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Abstract—This paper describes the development of a lightning surge
test circuit that can predict malfunctions in telecommunications equip-
ment. The test circuit is developed using the equivalent impedance of
a telecommunications line and a voltage source that generates the tesi
surge. The test surge waveform is determined from observed lightning
surge data in Japan based on the equipment malfunction rate. In exper-
iments using a key telephone, the malfunction rates predicted by the test
are shown to closely agree with observed rates.

Index Code—N4/e.

I. INTRODUCTION

HEN A lightning discharge occurs near telecommunica-

tion lines, lightning surges are induced in the lines, and,
in many cases, equipment is damaged. Modern telecommu-
nications utilize a large variety of equipment, most of which
contains a number of solid-state devices. Since these devices
are easily damaged by high voltage surges, such as lightning
surges, the equipment malfunction rate should be ascertained
through a lightning surge test. However, although test circuits
to predict such malfunctions in the equipment are needed,
such circuits have not yet been successfully developed.

A study of lightning surge characteristics is required in or-
der to develop lightning surge test circuits. Investigation of
lightning surge induction mechanisms [1], [2] and lightning
surge observations [3], [4] were made, and statistics on light-
ning surge waveforms were obtained from the accumulation
of observed data. In this way, the traditional test circuit for
lightning surges was developed. The circuit consisted of a
surge generator in series with the resistance, where the surge
waveforms of the generator were selected from observed surge
waveform data and the resistance was a simulated telecommu-
nications line [5]-[7]. The lightning surge was changed by the
terminal impedance at the telecommunication line end. In par-
ticular, the lightning surges appearing between the equipment
input terminal and ground were intricately changed because
nonlinear devices, such as gas discharge tubes, which were
installed to protect the equipment, were activated. However,
traditional test circuits did not simulate this lightning surge
change because a resistance that displayed no frequency char-
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acteristics was used for a simulated telecommunications line.
Furthermore, since a method to calculate the surge waveform
was not clearly defined, the equipment malfunction rate could
not be estimated from the test.

This paper proposes an improved lightning surge test cir-
cuit that can estimate the malfunction rate for any equipment.
To demonstrate the validity of the new test circuit, test cir-
cuit parameters were determined for equipment connected to
subscriber lines in Japan. The malfunction rate of the key tele-
phone switching system was calculated using the test circuit
and was compared with the observed data.

II. OurtLiNg oF THE Test CIRcUIT DESIGN

This section outlines the test circuit design that estimates
the malfunction rate for any equipment.

Equipment at the line ends is usually connected to the
telecommunications line through a primary protection circuit
(P.P.), as shown in Fig. 1(a). When a lightning discharge oc-
curs, an electromotive force appears in the line and propagates
to its end. A surge voltage V), called the longitudinal surge,
occurs between one of the wires of a balanced pair cable and
the ground. An arrester in the P.P. discharges when the peak
value of V), exceeds the arrester discharge voltage. If the dis-
charge voltages of the arresters in the P.P. are not identical
to each other, the arresters do not discharge simultaneously,
and then a surge voltage V., called a transverse surge, occurs
between the two wires of the balanced pair. A new test circuit
should consist of two output terminals and one earth terminal
to combine both longitudinal and transverse surges.

Lightning surges are changed by the terminal impedance
of equipment and by the terminal impedance change caused
by the operation of the protection circuit. In the new test cir-
cuit, lightning surge changes at the telecommunications line
end should be simulated. A new test circuit with a pair of
voltage sources and impedance has been developed, shown in
Fig. 1(b), where V; is the equivalent voltage source, Z, is
the equivalent impedance, and the pair of circuits with ¥; and
Z; expresses the longitudinal surge appearing at the balanced
pair of the telecommunications line. Since the test circuit com-
pletely simulates the lightning surge change, it is able to test
the equipment for any input impedance.

The lightning surges appearing at the telecommunications
line end are represented by distributions [3] and [4]. In the
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new test circuit, the surge waveform of V;, called the test
surge waveform, is calculated from the longitudinal surge oc-
currence to estimate the equipment malfunction rate.

The design flow of the equivalent impedance and the
test surge waveform is outlined in Fig. 2. First, equivalent
impedance Z, is determined on the basis of the lightning surge
inducing mechanism, and the test circuit impedance is deter-
mined on the basis of the maximum energy feeding condition,
the severest equipment condition. Second, equivalent voltage
source V; is determined from the observed lightning surge
data and equivalent impedance, and the test surge waveform
is calculated from the equivalent voltage source based on the
lightning surge occurrence rate.

II. LigHTNING SURGE EqQuivaLenT CIrculT

A. Equivalent Impedance

The lightning surge inducing mechanism is shown in Fig.
3. Line @ — b represents one wire of the balanced pair cable.
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Fig. 3. Lightning surge induction model for the circuit between one wire of

the balanced pair and ground.

When a lightning discharge occurs, electromagnetic fields are
generated in the atmosphere. The electric field has vertical
and horizontal components, which together induce an electro-
motive force in the line. The surge current /(x) and voltage
V(x) in the line produced by this force are given by

d
~= V(x) = ZI(x) + Ex(x) (D)

and
~ 9 1) = YU - hEJ)] @
dx

where Z and Y are the impedance and admittance per unit
length between one wire of a balanced pair and ground, Ej,(x)
and E, (x) are the horizontal and vertical electric fields against
earth, A is the cable height from the earth, and x is the distance
from one end of the cable.

In the frequency domain, solutions of these differential
equations are given by [8]

V(x) = Zo[(A + S(x))exp(—yox)

+(B + Q(x))exp(yox)] (3)

where

] X
Sx) = 27, gﬂ [—En(u) + yohE,(u)]exp (you)du (4)

and

l X
0 = 5, | [~Ea) — vohEu))exp(—you) du. (5)

2Zy Yy
In (3)-(5), Zy and 7, are the characteristic impedance and the
propagation constant of the transmission line composed of one
wire of the balanced pair and earth, respectively. These values
can be calculated using [2] and [9]. A and B are constants
determined on the basis of the line terminating conditions,
and u is the integral variable.

When the line is terminated by Z, and Z,, the lightning
surge at the B end is given by

_ Zo(1 + Py)
exp (yol) — PoPyexp (—yol)

[SU) = P.Q()] (6)

with
= Zy — Zy
C Za+ Zy
where / is the line length.
A method used to determine the equivalent circuit is illus-
trated in Fig. 4. According to the network analysis theory,
the circuit shown in Fig. 3 can be represented by the circuit

Zy -7
= — 7
b Zy + Zy )
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Fig. 4. Equivalent circuit for Fig. 3. (a) Lightning surge V, at the
telecommunication line end B is represented by the equivalent impedance Z,
and equivalent voltage source V. (b) Lightning surge V, is represented by a
transmission line and a equivalent voltage source V.

shown in Fig. 4(a). In Fig. 4(a), b represents the B ends in
Fig. 3, and Z; and V; are the equivalent impedance and the
equivalent voltage source, respectively.

Considering the circuit in Fig. 4(a), the equivalent
impedance is defined as

Vii = Vi

= AL T 8
Vi Vi ®
Zyy Zp

where ¥ and V), are the voltages when the B end in Fig.
4(a) is terminated by Z, and Z,,, respectively. Using (6),
the equivalent impedance Z; is given by

1 + Pgexp(—2yol)
1 = Pgexp(—2yol)

Z; =2, (&)

Equation (9) shows that the equivalent impedance Z; is rep-
resented by the input impedance of the transmission line with
characteristic impedance Z;, propagation constant v, and re-
flection coefficient P, at the A end. Thus, the equivalent
impedance in Fig. 4(a) is expressed by the circuit in Fig. 4(b).
In Fig. 4(b), line @ — b represents one wire of the balanced
pair cable, and the line @’ — b’ represents the ground. Since
(9) does not contain Z, and V;, the equivalent impedance Z;
does not depend on the equivalent voltage source V; and the
terminal impedance Z,, at the B end.

B. Equivalent Voltage Source

Considering the circuit in Fig. 4(a), the equivalent voltage
source V; is defined as
7,
Zb + £; Vb
Zy
where V), is the lightning surge voltage at the telecommuni-

cations line end.
From (6), the equivalent voltage source is given by

Sy - P,O)
exp (yol) — Paexp(—yol)

Equation (11) indicates that the equivalent source voltage
does not depend on the terminal impedance Z, at the B end.
However, it is difficult to theoretically calculate the equivalent

Vi= (10)

V: =22, (11)
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Fig. 5. Typical lightning surge waveform. (a) Lightning surge observed by
the lightning surge waveform recorder. (b) Definition of the peak value, the
front time, the time to half value and the triangular waveform.

voltage-source distribution, because (11) contains the electro-
motive force Q(/) and S(/), which are not fully calculated.
The distribution is then calculated from the lightning surge
observation data.

A typical lightning surge observed by the lightning surge
waveform recorder [3] is shown in Fig. 5(a). Since the light-
ning surge waveform is complex, the waveform is expressed
by three parameters: the peak value V,, the front time Iy,
and the time to half value #;. These parameters are defined in
Fig. 5(b). Furthermore, as shown in Fig. 5(b), the waveform
is approximated using a triangular waveform to simplify the
calculation.

According to the lightning surge observations, the peak
value occurrence rate N(V},,) greater than abscissa value Vip
is given by [3], [4]

N(Vip) = KV,7 (12)

where the K and p values are constants representing the peak
value distribution of the equivalent voltage source.

The cumulative probability distributions of the front time
n(ty) and the time to half value n(r,) are given by log normal
distributions [3], [4], which are expressed as

1 1 rf) ’
tf) = — - 1 = 13
Al mafe“p[ ar (P«f ] 1
and
n(ty) = *lmex [—# In (t—"'>:|7 (14
: \/2_170,;, R \50,, Kh )

where o, and o, are the standard deviations of the front time
and the time to half value, respectively; pr and py are the
mean values of the front time and the time to half value,
respectively.

From (10), the equivalent voltage source is given by

1 S“’ Zy + Z;
Vi = — ' —
! 27 — oo Zb

[5 vpexp (—jwi)dit]exp (jwl)dw (15)
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where v, and v; are the observed lightning surge and the equiv-
alent voltage source in the time domain, respectively, and Z,
and Z; are the terminal impedance at the line end and the
equivalent impedance, respectively.

IV. Basic DesiGN oF THE Test CIRCUIT
A. Impedance of the Test Circuit

The impedance of the test circuit is expressed by the dis-
tributed constant circuit in Fig. 4(b). This configuration is not
useful for testing equipment due to its large size requirements.
It is important that the equivalent impedance is expressed by
a lumped constant circuit. The terminal impedance Z, is de-
termined to obtain the lumped constant circuit based on the
maximum energy feeding condition, the severest equipment
condition.

In the circuit shown in Fig. 4(b), the lightning surge is fed
to the equipment through Z,. When Z, is zero, the energy
spent on the telecommunication line is smallest in the region
below 10 kHz, where the lightning surge energy is almost fully
contained, and conversely, that spent on the equipment is at a
maximum. Therefore, Z, = 0 is selected for the calculation.
The equivalent impedance expressed by (9) is rewritten as

Z; = Zytanh (yol). (16)

Equation (16) is expanded in series and two terms are taken
from the top. The impedance of test circuit is given by

1

Ty = + Rj (17)
IO e Tk
where
8 _ 8
R" = FRI, LJ - FLL
! ;o - 8
C = 3 C, R = Rl(l W?_) (18)

and R, L, and C are the primary constants of the line where
the lightning surge propagates.

From Fig. 1(a) and (17), the test circuit can therefore be
expressed in terms of the circuit in Fig. 6, where V; is the
low impedance surge generator that generates a test surge.

B. Test Surge Waveform Design Method

The test surge waveform has a certain rate of occur-
rence and can be determined from distributions of equiva-
lent voltage-source waveforms. Two assumptions underlie the
test waveform calculation: 1) Lightning surge distributions are
represented by the same equations that describe the observed
lightning surge distributions, and 2) the peak value occur-
rence rate of the test surge waveform is equal to the energy
occurrence rate of the test surge waveform.

From Assumption (1) and (12), the peak value occurrence
rate O, is given by

Qp(Vp) = KV,P (19)

where V), is the peak value of the test surge.
The front time and the time to half values of the test wave-
form are determined on the basis of surge waveform energy.
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The surge energy occurrence rate Q, is given by [10]

d (==
Qe = So av, QP(V.D)I:S ”(fu)dfo] dvy.  (20)

fos

E,
toe = 1 :
0 “(m%)

In Equations (20) and (21), E; is the surge energy and n(t,)
is the cumulative probability distribution of the time to zero
value £y. The surge energy is given by

E; = K.Vt

Here

21

(22)

Here, K, is a constant that depends on terminating conditions.
The time to zero value is defined as

ty = 2t — 1. (23)

The cumulative probability distribution of the time to zero
value is calculated from the front time and the time to half
value distributions. From Assumption (1) and (13) and (14),
assuming that the standard deviation of the front time and the
time to half value are the same, n(t,) is also given by [10]

1 1 fo )]2
— 2 24
N2maoy exp[ V20 ! (#0 i

where g is the standard deviation of the time to zero value
and pg is the mean value of the time to zero value; these are
shown as follows: [10]

to = 2up exp [0.45(1,’“—’)0},]
Hh
l Ky 2
— urexp | 0.45( —— ) o ]
Ky €Xp [ (2“ 7

gy = (1 + ﬂ)ﬁ%
I

From Assumption (2), the peak value occurrence rate Qp
is found to be equal to the energy occurrence rate Q,. Using
(19) and (20), the time to zero value of the test surge is given
by

n(ty) =

(25)

and

(26)

to = moexp(0.4502). (27)

From (25) and (27), the front time ¢, and the time to half
value ¢, for the test surge are given by

Kr 2
tr = purexpl045( 1 + =& )os (28)
[ = By P[ ( 2M> f]
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TABLE I
LINE CONSTANTS AND LENGTH OF THE CIRCUIT BETWEEN ONE WIRE OF
THE BALANCED PAIR CABLE AND THE CABLE METALLIC SHEATH

Term Constant
Line constants(line resistance R, R=141 Q/km
inductance L, and capacitance C L=0.64 mH/km
per unit length) C=59 nF/km
Line length 2 km

and

th = up cxp[0.45(l + ﬁ)aﬁ]. (29)
2pp
Equations (28) and (29) show that the front time and the
time to half value are independent of the peak value occur-
rence rate , and the energy occurrence rate Q.. The test
surge occurrence rate is then calculated from the peak value
occurrence rate.

V. DETERMINATION OF TEST CIRCUIT PARAMETERS
FOR THE EQUIPMENT CONNECTED TO THE
SuBscrIBER END IN JAPAN

A. Impedance Parameters for the Test Circuit

As shown in Fig. 1(b), the impedance of the test circuit
is determined by the equivalent impedance. From (17), the
equivalent impedance depends on the line length and the pri-
mary constant of the line. These parameters have been de-
termined using the mean subscriber line condition values for
Japan and the maximum energy feeding conditions. The de-
termined values are presented in Table I. Procedures used to
determine the parameters are described below.

First, the line length was selected from the mean value of
the subscriber line length in Japan [11]. Second, several con-
nection types are considered when the equipment is connected
to a telecommunications line. These types are further divided
into three distinct groups, as shown in Fig. 7(a)-(c). In these
three groups, two kinds of longitudinal surges are fed to the
equipment. One propagates through the circuit between one
wire of the balanced pair cable and the cable metallic sheath,
as shown in (a), and the other propagates through the circuit
between one wire of the balanced pair cable and the ground,
as shown in (b) and (c).

The measured equivalent impedances of the circuits in Fig.
7(a)-(c) are shown in Fig. 8. Below 100 kHz, the equivalent
impedance of the circuit in (a) is smaller than that of the other
two circuits in Fig. 7(b) and (c). Since the energy spent on
the equivalent impedance of the circuit(a) is smaller than the
energy spent on the equivalent impedance of the other circuits,
group (a) is selected to determine the equivalent impedance
values based on maximum energy feeding conditions.

The line constants depend on the wire diameter of the bal-
anced pair. The wire diameter mean value in Japan is 0.4 mm
[11]. Measured line constants at 1 kHz were used for the cal-
culation, and these values are shown in Table I. As a result
of the measurement, these values are nearly constant in the
region below 100 kHz.
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Fig. 7. Standard connecting configuration between the equipment and the
telecommunication line. (a) Cable metallic sheath is connected to the
equipment ground and P.P. ground. (b) Cable metallic sheath ground,
equipment ground, and P.P. ground are separated. (c) Cable has no metallic
sheath.
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Fig. 8. Frequency characteristics of the measured equivalent impedance for
Fig. 7(a)-(c).

Using constants shown in Table 1, values R;, L;, C;, and R;
in Fig. 6 are calculated and summarized in Table II.

B. Test Surge Waveform for Equipment Connected (o the
Subscriber End

The test surge waveform can be determined from lightning
surge observation data using (15), (19), (28), and (29). The
procedures used to determine the waveform are described be-
low.

The lightning surge distributions observed at the subscriber
end are needed to obtain the equivalent voltage-source distri-
butions. These are shown in Figs. 9 and 10 [3]. In Figs. 9
and 10, the dotted lines indicate the observed lightning surge
distributions V. K and p values in (12) and ps, py, o7, and
oy values in (13) and (14) are summarized in Table III.

The equivalent voltage-source distributions V; are calcu-
lated from the observed data in Figs. 9 and 10 using (15).
The calculated results are represented by solid lines in these
figures as well. In the calculation, the surge waveforms are
approximated with triangular waveforms and the Monte Carlo
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TABLE 11
LIGHTNING SURGE TEST CIRCUIT CONSTANTS FOR EQUIPMENT
CONNECTED TO THE SUBSCRIBER END IN JAPAN

Term Constant
Impedance R;=2501%, Li=1 mH
Ci=60 nF, R';=50%
- (-1/p)
Peak value Vs (Qp/K)

Test surge Qp:Surqe occurrence rate

Waveform tg=28 us , th=135 us
cd
£3 102
- 3 |
@ T 5
2
sE L7
e -
58 10
g s
]
£ 02*
g S 10° |
c £ 5[
o X =
£ 2
38 107"
o E 5
oz
S, o i
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;§10
> = 5t
@©
x > 21
o T -3 T ) [V S (PO [ (PR
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@«

Peak value (V)

Fig. 9. Peak value occurrence rate greater than abscissa values of the
observed surge V,, and the equivalent voltage source ¥; at the subscriber end.

Cumulative probability distribution (%)

Time (us)

Fig. 10.  Front time and time to half value distributions of the observed surge
V), and equivalent voltage source ¥, at the subscriber end.

method is used. The detailed method for calculation is de-
scribed in the Appendix.

The calculation constants are determined to be: 1) terminal
impedance Z, of 200 Q2 based on the observed condition, 2) a
random number of 1000 based on the convergence condition,
and 3) other values used as constants in Table I. These figures
show that distributions of the equivalent voltage source are
almost completely represented by (12)-(14). The constants in
these equations are summarized in Table III. Using (19), (28),

[EEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 30, NO. 3, AUGUST 1988

TABLE 111
PARAMETERS FOR OBSERVED LIGHTNING SURGE DISTRIBUTIONS V, AND
EQUIVALENT VOLTAGE-SOURCE DISTRIBUTIONS V,

Term Vb Vi
Peak value| K value 0.6x105 2.5x10°
p value -1.8 -1.8
Mean value(ug) | 20us 25us
Front time
Standard
deviation(ay) |0-56 0.39
Mean value(u,) [ 100us 118us
Time to
half value |Standard
deviation(oy) 0.56 0.51

(29), and the constants in Table III, the test surge waveforms
are calculated; these values are also summarized in Table II.

C. Experiment

Block diagrams of the experimental setup for the test circuit
are shown in Fig. 11. In Fig. 11, Z; is the impedance of the
test circuit in Fig. 6. These values and the test surge waveform
are already shown in Table II. The 500-kV charged capacitor
C, discharge gap G, inductance L, and resistances R1 and
R?2 make up the low output impedance test surge generator,
and these values are C = 0.6 uF, L = 1 mH, R1 = 80
2, and R2 = 20 Q. The earth resistances R3 and R4 are
determined on the basis of typical values in Japan: these values
are R3 = 100 @ and R4 = 50 Q. The primary protection
circuit P.P. for the subscriber end is used.

The key telephone switching system with two telephones,
which is designed to meet the voice communications needs of
small businesses with two to six tclephones, is used in this
experiment. Five sets of the version I and II key telephone
switching system were used, with version IT incorporating
improved lightning surge protection. In the experiment, the
peak value of the test surge was measured when a malfunc-
tion occurred in a key telephone switching system. The mean
value for version I is 25.7 kV and the mean value for version
I is 40.3 kV. Using (19), the actual malfunction rate could be
estimated from these values, and results are shown in Table
V.

The observed key telephone switching system malfunction
rates are also presented in Table IV. Approximately 4000
Version I and 3000 Version II key telephone switching sys-
tems were monitored over a two-year period for malfunctions
caused by lightning surges. The key telephone switching sys-
tem malfunction rates were calculated using these data and the
average thunderstorm days per year in Japan.

Though the test circuit design was based on the severest
equipment conditions, estimated results were nearly identical
to observed data, as shown in Table IV.

VI. SumMMARY AND CONCLUSION

This paper has described a new lightning surge test circuit
that is capable of successfully predicting equipment malfunc-
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Fig. 11. Block diagram of the experimental set up for the test circuit.

TABLE IV
KEY TELEPHONE SWITCHING SYSTEM MALFUNCTION RATE (TIMES PER
THUNDERSTORM DAY PER LINE)

Term Observation Estimation
Key telephone 2.4x10°3 2.9x10-3
(Version I)
Key telephone 0.8x10-3 1.3x10-3
(Version II)
Version II to 0.35 0.45
I ratio

tion rates. The lightning surge that appeared between one wire
of a balanced pair and ground at the line end was presented
by an equivalent circuit, and the test circuit was designed
through the use of an equivalent circuit. Results of the in-
vestigation for the design showed that the test circuit could be
determined using three parameters: line constants, line length,
and lightning surge observation data.

To demonstrate the validity of the test circuit, the test circuit
parameter and the test surge waveform for the equipment con-
nected to the subscriber line in Japan were determined, and
test results were compared with observed data. The test circuit
parameters for the equipment-connected subscriber end were
R; =250 Q,L; = 1 mH, C; = 60 nF, and R} = 50 Q. The
surge waveform parameters were /; = 28 us and ¢, = 135
us, and the peak values were determined from the lightning
surge occurrence rate. The equipment malfunction rates esti-
mated from the tests were almost identical with the observed
data.

This test circuit will be useful in the design of circuits for
the protection of equipment against lightning surges.

APPENDIX

CaLcuLAaTiON METHOD FOR EQUIVALENT
VOLTAGE-SOURCE DISTRIBUTIONS

This appendix presents the method for calculating the
equivalent voltage source. A triangular waveform with con-
stant peak value is randomly selected from front time and
time to half value distributions using a random number. The
equivalent voltage-source waveform is calculated using (15).

The ratio of the peak value of the equivalent voltage-
source waveform V), to the peak value of the observed surge
Vop(Vp/Vep), and front time and time to half value distri-
butions are obtained, as these values are independent of the
observed peak value. The peak value distributions are calcu-
lated from the peak value ratio distributions.
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The peak value ratio (V,/V},) distributions of the equiva-
lent voltage source are shown in Fig. 12. When these distri-
butions are approximated with a log normal distribution, they
are given by

| A —1In (ug) £
A) = e —_ Al
S \/ZTraa exp[ 20, ] txh)
with
A =1n (a) (A2)

where a is the peak value ratio V,/ V), pg is the mean value
of the peak value ratio distribution, and ¢, is the standard
deviation of the peak value ratio distribution.

In the region between 4 and A + dA, the peak value ratio
is constant. From (12), the peak value occurrence rate greater
than abscissa value N(V),) is given by

Ny = k(e )
Vo) = exp(A)

where K and p are constants in Table III.
From (A1) and (A3), N(V,) is given by

(A3)

NV, = r K LYJ (A)dA Ad
Wk = - exp(A) " ' £

Integrating (A4), the peak value distributions are given by
N(Vp) = KV, "®exp (1.62a})u, """ (A5)

ACKNOWLEDGMENT

The author would like to thank N. Kojima, N. Uchida, Y.
Ishida, and M. Tokuda for their useful guidance.

REFERENCES

[1] H. Koga, T. Motomitsu, and M. Taguchi, “Lightning surge waves
induced on overhead lines,” Trans. IECE Japan, vol. E62, no. 4,
pp- 216-223, Apr. 1979.

[2] N. Kuwabara, H. Koga, and T. Motomitsu, “Indirect lightning surge
at subscriber line ends,” Rev. Elec. Commun. Lab., vol. 31, no. 4,
pp. 539-549, 1983.

[3] H. Kogaand T. Motomitsu, “‘Lightning-induced surges in paired tele-
phone subscriber cable in Japan,” IEEE Trans. Electromagn. Com-
pat., vol. EMC-27, no. 3, pp. 152-161, Aug. 1985.



400

(4]

[5]
[6]

[7

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 30, NO. 3, AUGUST 1988

D. W. Bodle and P. A. Grash, “Lightning surges in paired telephone
cable facilities,” Bell Syst. Tech. J., vol. 40, pp. 547-576, Mar.
1971.

C.C.L.T.T. Recommendation of K.20, 1984,

R. Tharby, “Protection of telecommunications lines and equipment
against overvoltages and overcurrents,” IEEE Int. Symp. EMC
(Tokyo), pp. 274-279, Oct. 16-18, 1984.

M. Yamamoto and T. Harada, “Standard waveshapes of impulse volt-
age and impulse current,” J. Inst. Elec. Eng. Japan, vol. 99, no. 8,
pp. 741-745, 1979 (in Japanese).

[8]
[9]
[10]

(1]

E. D. Sunde, Earth Conduction Effects in Transmission Systems.
New York: Dover, 1968, pp.- 14-17.

1. R. Careson, “Wave propagation in overhead wires with ground
return,” Bell Syst. Tech. J., vol. 5, pp. 539-554, Oct. 1926.

H. Koga, T. Motomitsu, and M. Taguchi, *“Test surge wave determi-
nation method for telecommunication equipment,” Rev. Elec. Com-
mun. Lab., vol. 29, no. 7-8, pp. 810-817, July-Aug. 1981,

E. Yokota, T. Horio and K. Yagi, “The actual state of telephone
network subscriber loops,” Shisetsu, vol. 29, no. 11, pp. 62-68,
1977 (in Japanese).



