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My decision to perfo rm this study st~~~sd tree a strong desire to

see the pron is. of optical c sstioati ons brought a litt le closer to

practical use. Although I nalised at the outset that this highly

interdisc iplinary area would pose serious challeag.s for me, I nsvsr.

the.less b.liev.d that the potential of Optical oa~~~ .Icat ion. for

cons.rvtsg scarce natural and radlo-spectran resourc es mor than war-

ranted the if fort. I am pleased that the results I present ind icate

that optical ce usicationa are becoming .conomically attractive, and

I hope that this study will serve as an iepetus toward further de.

v.loçman t of practica l, louu .cost optical o i s ~ications syst~~~.

As with most efforts of this type, this paper is truly not my work

alone. Although many individuals played a part in coeplet ing this

study, three in particular have sacrificed their t ime and talent. in a

most waselfi.h manner. I wish to thank my advisor, First Lieutenant

Stanley a. Robinson, for hi. m y  hours of patient help and stimulation.

Without his gUidance, I know that my knswle~~. of opti cal c~~~wdcationa

could nsvsr have matured to the point uber. this paper could have bean

produc.d. I am also grateful to my wife Fran ~~d daughter Diane . Their

lovs d understanding daring ths many trying hours I spent preparing

thi , paper were beyond value.

Richard C. Ian..
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This paper disc’ssses some of the theoretical background end prac-

tical problems involved in designing a full duplect 1.3 Mb/s.c optical

data link. The actual design of a fiber-optic link and an atmospheric

link is treated for am atmospheric path length of 1.372 Km ~~d a fiber

path length of 2 Km. Complete designs to the block diagram level are
presented, and additiona l details are described for th. modu lator

circuit for the CV laser diode and LiD used in the atmosp heric and fiber

t ransmitters . Also presented is sufficient da ta to permit calculation

of the various losses encountered in fiber and atmospheric links. It

is shown that cur rently available LiD’s and low-loss graded .index

opti cal fibers should perm it production of a 2 Km long fiber optic data

link to handl, a data rate of 1.5 HbIe with an error rate of less than
• l0”~ . Th. atmosp heric transmissi on theory presented permits use of

readily available weather statistics to roughly predict th~~ an atmos-

pheric link operati ng in western ~~io cam provide the ccuparable data

pert ormence for more than 99% of the t ime. Parts costs for the trans-

mitters, receivers , and the cable in the fiber system are estimated at
$21,800. Cost of the receivers and trams.itt.rs in the atmo spheric

system total about $4,030.
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C WV-COST OPTICAL ~~Th

r LIt* CCS2~~I STUDY

I. Introduction

This paper describes a design study which was undertaken to deter-

mine if presently available co .rcial components permitted economical

construction of a duplan optica l data link . Importan t features of the

link would includ e a data rat • of 1.5 Mb/s (million bits per second),

a path length of 1 to 2 km , and a parts cost of about $15 ,000 .ax isus.

The study was performed at the request of the USA? Aeronautical Systems

Division’s Cc unications Office (ASD/XOG) to dete rm ine the potential

of optica l data links for use at Wrig ht-Patterson Air Force Base. The

results of the study indicate that optical co unicati ons systems offer

great potentia l for solving Wright—Patters on’s present and future data

transm ission needs , and that the costs of at least one type of optical

system are highly attractive.

• Soscif it ~~~~~~~ ~~~ Study

One of ASD/XOG’s responsibilities is the implementation of digita l

data links between the ecctanaive nusb.r of computing ayst~~~ and pert.

pheral devices located at Wright atters on AFB. As the nusber and

sophistication of these computing systems has cont inued to grow, ASD/XOG

has begun to receive requests for data links with transmission rates well

above the capabilities of .quip snt presently available to the agency.

In addition , ASD/XOG presently has a large nuaber of relatively slow

t links in operation which might be more economically implemented it the

I
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• various existing links were multiplexed onto a single, high-spied t runkr ~~. line. Because of its increasing need for data links with a wide range

of capabilities, ASD/ZOG has considerable interest in all forms of new

data l ink technology. As a result , the very high potential of optical

data links appeared very attractive and resulted in the request for this

study.

I Basic Desian ~~~~~
At the beginning of the study, a few broad design criteria were

established to ensure that the designs developed would be suitable for

ASD/XOG’s known and anticipat.1 requirements, First , the data trans.

mission rate was selected as 1.3 Mb/s. Furthermore, the link was to

handle this rate while maintaining a bit error rate of no more than one

• I error for each 10~ bits transmitted . The des ign was to be for a full

duplex data l ink connecting two very intelligent data systems. Inter-

facing with th. two computing systems was not to be addressed, but the

link was to provide a NRZ (non—return to sero) data output and a timing

signal for use by the interface at the receiver. It was assuned that

the Interfac, at the transmitter would provide a NRZ data signal to the

link and require timing information from the transmitter, The assuep.

tions were also made that control of the link start-up sequence would

reside in the two computing systems end that error detection routines

would also reside in the computing systems rather than within the link

transmitters and receivers, A simple block diagram of the proposed data

link configuration app ars in Fig. 1.

The selection of the path length to be considered was based upon

an ASD/XOG requi&-.ment to implement a data link between two existing

2
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I computing facilities at Wr ight—Patters on , a DCC.lO computing system in

Building 620 and extensive comput ing systems located in Bu i lding 676.

1~se to th. physical location and construction of these buildings , a

direct line-of-sight path 1372 m long exists between them. In addition ,

an unused telephone conduit 2 ~~ long is available between th. two

buildings. These distances exceed the length of most other potential

I da ta link routes within the scientific area of Wrig ht-Patterson Afl ,

and as a result , the designs developed for the link were expected to be
p useful for meeting many of ASD/XOG’ a needs.

Initial Technoloew Mui~~~~
Once the criteria above were determined , a rev iew of the available

I technology indicated that a link using atmosph•ric light transmission

j  $ and a link using fiber optic waveguides for light transmission both

- 
offered potential for implementing the link. As a result , the author

L decided to make a parallel development of a fiber link and en atmospheric

f. link . This decision was determined in part because the effects of atmos-

f pheric conditions on a low—cost link were unknown and the line-of—sight

path needed by the atmospheric link would not exist in some of ASD/XOG’s

potent ial applica tions. Also, the designs derive d would offer ASD/XOG

a mazimme iunt of information on the potential of currently available

components for implement ing optical data links.

I ~a1a2LL~~ 2L P,Ct o.4?1Ipti~p4

Because the design criteria stipulated that the c~~~~ients to build

the system were t. be c sricially available, en important part of the

early research for this paper involved a survey of available electro-

opt ical c~~~ononts. For the atmospheric link, it was accepted that the
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opt ical source would have to be a laser, but some research was required

to determine what type of laser of fered the most potential for building

a low-cost link. The device finally selected was a CV (carrier , or

continuous, wave) laser diod• wh ich could operat, at normal room tem-

peratures. This diode was selected because it appeEred to offer suff i-

• cisnt output power and because a potential modulation scheme for the

diode showed pr omise of being two orders of magnitude cheaper then modu-

lators for other lasers . As will be shown, this early intuitive selec-

tion turned out to be a good one , and the design proposed in the

• chapter on transmitters uses a CV laser diode.

Selection of the optical source for the fiber— optic system was a

little more involved because the literature indicated that both lasers

and liD ’s (light emitting diode) showed promise. Hoi .ver, the lifetimes

of LCD sources were reperted to be significant ly better then the life-

t imss of laser diodes , so the tentativ e decision was asd• to use a LCD,

provided that sufficient power could be coupled into the fiber. As the

results in Chapter IV show, such a LCD was found, so designs based upon

lasers were not developed.

The initial selection of front-end components for the receiver was

also tmp rtant , inv lvimg a choice between a PIN (positive— intrinsic —

negative ju nction construction ) phetodiode end avalanch e photodisde.

A1tho~~ i the avalanche pbotidtode offered higher sensitivity, it also

required a cemplex bias scheme to ceunter the t~~~erature ~~dent

characteristics of the diode. As a result, the decision was mad. to

design the receiver aroend a PIN diode detector. The results of

the study show that the PIN diode will visit in both types of links,
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• 
however, it is possible that s e  reduction in cost of the fiber system

can be realised if th. avalanche detector is used . Time has not per.

mitted further ex ination of this possibility.

Overview 
~L ~~a Z~U~ 1M ~ *ttaa

Before a detailed design of a data link can be acc~~~lished, a

model for the transmission channel should be developed. Therefore ,

Chapter II describes the derivation of the models used in this paper

for the atmospheric and fiber—optic channels. The atmospheric clunut el

descri ption includes a discussion of attenuation and beam scatteri ng

effects. A simple model relating attonuatian to prevailing visibili—

ties is presented to allow use of available weather statistics to pre-

dict attenuation statistics. In addition, the phenoasna of beam bending

I ) and spot dancing are discussed, along with appropriate countermeasures.

The results of the analysis include a prediction of the percentage time

of occurrence of various attenuation levels in the link end a selection

• 
of the be divergence half angle of 1 mrad.

j Chapter III presents a description .f the atmospheric end fiber-

optic receivers at the block diagram level. The designs presented are

• based upon use of a ~~ chester signal coding sch . Analysis of the

receivers includes a determination of the effects Of noise en the per .

fsm ce .f the data decoder and the timing decoder circuits. The

results of the chapter include the determination of the required optical

signal pevir levels at the detector diode to provide the desired error

rate. Also iasludsd is a description of the jitter characteristics of

the timing recovery circuit, which uses an integrating phase comparator

* ts decode timing data in the ~~~~ est.r signals.
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Chapter IV presents details on the design of the transmitters .

Included are c~~~ents on the possible design of the laser ’s opt ical

system (which has not been completed due to time constra ints) and the

desired bean pat tern for th. atmos pheric system. Also included is a

s~~~le safety calculation to determine the closest sate viewing distance

for the transmitter’s beam. In addition, Chapter IV presents a calcu-

lation of the power that can be coupled into a fiber from a co ercial

liD. Also, the amount of power that each transmitter will provide to

its rosp.ctiv. receiver through th. approp riate channel is determined.

Chapter IV closes with a description of the electronics section of the

trans mitter. d~ile most of this description is limited to the block

diagram level , the modulator description is developed to the circuit

~ ) level to indicate the simplicity and low cost of modulators for CV

laser diodes.
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t. II .  ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ Links

Transmission of optical signals presents special problems which

differ appreciably from those encountered in more traditiona l vire and

radio frequency based data links. These special problems concern

.lectro—optical energy conversion, channel t ransmission characteristics ,

and coupling between the channel and optical devices in the receivers

and tran smitters . This chapter presents a discussion and analysis of

these special problems. Specifically , the chapter examines the char-

acteristics of the two candidate optical channels and their implications

on the design of a data link. Also included is a description of those

optica l components which appea r most promisi ng for the design of a low-

cost link .
( I

This section describes background noise and transmission properties

of the atmosphere and the resulting requirements placed upon receivers

and transmitters for use in an atmospheric system. The reader is cau-

tioned that the transmission of optical signals throu gh the atmosp here

is not completely understood, and that workers in the area have reported

that existing theory doss not completely describe the performance of

actual atmospheric systems (Cef 1*2193-2193). However, present theory

does s~~~ to be accurate enough to permit first order estimates of the

aver age percentage of the time of occurrence of various levels of

attenuation In th. atmosphere, and the resulting Information will  be

invaluable for making estimates of link performance and douui time.
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~t C Transmission ~~~~~~~~~ The atmosphere can alter the received

signal strength at an optica l receive r through severa l mechanisms as

depicted in Figs. 2 to 4. From these sketches , it can be seen that the

attenuation phenomena generally fall into on. of two groups . First ,

the overall power level acros s the snt lr. receiver Diane can be reduc ed

if the atmospheric medium absorbs the transmitted beam ; second , the

received power will also diminish if the medium scatters the ligh t beam

so that the power density Is reduced in th. area actually intercepted

by the receiver optics. The physical elements which account for the

attenuation mechanisms shown in Figs. 2 to 4 are the molecular and

aerosol constituents of the earth ’s atmosphere The molecular components

consist of various gases such as oxygen, nitrogen , and water vapor which

occur naturally, along with man-added pollutants such as carbon monoxide
4

and osone. Anrosol components include such things as water dr oplets in

the form of fog and rains along with pol lutants such as factory smoke.

Both molecular and aerosol components contributs to the absorption and

scattering mechan isms, although the contribution to each typ. of attenu-

ation mechanism varies gr.atly with the physical element involved .

A number of researchers in optical co unications believe that the

transmission of light through the atmosphere is adequately described by

the 8.sr-La.b.rt law (let 2:128; &.f 3:10). In Its most general form,

this law is written

-

Ta • 5 (1)

vli.re — tramsslssivity of the atmespher. as a ratio of output

$ intensity to input intensity; y • total extinction cosfticisnt ;

S

-__ -- 
-
~~~~~ ~~ —- - ~~~~~~~~~~~~~ .- 7

4



z axis

Rec.tv.r+ Receiver
Plane _________________________

Pig. 2. Unaffected Ataospheric Bean

. o e e °

Absorbtjon Medium

Pig. 3. Bean Att nuated by Uniform £bsorbtion

• 

_

~~~~~~~~~~~- H
a. Uniform Scattering

o
~zzzfI i)

b. P -”de. Scattering

Pig. 4. lean Attsm*t.d by Soatimring (lspccduosd with
pszmissicn , 0opyri~~t 1969) (S.f ZsIYi)

*0

~~~~~~~~~~~~~~~~~~ ~~~~~~~ 
-
~~~~~~~

--- — — _ — —

4 

-



- ______ -

Q • path length from the transmitter to the receiver . Usually, for short

path lengths such as considered for the proposed data link, y is fairly

constant along the path length, and lq (1) may be written

— •~~~ (2)

Also, y is usually broken down into separate c~~~onents related to

scatteri ng and absorpt ion (let 3:10) :

— Ka + L im + C a O G m

where — aerosol absorption coefficient

• molecular absorption coefficient

— aerosol scattering coefficient

— molecular scattering coefficient

From Eqs (2) and (3) , it is apparent that an analysis of atmos-

pheric tr ansmission is concerned with determining the values of the

various cc~~~ ents of the extinction coefficient. Fortunately, by a

carefu l choice or opt ical frequency, it is possible to eliminats 
~m as

a factor in Eq (3). This elimination is possible bocause molecular

absorption of optical frequencies is highly selective , occurri ng in

marrow bands as sheen in Fig. 5. As a result, if the laser in the

transmitter is operated aemy from a high absorptiom band, losses due

to aelesular absorption will be negligible.

The rema ining terms in Eq (3) cannot be as easily eliminated as

E . Instead, .sdsling t.chniques have been ployed to determine

average values for those constants for a number of different wsvslengths,
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weather conditions, and seasonal variation .. For relat ively clear

weather, i4cCl.stchey has tabulated values a~, g11 aid for a variety

of wavelengths. Typical values for ). • 860 me are shown in Table I

since this f requency is the most suitable for available laser diodes.

Table I
Values of Attenuation Coefficients for ). • 860 cm

23 km Visibility 5 km Visibility
NC learN weather “hasy” weather

S~~~er

t ~a 0a Ka

l.93zl0”3/km l.S2xlO”2/k. 9.03x10”2/be 7.43x10 ”2 1ka 4.40.clOlh/km

(From lOt 3:20)

( ) Using values from Table I in Eqs (2) and (3), aid assuming Q — 1.372 km,

con be calculated as 0.86 in clear weather and 0.49 in hasy condi-

ticits. (NaClatch.y also lists a winter value of but the difference

from the s~~~sr value has negligible effect when Q — 1.372 be). These

values of Ta are equivalent to power losses of 0.66 dB and 3.1 dl,

respectively.

As the weather conditions deteriorate, the value of y changes

markedly. For “'~~~l., using a 632.8 cm wavelength laser end a receiver

with a 10 minute acceptance angle , Chu and Nogg have measured losses of

mere than 40 dl on a path of 2.6 km (Ref 5.742.751). Thi sans series ot

acp.ri.ssts recorded tran iss ion losses greater thai 65 dB in heavier

fogs d nearly 30 dl i~ heavy rain showers for ligh t øf wavelength

632.8 cm. Therefore, it I. probable that a low-cost data link using

£ moderate transmitter power will not operate wader severe weather con- -L
ditioms.

k 
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~ifort*mately, it is not possible to correlate many theo retical and

experimental descri ptions of atmospheric propagation to available sta-

tistical data on the weather at Wright-Patterson All. For ic ple , Chu

and Hogg relat. attenuation to the rain rate in millimeters p.r hour

and fog liquid water density in grsms per cubic meter , while ench of

the theory of scattering is based on drop su e  distributions of the

scatter ing particles. None of these physical quant ities is measured by

Wright-Patterson’s weather service. As a result , to correlate avail-

able statistical data cc local weather to atmospheric trans aissivity,

it is necessary to resort to KoscI~~ieder ’s law. Coolidge discusses

th is law end th. modifications required to use the law with prevailing

visibility data (a value recorded by weather serv ices) and at wavelengths

other than 550 cm (Ref 6:91.96). %lion modified for use at 860 cm, the

law becomes

(‘e)
k 5

where Vk — prevailing visibility in km

V5 • prevailing visibility in statute mi les

— a~~• K1 • aerosol attenuation coefficient

Coolidge also c t s  on attenuation durin g fog conditions (Ref 6:

126—128). l~~en fog cists Koscl isder’s law becomes wavelength inde-

pendent , and

ta ~~‘~~~~~~~~~‘ 1&E2 (5)
V5

Ascording to Coolidge, th . transition between hase and fog conditions

is not abrupt , but occurs when the prevailing visibility i. about 3/4

14
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S mile. Therefore, this paper will assume that Eq (4) applies for vlsi-

bilities above 3/4 mile , and that Eq (5) applies for visibilities of

3/4 mile or less.

Now, if the path length and a value for 
~~ 

are known, It is

possibis to assemble a table of prevailing visibility versus Ta. Such

a tabulation is presented in Table II for Q — 1.372 km and q~ — l.93x

io”~. The derivation of Table II assumes no water vapor absorption at

the selected wavelength. Given a frequency of occurrence of various

visibilities , Table II can be used to predict the frequency of occur-

rsice of various values of Ta.

Table II
Values of Asrosol Attenuation Coefficient and Resulting

Trans.Issivity for Variou s Prevailing Visibilities

Visibility in Va in Ta Ta dl
Statute Miles /km

14•3U) l.OSSxlO” ’ 0,86 0,66

~(2) 0.256 0.70 1.5
4(2) 0.320 0.64 1.9
3(2) 0.42 7 0,56 2 6
2(2) 0.640 0,52 2 .8
i (2) 1.280 0.172 7.6

2 .431 0.036 14.3
o.s(3) 3.646 0.006 21.7
0.25 (s) 

- 7.29~ 4.SxlO”3 43.4

Notes: 0m • l.93xl0”3/kn, I — 1.372 km
(1) From Table I, (2) From Eq (4) , (3) From Eq (5)

It is possible to Obtain cooputer s aries of hourly weather

observations at Wright-Patterson for a 36-year period. Tabulationsp
permit determining the frequency .f occurrence of var ious visibilities

15
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U during different times of the day and months of the year. There are

also tabulations of the frequency of occurrenc. of various visibt lities

averaged over the entirs 36-year period. The data in Table III  was

developed from the all years averag. sl ary, while other sets of data

may be totmd in Append ix A. Using the data in Tables II and III , it

Is possible to make fairl y accurate predictions of the perc entag e of

the time that various attenuation levels (at 860 cm) will exist in the

atmospheric channel. For example, on a yearly basis , the link will

.x~eriencs a loss of 7.6 dl no more than 1.9 percent of the time. By

using data in Appendix A, it can also be ascertained that the link will

experience losses of 7.6 dl about 6.3 percent of the tins during 0900

to 1100 local time in January.

Table III
St ary of Mutual Average Visibility Occurrences at Groixid Level

at Wright-Patterson AFB (~~ta Processing Branch , Air Weather Service/MAC )

Tabulated Prevailing Visibility Percentage Frequency of Occurrence
in Statute Miles of Actual Visibilities lover than

tabulated Value

14.3 more than 62%

5 20,7

4 14.0

3 8.5

2 4.8

1 1.9

0.75 1.3

0.5 
- 

0.7

C 0.25 0.4
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p

~pP4 Again , th. reader is cautioned about the accuracy of th. statistics

of transmission based upon Table III end Appendix A. Th. accuracy of

a human observer in det.raining prevailing visibility even in daylight

is subject to question. *iench r ports that primary duty weather

observers o~~~only make errors of ± 36 percent in daytime visibility

measurements when the actual visibility is about 3 statute miles or

less (Ref 7*36). However, considering the very large da ta base used to

develop the weathe r statistics for Wri ght-Patterson and th. fact that

many different observers ’ results are compiled , th. overall errors in

the data of Table III and Appendix A are probably not nearly as exten-

sive as IOaench reports. At the very least, the results obtained from

the data and model presented in this report should give at least a

rough idea of the percentage of t inS that various losses will be en-

coumter ed in th. atmosp heric channel.

Before closing this section, another class of laser propagation

phenomena will be mentioned. Th. class inc ludes the pheno mena of beam

bonding and spot dancing. The phenomena occur even in clear weather

and ar s caused by chan ges in the refractive index of the air due to

temperature variations along the be path, Spot dancing is most

proutomaced in windy conditions when small masses of air at differen t

temperature. exist in the larger air mass. Th. result is a bonding

mechanism as depicted in Fig. 41. As its mono implies, spot dancing

produces fairly rapid shifts in the be direction. Chiba’s measure—

monte of power spectra of spot dancing indicate that spot dancing

changes occur on the order of 1/10 second or longer (Ref 8*2460.2461).

Using Chiba’s standard derivation of the x displacowt of a beam

17
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undergoing spot dancing, and combining a path length I of 1372 m, it can

be shown that there is a significant probability that spot danci ng will

bond a laser beam by more than 30 $1 rad. Hovsvsr, the probability of

spot danc ing bending the b. more that 0.5 m rad Is only about l0~~~.

Bean bending is a such more slowly vary ing phenomenon than spot

dancing (Ref 8:2456). Measurements by Ochs indicate that diurnal bend-

ing variation is on the order of 40 ~i red/km and about 3 ~i rad/km in

the horisontal plane (Ref 9:12). Based on this data, it seems reason-

able that the likelihood of be bending exceeding 1 mrad is very small.

The implicatio ns of spot dancing and beam bending for link design

are very important. In order to ensure that th. boon cannot bend far

enough to reduce the power density at the receiver to an insufficient

level, it is necessary to Include a plannsd bean divergence in the

transmitter design, This results in an increased power output require.

ment for the transmitter, the increase varying app roximatel y with the

square of the divergence angle. Based upon ths magnttudss of beam

movements experienced by Chiba and Ochs, it has been decided that a

saf. divergence half angle is 1 ar.d. This selection should ensure

only a remote chance of the be wandering far enough of f target to

cause a link outa ge.

~~~~~ ~~tu. M inescapable probl om with an atmospheric data

link is that light from ths son, stars, and san-made sources cannot be

completely eliminated from dutectiout by the receiver. As a result, an

atmospher ic systom must contend with an additional noise component

knoen as backgroumd noise. Pratt presents several relat ions which

permit the calculation of the power falling on the detector given

18

~—-~ 
-—-—- - , 

-

~ 

— ~~~~~

— 4



several parameters of the receiver systoms and the measured value of

bsc~kground irradiance expressed as power into a hemisphere or power per

unit sol id angle (Ref 2:119). Pratt also provides plot s of irradiance

for a senith angle of 43° (i.e., a sky irradiance) and for irradiance

of the illominated earth ’s surface. Selection of the appropriate plot

depends upon the physical relationship between the transmitters and

receivers in the system. In cases where receivers in a syst view

differen t types of backgrounds, the receiver viewing the earth will have

more input background noise. Since the actua l noise calculati on is

quite similar for either sky or ear th backgrounds, only Pratt’s rsla-

tions for an earth background .v~~~le will be treated here.

Pratt indicates that the optical power reaching a detector diode

Ci i5 related to the backgrou nd spectral radiant emltta nce by the following

relation (Ref 2*119) :

“ T a?
~~ ~~vO) (6)

4

where Ta — atmo spheric tranasissivity

Tro — receiver lens and filter system tranamissivity

optical bandwidth of the receiver

— di ater of the receiver input lens

— full angle of the receiver’s field of view

— spectral radiant omittance of the background for the
cantor optical frsquensy of the receiver .

In this equation A 1 is sot by the optical bandwidth of a filter in

the receiver optics train. A practica l value for A1 using inexpensive

19
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P filters is about 10 ma. •~ is also a function of the selected optics

train components . For reasons to be discussed later when optical f ii.

tori are considered , it ,t. found necessary to use a two ele.ent

collimating lens system for the receiver eptics . For this lens syst ,

Pratt provides a relationship botvosn the focal lengths of the two

lenses in the collimat ing len, system, 01, ~~1 as shown in Fig. 6

(Ref 2:8) :

Il — _‘
~~ 

Oft

However, since — arc tan (rd/Id), relation 7 may be written as

— 
_L (tal •l ) - 

- (8)

£valuation of the tra n issivities is fairly easy. 1r ~ simply

a product of the transmisstvitlas of the lenses and the optical filter

used in the syst . These relations are available in manufacturers’

data . Typical value for crown glass lenses is about 90% while lenses

made of acrylic plastic have transmissivities of about 83% when used as

collectors. Iconomical interference filters offer only about 50%

trana.issivity, however. From sen ior discussions, it is best to

asstm~ the worst case tran issivity of the atmosp here applies for the

propagation of backg round light to the receiver , i.e., 1, ~ 1.

Th. f inal relat ion required to solve equation (6) is W(A) . For

the wavelength considered for th is system Pratt ’s figure 6-11 ind icates

C an average value of around 9x1O~~ watts psr cm2-sicron, Pratt ment ions

20
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that this figure may vary with different types of reflect ing material

such as rocka , trees, water or plou ,.d fields , but doss not provide

further data. A solution of Sq (6) for the proposed receiver follows

in the next chapter.

Imollcat ions ~~~ JJ~ ~~sign. The character istics of the atmos-

pheric channel place a nunbor of constraints upon link design . Th.

main ar eas of importance concern transmitter power and bean spread ,

transm itter and receiver optics, transmitter and receiver sits b oa-

tions, and some important safety Implications.

Perhaps the most obvious limitation on an atmospheric link Is t~he

need for a clear , l ine—of—sight path between the transmitter and re-

ceiver . For the proposed data link, this is not a prob len. However,
( for other da ta link implementation s, this requirement y result in a

need for repeater stations or may rub, out the use of an atmospheric

link altogether ,

Th• phenomena of boon bending and spot dancing also have important

implications on link design . For reasons discussed previousl y, the

decision has been made to use a beam divergence half angle of 1 mrad.

As a result , a significant increase in tr an ltt .r output is required,

but the r. is no inexpensive alternative if erratic link outages due to

turbulence are to be avoided. ~~t the positiv, side , an advantage of

this divergence angle selection is that transmitter optics should be

easier to design. Also, a divergent beam will asks transmitter and

receiver aliganont easier.

Th• effects of molecular absorption on light boon propagation

make clear the need to operate the laser at a wavelength where

22
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attenuation is low. In addition, laser wavol gth drift mast be low so

there is no shift to an absorption wavelength or beyond the passbend for

the receiver ’s opt ical filter .

A f inal restriction on atmosp heric link s concerns human eye safety .

lasers with sufficient power to operate an atmospheric link also emit

sufficient power to require safeguards to persounel under the provisions

of Air torso Regulation 161.32 end corresponding civilian regu lations.

These regulations indicate that laser hasard calculations are concerned

with die eptical frequency and power density of the boon at a point

whore the boom can be intercepted by human eyes. Additional factors in

determining safety for pulsed lasers involve th. duty cycle and pulse

rate of the bean. A calculation based on Afl 161-32 appea rs in the

shepter on tranonitter design. Isuever , the general results of safety

calculations Indicate that for most atmos~ isr ic syst~~~, steps must be

taken to ensure that the transmitter is controlled and that personnel

must not be able to inadvertently enter the lasor boon in close pr enimity

to the transmitter. Again, this restriction is not a particularly

difficult problem for the proposed data link , but it can virtually

olimimats considerat ion of an atmospheric link in cases whore controlling

access to the ares i .diatoly in front of the transmitter is net

possible.

Fiber—optic dia els offer a ni her of excellent possibilit ies for

data links. ~~. outstanding virtue is that the transmission properties

of fibers are quit. stable as opposed to the larger ti.. fluctuations

C
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found in atmospheric tha ols. Consequently, the only reason for fiber

link outages should be component vailures. Further, tran iasien path

losses can be made lower for fiber L inks, and there is no background

noise. Too, the line-of-sight restriction does not apply.

Offsetting the numerous b o n f  its of fiber links are a ausb r of

problems . Perha ps the most important one is that the cost-per-foot

of the fiber link can be substantial. Presently , suitable two—channel

fiber cables cost about three dollars p.r foot , and these cables must

be p laced in underground conduits which are expensive to install. Also,

~~ber optics sr a very new ~ethnobog y. As a result , optt~~~ solut ions

for some ~roblas, such as low—loss field-installed couplings, have not

been c~~~betsly resolved . However , despite its problem areas , a fiber

( optic data link offers excellent potential , warranting an ex ination

of the t ransmissi on propert ies of fibers and the resulti ng implicat ions

for link design.

All of the cc ants that fellow pertain to fiber channels composed

of a singl, fiber , since this configuration is most suitable for long

distance data links.

&uL~ ~~~~~ iu 2~. Z1~~u.. There are presently two differen t

general typos of fibers In large-scale production , the stop index fiber

and the graded index fiber Referring to Fig. 7, thi step index fiber

is composed of two transparent materials of different indexes of re-

fraction. The fiber is generally costed with an opaque buffer to pro-

vent transfer of light outside of the single-tibe t cb~~ iol. The graded -

index fiber does not have a sharp sty between regions of different

[ 
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$ Indexes of refraction. Instead , the index of refraction varies oothly

fro. a hi’t level in the center of the fiber to a lower value at the

boundaries of the fiber , as shown in Fig. lb.

Th. detailed description of light propagating in fibers involves

the use of Maxwell’s equations to describe the transmission of electro-

magnetic waves in a wsvsguido (Ref lOs8) . However , due to the short

wavelengths .f optical signals, It is possible to ga in a reasonable

understand ing of fibers by using geon.trical ray optics (Ref lOzl.8).

Since the second approach is much simpler and adequate for the purposes

of this psp.r, it is the app roach adapted.

Using a ray optics descript ion, light propagating in a step index

fiber is contained within the core (the n1 region) of th. fiber by

total interna l reflections tron the n2 . n1 boundary . By comparison,

in the graded index fiber , light rays are guided by means of refraction.

Because of the index profile , graded index fibers tend to continuously

focus rays of light toward the center axis of the fiber as shown by

ray 1 in Fig. 7b. This focusing process keeps the rays from exiting

through the wall of the fiber.

in Important charac teristic of both typos of fibers Is the maximum

ray entry ~~~le I_ for which an entering ray will propagate in the

fiber, If the general entry angle I is too large, neither fiber can

conta in the ray. M a result, the ray proceeds to the cladding region

where its energy is dissipated as in the case for ray 2 in Figs. 7a and

lb. 1 is not ususily listed in manufacturer’s data, but a closely

related quant ity is c only listed . This quantity is the fiber ’s

ni srical aperture, and it is given by (1sf lOi2)

26 

1
— 

1LL. — f

— - — - — — —~~

4 _
~~~~~~ _ :  - —



N.A. — sift 
~~nmx~

where N.A. — Numerical aperture

max • max value of 0 in Fig. 7 for which the associated ray

will propagate in the fiber .

Upon initial examination Lq (9) implies that the best fibers are

those which have a - large numerical aperture , since these fibers wou ld

be easiest to couple to a large srea light source. Unfortunate ly,

another importan t characteristic of fiber channels implies tha t the

numerica l aperture should be small. This quali ty is the group delay

propagation of the fiber, and it concerns the pulse spreading effect

that fibers have on input signals. Pulse broadening effects limit the

maxi~~~ da ta handlin g rate of a fiber , and broadening complicates re-

1~ 
ceiver design. -

To gain a qualitative unde rstandin g of group delay, consider the

fact that pr actical light emitters for fibers are area sources of con-

siderable site when compared to the cross—sectiona l area of practical

fibers. As a result , rays from the source may arrive at the entrance

wall of the f iber  at various angles from I — 00 to 0 ~ 900. Those ray s

which arrive at an angle larger then I~~~ are absorbed and do not props-

gate , but all other ray s are contained and do propagate . 1~ae to the

fact that each ray propagates through a different path length , the

various ray s depart the opposite end of the fiber at different times ,

and the pulse detected by the receiver can undergo significan t pulse

broaden ing. For ex~~~le, rise and fall t imes of rou ghly 33 nsec would

be experienced with a 2 Km length of cable which had a specified band .

width of 2(Ws for a one kilometer length.
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t Now, to reduce the degre. of pulse broadening, it is necessary to

reduce the difference in travel time of the various rays propagat ing in

the fiber. For a step index fiber , the only way to accomplish this is

to reduce the number of different rays the fiber can propagate . Unfor-

tunately, thi s also reduces the number of different ray angles that the

f i ber will accept , and the fiber becomes more d i ff icul t  to optically

excite. As a result , it is apparent that step index fibers do not

offer an efficient system for low cost data links because the Improved

bandwidth of the f iber  comes at the cost of increased complexity in the

optica l transmit ter.

Fort unately, graded index fibers offer a method to cont rol pulse

spread ing without complicating optical driver requirements. Graded

index fibers can be constructed so that rays enteri ng the fiber at

different angles t ravel essentially th. same “effective ” path length

even though the true path lengths differ  widely. This effective path

equalisation occurs becaus e rays which have high entry angles I have

propagation routes which spend a significant amount of t ime in areas of

low indexes of refraction. Since ligh t propagates faster in the low

index regions , It is possible for a ray propagating down the center of

the fiber and a skew ray to both arrive at the exit end of the fiber

at nearly the same time. The result is that graded fibers with the

proper index profile have much better pulse responses than step index

fibers. To give a quantit ative measure of pulse resp onse , most manu-

facturers denote the pulse broadening characteristics of their fibers

in terms of fiber bandwidths per kilometer length. Typical bandwidths

for step and graded index fibers of equal numerica l aperture are about

20

---



20 *s/Km and 200 to 400 tdIs/Km respective ly, Indicating th . superiority

of graded fibers ovsr step fibers.

In addition to th. pulse broadening effects of fibers, th. other

major concern is attenuation . As in atmos phe ric t ran smission, the out-

put signal of fibers is attenuated by both scattering and absorption.

However, thank s to carefully controlled manufacturing processes , attsnu.

at ion In fiber link s can be much lover than th. atmosphere can provide.

Present ly, fibers ar e ava ilab l• from several sources in commercial

quantities with total attsnuations of only 6 to 10 dB/Km . A. in atmos-

pheric propagation , the fibers do have important molecular absorption

bands, and the low loss figure s apply only wh en an app ropriate f requency

is used.

Loss•s ~~ Fiber-to-Fiber Couplinzs. As is the cas. for an atmos-

pheric link, a fiber link must be coupled to both the ligh t emitter and

detector. Additionally, the f iber should be capable of fiber-to-fiber

~oupling to facilitate cable installation and repair. The area of

couplings for singl, fiber cables is still In a developing stag. , and

the author has not bean abl. to obtain data on commercially available

low loss (<1 dB) coupling devices. However, much of the technology

seems to be worked out at the laborat ory level , and a brief review of

some demonst rated splicing techniques follows .

Mi important consideration for efficient fiber—to— fiber coupling

Is pre paration of the fiber ends. The ends should be brok en abeolutely

squar. across with a smooth surfac e if scatteri ng losses are to be low.

Suitable ends can be prepared by grindi ng end polishing, but the equip.

sent required Is bulky, and there is a good chance for dus t Contam ination

29
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of the f iber  end surface. A better way to prepare fibers is through use

of a fairly simple fiber breaking machine developed at Bell laboratories

(Ref 11). This machine uses a spring tensioner to hold the fiber in

controlled tension over a slightly curved anvil. The fiber is then

scored on the side opposite th. anvil and automatically fractures with

a clean, smooth surface. The machine’s developers report that setup of

the fiber for breaking is not critical , and the author of this paper

believes the Bell Labs machine offers the most potential for simple

f iber  and preparati on. 
-

As important as fiber preparation is the alignment of the two

fiber ends in the coupling and reflective losses at the interfaces . An

inescapable loss in coupling is caused by Fresnel ref lections. These

occur at any interface between two materials of different indexes of
(j

refraction. The loss at each interface Is described mathematically by

(Ref 12 *3—53)

Fresn.l Reflection Loss (dB) — 10 Log [1 - ( (10)

where n — index of refraction of transmitting material

n — index of refraction of receiving material.

Now, in a realisabl , coupler which does not involve fusing the fibers

together, air will always be present at th, f iber to fiber interface,

and £q (10) Indicates that fairly significant losses result, For

m’~~~le, if fibers with center cores of n — 1.5 are used, the Fresnel

loss at the splice is about 0.33 dB. However, if the air is displaced

by an index matchi ng fluid with an index of refraction near that of the
— core material , £q (10) reveals Presnel losses can be substantially

C
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reduc ed. Su i table Index matching “f luids ” include a seriss of ep~~y

cements and glycerin , Couplers using these fluids may cause as little

as 0.1 dB loss.

In addition to Fresnel losses, mechanical problems can also affect

coupl ing losses. Bisbee has measured lossss in fibers of 10.8 micron

core diameters due to end separations and offsets (R.f 13). He found

that losses increased by about 0.5 dB if the fibers in Index matching

fluids ware separated by 10.8 microns, and that losses increased by

about 3.3 dB for an axis offset of only 3.4 microns. Thus, accurate

three-dimensional alignment is important If low losses are desired.

~ ie of the best answers to this problem s.~~~ to be a splicing techniqu.

devel ped by Miller (&.f 14) . Zn Miller ’s system, shown in FIg. 8, the

( 

fiber ends are placed into a 1l tube with a square shaped cross-section.

~~~ 
-~:~~ i~-————-—’—

~~~~~~
—

~~~~~~~- 
-

~~~~
~~~~f

#_
~
_•__ 

~‘~:~—‘~

1 PIg. 8. Loose Tubs Sp]ios for OptIOS1 Fibers (neprt ñet
with psrmiásion from Th. 3.11 ~ystem Tecbnica~Jourz*1. 0op~’rtgbt 19?5)~ (Ref IMs]21b)
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The fibers ars butted together and then flexed slightly so that the

tube rotates un til one of the dIagonals of the square cross-section

lies in the same plane as the flexing plane of the fibers. The result-

ing splice can be either h.ld in a simpl. jig for tempora ry fitti ngs or

can be permanently glued with epoxy cement (which also serves index

match ing duties). Miller reports that splices made using the Bell

fiber breaking tool and epoxy cementing have a mean loss of only

0.077 dB. Miller does point out that a s.rtes connection of 10 splices

has a bit higher loss per splice rate , but even so th. series connec-

tin ’s total loss was only 1.37 dB , on a mean loss of 0.137 dB p.r

splice. So, the Bell laboratories experiments indicat , that simple

field splicing Ii possible , and that the resulting losses can be quite

small.

j~ Counlina ~~ ~~~~ ~~~~ 
As previously mentioned,

coupling a light emitter to a f iber can be difficult.  A ni b.r of

studies using both LRD’s and solid stag. G A  lassrs have been conducted

to detsr mins dis beat coupling system such as butt joints or focusing

lenses (Ref 12*5—34 to 3—53) . AddItI ona lly, stud iss in the optimal

physical construction of light emitters have bean conducted to produce

the best possible omission pattern for coupling to fibers. The indi-

cation of these studies is that the best driver efficiency is obtained

when the light emitter is carefully matched to the fiber.

Fairly easy calculation of the power coupled into a fiber is

possible using some results of an ialysis by Nircuse (Ref 15). Fig. 9

shows the relationship between the normalis d poser coupled into a

S 

fiber Eros a lID and thi relative su es of the LID emitting surface and
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‘ii. 9. Rormalised Power Coupled Into a
~~ 4vd I~~~x P’ibsr for Various £mitt.r-to-7tbsr
Radius Ratios (Reprinted with psz~isston from

n~~~ch~ig~1Joi~ na1, Copyright

the fiber ’s core sine. In this figure , b is the radius of the LID sur

face while a is the radius of the fiber core. The quantity plotted on

the vertical is, P,,~ is ths coupled power, Pf timss a norm alising

onse t. Fig. 9 assuass that the fiber I. in direct contact with the

90, but ether data from ~ rcime indicate, that the fiber sen be

upsrat sd fro, the LID by an t equal to the radius ef the fiber

C with no diau~ e In results (1sf 13*1316).
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I Now, P~ is related to by

-~~ Pt — 
~~~~ ~a

2 A) (11)

where Pf — Power coupled into the fiber

1n — Nomalised power coupled into the fiber as given by Fig. 9
- B • Brightness of the diode in watts/c.2—steradian

a — Radius of th. fiber core

A — Max imun refractive index difference in the fiber (See Ref

lSsIq 18).

- All of the information needed to solve Eq (11) is available from manu-
- facturers’ specifications for LID’s and fiber cables. An example of the

use of the equation appears in Chapter IV.

Output coup ling fro. the fiber to the detector diode ii not an

critical as input coupling. Provided that the diode ’s sensitive area

is larger than the fiber’s core, essentially all the light emitted from

the fiber can be collected by th. diode. Actually, co erclally avail-

able detector dIodes generally have active surfaces much larger than

- 
optical fibers cross-sections, and efficient output coupling may require

- 
expand ing the output beam cross—section to match the detector’s active

area, as shown In FIg. 10. Hers I~~~ is the maxlmus angle of lssion

frau th. fiber. The literature indicates that the valu , of ‘man varies

with a nuaber of factors such as sour oe wavelength , input coupling
- 

characteristics, and fiber length, and that an analytic expression for

‘max has not yet been developed (Ref 12 *3—57). Therefore , an exp.ri-
- mental placement of the detector f rom the fiber will have to be con-

dusted when the link is put into operation. However, despite this

34
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Pig . 10. Light Bean at Dstector lad of P’ibsr

problem, the major losses in output couplings should be due to Fresne l

reflections. Assuming that a fiber core of index of refraction 1.5 is

C 
used, Iq (10) lndicatss the coupling loss from the fiber to the detector

diode is only about 0.17 dl.
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S III. It~ttu~ Ossian

Th. primary fwnct tons of a data l ink receiver are recovering the

data signal and regenerating the signal timing . Although a number of

different methods for doing this job have b en  developed, an economical

optical chamtel can only use those techniques which are compatible with

mono-polar signals. This restriction played an important part in the

selection of the coding scheme for the system. Additional restrictions

involved the need for post-diode amplifiers which could efficiently

amplify very small signals and the need to keep the receiver’s timing

circuits accurately synchratised to the trans mitter. After considering

these constraints, the decision was made to use Menchester coding.

Manchester coding allows a timing reference to be transmitted cant m u -

ously, regardless of the data pattern . Further, this coding scheme

permits AC coupling of amplifiers in the receiver , simplifying design

of the ~~~lifiers . Unf ort uaats ly, this coding scheme does require a

certain ount of complexity in the receIver, but the indications are

that the implausatatica of the receivs i, can still be accomplished at

reasonabl, cost. -

Ouc. the coding sch~~~ usa selected , a block diagram of the re-

ceiver wes developed, as shown In Fig. 11. trac I ng the sIgnal through

the system, the first step in the process is the optics train. ThIs

train couples the detector diode to the optical chaon.1 end also filters

out imusutsd light. Next , the dotector diode converts the optical

signals to electr ical signa l. to be ~~~liti.d In the post.diod. plI .

C 

tier. The ~~~Uf 1.4 signals are then routed to two differ ent circuits .
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Oue circuit decodes the Manchester signals into simple $&Z (non.return

to sore) signals. The other circuit uses the Manch ester signal to

synchrcaise th. receiver’s clock circuits to the signal so that an

accurate clock waveform is available to operate the receiver circuits

*nd to be passed on along with th, decoded signal for further handling.

The remaining part of this chapter will analys. the various blocks

shown on this diagram.

~~~ Octics Tra in

LL~Z M.~~ 
The optics train design ii determined by whether the

receiver will work with a fiber or atmospheric link. For a fiber link,

the optics tra in consists of nothing nor. than butting the fiber end

against th. detector , possibly with an index matchi ng fluid. The unit

Is then surrounded by an opaqu. material so that ambient l igh t caanot

leak onto the detector diode surface. As mentioned in Chapter II ,

losses incurred with this approach are a lmost entirely due to Frssnel

reflections. Now, losses from the reflection at the input surface of

the diode are included in the manufacturers’ data for th. diode. So,

assuming no index matchi ng fluid , the fiber link ’s input loss is due to

the one reflection at the fIber—air interface. For fibers with cores

of a • 1.3, this loss is given by Eq (10) as 0.177 dl.

~~~.t~ aria JJj .~ Design of the optics train for an atmospheric

link is considerably more complicated than for the fiber lii*. For

high efficiency, it is desirabl, to have the input aperture of the

receiver as Larg, as economics petmit (Ref 2 *35). AddItionally, the

optics train must reduce the plItude of stray light reaching the

C detector diode. This task is acc~~~lished by using on optics design

38
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which limits the ~~~~~~ angle of •ff—exis illumination which can reach

the detector diode, d by umins an optical bandpass filter.

A sketch of the atmuph.rtc receiver optics selected for the low

cost link I. sh~~ in Fig. 12. This design was evolved around the 317.5

f oca i length Freenel lens, the largest apertur . lens ava i lable at

reasonable cost. This ions Is undo •f acrylic plastic , which has good

transmission properties at near-infrared frequencies and permits low-

cost manufacturing .

Originally, it was hoped that just the single Fresn.l lens and

optical filter would be sufficient for the optics tr ain . Mfortwtately,

it was discovered that familiar dyed glass type optical filt.rs could

not provide the 10 ma wide passbend needed to match the stability of a

CV laser diode transmitter. As a result, the optical filter selected

for the des ign was a multi-cavity optical interf erence filter . Since

optical inte rfer enc, filters work as designed only with light incident

at approni tely norm al angles, an extra lens was required to collimate

the beam from the Fresnel lens (Ref 16*129-130) . The exac t spac ing of

the lenses was determined using matrix ethods , althoug h other methods

would serve as well (Ref 17*84—94). The spacing shown produces a cir-

cular spot u s e  on the detector diode of 1.274 ma radius , matchi ng the

diode’s sensitive are a. Light passing through the opti cal filter is in

near perfect col limation, with the largest incident angl. at the

detector diode being less than 2.4°. At this small angle, the inter-

ference filter provides the desired bandpass, and essentially all the

optical signa l passes the interference filter without undergoing extra

t 

loss (1sf 16:130).
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S Now, there are two crucial characteristics of the optics train

which must be known in order to complete other design steps for the

atmos pheric receiver . These charact erIstics are the t ra nsmisaivity of

the optics train and the angular field of view of the optics system.

Calculation of the transaissivity of the lens system Is calculated from

Eq (12) :

‘ro — (T iens ~ ~~imns 2 ) 
~~filter~ 

(12)

wher. Tro — Total transaissivity of the receiver optics train

— Transaissivity of the appropriate lens

T f liter — Transmissivity of the selected optical filter in the

passb and .

~~ 
appropriate value of Tins for an acrylic plastic Fresnel lens

used in collimation is about 0.83 (1sf 16:50) . Likewise, an appropriate

value for a crown glass lens suitable for use as lens two is r i,na 2 —

0.91 (Ref 16:23). Optica l filters which are available at low cost for

wavelengths near 860 ma are quite a bit less efficient , however, and

Tfilter ~ 0.50 (Re f 16:134) . As a result , Eq (12) yields a value for

the proposed optic. system of

Tro — 0.371 ~ 4.2 dl lois (13)

The angular field of view of the lens concerns the man m u m  engle

of off axis ray s that will cause significant illumiastiem of the detec-

tor diode surface as was discussed in Chapter II. For the detector

diode and diode to lens two spacing in the selected opti.. design, the

value Of in Fig. 6 becomss 2.49°. Therefo re,

C
~ — 0.039° • O.6S mrsd (14)
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~~~ S lana i ZEERU.IM Train

The signa l processing train must decode the noise-corrupted

Manchester data in a m ui.r which ensures the maximum probability that

the receiver ’s output signal is the sans as the transmitted signal. The

error rate (the number of errors made per bits transmitted) of the re•

ceiver is det.rmined by the receiver configuration selected for the

decoder , the received optical power level, and the level of noise

present in the optical signal and the receIver systems. In this section,

the receiver ’s signa l processi ng train Is described and analysed in de-

tail. Also presented is a determination of the required opt ical power

to yield a BER (bit error rate) of one error in 1O~ bits.

Sisnal ~~~~~~~~~ Train Circuit. Samples of the Manchester coding

of a binary “1” and “0” are shown in Fig. 13. The change in signa l at

th. mId-period point is essential to the tIming recovery scheme (to be

described later ) but complicates signa l recovery. Now, an important

point to note about th . code is that despite the mid—Period chan ge, the

value of the signal in each half of the bit period Is uniquely determined

by the transmitted data bit. As a result , decoding the signal can be

made more efficient if the received signal is processed for the entire

bit period T rather than for only the first half of th. period.

In addition to problems posed by the natur, of Manchester signals

decoding of the signal may be complicated by the presenc. of noise. As

a result, use of a signal processor which provides the lowest possible

error rate is required. Assuming, as is usual, that the noise in the

system is white and Gaussian, and also assuming perfect square wave

signals , then one form of optta detection Is th. integrate and dump
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detector scheme (Ref 18:378). Because of the discontinuity in the

Mancheste r data , two separate integ rators are required to make full  use

of all the information coded in the Manchester signal. The resulting

configuration of the data signa l processing train is shown In Fi8. 14.

The operation of the circuit in Fig. 14 may not be Ismed lately

• apparent, so a brief descripti on is pres ented. To begin , •ach IHD

(Integrate—Hold—Dump ) circuit is served by two independ ent control l ines ,

an integrate control line and a dump line. While an IRD integrate con .

trol line Is h igh , the circuit continuously integrates the input signal.

While the integrate control line is low, the IHD initial ly stores the

value of the integ rated signal. Then , the DID circuit is reset by the

dump lin, at some tine prior to beginning a new Integration.

Derivation ~~ ~j  Probability 2L Error. As shown in Fig. 14, each

~ 4: IND Integrates over different halves of the bit period . As a result ,

in a noiseless case , on. IHI) output will be high and the other will be

low when the end of the bit period is reached. Thus , at the end of each

bit period, the output of the cosparitor will be high if a “1” was sen t

and low when a “0” was sent. This result is then gated into a storage

register and the two IND circuits are reset by th. dump line so the

next bit can be processed.

Now, when noise is add ed to the signa l , the output of the comparitor

will still tend to select the proper output due to the noise filtering

action of the HID circuit. However, there is a possibility that noise

can corrupt the input signa l str ongly enough to cause the outp uts of the

LID cIrcuits to have incorrect relative magn i tud es. When this happens,

the comparitor outpu t becomes incorrect , and an incorrect data output

occurs.
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I
$ To treat this more rigorously, consider that the input to each

integrator is composed of the signal s(t) plus additive noise. Further,

assume that the noise is sero mean , stati onary and whi te with a two-

sided power spectral density G5’ watts/Hi. As a result the autocorrela-

tin fwnction of the noise 15$ -

- i [n(t) n(t • 7)] — c~ 6Cr) (15)

where 6( ) • Dirac delta operator .

Now, if we assume that a Manches ter 1 is being decoded, the output

of HID 1 at the end of the integrating period is given by:

I l/i [s1(t) • n(t)] dt

b b
4 — J s1(t) dt • $ n(t) dt (16)
-- a a

where 11/1 • output ef lID 1 after the integration period, given

that a 1 was sent

s1(t) • ~~~chester signal for a “1” data bit (see Fig. 13)

n(t) • Noise signal

a — time a. start ef the lID s~~~ling period (Fig. 14)

b — t ime at the c~~~let ien of lID sampling period (Fig. 14)

In a similar way, the output ef lID 2 cam be described ass

4 d

~~~~ — I s1(t) dt 

~c 
n(t) dt (17)

where the t ine Interval c to d corresponds to the sampling t ime for

lID 2 (see Fig. 14).
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Now, it is assumed throughout th is paper that the signal input to

the integrators has a constant amplitude in each half of the bit period.

From Fig. 14, it is apparen t that if the input signa l has constan t mag-

nitude A during the firs t half of the bit period , then the integral of

the signal over time interva l a to b is equa l to 71A, where ‘r1 — b • a.

Similarly, the integral of the signal over tine period c to d is sero

since the signal is sero in this t ime interval. As a result Eqs (16)

and (17) become

b
11/1 — r1A . $  n(t) dt — ¶iA O N 1 (18)

a

b
12/1 — 0 •j  n(t) dt • N~ (19)

Next, the probability that the comparitor output will be incorrect ,

given tha t a I is sent , is given by the probability that Il/i Is less

than 12/1. S~.bolically,

Ff11 — P < I~/~] — ~ [T1A • N1 < N~]

P [JI~ * N 2 < Ti4hu] (20)

where substitution of Eqs (18) end (19) along with s~~~ rearrangement
has been accomplished .

If the assi~~ tion is made that n(t) is a Gaussian random proces s,

then 11 end are Gaussian random variables . Since n(t) has been

asstasd to have sero mean, N1 and N~ also have sero mean. Further, if

we define a new random variable N’ equal to (~l - III), them N’ is also

~

. 
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r -
~ a sero mean Gaussian random variable , with varianc e

VAMII ’) — I [ N ’  — 0)2] — E [(w1 N2~~~

2]

• £ [N 1
2
] • £ [N22

] • U [~lN2] (21)

Since 141 and are sero mean, this further reduces to

VAR(N’) — V*& CN1) • VAR(N2) — 2g [
~~~~~

N2] (22)

Next , recalling the co ents abou t th . correlation function of noise

samples as shown in Eq (15), £ [is1N2] is sero and Eq (22) reduces

f urther to

VA*(N’) — YAI(141) • VA&(N2) (23)

Recall that tine intervals a - b and c - d are both equal to

length Tj. Since the noise process is assumed wide sense stationary,

the variance of N1 is equal to the variance of 
~2 and Eq (23) becomes

VA&(N ’) — 2 VAR(N~) (24)

For an integrator with wh ite Gaussian noise plus signal at the

input , Taub and Schilling show that th. varianc e of the output signa l

is (1sf 18:368)

VAR(N1) — G , ri (25)

where — th. two sided normalised power spectra l density of the

noise in (volts)2 (Note that Taub and Schilling ’s integrati on constan t

is assumed 1 In Eq (25) •s was done for Eq (18)). So, the variance

$

48

_IJs_
- 

~~~~~~~~~~~~~~~~~~ 

- 

~~~~~~ *

-~ ~~~~~~~~ ~~~~~



- - — - - -~- - -- - - - —~~~— —-._t±~~-,

0 - .
of N’ becomes

VAE(a’) — 2ç~~T~ — ~2 (26)

With Eq (26) aid Eq (20), It is now possible to write

~e/1 . 1 
~~ ~~‘) dIP 

(27)

where f1, (IS’) Is the Gaussian probability dens I ty function of the

random variable N’ • Using the s, etry pr operty of the Gaussian proba-

bility density function, Eq (27) becomes

~~ I)2

— $ ~N’ (N ’) diI’ — $ 

1 , ~~~~~dN’ (28)
m i

t t  -

L 

This can be transformed into a standard form of th. complementary error

function by using a change of variable with x .  N ’/G. The result is

(Ref 12:4— 1)

- ~~~~ r 
A I~~~~~~~~ 

• 
~
ric (k~~~~ ) 

(29)

-- 2G ‘

Nov Eq (29) re lates the conditional error probability in terms of

signa l level and noise power spect ra l density at the input to the lID

circuits. In general, the controlling signa l to noise ratio for re-

ceivers with low noise plifiers Is usually determined at the output

of the signal detector. As a result, it is worthwhile to be able to

relate Eq (29) back to the signa l levels present at the detector diode

output.
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S To begin, assume the post-diode amplifier ’s voltage gain Is

(see Fig. 16). Then , if Vd is th e output voltage of the detector diode ,

A — V~&,,. Next , consider the output noise power spectra l density of a

perfect plifier. The amplifier then has a transfer function of A,.

If the input power spectral density of the amplIfier is G5v~ then

(Ref 18z250)

• G~, — krI2 ‘v
Plac ing the equivalent relations for A and ~~~ into Eq (29) yields

P — Erfe 
Vd2

~~~~~Ij ~ • Erfc1 
42 (A,J2  ~,,

4 IE
— £rfc I (31)

~~~5v

where E~ , — input energy of that portion of the signa l processed by lID I

in volts2 units. From Eq (31), it can be seen that the probability of

error Is set by th. ratio of signal power to nois. power spectral den-

sity at the detector diode’s output , and that the amplifier has no effect .

While Eq (31) has been derived for the case of a 1 being tr ans-

mitted , the syometry of the Manchester code and the detector circuit

result in P5/0 being equal to 
~e/l~ 

The derivation is not shown since

it is similar to the ons given for 
~e/l’ Now, the total probability of

the detector mak ing an error is given by

~e!i C’~
)] • ~~~~ [i o)] (32)

S0
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S where P(l) • Probability of a one occurring in the data stream

P(o) — Probability of a sero occurring in the data stream.

If the assumption is made that one and sero data bits are equally likely,

then P(l) — P(0) • 1/2. Next, recalling that P~~1 — P5/0, Eq (32 )

becomes

se/i

Finally, recall that the desired error rate for th. system is lO”~ .

This is equal to the desired probability of error. Thus, f rom Eqs (31)

and (33)

10~~ • £rfc 
(J2

~~~~~~~ 

)
Using tabu lated values of the complementary error function, this

becomes

— 4.23 (35)

where £~~ and G~~ in Eq (31) have both been divided by the losd resist-

ance of the detector diode so that 1b and G5 are expressed in Joules

and watts per Herts respectively.

Eq (35) is very important because it determines the minimum ratio

of signal energy to noise power spectral density that the receiver

n eds to provide the desired error rate. (~tce a value for G~ can be

~~~ determined for a given detector circuit, Eq (35) can then be used to

determ ine the required input si~~al to provide at least a l0 ” ICR.

Th, determination of O~ follows in the next sectIon.
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- -- _____________

5 ~~j Diode Noise Modal. As entioned in the previous section, a

noise model for the diode detector must be developed before the required

signa l power can be determ ined. This section develops that model.

To begin, the various sources of detector noise should be identi-

fied . For a PIN photodiode , Pratt indicates that two important noise

sources are thermal nois. and shot noise. Shot noise is caused in part

by the leakage current, called dark current , present in the diode when

no optical signals are present (Ref 2:145— 150). Pratt also indicates

that due to the random generatIon of hol.-.l.ctr cn pairs in a solid-

state detector, both the optical signal and the background light (in

atmospheric systems) also will cause shot noise (Ref 2:151). Finally,

due to the very low level signals involved , input noise to the post-

died. ~~~lifier must also be included. Pratt indicates that a noise

model of the diode and its various noise generators can be represented

by a circuit similar to the one shown in Fig. 15 (Ref 2s157). Here

current sources are used becaus* the P114 dIode acts like a current

source.

Now, it is necessary to present the two-sided power spectral den-

sity relations for each of the nois. terms. To begin, Pratt shows that

the signal noise due to I~~ (also called signal shot noise) and the

noise due to background radiation have very similar power spectral

densities. This Is evident from the relations for thu r power spectral

densities (1sf 2:131).

Gem — ~I R ~ watts/H a (36)

* 
GB — q~.¼ watts/H a (37)
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where q • charge of an electron in Coulombs

— aver ag. current due to on port ions of the signal

‘B • avera ge cuiront due to background illumination

CL — combined diode.~~~iifier net load resIstance,

Notice here that Pratt’s poser spectra l densities in current squared

units have been converted to watts units by multiplying by Cj. Pratt’ s

equations are also adjusted to agree with accepted PIN diode shot noise

relationships as presented by Riesa and others (1sf 19:995). These

conversion conventions are followed in the rest of the relations as

well. Also, en AC-coupled circuit is assumed , so a DC term normally

present in Eqs (36) end (37) is deleted . Recall Eq (37) only applies

to atmosp heric links.

r The power spectra l density of the thermal noise (in ~~~~~ units)

generated in the diode is given by ~~~ — 2EI/L~ where is the channel

resistance of the diode , 1 is the t~~~eratur. in degrees Kelvin, and

K is Iolt en’s constant (Ref 2:156). Converting th is to a power

spectral density in watts units yields

GT .~~~4~~
L (38)

Eq (38) takes advantage •f the fact that 1L ~ input impedanc, of the

post-diode ~~~lifier for practical high-speed circuits. For purp ss

of this ealeulatien, it will be assun.sd that th. diode end the pest.

detector amplifier are beth at roes t~~~ustura, 3OO’~. Finally , the

noise due to the aver.gs dark es,rent 14 has a pemsi spectral density

of

C 0D • ~~I4 I~ watts/Ms (39)

Again, a DC term is not sh~~~.
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If the assumption is made that all of the noise generating processes

described above are pa irwise uncorrelated with one another , then the

power spectral density of the total noise process is given by

• GD •G T • G B + G A • G sn (40)

where GB — 0 for fiber links.

Required Insut ~ ~~~~~~ tinina. Now that G5 has been

related to quantities available in manufacturing specifications, it is

possible to solve Eq (35) for the required electrical signal power out

of the diode to get a 10~~ BER . Firs t , squaring Eq (35) and substitut-

ing for G5 yields

Lb — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (41)

Recalling that 
~b I~ the integrated energy of ths high portion of the

Manchester bit , tb is equal to Ti times the load resistor ~L and the

squa r. of the signal current G15. Thus , substituti ng f or 
~b and the

various power spectra l densities yields

T1RLI5
2 • 36.13 ( G D i a r *~~~~.q a LIs . G~ ) (42)

This is then solved for I~ , resulting In the relation

— 
36.l3q •  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(43)

The reader will gain a better appreciation for some of the work

C to follow if a numerical value of I~ is determined. For this design
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study, an EG and G SNS.l00 PIN diode ha. been selected for the det.c-

tor. Some of this diode ’s characteristics are tabulatad in Table IV.

Also, the pest.diede ~~~lifi.r selected is the Tens. Instruments TIXL

132 integrated circuic , chose chare .t.ristics and equivalent circuit

are shown ~~ Table V and Fig. 16 resp ect ively.

Table lV
character istics of the LG6IG SHS—lOO PIN Photo Diode

Spectral lospsisivity , ~ at A — 860 ii. 0.62 A/U

Rise ti*. (10.90A) 4 x i0~~ Sec

~~rk current at 123 volt Bias ir8 
~

Capacitance 4 pf

Area of active surface 5.1

Minimum channel resistance 2 x 106 oia

I
Table V

characteristics of th* T.1. TilL 152 ~~plifier

Input Noise “Current”, i~ 3 PA/.~~~
Forward Transfer Impedanc e, C~ 12 z l0~ voits/~~~
Input I.pedence, 1i 300 ohms

!~~~~idth 20 *s

Per the died, and ~~~ltfier, the load resistance is almost total ly

determined by the low input 1 .e.’ ‘~. aplif tar. As a result,

— 300 ~~~s. Using this with die died. dark current of 1018 aper.s

36
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provides a value GD of

GD • 2q 1d1L — (1.6 x 1o ’9)0o 8x3oo) — 4.8 x l0 25 U/Hz

(44)

Next , assuming a room t p.rature of 300°K

— 2KT — 2(1.38 x 1O 23) (300) 
— 8.28 X l0 27 U/H z 

- 

(45)
i x io6

Finding a value for 03 is not quite so easy. First, the optical

power falling on the detector diode must be found. This Is gIven by

Eq (6). The result using valu es for the optics system given in Eqs

(13) and (14) is 
-

{ IT(’Tro) ~ O~~d 2

~~~~~~~~~~~~~~ 
W(A)

4

— 
IT(O 378) (O.O1)(6.8 X 10 4)2 (25.4) 2 

(8 x 1O~~)

— 7~ 09 X 10 U (46)

The responsivity of a photod iode relates the average diode output current

to the amount of Incident optical power. Since the diode selected has

a responsivity of 0.62 amp/watt , the resulting value of I~ ~~

• (O.62)(7 .09 x iO u) — 4 4  x 1O”~ amp (47)

So

03 — (1.6 x 1O~~~)(4.4 x l0hh 9)(300) — 2 .1 x 10125 wiNs (48)
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— Next, the noise current of the TIXL 152 must be converted to a

power spectra l densIty. First, the noise current I,~ listed is a single.

sided term . So

_________________ ________________________________— 

~~~ 
~~~~ — 

~~ x 300 
— 1.35 x 10.21 V/Hz (49)

Finally, limitati ons posed by the timing performance of realizable

ci rcuits mean that the integration period must be slightly shorter than

one-half a bit period (this will be further discussed in the section on

timing recovery) . Therefore, a reasonable value for is 2 .8 x 10~~
sec. Using this and the values in Eqs (44) , (45), (48) , and (49) ,

Eq (43) yields a value for I~ of

— 2 4 2  x 10 8 amp (50)

Note that this value is for the atmospheric link because G3 was added

to the value for C5. However, since GB is small compared with the sum

of the other noise terms, Eq (50) is valid for either link for the

number of significant digits shown.

Next, recalling that the PIN diode’s responsivity is 0.62 amp/U,

the required signa l optical power P0 at the photodiode is 3 9  x 10 8 ii.

Now, it is necessa ry to show that the value for I~ in Eq (50) does

not require alteration when the perfor mance of the timing recov ry

:ircuit is considered . This ana lysis follows in the next section.

~~~ Tlmina 
~~~~~~~~~~~~~ 

Circuit
The timing recovery circuit is required to synchron ise operation

$ of the IMD circuits in the signal processing chain with the incoming
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signal. Additionally, the timing recovery circuit provides an output

P clock which is necessary for simpl. compute r interfacin g .

Accurate operation of the timing recovery circuit is essential if

th. error calculations for the signal processing train are to be valid.

Referring to Fig. 14, it is evident that if the tine periods a-b and c-d

are displaced sufficiently with respect to the signal’s timing, then the

IHD circuits will integrate an incorrect saple of the received signal.

The timing circuit can shift its timing interval with respect to the

input signals in two ways. First, th. timing circuit may be nominally

locked to the transmitted signal but may drift , or jitter, back and

forth around the proper synchronisation point. Second, the timing

recovery circuit can become totally wisynci*ronised. In either case , if

timing intervals a-b and s.d are displaced excessively from the desired

position, the output of the signal processing section will become totally

invalid. Therefore, design of the timing rec overy circuit must insure

that total loss of lock is extremely unlikely and that the amount of the

jitter present in a nominally locked timing circuit i. low enough so

that very f iw errors result.
I 

- Circuit Confismratima. Th. timing recovery circuit selected for

this receiver aploys a puiase.locked.loop detector with an integrat ing

phase comperStor. This circuit is capable of decoding the timing in.

f.rast ion in Manchester signals and tohes advantage of the superior

noise performance of integrating detection schemes. In addition to

the phase-looked-lap circuit, the timing recovery section of the

receiver also includes necessary control circuits to drive the signal

processing train. A block diagram of th. circuit appears in Fig. 17

and a description of the components shown in Fig. 17 follows.
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The integrating phase comparator circuit for the phase-locked-loop

Is composed of another 11W cIrcuit , identical in construction to the

ones already described for the signal processing train. However, both

the control and demp lines for this phase comparator are independent

of other lines in the receiver.

The output of th. phase comparator passes through a polarity

selection circuit composed of an inverter ~~d selector switch. Th.

selector’s operation is controlled by the output signal from the signal

processing train. This decision-directed feedback circuit is required

because the polarity of the error signa l from integrating phase detecu

tor changes with the typ• of data bit transmitted as well as with the

direction of drift in timing error. The exact operation of the polarity

selector will be detailed later.

Following the polari ty selector is a saple-ond-hold circuit. It

stores error inf ormation calculated in the previous bit interval while

the error informat ion in th. current bit interval is being procossed by

the phase detector and polarity selector.

The output of the sample.and-hold circuit is filtered prior to

reaching the control input to the VCO (voltage-controlled oscillator) .

The lov.pass filter has a relatively 1., cutoff frequency, so the

control voltage to the VOD varies slowly In time capared to the change

in the values from the saple-and-hold circuit.

The YCO actually operates at some integer multiple frequency of

1.5 ills. The output of the VCO is passed through a divider chain so

that the eventual output is 1.5 Ills. In addition , a series of precisely

$ t imed pulses are generated by the divider cha in during each timing
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interval to control t ime-critical events such as the integra tion periods

of the three 11W circuits,

The feedback loop for the phase-locked-loop is closed by using

timing signals derived f rom the YCO to control the integration period

of the Integrating phase comparator. As timing changes occur, the t im-

ing of the integration period changes with respect to the midpoint of

the Manchester signal , resulting in the error signals needed to change

the VCO frequency to rssynchromise the receiver. As will be shown, the

closed-loop response of the phase.lock.d.loep son provide excellent

stability and accuracy for the system.

~~~~ Circuit j
~~
. Basically, the circuit outlined in Fig.

17 is a form of digita l phas..locked.loop. Additionally, the phase

caperator circuit used has a sawtooth shaped phas, error versus output

signal curve. The operat ion of this general class of loops has boon

described by several asthors, including Byrne (Ref 21). As a result,

only special characteristics of this particular circuit will ha covered .

In th. description to follow, the reader may find it helpful to refer

to the signal timing diagr In Fig. 18. It should be noted that Fig.
- 
- 

18 assuess perfect timing between the input signal and the YCO. Also,

even when a lees of synchronisation doss occur, all signals , except for

the input signal, retain the sane relative ti.. relationships with one

~~~thcr .

To begin the description of the circuit’ s operation, assues that

a string of I ~~t ..ter: ones is being received end that the VCO

is synskronis.d. Ree to ~~ oempliag in the post diode amplifier and

C the sj stry of a ~~~~~~~~ ceded signal, the output of the integrating
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phase detector is sore because the detector integrates symeotrlcally

around the point where the polarity change occurs. This means that the

output of the polarity selector and sample-and-held circuits are also

soro (in the absence of noise). Assmethg perfsct synchronisat ion has

existed for some tins, the low-p ass filter output has been at sore.

The now output of the sap is-and-hold circuit senses no cheng. in the
low-pass filter output, and the VCO frequency stays constant.

Next, assmes that a drift in synchronisation occurs, perhaps doe

to noise. Now, the Integration peeled is not s~~~ctr1oal around the

mid-point of the transmitted signal. As a result , the phase caparstor’s

output varies from sire with a magnitude related to the ount of drift.

This error signal is cooplsd through the polarity seiector and saple-

and-hold circuits to the low-pass filter. The output of the loss—pass

filter slowly follows the error signal, and the YCO begins to alter

frequency to r.syschrents. with the transmitted signal. Srror signa ls

continue to be generated in each bit period at til the timing error has

bean eliminated.

At this t ime, the reason for the polarity selector circuit should

be discussed. A s e  that a timing error exists as shown in Fig. 19.

Notice that the output of the phase comparator has a different sign at

the sapletion of the integration period depsn1fing open whether a

Ilir ukaster ceded one or sore is received. This occurs even though the

actual direction of tho phase error Is the sane In both caes .  Alse,
note that the magnitude ef the ar row 1. always oerz’.ot. As a result,
if the type of bit sent In th. interval is determined (1 or 0), then

c rho sign of the swear signal can be adjusted so that the error signal

will give a tru, representation of both the z~t and direct ion of the
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phase error. This need to correct the sign of error signals is the

reason for the polarity selector circuit. Th. preceding argoments also

explain why the saplesand.hold circuit and the integrating phase

detector’s di~~ control tins. are strobed early in each bit period.

Actual ly, this early strobi ng controls processing f or an error signal

that was developed in the preced ing bit period but which could not have

a sign assignment made satt il the data bit was decoded. Thus , the po-

larity selector and saple-and-hold circuits are important clement. in

the phase—locked-loop circuit.

For this receiver, the moot Important requ irements for the timing

circuit are that jitte r variance must be low and that the rocoivor

phsss-lock.du.loop must not loose lock when the clock in th. transmitter

z drifts. Both characteristics are related to the low—pass filter band-

width. If the t ins constant of the low-pass filter is too long, then

fast drifting of the transmitter clock can exceed the tracking capability

of the loop, ~~d a loss of lock results . Ce the other hand, if the t ime

constant Is too short, the jitter bandwidth is large and phase jitter

of significant swats will be pessant.

a.au Circuit Jitter 
~~~xgJt. This section provid es an estimate

of the effects of noise en the tim ing circuit. It will be arg ued that

the noise filtering action of an hID circuit being used as a phase

aaparat.r provides additional filtering relative to the closed-loop

r,..,. se of the phase-locked-loop. As a result, it will be argued that

for noise aislysis a phase-locked-loop using an integrating phase con-

parater can be modeled by a pbase-io*od.loop with a linear phase

caparator preceded by an Independent integrat ing filter . The reader

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

I

~ 

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~



is cautioned that there is sons doubt about the validity of considering

the integrat ing filter to be rernal to the phase-locked-loop. Thus,

total reliance canmot be placed in the analysis. Ce the positive side ,

the ass ptions made in the following derivation do seen reasonable, and

the ~~~er ical results agree closely with the demonstrated pert ormince

of other phas.-lock.d-loop circuits. As a result , the author feels that

this section provides a set of reasonable starting paremeters for the

design of an experimental circuit to confirm the actual loop’s perform-

ance.

In the following analysis , the j itter bandwidth of a linear phase-

locked—loop model developed by Byrne is used to relate the phas. jitter

in rho clock circuit output to the resulting effect on the error per-

formance of the data processing train. The results ahoy that the oimt

of jitter present in the timing cir cuit will have a negligible effect

upon th. error performance of the data processing tra in. As a result,

the value of I~, given by Sq (50) for a l0”~ error rate i. essentially

correct oven when timing criers are considered.

Before begian ing the jitter analysis , a brief overview of Byrne.’
phase-looked-loop model is given. A block diagr of the model appears

in Pig. 21 (1sf 21*361,564). Hors, the phase c~~~arster output is a

linear fwnceien of the relative phase difference of the Incoming signal

and the YCO signal (divided d~~~ to match the frequency of the incoming

signal). The phase comparator output is passed thro~~~ a low pass

filter of the form shown In Fig. 2%, and the filter output is used to

control the VCO frequency. The perform ance of Byrn es’ loop is doter-

mined by the sobection of constants a~ and a~, en.d the low-pass filter
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S components, Of particu lar importance is the phase comparator constant

a1. it has un its of volts per radian , and describes the conversion

efficiency, or gain, of the phase comparator. The value of a~ is de-

termined by the physical construction of the chosen phase comparator

circuit, and a nuserical value for the liD type of phase c~~~arator

will be given later.

To begin the jitter analysis, several ass*~~tiens will be made.

Byrne assuesd that noise in his loop was Gaussian, and that assueption

is also made here. In addition , it will be initially assuned that a

data string of ones is being sent , and that the polarity selector is

f ixed in the proper position for one type data bits. As a result,

errors in the data output will not affect the operation of the phase-

locked-loop, and the polarity selector and sample and hold circuits may

be considered to be removed from the feedback loop.

In the development of the characteristics of his phase-locked-loop

model, Byrne states that when the filter constant ratio T2
2/T1 Is much

greater than unity, the following rotations bold (1sf 21*595)

— (51)Ti

and

_____ — (52)

where T1 and T2 — filter constants (Zig. 20)

• peak value of phase error due to a step change is
input signal froquemsy

C a
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- -

p01k 1 
~~~ — step change In input frequency in Ha

Si • equivalent closed loop jitter bandwidth of the PLL.

Us ing £qs (31) and (52), It is possible to show that

— ~~ At1 (53)

For a given sot of timing signals suCh as shown in Fig. 18, it is

possible to specify the largest value of phase error ___ between

the VCO end Incoming signal which will not cause integrations over

Improper regions of the data signal. Also, for a given clock circuit

in the transmitter, it Is possible to dete rmine a largest expected value

of ~t1. Therefore, Sq (33) enables the calculation of the sllest

j value Bj which will not result in loss of lock due to normal transmitter

c 
clock drift.

Bent, reference to Fig. 14 indicates that the “voltage ” power

spectral density 04 given by Sq (30) is present at the input to the

phase c~~ arator as well as the two signal—processing 111.0 circuits.

Ho~.oior, the value of in voltage units must be converted to the

equivalent radian “power” spectral density perceived by Byrne’s simple

phase comparator before the relationship for Bj will permit calculation

of the variance of the VCO output .

To begin the dovolspmuut , consider the output of the tntsgratthg

phase detector when a timing error exists. The input to the phase

r detector is the signal s(t) plus additive Osuasien noise n(t) . For

th. timing periods ..t d g-h related as depicted in Pig. 19, the

output voltage from the liD circuit is

C
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— [s(t) • n(t)] dt — s(t) dt 
~~~~~~~ ~: 

5(t) dt

• 
~ h 1 

J n(t) dt (34)
I 

1 0

V 

where ~ — an integrator constant

• the integrator’s output voltage.

Now, t ine g—h is direct ly relat ed to the phase error between the

signals p~ and p~. Since s(t) is constant In each half of a bit period,

the first part of Sq (54) can be written

L 
h

~~~ J s(e) dt — a1 ~P i - P 0) (35)

wher, a1 is simply the sane constant as in Byrne’s odel. As a result ,
Eq (34) can bo written as

f
V0 • a1 (ø~ •~~0) .a1 (~~g J n(t) dt )

f
— a1 (

~~~~— ° ~~•~~~~ J a(t) dt ) (36)

Nsxt , ass~~~ that t ins s-f is essentially constant , so that the

integral of the noise doss not depend upon the phase erro r Di - 0,.
This assi~~ tion seems reasonable because t ine esu f varies very little
for the normal range of frequency change encountered in pra ctical phase-

locked-loop YCO’s. If this assueption is made , them the portion of V0
caused by the Input noise is

C ~cs • a1 ~~~~~~~~ 
j s ( t) dt )  (57)
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where r10 — f~. is a constant equal to the aver age integration tins

of ths liD circuit.

Now Eq (57) is very interestin g. It indicates that could be

considered to ho the result of passing th. noise volta ge from the post-

diode amplifier through a series combination of an integrating filter

and a linear phase comparator element with a transfer function a1.

Thus, in c~~~arIng Eq (57) to Sq (56) , it is evident that the noise

power spectral density at the input to Byrne ’s linear phase comparator

element in Fig. 20 viii be the result of passing through an Inte-

grat or with an integrator constant

IC’ — a1K (58)

As a result , the phase jitter at the output of the YCO can be considered

to result from passing ~~~ through the integ rati ng filter in series with

a phase-locked-loop filter of equivalent bandwidth B~.

Taub and Schilling have shown that the magnitud . squared t ran sfer

function of an integrating filter i• (Ref 18:252 )

Iu i(f)~
2 
— (~~~~~)2 ~~~~~~~~~ t) 

)2
I! Tj

Also, the gnitude-squared transfer function of a perfect rectangular

filter of bandwidth ij  is given by

2 C l , l~l <-s
ig(f)~~ • (60)

else
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As a result , the variance of the output phase jitt er duo to a cascade

of these filters is

‘j 22 
— ~ ~~~~‘ Iui~ I ~Do •Bj

— 
~,,. ,. 2 

~ (
Sifl (”1•il f)

) (61)
(ic’)2 ...5,~ f t T 10 f

A change of variabl e gives

iT r10 B
( SJn (Z) )

2 
(62)

Do n(K’)2 
~~ 

X

(~~~
Now, because r10 is on the order of IO’7 and Bj  for a phase-locked-

loop is usually much less than l0~, the integral in Eq (62) is appron i-
matoly equa l to 215 ¶~~ S~. Also, recall that — Ay 12 G~ 5L
Eq (30) and the co ents following Eq (35). As a result, Eq (62 ) may
be solved to yield

~~~
2 2 c~ 

::;

2 I~ 2I 1L 
~~ radians2 (63)

provided that <C lO~ and the phase lag filter constants are such
that i2 k1 ~~ 1.

It aheuld be recalled that Eq (63) has boon derived under the

assueptien that errors in the da ta output do not affect  the j itter

perf otainco of the tim ing recovery circu it. To just ify this assueption,

V 
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a numerical answer for Sq (63) will be presented. Then, using the

results of this numerical analysis , it will be argued that the actual

phass’lockod-loop circuit with decision-directed feedback SIll have

essent ially the sane value of output pha s, vari ance given by Sq (63).

The numerical evaluation which follows is based upon use of an

liD circuit which has an integrator constant K • 6.8 x 10. 8 end which

ii designed for use with Manchester coded signals which vary ± 4 volts

around a sero volt mean . These values match those of an existing low.

cost circuit being developed by the author.

To evaluate Sq (63) several assumptIons must be made. To begin,

tIis value of .ill be arbitrarily selected as equal to 1/2 bit

period , or 3.33 x l0”~ sec. Using this , the value of A, can be de.

termiusd from a knowledge of the required signal amplitud, at the 1110

input and th. signal level present at the output of the detector dIode.

To determ ine the signal level out of the diode , the assumption is made

that the signal-to-noise ratio of the receiver is ultimately ~~torminod

by the noise performance of the data proc essing train rather than the

timing recovery circuit. Allowing this assumpti on means that the re-

quired valu e of I~ is given by Sq (SO) as 2&~2 x io 8 p. Since this

current drives the 300 oha load in the post-diode ~~~1ifier , the p ak—

to-peak sutput voltage •f the diode Is 7.26 x lO’~ volts. This level

msst be boosted to the eight volt peak-to-peek value needed by the lID

circuit. Thus, 
~ 

is 1.10 x 101.
Next , a vale, for a1 son be determined by noting the resulting

eutput voltag, of the lID circuit wh the input phase is shifted a

C knoisi ount. For ~~—q’l., consider a timing shift of w/2 radians

occurs . This corresponds to shifting timing period e-f in Pig. 19 to
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the loft by 1/4 bit period . As a result of the timing shift , the Input

voltage to the phase c~~~arater V~~ is constant at +4 volts for the

entire timing period. The output of em integrator with a constant input

is given by ‘out ~~~ T1/IC (Ref 18*367). Th,r,~~w,, Vout — 19.6 volts.

Since this corresponds to the output due to a n/2 radian phas. shift ,

— l9.6/(w/2) — 12.S volts/red.

Fina lly, a value for C is needed . Prom the ass~~~tien that I~ —

2.42 z lO’ 8 amp, Eq (36) permits calculatIng that • 1.16 z 10 24.

Then using values of the other comp .ants of G~ given by Eqs (44), (45),

(48) and (49), C5 — 1.33 x i0u121 V/Is.

Using the values determined above, Eq (63) gives a value for the

varianc, of the output phase signal as

2 2(1.35.z IC21) (3.33 1o”~)
2(1.1o z 1O~)~ (300)

a B
Do (U S)2 (6.8 x lO1I8)2

I

— l.Sl x lQ ”7 1j (64)

The author’s experience with cryst.~.comtrolled clocks indicates

that short-term frequency shifts are very 11, d that ~f 1 in Sq (53)

can prsbcblybeasdsi en the ordor o t l I ~~. If the timing tn tig. l9 is

ass ad, then - 0.067 redian when integration errors belin In the

data preoe.slng train. Thus Sq (33) Indicates that B, — 209 ii. U a

result

V 2 
• 3.16 x 10’~ (63)

Do

‘ C
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This means the standard deviation ~f the output jitter is only 3.61 z

l0~~ radians. Therefore, for the timing values selected her., and

assumi ng that data errors do not affec t the polarity selector, the

probabil ity that 
~~ will differ f rom the proper value by more than

— 0.067 radians (a value of about 8 standard deviati ons) is very

~~~II , being on the order of ~~~~~
Now, the previously made aasi~~ tion that the data errors vould

have no effect on the perf~~~ so of the phase-locked-loop will be

discussed . TO begin, refer ence to Fig. 17 indicates that the polarity

assigns t circuit output passes through the low-pass filter before

reaching the VCO. Ie. so of the very low cutoff frequency of the low-

pass filter , isolated sign ass i mant error duo to an incorrect data

c 
output will have negligible effect on the control voltage to the VCO.

Since a properly spnchrenisod resolver will only make one data error in

every lO~ output bits , e~d since these errors are presumed to be

randomly spaced, the effect of the signal-train-dependent errors on the

phase-locked-loop will be very small. Prom th . numerical analysi s Just

c~~~1.ted , it son also be concluded that additional data errors which

result from timing errors duo to noise input to the phase-locked.lacp

c p r at o r  are negligible. Thus, the frequ cy of incorrect data a•loc.

th us for a synchronisod receiver is so low that the low-pass filter

should virtually eliminate the added effects .f polarity-selector.

induced jitter.

~~~~~~~ Imaut 
~~~~ za~~ flala& c*s&~~~. 

prom the preceding
- - arg cs, ft is apparent that additional errors In the dat a output of

{ the receiver caused by noise effects on the timing circuit should be
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small enough to be ignored when compared to the error rate of l0”~
which results when perfect timing is ass 1. Hence, the important

V timing consideration is not jitter, but is rathe r the sunt of t ime

-
. 

realisable circuits for the fuactions in Fig. 14 and 17 need to d p

- 

- and transfer signals . From experimental results with the prototype lID

circuit , it appears that the timing relations ibsen in Fig. 21 are

I apprexiaseoly correct. So for lID 1 -g 2 is about 2 .8 z lO”~ sec.

I Using th is value in Eq (43) indicates the required level of ~~ to get

a 1O’
~ BS& yields

— 2 .42x10~~~~~,s (66)

which is the isme result as Eq (31). As was also shoim previously, the

- -t 
required optical power at the diode with a diode rssponsivity of 0.62

~~~/watt remains

~ !~~~_5~~~
8 

• 3 9  * 1C8 watts (67)

even when the anticip ated effects of the timing circuit are considered.

1~~~~m c~~a
Althoug h the hard ware design of the receiver Is not complete , some

experimental results with an lID circuit end the calculations de in

this chapter de permit s~~~ ro~~ estimates of the parts cost fox the

V 
fiber and atmospheric roooivors. Since both receivers use a c~~mon

elostroniss package, this Item will be discussed first. Then, the

costs of the additional items fo~ the atmssphoric system optics will be

addressed.

The author believes that the detector died, and pose diode ~~~hi-

f her can be built with about $100 worth of parts. The main items
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4 ~-J included are the SHS-l00 photo-diode, a TIXL.152 diode plif her, and

two let 733 wide—band ~~~1if hers. M LOC ~~~1ifie r using an III 308

operational ~~~lhfier is also included.

The hI D circuits should cost about $40 each. This is based upon

use .f III 318 high-speed operational ~~~1if hers. Sinc, three IHD

circuits are required for the receiver , the total cost of the lID’s runs

about $120.

The polarity selector and the s ple-aud.hotd circuits are also

constructed from IN 318’.. Cost for thI combined circuit is expected

te be $40, -

The VCO and its divider train will be constructed fro. an let 375

escillater IC and appropriate Schotthy-clsmped TTL logic chips,

Schottky logic will be necessary because the oscillat r must run at

about 90 Mlii to provide th. closely—spaced timing signals necessary to

control the lID circuits. Cost for thi s unit is expected to be $30.

The signal output section will use an Ill 361 high speed comparator

and a 74474 D type latch. Cost is expected to be $10.

In addition to the functional blocks mentioned above , the receiver

costs also must include ounts for power smpplles and packaging. It

is estimated that these units will add about $300 to the total,

For the fiber receiver, the only added cost is that for connecting

the fiber to the detector diode . Sins, this will prob ably be done

simply by clamp ing the diode in position in front of the fiber, the

cost for the fiber receiver will be roughly equal to the cost of the

electronics end packaging, about $600 tota l.

C
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.4 1 In addition to the costs cited above , a receiver for the atmospheric

system must also include en allowance for the optics train. For the

optics train presented hi this chapter, the cost of the lenses is $330

accord ing to the 1976 Jl lles Griet Optical Catalog Price List . Mi addi-

tional allowance for focusing mounts oust also be included, and this is

expected to brin g the total optics train cost to $500. Thus, the atmos-

pheric receiver total cost for electronics , optics , and packaging is

expected to be $1100.

In closing this section, It should be noted that sons of the com-

ponents used in aching the parts cost analysis have not been completely

designed into the receiver . However, the components all appear to be

suitable for their intended appl ications , and the author believes that

fsv if any maj or chan ges will be necessary to complete a formal design.

- O
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IV. xu~~iii.u asian

The design of the olectro—optic section of the transmitter is

strongl y influenced by the typo of channel to be used, mliii, the cb s-

tronic modulating and control circuits for the light emitter in the

transmitter are the sam. for both systems. Therefore, the design of

the eloctro—optic portion of the atmospheric and fiber transmitters is

treated separately, followed by a description of the electronics sec-

tion. The chapter also inc ludes a sample safety calculation for the

atmospheric transmitter .

— £~~~u~ltriE ~~~~~~~~~ pectro.O~tIcs Discussion

~~~~~~~ The lens system for the atmospheric transmitter has not

I bean designed due to Cime constraints , but some c~~~ents about the lens

system can be made.

Because of the highly elliptica l spot pattern of CV laser diodes as
shown in Fig. 22 , the lens system ~~~loy.d must have different f ocusing

actions in the x and y axes. This asy strical f ocusing may be accom-

plished by using cylindrical lenses as shown in Fig. 23. The lens

system must chang e the very small, rectangular-shaped beam waist found V

insid• the laser diode into a larger, sy otrically shaped wais t at s~~~
point beyond the lens system (Fig. 24). Divergenc, from this sy .tri .

cal waist should them provide the desired spot siso and circula r shape 
V

at the receiver, Dsv.lapm t of the actua l lens package will involve

the use 01 Gaussian beam propagation theory.

$ lace the exaet lens system has not boon developed, s~~~ assi~-C tions must be made to provid, a qualitative idea of the tr ansmitte r’s
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operation . For purposes of this pap er it will be assused that the

f inal lens system forms the extern al beam waist with in a few meters of

the lens system. As a result , the waist can be considered to be esson-

tially at th. transmitter when calculations involving beam divergenc.

from the tr ansmitt er to the receiver are mad. . If this assusption

later pr oves inval id, th. only major effect should be on the calcula-

tion of the .inimus safe direct viewing distance for the transmitter

bean ,

1~~i1t~~ I j i~j i~ts~ ~ ltDut Power. As mentioned in Chapter two,

the signal power collected by the receiver input lens is affect ed by

atmospheric attenuation and by the losses incurred f ro. diverging the

beam. The reader will recall a diverging beam is necessa ry to prevent

[ 
~ 

spot dancing and beam bending from causing an outage. Now, the

intensity pattern of the Gaussian beam at the receiver plane is shown

in Fig. 25. Here , the intensity of the beam in watt s/a2 has fallen to

half its max imus value at I — a. From work in aiapt er two, the desired

be divergence angle ft is one milliradi an . As a result, a has a

magnitude of l .3l2mas shoun in rig, 25, Now, IL . I ,~~~a t x _ 0

and 1L~~ ~I..x/2 a t x .  a. Since the beem shape is circulsrly 5pm.

metrical at the receiver plate, the value of ‘L at a radial distance r

from the x-y axis is

V .
~~~~~~~~~

¼ • I~~~~ e (68)

Next , the total ount of power at the receive r plane that falls

en the circular area with radius q is given by
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( q q 2 .16
Pq — 1L 2tTrdr — 217 1~~•~~f : e  dr

— W qf2.716 l1~~~ ( 1 e  E7TI) (69)

For q • a, this yields

p • 2.369 ‘inex watts (70)

If q • ~~, then P,~ — total power falling on the r.ceiv.r plate. S.

• 3.177 I~~~~ watts (71)

To determine ~~~~~ ths aasi~~ tion will be usde that th. receiving

lens input aperture is smell snou~ i that the intensity across the lens

cat be trested as a constant. Pros work in the last section of Chapter

three, it i~ known that the detector diode meat receive me optical

si~ tal .f 3.90 x 10’~ watts. Given the trsna.issivity of the less s~~
.

t (Sq 13), this means the pow.r falling me the input receiver lens

must be about 1 0 3  * iO”~ watts. Since the receiver lens aperture is

3,07 ~ 10.2 
~~ (i.e Fig. 12), this meat s that the intensity at * — a

in Fig. 23 must be 2 .03 z 10’ watts/u2. Since this valve is squel to

Il_/a

• 4,07z10’~ watts/u2 (72)

Mow that is ~~sis, it is possible to deter mine the required

tran itter power. Sq (71) tidiest.. thet the total power reach ing the

r oetvor plane ~~~t be

I P~~ — 2 1 1  * 1O”~ watts (73)
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Recalling the clear air tratlu issivity given in Tabl e II is 0.86, the

required poser from the tr asittsr in clear weather is

• 2.45 z watts (74)

£ tabulatime of valves of P~ versus ther prevailing visibility app..rs

in Table VI.

Table VI
Required Trat ittor Output Power for

Various Prevailing Visibilitie .

Visibility in Statute Miles Required Power l~ tts

1.4 3 245  x i0~~
3.0lx lO”~
3.3O x I0’~

3 3.77 z lO”~t ~~
‘ 2 6.08*1013

1 l,23 z l0”~
0.75 5.86 x
0,5 332 * l0”~
0.25 4.69 z iO”t

~~~~~ ~~~~~ ~~~~~~~~, The detomiast ton of the

required p~~~r from the laser diode osmeot be muds ustil the lens

pachas. is det.mined. Mowava r, sees preliminary ~S* indicates that

eomstruseies of a suitable lens .yet y be possibl. with three .1..

aent s, as chime In Fig. 23. It it is possibl, to economically pro~vz

1w.. with lar ge am diansters , Ut. usia pomr less is going to be

due to Fresnel r.fleetien.. If the ass~~~tien is aide that the losses
t

8$
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have a tra nssissivity of 90%, then the power loss in the len.. syst

will only be about 1.4 dl. As lng the va• ef a 10 mw conttmeoua power

laser diode, even if the traismitter lens systes only complss 10% of the

diode’s output into th. desired boos cons, Table VI indicates that the

link should still fuectica In prevailing visibilitios dome to less that

one statute mile.

~gg~~ C~~a jde~~~ii~tq. As mentioned in Qtape.r two, high intensity

light bow at 860 mu wavelength pose a danger to the humat eye. There.’

fore, a set of standards has boc~ developed by several agwiss for

permissible power densities of laser light uliich may be viewed by

meprotected persoosel, Per lasors used by the Air Force, the governing

regulation is Air Force Regulation 161.32. As this thesis is being

prepared, a mejor revision to APR 161.32, presently dosignated APR l6l.zx,
is being completed (Ret 22). Th. calculat ions included here comply with

stosdards of this new revision.

To begin, several asstmptions will be med.. It will be assumed

that the external, circular waist formed by the lens systen is within

one or two metors of the tratamitter, med that tarsfield divergence

conditions exist within one r two meters beyond the usist. Al.., the

laser will be assumed to be a point source meder th. definitions of

point aid extosded sources given in APR 16l.xz . 08cc the f inal lens

desigu is completed, these ass~~~eions should be reez inod.

In applying AIR l6l.i~~, 5sf oty persomel t*e a very conservative

view concerning the possible length of exposer., Presently, it is

a.a sd that tsr open syst such as the dat. link, wumr. personnel

C could be exposed to the beat fir entire working day. Thus, the time

of exposure assumsd is $ homes, or pprexiaately 2.88 x lO~ soconds.
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W Now, the actual calculation of the MIS (maxinu. psruissibl . ox.

posure level) is a two—step process . Firs t , a calculation Is made to

determine the max imum las.r energy that can be safely viewed over the

entire sight hour period. Next, a calculat ion is mad. to dete rmine the

aaxia peak power density that may be safely viewed during one pulse.

The controlling exposure is then taken to be the more restrict lvi value

resulting from th. two calculations.

To determine the .aziave average power density that the eye can

safely view during the entire eight hour period, Table 4.1 in APR l61-xx

is used. Pro, this table , the max imum energy density f or me eight hour

long pulso train of 860 nm light pulses is 3.2 x l0~~ Ct) oxp (86O -

700/224) joules/c 2, where t is the pulse train length in seconds. So,

for 2.88 x lOs’ second exposure, )(fl~~ — 18.8 j oulss/on2 . pulse train ,

where MPRg~ — xi. permissible exposure in energy units for the

total ensrgy of the pulse train.

Next , this MII~~ value is divided by the total n ber of pulses in

the eight hour period to get the 1 permissib le energy per pulse,

55p • 4.33 x io~~ Joules/ca2 . pulse. This may be divided by the

on t ime of the pulse developed in Chapter three to get the muciw per-

missible poser density that can be safely viewed during a pulse. The

result is Zpp • 1.33 x l0”~ watts/os2 . 13.5 wat ts/u2, where PII p~ •

iw permissible scpeeure been poser density per pulse.

Pow the penk .~~~~~~~~~~ per pulse calculation, Table 4.1 In APR 16l.xx

prevides a value of of (0.06)3.0 x lV’~ exp($60 - 700/224) or

6.13 * l0~~ Jowlss/J - polio. Dividing this by the on t ime of the

pulse gives a value of • 2.2 x i0 1 wstts/ou2. c~~~sring the
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values for MIS11 to IP4,. it is obvious that MiS11 describes the more

severe limitat ion. Thus , during the on time of each pulse , human eyes

must not view the been in a region whore the bea. intensi ty exceeds

t 13.5 watt s/u2.

To complete calculation of the closest safe viewing distance, it

is necessary to find the distance from the tr atsm itt.r where the been

I intensity equals the MiS~J .  To make this calcu lation , reference to

Pig. 26 shows that AIR l6l.xx uses a different definition of the diver-

geitco angle from the one presented earlier in this chapter. Also, the

regulation permits the aaa~~~tion that the boa. intensity is constant

across the spot subtended by the divergence angle and sero beyond that

point. Prom Sq (68) , it may be shown that the Imex/e point at the

receiver plane Is at I • 1.648 . med that a’ is therefore approx imately

ar otan (1.648/1370) — 1.2 arad . Next, recalling the output power of

the laser diode is about 10 mw med that this power is assumed evenly

distributed across the spot subtended by a’, the minimum safe viewing

distance can be calculated as 11.9 . from the external been waist .

Thus, since both transmitters will be located at or near the top of

ailti.st.ry buildings, it is unlikely that any persautel can enter the

light been in a region of dengerous intensity levels.

ZL~~ ~~~~~LLL$L £l,ct~r -0.t~icp 2&i iI~~

~~~~~~L. ~~araat.ristica . The IZ~ selected for use in the fiber

systos transmitter is the Pu ssy 01 934 diode. This diede is optimised

for Cesmiag’s single fiber cables, aid is the only cw.roially avail .

able diode ~~~~~ to the author chioli appears powerful enough to drive

the fiber link. Prom th. manufacturer’s specification sheot, the HR 934
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I
• has a brigh tness B of 33 vatts /(cm2 

- sterad ian ) and an emitting surface

with a radius of b — 0.0025 cm.

The fiber selected for the syst is a Corning 1158 fiber. It has

a loss of 6 dB/Va, a bandwidth of 200 lOis in a one kilometer length ,

and core radius of a — 0.003125 cm. Th is fiber has a maximum refractiv e

index difference A • 0.008. In addition , the fiber is available in two-

fiber (i.e. , two channel) cables suitable for telephone conduit Insta l-

lation. Also, the 200 *, bmedirldth of the fiber means th, fibers have

a ris, t ime of only about lO”~ sec in 2 be lengths, which provides a

good match to the rise t ime of the opti cal enitter . A. a result , the

fiber will cause little additional distortion in the 1.5 II. Manchester

signals.

P Z~~~ 
Calculations, With the selection of the LLD and fiber com-

pleted, It becomes possib le to calculate the amount of power the fiber

syst can deliver to the receiver ’s detector diode . For the diode and

fiber selected, Pig. 9 indica tes that the 01.954 will Insert a nor.sl-

iesd power into the fiber of P~ • 0.86. Then, Sq (11) gives the actu a l

poser into the fiber P
~ ~ 5

if • 0.86,T2 (35)(3.l23 x 1013)2(0.008) — 2 3 2  x 10” watts (75)

Next , the transmission lose of the cable for the 2 km path length is

12 dl. M additiona l loss of 3 dl will be allowed for two Corning.

supplied c.uplings for sash fiber, since the fiber cables are made in

one kilOmeter lengths. Finally, recalling o a ~ts from Chapter two on

coupling losses between fibers ~~i pliotedlede detectors , an output loss

a of 0.17 dl is added. So, the t.eal i m . l less is 13.17 dl. The
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resulti ng optical power at the photodled. is

.710 • 7.03 x 10 watts (76)

The .inia power level at ths died, to give a MI of lO”~ was

found in Chapter three (Sq (67)). This level is 3.9 x 1O~~ watts.

Therefore , the fiber chann el with the MI 954 diode will pr ovide an extra

12 .5 dl of signal above the mini required level.

~~ • ~~~~~~~~~~

This section discusses the various functions performed by the

electronics section of the t ranen itte r. These functions bas ically in-

clude providing drive to the optica l itter along with performing the

Man chester encoding of data signals. Additionally, the tr ansmitter

• circuitry includes functions to control initial synchren isatien of the

rece iver clock to th. master clock in the tran smitter. Time has not

peraitted detailed design of tho transmitter circuitry, but the fumo.

tional blocks to be described are all fairly siuple, and there should

be little problai ieple.anting most of th. circuit with inaipensive TTL

or possibly 00$ integrated circuits . The only exception to this is the

modulates circuit for the light ittor , and it is described in great er

detail.

A br ief overview of the .parstion of the traismitter should prove

helpful to umdors taidtag the operation of the fumctional blecks. A

bl.ck diagr .1 the transmitter electronics appears in 71g. 27.

Referring to this fi sre, then the data # ‘igl is to be opened, the

a~~~.ter will raise the reqesst .to. ond line. Th i. results In the

t trwmitter sending a special speebronising signal for a ti.. sufficient
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to synchroa ice the receiver clock, At the end of the start -up period ,

the transmitter raises the ready.tor.data line to notify the computer

that data can be transmitted. At any t ime, the c~~~uter can shut of f

the optical output of the transmitter by lowering the request-to—send
line, This feature perm its the couputer to initiate resynchronisatiai
of the li nk, and it also permits safety fwactions to be prog ra sd into

the o~~~uter for link shutdoun. A more detailed description of the

transmitter follows.

Liaht ~ J~~ gg~ The light smitters to be used in the transmitter

~ro different for the fiber link and atmospheric link. However, the

electrical characteristics of the two devices arc surprisi ngly similar .

Par the atmospheric link , a solid—sta t. CV laser diode l• needed to

genera te a coherent light ssurc e. The diode tentatively selected for
the s~ait is a Z*ser.Diode-Iaboistories LCW .lO, although similar units

f rom ICA may also be usable. The diode selected for the fiber link is
a Plessy 01.954 LiD.

Presently, the LCV.lO is available in deve1c~~~ ital quantities,

but its full scale testing is not c~~~lete. However, in addition to the
ms facturer’s published inforn atien, the author also has received a

letter with information on tests per formed by Ma . Dick Svanssn at the

China lake Mval Vsap~~s Center. The c~~~~~ts on the LCW.lO presented
below dros from beth of these seurcos,

The WW.lO diode has been modulated at rates above 20 lOis by

Sosmoon. This is made possible by the diode’s 100 p icosecond rise t ime

midest drive current requir t of rs~~ ily 300 ma for full rated

C optical output of 10 —. At full cliLput , the diode’s voltage drop
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averages only about 1.8 volts , so power supply requirements are modest.

Swenson also reports that the diode has boon pulsed at levels above

lO m, optical output , but that the diode omission pat tern changes from

a single spot to a double spot pattern then levels on the order of

100 mm eptical power are obtained. Also, a telephone conversat ion with

the manufacturer indicates that diode lifetimes will be sever Sly shortened

then pulse levels exceed the published rat ings. Since lifet ime of the

diode is important , it see advisable to limit the diode drive so that
• • the peak optical pulse outputs are on the orde r of the rated value of

10 mw.

The Plessy Hi 954 diode is physically and optically compa tible with

Cerniag Glass Ciimp y’s low-loss single—fiber optical cables . The eloc—

trical chara cteristics are surp risingly similar to the LCV-lO laser

diode’s. The — 954 requires a 300 ma drive to develop it. rated out-

put, —
~~ the voltage drop at rated output is 1.6 volts.

~~dulator . Beth the Mi 954 and LCV.lO omittors are best driven

from a oenstaat current source. ~ se to the similar drive characteristics ,

& the thor believes that an expu imsutal circuit developed by Swenson

using a Siliconix VOl.1 pever NOSFIT transistor should be suitable for

either light omittor. A schematic di.gr of the circuit with inter-

facing to TTh drive levels is sbu s In Fig. 28. This circuit takes

advantage of the current source characteristic die VMP.l exhibits when

its drsta.to-seuroe voltage c.eds 20 volts and its gate-to-source

voltag e 1. held constant. For the VOl.1 the required gate-to-source

voltag, for a 300 ma drain currant is about 3.3 volts, chile a 500 ma

t current result. with a gate voltag , of about 4.3 v lts.
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In Swenson ’s prototype, ~1 — 390 ohms , 12 w 3 ohms end • 10

volts, Alec, the rTL gate urns f rom a 7406 open collector inverter.

Because ~~~ in the tran smitter doss not need to be more than 5 volts,

end the NOSFST has a gate-source capacitanc. of 40 pt , it appears that

a faster gate voltag, rise time is possible If 
~l i~ reduced to 230 ohms

• and a gate from a 7433 integrated circuit is substituted for the 7406.

Using a 7433 IC doss limit the maxima value of 
~cc to 5.5 volts , but

this is wii.portant for the intended applicati on because the high drive

currents used in Swensone s experiments are not needed.

To close this section, a few c~~~ents on the ris, time for the

circuit are warranted. The VOl.1 has a rise tiae of 5 ii sec. The

LCV.lO ha. a rise t ime of 0 1  ii sec end the HR.954 rise time is 5 ii sec.

( Therefore, the rise t ime of the diode-modulator system should be on the

order of 5 ft sec. This value is only about 1.5 percent of the on time

of the Manchester coded 1.3 Nait signal (3.33 x l0’~ s.c) As a result ,

the output pole, from the light emitters is a good appreximation of the

idea l square wave shap es assomed throughout earlier portions of this

paper. - -

~~~~~~~ 1i~~g~. The ~~ chester encoder circuit will take a

ISZ input pulse and convert it to the proper coded pulse. This circuit

will be clocked by the tr ansmitter clock. Th• input will be switched

from the computer data lime to the start-up word generator whenever a

start -up sequence is initiated . The input will switch back to the corn-
I

putor data line then the start.up sequouce is oouplet..

n~ i ~~~~&L~~ ~~&EaiJa~. Byrne mint ions that,

for certain conditions, a phase-locked leap will synohronise to e

9,
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suddenly applied signal within a known time period (Ref 21z388—389),

The required condit ions inc lude the proper selection of filter constants

for the phase-locked loop’s low-pass filter and sufficient stability in

the transmitter clock and receiver VCO to ensur e that the YCO frequency

with no input signal is fairly close to the transmitter frequency.

Thorefora, assuming a stable set of oscillators , it is possibl , to con-

trol the synchronisation of the loop morely by oeuitrolliag the start-up
sequence with a t imer at the trans.Itter. The duplex form of the data

link allows eithe r computer te test for successful closed.loop synchrons

isation and to request another synchronisation cycle if necessary.

J~L*zL~~ lug ~~~~~~~~~ airing the start.up sequence , it Is

important to transmit a data stre to the receiver which does not make

transitions from one state to the other at the b.gimdng of the bit

periods. To sderstand the reason for this, cons ider the two sample

Manchester signals in Pig. 29. In Pig . 29b, a series of encoded 1 bits

is presented, If this data stresu La fed to th• umsynchroni~~d phase-

locked leap , it is possible for the 1oop to synchronise on the transi-

tions at the bogiming of the bit period rather than at the midpoint of

the bit p.ried. Th. result is a quasi—stabl, synchronisation thick will

casse gross errors in data doceding.

Now, consider the phase-locked leap’s reaction to an input suck
as sbu s in Pig. 29.. The only way the lesp con synehromiso with this
data stve is with the tromsitiens that occur at the aidpeint of each

bit period. As a result, impr oper synchr onisation is met pessible .

Ass iag the design senstraint. mentioned In the ssbsootiom on the

start up t imer are net , the .‘um~.. of the loop net being aynohronis.d

at the end of the start-up timing interval Is very l1.
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One Sit Period T

1 1  ~ I ~ I 1~ I ,••
a. Start-up Signal

L i I I J L I I H I I F
b. aita Signal (“on. bit” stress)

PIg. 29. Start-up Signal - ~~ta Signal Comparison

)
~~~ ~ib r

As urn s done in the last shaptor , a few c onts about the projected

costs of the two transmitters will be made . Main , thos. are only rough

estimates because circuit details for mock of the transmitter have not

been completed.

The electronics section will be treated first , since it is c=~~
t. both typos of trana itters. To begin, the transmitter clock will be

built aro end an III 375 e.cillator IC with appropriate 7400 series

dividers. The cost is expected to be about $20.$
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Timing and control functions will includ, a 533 timer IC and the

necessary logic to handle the simple switching functions needed in the

transmitter. Cost of this circui t will probebly be $20.

Th, modulat or circuit is exceptionally low cost; the VOl.1 MOSPR T

unit cost is less than $8, and other c~~~onents is the modulator will

only ra ise this to about $15 total cost. Power supplies and packaging

should add another $200.

For a complete fiber systom, the Plossy 01 934 diode mast be In-

oluded in the tr ansmitter cost. The HI 934 costs $300. Since the fiber
• will be epexied directly to the LiD, no extra hardware costs are en.

posted. As a result, the fiber tran smitte r should cost $533 all

together.

c 
The two fiber cable needed by the syston presently costs about

$9.20/a. ~~ s, the coat for the 2 ~m needed is going to be $19,200.

In addition, the fiber-to—fiber couplers coat $78 each, adding $312 to

the tota l cost . Recalling the costs of a fiber receiver muntioned in

Q~apter three, the total parts cest for the duplex fiber data link i~
expected to be about $21,830.

For the atmospheric link the lens cast end the lCW.lO laser diode

oosts st be added to the cost of the electronics package. From some

preliminary designing, It s possible that a suitable lens and focus

mount package will oe.t areund $400. The LCV.l0 died, costs $230 in

quantities of twe..r- sr., and the thamasloctric cooler and thermostat

far the laser died. should add an additional $50. Therefe re, the parts

cost of an atasopherie transmitter will be re~~~1y $933. This moons a

t duplex aonesphu ic data Link will soot about $4070.
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V. ~~~~~~~ ~~~

The most important result of this study is the indication that it

should be possible to build either on atmospheric or fiber optic 1.5

ithI., l.to .2 ~~ long data link using presentl y available c~~~ercial con-

patents. Further, the tr~~~~itter. and receivers for each typo of link

can probably be constructed with fairly inexpensive c~~~onan ts. The

cost of the receivers and transmitters for a duplex data link , enclud-

• hug the cost .f fiber cable, will be about $4100 for the atmospheric

syst and about $2300 for the fiber systom. The cost of fiber cable

and couplings brings the total cost of a duplex fiber link to abou t

$21,800.

(hts of the more interesting results of the study was the effect

that woather conditions will have on the performance of the atmospheric

data link. In chapter two, a simple model was developed using Beer’s

law and Kosobesider’s law to relate prevailing visibility measuromsats

to attatu ation levels to be expected in the 1372 m long atmosphe ric

link. A tabulation of the results appears in Table II , chapter two.

later, In chapter four, an alysis of the required transmitter output

power during vnrious weather oondittaus was performed. The results of

the analysis are tabulated is chapter four, Table VI. The figures in

Table VI ind icats that a lOma CV L ser Diode with an efficient lens

systen should be able to provide the desired error performance in pro-

wailing visibility o~~~itiona as peer as 112 to 3/4 stat ute all.. Thus,

according to weather statistics far Vright.Pattersen API, a link
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installed here should suffer weather outages only about 1 to 2 percent

of the time en a yearly basis. Lyon during the poor mid-morn ing

weather conditi ons in January , Appendix A indicates that visibilities

low enough to onuss outages occur dur ing less than 4 percent of the

mid-morning hours . Therefor e, in application s where a small omoizut of

dost t in, can be tolerated , and where the physical locat ions involved

allow line.of.sight tran isaiau , th. atmospheric system of fers a very

lou-coat meats to implement high-speed data links.

The fiber -optic link also offer. excellent potentia l . Fiber optic

link s do not require line-of-sight paths between the two c~~~uting

syst~~~, so fiber optic links can be used in a m ber of applications

which do not pereit use of an atmosp heric link . Additi onally, fiber

links are imperv ious to weather changes, and the only significant
• reason for outages is equipment failure. Thanks to th. small sic.,

ligh t weight, end strength qualitie , of fiber cables , it is possible to

install fiber links using existing cc aiaa t iaus conduit systoms.

Additionally, since fiber cables are essentially i u n e  from electro.
- I magnetic interference of reasonable levels, it is probably possible to

install fibers in power conduits and other areas where traditional wire

links casmot be installed. Id le the cost of fiber cables is presently

rather high (about $9.20/a for duplex sables), the projected cost in

the next two to three years should make fiber systems very competitive

with wire syst~~~.

A tabular s~~~~ry of some jer characteristics of the fiber -optic

and atmospheric data links follois.
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Table VII
Characteristics of the Atmospheric Link

~~ta €et. 1.3 */s

Irror rate 1 in l0~~ bits
Path length 1372 m
Cost for duplex system $4070

~~~~ L&LsL
Optical frequency 860 u

Peak puls , output power ~ 10 mw

Been divergence half angle I m red

Pulse rise t ime < 5 n sec

Transmitter laser laser Diode labs
LCU.l0 GaAs CV
laser diode

Optical Input frequency 860 * 3 ns
Input lens field of view half angle 0.68 . red
Required In tensity at receiver lens 2.04 x io.6 watts/n2

Receiver lens input aperture 5.06 x lO 2 a2

Required power at detector diode 3.90 x 10 8 watts

Receiver Diode £GS~ SHS.lOO PIN Diode

i
s
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4.

Table V III
Characte ristics of fl ber ..Optic Link

06ta rate 1.3 Mb/s
Ir ror rate 1 In iO’ bits
Path length 2 1Cm
Cost for duplex systen $21,830

Center optical frequency ~~ 900 ii.

Peak pa~ r coupled into fiber 2.32 x watts
Pelse rise time < S n s e c

Transmitter Light bitt er Plessy 01.934
Light bitting Diode

C
Fiber type Corning 1158 iltiaodo

graded index
B~~~~tdth 200 Its in I ~~ length
Attesmat ion 6 d$/Xm
Coupling less 1.3 dI/ceupling
Cable configuration 2 fiber. in strengthened cable

Optical frequ ency ~~itable for tran smitter
Required eptioal pe er 3.90 x watts
Receiver Diode IQ~~ 101.100 with

Inkas instisment s TUL. 132
litier

IN
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1ec ’dations

I~i1e the results of this investigation are very encouraging, a

a b e r  of steps still must be taken before widespread use of optical

high speed c~~~&nications can be fu lly endorsed for use at Wright-

Patterson. Since separate coursea of action are deem.d app ropriate

for the two types of syst , each is discussed separately.

Atmoasheric ~~~~~~~ The first step that should be taken is the

development and experimental verification of a lens design for the

transmitter. This Investigation must inc lude determining the actual

amount of focusing that can be accomplished with inexpensive lenses

and the resulting s u e  and locat ion of the been waist f ormed by the

lens package. With this information, a precise safety calculation can

be perfo rmed, and the perto~~ nco of the receiver can be redefined, if

necessary.

~~~ the tran itter opt ics are seleoted, the important issue of

transmitter — I rece iver aiming must be considered. Since the been

divergence angle of the tr ansmitter and the been acceptance angle of

the receiver are both only about I mm d , this task may be quite diff i-

cult. The author has considered the possibility of making the photo-

disde/filter and laser packages L eeable to permit direct sighting

through the opt ics trains, but t ine has not permitted development of

this ides. Trial and error alignment by monitoring the detector

diode’s output signal nay also be possible, although probab ly tedious .

In addition to the optica l issue., the sensak at ax~itrar ily derived

psrfom oo prediction of the timing cirowit should be confirmed,

$ preferably with an experimental oirou it. If signifis t departure from
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S the predictions is noted, some redofinoment of the values in Table VI

I will be necessary, end a revised estimate of the weather ’s effects will

have to be made .

I After solutions for the optical end timing issues are found , a

test range should be created, preferably over the piamned link path

from Build ing 620 to Build ing 676 at Wright.Patte rson An. This range

should be used to gather data on the effects of weather on propagation

before full-scale development of the receive r is att~~~ted. The re-

sulting information will ind icate if a shift in transmitter wavelongth ,

been divergence , or output power is necessa ry to obtain the desired

performance.

~~ce the desired transmitter characteristics are fully confirmed ,

‘ 
the c~~~lete hard ware design of the transm itter and receiver should be

undertaken, and a prototype systen constructed . The prototype should

be exercised out the test range to sure that the design criteria ar e

met prior to mak ing a decision to introduce the data links into general

use.

LiM~ ~~~~~~~~~~~ 
The total parts cost of the fiber link design in

this paper is about 4~~ higher than the rough goal set at the begiuuting

of this study . Nowurar, an avalanche photodiode in the receiver nay

enable s~~ reduction in the seat of the syst , because the costs of

the detector’s bias oirceitry may be of test by the Lever cost of a

higher loss fiber cable . Also, the use of a laser diode will also

enable use of less expensive cables, altho~~t the laser diode ’s lifet ime

may not be as gold as that of the LID. The timing issue .sntiomed for the

atmsaphortc link should also be addressed . Thus , a further ex ination

101

— - 
- 

— ——



- - ________

of the fiber link seems warranted, altho ugh cost reductions of nor.

than $2000 will probably be dependent upon future reductions in the

coats of fiber cables.

In addition to possible ref m oments in the design of the fiber

li nk, an examination of the proble, of installing fiber cables in con-

duits is necessary. The engineering and economic factors involved nay

both be important issues in the actual implementation of a fiber link .

One additional c e n t  about the fiber link i. warranted. The

author has learned that at least two co erc ial c~~~ani.a are offering

developmental fiber optic data transmitters and receivers. At least

one of these units nay be capable of operating with a 2 ~~ system, and

• the cost. of the finished units c~~~are favorably with the cost of the

c designs described in this paper. Since the majo r coat of the fiber

link is concerned with the fiber cable itself , the amount of money

saved by constructing and testing yet another transmitter and receiver

nay not be justified. So, an evaluation of the actua l capabilities of

these oo ercial units seems warranted.

£ ZIMA C e m t

The daun of the era of optical co unicat ions has been continu-

ously heralded since the discovery of the laser In 1960. %ktti l

r.costtly, the promises of ths laboratsry have ss sd to be far away

from the realities Of o~~~srcIal practicability. No iever, as this

report shoes, cosmercial cpto.el.otrenic c~~~~~ents are nov becoming

available at coats chick make the operat ional implementation of optical

data links practical and cost effective.
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Appendix A

Additional ~~~~~~ ~ jg~j~j  L2~Winter, Sorina ~ g S~~~er P~~ th .

This appendix presents additiona l st arles of th. average percent-

age f req uency of occurrence of various prevailing visibil ities at

Wright-Patterson APB. The data presented has been derived fro. tables

o.f weather statistics for Wright-Patterson, maintained by the Data

Processin g Division , USA? LTAC, Air Weathe r Service (MAC), Federa l

luilding, Ashville , North Carolina.

The STAC data tables list the percentage frequency of occurrence

of weather conditions as a joint function of both the prevailing visi e

bility and cloud ceiling . To eliminat, the depend ence of the figu res

upon ceiling height , the data in Table II is derived f rom the row of

statistics in the ETAC charts which relate the percentage of time that

the ceiling was greater than or equa l to zero feet while the visibility

was greater than or equal to the values in Table IX. Since the

percentage of occurrence of ceilings greater than zero is 100*, the

joint function listed in the ETAC charts becomes a fun ction of the

ceiling only. The STAC tables also provid , tabu lations in terms of the

percentage of time that observed weather condit Ions were better than

the stated levels. The figures in Table IX were derived by subtracting

the appro priate ITAC figure from 100%.

Ose additiona l note on the use of the ITAC data is warranted.

The data base includes weather observations made on an hourly basis

duri ng the years 1936 to 1972. The time between fbservatlons Is fairly
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p • long c~~~a r d  to the rate of chang. of low-visIbility weather conditions.

However , because of the very lar ge data base, the author assomes that

the figures are a fairly accurate representation of the continuou, tin.

probability function for visibi litles at Wright-Patterson Air Force

Base.

(
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- Table IX

Percentage Frequency of Occurrence of Various Prevailing Visibi lities
for Three Selected Months

Visibi lity
Hour (local) 10 S 4 3 2 1 0,75 0.5

JANUARY
0—~~0O 71.5 3 3 0  25.3 16.3 10.4 4.7 3.1 1.9

0300—0500 73.2 35. 26.3 16.7 10. 1 5.1 3.8 2 .3
0600-0800 79.6 41.1 31.6 22 .1 13.2 3. 2 3.6 2 .0
0900.1100 84.8 46.3 36.2 23 ,3 15.3 6.3 3.7 1.7
1200.1400 79.7 34.7 26.3 16.9 9.9 3.9 2.3 0.6
1500—1700 73. 0 324  22 .7 15.1 9.1 3.7 2 .1 0.9
1800.2000 74.3 32.3 23.2 15. 0 8.9 3.6 2 .2 1.0
2 100.2300 70.7 31.3 23.3 13.1 9.6 4, 4 2 7  1.6

APRIL

O.~~00 51.8 12.0 7.6 4.0 2.0 0.8 0.3 0.4
0300.0500 38.3 17.1 11.4 6.7 4.2 2 .1 1.3 1.1
0600.0800 73.1 28.3 19.4 11.3 5.1 2 .3 1.6 1.2

L 0900.1100 60.0 15.2 9.0 4.3 1.8 0.4 0.2 0.1
• 1200—1400 4 6 7  9.2 5. 7 3.0 1.2 0.3 0.2 0.1

1300—1700 42.9 7.7 5.2 2.9 1.2 0.4 0.2 0.1
1800.2000 47.9 10.2 6.3 3.4 1.3 0.3 0.1 —

2100.2300 46.9 8.7 3.2 2 .3 1.0 0.5 0,2 0.1

JULY

0.0200 60.3 13.1 7.2 3.0 2 .5 0.7 0.7 0.4
0300.0300 71.5 28.8 19 ,2 10.9 6.1 2.9 2 .6 1.6
0600.0800 77.7 346 23.9 14.8 7.0 2.9 2.3 1.6
0900.1100 59.6 63. 7 7.2 3.1 1.1 0.2 0.1
1200-1400 4 5 3  6.8 3.3 1.0 0.4 0.1 0.1 —

1500.1700 41.1 3, 2 2.0 0.8 0 3  0.1 0.1 —

1800.2000 45.7 3.9 2 .5 0.9 0.4 0.2 — —2100.2300 51.7 8.3 3.2 1.3 0.5 0.2 0.2 0.1

*
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