circuit measuring the differen­
tial capacitance using a current detector and an amplitude 
modulation-demodulation circuit is given in [11].

This paper compares several different methods of measuring 
the length of open-circuited wires using capacitance. These 
simple circuits are also adapted to measure inductance so that 
the lengths of short-circuited wires can also be measured. The 
performance of several different types of circuits are compared 
to measure the lengths of both open- and short-circuited aircraft 
wires. The capacitance and inductance of 13 different aircraft 
wire types are summarized in Section II. Several different 
capacitance and inductance measurement circuits (e.g., a three- 
gate oscillator, two-inverter oscillator, Schmitt trigger oscil­
lator, differential amplifier, and 555 timer) are compared in 
Section III to measure the length of open- and short-circuited 
wires.

II. C a p a c i t a n c e  a n d  I n d u c t a n c e  o f  W ir e

When designing sensors for measuring the length of wire 
based on its capacitance or inductance, it is important to under­
stand the range and variation of these values for realistic wire 
types. This section analytically and experimentally evaluates 
these values for typical aircraft wire types. An exhaustive
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summary of aircraft wire types is impractical; therefore, this 
section represents a range of typical values.

The capacitance value C  of any two conductors is based on 
the distance D  between them, the cross-sectional area of the 
conductor ,S, and the permittivity c (in farads per meter) of 
the dielectric material separating them, i.e., e~(e =  er eo, co =  
8.854 x 1CT12 F/m) of the dielectric separating the conductors. 
er is the relative permittivity of the insulation

_S 
( </' (1)

The capacitance and inductance per unit length of parallel 
insulated round wires have been modeled and calculated [12]— 
[15] using

C
co sh -’ ( f ) (F/n"

L = — cosh-1 ( D/ d)  for high frequency (H/m)
7r

L = — [1/4 +  cosh- 1 (D/d)} for low frequency (H/m)
7r

(2)

(3)

(4)

Ctotal
7T€q dx

cosh-1 ( f )  J  D - > / t P -  x

COdx
(F/m). (5)

D  +  (1.0/e r -  l .( ) ) \/I)- y!'1'^ y~

The capacitance and inductance values of coaxial cables are

(6)C  = t—77-t t  (F/m)
In(b/a)

b 1111— I—-
1

a 4 4(c3- 6 3)
(H/m)

(7)

where d is the diameter of the conductors, D  is the distance 
between the centers of the conductors, and c is the permittivity 
of the insulation, /j is the magnetic permeability of the dielectric 
(/j =  fjrfjo, with /jo =  47t x 10— ‘ H/m). /jr is the relative per­
meability. The f.ir and £> of polyethylene insulation are about 
0.994 ~  1.0017 and 2.5 ~  2.7, respectively.

Twisted-pair wires have about 20% greater capacitance than 
simple parallel wires due to the extra length from the twists 
[13]. This capacitance is given from endpoints, i.e., from a to b

where a is the radius of the inner conductor, and b and c are 
the inner and outer radii of the shield, respectively [14], [15]. 
e~ and /j are the permittivity and permeability of the insulation 
between the inner conductor and the shield.

Fig. 1 shows the capacitance values of 13 different open- 
circuited aircraft wires as a function of length measured using

Fig. 1. Measured capacitance versus wire length of 13 different open-circuited 
aircraft wires given in Table I.

an HP4262A LCR meter, which are summarized in Table I. 
In Fig. 1, the only two data points of the coaxial cable are 
shown since the capacitance of the coaxial cable is very large 
and has a perfectly linear relationship with the length. Fig. 2 
shows the inductance values of the same wires when they 
are short circuited. The coaxial cable is seen to have the 
largest capacitance per unit length, followed by the shielded 
twisted-pair cable, whose capacitance is slightly higher than 
that of the single parallel wires, as expected. For all types, 
the thicker wire (lower gauge) has larger capacitance per unit 
length. The single parallel wires in a bundle have the lowest 
capacitance value since the distance between the wires is large. 
Within a bundle of wires (often 20-150 wires), the distance 
between any two conductors is not constant, so the capacitance 
and inductance slightly vary throughout the bundle and for a 
single wire as it (often) meanders through the bundle. Variations 
of about 4 pF out of 350 pF and 0.01 fM  out of 9.20 /jH for 
392 in (9.95 m)-long M22759/16-22-90 in a bundle of 20 wires 
were measured.

In Figs. 1 and 2, it can be seen that wires with higher 
capacitance values also have lower inductance values. Three 
different types of shorts were measured: 1) a simple short at 
the end; 2) a short at the middle of the wire, with the remaining 
length of the wire left open; and 3) a short at both the middle 
and the end of the remaining length of the wire. The inductance 
value with the short at the middle of the wire is the same as that 
with the simple short at the end of a wire that is half as long. 
This is good (and expected), because it means that additional 
lengths of wire do not corrupt the measurement of the distance 
to the short.

Clearly, the capacitance and inductance can be used to 
measure the length of wires and the distance to faults. There 
are numerous circuits for capacitance measurement [16], and 
they are not all equally effective. After adapting the circuits or 
measuring both the capacitance and inductance, we discuss the 
capabilities, advantages, and disadvantages of several types of 
these sensor circuits in the next section.
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TABIJi I
Mf.asurf.mf.nt Rf.su i.ts of thf. Capacitancf. and Inductancf. of W irf.s

Fig. 2. Measured inductance versus wire length of 13 different open-circuited 
aircraft wires given in Table 1.

ITT. C a p a c it a n c e : a n d  I n d u c t a n c e : S b n s o r s

Sensors that measure the capacitance and inductance of wires 
can broadly be divided into two categories. One type of sensor 
uses the wire as an inductive or capacitive element in a res­
onator circuit. The square-wave generator, three-gate oscillator, 
two-inverter oscillator, Schmitt trigger oscillator, differential 
amplifier, and 555 timer circuits fall into this category. Another 
set of sensors uses the capacitance or inductance of the wire 
as impedance and produces a measurable voltage drop. The 
voltage divider is an example of this class of sensor. Some 
circuits are more susceptible to stray capacitances or induc­
tances; are more or less accurate; have ranges of measurement 
that are more or less effective; and, in general, work better 
in measuring the wire length or distance to fault than other 
methods. The next section gives detailed information on the

Fig. 3. Three-gate oscillator with capacitor C  for short-circuited-wire mea­
surements and without capacitor C  for open-circuited-wire measurements.

different sensor circuits tested using a 20-gauge speaker wire, 
as given in Table I.

The voltage divider circuit can be used only for capacitance 
measurement and cannot locate short circuits [17]. A square- 
wave generator can measure the capacitance of the wire using 
the frequency of the square wave [18], [19]. The square-wave 
generator and voltage divider have been tested, but the results 
are not shown here since they are very well known. These 
circuits have two major limitations; First, it can only measure 
open circuits. Second, the change in frequency is very small for 
wires up to 7 m long, thus requiring a very sensitive frequency 
measurement circuit to complete this sensor [20].

A. Three-Gate Oscillator

The three-gate oscillator circuit shown in Fig. 3 uses the 
capacitance of the wire Cw to delay the signal passing through 
an odd number of logic gates and create an oscillation. It does 
not require a signal source [21]. The frequency output of the 
oscillator depends only on the propagation delay in the ring 
introduced by the inverters and capacitance. The propagation 
delay of such inverters is on the order of a few nanoseconds. 
Thus, the output frequency will be very high. The frequency can 
be controlled by the capacitance of the open-end wire and the 
inductance of the shorted wire, as shown in Fig. 3. This circuit 
can be used to measure both open- and short-circuited wires.
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Fig. 4. Length versus period for open- and short-circuited wires using the 
three-gate oscillator.

by adding reference capacitor C  =  0.1 /iF for short-circuited 
wires. The frequency output of this oscillator, as shown in 
Fig. 4, can be calculated using the expressions given here for 
open- or short-circuited wires.

• Open circuit:

Without Capacitor C  :

/(H z) =  1 / [2 CV,(0.4057?cq +  0.6937?i)] (8a)

With Capacitor C  :

/(H z) =  (C w +  C ) /  [2 C  C w(0.405Roq +  0.6937?i)]

(8b)

where i?oq =  R i R n / ( R i  +  Rn),  C  is the reference ca­
pacitance, and C'w is the capacitance of the open- 
circuited wire.

• Short circuit: The wire is inductive, instead of capacitive. 
Reference capacitor C  is required. The output frequency 
is given by

/(H z) =  1 / [{2 C  (0.405/?oq +  0.0937?!)} +  (39.48L WC)\
(9)

where L w is the inductance value of the short-circuited 
wire, and i?oq =  R i R n / ( R i  +  Rn)-

Capacitor C,  which is required for short-circuit testing, limits 
the range of the circuit for open-circuit testing. Using C  =
0.1 /-iF, R i =  10 kO, and Rn =  1 kO, the frequency remained 
linear through an open-circuited wire that is about 450 cm long, 
as shown in Fig. 4. The value of the reference capacitor for 
the short circuit does not change the maximum testable length; 
however, smaller reference capacitors lead to errors for wires 
that are shorter than 100 cm. The frequency output of the sensor 
is very sensitive to the gate voltage. The short-circuited-wire 
measurements are unstable, and the frequency output oscillates 
by as much as 40 Hz over 1 min. Therefore, the maximum error 
of this circuit is relatively high.

Fig. 5. Two-inverter oscillator w'ith capacitor C  for short-circuited-w'ire mea­
surements and without capacitor C  for open-circuited-w'ire measurements.

R. Two-lmerter Oscillator

A two-inverter oscillator shown in Fig. 5 is a stable multi­
vibrator [21]. It consists of two inverters and an RC  network. 
The output of each inverter is either logic 0 or logic 1, each 
corresponding to a fixed voltage. The input i?l can slowly vary 
between certain limits, because it is the voltage of the insulated 
gate. No current flows into the input. The only possible current 
path is between nodes v2 and i?0. When i?l is logic 1, v2  and i?0 
will be logic 0 and logic 1, respectively. Then, i?l is greater than 
the inverter switching voltage. The voltage across R i produces 
a current that charges the capacitance of the wire, causing the 
voltage across capacitor C, i.e., vc_, to rise and i?l to drop. 
When t ’l is below the inverter switching voltage, the inverters 
switch states. The respective logic levels of v2 and i?0 are now 
1 and 0. The current reverses, and vc_ drops until i 'l  rises above 
the inverter switching voltage. Then, the inverters switch states 
again, making the circuit function as an oscillator.

The frequency output of this oscillator can be estimated using 
the expressions given here.

• Open circuit:

Without Capacitor C  /(H z) 

With Capacitor C  /(H z)

Short circuit:

: l / ( 5 C V ? i )  (10a) 

(C'w +  C ) /(5  C  C'wRi ) .

(10b)

With Capacitor C  /(H z) =  (1 +  L wC w) / ( 5 R i C w)
(11)

where C  is the reference capacitance (which is necessary 
to enable locating short circuits), C w is the capacitance 
due to the open-circuited wire, and L w is the inductance 
due to the length of a shorted wire.

The values chosen for the oscillator are R \  =  1 kO and Vcc 
above 3.2 V for the 74LS04 IC used. Capacitor C  =  50 pF 
limits the range of the sensor to 6 m for short circuits. The 
relationships between length and output period for open- and 
short-circuited wires are shown in Fig. 6. The sensor output 
is very sensitive to the supply voltage, and therefore, a well- 
regulated voltage is required. In addition, the output frequency 
ranges of both the open and short circuits overlap so that 
another test or a priori knowledge about whether the load is 
open or short is required.
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Fig. 6. Length versus output period for open- and short-circuited wires using 
the two-inverter oscillator.

Fig. 8. Length versus output frequency for open- and short-circuited wires 
using the Schmitt trigger circuit.

Short circuit:

With Capacitor /(H z) 0.8(1 +  I,„C„ ) / ( l ! C n )
(13)

where C  is the reference capacitance, Cw is the capaci­
tance due to the open-circuited wire, and Lw is the induc­
tance due to the shorted wire. The output frequencies for 
open- and short-circuited wires are approximately linearly 
dependent on wire length, as shown in Fig. 8, using R  =  
1 kO. The major disadvantage of this circuit is that the 
short-circuited measurements are veiy unstable with time, 
varying by as much as 20 Hz over 1 min.

Fig. 7. Schmitt trigger oscillator with capacitor C  for short-circuited-wire 
measurements and without capacitor C  for open-circuited-wire measurements.

C. Schmitt Trigger Oscillator

A Schmitt trigger oscillator used as an astable multivibrator 
[22], as shown in Fig. 7 can be used to measure the capacitance 
and inductance of the wires and their lengths. The Schmitt 
trigger circuit is used in combination with a resonant circuit 
to create an oscillator, using the wire as one of the oscillating 
elements. The output of the Schmitt trigger is either + V sa t or 
—V sat- When the output is at + V s a t. w*re capacitance Cw 
will start charging. The voltage on the capacitor will increase 
until it exceeds the reference voltage, at which point, the output 
of the Schmitt trigger will change to — V sat - Then, C w starts to 
discharge until it falls below the reference voltage. The output 
of the Schmitt trigger then switches back to + V sa t, enabling 
the circuit to function as an oscillator. The frequency output 
of this oscillator can be estimated using the expressions given 
here [22],

• Open circuit:

Without Capacitor /(H z) = 0 .8 / ( C WR)  (12a)

With Capacitor /(H z) =  0.8(C'„. +  C ) / ( C  Ct,R ) .

(12b)

D. Differential Amplifier

The voltage follower and differential amplifier shown in 
Fig. 9 can be used to measure very sensitive changes in capac­
itance and inductance and, hence, the length of the open- and 
short-circuited wires. The impedance of the wire connected to 
the amplifier in Fig. 9 at the “+ ” input pin can be set as complex 
variable “Z .” The amplifier output is fed to the differential 
amplifier, and the voltage follower output (which is the same 
as the input voltage) is fed to the noninverting terminal of the 
differential amplifier. When i? i , i?2, i?4, and R$ are of the same 
value, the output of differential amplifier can be simplified as 
given here.

• Open circuit:

Without Capacitor V„ =  [(1 +  ( R f / Z ) )  v y  -  Vin

= ( R f / Z )  Vi„ (14a)

With Capacitor Va =  (V5„ R f  uj C  C W) / ( C W +  C).

(14b)

• Short circuit:

With Capacitor Va =  (Vi„ R f u j C 2) / (  Lw lo2 C  -  1)
(15)
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Fig. 9. Differential amplifier and voltage follower with capacitor C  for short-circuited-wire measurements and without capacitor C  for open-circuited-wire 
measurements.
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Fig. 10. Length versus voltage for open- and short-circuited wires using the 
differential amplifier.

where H f is the feedback resistance, C  is the reference 
capacitance, C w is the capacitance due to the open- 
circuited wire, and L w is the inductance due to the short- 
circuited wire.

The voltage output is linear with respect to the length of the 
wire for open-circuited wires when reference capacitor C  =  
100 pF is not used, as shown in Fig. 10. The theoretical output 
voltage and capacitance values ( 14a) are well matched for wires 
up to 450 cm long. The reference capacitor makes the response 
nonlinear for wires longer than 4.5 m, as shown in Fig. 10. For 
the circuit with the reference capacitor, there is an overlap of 
the output voltage of open and short circuits for wires longer 
than 450 cm, which means that an additional test to determine if 
the wire is open or short circuited would be required for longer 
wires. There is also an ambiguous region around 50 cm for the 
open-circuited wire with the reference capacitor.

In Fig. 10, it can be seen that the output is not very stable 
for short-circuited wires. The sensor is very stable for open- 
circuited measurements for wires that are more than 4.5 m long.

Fig. 11. Timer sensor for short-circuit fault detection. Connecting a short- 
circuit wire between fii, and R q.

Fig. 12. Timer output period versus length of twisted-pair shielded wire 
M27500-24SE2S23.
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TABLE II
Comparison of Methods for Detecting  Both Open and Short Circuits

Sensors

O pen ( cm ) Short (cm)

M ax.
Length

Max.
E rro r

M in
E rro r

M ax
Length

M ax.
E rro r

M in
E rro r

Voltage divider 900 17.98 0.2059 NA NA NA

Square wave 
generator

900 22.75 0.3077 NA NA NA

Three gate 
oscillator

420 21.44 0.0292 600
(C=0.1jiF)

405.63 0.2122

Two inverter 
oscillator

600 63.19 1.9117 255 
(C=50 pF)

46.62 0.8414

Schmitt trigger 
oscillator

270 17.99 0.2466 225 
(C=0.1 (iF)

100.36 2.5750

Differential
Amplifier

225 7.93 0.0984 225 
(C=100 pF)

28.43 0.0134

555 Timer >6000 5.3 0.01 Less than 
infinity

20 0.5

The maximum length of a short-circuited wire that can be 
measured is 425 cm. The output voltage is very small and 
cannot accurately be measured for a wire that is longer than 
425 cm.

E. 555 Timer Circuit

A 555 timer set up as an astable multivibrator is another 
method that locates faults on the open-circuited wire [5]. The 
frequency of the voltage output is

/(H z) =  1.443/ [(Ra +  2R h) C \ . (16)

The circuit must be adapted to test short-circuited wires, as 
shown in Fig. 11. The values used are R a  =  1 kQ  and Rb = 
10 MQ to obtain a 50% oscillation duty cycle. This circuit can 
distinguish between open and short circuits, because, when the 
circuit is used in the wrong configuration (open circuit in [5] 
when testing short), it produces a dc (null) output. The period 
of the output is plotted in Fig. 12, and both open- and short- 
circuited configurations are very linear. The maximum length 
that we have tested is 60 m long. This circuit can locate faults on 
wires that are up to about 1000 m long by changing the values 
of Rg  in Fig. 11.

IV. C o m p a r i s o n  o f  M e t h o d s  a n d  C o n c l u s i o n

The different methods discussed in this paper are summa­
rized in Table II. The two-inverter oscillator and Schmitt trigger 
oscillator circuits could not accurately locate short circuits. All 
the circuits were more accurate for open circuits (capacitance) 
than short circuits (inductance), which is understandable since 
the inductance of the wire is strongly impacted by its metallic 
surroundings. The 555 timer and differential amplifier can 
locate both open- and short-circuited wires with the least error. 
The maximum errors for the timer for open and short circuits 
were 5.3 and 20 cm, respectively, and those for the differential 
amplifier were 7.93 and 28.43 cm, respectively.

Calibration of these systems can be done by measuring wires 
of the type that will later be tested and storing the coefficients 
of a linear fit to that data. If no calibration is done and the 
average values are used, errors on the order of l% -5%  for the 
open circuit and l% -20%  for the short circuit would be seen; 
therefore, it is strongly recommended that the type of wire and 
its gauge be known and used for calibration.

Some of the important limitations of all of these methods 
are that, if the capacitance or inductance of the wire changes 
along its path (such as from nearby metallic components on 
unshielded or untwisted wires, significant changes in the orien­
tation or separation of the wire and its associated “ground” or 
paired wire, or discrete components added to the system), the 
capacitance or inductance of these additional effects will also 
be measured and will create errors in the length measurements. 
In addition, these methods are not suitable for locating faults on 
branched wires, as only the lumped capacitance or inductance is 
being measured. In spite of these limitations, these simple and 
inexpensive circuits can provide excellent location of open and 
short circuits on wires. They are ideally suited for integration 
in handheld test equipment (which has been done in our labora­
tory) and can provide an easy-to-use alternative to the manual 
search methods used today.
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