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INTRODUCTION

This paper describes a new relaying system based upon the current differential
principle and employing a fiber optic communication channel. The system is an
adaptation of a conventional pilot wire relay to a new fiber optic communication
channel. The technique described will enable the application of a current
differential relay for protection of lines up to 15 miles long without the

need for a repeater station. The use of a fiber optic data transmission elimin-
ates the problems associated with traditional pilot wire systems such as ground
potential rise and distance limitations. Topics covered include:

Traditional Application of Pilot Wire Relays
Current Differential Principle

The DL 91 Pilot Wire Relay

Fiber Optic Communication Channel

FM Technique

Direct Transfer Trip

System Example Calculations

The LDF 91 System

The LDF 91 system combines the experience of the traditional pilot wire relay
with the innovation of fiber optic communication channel to provide a state of
the art protection system.

TRADITIONAL APPLICATION OF PILOT WIRE RELAYS

Pilot wire protection is the application of the differential principle to the
protection of cables and overhead lines. This paper describes a traditional
pilot wire relay which is applied to a fiber optic communication channel.

The channel in effect makes the pilot wire relay think that it is connected
to a wire system when it is actually connected via a fiber channel. Pilot
wire relays have traditionally been applied to short lines and in cases where
a voltage source is not available. They are also applied as a logical com-
plement to distance schemes, particularly in the case of very short lines for
which distance measurement is difficult or impossible.

Pilot wire relays are also applied in cases where there is a heavy mutual
coupling since the differential measurement is immune to mutual effects.
Most applications require external devices to monitor the pilot wire integ-
rity against open or short circuits. Also, a transfer trip feature can be
included in the scheme.

The disadvantages of the traditional metallic pilot wire system are numerous.
Reports dating back to the early 50's (see references 2 and 3) dindicate that
the majority of trouble is caused by the pilot wire itself and not the relays.
The metallic connection does not allow a galvanic separation between stations.
This means that careful attention must be paid to the station ground potential
rise (GPR) against the remote ground and mutual induction. If the GPR is too
high, then insulating and neutralizing transformers are necessary. Since

many metallic pilot wire pairs are leased from the telephone company, the power
company does not have complete control over the reliability of the circuit.
Because of the possibility of an open or short circuited pilot wire, super-
vision equipment is usually provided.



Traditional Application of Pilot Wire Relays (Cont'd)

Since the pilot circuit may also be used for transfer tripping via a dc signal,
care must be taken during testing to avoid the possibility of undesired
tripping due to an inadvertent application of a test voltage.

The traditional pilot wire application has a limited distance between terminals.
This limitation is a maximum 2000 Ohm loop impedance of the pilot cable and

a 1.5 pf shunt capacitance limitation., This limits the practical application
range to about 10-12 miles in most cases.

Current Differential Principle

The current differential principle is the ultimate in simplicity as applied

to a protection system. Simply stated, it means "What goes in must come out';
if not, then some current was "lost" to the fault. In practical applications

to machines, busses and transformers, CT saturation and magnetizing inrush

is taken into account in the relay design. Where a line is concerned, magnetiz-—
ing inrush is only a problem if the line has a tapped transformer. The
advantages of the current differential principle are it provides a clearly
defined zone of protection and a voltage source is not required.

As applied to line protection, if we were to use a transformer type of dif-
ferential relay, at least eight wires would have to run between stations. Since
one relay must trip at least two breakers, transfer tripping would be required.
Also, these wires would carry large currents, have a high burden and would
exceed ratings allowed by the telephone company.
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Although a pure differential scheme could misoperate under external fault con-
ditions if the pilot circuit is interrupted or short circuited, the scheme

is usually supervised by overcurrent fault detectors which are set above load
current. This implies that the minimum fault current magnitude must be greater
than the maximum load current under all conditions. If it is desirable to
detect fault current magnitudes below load current, an impedance type fault
detector must be used. However, this would defeat one advantage of a normally
current only scheme.

It should be pointed out that in most applications of current differential
relays the source impedance is relatively low in relation to the line im-
pedance (short lines).

In order to get around the problem of six wires carrying heavy current, pilot
wire relays were invented. These relays use either a mixing transformer or a
sequence filter to produce a single phase signal to be used for the differential



Current Differential Principle (Cont'd)

comparison function. There are two systems in common use throughout the world.
These are the circulating current principle and the opposed voltage. A third
system recently developed uses the voltage comparison principle with three pilot
wires.

Mixing Transformer

The mixing transformer, which is applied in the opposed voltage scheme, produces
a single phase quantity from a three phase input for all types of faults.
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The normal connection for the mixing transformer is the 1:1:3 ratio. The
sensitivity to different types of faults is shown in Table I. The 1:2:3
connection is applied in case the line contains a delta-wye transformer.

In this case the currents for a phase-to-phase fault on the wye side produce
the distribution 1,2,1 on the delta side. These currents could cancel each
other in the mixing transformer and, therefore, the 1:2:3 connection is applied.
The sensitivity to different types of fault of scheme using the mixing trans-
former is shown in Table I.

Table I
Sensitivity

Fault Turns Ratio Turns Ratio
_Type 1:1:3 1:2:3
A-B-C | 100% 100%
A-B 172% 2637
B~C 172% 132%
A—C 867% 87.5%
A-g 35% 447
B-g 44z 52%
C-g 577% 87%



Phase Sequence Network

Although more complicated, a phase sequence network may be used to derive
the single phase current. The phase sequence network is usually applied in
the circulating current scheme.
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The sensitivity to different types of faults with schemes using the phase
sequence network is given in Table IT*.

Table TI

Fault

_Type Sensitivity
A-B~C 100%
A~B 87%
A-C 87%
B-C 53%
e 12%

*The sensitivity can vary depending on the tap settings.

Since an overcurrent fault detector is usually set above load current, sen-
sitivity below 100% for any given fault will not reset in tripping.



Opposed Voltage Principle
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Opposed Voltage Scheme

"Opposed voltage' means that current does not normally circulate through the
pilot wire. In the opposed voltage scheme under normal load or external fault
conditions, most of the current flows through the restraint coil. If a fault
occurs, current flows through the operate coils and through the pilot wires.,
An open circuited pilot wire will not allow any tripping while a short cir-
cuited pilot wire will cause a false trip if sufficient current is flowing.

Circulating Current Principle
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Circulating Current Scheme

In the circulating current scheme under normal conditions the current circu-
lates in the pilot wire during normal and external fault conditions, therefore
flowing through the restraint coils. Since the operate coils are in parallel,
the current is shared during an internal fault, and this means that the pickup
is increased by 50% of the open pilot condition. An open circuited pilot wire
will cause false trip with sufficient current flow, an open circuited pilot
will block tripping. Fault detectors are usually employed to prevent tripping
under load conditions.



Voltage Comparison Principle
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Voltage Comparison Scheme

The voltage comparison scheme employs three pilot wires to perform the voltage
comparison. A mixing transformer is used to derive a single voltage from the
three phase currents. Two voltages are available in both relays, one (Vi)
proportional to the local line current and the other (Vy) proportional to the
remote line current. These voltages are compared by the measuring circuits.
During normal operation and extermal faults, the voltage difference V = Vy - Vq
is theoretically zero. An internal fault, on the other hand, will cause one
voltage to reverse at both ends or at least sufficient difference voltage is
produced to cause both relays to pick up. In this scheme with infeed at only
one end, tripping takes place at both ends. Any open or short circuited pilot
pair could cause a false trip if monitoring is not employed.

THE DL 91 PILOT WIRE RELAY

The DL 91 pilot wire relay is a three phase protection system using the mixing
transformer with the voltage comparison principle. The mixing transformer has
two selectable ratios, 1:1:3 or 1:2:3 for the current inputs A-B, B-C, and C-N
respectively. The ratio selection is made depending on the sensitivity desired.
The ratio 1:1:3 is normally used while the ratio 1:2:3 is used if the line
contains a wye/delta transformer.

The Block diagram of the DL 91 relay is shown in Figure 7. Since the DL 91
employs 3 wires, it is effectively a two way four wire system and is easily
adapted to a fiber optic communications channel.

The DL 91 relay processes two 60Hz signals; Vi proportional to the local current
and Vo proportional to the remote current. These two signals are used to dis-
criminate between internal faults, external faults, open or short circuited
pilot wires, CT saturation and inrush currents.

Release Function

Referring to Figure 7, all operation is controlled by an overcurrent release
function (50) or optionally by external release. This function prevents
false operation on load currents when there is a defect in the pilot system.
Available settings of the overcurrent release are 1.1 to 1.5 x Iy where Iy



Release Function (Cont'd)

is the nominal current rating of the relay (usually 1A or 5A). 1If it is desir-
able to have more sensitivity, an external impedance relay can be used for the
release function.

There are four inputs for the external release relays so that separate measure-
ments of the phase and residual currents can be directly converted to the relay.

In addition to acting as a check feature, the overcurrent unit, together with
a timer having a variable setting, provides back-up protection for pilot wire
failure and external faults.

If it is desirable to detect faults with magnitudes less than the load current
level, then a distance relay can be used for the external release.
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FIGURE 7
The load current is used to detect an open or short circuit condition on the
channel as indicated in Block 4. A differential signal of 0.3 x Iy* will
initiate an immediate alarm signal and block the relay within 5 seconds. The
differential could be caused by a partial or complete loss of one or more of
the pilot signals due to a short or open circuit. Should the pilot become
reversed, the alarm will also be given. With the monitor circuit secure,
operation is assured even in the event of channel trouble.

*Iy = rated current of the relay 1A or 5A



Inrush Inhibitor

In order to energize a line which has a series or tapped transformer, an inrush
inhibitor is incorporated. 1t can be switched in or out of the circuit as
necessary. Since the input to the pilot channel must be voltage limited, the
second harmonic cannot be used for restraint. Instead an inverse time step
overcurrent characteristic is used which operates om a rise in current >0.1 TIy*.
The time characteristic is given in Table III.

Table 111
Ix IN* t {(ms)
<15 100
7.5 100~-300
2.5 10060~3000

After the above times have expired, the inhibitor is no longer active.

Saturation Detector

The relay must remain stable during through faults and reliably trip the
instant an internal fault occurs even when severe (T saturation is present.
To fulfill this basic requirement and also to lower the limits on permissible
CT performance, the relay design includes a special saturation detector. It
works on the principle of determining when differential current is flowing.
During normal service or a through fault, the differential current will be
zero providing the CT's transform correctly. Saturation of a CT can only
occur after a short time after fault inception (up to 5ms) even if there was
residual magnetism present. Therefore, the unwanted differential current is
only to be expected after about 5Sms. The delay in the zero crossing of the
differential signal is used as the saturation blocking criterion.

In case of an internal fault, this is not so as the flow of differential

current and the fault incidence are simultaneous. Providing the set level

of differential current is exceeded and it has been determined that both
restraint and differential currents were flowing at fault incidence, an internal
fault is the cause. The criterion of a simultaneous appearance of operate
current and restraint current, the relay is allowed to trip for internal faults.
These principles are illustrated in Figure 8.

*Iy = rated current of the relay 1A or 5A



Saturation Detector (Cont'd)

External Fault Internal Fault

Figure 8
I1 = Local Current
I72 = Remote Current
IA = Differential Current
4 = Trip Signal

Back=-up Protection

Since the overcurrent release function is already incorporated, it is also used
as back-up protection for external faults and in case of pilot channel failure.
The overcurrent function operates an adjustable timer which in turn operates
the trip relay.

FIBER OPTIC COMMUNICATIONS CHANNEL DESCRIPTION

The fiber optic communication channel serves as the interface between 2 pilot
wire relays in the fiber optic current differential system.

Transmitter and Receiver Principles

The following description refers to Figure 24, Block Diagram Fiber Optic FM
Channel for Current Differential Relaying.

The pilot signal input is derived from a summation transformer which produces

a single phase 50Hz/60Hz component. The AC input signal is sensed by a circuit,
whose function is to buffer, limit and amplify the AC waveform. The signal

is fed to a voltage controlled square wave oscillator (VCO) through an analog
switch. The VCO generates a symmetrical pulse train modulated through its
50Hz/60Hz control input. An optically isolated direct trip keying input
responds to the command of a fault detector relay contact closure. The VCO
output pulse train switches the fiber optic emitter between 8kHz -~ 24kHz for

the 50Hz/60Hz pilot signal and switches to a 4kHz fixed frequency during direct
transfer trip.



Transmitter and Receiver Principles (Cont'd)

The fiber optic emitter infrared LED with a wavelength of (820mm or 1300mm) is
enabled by a low voltage monitor circuit which cuts off the power to the LED
during loss of the regulated supply. LED transmission indicators are provided
to follow the switching rate of the emitter for diagnostic purposes.

At the receiver statdion, the incoming optical signal is sensed by the fiber

optic detector, an integrated silicon (820nm) or germanium (1300nm) photodiode
and amplifier circuit. The output signal (an attenuated pulse train) is fed

to additional amplifiers, a low pass filter and temperature compensation circuits.

A zZero crossing detector senses the amplified pulse train which drives an FM
demodulator operating on the principle of frequency to duty cycle conversion.
The demodulator generates a pulse train of twice the received frequency, whose
duty cycle is a linear function of the AC waveform. The pulse train controls
an analog gate which switches between two reference voltages. This produces an
identical output whose high and low voltages are of precise values. The
resultant output is a pulse train with an average value being a linear function
of the AC waveform. The analog gate output pulse train feeds a decoder low
pass filter, which extracts the average value, thus recovering the AC waveform
for use in the current differential relay.

The fiber optic detector output also is sensed by a level discriminator and
zero crossing detector which feeds a frequency counter circuit. The counter
has two logic outputs; one of them indicates the presence of carrier (fre-
quencies above 2.5kHz), and the other indicates presence of guard (frequencies
above 6.7kHz).

A 4kHz band pass filter is used to detect the presence of the direct transfer
trip signal. The filtered output signal drives a level detector circuit which
activates a 2.5ms pre trip timer. The logic circuit combines the valid trip
signal together with the guard before trip/trip after guard information, low
voltage monitor, and carrier detector presence to achieve a high degree of
security and dependability.

From the above description, one can appreciate the simplicity and the following
design advantages:

A wideband system permits excellent resolution (approxi-
mately 1%) and frequency response. An extremely faithful
response at the receiver terminal is provided for all

power system frequencies from DC to 1500Hz. The ability

to reproduce an exact replica of the AC waveform, including
the harmonics contained in the fault transients, is essential
to the proper operation of a current differential system.

The Fiber Optic FM Transceiver has a 300us end~to-end delay.
This means that no delay equalizers are required to compen-—
sate for channel (leased line) delay. Also the high speed
carrier detector and power failure monitor allows margin

to block before any false tripping can occur.

- 10 -



FM Technique

The principle of FM modulation is illustrated in Figure 9. When the modulating
signal has zero value, the modular generated a fixed frequency output called
carrier, or center frequency.

INPUT
SIGNAL
(60 HZ}

s UL LD L L L

Figure 9
Frequency Modulation

Voltage to Frequency Converter

If the input signal assumes a nonzero value, the frequency of the output shifts
away from the center frequency by a certain value, proportional to the input.
Therefore, if the input signal has a varying value, such as a sinusocidal wave-
form, the modulator output frequency will also be varying, following the
instantaneous value of the input.

The input to the modulator is a power line frequency signal, 50Hz or 60Hz.
During zero-crossings, when the input is zero, the modulator generates a center
frequency pulse train. While the value of the input increases, the output fre-
quency increases correspondingly, achieving maximum at the peak of the sinewave.
Then the frequency decreases with decreasing value of the input.

The voltage to frequency converter, or voltage-controlled-oscillator, VCO, is
the heart of the FM modulator. The voltage controlled oscillator characteristic
is shown in Figure 10. The center frequency, corresponding to zero inmput, is
16kHz. With a changing input, the output varies linearly. With the input
limited to Y5V, the output change is limited to ¥8kHz. 1If a full-swing sine-
wave was applied to the input, the modulator would generate a pulse train

with a frequency sweeping from 8kHz to 24kHz.
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Voltage to Frequency Converter (Cont'd)
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VOLTAGE CONTROLLED OSCILLATOR
CHARACTERISTICS

To transmit a direct transfer trip signal, the input to the Transceiver is

keyved by an external input contact as shown in Figure 11.

The DTIT input contact

typically connects the station battery to the input of an optoisolator, which
is detected by the Transceiver circuitry and a direct transfer trip signal is

generated.

 STATION BATTERY

External Imput Contact

ol

[FTOISOLATOR

DIRECY TRANSFER TRIP
KEYHG INPUT

Figure 11

The transmission relies on shifting the modulator output frequency from the
varying one, controlled by the input signal, to a fixed frequency, characteristic

of transfer trip only.

Figure 12 illustrates the DIT principle.
output changes, reflecting the input signal, but always
Once the direct transfer trip keying
of the modulator VCO shifts to a different source which

24kHz boundaries.

train is generated.

During normal

operation, the modulator
stays within the 8kHz to
is detected, the control
is steady 4kHz pulse



Direct Transfer Trip (Cont’'d)
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Demodulation of the Pulse Train

As described previously, an AC sinewave is sensed by the input of the transmitter.
The transmitter's VCO generates a frequency modulated pulse train which switches
the fiberoptic emitter LED, shown in Figure 13, as the upper trace (modulated
transmission).

The light pulses travel through the optical fiber and strike the detector in
the receiving station. The detector circuit amplifies and conditions the signal,
and the output is shown as the center trace in Figure 13.

From here the signal goes into the actual demodulator, operating on the "Fre-
quency-to-duty-cycle" conversion principle. The demodulator output is shown
as the bottom trace in Figure 13.

The extent of the "washout'" of the traces is showing the range of received
frequencies. If the 16kHz carrier is transmitted only, the traces would be
sharp and crisp. The width of the "washout" can be directly related to the
amplitude of the input AC sinewave.

The demodulation principle is illustrated by Figures l4a and 14b. The signal
from the fiberoptic detector circuit, upper trace, is sensed by the demodulator.
Each zero~crossing of the signal causes the cutput of the 'frequency-to-duty-
cycle"” converter to go high for a precisely measured 12.5us. TFor the remainder
of the signal half-wave the output goes low, until the next zero-crossing is
sensed.

Thus the duty cycle of the output varies, and becomes a linear function of the
AC input voltage that originally modulated the 16kHz carrier in the remote
transmitter.

Figures l4a and 14b show that for two different optical signal frequencies,

a high and a low one, the duty cycle for the low frequency is much lower than
for the high one, since the "high" time is constant and the "low" time varies.

- 13 -



Demodulation of the Pulse Train (Cont'd)

Thus the average value of the converter output, which is proportional to its
duty cycle, is a linear function of the optical signal frequency. And since
that frequency was a linear function of the transmitter input voltage, the
converter output average value is directly proportional to the voltage present
at the transmitter input, i.e., an optical pilot wire.

A low pass filter can be used to recover that average value of the pulses

from the demodulator. To accomplish this function, a six pole low pass filter
is used, thus completing the demodulator circuit. Operation of the filter is
illustrated in Figure 15.

A filter circuit contributes a delay time to the demodulation process. Due to
the high speed (speed of light of the transmitted signal), it is the only signifi-
cant delay factor. As shown in Figure 16, the delay between transmitted and
received waveform is about 300us, which amounts to 5 degrees phase shift at 60Hz.

Modulated Transmission

A 60Hz sinewave 1s sensed by the transmitter input. The transmitter logic is
switching the emitter LED (upper trace). The transmission is being received
by the fiberoptic detector (middle trace). The detector's output is driving
the "frequency—to-duty~-cycle' converter, whose output is shown by the lower
trace.

The "washout' of the traces is caused by the modulation of the 16kHz carrier

by the 60Hz input. The extent of this "washout" shows the range of transmitted
frequencies.

FREQUENCY TO DUTY CYCLE CONVERSION

FIBER OPTIC

DETECTOR

DEMODULATOR ——=

MODULATED
TRANSMISSION

Figure 13
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"Frequency-To-Duty~Cycle" Converter

The two photos illustrate the conversion principle. The signal from the fiber~
optic detector (upper trace) is sensed by the converter. Each zero-crossing

of the signal is causing the converter output to go high for exactly 12.5us.
Then the output goes low for the remainder of the half-wave, until the next
zero-crossing is sensed. Thus the duty cycle of the output varies, and is a
linear function of the input voltage that originally modulated the 16kHz carrier.
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HIGH
FREQUENCY
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DETECTION

Figure 14b
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Carrier and Guard Detection

The receiver circuitry monitors the received optical pulse train to assure
validity of the decoded outputs. The monitoring is done on the basis of
received frequency and signal strength, as illustrated in Figure 17 (Guard
and Carrier Zones).
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Figure 17

For the purposes of monitoring, there are two overlapping frequency zones
established. Both zones are limited from the high end by the 40kHz detector
circuit bandwith. ’

One of these zones, called the guard zone, contains all the frequencies pre-—
sent during normal, no-fault, transmission. These are the frequencies above
6.7kHz present in the signal modulated by the AC sinewave.

The second zone, called the carrier zone, contains all the frequencies above
2.5kHz present during all valid transmissions. This includes both the normal
AC modulated pulse train and the fixed frequency pulse train during direct
transfer trip transmission.

Note that this "carrier” does not correspond to the 16kHz FM carrier frequency
of the optical pulse train. It rather contains it together with all other
valid frequencies.

A frequency counter circuit in the receiver indicates presence of sufficient
amplitude signal in one of the above frequency zones.

- 17 -



Carrier and Guard Detection (Cont'd)

Signal monitoring of guard, trip, and carrier is shown in Figure 18.
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Figure 18
A hypothetical chain of events is shown in Figure 18 and postulated below.

First, a normal modulated signal is received. Since it is in both "guard" and
"carrier" zones, the corresponding outputs of the frequency counter are active
and the carrier detect relay is picked up.

Then a power line fault occurs and a direct transfer trip request is received.
The "guard" output becomes inactive because the frequency shifted to 4kHz
and the trip output of the Transceiver is energized.

Finally, for example, a break in the fiber occurs and the optical signal is
lost. Since there are no frequencies in the "valid" 2.5kHz range, the "carrier”

monitoring output becomes inactive. Simultaneously, the trip output is disabled.

A high degree of transmission is assured due to this type of frequency~-division
monitoring.

Direct Transfer Trip Decoder

Figure 19 illustrates the output of the level discriminator. The fixed 4kHz
frequency used for direct transfer trip is filtered before the level discriminator.
When sufficient amplitude of 4kHz frequency is detected (above the upper and

lower thresholds) a bipolar output operates as shown. These pulses feed a
detector with an output that combines guard before trip and trip after guard

logic information into a 2.5ms pre trip timer. The pre trip timer adds

security to the system to eliminate any false trip producing spikes that may
appear.
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Direct Transfer Trip Decoder (Cont'd)
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The guard before trip/trip after guard logic with pre trip timer is illustrated
in Figure 20. A minimum of 100ms of guard (frequency greater than 6.7kHz)

must be received prior to allowing a valid trip output to occur. After loss

of guard, the valid trip command must be received within 100ms. The above
logic serves to prevent an operator from accidentally restoring a channel in
the trip mode and other noise and operator conditions which are not valid.

GUARD BEFORE TRIP/TRIP AFTER GUARD LOGIC

25ms PRE TRIP TIMER

Figure 20

Power Supply Monitor

The low voltage monitor circuit is designed for worst case which is when the
positive supply fails. Once the supply rail voltage falls below 10.2Vdc
nominal, the carrier detect output of the failing transceiver drops out. At
the local station the transmitter LED is inhibited together with the carrier
detector and the direct transfer trip output. A 0.5Vdc hysteresis requires
the voltage to exceed 10.7Vdc to reset the monitor circuit. Note the inhibit
is not released until 50ms of reliable voltage level is established.

- 19 -



FIBER APPLICATIONS

The Fiber Optic FM Transceiver can be applied over dedicated or WDM (Wave-
length Division Multiplex) multimode 50 micrometer core fiber. Single-mode
capability will be available in the near future. Both the 820nm and 1300nm
versions are available.

Figure 21 illustrates an application for WDM using the Model 6700 together
with a 24 channel fiber optic transmission system operating at a T1 bit rate.
The channel bank can be used for voice, SCADA, data, telemetry and control on
a dedicated 1300nm frequency wavelength over the same fiber pair. This pro-
vides the relay engineer with the isolation and reliability required in a pro-
tective relaying scheme.
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Figure 21

System Example Calculations

The transmission example calculations for a fiber optic communications system
are based on two figures: transmitter power output and receiver sensitivity.

In the case of the Fiber Optic FM Transceiver, we are talking about optical
power coupled and detector sensitivity.

The transmitter LED is coupled to a fiber pigtail. Therefore, the value of
interest is not the actual LED power output, but the optical power delivered
into the fiber. That is the power value that the outside world will see. The
minimum value of the coupled power is limiting the system performance from the
transmitter side.

- 20 -



System Example Calculaticns (Cont'd)

The receiver detector is sensging the light coming out of the fiber connector.
To achleve a certain level of performance, the detector dicde requires a certain

level of optical power to strike its surface.

Receiver sensitivity is defined

as the minimum peak power of the detected light pulse train, required to achieve

no more than 1% signal distortion at the output of the demodulator.

Detector

sensitivity is the factor limiting system performance from the receiver side.

Tables IV and V illustrate the calculations of system loss example for 820nm

and 1300nm wavelengths.

Yor example, for 1300nm, the minimum optical power

coupled into the LED fiber pigtail is 15.4By and the receiver sensitivity is
~8.6dBp (dBuU is the lower level with respect to 1uW).

Table IV

820nm

FIBER OPTIC SYSTEM LOSS TABULATION

LED OPTICAL OUTPUT (TYPICAL)

LED OPTICAL POWER COUPLED (MINIMUM)

CONNECTOR LOSS =

FIBER LOSS:

Attenuation 4.8Km (3 Mil§§)

@ 3dB/Km =
Splices 3 @ .5dB =
Exit Loss =

System Margin =

1500uW = 43=8dBuU

80uW = 19dBu

TOTAL LOSS =

RECEIVED POWER -

RECEIVER SENSITIVITY =

EXCESS POWER =

2.0d4B s
J 9y
14.5dB
1.5dB
0.2dB
5.0dE
23.2dB
-4, 2dBu
320nW -5dBuU
0.8dBu

- 2] -
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System Example Calculations (Cont'd)

Table V
1300nM

FIBER OPTIC SYSTEM LOSS TABULATION

LED OPTICAL OUTPUT (TYPICAL) 1500pW = 31.8dBu
LED OPTICAL POWER COUPLED (MINIMUM) 35uW = 15.4dBy
CONNECTOR LOSS = 2.0dB
FIBER LOSS:
Attenuation 24Km (15 Miles) A 2ot ol £ 1
i e/ SATNS - AL,
@ .6dB/Km “ = 14.4dB ”'/’ ”’”f//L PPC Ay pay s
A€ st K a Ny, A
Splices 3 @ .5dB = 1.5dB w7 s
Exit Loss = 0.2dB
System Margin = 5.0d4B
TOTAL LOSS = 23.1dB
RECEIVED POWER = -7.7dBU
RECEIVER SENSITIVITY = -8.6dBuU
EXCESS POWER = 0.9dBu

Figure 22 refers to a hypothetical transmission system consisting of a connector
between the LED pigtail and the fiber optic cable, and of 24km of cable which
contains 3 splices. 1In addition, the system loss block diagram shows the major
considerations necessary when calculating and determining the maximum distance
of the Fiber Optic FM Transceiver. The associated losses are tabulated in
Table IV. Additionally, exit loss of the fiber and an extra 5dB to assure
system margin must be included. The total system loss is then 23.1dB.
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System Example Calculations (Cont'd)
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Figure 22

That value, subtracted from the 15.4dBu of optical power coupled, gives us
~7.7dBy of received power. With receiver sensitivity of -8.6dBu, it gives
us excess power of .9dBu, assuring that the demodulator output distortion
stays below 17%.

System performance for fiber optic FM detection is quite different than AM
detection because the AM system is linear. As shown in Figure 23, if the trans-
mission attenuation increases, the signal level at the receiver output decreases
proportionally. Yet the noise level remains constant; therefore, the signal-
to-noise ratic drops correspondingly. The allowed transmission attenuation

can be determined depending on how low a signal-to-noise ratic can be tolerated.
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4 é
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TRANSMISSION ATTENUATION

EFFECT OF TRANSMISSION MEDIA ATTENUATION ON RECEIVED SIGNAL.
ALL SCALES LOGARITHMIC

Figure 23
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System Example Calculations (Cont'd)

Since an FM system is non-linear, it reacts differently to transmission
attenuation. Down to a certain level of attenuation, the demodulator ocutput
remains virtually constant with respect to amplitude and noise content. Below
that level, however, the discriminator input of the demodulator is captured by
the noise superimposed on the received signal. Distortion of the demodulator
output increases rapidly, rending it inoperative.

Since the FM characteristic exhibits such a sharp knee, it is easy to define
the limit of usefulness of the signal. In the Fiber Optic FM Transceiver, the
limit is defined as 1% output distortion, and the minimum light level necessary
to achieve detector sensitivity.

THE LDF-91 SYSTEM

The LDF-91 System is a combination of the DL 91 pilot wire relay and the 6700
fiber optic channel interface. Since the DL 91 relay is operating with sending
end and receiving end voltages, it is easily adaptable to a 2 way four-wire
communication system. The 6700 is such a system which takes the 60Hz signal
produced by the DL 91 and sends it via a fiber optic channel to be faithfully
reproduced at the receiving end in both magnitude and phase.

The LDF-91 System also incorporates a direct transfer trip function. The applica-
tion of the LDF-91 eliminates the disadvantages of the wire pilot systems. There
is no metallic connection between stations and therefore, no ground potential rise
problems. The fiber cable can be directly buried or imbedded in the overhead
shield wire eliminating problems with leased lines. If the fiber connection
should fail, no misoperation of the relay will occur because the monitoring circuit
will prevent false tripping while allowing the back-up protection to remain in
service.

PROTECTED LINE

- amile

87 N - 87
Ty . - X
5 b — —— FIBER CABLE ] s
Logic | "x I =1 "™x |Losic
,‘ DT T~ Lorr l
ALARM ALARM
TRIP TRIP
LDF o LDF 9l
FIGURE 25
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