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ABSTRACT

Solid state pilot relaying protection for transmission lines be-
gan with tube type electronic relays in the late 1940’s. The in-
vention of the transistor also occurred at about the same time.
The evolution proceeded through transistorized phase com-
parison and into distance type relays by 1963. The evolution
since that time has produced more sophisticated distance relay-
ing for improved characteristics and for ease of application.
Also, during this period there have been a considerable number
of related developments. Of particular importance and interest
were the developments made in improving the immunity of the
relays to the effects of electromagnetic interference (EMI) and
other transient disturbances found in the substation environ-
ment. Three examples of current relays are discussed as typify-
ing the state of the art. These examples include an SLY 81 phase
distance relay, an SLYG 81 ground distance relay and an SCA
51 carrier auxiliary relay used in a pilot relaying scheme.




Pilot Relaying Systems - An Evolution to Solid State

Joseph G. Andrichak LeonE. Goff  William A. Massey Warren C. New
THE HISTORY

The Beginning

The initial development of power line carrier current occurred around 1924. This was origin-
ally the coupling of radio frequency signals directly on to the power line conductors to provide
telephone communication. This innovation provided a tremendous impetus to further development in
the very young protective relaying field. The use of this communication channel directly provided the
necessary link between two relaying terminals at opposite ends of a transmission line to make pilot
relaying possible. Indeed, the use of carrier current by Fitzgerald in 1927 (1) provided an electronic, cur-
rent operated phase comparison pilot relaying system. The decision making device was an electron tube.

Directional comparison carrier blocking relay systems arrived on the scene in 1930 (2,3).
These first schemes used directional relays to discriminate between internal and external faults by
their joint action in controlling the carrier communication channel between the two line terminals. In
1936 distance relays were first used in this scheme to control the carrier and as tripping elements.
They also had the advantage of being able to function as back up relaying (4,5). The mho relay was
developed in 1944 and was incorporated into a carrier pilot relaying scheme in 1946 (6). This pilot
relaying scheme is still in use today with only minor modifications and repackaging.

Except for the first electronic relay developed by Fitzgerald in 1927, all of the pilot relaying
schemes described so far used electromechanical relays for the principal operating elements. All of the
electronics used in this type of protection were provided by the carrier current communication chan-
nel. Carrier current relaying attained widespread use during this period in spite of the known limita-
tions of electronic circuits and the limited life of the electron tubes. The reason for this as expressed in
Reference 7 was that, “. . . carrier relaying has accomplished a highly desirable result not economically
feasible by any other known method. In other words, the outstanding advantages of carrier relaying
outweighed its minor disadvantages.”

Since the carrier channel was obviously the weaker link in the protection scheme, the wise
choice was made to bias the scheme towards a dependability to trip. This was done by requiring the
carrier channel to be turned on only to block tripping on external faults. Thus the failure of the chan-
nel could not prevent tripping for internal faults. The handicap is that the scheme will overtrip due to
a loss of the carrier blocking during an external fault. This obviously was accepted as less onerous than
a failure to trip on an internal fault.

Electronic Mho

In 1948 an electronic mho relay was developed to accurately evaluate the relative merits of the
electromagnetic and electronic relays (7). Two occurrences increased the interest of the industry in
electronic relays at this time:

(a) the availability of long-life electron tubes,

(b) the need for consistent high speed tripping over a wide range of fault currents.

This development and the ensuing evaluation were favorable. An electronic mho relay was built on
the principles of what we now call a block-spike instantaneous measurement to produce the mho
circle. This is the use of a pulse or spike produced at the moment of line voltage (V) maximum which
is then coordinated with a sine wave output of a combination IZ-V. The IZ-V is a voltage propor-
tional to the impedance reach as designed and set into the measuring unit. The IZ component is a
voltage proportional to the line current (I) since Z is a replica impedance built into the unit. The V
component is the fault voltage used as restraint for impedance reach purposes. An electron tube was
used to compare the two quantities, V (pulse) and 1Z-V, via grid control.



The overall laboratory tests showed this relay unit to be superior in several ways: faster and
more consistent operating time, greater sensitivity and considerably lower ac burden. Field tests cor-
roborated these advantages (8). The disadvantages were that the electron tubes had to be check tested
every six months and the continuous battery drain was too great.

The next milestone occurred in 1954 when a series of IEEE papers announced the develop-
ment of an “All Electronic One Cycle Carrier Relaying System” (9). This was the outgrowth of the
electronic mho relay of reference 7. The operating principle of the mho tripping element in this
development was changed to the phase angle comparator circuitry. This is called a block-block type of
measurement. Two square waves of voltage, V (polarizing) and IZ-V (operating), are compared on the
basis of coincidence for a time span of 90 electrical degrees to produce the circular mho characteristic.
See Appendix A for a discussion of the block-spike and block-block types of mho measuring element.

The equipment described in the 1954 papers was installed on the Americal Electric Power
System and thoroughly tested and evaluated. The electron tubes used in the relays and in the carrier
equipment were designated as “red star” and “five star” tubes. They were mechanically rugged and
especially designed for long life, high performance and reliability. The field experience and evaluation
showed that the relay operating times were consistently fast, all of one cycle or less. The overall relay
scheme was judged satisfactory for operating speed, accuracy and burden. The evaluation of reliability
and maintenance was left open to await more experience. The dc battery drain of 3 amperes was con-
sidered a drawback. Some field experience demonstrated the susceptibility of some of the electronic
circuitry to incorrect operation caused by electromagnetic interference (EMI) generated in the station.
These particular problems were solved by the use of filtering and shielding in the critical circuits.

Solid State Era

In mid 1948 Bell Labs announced the invention of the transistor and the solid state technology era
was born. The first major use of this new device in GE protective relays was in the transistorized
phase comparison relay of 1959 (10). This development replaced similar electron tube equipment
which had been in use since 1945.

Next followed the development of complete static mho distance and pilot relaying equipments
which were first installed and tested on the AEP system in 1961 (11). The main objective of this
development was to produce equipment capable of the fastest possible tripping speeds for both pilot
relaying and for zone one backup. The impedance carrier starting elements use a comparison of the
magnitude of current and voltage. The advantage of this is that the operating times of these units are
less dependent upon the angle of incidence of the fault. Thus the proper time coordination can be
achieved inherently instead of resorting to the addition of a fixed time delay. The result is that the
overall operating time will be less. This equipment was subjected to staged faults and was in service
and monitored for the lightning season of spring, 1962. The overall results showed that the original
objective of fast tripping was attained.

Subsequent trial installations and staged fault tests were conducted during 1963 at Public Service
Electric and Gas. The primary protection equipments at this location was composed of phase and
ground mho functions for both tripping and carrier starting in the directional comparison carrier
blocking schemes. The equipments applied for back up protection were a phase and ground step
distance scheme using reactance functions for first and second zone supervised by mho functions for
directional control. All of the mho tripping functions used in these equipments were designed as block-
block units. Although these units may require up to 4 additional milliseconds to complete the
measurement, this delay makes the function more secure.

By mid- 1966 approximately 35 terminals of static relaying had been built and shipped specifically
for installation on 500 KV lines all over the United States. It was not very long before electromagnetic
interference (EMI) was causing field problems. The detrimental effects of electrical transients and
EMI on static circuitry had been considered at some length all through this evolution starting with the



electron tube relays. More and more attention was given to these kinds of problems as the newer
equipments were developed. The 1961-63 equipments were considered to be well protected with
shielded cables used as interconnections between units and surge suppression capacitors connected
from all incoming leads to station ground.

Many installations were quite satisfactory with the original design. Field experience at 345 and
500 KV, however, showed several instances where additional protection was needed. Additional
capacitor surge suppression was added at equipment entrance points which typically receive the most
severe surges; i.e., from the current transformers, potential transformers and dc battery leads. See Ap-
pendix B for a further discussion on EMIL

About 1972 the third generation of static relay equipment was produced (12). It was designated as
MOD III since the design modularized the construction into single function components to provide
maximum flexibility in application and easier serviceability. One basic design objective was to take
full advantage of the many advances that had been made in solid state components since the beginning
of the solid state era. Two examples are integrated circuits and devices with a high signal level

threshold. Another objective was to make a major improvement in the protection against surges and
EMIL

The first two MOD III units were installed on the Public Service Electric and Gas system and
subjected to staged fault testing. The relays proved out satisfactorily and they were left in service.
Some time later a direct lightning stroke occurred on lower voltage equipment at that same station.
Other electronic equipment in the station was damaged but the relays were not damaged and they per-
formed correctly. This indicated the effectiveness of the MOD III surge protection.

In the intervening years since MOD III was first introduced, various small improvements in these
designs were made. Between 1978 and about 1980 significant improvements were made that resulted
in the present models which are the standard for today. These are known as the SLY/SLYG 60/80
phase and ground distance relays (15). The differences are:

e SLY/SLYG 60 series are for rack mounted equipments.
e SLY/SLYG 80 series are component relays in drawout cases for switchboard mounting.

1982 DIRECTIONAL COMPARISON CARRIER BLOCKING

The use of static technology in innovative relay designs provides benefits which fill a real need in
power system protection. Some significant benefits which have already been achieved in static relay
designs are:

—simplicity of application and setting

— high speed operation

—wider ranges of adjustment or coverage

— lower burden

— greater sensitivity

—no overtravel

— precise timing

— combinations of characteristics or functions
— simplicity of construction and manufacturing
— improvement of control circuitry

The SLY 81/82 and the SLYG 81/82 relays are being applied today in step distance and in pilot
relaying protection schemes for transmission lines. A new carrier auxiliary relay, Type SCA 51A, has
just been developed to complement these distance relays and to provide the interface with the carrier
pilot channel. These three types of relays are discussed here to highlight some of the things that have
been done with static technology to produce improved relays.



Phase Distance Relays

The SLY 81A/82A phase distance relays have variable mho characteristics which expand as the
source impedance behind the relay location increases. This characteristic automatically accomodates
increasing arc impedance for unbalanced faults. It is a steady state characteristic which is maintained
until the fault is cleared. The variable mho feature is produced by using a polarizing voltage which is
proportional to the faulted phase pair voltage plus a portion of the respective positive sequence voltage
(KV:). In addition, these relays have their normal memory action which will provide proper unit
operation for the special case of a zero voltage three phase fault in front of the relay location.

MY

LINE

Figure 1 Phase variable mho distance characteristic

A typical phase tripping relay variable mho characteristic for a phase-to-phase fault on the pro-
tected line is shown in Figure 1. The tripping relay is strictly directional and does not operate for a
fault behind the relay location. The dashed portion of the characteristic shows the offset produced by
the KV positive sequence voltage only for a fault in the forward or tripping direction on the protected
line.

Ground Distance Relays

The SLYG 81A/82A ground distance relays also have variable mho characteristics which expand
as the source impedance Z behind the relay location increases. This characteristic automatically ac-
comodates increasing ground fault resistance. This is a steady state characteristic which is maintained
until the fault is cleared. The variable mho characteristic is produced by using the quadrature voltage
as the polarizing quantity; i.e, V¢ for the phase A unit.

These ground distance units utilize a four input phase angle comparator. This results in a unit
which is almost universally applicable to transmission lines without the detailed calculations which
might otherwise be required. Two of the inputs to the comparator are those usually used for ground
distance measurement, an operating quantity (IZ-V) and the quadrature polarizing voltage. The two
additional inputs are zero sequence voltage and zero sequence current. These latter two inputs provide
the equivalent of a zero sequence directional overcurrent function. The effect is to supervise the
ground distance functions so as to:

a. restrict operation to only the faulted phase unit
b. prevent overreaching of any unit on double-phase-to-ground faults
¢. prevent misoperation on external faults behind the relay location.



A typical ground variable mho tripping characteristic for a single-phase-to-ground fault on the
protected line is shown in Figure 2. Although this characteristic is shown extending below the R axis,
the relay is strictly directional and will not operate for reverse direction faults. The negative reactance
area of the diagram, indicated by the dashed characteristic, applies to forward direction capacitive
faults and not to reverse direction inductive faults.
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Figure 2 Ground variable mho distance characteristic

Carrier Auxiliary Relay

The SCA 51A is a solid state carrier auxiliary relay designed for use in directional comparison
carrier blocking relaying schemes. It functions as the interface between the carrier pilot channel and
the static distance relays which control the carrier and trip the line terminal. This relay was designed
to replace the familiar electromechanical BCA relay for these same functions.

The SCA 51A relay includes the following functions:

RX - carrier receiver auxiliary.

This unit is driven by the carrier receiver via either a 240 milliamp nominal output or by a
high speed reed relay contact. An optical isolation interface is used between the carrier
channel and the RX unit. The unit operating time is 1-2 ms pickup and 5 ms dropout.

TTZ - tripping coordination delay timer.
This unit provides the necessary timing to coordinate the blocking of tripping for faults
external to the protected line. Pickup time is set for 5 ms for this application only and
dropout time is less than 3 ms.

RI - reclosing initiating.
This unit initiates circuit breaker reclosing and has a 1.0 cycle pickup time and 6 to 10
cycle dropout time.

A - tripping auxilhiary.

This unit provides the contact capability to carry 30 amperes for circuit breaker tripping
duty. Its operating time is 4 ms pickup and 2 to 3 cycles dropout time.



TB - transient blocking.
This unit provides a transient blocking function to improve security against a relay
misoperation during a fault current reversal. This may occur when there is sequential
clearing of a parallel line fault. The unit operating time is 1 to 3 ms for pickup and
dropout.

TSI - rarget seal in function.

A similar relay SCA 52A has been designed to interface with electromechanical relays in the direc-
tional comparison carrier blocking scheme.

Operation of the Scheme

To review the operation of the directional comparison carrier blocking scheme, refer to the
one-line diagram of Figure 3. This shows the relay functions located at each terminal to protect the line
C-D. The MT/MTG are the phase and ground tripping functions and the MB/MBG are the phase

MB/MBG | MT/MTG AT C .
' 4 f
l
i C D l
I Y | X
- | -
MT/MTG AT D | mB/mBa

Figure 3 Directional comparison blocking elements

and ground carrier starting functions. For external faults such as shown at X, the MB/MBG functions
will initiate transmission of a carrier blocking signal from terminal D to block tripping by the over-
reaching MT/MTG functions at terminal C. For an internal fault as shown at Y, the overreaching
tripping functions at both terminals C and D will turn off all carrier blocking signals and allow high
speed tripping at both line terminals.
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The simplified carrier and dc control circuits of Figure 4 show how the operation of the scheme
is accomplished. In the carrier control, Figure 44, an operation of MB or MBG for an external fault will
open a normally closed contact. Removal of positive voltage from the carrier start terminal will turn on
the carrier transmitter to provide continuous carrier blocking. Operation of MT or MTG for a fault in
the tripping direction will apply positive voltage to the carrier stop terminal and all carrier transmission
from the local terminal will cease. The carrier stop control has preference over the carrier start control.
When carrier is received, either from the remote transmitter or from the local transmitter, the RX coil is
energized and this unit will open its normally closed contact in the trip circuit to block tripping.

The RI contact connected to the carrier stop terminal will keep the carrier blocking rurned off
for 6-10 cycles after the relay terminal has tripped. This will allow ample time for the relays at the far
end of the line to complete their tripping on the internal fault without interference from carrier block-
ing. The TB contact in the carrier control circuit is part of the transient blocking function. This will -
be discussed later.
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Figure 4B DC control circuits

In the dc circuitry, Figure 4B, operation of MT/MTG at terminal C for faults in the tripping
direction will energize the TTZ coil and the TTZ contact will close 5 ms later. If the fault is internal
as at Y, Figure 3, no carrier blocking will be received, RX will not operate and the trip circuit will be
completed via the A auxiliary. If the fault is external as at X, carrier blocking will be transmitted from
terminal D to pick up the RX at C and prevent tripping before the MT/MTG units have picked up



TTZ. This is the necessary coordination timing to prevent false tripping on external faults. this tim-
ing can be stated as follows:
a. The MB/MGB operating time plus the carrier channel time plus the carrier propagation time
over the line plus the pickup time of RX must be less than:
b. The MT/MTG operating time plus the TTZ pickup time which includes a time margin for
security.

When the circuit breaker trip coil is energized via the A auxiliary, the target seal-in TSI is also
energized along with the RI function. The TSI provides a bypass for the high level of tripping current
and also gives a target indication of a pilot protection trip. The RI function provides one contact in the
carrier control circuitry as discussed previously and two additional contacts to initiate automatic
reclosing of two circuit breakers.

The TB transient blocking function will provide additional security against a misoperation which
might occur during a power reversal resulting from a parallel line fault clearing. The TB unit is
energized by the operation of the MB or MBG carrier start functions on an external fault provided the
TTZ function has not operated. This is shown in Figure 4B. When TB operates, one contact opens
the carrier stop circuit and a second contact changes the TTZ circuit to increase its pickup time by
three cycles. Thus, as an external fault is cleared and a power reversal occurs, the TB unit will remain
picked up for the 50 ms reset time of the MB or MBG function. This will allow carrier blocking to
continue for that period even though the MT or MTG functions operate on the power reversal. The
increase in the pickup time of TTZ prevents the interruption of the TB coil for an additional three
cycles. The internal connection diagram of the SCA 51A relay is shown in Figure 5.
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The directional comparison carrier blocking scheme using the static distance relays has a distinct
advantage over an electromechanical relay scheme. The static distance relays provide multiple output
contacts which are used in the carrier control circuits. The result is improved control circuitry with
fewer auxiliary units required. Since the electromechanical relays have only one output contact, addi-
tional MX and GX functions are required for this application. A separate model of the carrier aux-
iliary relay SCA 52A is available with these functions for use with the electromechanical relays. The
internal connection diagram of this relay is shown in Figure 6.
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Figure 6 Type SCA 52A relay internal connections

Simulation Testing

From the earlier discussion of the principles of operation of the directional comparison carrier
blocking scheme, it is apparent that precise coordination timing is necessary to achieve proper block-
ing of false tripping on the occurrence of external faults. Therefore laboratory transmission line
simulator tests were planned and conducted on our Model Power System at Philadelphia to prove out

these systems.



Three separate combinations of protective relays were tested with the appropriate CS 27 carrier
equipment. These were chosen as the most frequently used combinations and were as follows:

1. Static phase and ground distance relays, models SLY/SLYG series 81 and 82 with the SCA 51A.
2 . Electromechanical phase and ground distance relays with a ground overcurrent carrier start,
models CEY 52A, CEB 52A, CEYG 51A and CFC 15A with the SCA 52A relay.

3 . Electromechanical phase distance relays with directional overcurrent ground relay, models
CEY 52A, CEB 52A, and CLPG 12C with the SCA 52A relay.

The series of tests for each of the above complements of relays included applications of single-end
feed and double-end feed with load flow. Also tested was the condition of a power reversal accompany-
ing the sequential clearing of a fault on a parallel line and, similarly, the power reversal that would oc-
cur during the sequential closing of the two ends of the line into a permanent fault.

The results of the tests using the static phase and ground distance relays, group 1 above, showed
that it was necessary to use the TTZ trip delay coordination unit in the circuit. For some external
faults there was a zero time margin between the closing of MT/MTG trip contacts and the opening of
the RX carrier receiver unit contacts. This could be expected since tripping and the carrier stop con-
trol are exercised directly by the distance relay contacts without the use of interposing auxiliary units.
Also the static distance relay units have consistently faster operating times over a wide range of
fault current levels. A TTZ pickup time of 5 ms is recommended for an adequate security margin
against false tripping for these relays and the CS 27 carrier channel discussed here.

The simulation testing of the two combinations of electromechanical relays listed in groups 2 and
3 above was performed without using any TTZ trip delay in the circuit at all. The results of these
tests with single and double-end feed system configurations showed that there was an inherent securi-
ty margin of from 5 to 8 milliseconds to prevent false tripping on external faults. The testing of the
power reversal conditions showed that in all cases except one there was sufficient overlapping so that
carrier blocking was sustained during the power reversals. One particular condition of essentially zero
margin between the reset of one carrier start function and the pickup of the other was observed.
However, secure operation was provided for any momentary loss of carrier blocking by the 5 ms drop
out time designed into the RX carrier receiver auxiliary unit.

SUMMARY

The component static phase and ground distance relays are now augmented with
a modern design static relay to interface with the carrier channel and complete the blocking pilot
relaying scheme. This static relay scheme has advantages of improved relay characteristics, simplified
control circuitry and requires less auxiliary functions. The electromechanical relay scheme is also pro-
vided with a similar static carrier auxiliary relay to complete a blocking pilot relaying scheme. All the
static relays involved have been designed with a high level of EMI rejection. Further, they have pass-
ed the industry standard SWC test as well as the proposed Fast Transient and RFT tests.
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APPENDIX A
DEVELOPMENT OF THE SOLID STATE MHO FUNCTION

Block-Block Method

The block-block method for the mho function compares the coincidence of two square waves of
voltage, V and IZ-V, on the basis of coincidence for a time span of 90 electrical degrees to produce the
circular mho characteristic. The V quantity is line voltage and is called V (polarizing). The IZ portion
of IZ-V is a voltage developed from the line current thru a replica impedance Z which is built into the
relay. The V portion of IZ-V is the line voltage which during a fault becomes the fault voltage. This V
in effect acts as a restraint and the net quantity of IZ-V becomes the operating quantity. The coin-
cidence of V (polarizing) and IZ-V (operating) are compared in the logic of Figure A1. When the AND
output lasts for 90 electrical degrees the timer provides an output. The IR-IX diagram of Figure A2
shows how this results in the circular characteristic of the mho function.

VPOLAR) — AND ) 4 OUTPUT
AT p— / 9

Figure A1 Logic for block-block mho function
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C=90°
Figure A2 Derivation of mho characteristic

For normal conditions with no fault, IZ will be very small and V will be very large as shown in
the waveforms of Figure A3 for the no fault condition. The quantity IZ-V will be essentially 180 ° out
of phase with V and there will be no coincidence at all. The other waveforms for the fault condition
show the coincidence which results in a mho output. The operating time range for the block-block
mho functions is 4 to 12 milleseconds or one-quarter cycle minimum operating time. Comparisons are
made on both the positive and negative half cycles of voltage and the operating time depends upon the

fault incidence angle.
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Figure A3 Waveforms for block-block mho function
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Block-Spike Method

The block-spike method for the mho function compares the instantaneous coincidence of a
V (pulse) and a sine wave of voltage 1Z-V. The 1Z-V quantity is the same as that used in the block-
block method above. The V (pulse) is a spike of voltage developed at the peak of the voltage wave. Itis
compared instantaneously for the same polarity with a square wave developed from IZ-V through the
logic shown in Figure A4. The waveforms for no fault and for fault conditions are shown in Figure A5.
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AND P OUTPUT
iZ-v J 9

Figure A4 Logic for block-spike mho function
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Figure A5 Waveforms for block-spike mho function

The block-spike method produces the same circular mho characteristic shown in Figure A2. The
operating time range for the block-spike mho function is 0 to 8 milliseconds. Comparisons are made
on both the positive and the negative half cycles of voltage and the operating time depends upon the
fault incidence angle.

APPENDIX B
ELECTROMAGNETIC INTERFERENCE

The worst enemy of solid state relays is electromagnetic interference (EMI). In the electric power
world of generating and switching stations the exposure of static relays to EMI could be extremely
hazardous to their health and to their survival. These conditions have been recognized for a very long
time. The most prevalent EMI surges are typically generated during switching operations on the high
voltage lines and buses. They are usually associated with the presence of coupling capacitor potential
transformers and/or free-standing current transformers (13). High frequency, high energy oscillations
on the high voltage buses induce similar but smaller oscillations in the CT, PT and other control leads
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which are thereby conducted to the relay equipment. Over the years, electromechanical relays surviv-
ed in this environment because they had a very high level of inertia, relatively speaking, that
precluded relay operation on most of the EMI transients to which they were subjected. This is not the
case with the static relay components. They have no inertia and they must be suitably protected
against EMI.

The advent of EHV systems with voltage levels of 345 and 500 KV produced many more prob-
lems involving EMI than had been experienced at the lower system voltages. It was necessary to
devote considerable effort to determine how these EHV power systems and their static protective
relays could be coordinated so that they would be compatible and the relays could perform their func-
tions reliably. The initial result of this effort was the agreement and publication of the Surge Withs-
tand Capability (SWC) test which is now a part of the relay standard ANSI C37.90 -1978 (14). This
SWC provides the bench mark for the level of EMI protection which must be built into the relay.
Conversely, it also indicates what must be done in the power station to control the level of EMI which
gets into the control house and to the relay location.

The switching of inductive devices such as auxiliary relays or solenoids in both ac and dc low
voltage circuits has long been known to generate a high level of transient voltage. When the switch is
opened, the transient voltage, oscillatory at a frequency of approximately 1000 Hz, appears across the
coil and its associated wiring. The restriking of the switch contacts during the opening causes more
severe transients to be generated and conducted to the control bus. This EMI traveling along the con-
trol bus can be damaging to semiconductor devices due to the very high level of instantaneous power
that can be delivered. This transient has been named the Fast Transient.

A specific test closely simulating the nature and magnitude of this transient has been in use at GE
since about 1974 to design equipment which will survive such an EMI without damage or false tripp-
ing. The IEEE Power Systems Relay Committee (PSRC) is now studying the formulation of an in-
dustry standard for this type of EML

A relatively new source of electrical interference stems from the operation of portable or mobile
VHF and UHF radio transmitters in the vicinity of solid state devices. This phenomenon has been
named radio frequency interference (RFI). The high frequency electromagnetic fields produced by
RFT will directly influence some solid state circuitry and incorrect operations have occurrred on some
protective relays and control devices. Experimentation and testing have been conducted over the last
six years. This has resulted in the use of design criteria which greatly reduce the sensitivity of solid
state protective relays to the effects of RFI. A design test has been in use at GE since about 1978
which subjects relays to UHF radiation over a frequency range of 25-500 MHz with a field strength of
7 volts per meter measured at the front face of the relay. To pass this test the relay must not be damag-
ed and must not operate incorrectly. The IEEE-PSRC is presently studying the formulation of an in-
dustry standard also for RFIL.

Protection Against EMI

Since it is vitally important that the solid state relays perform reliably in the presence of EMI,
much attention has been given to devising very effective means of protecting the relays against these
disturbances. Some of these protection methods have been in use since the very earliest of these
designs right up until the present day. Other methods have been developed and refined over many
years of experience and testing. Some of these methods are better suited for one kind of EMI, others
are better suited for another kind of EMI. All of the methods listed here are seldom used
simultaneously on any one device. However, they may all be applied in one complete pilot relaying
system. A brief description and some comments on the principal methods employed today are:

(a) Low pass filters of pi design (C-L-C) are employed on all ac current and potential inputs to
the relay to prevent EMI from entering these circuits.

14



(b)
(©

(d)
(e)
@
(®)

(h)
(®

()

(k)
)

Low pass filters of an L-C design are employed on the dc inputs to the relay to block EMI
from entering. This design minimizes the capacitance to ground on the battery leads.

Transformer isolation is used on most ac inputs. Some of these transformers are designed
with low interwinding capacitance. Others employ faraday shields to minimize the
distributed capacitance.

The dc-to-dc power supplies provide very effective isolation of the relay system from EMI on
the dc control bus.

Semiconductor devices having a higher signal level threshold are used so as to provide greater
noise immunity.

Twisted pair shielded wiring is used where appropriate to effectively neutralize the coupling
of EMI disturbances into the relay.

The use of small capacitors coupling incoming leads to ground provides a low resistance path
to neutralize EML

Metal oxide varistors (MOV) are effective for surge suppression and voltage limiting.

High speed reed relays provide effective isolation without degrading performance for inputs
to and outputs from the solid state relays.

A solid state dc-to-dc isolation interface is frequently used to interconnect the relay and its
associated pilot carrier or tone channel to prevent EMI from entering either device at this
junction between them.

Optical isolation is used as a very effective barrier to EML

Careful design of the printed circuit card is employed to minimize the sensitivity to all types
of EMIL.

(m) Semiconductor diodes and rectifiers are usually protected against the fast transient by connec-

()
()

ting a small ceramic capacitor across the component.

Physical spacing, positioning and shielding of internal magnetics and other components are
carefully considered to avoid interaction problems in the relay.

Wire routing is used to provide physical separation between all relay inputs and low level
logic circuitry to avoid noise coupling.
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INTRODUCTION

The opinions, statements, and policies described herein are strictly
those of the author and not necessarily those of Pacific Northwest Bell.

We are going to cover the following points briefly:

1. T carrier systems,

2. Digital Hiearchy,

3. Light Wavelengths,

4. Types of fiber,

5. Transmission losses,

6. Repeater span determination

7. Band width

8. Splicing

9. Test sets.

TEXT

Fiber optics is a system by which we transmit telecommunication signals
through glass fibers instead of copper cables or radio. The Tight signal is
transmitted by a laser, carried through the fiber and received by a a Tlight
sensitive diode. Transmission is mostly done as a digital signal so the
receiving device only has to detect the presence or absence of the 1light.

This simplifies the equipment. Digital transmission is not new because Samuel



Morse's telegraph and Indian smoke signals were early digital transmission
systems.

Let's digress a minute and show how the human voice is translated to a
digital signal. Fig 1A shows the voice as a complex analog signal. This
means that it has many voltage values per second. The telephone of course,
converts the acoustical voice signal to an analog electrical signal which is a
close duplicate of the acoustical signal.

The "D" type channel bank in the "T" carrier system is the device which
converts the voice or data signal from analog to digital. Fig 1A shows the
voice as a complex wave. It is sampled 8,000 times per second by measuring
the voltage in a circuit at the instant the sample is taken. The voltage of
the sample is compared to a scale calibrated from zero to 255 units. The unit
value is read from the scale. By means of binary logic it can be shown that
any discrete value from zero to 255 can be represented by a series of 8 pulses
in combinations of off and on. This series of 8 pulses is transmitted to the
receiving end where the analog signal 1is reconstructed as a voice or data
signal.

The 8,000 samples times 8 pulses that are transmitted make 64,000 pulses
per second that have to be transmitted and received to duplicate a voice
channel. However the "D" type channel bank will handle 24 voice circuits at
the same time so 64k times 24 equals 1,536,000 pulses or 1.54 MBS. This
constitutes the "T" carrier system of which we have thousands of them working
in our company over copper cable pairs. Repeaters are normally needed every
6,000 feet. Different directions use different cable pairs which must be in

separate parts of the cable sheath.



Now getting back to fiber optics. The fiber has the ability of carrying
much higher bit rates than the copper pairs. The maximum pulse rate is
limited by other factors which we will describe later.

Figure 2 shows the arrangement whereby the "T" systems are combined in a
hierarchy with a multiplexer to achieve the faster bit rates on the fiber.
Figure 2 shows 4 T1 systems combined into a T2 system with a pulse rate of 6.2
MBS. Seven T2 systems are combined to form a DS3 signal at a rate of 44.7
MBS. The device that combines the systems is called the M13 multiplexer. The
output of the high speed side of the M13 multiplexer is called a DS3 signal.
Current systems in service convert the DS3 signal into light pulses which are
sent over the optical fibers and are demultiplexed at the receiving end. DS3
signals carry 672 voice channels. Some equipment we are installing now can
take two DS3 signals, combine them and send them over the fiber at a 90MBS
rate. Logically it is seen that whenever you add more voice channels you have

to rev up the bit rate to carry them all in real time.

WAVELENGTHS

Now Tet's Took at some of the things that go into the makeup of the glass
cable which T1imit the transmission capabilities. The electro-magnetic
spectrum is shown in Figure 3. The part of the spectrum used in the fiber
optics business is the infrared light range. This is clustered around the .8
micrometer (um) wavelength part. If one moves the decimal point three places
it can be called 800 nanometers (nm). Other wavelength used are in the 1300nm
and 1500 nm range.

Fig 4 shows the reasons why these wavelengths are used. Due to the
chemical composition of the glass it passes 1light signals with Tlower

transmission Tosses at the wavelengths mentioned above. Fig 4 shows the



transmission loss in db per kilometer at the various wave-lengths for fiber

made by one chemical process.

CONSTRUCTION

The fiber is made in 3 configurations: (1) Step Index; (2) Graded
Index; (3) Single mode. Fig 5 illustrates these 3 configurations.

In the step index fiber the core has only one index of refraction. A
Tight ray enters the end and some parts of it bounce off the junction with the
cladding. They continue to reflect until they reach the end. Some parts
travel down the center without reflection. The reflected light rays travel a
longer path than the straight rays. When the two combine at the other end
they are out of phase and tend to broaden or smear the pulse. The smearing
tends to Timit the pulse rate because it makes the pulses overlap. This
condition therefore Timits the maximum bit rate or repeater section length or
a combination of both.

To improve the relative speed of the light rays, graded index fiber was
developed. The glass here has a variable index of refraction starting from
the center out. As the Tight rays deviate farther from the center they travel
faster and catch up with the rays traveling straight down the center.
Dispersion is reduced by this method of construction. However manufacturing
tolerances cannot be controlled well enough to completely eliminate the

problem, but there is a large reduction in the dispersion problem.

With the more expensive single mode fiber the core is made so small that
there 1is room only for the ray of Tight traveling down the center. Any

reflected rays are dissipated at the cladding and never arrive at the far end.



This is being introduced slowly into new systems since the manufacturing costs
are quite high.

By logic it can be seen that with dispersion reduced or eliminated the
pulses will not overlap and therefore the bit rate in the fiber, can be
unlimited. The bit rate now becomes limited by the ability of the Tlaser's

rise and decay time plus the same limits on the receiving device.

REPEATER SPANS

It can be seen therefore that the distance between repeater points is
controlled by several things: (1) Light power output of transmitting device,
which is usually a laser; (2) Sensitivity of the light device receiving the
signal; (3) Transmission 1ight loss of the fiber per unit length; and (4)
The band width of the fiber (or absence of dispersion). Since dispersion is
cumulative the repeater span length is also limited by it.

Various vendors sell transmitting units which generally emit coherent
tight in the range of 0 dbm to -6dbm. At the 850nm wavelength the receiving
devices will respond to signals in the -45dbm to -53dbm range. At the 1300 nm
wavelength the receiving devices are not so sensitive. They fall in the
-40dbm to -47 dbm range. The difference in level between the transmitter and
receiver is called the system gain.

Fiber also varies considerably in the Toss per unit length. It is
usually made by the same method but output quality has wide swings. So the
fiber is measured for loss and bandwidth as it comes from the drawing tower.
It is segregated into lots somewhat like grading eggs. The highest quality
fiber commands the highest price. So there are some economic tradeoffs in
designing repeater spans. Shorter spans use cheaper fiber but require more

repeaters per route, so the cost tradeoff point must be determined. The



ultimate number of equivalent voice channels must be estimated so the fiber of
appropriate bandwidth can be ordered.
The loss budget for a repeater span could be calculated similar to the

following example:

System Gain (1300nm) 43db
Connectors @ 1db ea - 2db
Allowance for Temp & aging - 2db
Allowance for WDM - 4db

Net for cable and splices 35db

Note: WDM is a future way of dncreasing the capacity by using different
wavelengths.

Determine the proposed distance between selected repeater points in a
span. Assume a splice every two kilometers. Assume splice losses of 0.3db.
The total splices would then be the number of km divided by 2 rounded to the
next highest whole digit. This figure multiplied by the .3db per splice is
deducted from the 35 db allocated for splices and cable. The remainder is the
allowance for cable. The allowed cable loss is divided by the distance which
yields the Toss of the cable per kilometer. This is the specification for the
loss per unit length of cable to the vendor.

The proposed span must now be checked for bandwidth. Assume a span
tength of 9 km. The equipment vendor must tell you the span bandwidth
required to support the bit rate proposed. For a 90MBS system the value is
frequently given as 90 MHz. The length in km is raised to the .7 power. This

value is multiplied by the 90 MHz to find the required bandwidth per unit



Tength of the fiber to be purchased. If the required value is greater than
the best quality sold by the vendor then the repeater span must be shortened
or the bit rate reduced.

Note that factor of .7 used as an exponent is semi-empirical. Some
vendors use exponents of .8 or even as high as .95 for 90 MBS‘bperation.
Check with the proposed cable vendor.

Continue this design calculation for each repeater span. When all are
designed you are ready to consult the chosen cable vendor. If extremely long
repeater spans are required then single mode fiber may be required. This

requires consultation with the vendor.

SPLICING

Fibers are spliced using a fusion method. A short section of each fiber
to be joined is cleaned (approximately 1 inch). The opposing fibers are
placed in a jig in a splicing set and Tined up with a microscope. An electric
arc is used to melt the ends of the fiber so that they fuse. Most splicing
sets have controls to set the amount of current in the arc and the duration.
Splicing sets are sold by several companies. Western Electric cable which is
packaged in ribbons of 12 fibers each is spliced by glueing with an epoxy.

The chips containing the 12 fibers are held together by a small bracket.

TEST SETS

The following unique test sets are required for fiber optic work:

(1) TRANSMISSION LOSS MEASURING SET. This set is used to measure the
foss of the cable on each reel or from end-to-end in a repeater span. It can

also be used to measure the output of the transmitting card.



(2) OPTICAL TIME DOMAIN REFLECTOMETER (OTDR). This set is used to find
the distance to breaks in the cable or to splices. It emits a pulse of light
approximately 11 nanoseconds long. The reflection from the fiber is measured
with respect to time delay and voltage. This information is converted to db
losses and kilometers of distance usually within the set.

(3) BIT ERROR RATE (BER) MEASURING SET. This set emits a test signal
into the electronic input of the system. Several preset test sequences are
available. The receiving side of the set compares the incoming signal against
the preset sequence and registers the number of errors. One error in 10 to
the 9th power exponent pulses is considered acceptable for fiber optic
systems.

(4) BANDWIDTH MEASURING SET. This set measures the bandwidth in one of
two different ways. One method has a transmitter emit a pulse of 500
picoseconds into the fiber. The width of the pulse is measured at the
receiving end. By a formula this is converted into bandwidth. The other way
is to amplitude modulate a laser with a sine wave oscf11at0r. The oscillator
has a frequency of about 10 MHz to 400 MHz or higher. The amount of received
power is measured at the far end as the frequency is increased. When the
receiving power drops 6 db it is an indication of the fiber cutoff in
bandwidth. For longer spans it sometimes requires more than 400 MHz per reel.
It becomes extremely difficult to measure above 400 MHz. The sets are
extremely expensive. There are only a few available in the USA. They become
obsolete very fast. If BW measurements are desired it would be better to hire

some company with the equipment to make the measurement.



FUTURE

We are only a user of fiber optics and not a manufacturer or research
Tab. A1l we know about the future is what we read in the trade magazines or
Tearn by attending seminars. However as a user we have a need to go farther
with greater capacity at a cheaper cost. We are looking for some analog
applications of fiber optics.

We see the increased use of single mode fiber as the prices come down.
Transmission at 1500 nm will be a reality as soon as they can develop lasers
and receiving devices to work at that wavelength with sufficient reliability.
1500 nm has a lower transmission Toss in most fibers than the 1300nm.

Wavelength Division Multiplexing will become more available as it comes
out the labs into the real world. WDM allows transmission at several
different wavelengths at the same time. The fiber can carry almost an
unlimited number of wavelengths but the filters to separate them become a
problem.

With single mode fiber the bandwidths become almost unlimited. So the
pulse rates can be revved up, which allows an enormous number of channels to
be carried on a single wavelength. This also includes multiple video

channels.
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