
p
.

__ 
_11 _

_ _ _  _ _ _ _ _ _ _ _

IQ_78
DOC

I



• O ~~ ~I2 8 25
I. ~~~~~~~~~~~~~~~~~~~~~~~~

_ _ _ _  ~ ~~3 2  IIII~2

I H I~

I IlllI~11111’ .25 IUhI~ HIH~

MICROCOPY RESOLUTIO N TEST CHART
NATION A t BUK € AU III SIA N[JARU~ I9E~ A



~c constru ction / -

~ engineering SPECIAL REPO~ T~M~~~

~ research EMI Cfr cwnvention by Fiber-Optic Transmission

~
f. laborator y 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~~~~~~ 

- POTENTIAL USES OF FIBER OPTICS
~~ AR~~~ FIXED FACILITIES

— 
>- I~~~~~~0~

by
R. G. McCorniack

LU

U-

C-,

~~1

-. ~~~~~

/ - -~~- . -.

III UI

‘VM.i ., •; ~L ‘~~~ ~~~~~~~~ 7
Approved for public release ;dist nbu t ion unlimited.



)

The contents of this report are not to be used for advertising, publication , or

promotiona l purposes. Citation of trade names does not constitute an
off icial indorsement or approval of the use of such commercial products
The findings of this report are not to be construed as an official Department
of the Army position, unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN IT IS NO I.ONGER NEEDED
DO NOT RETURN IT TO THE ORIGIN.4 TOR

- _ _ _ _ _ _ _



SL CURITY CLASSIFICATION OF THIS PAGE (W~ .n bat . ~nt.red)

~~~~~~~~ 

READ INSTRUCTIONSREPORT DOCUMENTATIuN RIJ BEFORE COMPLETING FORM
ORT NUMBER —i z. GOVT ACCESSION NO. 3 REC(P IEP4T S C A T A L O G  NUMBER

ERL-SR-M.-24 1 J _____________________________

S. TYPF t~~~ ~~~~~~ £ 
~~~~~~~ “‘ V EREO

6 ~~ TENT IAL ~ SES OF FIBER OPTICS ~ J 
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ L

A 8. CONTRACT OR GRANT NUMBER(a)

9. PERF ORMING O R G A N I Z A T I O N  NAM E AND ADDRESS f~ 
~O. PROGRAM ELEMENT,PROJECT . TASK

CONSTRUCTI ON ENGINEERI NG RESEARCH LA BO RATO RY (j.. 4A7627l9AT4~,fAl-002 I~/P.O . Box 4005 1 1 1
Champa ign , IL 6 1820 

__________________________

It . CONTROL LING OFFICE NAME AND ADDRESS 12. REPORT DATE

I ’ Ju 1~~~~ 78
I!. ~~~~~ ,jr AGE S

___________________________________________________________ 

44
14. MONITORING AGENCY NAME & AODRESS(if dSff.r.n( from Controlling Office) IS. SECURITY CLASS.  (of (hi. report)

~~ ~1 Unc lassi f ied
I_s.. DECLASS IFICATI ON/O OW NGRA DING

IS. DISTRIBUTION STATEMENT (of thi. R.port)

Approved for pub lic release; distribu tion unlimited.

Ii. DI STRIBUTION STATEMENT (of (A. abstract ~ ,t.r.d Ia Block 20. if dlff.r.n( fr o., R.pe rt)

18. SUPPLEMENTARY NOTES
Copies are obtainable from National Technica l Information Service

Springfiel d, VA 22151

0
19. KEY WORDS (Continua on r.v.r.. .td. if n.c.aaasy a,d id.n(ify by block nim,b.r)

fiber optics
data transmission links
energy control

2. ASSTR ACT (C.at~~a. — ,,v.r ~~ aS~~ N n~~ .w y  - tdomtlfr by block ntm.b.t)
- - -~~~~~

7’This report describes the results of a study performed to identi fy
potential uses of fiber-optic data transmission links In Army fixed fa-
cilities. The uses i dentified are related to moni toring and controlling
electrical -mechanical func tions of the facility, primarily in Nuclear
Electromagnetic Pul se (EMP) hardened facilities , but al so nonhardened
facilities. As an exampl e, a comparison is made between fiber-optic and
conventional wi red data links in an automated mon i toring and control
system for energy control . ~ ~~~ 1 ‘11 .—

~~ 
—

DO ~~~~~~ 1473 co,rsow or I NOV SS is OS~~ LI UNCLASS I FL ED
SECU~~S1Y CLAW~ ICATION OF ThIS PAGE (W ~ mi D.f. tn(.t.d)

- --.--- -~~~~~~ _ _  _ _



SECURITY CLASSIF ICATION OF THIS PAG ~h,D.i. Zn(...d)

Block 20 continued.

Examples are given illustrating general cost comparisons between
the fi ber optic and conventionally wired systems. Conc l usions are that
fi ber-optic data transmission links may be practical for use in Army
fixed facilities where such links are advantageous to circumven t partic-
ul ar threats or in l arge compl ex systems where data rates are high. .

UNCLASSIFIED
- SECURITY CLASSI FICATION OF THIS PAGE(l PIi.n Data En .r.d)

_ _ . - - .-__ - _ _ -  .-



FOREWORD

Th is research was cond ucted for the Di rectorate of Mu itary Con-
struct i on , Office of the Chief of Engineers (OCE) under Project
4A762719AT40, “Mobility, Soils , and Weapons Effects ,” Techn ical Area Al ,
“Weapons Effects and Protective Structures” ; Work Un i t 002, “EM I Circum-
vent ion of Fiber Optic Transmission.” The applicabl e QCR is 1.03.010.
The OCE Technical Monitor was Mr. I. Schwartz , DAEN-MCE—D .

The study was conducted by the Energy and Po~~r Division (EP), U.S.
Army Construc tion Engineering Research Laboratory (CERL), Cham pai gn , IL.
The CERL Princ i pal Investigator was Mr. R. G. McCorm ack.

Appreciat ion is expressed to Mr. M. J. Pollock of CERL for his con-
tri but ion .

COL J. E. Hays is Commander and Di rector of CERL and Dr. L. R.
Shaffer is Technical Di rector. Mr. R. G. Donaghy is Chief of EP.

j (~~.

_  _  —_ _ _  - -



CONTENTS

Page
DD FORM 1473
FOREWOR D 3

INTRODUCTION 5
Problem Statement
Back ground
Objective
Approach
Scope
Mode of Technology Transfer

2 FIBER OPTICS TECHNOLOGY AND APPLICATIONS 9
Fiber Optics Technology
The State of the Art of Fiber Optics

3 APPLICATIONS OF FIBER OPTICS IN ARMY FACILITIES 13
Potential Applications
Applications in Monitoring and Control Systems
Cost Comparisons Between Fiber-Optics

and Conventional Wi red Systems
Exampl e Potential Application of Fiber Optics

in a Conventional Facility

4 CONCLUSIONS . 25

APPENDIX A: Suninary of Conventional Monitoring
and Control Instrt.snents 26

APPENDIX B: Multipl exing Techn i ques and Hardware 33
APPENDIX C: Long Distance Transmission and Repeaters 36
APPENDIX D: Suimnary of Fiber-Optic Cable Mechanical

Strength Tests 37
APPENDIX E: Optical Fiber Cable Installation ,

Maintenance , and Repair 43

REFERENCES 44
DISTRIBUTION

4 



POTENTIAL USES OF F IBER OPTICS
IN ARMY FIXE D FACILITIES

I INFRUO UCT IO N

Problem Statemen t

Optical fi ber technology has progressed in recent years to the
point where fiber-optic cables can compete with conventional wiring and
cabling for data transmission in app l ications such as corrEnunications ,
navi gation , fire-control , survei ll ance , and computer terminal inter-
connec ti ng systems.’ Fo r data transm i ss i on purpose s , optical fibers
have some adv antages over conventional coaxial cable and shielded ,
twi sted-pair cable.

The applicabili ty ot optical -fiber data-transmission links in the
design and construction of Army fixed facilities has not been deter-
mi ned . However , conven tional cables have some disadvantages when used
in facilities hardened against nucl ear weapon s effects . To pro tect them
trom el ectromagnetic pulse (EMP) interference , they must be shielded
wi th steel conduit. Al so , long-d i stance data transmission using con-
ven tional cablin g often requires repeaters or amplifiers to oftset
si gnal attenuation in the cable. Fiber-optic data-transmission links
can overcome these and other problems. It is therefore desirabl e to de-
termine whether they are suitable for use in Army fixed facilities.

Bac kground

Ex perts have recogni zed the need to simplif y the burgeoning tang le
ot wiring and cabling in this electronic age.2 This need becomes evi-
dent to anyone who looks at the intricate web s of wiring and condui ts
used in faciliti es such as modern high- ri se build ings , strategic coimiand
centers , and weapon-control centers. As systems become more

1 R. C. McCormac k , W. J. Croisant and P. C. Lam , 3taf~ f  the Art in
Fiber Op tics CommunicatIons and 1)rz ta Transfer, In terim Report
E-1 l1/ADAO42b79 (Construction Eng i neering Researc h laboratory [CERL],

~ Jul y 19/7).R. Batc helder , The Co unications Revolution 1976— ( ,i , Gal i leo
Electro-Optics Corporation , excerpted from National News Conference
(April 1976).
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so~ h is t ic~~ted dnd m iss ions more comp lex , an i ncreas n~ amoure of d a t a  ~ r
i rt fon ; i  it ion mu st be trdn sferred front one po i nt to another. f o r  mIr y
j~ ar ’s copper w i re or cab le  has been the accept ed med i ui- for cor td uc . nq
e l i c ’ r ica l  Si grial s ove r  short d is tances .  In the past 10 years , lo re

t~i t o  10 bi l l  ion pound s of copper have been used in cons t ruc t  i r i ~~

1 r I f  ) r ;r ldt .  ion ~:rari S :i t is Sio n systems. The d~ nand for and result ant
short i je of copper has caused it to bec ome a strategic mater i a l  and n t s
caused i ts  cost to increase sharpl y. Although aluminu n (o r other
IIe~~J l S )  may be sub s t i t u ted  for copper , long —dis tance  data  t ransmi s s ion
r’~~ ires that losses in the transmi ssion med i um be low , in turn
req i l  r i ng that . the metal used have a high cond ’icti v i t y .  Examp les of
t Iu~r’ met a ls  hav in y  su i tabl e el ectr ica l  pro pert ies are (1)  s i lver , gol d ,

ir d pl at inum , all of wh ich  are even m ore ex p e ns i ve  and scarce than
(O ~~(~r , (2) lead , which is too heavy for cabling, (3) magnesi tin and
sodium , which lac k chem ical stab ility, and (4) zi nc , which has
indd equate strength . Thus , there is an a pparent need for d
sub st antiall y different type of cond ucting med j oin for data transmiss ion.

A strong contender for the role of substitut e transmis sion medium
is the op t ical fiber , which is mad e from silicon dioxide (gl ass), a very
pl entiful substance. In fiber—opt ic transmission lines , dat a signals
travel as li ght impulse s rather than as electrical currents. Optical
fibers have many advantages over wire cables for dat a transmission , and
in sonic app lications they offer the most cost-effective approach.
Expanded use of optical fibers and the resultant mass production of them
will lead to further red uctions in the cost of both the fibers and the
hardware necessary for converting el ectrical si gnals to light pulse s and
vice ver sa . As cost s decline , the importance of this new technology
will increase . The state of the art and anticip ated advances in fiber-
optic data transmission have been summar i zed in a previous st ud y.~

The U.S. Air Force has been investig ating optical fibers for use on
military aircra ft , while the Navy has been st udying both aircraft and
sh i pboard app lications. The Arm y Electronics Command has studied var i-
ous app licat i ons in Arm y cornunic ations systems. Special st udie s have
not been mad e, howeve r , to show where and how optical fibers can be used
in Arm y fixed facilities. Therefore, the investigation reported here
addressed that question. The information gained from thi s stud y may be
useful to the District and Division eng ineering personnel in deten itining
whether fiber-optic data transmission links may be applied in facility
designs.

ini~o ’ i r I  W -i r I  m i  ~-il 1 e , Current Industrial Reports Series (U.S.

~ 
Depa rtment of Comnierce , Burec~ I of the Census , August 1975).
R. G. Mc Cormac k , W. J. Croisant , and P. C. Lam , .‘ J t z t ’ ~ of the A rt fn
Pi7~~r Opt ic s  Communications and Z~z t z  Transfe r , Interim Report
E-1l1/ADA 042579 (CERL , Jul y 1 9 7 1) .
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Objec t i v e

The objectives of this study were to identify potential uses of
fiber—optic data — transmission systems in the desi gn and construction of
Amit y fixed facil iti es and to show cost and operational comparisons be-
tween dat a transmission by fiber—o ptic methods and by conventional cab—
1m g.

P~pproach

The study compr i sed the following activ~ties.

1. Summarizing the state of the art in fiber optics technology.

2. Summarizing the technical characteristics of conventional
monitoring and control instrument s , sensors , and components currentl y in
use.

3. Studyi ng past Army construction projects so that they can be
use d as exam ples in eval uating the potential of fiber -optic data trans-
m ission.

4. Summarizi ng the data—t ransmission problem for the selected
projects.

5. Com paring the requ i red fiber- optic system s with conve ntional
wi red systems.

Scope

Specific dat a transfer applications addressed in this study were
tho se pertinent to the electrical/mec hanical monitoring and control of
the facility and those rel ated to security and alarm systems. Telep hone
or battlefield communications applications that are not the re-
sponsibility of the Corps of Engineers were not addressed at this time .
The use of fiber optics for readout , inspection , and graphic displ ay in-
volves a diffe rent technology from that of dat a transfer and was there-
fore not addressed .

To show where and how fiber optics are potentially usab le , cos t an d
performance comparisons were made. Detail ed step— by-step procedures for
determ ining whi ch facilities or what subsystems within facilities should
use fiber optics are beyond the study scope and are intended for devel-
opnient in future studies.

7
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The principles of fiber-optic data transmission , the state of the
art , and potential applications of the technology are discussed in Chap-
ter 2. The general requ i rements for monitoring and controlling the
electrical and mec hani cal system s of Army fixed facilitie s are discussed
in Chapter 3, fol l owed by an exampl e applicati on of fiber optics to an
aut om ated energy control system . The exampl e is used to compare the
performanc e and cost of fiber -optic versus conventional wi red dat a
links. App endix A summarizes conventional monitoring and control in-
struments , Appendix B discusses multi pl exing techn i ques and hardware ,
and Appendix C discusses long distance transmission and repeaters. Ap-
pendix D summ arizes some fiber—optic cable mechanic al strength tests ,
and Appendix E provide s information about optical fiber cable insta fla-
tion , maintenance , and repair.

Mode of Techn ology Trans fe r

A draft Technical Note providing procedures for design , i ns talla-
tion , testing , and maintenance of fiber- optic data -transmiss ion system s
in hardened Arm y fixed facilities will be submitted for publ icati on by
OCE.

8
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2 FIBER OPTICS TECHNOLOGY AND APPLICATIONS

F iber Optics Technology

Fiber—optic data transmission involves transferring information
over a ha i rl i ke fi ber o f t ransparent mater i al , u s u a l l y g l a s s , quartz ,
silica , or piastic , with light being the form of energy transmitted .
Light energy injected into the transmitting end of the fiber is retained
within the fiber by the mechanism of total internal refl ection. To
obtain total internal refl ection , the f i ber s are cons tructe d with a core
an d a c l a ddi ng of d if ferent in d ices of re f rac ti on , so that light beams
traveling in the fiber but which are not parallel to the fiber ’ s ax is
are bent radiall y toward the axis.

Info rmation may be transmitted over the fiber in either analog
(continuousl y variable) or digital (on—off pulse ) form. Generally, how-
ever , a n a l o g transm i ss i on i s ma de dif f i cul t an d i naccura te by the non-
l inearity of the com ponents used (the light sourc e and detector) .
There fore , dat a are transmitted digitally in most current applications.
If the or iginal signa l (or inform ation) to be transmitted is in analog
form but is to be transmitted in digital form , an analo g—to—digital (A—
to-D) converter must be used at the transmitting end of the fiber. Such
a converter sam ples the analog signal at timed interval s and converts
each an&og sampl e to a group of binary (on—off) pu l ses, with the binary
v al ue of the group (or word) representing the amplitude of the signa l at
the moment it is sampl ed .

The requ i red fiber-optic transmission system in its simplest form
cons ists of a light source or transmitter , the opt i cal fiber , a light
detector (receiver), and power sources at each end . The typical light
sourc e is either a li ght- em itting d iode (LED) or a l aser diode. The
l ight detector is generally a photodiode but may be a phototransistor or
a photomult i plier tube. Practical system s use signa l conditioning to
ampl ify the signa l from the l ight detector and to reconstruct the digi-
tal signal . They al so incorporate some means to obtain time syn-
chron i zation of the transmitter with the receiver . If it is necessary
to restore the digital signa l to its original analog form , a digital—to—
analog conver ter (DAC) must be provided at the receiving end. When corn-
paring digital dat a transmission in fiber-optic versus conventional
wi red systems , i t shoul d be noted that the wi re or cable of the con-
vent ional sys tem i s equ i val ent to no t just the opti cal fib er alone , but
the fiber with its associated light sourc e (including a driver and power
supply) and a light detector (including a power supply and amn pl i fi er)
Other components of the system may be the same whether the link is mad e
with a fiber-optic line or conventional cable. Thus , for f i ber o pt i cs
to be cost com petitive with metal conductors , i t i s generally necessary
that the optical fiber be used to transmit many channel s of info rmation
at once.

9
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Optical fiber transmission lines can provide a muc h greater band-
width (the range of frequencies and hence the amount of inform ation they
can carry) than that offered by conventi onal cables. To take ful l ad-
van tage of the fiber ’ s bandwidth capabili ty, it is generally nec~ssary
to use a multi plexing scheme , a method by which many inde pendent signals
can be transmitted over a singl e transmission medium . See Appendix B
for a discussion of multipl exing techn i ques and hardware .

If transmission over extremel y long distances is required , re peater
stations are necessary. See Appendix C for further detai l .

The State of the Art of Fiber Optics

A detaile d examination of the state of the art in fiber optics has
been reported previously. 5 Since that study, however , some chan ges have
occurred , as summar i zed bel ow.

The industry has continued to work on improving the fibers them-
selves , focusin g on decreasing the attenuation , increasing the band-
width , improv ing the strength , and decreasing the cost. Low—loss , step—
index fibers having an attenuation of less than 2 dB/km can now be
suppl ied in large quantities. The theoretical limit of performance has
almost been reached in this area , and no signi ficant improvements in at-
tenuation can be expected in the immediate future . However , significant
improvements have been mad e in graded-index fibers , which have wide
bandwidth s (200 mHz-km or more) . Grad ed-index fibers with attenuations
as low as 3 dB/km have become commercially avai lable.* Furthermore , it
is expected that additional improvements in the bandwidth of graded-
index fibers can be attained within the next 5 years. Work is also con-
tinui ng in improving single— mode step—index fibers having extremel y
large bandwidth s. The singl e-mode fiber , however, is currently diffi-
cul t and expensive to manufacture and has rel ativel y high attenuation.
In additi on , i t  has a very smal l core (3 microns maximum ) and a smal l
acceptance angl e for coupling light into the fiber , mak i ng it d iff icul t
to use. This fiber , therefore , is currently applicable only in situ-
ations where great bandwidth is essential .

R. G. McConiiack , W. J. Croisant , and P. C. Lam , State of the Art in
Fiber Up tica Corcnunications and Data Transfe r, Interim Report
E-111/ADA 042579 (CERL , July 1977).

*NOTE : On special order these fibers may be obtained wit h bandwidths of
Hz-km.
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During the past year , the industry has pushed the devel opment of
smal l, simpl e fiber- optic transmit/receive links which can be used to
repl ace convent onal cables for di gital dat a transm ission. These sys-
tems consist of smal l transmitter and receiver module s which may be
operated wit h a variety of different fiber types. Several of the c om-
mercially avai lable systems operate at s igna l level s which are com-
patible with standard transistor—transistor-logic (TIL ) integrated cir-
cuits.

Another area in which the industry has mad e substantial advances
during the past yea r is the development of commerc ially avai l able fiber-
optic connectors. It is now possible to purc hase standard connectors
made specific all j for several different types of optical fiber. The
connectors are smal l and may contain an LED, a laser diode , a photo—
diode, or a phototransistor with provision for mat ing these comp onents
to the fiber to provide optimum light coupling.

Improvements in light sources have been real ized as a resul t of re-
finements in LED ch i p technology , increasin g the power output avai l able
and raising the bandwidth capability of some LEDs to greater than 300
mHz. Semiconductor laser diodes provide greater output than LEDs , and
they can be modul ated to provide greater information bandwidth than is
possible with the LED. Widespread use of these devices , however , has
been hampered by their shorter operational lifetime. Breakthroughs in
semicond uctor lase r technology which will greatly increase diode life--
time are expected in the near fut ure. When a long-life semiconductor
laser becomes avai lable , applications of singl e—mode fibers will
increase , since with the laser it is possible to coupl e more power into
the extremel y smal l core of the singl e— mode fiber.

Both LEDs and semiconductor lasers can now be purchased with a
short “pigtail ” optical fiber attached so that the dev ice can be option-
ally coupl ed into a system by splicing the pigtail to the system optical
fi ber. Splicing technology has advanced to the point that the energy
loss across a splice can be kept as low as about 1 dB.

Si nce optical fibers are fragile and can be broken easily, the in-
dustry has developed numerous strengthening designs. In most of these
designs , very to ugh jac kets are used and internal strength members are
incorporated into the cables so that they may be pulled through condui t
without damage. In addition , the strengthened cables may be supported
by cable hangers without protective condui t or covered cable trays.

11
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In general , the state of the art has advanced to the point where
the use of fiber— optic transmission lines is practical in many
applicat i ons.6 Tel ephone companies in major cities are beginning to in-
stal l fiber-optic links in which thousand s of voice-communication chan-
nel s are conveyed over a singl e fiber . Fiber optics are seeing expa nded
use in interconnecting computer peripheral s in cases where el ectro-
magnetic interference (EM!) might create problems i f convent ional wi red
systems were used . As usage continues to increase , cost s wil l  continue
to decrease , and researc h and devel opment will advance the technology
even further. Thus , most industry experts anticipate widespread usage
by the early 1980s with sales of over $100 million annually.

6 “Fiber Optics Systems Are Few, But Watch Out for the Ex pl osion ,”
Electronic Design , Vol 15 (July 19, 1977).
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3 APPLICATIONS OF FIBER OPT ICS IN ARMY FAC ILITIES

Potential App lications

This section identifies the broad areas where fiber optics could be
considered for use in Army fixed facilities. Int er— building applica-
tions for voice comm unications or communications between automatic dat a
processing units are not considered , since other Army agencies are re-
sponsible in those areas.7

In general , fi ber optics technology has the potential for appi ica-
tion wherever the optical fibers have inherent advanta ges over coaxial
and twisted — pair cables. In Army fixed facilities , these areas include:

1. Ha rdening agai nst EMP/EMI* threat

2. Eliminat i ng the danger of arcing in explosive areas

3. Providing dat a transmission into or out of highly corrosive
areas

4. Transmitting dat a in situations where the dat a rate-distance
products are too high to be handled by conventional wired systems with-
out repeater stations or excessivel y large cable (above 50 MHz—km).

5. Ma i ntaining extremel y high level s of security.

It has been shown that environments in which EMP (and EMI) and in-
tense light transient s are present have no measurable effect on optical-
fiber transmis sion. 8 Thus, in EMP/EM I—hardened facilities , the threat
of damage to el ect.ronic components and equipment or interfe rence with
their proper operation coul d be l argel y bypassed through use of fiber
optics. In most cases , the use of fiber optics can el iminate the need
for el aborate cable shielding , metal conduits , surge protectors , and
el ectrical filters. In making cost comparisons between fiber optics and

7 Person al communica tion from Dr. L. Oworki n, ORSEL-NL-RM-1 , U.S.
0Armny Electronic Command (27 September 1977).
°R. 0. McCormn ac k and D. C. Sieber , Fiber Optic Ccrzmzszications 1~in k

Pe v’fo rmcr,~ce in , W P  and rntense Lig ht Tra n8ient Env ’onments , Report
E —94/ADA 032126 (CFRL , October 1976).

* Electromagnetic impu l se.
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conven tional wiring in EMP/ENI—hardened facilities , i t i s not imm ed i-
atel y obvious which al ternative is most cost effective. General guide-
lines for making this determination are given in the section entitled
Cost Comparisons Between Fiber-Optic and Conv entional Wi red Systems.

In some facilities , the design criteria may make the use of fiber
o pt ics highl y desirable because of some of the stated advantages ( other
than EMP/EM I immunity) without considering costs. For exampl e, the op-
tical fiber can be used safely where it is necessary to provide data
transmission i nto an area containing an explosive charge because the
fiber provides diel ectric isolation and cannot conduct charges (includ-
ing lightning) which could cause arcing . Another exampl e is a situation
where cabling must be routed through areas where chemical s highl y corro-
sive to metal s are bei ng used . Such highl y corrosive environments may
include underground applications where soil acidity is high.

In recent years , the need for energy conservation has resulted in
the devel o pment of more el aborate monitoring and control systems for
controlling el ectrical /mechanical functions. These systems include au-
tomated energy monitor and control systems (EMCSs), which may use mini-
computers , microprocessors , or both , and which require compl ex trans-
mission networks to rel ay all required data. The state of the art is
now sufficiently advanced that fiber—optic data-transmission systems can
be considered for such applications. ’ Generally, the cost effectiveness
of fiber—optic systems becomes more attractive as the control system
becomes l arger and more compl ex , requiring larger bandwidths and trans--
mission over greater distances.

Because of their imm unity to el ectromagnetic fields , fiber—optic
links are attractive for rel aying data i nto or out of facilities where
high security is required . In such facilities , secure inform ation may
be conducted by conventional cabling inside of shielded areas. These
cables or the electronics systems with which they are associated may
radiate el ectromagnetic energy from which secure information can be de-
rived. It is therefore important that the data transmission media used
to carry nonsecure dat a to and from the secure shielded zone not be ca-
pabl e of picki ng up the el ectrom agnetic energy inside the shielded zone
and reradiating it outside the shielded zcne.

R. 0. McCorm ac k , W. J. Croisant , and P. C. Lam , State of the Art in
Fiber c~pti cs Communications and Etzta Tran sfe r , Inter im Report
E 111/ADA 042579 (CERL , July 1977).
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App l ications in Monit or i ng and Control Systems

In modern facilities , the process of monitoring and controlling the
operational functions has become highl y compl ex and sophisticated , es-
pecially in strategic command centers , secure conuliunications centers ,
and other facilities where mai ntaining operational building functions is
or may be critical to mission accomplishment. The requ i remen t that the
facility be hardened against EMP and/or nucl ear blast norma lly adds con-
siderable compl exity to the monitoring and control system.

Monitoring and control systems typically use individual cables
(coaxial or shielded twisted— pair cabl e) to transmit analog data from
various monitoring instruments to either a central monitoring point or
auxiliary points. In the case of the SAFEGUAR D Anti -Ballistic Missile
Defense facility, for exampl e, the Missile Site Radar (MSR ) compl ex uses
a computer for automatic surveillance of the functions monitored . Es-
sentially all quantities monitored are transmitted to the computer by
individu a~ ’shi el ded twisted pairs of conductors within cables which are
generally ro uted through rigid steel conduits to provide EMP shieldin g
and physical protection. Literally thousand s of cables are required in
the system.

Monitoring functions of i nterest in Army facilities fall into the
followi ng categories:

1. Level measuremen t

2. Pressure measuremen t

3. Temp erature measuremen t

4. Flow measurement

5. Various analytical measurements obtained with instrunents such
as gas analyzers , pH analyzers , and humidity sensors

6. Fl ame and smoke detection

7. Speed (rpm) monitoring

8. Power , VARS , vol tage , and current monitoring

9. Nuc l ear radiation sensing

Each category comprises many d i f fe rent types of instrunents with differ—
• ing principles of operation . In addition , the measuremen t task may vary

from simpl e threshold detection to continuous measuremen t and readout of
the quantity of interest. Each category is discussed briefl y in
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Appendix A to show the types of signals and information rates which a
fiber-optic data -transmission link wo uld be required to handle.

Control functions of interest in Army facilities include the fol-
lowi ng : 

-

1. Li quid flow rates

a. Valve control

(1) On—off

(2) Proportional

2. Gas or air flow rates

a. Butterf ly valve control

(1) On—off

(2 )  Proportional

b. Dampers

(1) On—off

(2)  Proportional

(3) Electric motor control

c. Start—stop

d. Speed contro l

3. Pressure regulation (variable)

4. Generator vol tage control (variable)

5. Engine- generator speed/frequency control (var iabl e)

6. Power switchi ng (on-off )

7. Temperature regul ation (variable)

8. Humidity control (variable )

9. Battery c harge rate control
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Most of the functions listed may be controlled in one of several
ways——through pneumatic , hydraulic , or el ectric controllers or such com-
binations as el ectropneunatic and el ectrohydraulic dev ices. Obviously ,
if fiber-optic transmission is to be applicable to a particul ar func-
tion , it is essential that the function be controlled el ectrically.

For those control functions which have only two operating modes
(e.g., on—off and start— stop), the required switching rate is very low ,
often expressed in term s of actuations per hour. Thus, the information
rate required of the data transmission links for these functions is ex-
tremel y low , and literally thousand s of such actuations could be handled
by multipl exing the commands on standard voice—comm unications - grade
lines.

In the case of proportional control , somewhat highe r inform ation
rates are required . In most situations , howeve r, a control would be
mov ed directly from one position to another rather than being sequenced
incremente’lly through each possible control position between the origi-
nal arid rinal positions. Each change would therefore require trans-
mitting only a singl e binary word representing the new position , and the
required information rate would agai n be very l ow.

It should be remembered that the mul t iplex concept could be used
with a conventional wired system if dedicated coaxial (or shielded
twisted-pair) cables were used instead of leased telephone lines. For
most monitoring and control systems the information rates are low enough
that bandwi d th of a coaxial cable is adequate. Therefore, the nunber of
cables required would be the same as the nunber of fibers , and it ap-
pears at this point that the material and equipment costs for a fiber--
optic system would be higher than for a conventional wired system. For
com pl ex systems, however , the additional cost of the modules needed to
interface the optical fi ber to the EMCS system would be smal l (probably
wel l under 1 percent ) compared to the overall system cost.

Cost Comparisons Between Fiber-Optic and Conventional Wi red Systems

Guidelines (rather than precise cost figures) for comparing the
costs of fiber— optic data—transmission links with those for conventional
coaxial -cable l inks will be presented here. Exact system costs cannot
be prepa red without first precisely defining the facility and data
transmission system requirements. General comparison s will therefore be
made on a per-unit basis , and an estimate will be given of system costs
for a hypothetical example.
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Costs f o r  Coax ia l Cable Systems

Coaxial Cable. Current prices for representative coaxial cabling
are :

1. Type RG_58*, $. 11/ f t  ($.56/m)

2. Type RG-8, $.36/ft ($1.18/rn)

3. 1/2-in.—diarneter Heliax , $.88/ft ($2 .89/rn)

4. 7/8—in.-diameter Heliax , $2.20/ft ($7.22/rn).

RG—58 cable is typical l y used to interconnect el ectronic equ i pment
in frequency ranges from DC through mid—VHF (0 to 100 mHz) for short
runs where losses are not critical . RG—8 cable is used in simil ar ap-
pl ications but at frequencies up through 1 gHz. The Heliax cables are
used for l onger runs where losses are critical and at frequencies up to
10 gHz. Figure 1 shows the attenuation versus frequency for the four
cable types.

Condui t. In EMP hard ened structures , coaxial cabl es are generally
routed through rigid steel cond uits to provide both additional EMP
shielding and physical strengthening . Current prices for rigid steel
condui t are :

1. 4-in, diameter , $3.41/ft ($11.19/rn)

2. 2—in , diameter , $1.10/ft ($3.61/rn)

3. 1—in , diameter , $. 52/ft ($1.71 /rn) .

Cost of condui t accessories ( such as couplings , unions , j ixiction
boxes , pull boxes , flexible condui t , and cast accessory boxes) will vary
depending on the system confi guration . For present purposes , these
costs are estimated to be 25 percent of the cost of the line conduit.

The cost of installing a condui t system for non—EMP—hardened app li-
cations has in the past been estimat ed as being equal to the condui t ma-
terial costs. For an EMP—hard ened system, it is assumed that installa-
tion costs will be 50 percent higher because of the requirement that the
conduits be welded at all junction boxes , pull boxes , and linear pl ate
j unctions.
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Total condu it system costs are :

1. 4-in , diameter , $7.67/ft ($25.17/rn)

2. 2— in , diameter , $2.48/ft ($ 8. 12/rn)

3. 1—in , diameter , $ 1.17/ft ($ 3.84 / m) .

Assuming that 50 coaxial cables are routed within each 4—in, con-
duit , the cost per cable is $.15/ft ($.50 /m).

Cost for ~~ber—Op tic Transmission Systems

Many vari eties of optical fibers are avai l able , including l ow-loss ,
med i um-loss , and high— loss types. These groupings are further sub-
divided into step—index or graded-index , multimod e or single-mode ,
singl e—fiber or bundled , and st rengthened or nonstrengthened types. For
most EMP—hard ened facilities such as SAFEGUAR D, the building is l arge
enough to al l ow the use of step- i ndex , multimod e fibers. Either a
strengthened fiber cable supported by cable hangers or a nonstrengthened
cable in a condui t or raceway coul d be used . International Tel ephone
and Tel egra ph Corporation (ITT ) lists ’’ the following prices for low-
loss fibers:

1. Gl ass step- i ndex fiber (S—25-PS[1]), nonstrengthened , $1.05/rn

2. Gl ass step— index fiber (GS—02-8), strengthened $2.30/rn.

Sys tem Cost Cc’~. nixzrisons

In eval uating the cost of conventional versus fiber-optic systems,
three comparisons are of interest , namely:

1. Conventional wired nonniultipl exed systems versus fiber- optic
systems using multipl exing.

2. Multipl exed systems using fiber opt ics versus mult iplexed sys-
tems using cable links .

3. Norinul tip1 exed fi ber— optic versus norinul tip1 exed cabled sys-
tems. This case will not be considered in making the cost com-
pari sons , however , since it is evident that when the ful l bond—
width capability of optical—fiber li:,ks is not used , the fiber
optic system is considerably more expensive.

10 Short Fov!n Price List (Electro-Optical Products Division , ITT , Febru-
ary 1977).
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To compare the costs of a multipl exed optical -fiber system with
thos e of a conven ti ona l wired , nonmultiplexed system , consider as an ex-
ample a simplified remote monitoring application at a nuclear-hardened
facility . The requirement is typical of a weapon-control facility such
as SAFEGUARD. The specific task is the remote monitoring of parameters
from a subsystem such as an auxil iary power plant ( in the case of SAFE-
GUARD , a 3.2 MW diesel-engine generator set. ) For comparison , it wi l l
be assumed that 1UO analog si gnal s must be transmitted fro m measuring
instruments at the power pl ant to the central monitoring and control
location , and that the distance between the two locations requires 300
ft (90 m) of cabling. For the conventional wi red system, it is assumed
that individual cables are required for each analog si gnal and that
ri gi d steel condui t is required for EMP shielding, wi th each conduit
carrying 50 cables.

The costs for the conventional wired system without mul tipl exing
are :

Condui t, 600 ft (183 m) of 4-in, diameter at $7.67 ft ($25.17/rn) = $ 4,602

Coaxial cabl e, 60,000 ft (18.288 m) at $.17/ft ($.56 m) $10,200

Total $14,800

The costs for the fiber-optic system wi th mul ti pl exing are:

Optical fiber , 300 ft (90 m) at $.70/ft ($2.30/rn) = $ 210

Fiber interfacing el ectronics = $ 1,000

Multiplex system (commercially available) = $14,755

Total $15,965

Al though this rough material cost comparison shows a slightl y
hi gher cost for the fiber-optic system, it shoul d be observed that the
particular mul ti pl ex system which was priced has far more capability
than is required for this simpl e task. A special-purpose system de-
si gned for this application coul d be obtai ned at reduced cost. Further-
more , even at the prices quoted above , the fiber-optic system woul d have
a definite co st advanta ge If future maintenance costs are Included. The
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opt ical fiber is not subjec t to corrosion * an d does not nee d periodic
checking for immunity against EMP effects , whereas the conduit system
would requ i re periodic shielding tests.

In this example , the conventional wi red system could al so use mul-
tiplexing requiring only a singl e cable to relay the data . Thus , in
comparing a conventional mul ti pl exed system to a fiber -optic mul tiplexed
system , the fol lowing fi gures woul d apply:

Conduit , 300 ft (90 rn) of 1-in, diameter at $1.17 per ft = $ 351

Coaxial cable , 300 ft (g/m) at $.17/ft = $ 51

Multiplex system (comercially available) = $14,755

Total $15,157

As given in the previous exampl e, the fiber-optic system cost woul d be
$15 ,965.

In thi s simpl e exampl e, it is seen that for mul ti pl exed systems,
the cost of fiber-optic transmission lines is only a few percent hi gher
than for conventional cables. For more complex systems, the costs
become even more nearly equal except where the coaxial cable ’ s bandwidth
becomes too narrow or its losses too high . Then it will be found that
the fiber-optic system is sl i ghtly less expensive.

A major facto r hinder ing the wi despread use of optical fibers is
the higher cost of the optoel ectronic components required. High costs
resul t partially from the present low production vol ume. As usage
increases , costs will continue to decrease. Furthermore , anticipated
technological advances in desi gn and manufacturing processes will fur-
ther reduce pricing. Continuing shortages and hi gh prices of copper
will tend to further Increase the use of fiber optics.

* NOTE : The optical fiber can be used wi th or wi thout conduit. Wire
cables are subject to corrosion even in condui t because of
l eaks In the conduit system.
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Examp l e Potential Application of Fiber-Optics in a Conventional Facil i ty

An EMC S a t an Army base prov id es an examp le where f ib er opti cs
technology has potential application. Al though the base and the facili-
ties involved may not be EMP-hardened , the EMCS which mi ght be Installed
there mi ght be representative of the complex monitoring and control sys-
tems in future faci l i t ies. The principles illustrated by this example
could be applied to both hardened and nonhardened systems. A block dia-
gram of a typical EMCS is shown in Fi gure 2. The system includes 35
data col l ection and transm itting units (OCTUs). Each OCTU communicates
with a central processi nri unit (CPU ) over leased telephone wire pairs ,
each having a 3-kHz bandwidth . The number of pairs required is
dependent on the number of channel s monitored and controlled by each
DCTU. The system is capabJ e of accommodating 14,000 analog, binary , or
command points. Analog source scanning is accomplished at a rate of 30
sources per second . Binary (on-off) sources may be scanned at a rate of
500 contacts per second . The transmitted bit rate of each DCTU is 1200
baud (bits per second). ,

The system control s 13 heating pl ants, the el ectrical switching
station , and 17 major buildings , performing the following functions:

1. Demand limiting -load shedding

2. 0ptJmiz~tion of:

a. Energy management

b. Boiler profile

C. Chiller profile

d. Optimal start-stop

e. Program start-stop

f. Tru e econom i zer

3. Maintenance management

4. Logging of trends (and summary)

5. Totalizations of:

a. Run time

b. Btu
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c. GPM ( gallons/mm )

d. lb/hr

e. Analog quanti ties

f. Kilowatts used.

The total data transfer requirement involves the use of approxi-
mately 400 individual leased tel ephone wire pairs to and from the con-
trol center. Data communication is performed asynchronously using chan-
nel mul tiplexors , with each channel being full dupl ex (two-way). The
mul ti pl exing system uses digi tal transmission. Extra bits are trans-
mi tted to assure greater data reliability .

The heating plants , energy-control l ed buildings , electric swi tching
station , and the computer control center are spread out over a 3-square-
mile area , wi th 1 mile being a typical distance over which data must be
transmitted . Since the data rate required in this system is very low
for each pair of wi res, the l ow-bandwi dth telephone wi res are adequate .
Tel ephone lines such as those on continuous property can typically be
leased at a fl at rate of $2.50 per month per line pl us a charge of about
$8.00 per month per mile of distance. Thus , the rental cost for the 400
lines (if they average 1 1/2 miles in length) woul d be about $5800 per
month , equival ent to a 10-year present worth of $477,500 if discounted
at 8 percent.

Data transmission from the various points coul d be accompl i shed by
several means other than telephone lines. The available options in-
cl ude :

1. Special-purpose cable

2. Radio links

3. Atmospheric optical links

4. Fiber-optic links.

The first cost of procuring, routing, and installing special-purpose
cable woul d be substantial and woul d depend on whether it was to be in-
stal l ed underground , overhead on existing poles , or overhead on new
poles . If special-purpose cable was used , a singl e cable between each
point would suffice since the requi red data transmission rates are low.
To analyze cost effectiveness It woul d be necessary to compare the first
cost of the special installati on wi th the present worth of the series of
anticipated leasing paymentc to be made for the 400 pairs of telephone
cables.
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The use of a radio link woul d require rel atively expensive radio
equipmen t and permanent assigrmlent of a portion of the RF spectrum .
Such a system would be susceptible to Interference.

The optical link (laser beam) would be weather-dependent and there-
fore not sufficiently rel i able for consideration.

The fourth option is the use of optical fiber links. Using l ow-
loss fibers having a high bandwidth , the necessary transmission capacity
could be provided by a singl e fiber connect ing eac h DCTU with the CPU ,
thus requiring only 35 lines. To be cost effective, the initi al and
10-year mai ntenance cost of each fiber-optic link woul d have to be less
than or equal to $477,500 (the present worth of the telephone line rent-
als over 10 years) divided by 35, or $13,643. The average link woul d be
about 1 mile long. The estimated costs for each link of a fiber-optic
system (assuming that the fibers are instal l ed on existing utility
poles) are as fol lows:

Average fiber cost $3745
Interfacing electronics 1000
Installation hardware 300
Installation l abor 1000
Maintenance (10 years) 500

Total $6545

Multi plying this cost by 35 lines yiel ds a total system cost of $229,075
as compared to the $477,500 for telephone line rentals. Thus , in this
exampl e, the use of fiber optics is a feasible al ternative.
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14 CONCLUSIONS

Optical fibers ’ large data-transmission bandwidth , dielectric i so-
lation , reduced wei ght and size, and freedom from EMP , EMI , and radio
frequency interference (RFI) offer advantages over conventional twisted-
wire and coaxial cables. With the tel ecommunica tion industry expanding
its use of fiber-optic equipment , production rates are increasing and
costs are dropping. As a resul t, the use of fiber-optic data-trans-
mission systems will continue to expand rapidly.

In Army fixed facility monitoring and control systems, the use of
fiber optics rather than conventional metallic cables can be advanta-
geous especially in EMP-hardened facilities , in fuel and ammunition
storage facilities , in hi ghly corrosive environments , and in hi gh secu-
rity areas. In facilities that requi re large numbers of monitoring and
control channel s, mul tiplexing and use of fiber-optic cables for data
transmission are cost-effective.

Since this new technology is growing rapidly and is expected even-
tually to see wi despread application , the Corps of Engineers should de-
velop criteria for the design of fiber-optic data-transmission systems
and should develop detailed procedures for making tradeoff analyses be-
tween data transmission options.
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APPE NDIX A:

SUMMAR Y OF CON VE NTIONAL MONITORING
AND CONTROL INSTRUMENTS

A com puterized heating , ventilating , and air conditioning (HVAC)
system provides automatic control of the temperature and/or humidity in
a space while optimizing energy consumption. The control system portion
may be el ectric , el ectronic , pneumatic , fl uidic , hydraulic , self—con-
tained , or a combination of these.

Types of Control Systems

Electric SystemB

Starting and stopping the fl ow of electricity or v arying the vol t-
age and current by means of a rheostat or bridge circui t provide control
in el ectric systems.

Electronic Sy6telns

These systems use very low vol tages (15 V or less) and currents for
sensing and transmission; these control signal s are amplified by el ec-
tronic circuits or servomec hanism s to operate the controlled devices.

Pneumatic Syateme

Pneumatic systems usually use l ow—pressure compressed air. Changes
in out put pressure from the control l er cause a corresponding position
change at the controlled dev ice.

Hydraulic Syatems

These systems are simil ar in principl e to pneumatic systems but use
a l~ quid or a gas other than air as the transmission medium.

Fl uidic SyBtems

Fluidic systems use air or gas to transmit control ccnnands and are
similar in operating principles to el ectronic as wel l as pneumatic sys-
tem S.
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Self-Contained Syatems

This type of system incorporates a sensor , control ler , and con-
trolled dev ice in a single package. No external po~~r is required ; only
a monitoring connection need be provided . The energy needed to adjust
the controlled dev ice is provided by the reaction of the sensor with the
controlled variable.

Control System Transmitters

All of the control functions in a system depend on the monitoring
(measurement) of the controlled variabl es. The measuremen t is mad e by a
sensor , the out put of which is connected to a signal conditioner. The
sensor and signal conditioner together constitut e a transmitter. The
measured val ue is prod uced as one of the standard DC out puts of the
transmitter , which fall into the fol l owing stand ard ranges :

Voltages (vol ts) Currents (milliamperes)
0—11 1- 5
1- 5 4-20
0- 5 10-SO

Transmitters may produce either anal og or discrete (incremental ) out-
puts.

Analog Tr ’ansmitte r ’s

Analog devices transmit data in a l inear , continuous form with the
output vol tage or current being proportional to the measured variable.
The output signal from an analog transmitter must be converted to digi-
tal format before it can be transmitted via a digital data system such
as a fiber—optic link.

Diacrete Transmitter

Transmitters that indicate conditions such as stopped or started ,
on or off , set or reset, or a hig h or low l imit are al ready in binary
form. Therefore, a digital data system can transmit the data without
prior conversion.
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Analysis of Monitoring and Control Functions

The following paragraphs discuss some of the conventional
monitoring instruments applicable to mul ti pl exed links. Possible appl i-
cations and considerations such as measurement response time , accuracy ,
and the resultant data transmission rates are examined to indicate those
parameters which may be of importance in a system using fiber-optic
transmission links.

Leve l ~oni toring

level detectors are used in Army fixed facilities to monitor
variables such as:

1. Level s in fuel stora ge tanks

2. Level s in l ubrication oil tanks

3. Levels in water storage tanks

4. Soil water levels.

The simplest level sensor is a float actuated switch , which senses
only a threshold level . The information transfer rates required for
this type of device are extremely low. In some applications , it may be
necessary to detect numerous threshold level s in a tank or to provide
continuous monitoring of liquid levels. If continuous monitoring is re-
quired , informa tion rates are i nc reas ed somew hat, but they are still
rel atively low as compared to the bandwidth of typical data-transmission
channels. For exampl e, assume that it is desired to know the tank l evel
to wi thin 0.1 percent. It is then necessary to differentiate between
1000 levels. These 1000 level s can be represented by 10 bInary di gits
(bits) since 2~° = 1024. If the tank coul d be drained in 1024 seconds
(about 17 minutes), it woul d be necessary to transmit one 10-bit ‘word”
each second to maintain updated information on the status of the tank
level . Thus , an information rate of 10 bits per second woul d suffice.
Typically, data transmission systems require addi tional data bits for
framing and error checking or correction , but such bits will not nor-
t na l ly inc rease the requi red Inf ormation rates by more than a facto r of
2. The required information rates are therefore low for liquid level
monitoring. A conventional shiel ded , twisted-pair cable coul d carry
many thousands of suc h channel s using time-division mul ti pl exing.

Pressure Monitoring

Pressure—measuring devices are used in Army fixed facilities to
monitor parameters such as:
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1. Fuel pressure s

2. Cool ant systems pressures

3. Di fferential air pressure s

4. Barometric pressures

5. Manifol d pressures

6. Vacuum level S.

The wide range of avai l able pressure—monitoring instruments is ca-
pabl e of measuring from high vac uum pressures of up to 400 ,000 psig.
Many of the comm ercially avai l able instruments use a DC signal in the 4
to 20 mil liampere range to transmit pressure informat ion in analog form
over shielded , twisted—pair cable to central monitoring points.

The rate of change of the pressures to be measured is usuall y low ,
requiring data channel s with low information rates. The highe st infor-
mation rate likel y to be encountered would be that requi red to monitor
eng i ne man i fold pressures , where pressure variations over the ful l range
may occur in about 1 second . If 1 percent measuremen t accuracy was re-
quired , the system would have to transmit 7 binary digits (2~ = 128)
plus framing and error correction bits. A sampling rate of 1 per second
would be necessary ; assuming a total of 14 bits per sampl e, the required
data transfer rate woul d be 14 bits per second .

Temperature Monitoring

Tem perature measuremen t is accomplished with a variety of devices ,
inc l ud i ng :

1. Gl ass-stem thermometers

2. Bimetallic thermometers

3. Filled thermal—e l ement actuators

4. Color indicators

5. Pyrometric indicators

6. Electrical resistance thermometers

7. Thermistors

8. Thermocouples
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9. Quart z crystal thermometers

10. Radiation pyrometers

11. Infrared pyrometers.

Som e of these devices must be read manually, while others have el ec-
trical outputs which can be transmitted over wi res to a monitoring
point . Most of the comercially avai l able instruments provide a current
output which is proportional to temperature.

Applications of remote temperature monitori ng in Army fixed facili-
ties include:

1. Room air temperatures

2. Outside air temperatures

3. Exhaust gas tem peratures

4. Bearing temperature s

5. Lubrication oil temperatures

6. Chi l led water temperatures

7. Hot water (boiler) temperatures.

In general , the temperatures vary slowly, requiri ng at least
several minutes to change t hrough an appreciable percentage of the mea-
surement range. Some standard commercially avai lable temperature
monitors , however , are capable of responding in 1/5 second at accuracies
of 0.2 percent of full scale. To mai ntain this accuracy and rate , the
actual data transmission rate requ i red may be as high as 100 bits per
second. Adding framing and error correction bits may increase the re-
quired bit rate to 200 bits per second.

• Fl owv’ate Monitoring

In Army fixed facilities it is often necessary to monitor and con-
trol various liquid and gas flow rates. Commercially avai l able flowrate
measuring instruments use a variety of operating princ i ples. Types ap—
pl icable to a centralized monitoring and control system incl ude:

1. Di fferential pressure sensors

2. Magnetic sensors
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3. Turbine sensors

4. Swirlmeters

5. Thermal flo~ineters

6. Rotating lobe sensors.

Variables which are typically monitored at Army fixed facilitie s in—
ci ude:

1. Fuel fl ow rates

2. Cool ant flow rates

3. Lubricating oil flow rates

4. Airflow rates in cooling systems

5. Steam fl ow rates in heating systems.

Flow rates which may be accommodated by comercially avai l able in-
struments vary from 0.03 cc per minute through 100,000 gal l ons per
minute (378,500 liters per minute ). The best accuracies obtainabl e are
0.5 perc ent ; obtaining those accuracies requires a digitizer capable of
prod ucing 200 quantizing levels. These 200 lev el s woul d requi re 8-bit
words in the digitizing process. The mag netic type of flo~neter can re-spond over its full range in a fraction of a second . If a PCM multipl ex
system were to retain a response time of 1/10 second , an info rmation
rate of 2 x 8 x 10, or 160 bits per second would be required . It is
doubtful , howe v er , that such a fast response time woul d ever be neces—
sary in the conventional monitoring applications.

Electr ic Powe r System Monitoring

Electric power system monitoring includes the measuremen t of power
fl ow, vol t—amperes in reactive circ uits (VARS), vol tage, and current.
These quantities are normally measured in fixed monitoring applications
by el ectronic instruments having DC out put s proportional to the quantity
being measured . In the case of prec i se power instrumentation , it is de-
sirabl e to be able to measure the transient response of a generating
system. To do so, it is necessary to obtain several measurements within
a hal f cycle of the alternating current waveform . If the required accu-
racy is 0.1 percent of ful l scale , then 10-bit resolution is needed. If
sampl es are required at 2-millisecond interval s, the data transmission
rate is 2 x 10 x 500 or 10,000 bits per second. This rate is substan-
tia ll y greater than that required for most other types of monitoring and
would present difficulties in framing if other channel s were sampl ed at
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much sl ower rates. The transient monitoring would probably be best
handled by a dedicated separate link. In this type of a pplication , the
greater bandwi dth and lower attenuation provided by fiber o pt ics become
attract ive. If several transient measurement channel s are combined in a
multi plexed link , the bit rates become sufficiently high that losses on
conventional coaxial cables will be signi ficant and bandwidth reduction
wi l l  cause distortion of the transmitted waveshape .

In addition to monitoring the real-time transient response of el ec-
tric power systems , it is also ccni~ion to measure rms vol tage , current ,
power , and VARS . Such measurements require a muc h lower information
rate than real-time transient analysis. These other quantities woul d
normally need to be sampl ed onl y a few times per second . The required
accuracy coul d be as good as 0.1 percent and thus the info rmation rate
for each channel would be on the order of 100 bits per second .

Other Monitor ing

Ot her quantities and conditions which might be monitored in an Army
fixed facil ity incl ude rotational speed ( rpm) , nucl ear radiation , gas
analysis , acidity analysis , humidity, fl ame detection , and smoke detec-
tion. Each of these quantities would vary rel ativel y slowl y and would
thus require low data transmission rates, generally less than 100 bits
per second per channel .
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APPE NDIX B:

MULT IPLEXING TECHNIQUES AND HARDWARE

One of the advantages of fiber—optic over conventional cabling is
the greater information bandwidth of the optical fiber. This advantage
can only be used , however , if it is necessary to send rapidly varying
information. As discussed in Appendix A, most monitoring and control
instruments and transducers produce slowl y varying out puts wh i ch requ i re
only very smal l bandwidths if transmitted individually. It is possible
to take advantage of the fiber ’s bandwidth , however , by transmitting the
out put s of many instruments over a single fiber (channel). This may be
done either by time sharing the channel between all the instruments or
by a modul ation scheme which allows the outputs of different instruments
to be transmitted on different frequency band s within the channel fre-
quency spectrum . Time sharing of a channel is called time division mul-
tipl exing (1DM), whereas frequency sharing is known as frequency di-
vision multipl exing (FDM).

It shoul d be noted that whatever multi pl exing scheme is cho sen will
work equally wel l with fiber—optic links or conventional wired links ,
except that the fiber-optic link will be abl e to handle many more
monitoring and control components because of its greater bandwi dth.
From an economic stand point , a multipl exed channel is superior to an in-
dividua l channel system , since one transmitter and receiver are needed
instead of many.

Two multipl exing techn i ques—— frequency division multi pl exing (FDM)
and time division multipl exing (TDM)——are of interest . FDM , which is
easily adaptable to the transmission of analog information , uses fre-
quency mod ul ated subcarriers to convey the information. One subcarrier
is used for each anal og source. Mod ul ation extremes result in each
source occupying a predetermined portion of the overal l spectrum . The
combined signals from many mod ulated subcarriers thus form a wideband
composite signal . The composite frequency—multiplexed signal modul ates
a carrier frequency before transmission. After reception and demod-
ulation of the carrier , the individua l analog sources are recovered by
assigned frequency slot band pass filtering . Obviously , FDM equi pment
compl exity increase s as the number of individua l anal og signals
inc reases. For data transmission systems serving thousand s of analog
so urces , FOM becomes impractical .

A system that can scan each individua l source on a time— shared
basis is more practical for a l arge number of sources. In 1DM, the in-
formation from each channel is transmitted in designated time interval s,
using some type of pul se code modulation (PCM). In PCM systems, the
analog signals to be transmitted are first converted to digital signals
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in an analog —to— digital (A—to—D) conv erter. Generally, the digital
signal is a binary number representing the analog information. The
number of binary digits (bits) used then determines the accuracy with nwhich the analog signal can be represented . If n bits are used , then 2
discrete level s (al so called quantizing level s) are established . After
the A—to-D converter sam ples the analog signal , it selects the binary
number close st in val ue to the anal og input val ue as representing that
sample. Since each binary digit has only two possible level s (1 and 0),
it may therefore be sent as a pulse. Various pul se coding sc hemes have
been dev i sed for representing the 1 and 0 lev el s by pul ses. The sim-
pl est of these is NRZ (nonreturn to zero) where a high level is a 1 and
a low level is a 0. In NRZ (c) ( nonreturn to zero , change) and NRZ (m)
(nonreturn to zero, mark) , transitions from one level to another repres-
ent l’ s or 0’s. Other coding types incl ude SP (split phase) and RZ
( return to zero). SP uses a square-wave cycle to represent a 1 and an
inverted square —wa ve cycle to re present a 0. RZ uses a square—wave
cycle to represent a 1 and no transmission to repre sent a 0. Each PCM
scheme has certain advantages and disadvantages .

The rate at which the original signal must be sampl ed to compl etely
define the signal is established by the Nyquist Sampling Theorem. This
t heorem simpl y states that  i t  is necessary to sampl e at a rate equal to
2F, where F is the highe st frequency at which spectral energy of the
original signal exists.

The advantage of multipl exing is that many signal s or channel s may
be sent over one transmission link. Sequential time scanning of all
channel s to be transmitted is perfo rmed and the binary words (groups of
bits) representing each channel are transmitted sequentially. Generally
the entire sequence of all channel s is called a frame. To reestablish
timing at the receiving end (and to properly identify each binary word),
frame synchronization words are al so normally transmitted . Framing
schemes may be devised to allow some channel s to be scanned at higher
rates than others. In addition to the frame synchronization word , some
PCM systems transmit special coded pul se trains along with eac h data
word to check for (and , in some systems, to correct) errors mad e in the
transmission , detection , and data reconstruction process. Thus , the
total number of bits required may be as muc h as twice the number of bits
required for dat a alone . The bandwidth required for the multi plexed
channel is therefore

= 2 n f5
where 

~b = bit rate or frequency

= number of quantizing level s

= analog channel sampl e rate
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Components required for PCM-TDM include A-to-D converters , 0-to-A con-
verters, a PCM encoder and a decoder , synchronization circuits , a trans-
mitter, a receiver , and the transmission medium.
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APPE ND IX C :

LONG-DIS lANCE TRAr~6M ISS ION AND RE PEA TERS

Long—distance data transmission by fiber optics may be facilitated
by using regenerative repeaters. Optical regenerative repeaters may be
two or more transmitter- fiber o pt ic-receiver system s connected in
series. The opt ical receiver detects and decodes a low signal—to-noise
ratio (SNR ) signal and then generates a new pul se which drives the
transmitter. Digital data transmission systems have an advantage over
dnalog systems in that the noise is not accumul ative. Digital system
noise is l imited to j ust the noise of a single transmitter — fiber optic-
receiver link. Theoretically, therefore , any distance may be cov ered by
adding more links . As the number of repeaters increases , so does the
system cost. Minimizing the number of repeaters by optimizing the re-
peater spacings becomes imperative for mai ntaining cost effectiveness.

The maximum repeater spacing is a function of many different fac-
tors. Some are :

1. The sel ection of single or multimod e, step- or graded-index
fibers

2. The optical loss of the fiber and connectors

3. The optical powe r which can be coupled into the fiber

4. The spectral bandwidth (line width ) of the optical power source

5. The spectral response of the optical receiver

6. The sel ected digital transmission code

7. Pul se shape at input of receiver

8. The threshold determination of the receiver .

In general , the maximum repeater spacing i~ obtained by maximizingthe mean optical power coupled into the fiber.1

1.1 w~ I. Heinl ei n , et al., “Repeater Spacing of Digital Communication
Systems Usi ng Optical Waveguide ,” Proc. IEEE, Vol 123, No. 6 (June
1976).
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APPE NDIX D:

SUMMAR Y OF FIBER OPTIC CAB LE MEC HANICAL
STRENGTH TESTS S UMMARY

Information in this appendix has been derived from work done by the
U.S. Naval Electronic Laboratory Center. 12 It is incl uded to show the
ability of opt ical fibers to withstand stresses and cond itions likel y to
be encountered on construction sites.

Mechanical Strength Test s

Bending Radius

No MIL acceptance requ i rement exists for this cable property.
Cabl e man ufacturers generally state that the bending curvat ure should be
limited to no l ess than five times the cabi - ‘ s out er jac ket diameter.
This criterion appears to be safe for cables having fi ber diam eters of
less than about 3 mils. This accep tance condition was based upon not
exceeding a O.6-dB loss (13 percent fiber breakage level ) per rotational
turn . By comparison , cables with fiber diameters of about 2 mils can
meet the above requirement with a minimum bend radius of about 0.25 in.

= about 3 times the cabl e outside diameter).

Tensile Streng th

In lieu of a MIL requirement defining the acceptance of gl ass
fibers under tensile l oads , a test cond ition was developed for eval u-
ating the tensile strength property of the cabl e (bundle only) . With a
O.6-dB-loss (13 percent fiber breakage) acceptance level , tensile load-
sustaining capabilit ies of about 25 to 30 lb were measured for cabl es
with 1- and 2-square-mi l bundle areas , respectively. This val ue cor-
responds to tensile stresses of about 25 ,000 psi of bundle area.

Te~ninal Strength (Tensio n and Torque)

The optical cables used in the tests performed acceptably, based
upon comparable fiber breakage and transmission -line loss level s, after
being subjected to the requirements of test cond itions A and E of MIL-
STD—2020 , Method 211A , respectively, for tension and torque. The MIL-
specified minimum acce ptable terminal tensile load was 20 ib , with ex-
posure duration of 5 to 10 seconds. No sustaining torque level was

12 R. L. Lebduska , Fiber Optic Cable Test, Report No. ~ELC TR—186 9 (U.S.
Naval El ectronics Laboratory Center , 1973).
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specified because of the smal l (1/16 in.) equival ent diameter for these
cables . The results applied to cables using precision-epoxied terminals
in the ir construct i on . Cabl es with crimp—type terminal s were not abl e
to meet the 8-lb tensile — strength condition requ i red by MIL-T-7928F.
From the tests conducted , it appears that the ability of the epoxy to
sustain bonded integrity und er tensile l oad generally provides a good
match to the cable bundles ’ abilit y to sustain fiber continuity und er
comparable l oads.

7&~i et

No MIL requirement exists to gage the cabl e twist property. There-
fore, test cond itions were devised to assess the opt ic cabl e ’ s abil ity
to sustain fiber continuity on the basis of rotations per unit of cabl e
len gth. The test results indicated that twi st level s not exceeding
about three rotations per cabl e foot (cables of the CGW 5010 and 5011
types under normal ambient conditions) will not appreciably degrade the
cable ’ s performance.

Mandrel Str eng th

The requirements for cable mandrel st rength compliance are stated
in IL-C -3432D and Method 2011 of FED-STD—228. Cabl e integrity was not
maintained under the specifi ed mandrel diameter and tensile load cond i-
tion (0.125 in. and 30 lb). The fiber optic cables exhibited mean fiber
breakage l evel s of about 20 percent at tensile l oad s of 12 and 18 lb for
the 5011 and 5010 CGW types , respectively. These mandrel strength l im-
itations basically sterrined from the bending radius property of the gl ass
fibers , which admittedly were inferior in bend to metal l ic fibers. The
need for mandrel performance , however , in this smal l bend radius area
does not appear to be great . Practical cable fabrication , installation ,’
and routing techniques will obviate this requirement . By comparison ,
tests using mandrel diameters l arger than the MIL-spec i fied si ze showed
that for 0.250—in, and O.50-in.—diameter mandrel s, essentially the ful l
tensile load (25 and 50 ib) can be sustained by the 5010 and 5011 cabl e
types , respectively.

Cyclic F’1-~ r-fhility

In lieu of a MIL requirement, this test consisted of cable
degradation assessment at intervals of about 2000 cycles (at 900
bends) of cabl e flexure about a 1-in. -diameter mandrel . The flexure
rate was controlled at 1 cycle per second. Cyclic exposure goals of
10,000 cycles were selected , and acceptance was based upon meeting
the 13 percent fiber breakage (O.6-dB transmission loss) level after
test exposure . The test results indicated that the flexura l limitations
found were jacket-dependent and did not reflect deficiencies or limita-
tions wi thin the bundle composition . Some improvement in 3acket%ng
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particul arly concerning flexibility at red uced temperatures) and use of
terminal stress rel ief should provide cable acceptance to the above test
condition.

Vibration

Procedure X of MIL-STD-810B defines the vibration requirement . The
test condition was extended from 500 Hz to 2000 Hz to additi onally sat-
isfy a requirement for airborne transportability. The test cables were
subjected to specification l evel s and durations with negligible evidence
of cable degradation. Tests were also performed at vibr ation level s
wh ich exceeded the specification conditions by a l arge factor , again
with little evidence of cable performance modification.

Mechanical Shock

The MIL shock requirement is defined by MIL—STD—202D , Method 213A.
Both hal f-sine and sawtooth shocks approaching specification level s were
appl i ed to the test cab l es with negligible resulting performance mod-
ificat i on. The vibration and shock test s were performed sequentially on
the same cables , further support i ng the conclusion that these conditions
have negligible effect on cable integrity and performance. Al so, com-
pl ex cable harnesses were fabricat ed and subjected to these same test
env ironments. They similarly exhibited negligible cable modification
effects.

Ab rasion

A simul ation of the abrasion test requ i rement as defi ned in Method
2211 of Federal Test Method Stand ard 228 was used . The abrasive ex-
posure was sufficiently intense to compl etel y abrade the PVC jacket and
expose the fiber bundle; however , the bundle was not contacted by the
abrading el ement . No opt ical performance degrad ation of the cables
tested was noted .

Env ironmental Test s

Life Test at El evated Temperature

The test requirement s of Metho~ 108A of MIL-STD—202D were followedfor this cable test . A dry-air (85 C) cable exposure for a duration of
250 hrs produced essentially no increase in fiber breakage level and/or
cable transmission loss.

39

_ _  - ~~
.— 

- --



The~nal C~jcle -- Short Duration

This test , in accordance with Method 102A of MIL-STD-202D , cons i s-
ted of e~posing th~ cable to fi ve 1 1/2-hr temperat ure cyc les ranging
from —55 C to +105 C. Some increase in cabl e transmission loss but neg-
ligible f ib er breakage resulted . The losses are attributed to terminal
degradations primarily resulting from the high—temperature exposure.
Epoxy fiber bonds and bundle /terminal bonds appeared to be affected by
the temperature cycl ing. The measured cabl e losses were l ess than 1 dB
for all cables subjected to these test exposures.

Ther~nal Cycle -- Extended Duration, Low Tem~~rature

This thermal test exposure, specifi ed by Meth8d 502 of MIL-STD-810B
and consisting of three cycles from ambient to —40 C for a test duration
of 24 hrs minimum , produced negligible effects upon the test cable ’ s
properties and/or performance.

Ther,nal C4jcle -- Extended Duration, High Tem~~rature

As defined by Method 501, MI~-STD-81OB , this tess consisted ofthree cycles of hot “soaks” at 49 C (6 hrs) and at 68 C (4 hrs), for a
total test duration of 36 hrs. Again , negligible test cable fiber
breakage or increase in light transmi ssion loss was noted after the test
exposure.

Fla’nmabil ity

Exposure of the cable jac ketry to an open propane fl ame cindered
the jacket , with evolution of a gaseous product (presumably hydrogen
chloride) . The jac ket extingui shed quickl y upon removal from the fl ame.
The thermal shock incurred by the fiber bundle , however , was insuf-
ficient to produce fiber breakage or measured increase in transmission
loss.

Humidity -- Steady State

This test consisted 8f a 2~O-hr test cable soak at 90 to 95 percentrel ative humid ity and 100 F (38 C) chamber temperature, as specified by
method 103B of MIL—STD— 202D . No change in cabl e breakage level or cable
attenuation was observed either during or following the humidity test .

Humidity — Cyclic

This test , in accordance with Method 106C of M~L—STD-2O~D, consis-ted of exposure to 10 cycles of temperature from 10 C to +65 C at hu-
midities from 80 to 98 percent and a 15-minute vibration period per test
cycle. The total 10—cycle test period duration was in excess of
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240 hrs. The combined envirormiental exposure impo sed by this test pro-
duced the greatest cable performance degradation observed for any envi-
ronmental condition. Terminal faces were generally occluded after about
fi ve exposure cycl es; fiber breakage level was difficul t to assess but
believed to be negligible. Cable attenuation increases varied from
about 2 to 4 dB, as measured after a 10—cycle exposure period and clean-
ing of the terminals. The synergistic degrading effect of the combined
enviromient was evident .

Sa lt Spray (F o g )

The salt-spray test consisted of a 48-hr exposure to an atom i zed 5
percent salt—w ater vapor at 35 C, as defined by Method 1O1C of MIL—STD-
202D. Test results indicated that cabl e effects were confined to the
terminal regions. Corrosion of brass and other more chemically reactive
metallic terminal s formed chemical compounds which migrated across the
terminal faces and created adherent films. These films resisted
cl eansing and produced cable losses on the order of 1 dB after test ex-
posure.

Chemical Test s

Salt Bath

Negligibl e cable property or performance degradation was noted
after the 1—hr , 2—cycle salt solution/water imersion test as spec ifi ed
in Method 104A of MIL-STD-.202D.

oil Bath

Immersion of the cable into mineral oil at 100°C for 5 minutes pro-
duced no change in individua l fiber continuity level . However, the
thermal softening of the PVC jacket and the expansion of trapped air
within the jacket interior occasionally ruptured the jacket wal l as the
air pocket was rel eased. The 5-mi nute immersion was evidently too short
an exposure to provide terminal -face epoxy bonding degradation as noted
in the short—duration thermal cycling tests.

Acid Bath

This test , as specified by method 7011 of Federal Test Method Stan-
dard 228, provided for immersion of the cable for 46 hrs at 22 C in a 5
percent vol ume concentrated solution of sul furic acid in water. Test
results agai n showed that some cable transmission l oss resulted at the
terminal face. Stainl ess steel terminal s were uncorroded , and no cable
loss resulted . Brass terminal s exhibited sl ight corrosion , and al umi num
terminal s were heavily pitted as a result of chemical action. Cable
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losses of 0.35 dB and 5.17 dB were measured for brass- and aluminum—ter-
mi nated cables , respectively.

Alkali Bath

This test specifi ed a 46—hr immers~,on in a 1 percent normal sol u-
tion of sodium hydroxide in water at 22 C. Again , as typifi ed by all
the chemical tests, the cable l osses recorded were rel ated to chemical
action between the metallic terminal s and the chemical reagent . In this
test , however , epoxy modification resulting from chemical action was
al so observed . Definite terminal face—etch phenomena , suc h as increased
surface roughness , epoxy voids , and pit formation and topographic honey-
comb effects were observed . The cable losses recorded were generally
more independent of the terminal material s used , with losses ranging
from 1 to 1.5 dB after the test exposure.
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APPE NDIX E:

OPTICAL F IBER CABLE INSTALLATION ,
MAINTENANCE , AND REPAIR

Fiber-optic cable may be installed in conduit or simpl y supported
by cabl e hangers , since its tensile strength can be mad e sufficiently
high by adding a l oad—bearing Kevlar strength member. A plastic jacket
provides environmental protection and abrasion resistance. When fiber-
optic cable is installed , it must not be bent at a radius less than the
minimum specifi ed by the manufacturer , or breakage will occur .

Optical fiber cable breaks can be repaired by butting the two cable
ends together and bonding them with epoxy. Splicing kits are corner-
cially available and consist of epoxy, cutting tool s, resin , a cable
cl amp, and instructions. Splicing a fiber—optic cable will introduce a
loss of 1 to 5 dB per splice , depending on fiber type.
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