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ABSTRACT

An optical fiber transmission feeder system is presented for
the proposed radio telescope-array in southwestern Alberta. The
advantages of optical fibers over coaxial cables are outlined.
Principles of light transmission in fiber§ are discussed as are

dispersion, attenuation and other pibperties. Various optical sources

and detectors are examined'and their merlts and demerits are considered.

A number of methods are examined for coupling light signals among the
optical components such as sourcesﬂ thin-film waveguides, fibers and
detectors. LossAmechanisms in fiber splices and'connections are also
discussed. Various anfenna'groupings in the array are considered from
the standpoint of signal multiplexing., It is determined that 48
antennas is a practical maximum for r.f. multiplexing while keeping
the total length of transmission line to a minimum. The different
modulation schemes are appraised for their usefulness in the proposed

transmission system. An analog FDM, intensity-modulated system is

determined to be the most practical at %his time! A transmission system -

’ design is finally presented and its performance is appraised. It is
concluded that an optical fiber transmission ‘feeder system can meet oi
exceed the performance specified provided that the estimated performance

of the r.f. components, as outlined, can be met.

¢
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CHAPTER 1

l
N

INTRODUCTION

1.1 General Array Specificatlons ) -

'
L.

A 1afge; decametric radio telescope has been proposed [1,2,3]
- for a site in s;ufhweétern Alberta. .This telescope, as envisaged,
would opérate,in the band 12.330 - 13.200 MHz, yith possible
potential capability extended to the following frquency bands:
2,065 - 2,107 MHz

4.063 - 4.438 MHz

6.200 - 6,525 MHz

' 8.195 8.815 MHz
16.460

17.360 MHz

These bands are all allocated to maritime mobileucommunications [4]

¢ are expectéd to be relatively quiet at the chosen site. Ifgis
anticipated that fhe system handwidth w;li be in the order of 100 KHz,
witﬁfggssible extension to 200 KHz [3]; This éhesis will be concerned
with operatioﬁ'only in the "12.330 - 13.200 MHz band and with a System

\ ‘.
bandwidth of 200 KHz,. '

Current planning is for an array of some 2800 dipole antennas
in a tee-shaped array with dimensions 5 km by 2.5 km as shown in

Fig. 1.1.3(This will be discussed in more detail in section 6.1.)

The half-power beamwidth 1s expected to be better than 30 arcmin at the
zenfth. This instrument would be capable of mapping the radio sky with

a contdur resoiution of better than 10,000 X as compared with 35,000 K

for présent maps at 10 MHz [1,2].

-~
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EEE;Z;‘;een estimated [3] that the proposed array will require

sidelobe levels in the order of -60 dB or lower. This will probably
require r.m.s. ékcitation’ievels to be accurate to approximately 1°
in phase and 2% 1n.amplitude_[3]. While McLarnon [3] has determined
that adequate sensitivity to point sources can Be obtalned with r.m,.s,
cidelobe levels in the order of -38 dB, he has indicated that .
observatibns of extended sources, such as galactic.background
'radiatiqh, would require lower sidelobe ievels. For example, to
”proyideIBOOO K rontours of the background brightness temperature
disﬁribution would require sidelobe levels in the order of -47 dB.

A recent computer study [5] indicatés that r.m.s. excitatioh errors

" of 4% in amﬁlitude gnd 3° in phase yield sidelobe levels of =< 50 dB
and a half-power béamwidth of 0.47? for a Gaussian tépered array. In
this thesis it will be assumed that r.m.s. excitatlion errors will be i

limited to 1°.4n phase and 2% in amplitude. Array tapering will not

be considered.

1,2 Coaxial Cable Limitations ’ ‘ _ \

Contemporary radio telescope arrays generally utilize coaxial
cables for conveying the antenna signa;é‘to the observatory. McLarnon
[3] has examined the feasibility of using a frequency-division-
nultiplexed (FDM) coaxial cable distribution system for'the proposed
array. - This would allow a number of individual antenna signals to be
tragsmitted to the obsérvatory while minimizing the quantity of trans-
mission iine réquired. it ;s possible to pre-cérrelaté a number of
antenna signalsidﬁt'in fﬁe array and then transmit the single | \

correlated signal back to the observatory. While this ayéi will



conserve transmission line it greatly reduces the flexibility of the _
array as an instrument. McLarnon [3) outlined a number of limitations

with coaxial cable, the more important of uhich are presented'below.

- — o — —— — e e w— — —

Frequency- and temperature-dependent effects in coaxial cables
aﬁpea; to necessitate the use of phase and amplitude compensation
systems., For a system with no frequency conversion, studies.of\\
availabie coaxia; cables indicate r.m.s. phase errors in the order of
18° for solid dieiectric cables and 7° far foam at the working
temperature extremes of -50°C to +30°C. While the toleranges used for
calculating these estimates were highly pessimistic, an order of
magnitudeAiﬁprovement wouid be required to bring the phase errors
within acceptable limits. o

With frequency down-conversion, r.m.s. phase errgfs would be

in the order of
0.018 fifléT" (assuming RG-62A/U cable) (1.1a)

o . ’ o )
or, 0.72 fy¢ (1.1b)

+

at‘tbe temperature extremes where fif{(MHz) is the intermediate
f?equgnc& of the nixing process and 4T is the warking temperaiure range.
ihile this could result in acceptable phase errofs, there is still

the problem of distributing the local oscillaior signal to the various

mixers at the antennas with known phase error.



_Cable attenuation is relatively linear wiﬁh temperature éhange,

so differential effects from one feeder to another would not be a
serious problem,

| Phase delay and amplitude equalization would require automatic
contéol to keep errors minimal., The phase delay of RGf213/U, for
example, may vary about 1% between 1 MHz and 3 MHz and wil1'a1so vary
- with temperature. The amplitude vafiation over each channel will vary
with that channel's location in the band, since attenuaﬁion is a
function of fiequency. Even 3ith equalization, r.m.s. amplitude errors
would probably be in the order of 0.1 dB, While this error is
tolerable, if it were randomly distfibutea among the varioﬁs channels,

it could lead to serious sidelobe distortion,

-— e - o — '

Inter-cable croéstalk must be no greater than -60 dB to
contribute minimum r.m.s. excitation errors. Although crosstalk can
have a detrimental effect on the sensitivity‘of’the array by causingb

.spurious fluctuations in the system nolse temperature as the beam is
scanned, thié\level is sufficiently low to effect negligible degradation.
Crosstalk can glso cause sidelobe deterioration by acting as premhture

cross-correlation of antenna signals..

Cable Deterioration

= Standard coaxial cables are susceptible to deterioration by

noisture and aging, which results in variations with time in trans-

mission parameters. "Althoﬁgh calitration can not be eliminated, this

would require a continual recalitration of feedlines.

T
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A number of areas requiring further study were also outl;ned
by McLarnon [3] These include: cable spacing for adequately low
xafer-cable crosstalk, intermodulation crosstalk levels and sufficient

protection from lightning,

1.3 Use of Optical Fibers

In view of the problems with coaxial cables, this thesis

proposes a design using optical fibers in the feeder transmission

system., Optical’fibers offer significant advantages over coaxial

cables, A number of these advantages will be briefly examined,

1.3.1 Transmission Losses

Typical attenuation in coaxial cables varies from about

{;323 dB/km at 10 MHz for RG-8/U to about 43 dB/km at 10 MHz for RG-584/U

[6]. These. attenuations increase with frequency to about 65 dB/km and
161 dB/km, respectively, at 100 MHz, Better performance can be obtained
by using typical 0.75 in, diameter CATV trunk cable., Such cable
exhibits 1esses of aeout 6 dB/km at 10 MHz to about 18 dB/km at -

100 MHz [6]. Other coaxial cables wlth alr and foam dielectrics, such |,
as HELIAX [7] are available with much lower losses but prohibitively

higher prices.
'Commercial optical fibers have attenuations less than 10 dB/km

and laboratory fibers have exhibited attenuations in the 1 dB/km range

and lower, This will be dlscussed in detail in section 2.4.
Spectral attenuation in fibers is essentially flat over a

wide modulation band (thousands of GHz) [8]. This eliminates the



neces;ity of /T loss equalizers needed for coaxial cable systems,
Attenuation is essenfially independent of temperature,
Experiments on fibers at Bell Telephone Laboratories [9] revealed a
change in effective attenuation constant of -0.19% over the range-
+25°C to -200°C and +1.05% over the range +25°C to -196°C.’ This is
equivalent to -0.001%/°C above +25°C and +0.006%/°C below +25°C., For -
the amblent range expected'(—50°C to 430°C)'this would correspond to
a variation of -o.ba% to +0,03% (-o."oo3 to +0.001 dB),
Dispersion in optical fibers 1s also essentially independent
of temperature. Experiments on fibers at Béil Teigphone Laboratories
[10] have rqvealed that no significant‘éhanges in dispersion character-
istics were observed over a temperature range of -30°c t0‘+67°C through

nultikilometer fiber lengths.

7 Excitation errors in optical fibeis due to temperature“should

2 4
be neglibible.

1.3.2 Electromagnetic Interference

-

<

The field structure of a guided wave in an optical fiber
is such that essentially complete isolation is assured [11]. Thus, the
fiber does not contribute to intérference in other systems and is

essentially immune to interference by other sources.

Being non-conducti#e, fibers do not require protection against

lightning and do not pose a hazard to personnel or equipment during
1ightning conditions., This is important for a large antenna array.

R}y



Electrical Isolation

Fibers provide complete isclation of source from receliver, so
receiver’and tranémitter do not require a common ground. This
eliminates the possibility of ground-loop currents which could contri-
bute additional noise and crosstalk to the system., Also, fibers can be
repaifed withodt danger to equipment or personnel even while férminal

equipment is energized.

1.3.3 Size, Weight and Flexlbillity

Optical fiber cables offer substantial size, weight and
flexibility advantages over coaxial cables of equivalent communications
capability. For example, Corning's CORGUIDE [12] optical fiber cable
contains 6 fibers, ﬁas an outer cable diameter of only 5 mm, has a
minimum recommended flexing radius of 2.5 cm and weighs.bnlf 25 kg/km.

This implies reduced installation time and cost.

1.4 thicai Fiber Transmission System

The optical fiber transmission system can be configured in
general as shown in Fig, 1.2, Both transpitter and recelver are
comprised of an electrical and an optlcal signal trensmission section.
lBoth of these sections are shown to have individual multiplexing |
capabilities -- n channels for the electricai and m channels for the
optical section. In the transmitter, the electrical section is
comprisea of the antenna dipoles, preahplifiexs, baseband filters, signal
encoderg (or modulatcrsy, channel?filters, r.f. multiplexer, and
optical source driver . .The optical sectioﬁ is comprised of the
optical source, opfical multiplexer, and couiler to the opticai_fiber.

!
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In the receiver, the optical section consists of a coupler, optical

-

demultipléxer, and détector. The electrigal section has an amplifier
(with equaligation, if required); r.f; demultiplexer, channel filper
and signal decoder, Associated with the encoding and decoding proeesses
are synchronization‘or reference carrier signals, if required, Thes&
signals‘woula be generated (in all 1likelihood) at the receiver (theﬂ
observatory) and distributed over fibers to the central transﬁitting
locations (CTL's) where they would receive necessary processing, such
as filtering, amplification or frequency multiplication before being
used in the encoding process. At the receiver, these synchronization
signals‘mus be used to decode the signals, after sychronlzation
locking circuitry ensures the correct phase or timing with the incoming
signal. - »

S The proposed feeder system design will be based on the

e o
following criteria:

: P

1. Signals from 48 antennas will be single-sideband, suppressed-
carrier (SSB-SC) modulated and frequency;division-multiplexed.(FDM) for
_transmission over optical fibers. It will be shown in éhapter six
that 48 channels 1s a reasonable upper limit'for r.f. multiplexing and
that SSB-SC modulation‘is tﬁe most practical for this system.

2, Four optical signals will be wavelength-diyision-multiplexed
(WDM) ohto a single fiber for transmission £o the observatory. It will’
be determined in chapter six that four optical éhannels is a reasonable
number for optical multiplexing. ‘

3. A 200 MHz.kn graded-index multimode optical fiber will be
used throughout the arra;. Although wider bandwidth product fibers ;re

7

available, this number will be seen tb be consistent with the discussion

10



in chapters 2 and 6,

~the

.ll‘

Also, since we are considering a 48-channel

system,fthere 1s no significant advantage in using a higher bandwidth-
F VS

11

product|fiber, In addition; lower bandwidth-product fibers are generally

less e /ensive,than their higher bandwidth-product counterparts.,

This appears to be reasonable as wil

3, 4% and 7.

4. Tt is expected that LED optical sources in conjunction

" with p-i-n photodiodes will provide satisfaetory system performance.

be seen from the development in

<

‘ |
5. An equal-length feeder system will be used throughout

ay. While this is more expensive than a minimum-length system

in terms of extra transmission line, it will provide maximum

versatility of the radio telescope as well as simplifying feeder

calitration. In any event, it repregents an upper 1imit to the

of tipnsmission line required.

6. The physical system configuration of the array wi

dipole groupings in the north-south and east-west subarrays as shown

in Fig. 1.3. This will be discussed in more detail in section 6.1

e
7. The tranch feeder34 from the dipoles to the central

transmitting locations (CTL's) will be coaxial cable, While McLarnon

[3 has identified sources of errors associated with coaxial cables,

the short lengths involved

introduce very little error, as will

be shown in chapter 7. In add1tiNn, this will save converting the

ahtenna signals into an optical si

for transmission to the CTL since,

at that point, the signal is requiJed to be in electrical form for

;frequency-division nmultiplexing. f

/

&

4



8 dipoles

6‘{:::::::: o
PSS o EE "o |

dipoles | — _—__ _—_ _ " _ :
poles | TZZZoZZ2 N g

N & o
C (07

- — %
2

_ o

o0 - central transmitting locations (CTL's) o

o
® - optical multiplexing locations (OML's) e

g

o

-

| N

. , ‘ 0
r T—

| (Not to scale) o

expanded view &

(o]

o

'Q

[~}

0

O

-2~

o

a2

o

o)

' It

o ©

o
B
o
o

b o

o
o

Fig..i;B Physical system configuration

0



y

1.5 Summary

“

Optical fibers appear to offer substantial advantages over
coaxial cables for the transmission feeder system in the proposed radio
telescope, The crucial parameters of r.m.s8, phase and amplitude errors
as a function of temperature thet can be attributed/tovoptical fiber.
transmission lines are'vittually negligible as are crosstalk effects.
It remains to be seen that an optical fiber transmission spstem can be
designed to operate in the environment outlined and with adequate
performance such that the array performance specifications can be met,
This is the intention of this thesis. |

| In the following chapters,. the characteristics of the various
components of optilcal fiber systems will be examnined in suffi&ient
detail to estaplish their applicability in a transmission feeder
system, The problems of oupling light energy from one component to
another, and various techniques for accomplishing this, w1l be dlscusséd.

The physical array co gnration will.be.examined with a viewpoint of

- grouping antennas Xor signal multiplexing onto a common feeder for

transmission to the lobservatory, -Modulation and multiplexing at radio

frequency (r.f.) and optical wavelengths will be discussed in orderéo
. W )

determine the most prd¢tical means of tranemitting the antenna signals

to the observatory%\-Finaily; based upon the develcpment to that point,

a transmission system design will be presented. The system performance

will then be“appraised from the noise temperature and excitation ertorv

-

viewpolnts,
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- CHAPTER 2 »

OPTICAL FIBERS

2.1 General v

‘and n

N\ Studies have been performed by various researchérs to determine

A typical optical fiber suitable for communication purposes

“
is composed of a core with refractive index ny and radius a, and'q

cladding with refractixe index nz and radius b, This can be represented

schematically as shown in Fig. 2.1,

If the fiber is unclad, the second medium will be air (usually)

2 = 1. Hhiieuthis structure is a waveguide in its own right, it .

is "open"; ie: the electromagnetic filelds within fhe fibver extend into

the second medium as evanescent fields., Since the fibef must be
physica¥ly supporteéd élong its length, feflections and raaiation will
occur at these points, resulting in prohibitive losses [11,13], For
this.reason, fibe;s are enclosed in a "éIEdding" and n, will ‘be a
variable depending on the ‘material. The cladding ¥adius b 1s chosen
;arge eﬁough to ensure that the expénentially decayling evéneécent fields

o

are eésentidlly zero at r-="b, e
the dispersion characteristics<of fibers with various refractive index
profiles. The two most common profiles to date are the step-iﬁdex ani

graded-index profiles as shown id Fig. 2.2. The characteristics of

"each will be discussed in the following sections.

2.2 . Transmission in Fibers . ‘ .

5 Ty
. —

Opticél fiber transmission is most easlily described by an
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investigation of merldional rays aiong a straight fiber with end
faces normal to the fiber‘aiis [1&]. A meridional ray is one'whose
path is confined to a single plane through the axis of the fiber.
Fig. 2.3 shows such a system ﬁith a light ray entériﬁg the core from
a medium with refractive lindex n, and being reflected at the core-
cladding interfaée. In this case, n, < Ny .

From Snell's law,

nysin 8 = nisinTP‘= nycos ¢ »(2.;)

where 8 1s the angle between the light ray and the axis in the external
medium, ¥ is the angle between the light ray and the axis in the fiber
and ¢ 1s the angle between the light ray and the normal to the axis.

For reflection,
sin ¢ > nz/n1 , (n1 > n2) | (2.2)

The critical angle ¢c . is defined as

"A.

sin g, = nz/n; h ' | : \ (233)‘
cos 8, = [t - (3D ]/ W
From (2.1) and (2.4) then, we have

~cos g = (no/ni)sin N =~[i - (hg/ni)]l/z ’ (2f5)
and, ' '

Sin:) Sc = (ni - ng)i/z/no A o » (2.6)



\ ' ‘ ' .

The term, (ni.- n§)1/2

y 1s defined as the nuﬁerical aperture

" (N.A.) and is a measure of the light-gathering ability of the fiber.
For aif, n, = 1 and the numerical aperture is equal to.sinﬂec. Light
rays enterihg at é;;i;é greater than Oc willl not be reflectéd at the.
core-cladding interface but will pass through into the cladding where
they will be dissipated,

Matsumura [15] has exﬁﬁined the propagation of both meridional

and skew rays (ie: those that do qét pass through the axis) in fibers

. \ '
and derived expressions for the numerical aperture to account for such

° v

skew Tays (see Appendix A).

oy

Fig. 2.3  Ray transmission in a step-index optical fiber

\
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The numerical aperture for skew réys ﬁas been found [15]
to be greaternthanbthat for meridional rays in step-index fivers,-
wilth the conclusion that step;index fibers can accept (and transmit)
more light than gracied-index fibers. Gloge and Marcatili [16] have
dete;mined that the step-index profile accepts fwice as many modes of
propagation as the parabolic one, and threeﬁtimes more than a Qone-shaﬁed
profile. The relatiqnship'between numerical aperture and the number of
modes will be made apparent in the following discussion on propagation
in optical fib;rs. ' '

If we define paramgkers [17],

\
§

u = a(kﬁn? ?,62)1/2 ‘ , (2.7)
W= afe? - 2Ry /2 o (2.8)

where a is the core radius,

k, = 21/ A » the wavenumber in free space - (2.9)
P = kn , the propagation constant ' (2.10)
and nk = g > nk N T , a :

the mode field can-be expressed by Bessel functions J(u¢/a) inside



the core (r < a) and by modified Hankel functions K(wr/a) outside the
~core (r > a), where r is radial distance. Ma%ching these flelds at the
core-cladding interface (r = a) yieids functions u(w) which characterize
the various modes [18]. These functions are universai functions of the‘
weakly gulding fiber (£&<<.}) independent of specific materials and

dimensions,

If another universal parameter ? is introducéd, where
V= (o 4 D)2 O (2.11)

and if we substitute for u and w from (2.7) and (2.8), we get

~

}
|

v = ako(nﬁ - ng)i/z | (2.12a)
O L @i20)
or, V = g’%‘l-(n.A.) S o (2.12c)

oo
\
i

- . H . ,
This term can be considered as a normalized frequency. Introducing a

normalized propagation constant q where
f

Q=1-u¥R : (2.132)
. 2

=~ (8/k - n,)/(n, - n,) o (2.13b)

.

a plot of g vs. ¥ can be made. Such a plot is shown in Fig. 2.4,

These curves repreéent the various modes which éan prbpagate'in the

&
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fiber. While the curves are Plots of linearly polarized (LP) modes,
as defined by Gloge [17], the mare. common HE, EH or TE, TM designation
can be determined directly as shown in Fig. 2.4
: \
It can be seen that, for b < 2,405, only one mode will
propagate in the fiber. This is the HE11 or dominant mode for which
toere is no cutoff. As )Y increases, the number Q of propagating modes

increases [17] and is given approximately by
Q= 1/2112 (2.14)

. Far communication purposes, it is desirable to limit the
numer of propagating modes to keep dispgrsion to a minimum [18]
This requires lowering the normalized frequency-V, which is accomplished
by reducing either the core radius a or the numerical aperture for a
--given wavelength of operation, as per eq. (2.12). sSince reducing the
core radius introduces difficulties in manufacturing-and coupling, the
nunerical aperture is usually made as low as practicable, ies n,/n,
is kept s ’ | | )

For optical-sources»haviug broad radiatiou patterns (e.g. IED's)

thevfiber n 1cal aperture must be as large as possible so as to
collect a reasonable amount of emitéga power. As the numerical aperture‘
is increased, the normalized frequency » increases proportionately,
This implies multimode operation. On the other hand, a laser diode,
having a narrow radiation beamwidth, can be used with a fiber having a
small numerical aperture If the normalized frequency » is less ‘than
| 2,405, this will result in single-mode qperation.

A typical, contemporary, low-loss multimode (step~index) fiber

N

A e s s

e e A+ 2. et S e+ <.




a

has the following parameterss
~ Numerical aperture - 0416 (Gc = 9.2 )
Core diameter 85/1m

If we consider a source with wavelength of 0.8/1m, the

normalized frequency,

. Lt —6 »
v - 2= (y,) - 285X 100) (5,16) = 106.8
A . 0.8 x 10”

b

The number of possible propagating modes is then glven by
n 2
Q = 1/2 9 = 5705

On the other hand, if we had a (step-index) fiber with a core
diameter of only 5pm and a numerical aperture of‘O.OjAzsf- 2.9 ), the
normalized frequency, N

|

' -6 v
Y = 217(5 x 10 61 (0‘05) = 1,96

-

This is less than 2,405 and implies single-mode operation only.
|

2.3 Dispersion N\

» The maximum information rate that may be carried by anioptical
_ o,
fiber is determined by the group delay characteristics. Contributing

' factors to group-delay distortion are the following:

1. Material (Chromatic) Dispersion -

- the variation in the index of refraction of the glass

as a function of wavelength.



2. Wavegulde Dispersion
- the variation in the wavegulde dimensions (in
wavelengths) with‘frequency change.
3, Multimode (Modal) Difpers;on
- the variation in group delay among the var;ous v

‘\x\\ propagating modes if more than one mode 1s excited.

These three types of dispersion are considered in more detail

in the following presentation.

2.3.1 Material and Waveguide Dispersion

o

The material and waveguide dispersion effects can be

11lustrated as shown in Fig. 2.5 in which the effective refractive

index n_ is plotted as a. function of norgalized frequency » [13,19].

Fig. 2.5(a) is a. symbolic plot of the phase velocity for the dominant

: mode (HEii, curve 1) and the next higher order modes (TE01' 01

combined, curve 2). This plot assufes that ny and n, do not change .
with frequency. It is again seen that for normallzed frequenciles
less than 2.405 only the HE,, mode exists. Fig. 2;5(b) reflects
(symbolically) the fact that the equivalent refractive index n_ goes
monotonically ffom n, to ny as_fiyquency ipcreases,'with niAand n,
both a function of frequency.

The modal phase velocity»Vp varles between the valucs
appropriate to the bulk material of which the core and cladding are
made. For conditions near cutoff (v small). the field 1is only slightly
boond to the core-cladding interface since a significant amount of the

energy 1s distributed in the cladding. In £his case, Vp—o—c/n2 where c

23
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1s the veloclty of light in vacuum. For conditions far from cutoff

. ‘ ’
(9 large), Vp 1s influenced most by the core since the decay in the

cladding is quite rapid. In this case, VP-'— c/ni. In general, then

c/n1 <V < C/n2 | (2.15)
.,7 ' .
’Diréct-:‘cletection of intensity modulated light suffers dispersion
effects éolely in the envelope of the light-signal [18]. This
envelope propagates at.the group velocity. Group velocity Vg is

defined as

Vg = dw/ds ‘ . (2.16)
| .
where « 1s the angular frequency. ‘
A typical w’.p diagram, show.ng the propagation characteristics
of a number of lower order modes in an optical waveguide is shown in
Fig. 2.6 [19 20]. The velocities of light in the care and cladding
ma.teria.ls are shown as two stra.ight lines with the mode lines for the
optica,l wa.veguide lying between them. All guided propagating modes lie
between,é =-w’n1/c a.nd ) ='m'nz/c. o | ‘
We note that there exists a point of 1n.flection for the
dominant mode., In the vieinity ‘of this point, the group velocit:yrr is

almost independ.en{: of frequency. This means that pulses propagafting

" 1in this mode keep their shape approximately undistorted if.their

carrier frequency is close to the inflection-point va.lﬁe.
The group velocity of a waveguide mode is given by the slope

d«v’d.,d of the mode. The.recj.proca.l. of the group velocity has the

L N
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Fig. 2 5 Wa.veguide dispersion curve:
éa without considering material dispersion
b) including material dispersion effects
(After Gallawa [[13] and Yeh [19]).
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Fig. 2.6 Dispersion characteristics of several lower-order modes

‘in an optical fiber (After Yeh [19]). \/
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physical significance of delay per unit length. This quantity is
termed the group delay (or envelope delay) and 1s defined as .

1 o X

Tn
g w dko

AN

[

This is equivalent to the transit time per unit length of a light.
pulse of radlation at a given carrier frequency..

Light sources considered for optical communication cover a
fairly wide frequency band (=l for IED's as opposed to 0,1% far GaAs
lager diodes) Signals modulating the intensity of such carriers can
suffer distortlon in long fibers dus to differences in group delay
among the various optical frequency coméonenfe present. |

If the optical bandwldth is not too wide, the time delay per
unit frequency and unit length of fiber is approximately dté/df [18].
For a banduidth B at 0ptical frequency £ the total delay caused by

the frequency dependence of the group delay is given by

/

c
° o
a-j-'.-B-.f.d .dko“.dp
TeE & &
20 *
or, 'rs-i. E kg—.é
: c f ode
o .
-0 5 239 ‘l | T B ’22 18)
c TN LI : ' : :
o -

where ) is the effective source spectral width and A is the source



wavelength, )
Gloge [18:] has prdented & graph of dispersion coefficient
.(k d /5 /dkz) as a function of frequency for fused silica and this is
shown in Fig. 2. 7. This indicates that an LED with &) = lbO/ nm, |

>\ = 0.8 }nn suffers a materia.l dispersion of ' '1

~ /"

s

-9
v < 1 z . 40x10T6 . (0. 025)=42ns/kminfused
3 x 10 0.8 x 10 silica (sw )

\ Kapron and Keck [21] considered both waveguide and material
4
dispemion in their study of pulse repetition rates in optica.l fibers. =

'I'hey derived a maximum pulse rate R.b for a single mode fiber with .

Gaussia.n input pulses to be

B

R, = [8/6”14 1n cSA]-i/z bits/sec - . (2.19)
o A . ; A
e 0
where B = 5 = -y. Wavenmumber dispersion .(2,20\)_

dor 2m3 cl)\2
n, = 2‘2‘% and can be obtained f;‘om Fig. 2,5

/8 is axlal wavenumber i
1n is the natural logarithm !

“W¥ is radié-n frequency

Q2

L is propdga.fion‘ distance

o

da is allowed amplitude overlap of a.dqa.cent pulses
(intersymbol interference)
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}ig. 2.7 Dispersion cc-. ficient ko—% as a function of frequency for

fused silica 510, ° (After Gloge [18]).
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This pulse rate assumes tmat'the input pulse width has beem
optimized to take full advantage of the waveéuide bandwidth, 1e: a
shorp:f pulse will exceed the gulde bsndwidth and a longer pulse wili
not utilize it fully. . : .

A plot of wavenumber dispersion /5”as a function of wavelength
1s presented in %ig. 2.8 for a number of optical waveguides. ’Wavenumber

dispersion is essentially the combined effect of material and.waveguide

4
192

29

) C o .
dispersion. The point at which /5,passes through zero 1s the theoreticai

point at which waveguide and‘mstemial dispersion have equal and opposite
effects, resulting in a pulse rate which is power limited as in free
space propagation.‘ This particuiar effect is examined more closely by
Smith and Snitzer [22]. At shorter wavelengths, material dispersion
predeminates over the wavegui&e dispefsien and vice versa as wavelength
increases. ; | 6
| Taking a value of /5,'= L x.10-23 secz/km fO% a typicel‘fiber
in the vicinity of A = 0.8.)m. -and 6A = 0,.‘51- (20 dB down from the peak),
equationk(Z 19) predicts a maximum pulse rate of 26/45 Gbits/sec.

Since equation (2. 19) assumes that the input pulse width has

\

been optimized to minimize the output pulse width, a more general s

expression of pulse spreading [13] 1s

o

B e

where , 7fi_is the input pulse width.



"fhié can be rewritten as

v

To n &\
\ ' I = 21Tc/5 —XE (2.22)
~ where S\ 1is effective spectral width of source

A\ is wavelength of source
This expreésion gives pulse spre‘a.din&‘ as éi function of wavelength,
spectral width and wavenumber dispersion #". A plot of dispersion
as a."function of spectral. width 1s presented in Fig. 2.9.

Fig. 2.9 1llustrates the advantage of using laser sources
having narrow ‘specta:a.l widths. LED's typicaiiy have- A= 20 to 60 nm
‘ .r while lasers have dA< 5 nm, : | | |

t To thislaoj:nt only material and waveguide dispersion effec/ts
have been\considef_e('i. For single-mode fiberé, this would have been
sufficienvt.' However, single-mode fiber technology and systems are |
 still under ‘development and not considered feasible for. the proposed

‘radio telescope proje'ct.' Multimode fibers aa;e comm,erc@allly available
" and are being used .in .a nunber of existing te\iqqommunication systems.
Sihce'mulfimode -t“ibe;fs are the ]‘_;ogicalv choice for the radio telescope
proje‘it",.e must also examine the dispersion caused by the propaga.fion

of numerous mnde+ in. fibers,

2.3.2 Multimode Dispersion

2.3.2.1 Step-Index Profile -

" The analysis of mulfimode fibvers (9~> 2.405) is

30
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Fig. 2.8 Calculated wavenumber dispersion ,6” as a function of A
for several optical fibers of varying core-cladding lndex difference
and core diameters (After Kapron & Keck [21]).
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Fig. 2.9 Dispersion as a funcf;ionv of sbtu'ée ectral width and -
_center wavelength (After [1%) :
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difficult because of unknowhkpower'distribdtion among the varlious modes,
Thélmodal excitqtion depends'on launch;ng_condiﬁipns‘at_the input.

Also, the modes are coupled in a cgmplicated fashion and power
distribution is constantly changiné [13]. An approximate‘analysis
based on ray theory, is often used in a first analysis. Iﬁ this
approximation, 1t is assumed that the distortion is caused by the
difference in propagation time for rays of different'angles. .
From Fig. 2.3, 1t can be seen that the propagation time t )

for the reflected ray will be

L | ‘ - (2.23)

t MR cmmm————
2 V_cos
p°® ¥

) _ o &g
wi.8Te Vp is the propagation velocity in the core (phase Yelocity)

L 1is the axial length

The propagation time ti for an axial ray would be

~

O

[Wy

'The time delay 7, is then t, - t,, or R

[ 1
(w7

=
S

-

-..l( 1 1> | | (2.24) %

c \cos ¥. "

©

The’ naxinum time-dglay will océur at the maximum angle of ¥, which

mcofreéponds to the critical angle for refléction given by Snell's lay,
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\ .

n
cos = -
wc “ni

The maximum time delay estimate 1s then

n Ln, A .
L1 ~ 1 . | .
’§4 'E ‘r-l—z- (ni - nz) c ) | (2.25)
where A is the relativp index difference

A typical, multimode fiber with refractive lndices of core and ' -

cladding of 1.5 and 1.49, respectively, has a maximum time delay of

\

| 1 1.5
Ty = : (1.5 - 1.59) -
HT T 105 18 o

= 33.5 nsgc/km.

QQ'

This would permit a bandwidth of about 1%4.9 MHz in 1 km of fiber, based
_ .l ‘ : '
on the Nyquist rate, ‘

Equation (2.25) is known to be pessisisfic since it depends on
ny and“n2 in only a gross way. The analysis should also account for
the amount of wavegulde and material dispersion suffered by each mode
and for/;@g,%acflthat various modesfsuffervvérious'degréeé of attenuétiop.

- \ . —

In pafficular, sl&wer ﬁodes, which correspond to more energy prqpagating
in the cladding material, ave sttenuated more than faster modes, which
propagate mostiy in the coré. Th;s, while this introduces moretloss
gof-power, the effects of_dispefsion are ié&uced. éﬁére~is also a

" certaln amount of mode mixing present which7tends,t§‘redgce‘dispepsion.

These factors will be discﬁssed later,



The "previous discussion has considered only the group-delay
"differences between the highést and lowest-order modes. Miller et al
[8] examined the dependence of group-delay on wavelength for each
propaga.ting mode M, Thg time difference between output power components

separated by &\ is given ‘by

. 2
T=¢SAQ'.IE=M dn11+A.QI__+__:D_ +
R T ‘ (M+1)2

M+ 1% 904y 4+ 1)2)\

,16n1a.2 | " dx 8n§ 2

il dn,\2 \2 2 . -

) <d)‘1>‘ X (M ; éL} sec/m ' o (2.26)
o 16n1a . L

. Considering only the spread at the highest mode, his simplifies with

good approximation to [8]

' d.zn - 2n . e
ra-d02 1,71 55-)‘2»& o (2.27)
dX ' ’
The fﬁ.rst term sliows the’ effect of material d_‘!.spersion and the second
term\ glves the oﬁtpu% pUlée spreading due to the wavglength d.ependénce
of the group delay when dni/dA and dzni/d)\za.fe both zero. Fig. 2.10 |
.shows the dependence of r;, dn/dA and dzn/vd)\zion wa.vélength for pure
silica glass, ' o \ |
The amount of pulse spreading predicted by equation (2.27) can

ea.sily be d.etermined. Considering an LED with an r.m.s, spectral width
of 36 nm with centre wavelength of 0. 9/u.m, Fig. 2.10 yields n, = 1.451,

d ni/d)»z = 1.6.x 101°, pulse sprea.d is then

\



o (0.9 x 107%)(36 x 1079) (1.6 x 1019 +
3x105

2(4. u51) (36 x 10 9) A
3x10 (09x10 )

= -1.73 x 107 + 3.87Ax 10~ sec/im
Considering a fiber with O = 0,01, this becomes

T = -1.73 nsec/km + 3-87 nSéC/km

&
/’.

or T = 2,14 nsec/kn
\\

. . . R : ) <A Q
If we coﬁsidfr a laser diode operating at 0.9 pm with a spectral

width of 2-nm, the pulse spread becomes

\

B ) |
(0.9 x 10 (2 x 107) (4, 6 x4
‘ 3% 10 |

. ' 9
2 1.4 1) (2 x 10 ;6"(0 01)
3 x 10° (0. 9 x 10 ) .

\
A

= -0.096.x 10~ + 0,1225 x 10‘9‘ L |
= 0,0265 nééc/km

It is clea.r that the multimode d.ispersion as. given by eq. (2 25) is
much grea.ter tha.n the wa.velength-dependent dispersion oﬂ individual
\ modes.as given by the second term of eq. (2. 2?) f;or a typica.l 1ED, and

very much grea.ter tha.n that for a laser diode.
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- 243.2,2 Graded-Index Profile

" The. dispersion in multimode fibers can be reduced by

addusting the index of refraction to cause the various modes to have

the same (or nea.rly the same) group veloclity [11]. ‘This 1s illustrated -

in Fig. 2.11 which shows various optical ray paths that are constrained

by the expression ' - Vo
In(r)dl = constant
1

where dl 1is an element of length along the ray profile
'r  1is the radial distance from the axis

n(r) is the refractive index as a function of radial
Y distance

~ With this configuba.tion ,’ all meridional rays will arrive at the receiver

at the same time, regardless of the path tra.versed.

Considerable improvement in pulse distortion is rea.lized with a
pa.ra.bolic profile, in which
~ 2,2 N |
nil:i ~O(x*/a%) ] , T £ a (2.28)
\n(r) = ) ) B .
‘This results in-a fiber with a time delay spread in the impulse
response [23] of

i \
. \

'For a sufficiently narrow pulse traversing a fiberawith n} =-1,5 and

-

n, = di(i -A) y T a | “(2‘,281)) i
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ZB==>0.01, eq. (2.29) predicts an output pulse width of 0.25 nsec/km.
The time delay per unit length between the longest path, phich

corresponds to the helical p;th at the interface of core and cladding
‘surfaces, and the shortest path, which corresponds to the axial path in

’

the centre of the core [24] is

Again, using the example of a fiber with n, = 1.5and O = 0,01,

eq. (2.30) predicts a maximum time delay of 0.77 nsec/knm,
“ Appendix A discusses results byother researchers into pulse

\

spreading in fibers with various refractive index profiles.

2.3.3 Dispersion-Limiting Techniques

P
Rstheruthan using only a graded-index‘of refraction,
methods for making the step-index multimode fiber more attractive for
communications purp0ses have been described in the literature. One
method [Zsj»relies on equalizing the modal delay.in the fiber by
causing the carrier to drift in the detector-qéoording to the expected
modal delay and modal field pattern_at the detector. Another method
[6] wourd be to couple the lightaintola smaller'cone‘than the
. numerical aperture. This will result in a reduced spread ‘in transit
" time. It has also been shown in Fig. 2.9 that a laser source with a
relativelv narrow spectral width uould suffer léss dispersion than a
" broadband source, such as an IED,
Marcuse [26] has developed guidelines for the design of

multimode, step-index fibers with intentional fluctuations of the ~

i



" refractive index of the core. Coupling coefficients‘are celculated
for a variety of caees_which can be used to calcuiate an "imnrovement
'.fectorf,,which indicates the reduction of Gaussian pulse length
relativehko its uncoupled length. ‘

Jeunnomme and Pochelle [27] have determined mode coupling

effects due to externally applmgipq,_ormations which can be used to

x*:;ﬁ’i
The dispersion-lz

S0
Y el

attention involves modeCHL ’ifong theliiber [20,26,28,29,30,31].

»Structural imperfectfons along th&Pfiber axis (e.g. refractive index
variation, diameter fluctuations, strain birefringence) will, causge
coupling among the various modes. As the energy rropagates along
tne fiber, energy moves back_énd forth anong the modes, ultimately
averaging'out the single mode'oropagation time differences to cause

a "net deiéy" that depends‘on the weighted average of the delays of all

the modes; The coupled modes thenltend o0 have a common'mean veiocity
“of propagation.' |

If the coupling spectrum is fla z the velocity spread from ‘
the mean velocity. will increase aSJf—q L is the length
"~ where mode coupling reaches an equilibrium state (and is greater than
% kilometer for most low-loss fibers), - This indicates that the delay
varies as /L rather than directly with length (beyond L ). L, is -
-referred to as the coupling length.

Personick [30] has shown that the multimode delay. distortion

in conventional, clad (step—index) nultimode fibers is

- \ - ’ FER fln~§g5'"

\ 5 : .-



Ty ~ 0.289 28/IT_ L L> L (2.31a)
- 0.289 2, ‘ , L&L © (2.31b)

Exberimenta.l evidence for the validitjr of eq. 2.31 has been established

and is discuaaed in Appendix B. |
‘ ’ 5

2.3.4 Summaﬁ

_ The' total dispersion in a multimode fiber can be expressed
[B2]ey . - . ' ‘ ‘ ¢

]1/2 ) I

Ty =4[ w @ 13) (2.32)

where ’L‘M 1s multimode d.ispersion
‘z“ is material dispersion

TV is waveguide dispersion

.’I'lie negé.tive effect of wé.veguide dispersion is a.ga.in fxoted.
.- The dispersion—limited maximum bit rate fo:r: digital tra.nsmission,

and maximim bandwidth for a.nalog ‘transmission can be expressed as

[24,28]
: . 1 . ) . a o
] (vits/sec) = == B _(Hz) - (2.33)
Bbw | ZTT max \ ,
where 'Z' ' 1s total dispersion from eq. (2.32).

-
P’
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[
Graphs of TM'TD andT-w are presented' in Figs., 2,12, 2,13 and 2.14-

for fused silica fibers. Fig. 2.12 portrays multimode dispersion as.a
function of numerical aperture for step-index,and graded index fiberws,
The various’ curves were plotted using the. analytical results of the

different resea.rchers discussed in the foregoing pages and Appendix A,

The more universal paraneter, numerical aperture, was used instead\

of the relative index difference A using the following approximation

LN

o = [a - n2j1/2 ¢
. NAo 1 24
é-‘:”v'}
. 1/2
= [(ni - nz)(n1+n2)] / ﬁ< _
o | v
:". I

= [ni(ni - nz);+ nz(ni = nz)ji/z
~ [2ni(n1-.- né)]il/z ' for weakly guiding fibers
. . .«'l-.g -
= [Zni A]1/2 . usiné eq. (2.8)

-

'4,W4Qo | T £2.34)
' e e

s 2
L 2n1.

"@ The cm‘ves were plotted using ny = 1. 455 whic’h is an a.verage

#

1ndex for fused silica. as seen in Fig. 2.10(a).’ ‘I'he ﬁa.velength

fdependence of the refractive index did not ;'Lntroduce any significant

error,

SO e

e




Experimental results described in Appendix E have been
, .

* ) plotted for comparison with the theoretica.l. It is appa.rent that the

>

Yo only curve that can be used safely for design with step-index fibhers
y'(r'

r ‘is'gln've (A) which is a plot of eq. (2 25) Curve (B) for the’ square
’g

e \

‘
..@V compa.red with expt.’t;imenw results. It is also a.pparent that graded-

.MAU : index f iﬁers yield vai‘y incbnsistent results, depending largely on the
. =3 -() I

e . h
actual prqfile facto:% o(. Basing a design on even the most pessimistic

o+
-

pa.rabolic cirve (cme (E) for N.A. £ 0,21; cm:'ve (C), for N. A = 0,21)

o

coold .be ca.ta.stlropﬁic. It is, therefore, Jna.ndatory tha.t either the

»

- index profile factor be known with considerable precision, or the
, ma.nufa.cturer specify the maximum dispersion. Sa.mples may have to be
tested and the dispersion distribution determined for the ensemble of
ca.bles required. . G

Fig. 2 13 shows material dispersion as a function of source
o ‘

spectra.l width. The solid lines were plotted using the first part of

The dashed lines were plotted using equation (2 4;8) with valuee of
é X . ‘

kd ,5 /dk from Fig. 2. 7. & ' : .

A : .
The dispersion characteiistics in Fig.'2 8 were compared
’ with the above results and wer‘e*i‘ound to he virtually identicgl to
those portrayed by the solid lines. However, plotting two experimenta.l
values (one estimated) suggests that the solid lines may be overly
optimistic. : Certa.inly, one mea,snred ve.lue and one estimated w}alne'
. form as freak @asis forgbubstantiation of ana.ly'tica.l results., Sipce

v

5. they do provide some evidence, 5*‘ﬁ:hey must’ be considered a.ccordingly.

”bfihber is seen to be in o!‘kor ﬁy sﬁeral na.noseconds per alometer when

eq. (2. 27) and using values of d n/d). for -fused silica from Fig. 2. 10(c)
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The-advantagéfof using longer wavelength sources is apparent
from the graph. Using the curve for G 2.27 an LED with a spectral
width of $0 nm suffers a material di.. on of 22 nsec/km at 0.5 um
and only 2.0 nsec/km at 0.9‘pm. This is one reason for current interest
in developing optical sowrces and photodetectors nhich operate at
longer.wavelengths. “ o

| Fig. 2,14 1llustrates ﬁaveguide dispersion as a function of ‘
source spectral width according to the second part of od. (2. 27) ~ The
delay is seen to be a function of relative index difference A, As |
a rough rule of thumb,(kcan be considered to be 0,01, although, in all
likelihood, 1t will probabli be sma.ller; As 1s the case for matertal’
dispersion, waveguide dispersion is found to increase with frequency,

but it does so at a ‘much slower rate, Keeping in mind the counteracting

effects of the two dispersions, these results are generally consistent

* with Fig, 2.8. - , ) 3

Although mode mixing has been demonstrated to reduce ;’ f“w“’!;
dispersion in relatively long fibers the improvement depeﬂ&bxupon the
actual length and the‘coupling length L ; This latter parameter may
‘not be known with any precision, so it would appear most prudent to
design using the most pessimistic criteria,ie: linear increase in
dispersion with length * For the proposed radio teleseoPe, with a

maxd mum run 1ength of 2. 5 km this approach would seem reasonable.

For systems with longer runs of fiber, the coupling length should be

either specified by the manufacturer or measured

45
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2.4 Attenuation .

Attenuation losses in optical fibers can be attributed to the

following mechanisms (8]
. Material absorption | : *Y

Material scattering

Waveguide scattering ‘ ‘x'v

i e
> M -

Radiation due t@ bends R

A

,
H
4
N
: -
okt w
P

v

Cladding design effects

2.4.1 Material Absorption ) - .
?
‘ " g

Maferial'absorption is a combination of both intrinsic
and impurity absorption. Intrinsic absorption is believed to be due
to strong absarption bands [13] in the infrared and parﬂicularljgihe
ultravialet regibns, whose "tails" extenq into the visible regioﬁjlg¥
H This mechanism, although small,iis present even in "perfect” glasses.A
The greatest contributor fo material absarption is thé presence
of impurities. These are transition metal ions and their neighbors in-

" the periodic chart (Cr, Mn, Fe, Co, Ni) [8,38] and hydroxyl ions

R e

OH . The absorption wavelength and bandwidth vary sbmewhat with ‘the

valence of the ion and the specific glass considered [8] Table 2.1 [39]

- 111lustrates the typical absorption wavelengths and concentrations . }
wmecessary (in parts per million) to achieve an atteﬂuation of 1 dB/km
(at 0. 8;pm) for the more important ions.w It’is seen that impurity;7

concentration must be kept below the order of a few parts per billion

to avold significant attenuation effects.




2

‘Table 2.1 _

Contribution of Impurities in Glass to Absorption

Ion Absarption Concentration, ppm for 1 dB/km
Peak gum) , Attenuation at 0.8un
2+ | Ve :
“Ou 0.8 - L Qp008
cu” 0.2 - o> 1
FoZ* 1.1 : > 0.0025 .
reot 0.3 3> 10 0
ot 0.65 < 0.002
o~ { 0.72 : 015 at 0.72 um
oe95 i . -1 a-"t 0095/-‘111
A
1 ) - S ;
S

\ presevnt manufacturing seems to‘have the meﬁtall‘ic ‘.icn losses
well under control. The greatest ‘problem is that of reducing the
effects of the OH ion. The fundamental a.bsorption peak of OH~ is
around. 2 Z/(m Hhich is ’fa.r beyona the range of interest for optical

fibers. Hmyer, there are second a.nd “third overtones [8 40] lcca.ted

N

.at 0 95/mn'ahd. 0.,72 M1, T:bg relative ma.gnitude of the. a.bsorption

peak a.t 0. 72/m is much 1ﬁeﬁyldthan at 0 95 um, so the ma.,)or roblem

1s at the 1aitter wgveleng'th.. ;h.em is. a.lso a rela.tively small
| \absorption pea.k at about 0188/am due toz’t:he OH™ ton.
A _ Keck, Maiwer & Schultz [‘:&Oﬂ.ﬁ/ve‘ deternined thaf all aesorption

I“J.A-‘ -

between O. 7/um and 1, i/um in a low-loss fiber (1-} d.B/an between 0,8 -

Pr-ae
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0.85umn and_at~1;0§ftm)'can be attributed to OH™ bands to within * 0.7

dB/km.,

.
Y

2.4.2 Material Scattering

. Material scattering 1osses-can be attributed [e,ui,uzj
to linear effects such as Rayleigh and Mie scattering and to such
nonlinear effects as stimulated Raman and Brillouin scattering.

Inhomogeneities, such as fluctuations in glass density [38]
are always formedvin the waveguides during production. No way has ;

yet been suggested for decrgasing these. Rayleigh scattering is due

to inhomogeneities which are small campared to the wavelength of the

light. Most of the scattered light escapes from the core into the
cladding or beyond [43], where it 18 dissipa.ted. %yleigh scattering
varies as X and, for well made glasses eg. fusqg-silica, will '
result in a loss of less than 1 dB/km at 1 O/um [8]

Inhomogeneities which hgve physical dimensions in,the, same
order of magnitude as'the wavelength cause Mie scattering E8] Care -
in manufacturing should eliminate mostjlarge inhomogeneities, rendering
Mie scattering insignificant. = I .

Below a certain threshold nonlinear effects will have

negligible influence on transmission. Such‘effects do, however,

' constitute an upper 1imit on the power 1evel that can be used,\such as,

for example, in long-distance transmission.

Raman scattering involves tﬁb interaction of 1ight with atoms

or | molecules in the transmission medium [th Depending on the energy

state of these particles, the scattered light may result in higher or

lower freguencies;~ If‘interaction occurs uith more macroscopic

1
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'oA
. denslity fluctuatlons rather than with microscopic atoms or molecules,

Al
"

Brillouin scattering can oceur [M—]. For stimulated Raman scattering,
the mAximm useable power is given by [8] |

Poax 54 X 10 2, vatts o (2.39)
where ~ 1; 1s the transmission loss of the fibver (dB/km)

o - is the full width at half-maximum power density for the

'

# . gulded wave in the fiber (in unf

-

- This equation.a;:umes the spectra.l w};dth is. equal to or less ‘than
10 nm, For IED sources (cHiO 03/1m), - will e twa 'to four L
times grea.ter tha.n that given by eq. (2. 35)

» Considering a multimode fiber in which the half power density
ba.ndwidth is 50 /um a.nd the attenua.tion at. the wa.velength of interest

1s 5 d.B/km,

P ol x 10075(5)(50)%

& - . . cw KU

= 500 watts. - o A

Clea:r.:ly, J.c'.he use of-lo_w..—loss;, multique fibqrs eliminates any

potentialﬁr{onliffe!;ar\ effects due o stimulate&_'Rama.n scattering.
Stimulated Brillouin scattering is found to be dependent upon

source spectral- ftidth. For a monochromatic ‘som:ce, th'e‘ maximum uSe‘abl:e- |

power 1s given by [8]
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- 2
P oax ™ 8 x 10,.51fc' . watts

assuming that the stimulated gain coefficient is not a function of

wav\alength.& For a multifrequency source of bandwidth B(MHz) or
$A (nm),

LN

E

-3
-

<6 -
'Pma.x 2«3 x ;0 lfa'zB watts

PR

| ‘/3(2.3'7)
~8 x 10'111;“-2 watts. -

’

.Considerirfg again va.\multimode fiber with lf = 5 dB/km and
0= 50 um excited by an LED with spectral width of 40 m,

3

P =4 x 107 watts,
max ‘

L
'3

- ]
. -
boe

ﬁlated
. Brillouin and Ra.ma.n'sca.ttering will be negligible in low-loss,

- (\"‘ ' . )
‘multimode fibers, pa.rticglarly wher

. "It is apparent that nonlinear effects due to stim '

spectral width sources are
' used. ' i

Tests have detérmined [13] that power. densities of at least
ey I‘M/cm2 can be coupled into ‘I;uil_timode‘ fivers fr;am' a la.ser‘ source with
no %béewahle non—linea.;' a;tténua‘(:.ion. vThis-i;s 'equiv‘a.lentft'o 864 wa.ﬁts
into a fiber with & core dlaneter of 50 /uni, . |

2.4,3 Waveguide Scattering

Waveguide scattering can result due to imperfections
at the core-cladding Bomdary. Va.ria,tions in core dia.mgtér will cause

\ : - %

 (2.36)
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transfer of power between modes [8]. If the transfer is between
guided modes, this can be a beneficial effect as the various modes

tend to average out their velocitles of propagation, thus imﬁroving

) dispersion characteristics. This was discussed in section 2.3.3.

However, if power is transferred from gulded modes to the radiation
field, there can be prohibitive loss of power. Assuming an r.m.s.

core radius deviation of only 10-?/1m, radiation losses of 10 dB/km [13]
can be expected in a worst-case situation. Fortuneteiy, suchhlosses

are nqt encountered in stidte-of-the-art low-loss fibers due to high-
quallty manufacture. o he

Y

2.4l Physical Bends

Radiation losses occur at bends where a pertien of the

#e front would otherwise require a velocity greater than that of light’

. [8] to maintain phase coherence. ' The radiation attenuation

cogfficlent has theé form
B ¥

% -
eaw

1_ =%, exp(-Xr) S o (2.38)

where Xi and‘)(z are constants which are functions of the propagation

*

ehardbteristics and dimensions ef the material and which are
independent of r, the radius of curvature. The expenential dependence

of 1 ‘on indicates that the attenuation can vary enormously with

even a 2v1 range in r. Fig. 2. 15‘[13,38] illustrates the attenuation

as a function of radius r for two waveguides. Fig. 2.15 implies

that fibers with relatively 1arge normalized frequency (described

in section 2.2) do not radiate easily, since,-with increasing Y, the

i
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Fig. 2.15 Attenuation due to bends for two wa.veguides ‘
(After \[13] a.nd Bielawski [38]),
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modes are more tightly ‘bound to.the core-cla.dd.ing interface.

In %rder to see any a(ppreciable increa.se in‘ aj:tenuation due
~to bending, it would be necessary to coll lengths of the order of a
kilometer of optical fiber around a.gl\rum having a rad.ius of severa.l
centimeters.. For this reason, bending losses are geuerally considered
to be unimportant for practical systems, - |

Array-type ra.dio telescopes equloying equal—leng'th d.istribution
liuies' usua.ll have excess cable lengths stored in coils, If such a
system 1s en:pgoyed in the proposed ra.d.io teleecope, Jlengths of over
2 km may be stored in such coils. It would then e’ important ta
. consider bending losse%and to ensure that coil didmeters be grea.ter "
than ~20 cm. It would probably be advisable to ensure that such colls
be kept virtually circula.r to minimize the bending radlus,’ Siullarly,
if excess cable 1e?gths a.re.store‘d mzhother configurations, bends must

‘be constrained such that the bending radius is greater than ~10 cm.

. i'), ' l',g . . ‘ _
2.4.5 Cladding Design Effects o : N

il

Energy in the cladding as cladding modes, or simply

energy scattered from guided modes, can couple back into the core }

L d . - -

‘and degrade the group-delay characteristics. For this reason, the
cladding is often made- délI‘bera.tély lossy [8:] ' It is also possible

“to utilize a lossy\Ja.cket ‘but’ this ‘can introduce losses in core-

ke i D B e e

B R

s
o .
T T

guided modes, particularlLif the index_of refra.ction in the Jacket
is grea.ter tha.n/:tn the cladding. 'I'his is because some of the energy

in the cladding would be refracted into the Jacket resulting in

. L -
_ - E4 o = "’q/ “” ‘
- excess loss. : e T FR Bays .-

./»

Gherin & Murphy ;45] ha.ve determined tha'b cla.dding thickness

is the dominant fiber narameter that plavs a’ critioa.l rola in nreventing




{ransmission loss due to a lossy jacket. They plotted transmission

loss vs. a/b, where a and b are radius of core and cladding,

respectively. Plots for a number of fibers of different core sizes

and numerical apertures revealed that a cladding thickness of at

least 20 ym was required to prevent any.appreciable loss in core-

gulded modes due to a lossy jacket.‘ Thelr model was based on a jacket
. ‘ : ,

. | -
loss of &4 dBApm. %
2.4.6, Sum]ma.r_)lr | ‘ )

" When 0ptica1 fibers were first being considered © " long-
distance communications, the objectlve was to attain attenuation levels
as low‘ as 20 dB/km [38]. This level was expected to permit
economically feaeible repeater spacings and be CQmpatible'ﬁith existing

telecommunication system configurations.
In 1970, Corning Glass Works fabricated a fiber with a loss of

16 dB/km [28] and by 1971 had attained a level of 13 d.B/Icm /" In 1972y

Corning announced the achievement of 4 dB/km at 0.85 and 1, 06/Lm. ‘In
this fiber, losses between O, 6 and 0.9 um were all below 12 dB/knm. By
1973, a loss of 2 dB/im.was attained, In 1974, Bell Telephone -

J‘La.bora.tories reported a fiber with .a." loss of 1.1 d.B/km at 1.02 /am; In

1976, 3 mm _exhibited a loss of 0 47 aB/km at 1.2 4m with less than

1 d.B/km at, 10.95 ‘7], Additional results are presented in Appendix C.

-‘Typical_plots,of spectral'attenuation are presented in Fig, 2.16

for various fibers. It can be seen that the attenuation generally
decreases with increasing wavelength as )74 in-accordance with the

"Rayleigh scattering effect. Other attenuation effects mostly due to

absorption effects of the OH ion predominate around’ the o. 95/um

e wavelength
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Fig. 2.16*'Spectral attenuation of various optical fibers
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For low-loss fibers, Fig. 2.16 indicates that the scattering*

losses predominate with the hydroxyl ion absorption coming more under.

control as technology\progresses. )

»

LY For the radio telescope project,'it is expected that optical

fibers will be available in commercial cables with attenugtions of

' 5 dB at 0. 7j.nn and 2 4B at 1. Oé}m since these va.lues a.regpgsily

/
attainable in laboratory ffbers as shown in Fig. 2, 16 This saems to

be consistent~with the stateeof-the-art (Appendix D). These values )

will be shown to be adequate for the system design proposed in this

id R g . s . 4
thesis. ) B )“l , -y .

B
'y

2.5fcrosstalk

An?lyses of crosstalk between single-mode fibers or . those
allowing ‘only a small number of propagating modes have been performed

by a number of researchers (see the bibliography in ref; [hé]) It is-

g likely that multimode fibers will be used in the proposed radio

: telescope system, so the following discussion will be. restricted to

.
>

the multimode caae. \
| Soge results of research into crosstalk in optical fibers is
' presented in Appendix E. As expected intuitively, cladding thickness
ds a very importanst contributor to crosstalk isola.tion. | It is aleo
interesting to note that increasing the numerical aperture of the
iy Crosstalk isolation is also

-

inproved by distributing most of the optical energy that is coupled into

‘ vthe lower. crdsr modes. Under conditions of constant optical "1aunching

conditions, crosstalk increases approxinately 2 dB per decade -
of length a.nd_ mezeaeee \about 7 aB )then the uayelength is doubled, .

4



oy

Cladding thickness and numerical aperture are parameters

J:v that are established for the fiber at the time of manufacture.

Optical launching conditions may ‘be.able to be varied to some degreev

B through choice of opd;ica.l source, method of coupling the source to the

():V\‘(

iiber or other means.iéThe ‘parameters over which we\have thewbost ; :

~  control are the &ystem, or £1iber length, and the optical wavelength

) N\

of the source,

T6 determine the crosstalk for arbitrary able lengths and at‘

.different ‘wavelengths, it 1is tempting to cbnsider the follauing

o e . 4 3 B
expression,[h9] used for wire systemsx‘# - Pa N I A
. . e . "?:=
F'EX'P,(QB)=X+ZOlog_Ff1Qlogi—‘_», &
.. % . '-.. . \‘l va e Oa ‘. . .}’
where X is the known FEXT- a.tafrequencye.fo'iafnd' length L_u

é;'n

The frequency-dependent term implies a\gidB incr ase in crosstalk per .
octave of frequency increase. Howgzer, Fig. H 6. indicates a decrease .
vof:~? dB per octave of frequency increase. This|is logical since
increasing the optical frequency tends to incre se the confinement of

" the bean within the waveguide and thus reduce c osstalk coupling. The

!

\length-dependent term implies a 3 dB increase in crosstalk with

' every doubling of the length, Fig. H.4 indicates an increase of

s

_only 2 dB per decade, which is substantially more optimistic. These

" factors suggest that a more appropriate expression for FEXT might be

FEIT (dB) =~ X + 2 log i ‘23.3 log %’ o -~ (2.4Qa)

- . ~-
s -
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"
““v ; ‘ . ) @))Q. L S X . N .
- or % FEXP (dB) = X + 2 log 7~ * 23.3 log 1~ (2.40%)
R Dl - ’ . o] : > o] N
L SN ')& . “ ""t ' .
.. , . g ¥

o

Gonsi@fdng a ca.ble
(at 0, 6328}1111). eq. (2. 3%) predicts a F'EXT of ~ -78 6 dB in 2.5 km as '

.«\m\”

opposed to -?3 edicted by eq. (2.40).

-

The verification oi‘ eq. (2 40) Would"require crossta.lk testing

at various lengths a.nd wa.w.r/aleﬂ'gths, whic*h in pg%oiple, 1s simple to
do. . O " . :‘; 'l‘./:.” ’ . M (‘ ;' M .&r&’ .
. s

. q?" - \: '& o . k ‘- . :
B . . Dy - 3 ,’ »'._v," ) “:
. . . f . Qﬁg’ -,

- RPN ' .
" - 2,6 Polari ti' T . :
) 2“ olarizatlon e : R ; 3"4“&.

\_va.ries from one device to a.nother.’ Polarization perpéﬁﬂicula.r to the

PR

b5 *c'onstructed to use polarized light by simply pa.ssing randomly

. o e NS . . M : .
Light pola.rization is a, property whiich" in genera.l}qcan.‘b%

S PP
' L |
L ‘_-Q;

}se «to a.dvanta.ge in communication systems sinc‘e it is rea.dily%g; -
\"3 ’-5*__'- ’() .
;.ca.tions include

T e

o ma.nipulated. yith optical devices. Possible eg&l

¥

xgola.vization mod.ulation“a.nd mu];tiplexj.ns. th% BT
. §ifle photodetecborg are genera.ll&‘,\.- . '
'Ipola.ri”tion of incident light, sources are usua.lly pola.rizewo .some
’ extent depending on the type o\f source. Semiconductor la.sers have _ '
| been found to emit plane po].a.rized 1ight [50 51] but the pola.riza.tion
A v
_main- pla.ne has been observed, as has eliiptica.l pola:rization.
: Different regions -of a- la.ser have been found to emit light with
d.ifferent pola.rizations. \The fa.ctors governing this appa:r:ently

-

. random pola.rization are not preSently knann However, systems can be

'\
' polarized light through suita.blr oola.rizing optics. For this rea.son,_

0~=

it is necessary to exe.mjge depolarizing effects in og{.ica.l fibers.

nter-fiber crosstalk of ~80 dB in 500 meters ‘

-9
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“ Stép-index fibers with .high attenuation losSes have been found

to exhibit rapid depola.riza.tion effects due, to mode mixing in very
ke >

'~ short lengths of fiver [52:] A,, study oﬁ a 1ow-.loss gra.ded index fiber

b

[53] indica.ted some’ strong dependence between the degree of pola.rizatiﬁ

kS

1 of emergent 1ight and the )incideni pola.rization, the" degree of polar-

B
izaf-ion of emergent light,~.§nd temperé.ture §nd,'~ﬂxe output pola.riza.tion

4 r.,,,‘“

a.ngle and incident pola;riza,,ti&n a.ngle. ‘Howw this ,g:la.rizatidn :
. X y

sensitivity %ill proba.bly not be of any co he radio .

‘telescope pro,)ect. Sinbe tfxﬁe fiber tested'ﬂa.s vera} ’é\ort (14-5 cm),

=

depola.rization effe_gﬁ due to °mode mixi{&in long fibers wgi'e neglibible. ,l\ .

.';.?

" It is not En% at uha.t 1ength such erola.ri%tion effect Will opcur’

N

.&4

v

" »
.-equal-len%‘t& optics’_t wa.}{egt‘?ide feeder system_, eaqh fibeg run will ‘be

'ih"gi‘a.ded-index *fibers. If the proposed ra.dio tele%" cope is to usg’ aﬁi \

: about 2 f?/2 kilometers long.‘ This 1engthoshould almost certainly

e

EY

' ¥
,en“g’l.n:e complete depola.riza.tion.‘ F_‘or this rea.son : ola.;ization modulation

L
‘will not be considered An- “the- tra.nsmission sy 8 for the ra.dio telescope.

£a
3? v 6I’tega:::d.'iess« ¥ihe extent of depola.ri tion in a fiber, a

Ty o

'» v :,,‘ [

‘ siniple system‘ employing a perfectly pola.rized source’ tra.nsmittingo f _V

R

plight o a photodetector through the fi'?er, will suffer no loss due

{

»
4

to depolarization effects. - This 1s bgca.use photodetectors are not . /

polariza-tion-eensitive. , ~. "' S - N

-

.l’ola.rizing effects in input a.nd output cofp].ing devices will

probably contribute ‘the moet towa.rd pola.rization 1oeses in systems.

Considering the worst - case of perfectly pola.rizing input devices and

pola.riza-tion-sensitive output devices, insta.lla.tion would be critical

=
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one of the "priyileged*'s

~

-

3\ of tihe fiver.

'

. the couplerb ”

This

wil\l engure no los. due«to polarization effects (unless,the source is

) y L ' :
In long fibers, which-(presmnahly)‘ experience total wave

randemly polarized, i’t‘hich 'irill."then contribute a maximum loss of 3 dB).

'vdepo”ia.rization, the pola:r:iza.tibn a.ngles of the couplers ca.n be placed

o

c"»'

|7 &
9

L

B

ey &
- ‘2-%‘0
o V m h
* occm.'red. In such a case, the polarization ap
= should be aligned wit':
arbitrarily.
.G' P
s .. - source is ra.ndomly pola.rized.
. ' ¥
XS e
@ Y ° presented in Fig.\z 17.
" K
- « "9 ﬁ
: elements. ‘It Fis assumed tha.t
g 4

‘Table 4. 2 smnma.rizes theucritica.l

'I'here will be a 3 dB loss :Lf the output coupler is :

3
1

*ﬂ-ﬁ%’

perfectly pola.rization-sensitive a.nd an a.dditiona.l 3 dB lossa,if the :
A block diagra.m of & basic optical fiber transmission system

a.meters a.nd systea losses for va.rious cenfigura.tions of ?ola.rizing

in the case of a polarized _source, the :

polarizatioz? a.néle of the source is a.ligned with the jéput Léb‘upler to

L3 [ <

)t - . e )
' R .
v f\ o’f' » ‘ / “
: - L ' ~ L »
‘ K.,. o 'I:&ble 2.2 . /_;,// W '.{ N Y
< : ( Pola.rimtion Bffécts & Losses
A ) ! oy _\»,‘". . L3
. Input » Outpu‘b A Critical Depola.rization‘ -
. - Som:ce Coupler Fibe:r Co gp_ler Detector Parameters " Loss (Ma.x)
. Pc}l_‘ Pol.. Pol  Pol  Nor-pol - = - T,Y T
V" Pol  'Pol Non-pol Pol’ Non-pol 3 dB
- Non-pol Pol  Pol Pol Non-pol - T,Y 3 aB
‘Non-pol Pol Non-pol Pol Non-pol L \6"6,_3_

.assure 100% coupling The. incident a.nd output pola.rization angles T

a.nd‘f’ are defined. at the]input and output of the fiber, respectively.
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_Figt 2,17 Typical Optical Fiber Transmission System-~
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L el .

() TendMb strengtn .

\‘ . ' - ‘wi d '
5&. T - Fibers are quite immune to mechanical fatigue. The tensile

¥ strength of glass fibers is: of the order of 6. 9 x 105 newtons/cm [5].

i

.'J

However) due to the size and frequency g&zsurface imperfections,
R ", -
'""y&an .occur at much smalleg ngqgs.f Tensile tests performed at
e .(“'Q"

Beii Te;ephone Laboratories [5‘3 indiqﬁiedﬁd'breaking limit with masses .

.-ef b50 grams on sampies of individual fibersaﬁith gbre diameters of .

@

100.pm and cladding diameter of 1U2'pm This is equivalent to 2. 785 X

.

10“ newtons/cm for‘the composite fiber. L K e
' Corning s 6-fiber CORGUIDE cablecgzj has a nininum rated

breaking ¥t of 50 kg. Tensile tests have indicated [ 5 ] that -

v

some f%%er }emain-intact at loads up to 90 kg. During manufacture,_~‘

'_all CORGUIDE optical fibers\are subgected to tensile testing at\1 72

»

x 104 new:tons/cm2 [13] Multi-kilometer lengths of fibers tested at,

this 1evel are expected to withstand 1oads of 6. 9 x 103 newtons/cm for.

/
_at least 20hyears. .

,.

E .
- . - L . B
- . n“ - . - . “ae . - o .
A * . * -t o . .-
T " 'Y ﬁ 4 [ERNIEEE A ¥ SN ,44',‘.-?‘% >3
. . ) . « -
. RN . .

. VQ) Impa.ct Resista.nce

Optical fibers are tested for resistance to impulsive

forces by repeated dropping of a hammer of known weight from a

]/
' : o

/_-\' . 7 ) L




The_cable can also«withstand, without fiber breakage, from 4 to 24
- N )

' : - 62
" ,j/ . - .
specified height. Corning's CORGUIDE cable [jélfbas an impact resistance

for 200 impacts of 0.14 m.kg. This is generated byrdropping a 1.35 kg,

2 5 cm dilameter hammer Trom a he&ibt of 10.4 cm 200 times in one place.4ﬁ

WL

L

impacts of Q,?O m.kg. ‘ \v%' Iy
: . ' ' A 3 )

N~ ¥,

2

(c) Flexing & Twisting : L

N T ’ J.

o Tests on Corning CORGUIDE cablgasamples [56] indicate no

44.

--loss of fibers g?en sub§%cted to sustained flexing badk andaforth over

‘-' 4

SR a 2 5 cm mandrel for 10, 000 cycles._ Similar performance has beeF

'provide a. degree of moisture protectian, but fiber cables designed

Jelly or powder. T ;‘ ) ;\\

achieged for 2000 cycles/bf a t90 twist with a simultanebus f@ﬁ’
. ‘dlZThe bendihg radius Qf current o

B

e

GORGUIDE fibers‘ before breakagé oecurs is ab@i '7 mm, . L ’,

L RN

(d) Environmental Properties

\ o
p .
. \‘\,_“ .',"‘ y; s . v

Although corrosion resigtance of glass is generally

N

'better than its copp?r pounterparts, the presence of moisture tends to

reduce the molecular) bonding strength Of the fibers [57] This

increases the susceptibility of failure due to cracking when under

| tensile load. The plastic Jacket or coating over the fibers will : ;\

™~ ’

[

fC“ /uried applications should have additional proteStion with

metallic and@pglyethylene cable sheaths aﬁﬂ&}p@s@ y, cable filling

;-

One of the{attractions of fiber optics, at least for the
L R - T LT ‘
military, is its re3ative immuﬁlty tO'nuclear radiation.' In the

]

uavelength region from O 8 to, 1, 05/pm, studies of nuclear radiation “

rJ
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_ effects indica.te a linea.r increa.se of attenuation with cumula.tive

b o

g (dosage at-a ra,te of about 1 dB/km per kilorad [13] A dose of 3.

kilorads is considered a serious threa.t to human surviva.l. Avera.ge

§
worldwide background ra.diation yields a.n e.ccemula.ted ?ose of 10 Rads
r‘ a2 ‘ [ M .’ J K
over a twqw year period. Ra.dia.ﬁion immunity is therefore of no

-

. pﬁ‘actical concern for the radio telescope applica.tion.

P ooy T T e 0
. S P A ~ o . e W ) o p
2.8 : Summary *'/«r_,."‘ g LA “‘ ¢ E "
) " A ' . ) o Y ro' ,. N .. 0, ! U.‘
. 2 . . ‘ . . ! . >
. ?“‘ ’ N _3 S R v e R "ﬁ";}r
tt,‘l fibers appea.r 3" ve clea.rly capable Of providing .
P '“ 43& ) Y “L. .

h ssion medigx for !E.hg feedgr system of the proposed ra.dio -

cope. The ba.sic transmissioQ cha.ra.cteristics of dispersion a.q,d ','4 E

Loee .
» o’ @ Lo

attenua.tion ha.ve been .ﬁhoun to hza.ved improved su:ﬁ'f'icientl}r such that

ﬁ, an optica.l i‘iber feeder system is practica.l.. Crossta.lk characteristics

1‘

of- ca.b’led fibers appear to be more thdn adequate. for this system. :

-

\
There should‘ Be no a.dverse effects ‘due to pola.rizat%on properties in :t L

\\ \. ) ~ o~

15 optica.l fiberS- Fj_na.lly, the. physica.l pr0perties of optica.l fibers

el and ca.bles indicate tﬁat pra.qtica.l systems: can be installed, a.nd .

| expe_cted to operate sa.tisfa.ctorily in the field, g
. | ‘ ." . R . . . ‘.‘ S e
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i Thefsources generally considered most promising for optical
fiber communications [6 19] are semiconductor electroluminescent .
| devices-injection laser diodes (ILD';) and light—emitting diodes (IED's)
T]bir ‘desirable characteristics iﬁciﬁde small size, relatively low
power requirements, the fact that the wavelength ican be varied
" somewhat (depending on the material) and their;felatively low cost.

W These characteristics are pgrticularly attractive for the d&f

proposed radio-telescope. Wik négpo,dipole‘antennas spread over

A B

‘ ‘a large area, a number of sourcé _.§ he required, even assuming a '
A certain amount of R. F. multiplexing. Of major importance are the

devicer coSt and power requirements, especially at remote locations.

| The small size 1s particularly suitable for equipment meant for pole 3
- : fmounting, especially in the unlikely event that each antenna were to
have its own transmitting source and 1ink to’ thg.observatory. Hith
'devices operating at different wavelengths, andagince optical . -
wavelength is largely independent of temperature\ksﬁe ref, [51])
V';wavelength division hultiplexing (HDM) becomes an appealing prospect
. The development of semiconductor diode sources for optical
‘fiber communications has concentrated on the use of elements in groups
III and V of : the periodic table (see ref, [51]) The first practical . ~
‘devices were made from gallium arsenide (GaAs) and emitted 1ight at L

a wavelength of about 0 +9 pm. This matched the transmiesion window

o ‘ i !
" "of/optical fibers very well, . The addition of a third element such as .
- ‘_ " :“ e . . S . ’,_.-’_ . '_’ B
. . R V | . A D, ’\: .’ ’ ’ ‘
\ B A \
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aluminum or pnosphorous allowed the optical wavelength to be varied

over a range of about 0,75 - 0.9|)mh'§epending on the proportions of

the elements. At ‘the present time, the ternary alloy system Al Ga.1 -

is the most highly developed for optical sowre (see ref. [51])5

voHith the improved disp;rsion characteristics of “optical fibers at
uavelengths around_i,ilpn‘and longer, gources using quaternary alloyé'
are oeing develoPed to acobmmodate theseilonger wavelengths.

™ For the proposed radio\telescope project, either laser diodes

oralight-emitting diodes could be employed in the optical transmiss¥on

b

sydtemésince they lare very similar deviggss There are present .

/

. mdvmta@s in cost. and reliability with. light-emitting dicdes over

- 4 -
) laser diodes so it uould appear preferable to use light-emit%ing v

!liodes.4 It will be shown that they can offer satisfactory gprformance

although laser diodes are technically superior.

“3.1' Laser Diodes ' _ S

3,1.i General

an

~

A laser diode is basically a p-n Junction situated within

b a FabryaPerot optical cavity as described in ref. E§8] 'The resonant

_cavity is formed by cleaving two parallel facets along natural ; C

’cleavage planes of the semiconductor crystal and perpendicular to the
_p-n Junction. The other two sides perpendicular to the p-n JunctionX
‘are’ 1eft rough to suppress unnanted modes that may otherwise develop

A/in that direction.\NGallium arsenide has a refractive index of 3. 5 ,
~‘ at 0.9 pm and a GaAcs-a.ir \interface has a reflectivity ’oﬁ 30 - 35% [51]

This enables the cleaved face!s to act as end mirrors in the‘Fahryd’

. Perot resonant cavity. In order to refleot all the radiation from

o . j *

2y

S ay

65

“_‘ A

*




" an electron that is about to emit a photon of the same energy. The

Ry 66

J ’the reflectivity of the opposite mirror-is made as close to

100% as possible. This is accomplished by coating the fa.cet with an
insuI&ting ma.terial such as silicon monoxide or silicon dioxide [59]

80 as not to short-circuit the p-n Junction and then applying

metallic coating such as a.luminum, silver or gold. "\

-

e Under foraa.rd blas conditions, current flows across the p:-n

Junction and ra.diation is emitted., Stimulated emission, necessary’

for la.sing, occurs when a sponta.neously emitted photon collides with

. two photons will then proceed to stimulste nore emission a.nd the Y

process continues until a standing wgve is formey 'within the cavity

. -
Y, =

! - ‘aaser '@echanism 1s

#

<

and coherent ra.dia.tion is emitted.

&en*exceeded to m:ea.te a Nds

R/
. ; “'\. ) . * o
su.fficiently high electron density. Since the photons tend to : ’

ma.inta.ined once a threshold cm'rentx o

stimulate emission of the same wa.velength the gain mecha.nism serves
| to narrow the emission spectrmn [39] This 1is the reason the’ spectrum
of a la.se:r: diode is about an order of ma.gnitude narrower 'tha.(l tha.-t_,.
‘Iofa.nIEDa.ndtypica.llylesstha.n25nm[§O‘] s Qﬁ‘ , ]
" Ea.rly semiconductor la.sers\required high threshold current

| \ densities J th to esta.blish la.sing . This resulted in consid&a.ble .

device hea.ting and subsequent short operating lifetimes.. Even with ‘.
heat sinks, “the devioes c&d nly tolerats pulsed opea:ation with o ‘S
rela.tively low duty fa.ctors at room tempera.tm:e. Typica.l lifetimes o
of from 10 - 1000 hours were observed at duty factirs. of 10"4 [60] IR

The development of la.ser diodes foa: cOntinuous orpera.tion }:a.s -' )
v

‘ 'been made possible by dra.me.tica.lly 1owering the threshold current from

typical values of 50 000 - 100,000 A/ca® [60] tor belou 1000 A/ca’
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[s8, 61] for ﬁesent devices. This has been alccomplished'largely by -

2 "l . " the_ use of epitaxial techniques to form p-n ,)unctions [51] and by

-

. “the use of multi-la.yer structuree. ]

Al . -

The simplest laser geometry, and that most suitable for optical
fibe:f}:ommunications, is the symmetrica.l double heterojunction with a.

"stripe contact [61] Although there ‘are a number.of variations of

N
.
+ .
B

<" this design [58] the basic principle is tha.t the current’ distribution

occurs over an a.rea. much narrower tha.n the tota.l uw:!.dth of - tHe a.ctive

s . -
region. A typica.l cross-section is represented in F‘ig.’ ‘3.41.

oL @
4~r .
vy -

The stripe geometry provides a number of a.dv, Y

»

‘non-stripe:

. "i_:}.v;(‘i') lfila.menta;y cper&tiﬁs reduced[éajﬂg} | ;'

'*?""S begin to 1ase while surrounding regions are still below threshold.

-~

’W’;‘ " These contribute tq device noise. . .
- - ( i1) Mulltimode opera.tion 1s reduced [583 ’ Unifoz@ -

”stripe-geometry 1a.sers eichibit an increa.se in node ord@ with an

=~

increa.se in stripe width. Sinpe dispersion increases with the number

E \ of modes, it is desira.ble to lim?t ‘the numtbr. The @d&msnt&l node .
& _"i- 'alone is obtained gor stripe widths of ‘about 12 /Jm or less. b '
°“m‘ s o ~ (1i1) The radia.tion is emitted from a ‘small region,,

g '_ whieh simpli.fies coupling the ra.dia.tion into fibers withu 10w numerica.l
-i; "",_i“;“"‘apertm [61]. . _'_ P EURER N
E ' R (iv) The opera.ting curren is low, usua.lly less tha.n
T oysem ke
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(v) Thermal disﬁpati’op‘”d:f the device 1is improved because

the heat generating active region is imbedded in an inactive.

T
-

; semiconductar medium [61].
‘ (vi) Fatrication of reasonably defect-free areas is

simplified. due to the small size of the active area [61]

.
“

(vit) Theaactive regioi'x is isola.ted from an open surface

- Y

r‘;*iabil?tty [61]. Q‘V Lo “u, ‘

% ./,'

o 'Ihe width of the stri,pe ca.n e used to ﬁd,just the output power E

Ry

1eve1%i]. Jower levels of, 5 -amf i a.nticipa.ted focr opticai fiber
communications, .are obta.ined with a stripe width of a.bout 13} [61]

a dimension tk t 1s a suitahlda compromise botween low operating cun:ents-
: ' * ) T 4 ‘\”
a.nd appr lpower output 1eve1. f

A form ' stripe-geometry lager tha.t a.ppea.rs very promising

Y

..‘ . ‘“.‘.

‘18 Imown ‘as a b\mieﬁmterostructm (w) laser [&] In thi.s laser

the' narrow Ga.As a.ctive reglon is completely smomded sby GaAlAs as

A -, 4n Fi.g. 3.2_... ’l‘he two types shown depend on the doping on the "~

+
A

'de of the active Gais, layer. E -
In BH la.sers, as othé?r: stripe-geometry 1a.sers, the heat Ui

. .source 1is ‘the narrow a.ctive region that 1s snmroujed by inactive

} ‘ {semiconduo;tor‘ materi&l. Thie is expected to be advant ous in the

tranefer of heat to. the hea.t sink. It a.ppears tha.t CH operation ‘of

| - these lasers may be possible (at\goom temperatm:e) without bulky heat . ..

sinks. The superior thema.l characteristics of these d.evices is also

expected to result in] rligh reliabili.ty. e . '._-,\‘: :

a

along its two ma.jor dimensione, a fa&;: believed to improve 1ong-term

’
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3.1.2 Laser Diode Performance AN

(a) Threshold Current Density

*

\

As described in ref. [58], the threshold current 4
density 5th for laser diodes has decreased over two orders of
rdagnitude since they were first introduced. A plot of this evolution
until the early 1970's is indicated in fig. 3.3« More rqcent develop-
ment has yielded double heterOJung}ion devices with threshold current
densities as low as 475 A/cm2 [61]

The threshold current density of heterojunction lasers is
'typically an ;;ponential function of temperature as shown in Fig} 3.4,
This indicates, for a IH laser, a variation from about ?00 A/cm to

o

about 1400 A/cm over the temperature range of -50°C to +30 C, or a

ratio of 1:2, This represents an important consideration for electronics

compensation circuitry and power supply design.

[\

(b) .Efficiency and Power

The quantum efficiency 72q of an electroluminescent device
is defined as the ratio of the number of photons emitted to the number

of electrons flowing through it. This can be written as [51]

I ”

M4~ 176 _ (3.1)
where I 1is the optical power emitted
1 1is the drive cugrent
hf 1is the photon energy

e 1s the electron charge.
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Fig. 3.5 Power emitted from one facet of a typical stripe-geometry
aluminum gallium arsenide laser diode_in CW operation at various
temperatures (After Kressel et al [61] and O'Brien [64+]).

A more convenient term, which relates the slope of the output
power characteristic above threshold and the bias voltage Vg is the

differential quantum efficiency <§7q_shown in Fig. 3.5 and given by [51]

e S |
A 57h - (E-:fggj;; _ o H (3.2)

Ty

Internal quantum efficiencieslof good quality DH laser diodes

approach 100% at cryogenic temperatures and 60 - 70% at room



—

[

£§§é§ra£ur§A[60]. Differenfial quantum efficiencies’approach 50% at
room temperatﬁre, indicating low 1nternal\absorption losses, In the
case of heterojunction lasers, the differigtial quantum efficienoy
1s relatively independent of temperature, as compared to homoiunctlon
lasers [60]. This 1s a welcome characteristic, since a temperaturw
céntrol or compensation scheme adoptéd for use with the radio
telescope would not need to be so critical. The bias'point (assuming .
an analog, class A system) on the characteristic curve of Fig. 3.5 can
be allbﬁed to wander sqmewhat with témperature, providing the dynam;c /}
range remains within the linear region above threshold. (This also
prsulics that the variation in optical signal power is acceptable
aﬁ:fggilrceiver, ie: adequate signal-to-nolse ratlo ,,within the
rang. .. the automatic gain control, etc.)

Power ponversion efficiency is the ratio of optical power
outpﬁt to the electrical power input [60]. For SH lasers, the power
conversion effic;encf can reach about 10% and, for some LOC lasers,

can reach as high as 20% while operating in a pulsed mode at a duty

_ ¢ycle of a few percent. In 1971, a power conversion efficlency of %

was determined for a laser at an output power of 120 mw operating

a? a current density of 5000 A/cmz. (Threshold current density was
2000 A/cmz.)

A typical output power characteristic curve as a function of
temperature is shown in Fig. 3.5 for commeréial RCA DH lasers. Because
of this heavy’dependénce.of threshéld current on temperature, the laser

should be operated at some.fixed temperature within its éperafingf

temperature range. A smgll thermoelectric heét pump could maintaiﬁ‘

the laser heat-sink temperafu:é to within a few tenths of a degree over
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. v
ohe expected amoient femperature‘range.

Peak output -powers of 100 - 200 mw have been achieved [60]
under CW operation at 300 K. However, reliable operation with
lifetimes of the order of 10,000 hours [61] have been reported with
output power of only a few milliwatts. Fig. 3.5 indicates that
~_output power of 10 mw can be obtained at drive.currents less than - T
400 ma with some commercial.Dﬁ laser diodes. Devices with threshold
currents less then.15d na have also been reported (8], which.yield”

10 mw output power for drive currents less than 200 ma. More recently,
stripe-geometry BH lasers have been construcy?d which exhibit
threshold currents that range from 15 ma to 2@ ma at 20 C L65].

Light output power of 0.5 mw was obtained with input signals 3 ma
above threshold. -

.
. (c) Beamwidth
¥ . -
" BEfficient coupling to optical fibers demands that the -

‘source beamwldth be as narrow ae'possible,'pieferably within the ’
numerical aperture of the fiber. Beamwidth is inversely proportionai
to the width of the emitting region [61]. In the plane peréendicula.r
to the junction, & typical full-width half-maximum _(imm) Beam-.gidth
§I3Q° - 50° [61]; 1n the plane'pa.l\-allel to the junction, 1t is
osually less than 15"[60] and typically 5° - 10° [61]. The beamwidth
has been found to vary slightly with diode topology and internal

. gecmetry [61]. ‘ ,

| One of the disad£antages of the DH 1aser is that it has a

typically broader beamwidth than the SH or homojunction laser due to
[

its narrower active region.




(d) Modulation

» " One of the merits of laser diodes is that they do
not require sophisticated external modulators. They are easily
. modulated directly by varying the drive current. Most applications
reported in the literature involve biasing the laser Just below
threshold andpulsingtheygriving current to effect digital modulation,
However, the output cha%ﬁcteristic of a laser diode, as portrayed in
Fig. 3.5 1is observed to have a reasonably linear region above
threshold, and is thus suitable for direct analog modulation [8 66 ],
Since the signal-to-noise ratio of an AM channel increases.._
with the modulation depth [66], it would seem desirable to rnaximize‘~
“this parameter. There is, however, a certain nonlinearity in the
lasér's-output characteristic (66]. This necessitates that the
modulation depth be kept reasonably small, so &4s to avoid harmonic
and intermodulation distgrtion. The extent of this disto%tion will
probabli also‘vary somewhat with the type of device and operating point.
Selection of devices for the radio telescope would then require
u  préeliminary testing to determine harmonic distortion levels, unless
| they are specified by the manufacturer. I | .
The recombination lifetime of the injected carriers is about
2 ns [51] during spontaneous emission (below threshold) and less than
1 ns for stimulated emission (above threshold) Laser diodes are thus
" capable of being directly modulated at high speed by variation of
the inJected current. This implies that wide bandwidths are possible
* with direct analog modulation [66]. The modulation efficiency
'(modulation depth.of the light'intensity as a function of modulating

_ I )
frequency)-is flat with Increasing modulating frequencxﬁup to values of
' 4
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" a few tenths ofoa glgahertz to several glgahertz, where a resonant.>
peak occurs [8,66]. Near this'peaé; narrow band signals can be’

' modulated with very little energy. Wide band signals must be restricted
to the flat portion of the spectrum below this peak to avoid distortion.
Above this resonant frequency, the efficiency falls off rapidly.

Direct modulation rates up to 800 Mbits/s ;67ﬂ‘hdbe been reported in

the literature. Some of the newer stripe-geometry BH lasers have

predicted modulation capabilities up to 2 GHz [65]

¢

gez Noise

Laser noise has been the subject of some study.[6,68].
Near threshold, the noise level can be considerably higher than that
, associated with quantum (shot) noise. Just how much higher depends
on the signel level.and the coherence time of the noise, which in turnm,
depends on the‘proximity to threshold. The noise level, for conditions.
well above threshold, 1s greatly reduced, in most practical oases,
" to that of quantum noise, This is bérme out by the fact that there
is no mertion of laser ﬁoise contribution in any of the 1iteraturel

describing practical optical fiber systems.

(£) Relifbility : ,

Fallure in laser diodes has generally been attributed to
two basic mechanisms — catastrophfé failure and grad;al degradation
‘[s8, 60] Catastrophic failure is manifested by structural damage to
" the facets of the optical chamber and is related to the power density
within the cavity. Thus, lasers with thin optical cavities, such as

DH lasers, are much more prone to this type of failure than SH or SCH
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1
lasers. This méchaniém is lﬁrgely associated with pulsed operation,

t
!

such as digital modulati;n.‘
Lasers operating in the Cﬁ mode are primarily subjedt to
. gradual degradation {58]. This 1s characterized by a gradual decrease
in quantum efficiencj concurrent with an incfease in threshold ‘
current density [60]. This|degradation is belleved to be due to
metallurgical 1mperfection #ensity ahd to the formation of non- .
fadiative recombination ce;ters. DeQice fabrication and aésembly are
thus important factors in laser life. Reduced-strain electrical
contacts have permitted an increaseﬂin 1ifet%me from tens of hours to
sever@l thousand hours at room temperatures indicating that.stresses
and éfrains are important considerations in device reliability [58].

P

Stresses can be reduced in DH lasers by the use of Al Ga,

_ 1y
heterojunctions. Such lasers have lower room temperature current
thresholds and ha§; predicted lifetimes greater than 100,000nhours (s8]
| In 1975, it was reported [69 ] that long-life lasers, with
output powers between 1 and 20 mw were'b;ing tested by RCA and Bell
Telephone Laboratories. These‘deéices were promising CW operation.of
" 100,000 hours at room temperature. The Bell devices emit 5 - 10 mw
of light at about 0.9 m with an input power of 0.2 watts. RCA's
éluminum-gallium—arseniae lasers emit 20 mw at 0.8 pm with an input
power of 0.5 watts. The RCA devices were rated by industry personnel
_at 50,000 - 100,000 hours of CW operation at room temperature, but

RCA researchers were reluctant to claim lifétimes longer than 10,000_v

hours,

Lo
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Bell Telephone Laﬁcratorié§ have reported [70] that laéers
used in their Chicago lightwave project have aeccumulated more than
75,000 hours of operating time without incurring a failure in the sense
& having zero output. One failed due to én instabllity ihich rendered -
it unusabI;.' An updated repq;t on this project 1nd1¢ated one laser
failure out of a total of 120,000 accumulated h;urs. The mechanism
of this failure was Aot glven, Life'teﬁtsvon similar lasers conducted
at 70 °C indicate a ﬁean-time—to-%ailure (MTTF) of 10.5 years for
devices operating at 22 °C ambient. ‘Lifétime tests on unlts manufactured -~
more recentiy indicate an MTTF of 100 years when operated at 22°(3

ambient. This temperature is maintained by the use of a thermoelectric

coolér attached to the device, B ' -

3,2 Light-Emitting Diodes

Deépite.the relative;y large pow;r outéut, narrow spectral widths
and narrow beamwidths*of laser diodes, their’relatively low reliability k
and high cost has served éo focus incréased atténtion on light-
emitting-diodes (LED's) as sources for optical fiber communication
sfstems [71]. While thelr performance is otherwise gener#lly inferior to

that of laser diodgs. IED's are most adequate for many system applications.

302.1 ‘Genera-l

{

An 1ED is essentially a p-n junction diode forward-

blased to effect spontaneous radiation as described in ref. [51].

‘The main difference between an 1ED and a laser diode is that the LED

does not (usually) contain a Fabry-Perot optical cavity. Thus, the

radiation is spontaneous, and therefore, incoherent.
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Incoherent :adiation is cbargcterized by many spatial modes.
In order to couple reasonable amounts of power into an optiéal fiber,
then, multimode fibers are required. As will be discussed in the
section on coupling, the amount of power Ic coupled into a fiber by

a small, incoherent source can be given by [8]

) I. = A'A"Qa ._ (3.3)

where A 1is the radiance (brigitness) of the source (H/sr.cmz)
A 1is the area of emission
f1, 1s the external solid acceptance angle of the fiber.
This indic#tes that an important parameter, for efficient coupling,
is the radiance, or trightness, of the sourcs.

Another ;mportant parameter is the beamwidth. Since an
optical fiber can accept only radiation that falls within its numerical
aperture, radiation at larger angles is absorbed in£o the cladding.
Incoherent radiatioh, as a result of spontaneous carrier recombination,
1s essentially omnidirectional [51]. Aithough the radiation pattern
1s,modified somewhat by the internal geoﬁétry and structure of the
device [6], only a small portion of the radiation from an IED can be
coupled into a fiber. ‘

_ LED's are designed to minimize intérnal absorption, allow high
operating current densitiés and maximize coupling efficlency into
fibers'[Slj. Two types of structure are generally ﬁsgd — surface-

emitters and edge-emitters.



e

(a) Surface-Emitters

Burrus [72] has developed IED's specifically for optical
fiﬁer communications purposes in which the coupled radiationkls
" obtained from the direction normal to the plane of the p-n junction.
A "well" 1s etched through the substrate to accommodate a fiber,
which 1s then butted againgt the junctlion and cemented'into place
~ with epoxy. The-junction's linear dimensions are made to be of the
same order of magnituﬁe as the‘;iameter of the fiber core, The
recombination region is placed adjacent to a heat sink to allow high
operating cwurrent densities. A typical Burrus-type surface-emitting

LED is shown in Fig. 3.6.

(v) Edge-Emitters

Edge-emitter LED's utilize.heterojunction structures

similar to laser diodes [61] as shown in Fig. 3.1. The heterojunctions

proyide a certain measure of internal wavegulding of the spontaneous
emission, This tends to modify the radiation pattern [6], improving
its direétionality in the plane perpendicular to t;; jﬁnction. Like
the stripe-geometry laser diodes, the lateral width of the_emitiing
region is adjusted to match the fiber dimensions (~50-100 ym)[61].

A modified structure, termed a "restricted edge-emitting
diode” or mmb, has recently been developed [73]. This device is

basically an LOC laser operated in the spontaneous mode. Since the

output power is found to decrease with increased diode length-(due to

internal reabsarption of the emitted‘;adiation), increased power and
efficlency result from dlodes that are constructed with the active

area restricted, as much as possible, to the radiant edge.
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3.2.2 LBD Performance

(a) Radiance and Current Density

.
!

Early homostructure surface-emitting (Burrué) : j/.

devices ylelded radiance values over 100 W/sr/cm , a8 inamcatedk
Table 3.1 [?b] It is seen that the radiance is a_felativqiy %ipe
function of current density and inversely proportiong% to thg‘;ﬁﬁxte .
area. Since the largest radiant lntensity (prquct of emittiné
area and radiance) was obtained with diodes having a diameter of 50‘Fm,
this was determined to be optimum., A comparison of diffused
(homostructure), SH and DH diodes was made [7+] with active diameters
of 50 pm and is presented in Table 3.2. The 1ncreasea effieiencymof
the SH and DH devites is apparent. "

An edge-emltting LED was reported in 1971 having a radiance
of 25 H/sr/cm2 at 600 ma for an active area of 7 x 107% cn? (8].

For purpose of comparison, the radiance of a number of commercially-

available LED's (Monsanto MV-50, HP 5082-4400, GE SSL-22, BTL Zn91203,

TI TIL;EB) was measured [%h] at the manufacturer's maximum rated™ .
current, Using emitting-area values estimated visually, the radiance
values ranged between 0,01 and* 0,26 W/sr/cm at current densities of
6 -~ 25 A/cm . These are some two to four orders of magnitude lower
than the surface-emitters described in Tahle 3.2, which were designed
specifically for fiber communications,

In 1976, RCA Laboratories reparted the development of high-

’radiénce LED's [75]. These devices are edge-emitters and feature a

narrow active region. The radiance of these devices has been

increased to over 1000 W/cn?.sz.

~
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Table 3.1

L4

Effect of Area on Radiance
i

Contact Contact Drive , Current.

Diameter Area Current Density Radiance ’
(m) (cn®) () | (kafem?) | (W/ax/en®)
13 . | 0.3 x 107 | 100 75 | 80 - 117
25 0.9 x 1070 | 150 30 27 - U6
50 1.96 x 107 | 300 15 16 — 30
100 2,85 x 1070 | 300 1,75 b~ 7

* Drive current=2/3 x saturation current

-
) Table 3.2 "
Comparison of Absolute Radiance Values For Three Types of Diodes
_
Contact | Contact Driye , | Current
Diameter| ~Area Curre Dens.’ug/ Radiance _.
2 1% °
Diode Type (pm) (em®) (mA) kA/cm) | (W/sx/cn”)
Homostzructure 50 1.96 x 10’5 © 300 15 30 - 40
Single-heterostructure 50 1.96 x 10“5 - 200 10 55 - 70 -
Double-heterostrucfm 50 1,96 x 10‘5 150 7.5 60 - 100

* Dr1v§ current = 2/3 saturation current
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It is interesting to compare the r*diance of an LED with

that of a laser. An IED with an efficlency of 1%.'operatiﬂg at a
current density of 5 A/cm2 with an applied voltage of 2 V will have a
radiance of approximately 0,01 W/sr/cm2 [51]. Increasing the current
density to 5000 A/cmz, the radiance would be about 10 U/sr/cmz. A
laser, operating at a current density of 5000 A/cm2 with a junction
area of 1072 cm® would emit 10 watts from a source area of 0.1 cm X
2)mm into a soiid angle of about 0.25 sr. This is equivalent to a

radiance of about 2 x 10° W/sr/cn®.

Of course, radiance is not an indication of total power outputsy.
It which is the product of radiance A, emitting area A and radiating

solid angle S2r, or ..
A I, = AaS2, ¢ | (3.4

For optical fiber éommunications pﬁrposes, the amount of power that
can be coupled into the fiber is more important than total .power output
In this respect, if an 1ED has a higher total power, but a lower . l
radiant intensity (product of emitting a.rea.vand radiance) .per unit
solid anéle than a laser diode, it will not couple as much power into

the fiber as the laser will. Coupling efficiencies and techniques

will be discussed further in section 5,0, .

(b)  Efficiency and Power ¥

While internal guantuﬁ?pfficiency for an LED may ;
approach 100% at cryogenic temperatures, it is around 50% at room

temperatyresv[jlj However, the external quantum efficiency is

-




\
)

linited by internal reabsorption of the emitted radiation. This
radia.tion spa.ns a "m:oa.d spectral range (about 40 nm) and 1is virtually
omnidirectional. ! Typica.l external quantum efficiency is less than
1o%, xith the remaining 90% being dissipated as heat [19], which must
be removed to prevent da.mage to the device.,

Efficlency is also highest at high d:rive currents up to, say,
100 mA [76] Lowering the current to 10 mA reduces the efficiency

to about 63% Qof what 1t was at 100 mA) and at 1 mA it drops to about

A ~; 20% The ’grplieoff is rqlia.bility. A rulé of thumb is that the

f&ilure rate jumps a.n order of ma.gnitude for each doubling of the

drive \cm:rent [76] L EE o

]
~

Surface-emitter and edge-emitter diodes provide several

Com

milliwa.tts of pouer 4n tﬁ'e 0 8 - 0.9 pm spectral range at drive currents

T

of 100 -9200‘3mA (2000 - 4000 A/_em ) and at modulating frequencies of

100 - 200 MHz [61] In, the 1.0 - 1.1 ym range, surface-emitting

dio@es F{a,ye yieiiﬁlzed:’::a'.boujb i mWWEf output power for devices with

?

'InGa.Asv_r gtructzg:ee [77].
A typica.l cha.ra.cberistic ‘of output power as a function of

drive current t;or““an LED will look; like Fig. 3.7, which is’ sqvan to

\ 4

be of the same fou:m as Fig. J ¢ Actual power/current values will
r

vary with the radia.nce and type of device., The values shown in Fig.

34y are represent}-tive of a Burrus-type surface-emitter with a radiance
of about 60 W/sr/cm emitting from a surface of diameter 50 }m into a "
cone of about 130 or 3.62 sr [ 74, 78] Overa.ll power efficiency is
about 1 - 2%. .% . oo

The&aiontput qha.r?gcteristic of a typlcal edge—emitter is shown

in, Fig. 3.8 algng with ;tha'ﬁ ef a REED device to empnasize its higher |

t

Q\Ff

efficieney. o

e
Lt
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Fig. 3.6 - Cross-section of surface-emitting 1ED (After Burrus and
: Ulmer [72]). .
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Fig. 3.7 Output characteristic for Burrus-type surface-emitting LED
- (After Barnoski [78]).



Due to théir small emitting area and lmproved direcfional;ty,
edge;emitters are generally more efficient at coupling to fibers than
surface-emitters. Typlcal coupling loss into a s£ep-index fiber with
a numerical aperture of 0,14 is about 17 - 20 dB for (Lambertian)

surface-emitters, 12 - 16 dB for edge-emitters and 3 dB for lasers [61].
RCA's edge-emit%ers [?5] have demonstrated coupling losses of only

-9 - 11'dB since they have a relatively narrow beamwidth (~25° FWHM)
and the fibers had a microlens formed on the end. Couﬁling wili be
discussed in more detail in chapter 5. E&ge-emitters; with somewhat
lower output power; can couple power into é fiber comparable to that

of some surface-emitters.

(¢c) Modulation

0

In a recenf paper, Lee [79] has indicated that the

risetime of an LED;decréases as junction capacitance decreases., For
N

a GaAs diode, the risetime was about 5.5 ns for a junctlon capacitance
of 200 pF and 3.5 ns for 20 pF. The risetime was also féupd to decrease
with iﬁcreased.driving curren£ density. It was also reported that
. higher modulation rates (digital) were achieved by iowering the
driving circuit output impedance.

The lower limit on*ri;etimebis set by the chromatic delay of
fhe de&ice [80]. In general, it is found thét shorter wavelengths
arekdelayed more than longer wavelengths when the dgvice is modulated,
For a typical LED with a spectral width of 40 nm, this chromatic
delay is about 200 ~.300 ps within the half—pﬁwer points of the PED
épectrum. This delay, although small, is an internal or intrinsic

type of dispersion.

!
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Light-emitting digdes typically have risetimes of about 5 ns
or less, indicating modulation frequencies in the hundreds of :
megahertz. "The Burrus-txpe surface-emitters have exhibited [81] o
risetimes of 4-6 ns for homostructures, 8-11 ns for SH and 10-12 ns
fom DH diodes in a/Sb ohm circuit. All three structures had
risetimes of about 1 ns when the modulation source impedance was
2-4 ohms, which approximately matched the diodes'internal impedance.
While many state-of-the-art LED's have been modulated at
frequencies up.to about 200 MHz (-3 dB point) [6,8,61,63], many have
“lower limits. Modulation efficiency was measured py'Bnrrus et al [82]
with surface-emitting LED's. It was found that the -3:dB point
occurred at about 40 MHz for homojunction GaAshdeyices, 36 Mﬁz for’
SH . s devices and 30 MHz for DH AlGaAs devices. The Plessey
Company has developed high-radiance GaAs [63] and InGaas [83, 84]
s ace-emitters for optical fiber communications. The GaAs diodes
emit at about 0.9‘pm and the InGaAs diodes emit at 1, 06‘pm A piot of
the modulation characteristic shown in Fig. 3.9 indicates constant
modulation response to almost 500° MHz with suitable doping for GaAs
devices, InGaAs diodes reveal 3 dB modulation bandwidths’ of about \-~;_,,,/
150 MHz; with capability up to. 250 MHz. The edge-emitting REED
devices introduced - by Kressel and Ettenberg [73] had modulation
capability of 50 - 60 MHz (at -3 dB point) The more recent edge-
emitters developed by RCA Laboratories [75] have exhibited modulation
at frequencies greater than 150 MHz.
While laser diodes a;z capable of much higher modulatimg
frequencie§ than LED's, it seems apparent that the modulation

~

performance of LED's would be more-than satisfactory-for the radio

~
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Fig. 3.8 Power emitted as a function of drive current for a normal
and a restricted edge-emitting LED (After Kressel and Ettenberg [73]).
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Fig. 3.9 Modulation characteristics of highly-doped GaAs and InGads
; high-radiance diodes (After Goodfellow and Mabbitt [63]).



teiescope transmission system, |

« -

(d) Linearity

The relationship between the ;&tput powef»and the 
driving current fopéLEp's is relatively linear over a large range [8].
This allo#s direct'hnaibg modulation to be easily accomplished., The
exfent of the 1inearit& (or, more accurately, the nonlinearity) is
very import;;t and would probably éequire measurement to determine
the'lé&éls_of distOrtion; Variations‘in the output characteristic
from unit to unit may require some control,

:IED's have been taéted‘for ﬁonlinear distortion iﬁvv&rious
broadband aﬁalég syst;ms (see Appendix F). Studio-quality video has
been demonstrated over optical fiber links iﬁdicating~good.IED
linearity performance, depeﬁding on modulation ind;x., By reducing -
modulation index, distortion levels of -50 4B and lower can be att#ined.
Since harmonic éistortion'in LED's appears tolingrease with increasing
temperature (seé Appendix F), a relatively cool and constant temperature
should be advantageous. ’

| A téchnique was recently reparted [ 83 ] for extending the |
linear range of an LED by the se of a shunt diod.e° Inqreases in
relative optical output of 20% {o 60% was indicated. This was
accomplished, howe;er, at the expense of additidhal driving current.

The linearity of Qhotodiodgs appears to be e#cellent.‘ Since the
second- and third-harmpnic distortion 4s expectéd +0 be approximately
proportional to the square and cube of the fﬁndamental, respectively,'
photodiodes operating with relatively low incident optical powers

should exhibit virtually negligible distortion. - N
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gel Noisé

L

‘ The ﬁinimuﬁbnoise générﬁtedybyﬂaﬁ IED will be -
quantum noise, or shot noise [68] assoclated with carrier recombination,
Lee'& Burrus [thlfound that the nolse in a photodqtectorﬁilluminated
by an LED exceeded the quantum nolse contributed by the photddetector
itself by a factor that decreased roughly as the reciprocal of the
modulating'frequency. Quantum noise was dominant at frequenciesigbové
about 100 KHz and, in thﬁ;ﬁetter diodes, about 10 KHz. Lee & Burrus
‘concluded that much‘of‘ihe e#cess noise was due tq contacts and éould'

be reduced or.élimﬁﬂé%éd by improved fghrication. Since thetr

measurements were made at a current level of 150‘pA 1n£the photodetector,
" the lower current levels expected with LED'slin fiber communicatiqn
systems should render the additional 1/f noise negligible at even

lower frequenciesd.

(£) Reliability

_ Since'LﬁD‘s are basically laser diodes wlthout the

optical cavity, the failure mechanism is essentially the same as
the gradual dégiadation of the lasers, The surface-emitter diédes .
developed by Burrus & ﬁiller/[Bij'are‘capable of operating lifetiméé‘
to half-power of about 10 000 hours at a (@Five current of 150 ma. and
a current density of 7500 A/cm . In 1973 the Plessey Company [71]
had built diodes with a progected half-power life of 15,000 hours

starting at 500‘pH‘output and’éhowing 1ess than 1% degradation in
power over 1000 hours., In 1976 a lot of AlGaAs 1EDs. maintained

constant power output to within 5% in 14,000 hours of operation [61]



o
In 1977, it was reported f85] that LED's hadybeen gpepitiﬁg at ﬁigs
levels of 10“ A/cm2 and that power degrada%ionrigg less than 5% after
20;000 hours., >Temperatuia—accelerated aéing t;sts on fhese de&ices
have 1?§ to predictions of 107 hou:%!of continuous operétion gt room

temperature.

Both laser diod;s and light-emitting dlodes apﬁear to be
satlsfactory optical sources for the proposedvtransmissi;n system.
'whiie‘iaser'diodes offer superior technical perfo:mqﬁcq to 1ED's, LED's
"have reliability and cost advantageé;over laser dlodes. For the near
future, 1t is expected that these adv%nféges wbﬁid demand the use of
LED's for the feeder system., Serious cbnsideration for using laser .
~diodes in the feeder system of the proposed radio telescope system
will require good device reliability and a reasonably attractive cost.
' Judging by the development of semiconductor devices in geheral over
the past few years, there is good reason for suéh optimism, It has been
forecast [86] that current prices of about $1000 for some lasers will

drop to below $20 and possibly‘to below $10 by 1988,



CHAPTER 4

PHOTODETECTORS

) .
L,1 General / . ' -

Optical radiation is converteé into electrical signals by
photddetectors.‘ These are squar341%¥ devices that respond to the
intensity of the incoming'radiation averaged over a few obtical
cycles[:87 ]. Pgrformance requirements of photodétectors for use
in optical fiber transmission systems include [8]: high response or
sensitivity at the wavelength of the source; sufficlent bandwidth or “
speed of response to accommbdate the required information rate;
minimum additional noise introduced by the detecto;; low susceptibility
of performance characteristics to changes in a@bient conditions.,

Photodetectors are classified into tﬁree general types --

' photoémigg%rs, photoconductors and photovoltaic devices. Photoemitters

are principally vacuum photodiodes, gas-filled phototubes and
photomultipliers. These devices utilize an external photoelectric
effect, in which electrons are emitted into a vacuum or gas from a

material which has absorbed optical radiatiot, While time constants

-involved are adequate to permit modulation into the microwave

frequencies, quantum efficiency is low, typically about 30 - 40% as
aﬂ uppe# 1imit [ 87 . Increésed éensitivity can be obtained with
photomul%iplier tubqs, but these are'bulky, expensive and require
elaborate high-voltage pog?r sgpplies. In view of these limitations,

photoemitters will not be considered further. Photoconductors are bulk

92



semiconductor devices whose cofxductivity varies with the generation
of/hole-electron rairs dus to the absorption of optical radiation,
These devices are largely limited to infrared.wavelength (> 1 ).un)
operation apd require ;ea.;:-cryogenic cooling [ 87,88 ]. These devices
are not considered suitable for optical fiber communications purposes.
Photovoltaic detectcu:é are basically semiconductor devices with a p-n
‘ junction (usually reverse-biased) across which photon-generated
electrons and holes diffuse to be collected as photocurrent [87].
These defvi.s:fm‘a include p-n junction photocells, p-n-p phqtotransistors,
gva.la.nche ;J”ﬂ‘c;’é;)diodes, p-1-n photodiodes and Schottky-barrier devices
[887]. The most promising devices for optical-fiber transmission
systems currently are p~i-n photodiodes and avalanche photodiodes.
__Some of the a.'q,ributes of photodiodes are sn;a.ll-size. ruggedness,
simplicity, high response speeds and low cost. Photodiodes will be-

considered further below,

4,2 Photodiodes

(2) Materials =

For operation within the band of interest for optical
fiber communications, three séMcon,ductocr materials are currently used
— silicon, germanium or gallium arsenide [8]. Silicon is generally
. f‘.fom about O.4 - 1.0 pm wavelengths due largely to its highly
_g:.oped technology and also to 1ts relatively. low dark current (this
will bé described later). Gallium arsenide is useful only to 0.9 ,m,
whereas germanium can be used to beyond 1.5 }ﬁn. Due to the narrow

bandgap, germanium diodes exhiblt larger dark currents than silicon

.diodes, which results in higher noise levels,
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(b) Non-avalanche Photodiodes

The most efficient photodiodes are those with a
p-1-n structuie as showh in Fig, 4.1. These diodes“;re seen to be

comprised of heavily doped p and n regions separated by 'a layer

of intrinsic maferial. Under reverse-biased c&nditions. an electric

field is set up within the intrinsic region which becomes the
‘depletion region. At the sharter wavelengths of operation, this
region can be quite narfow and it is not particularly difficult to
obtain good efficiency and also fast rise éimeé for wide bandwidth
operation. However, at the longer wavelengths, the light penetrates
deeply into the materlal, requiring wider depletion regions [8,87:]
for good efficlency. Since this results in increased carrier t;ansit
times, there is a tradeoff between quantum efficiency and speed. of
response. (or Sandxidth). Some compromise between these two is
realized if the light 1s allowed to enter the depletion region from

_ ”
the side as shown in Fig. 4.1 (b). ’

(c) Avalanche Photodiodes

If the reverse-bias of a photodiode is-increased to
a pbint Just below thg avalanche or treakdown voltage, a considerable

increase in sensitivity is8 achieved. This is because the electron-

hole pairs created by the absorption of optical radiation create

new électrbn-hole palrs through impact lonization [8,87:]. This

gain mechanism is a function of the bias voltage, reaching a maximum

at the treakdown voltage.
Cross-sections of typical front and side-illuminated silicon

avalanche photodiodes are shown in Fig. 4.2.

4
-

o4
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Fig. 4.1 Construction of nonavalanching p-i-n photodiodes {a) Front-
illuminated silicon photodiode optimized for A = 0.633;pm (v) side-
11luminated silicon photodiode (After’ﬁh}ier, Li and Marcatili [8]).
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Fig. 4.2 Construction of avalanche photodiodes (a) Front-illuminated
silicon avalanche photodiode - electric fields in the drift and
nultiplication regions are also shown (b) Side-illuminated silicon
avalanche photodiode (After Miller, Li and Marcatili [8]).
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(d) Responsivity and Efficiency : ,

Responsivity is a measure of the sensitivity of
the photodetéctar and is the ratio of output current or voltage to
the incident optical flux in watts or lﬁmens[:88]. The spectral
responsivity is simply the responsivi}y as a function of'wavelengthgl
Typical curves are shown in Fig. 4.3 for silicon and germanium
photodetectars.
Quantum efficlency of p~i-n silicon photodiodes 1s typicaily
greater than 85% [8, 87 ], while for p-i-n’ germanium photodiodes, 1t
- 1s around 60% (measured at the peak responsivity) [ 87 ]. The
relationship between quantum efficiency 72(‘X) and spectral responsivity
/D(A) is given by [ 88 ]

<

7 (A) = L.23965 ’3\_10-(;94%) - ()

Often, in the case of devices with internal gain (ie: photo-
nultipliers, avalanche photodiodes), the responsivity includes the
gain, so it is necessary to note this when examining or using such

&

devices,

”

., {e) Risetime and Bandwidth

The speed of response of a solid-state photodetectar
to incident light is gaverned ultimately by the time it takes for
the generated electroms and holes to be collected in the diode [ 887,

This 1s a function of thé RC time constant of the diode and input

amplifier circuitry.
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The a.c. equivalent circuit of a photodiode is shown in Fig.
4.4 and consists of a photocm‘reﬁt gensrator 1ph,diode junction
‘éapapitance Cj' series resistance RB and shunt resistance Rj‘

The risetime t. willbe about (%]

1 ' = |
t " B | (4.2)
X’
where - B <1s the 3 dB bandwidthe.of the diode, and
B = onE +Rx£+c'+c ) (4.3)
a 1 78] i stray
where R1 is the amplifier input resistance )
RS 1s the diode series resistance
Cj ' is the diode junction capacitance
¢, is the amplifier input capacitance
Cstra.y is additional stray capacitance.

Response time is generally determined with a load resistance

R, of 50 ohms and subnanosecond values are not uncommon [8] with
diode capacftgnces in the order of 1 pF. This suggests bandwidths
in the order of hundreds of megahertz, In the case of avalanche - °
photodiodes, respense times are in the same order of mag.ni’cude as

for non-q.va.la.nching diodes and ga.i.s-ba.ndwidth products are feported.

in the 20 - 100 GHz range [8 87] The maximum achievable gain is
determined by the gain-ba.ndwidth product at high modulating frequencies o
C. 87] Although stable gain has been achieved up to values of 10% at
room temperattp:e (in silicon diodes)[ 87 ], typical values are in the

order of 200 - 500 [8].
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(£)° Temperature Stability

With the exception of avalanqhe photodiodes, whése
avalanche point varies as a function of temperature [59], the
.éerformancé characteristics of solid-state pﬁotgdetectqrs ;re not
gr;atly susceptible to varlations in ambient condigibns [8]. The
optical detector circuits willvbe located in the observatéry buii@ing
and in remote équipmént hbusings. Uﬁless adequate temperature control
" 1s prowided for these clrcuits, non-avalanching photodiodes may bé

the only feasible devices that can be used.

(g) Noise Performance

The nolse performance of any detectlon system is
dependent on the détection method employed. This can incorporate
eith?r direct, heterodyne or homodyne detectioﬂ [90 1], A direct
detection system receives tﬁe transmitted signal dirgcpij and produces
an output sigﬁal‘prbportional to'the intensity of fhe tfansmitt?d |
signal averaged ofer"a few carrier cycles [90 ]. In a heterodyne
detectiqn system, the received signal is ﬁixedﬁwith a local:oscillator
‘signal to produce an intermediate frequency (IF) signal which carries
thé modulation informafion. This IF signal is filtered tb remove
unwanted mixing products and then i& fed to the detector which

e square of the sum of

pro&uces an output;signal proportional to

the electrlc fields of the recelved-signal and the local oscillator

sigﬁal [90 ]. A homodyne detection system differs from a heterodyne
! , s

system only in that the local oscillator is of the same frequency

_as the carrier. Instead of an IF:-signal resulting from the mixing N
process, the modulation information’'is now available at baseband [ 90 ].

\
N
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‘\
Heterodyne and homodyne detection systems require that the
e

transmitted carrier :;1ch undergoes modulation be a single frequency.
This would necessitate the use of lasers which offer a high degfee of
monochromaticity and uoﬁid preclude the possibility of using 1ED's as.
transmitting sources. The very small optical wavelengths present a
problem in maintaining unifarm phase between the local oscillator
and the received signal across the eurface of the photomlixer, Ross
[91.] has indicated that, if this phaee nonuniformity is present,
beat currents ap one part of the surface will be out‘of phase with
~ beat currents at another.pert, resulting in signal loss. Any
corruption of the wavefront during lts passage through the iransmission
pedium will add to the difficulty of performing heterodyne (or |
homodyne) detection. No practical systems involving heterodyne or
homodyne detection at optical frequencies have been built so far as is

2
known. '

- Ir view of the foregoing, it is evident that the difficulty.
additional complexity and cost of utilizing heterodyne or homodyne
detection systems appears o preclude their consideration for the
proposed telescope system., The following nolse considerations will
then be based on the use of a direct detectioh system. The receiver
is aeéhmed to begin with an avalancbe photodiode with quantum
efficiency 72 and avalanche current gain G. This'photodiooe is
followed Dby a baseband amplifier which presents a load resistance R
to the photodiode and which has a noise figure F . The various:
noise components in a photodetector and the signal—to-noise ratios for

each component are discussed in Appendix G. .
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The signal-to-noise ratio for each individual noise component N

" will now be calculated and plotted for an analog transmission system

having a bandwidth of 50 MHz, such as could be the case for the

proposed radid telescope. Determining the SNR performance'on.a per-~

i component basis alds in aﬁpreciating the relative effect of each on

the total, The totﬁl signal-to-noise ratio is simply determined by'

adding ihe various SNR components on a reciprocal power basis, .
Assuming the use of a low-noise p-i-n photodiode, such as

a United Déteétor Technoiogy PiN-OZO, t&pical parameters would be

1 f\iOO pA and iy = 50 pA. At a’wavelength of 0.8 ym, peak |

respbnsivity 1s 0.42 amp/iatt, which corresponds‘to a quantum efficiency

.of 6% according to eq.(4.1). A n}odulatioh index of 100% is assumed

for simplicityvof‘calculation, as 1s aﬁ input amplifier noise figure1

of 10 dB. If the source is an IED having spectral wiéth of about

40 nm ( f =20 x 1012 Hz), and the number of spatial modes Y reaching

the detector is at least 5, Y4f will be at least 1014‘, When these

: paramete?s are substituted into equations (M.Zj to (M.8 ), the |

following results: ]

1

RS : _ ‘
. 2 - 22 - \ \
. <1§> = 1/2n Seap 1% = 010878 7 i (B )

<1§> - 26270 CFB = 6.72 x '10.—;12 p G50 (4.5)

0‘12

7.2\ _ KT, _ 8,08 x 1
_<1T>— g BF, = R (4. 6)

<1]2)>= 201,GF B = 1.6 x 10720625 1 (4.7)
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<1.f'> = 201 B = 8 x 1072 ' . (4. 8)
.-2VA g 2B'©'N B- 22 |
<iB> = 2[hef——GT[po] m[i - 1/2—6? =1.76 x 10.._7(3 P, (’4'. 9)

The signal-to-noise‘ratio for eachanbise component follows. ~

directly.
. "\ \ .

'[:SNR]é = <1§>/<1§> = 1.31 x 10%% O/VE/

!

101.2 + 10 log P, - 51log G

= 71.2 + po(dBm)-- 5 log G . S (4.10)
2,2\ e L .10 2.2
[srm}r = <1s>/<1,1,> - 1,09 x 10 pogzn
= 100.4 + 20 iog p, * 20 log G + ié‘log R
. 3
= 40.4 + 2 p_(dBm) + 10 log R + 20 log ¢ (L4.11)
2 \l : . , .
2\ ,/.2 19 2,
(omy = (1L)/(5) = 540 = 107 236

0

1974 + 20 log p, - 5 log G

1374 + 2 po(d.Bm);- 5log G C (12) )

~ 2,2\ 20 2.2 .
[smr], =.<1s>/<1.L> - .10, x 109 pi®
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200.4 + 20 log p_ + 20 log G

1146.4 + 2 po(diam) + 20 log G - (4.13)

<;‘§>/ (7)== 0> 7 @ e

(svr ]y

These results are plotted in Fig. 4.5 for a non-avalanching
photodetector (G =1). It.can be seen that the maximum signal—to-
noise ratio is limited by the beat noise, in this case 57 dB. This .
was,determined on.the basis of the nimbexr ef spatlal modes Y being 5.
Hubﬁardv[92:lindieates that Y could be.as high as 5000 using GaAs
klED's and multimode fibers.‘(This is consistent with the example on
page 22 of Chapter 2.) This would result in a signalfto—beat:noise o
ratio [SNR], of 87 dB instead of 57 dB. | |
Assuming that an [SNR]B of 57 dB represents a worst-case
‘ condition, . it is apparent that' the system is then limited by thermal
and quantum noise. The leakage and dark cnrrents have virtually no
effect whatever — at least, not until the input resistance is in the -

hundreds of megohms range. Using a value of Rof 1 megonm, the system
.is seen to.be'quantum-noise limited for input signals‘down_to around
4?5 dBm, where thermal-noise begins to affect the perfornance. From
Varound =35 dBm and down, the system is thermal-noise limited, With
i megohm input’ resistance the input power must be greater than -50 dBm
in order to have a positive signal-to-noise ratio, which may or ‘may .
not be significdnt in itself. This will be discussed in chapter 7.

The situation 1s seen to change dramatically when avalanche
gain is introduced. Fig. 4.6 portrays the performance of the previeus

p:system example when a gain of 10 is used in egs. (4.10)-(4.13)~ The_
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quantum and dark-current noise performance components are seen to be
deg:aded by 5 dB over the previous cése with no gain. On the other
‘héhd,‘the leékage and th%rmal-noise performancé has been improved by
20 dB., Using again an input resistance of 1 megohm, the system is
now quantum-noise limited down to about -5 dBm, at which point
thermal- and dark-current effects b;gin to enter. This system 1is '
now abig tg yield positive signal-to-nolse ratios for inputs as low
‘as about -60 dBm, so an 1mprovement of some 10 dB in "threshold" has
resulted from the application of avalanche gain. However, an
examination of Figs.»4.5 and 4.6 will reveal that any additional gain
'will not result in further lowering of this "threshold" due to 1n6féasing
quantum and dark—gurrent noise. It becomes apparent, then, that for
each value of inpug resistance and inc¢ident power, there is an
optimum gain below which thermal noise effects limit the SNR and
above which the quantum noise performance bégins to degrade the SNR.
The advantage 6f using }argeﬂphotodiode load resistances is
vaious from Figs. 4.5 and h.é to obtain high signal-to-noise ratios.
Houe#er; consideratidn of the signal bandwidth suggests that this

_resistance be limited by the capacitance C-to a value [92.], -

. vn L
D m—— :
R > 5B S, , (4.15)
\ . . .
where "R 1s the diode load resistance
C 1s the total load capacitance ‘ ' Q& '

3 .
" B is the signal bandwidth.

In studies on digital optical receivers, Personick [93 ] and Goell

'[9ﬂ-] have deplored this practice since-it,resulfs in increased noise

v



at the receiver input. They suggest (and also Hubbard [92 ] is quick
to point out) that larger values of load resistance can be used to
improve the noise performance at the input, with the resulting

bandwidth distortion being improved at a later stage with equalization.

Assuming a system with a pandwidth of 50 MHz and a total
input capacitanéé of 5 pF, such as might be obtained with a United
Detector Technologj PIN-020A photodiode and an RCA CA3040 video
amplifier, eq.(4.15) implies a maximum load resistance of 4k ohms.
This system, while not uﬁilizing'any avalanche galn, can still accept
 signals (for positive SNR) down to ~-38 dBm from Fig; 4,5, It is
- also apparent, however, that the system is thermal-nolse limited
froa about -10 dBm and down and, therefore, is not optipum. Tt
is clear that the system can bé improved either with-av;ianche gain
or by increasing the load resistance. An increase to 4Ok ohms would
provide an improvement in SNR of up to 10 4B (dgpending on the input
rpower) and in "threshold" of 5 d.B.“ The advantages to be gained by
using this technique would have to be welghed against the feasibility,
economics and the increase in noigé'of5the necessary equalization
circuitry. This subject is discussed further in ref;[95 1. ’

An alternate method, which would allow the preferred
larger vﬁlﬁes of load resistance, while ;dhering to the conditions
A of eq.(4.15) would be the use of positive feedback or bqotstrapping.

EThis technique can be used to neutralize the total capacitance at the
* input of the amplifier [96]. Siﬁce little use has been madé of this‘

.

idea, nothing more will be said at this time.

5
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(h) Linearity

LI

Nonlinear distortion in photodio&es‘appears to be ‘
sufficiently lof as;to_allow the feasibility of high-quality analog
transmission systems. Test results on p-i-n and avalanche photodiodes
indicate that second and third harmonic distortion is in the order of

»
60 dB and 100 dB, respectively, below the level/of the fundamental
[see Appendix H]. This suggests that the linearity of photodiodes is
excellent. Since the second- and third-harmonic distortion is
expected to be approximately proportional to the square and cube of
the fundamen ’ respectivély. photodiodes operating with relatively
tZitical powers should exhibit virtually negligible

’

low incident
distortion,

4,3/ Summary
/

Both avalanche and ngn-avalanche p-i-n phoﬁodiodes appear to be

suitable devices for the proposed optical fiber transmission system.
Siligon photodiodes.offer high efficieﬁcy over the wavelength range
considered, rapld risetimes and gxcallent,lihgarity. Noise performance,
based on a direct detection system,‘hasAbeen discussed at length #nd will
_pe seen later to be satisféétoiy. While avalanche photodiodes offer
improved noise performance over p-i-n photodiodes, they are Qery temper-
ature~depeﬂdent. The use of p-ijn photodioda? would appear to be

preferable to using avalanche photodiodes if #t all possible, «



CHAPTER 5 \
COUPLING

One oﬁ the>greatest-ﬁrobiems.associated wi;h op£1031 fiber
communication is in éoupling the light energy amohg the various
components. The coupling areas can be categorized basically as:

1. Source-to-fiber coupling ‘
2. Fiber-to-fiber coupligg and splicing
3. Fiber-to—detector‘coupling . <

The major part of the discussion will be concerpéd with
source-td—fiber-coupling. By reéiprocity, much of this will be
applicéﬁle to fiber-to-detector ébupling.] Fiber-to-fiber coupling.
and splicing will be discussed last. In all cases, the emphasis is-

" on coupling efficiéngy. For the first and third categories, much
of the emphasis is on potential optical signal multiplexing.

In the area -of source~-to-fiber coupling, a nuﬁber of

techniques have been outlined in the literature. These techniques

l
u

can be categorized as follows:
i. Direct cbupler
2. Prism-film coupler
3. Birefringent coupler
4, Grating coupler
5. Tapgred-film coupler
‘Strictly speaking, some of these techniques are not-soﬁrce—to-fiber

couplers, but rather éourcerto-waveguide couplers, However, it is a

relatively easy matter to complete the coupling from the waveguide to

_the-fiber. The following sections will elaborate on thesé techniques,

-
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5.1 Direct Coupler

The_mogt straightforward and obvious way of coupling an
optical source to aﬁﬁiﬁer is to physically place the source in direct,
or neaf, proximity to the fiber with due precision. A number of ‘
researchers have addréssed this problem, Coupling light from s%Fface-
emitter and sﬁripq—geometry LED's into step-index fibers with and
without a focusing lens 1s déscribed in Appendix I. A number of
relationships among the various parameters are prééented there. In
essence, it is shown that the radius of the LED should be less than,
or equal to the radius of the fiber core for optimum™Goupling efficiency.
A lens can 1mpro§e coupling efficlency for cases when the radius of
the source is less than, or equal to the diameter of the fiber core.
Increasing the numerlcal aperture of the fiber also provides increased
coupling efficiency, since light is accepted'overna wider range of .
incident angle. P

A summary of examples.of various coupling cénfigurations és
calculated in Appendix I is presented in Table 5.1, For the
electrical power required; an electrical power input, jvs, of
2 x 10* gatts/cm? was used, where j is,the.current density (gyps/cmz) ‘ r’{
and v_ is the §oltage (vpiis) acréés the 1ED, It can be seen that
focusing provides about a tquéi&\igproveébnt in overall effi iéncy,'
even though the actual coupled p;;;;fi§“less than that providé without
focusing; gince the sourde efféctive_area is reduced with a lens:

Parabolic-index fibers can accept only one-half the number of

modes from an LED that step-index fibers can accept [15], and

.~ therefore only one-half the gower [97]. Most practicg}/gystems, however,
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[8}

Summary of Results of Analyses for Disc and Stripe Geometries With

and Without a Lens (After Yang and Kingsley [ 98 ])

Source Geomstry Power Into Fiber Electrical Power . Overall
. Required . Efficiency
Disc, diam = 2a i A vaZain® 8./2 wjvsg.z '
36 . 0.4 W ~0,01%
Focused Disc, ~ 1A\ Ua?tan® 0, . Trj,vsl‘zta.nz 8o |
-.dlam = 2Ttan 6,
lens, diam = 2a 31 pw 0.031 W 0.1%
focal length = TI" ,
v 0
. ' '
Rectangular Stripe 8.64AUa.2n0ta.n 8c/2 2jvsa.2nocot 8¢
width = 2a A 4 ‘ o -
length = njacot 8¢ 0.4 oW 6.2 W 0.01%
. N |
Focused Rectangular 2
—— AUnora.tan B¢ _ ™’ 2
. Stripe 3 ! O.I+,van0—;tan 6c
width = 2tan 8¢ 1 - Itan 68, © j
length = T a
2nor2ta.n 8¢ '
5 0,26 mW 0.28 W ~0.1% 4
[ (rtan ec) ]
all ~{——= .
a $ o .
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such as the proposed radio pelescope-antenna feeder system, will
utilize ;arabolic-indef fibers for their 1mprovedrdispersion
characteristics, Results of a study into coupling light from an LED
into parabolic-index fibers are presented in Appendix J. It has been
found that coupled power 15 relatlvely insensitive to source-fiber | 9
separation and particularly for fibers with small valuesiof ZS (or
numerical aperture). Tolerance to source-fiber offset tended to
increase with source-fiber,separation. |

Considering'thb total power coupledlinto the fiber as a
function of source radius,’%ﬁ was determined that the maximum power
occurs at a source-core radius ratio of O.BQ(see Appendix J). In .
addition, the maximum coupled power relatlve to the electrical drive
power;of the diode was found to occur at a source-core radius ratlo
of O.é. As a compromise between theee teo“values, a source‘yith
radius of one-halfﬂthat of the flber core would seem to be reasonable,

For this case with the radius of the source being less than the radius

of the fiber core, a lens would improve the coupling efficlency as

7 / K )

before.

S ﬁ Since ‘lasers are considerably hrighter sources than LED's
and since thelr.spatial emission pattern is.very much narrower than
IED's, they can couple much more power into a fiber.. The usual
.technique is to use a fiber with a lens formed on the end by a.
number of processes‘includiangelting, etching and photoreeist
exposure techniques [99 ] ‘ |

Coupling efficiency between a GaAlAs stripe«geometry laser and
four low-loss optical fibers was determined experimentally [99 ]. The

- laser had~a rectangular aperture of 15‘pm x 0.5}mm and had angular
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‘divergence much smaller than the acceptance angle of the fibers. A

lens was melted onto the ends of the four fibers whose physical
characteristics were as shown in Table 5.2. The laser-to-fiber ¢
‘coupling efficiency for each fiber was determined for the cases of no
lens and with a lens and the results are presented in Table 5. 3

Although the coupling efficiency with fiber A appears to oe
considerabl§ greater than with any other fiber, the lens formed on
fiber A was more efficient‘;?an on any other fiber and thus admitted
more light [:991]. For the other fibers, though,lthe efficlency is
seen to be roughly proportional to the numerical aperture, which is to
be expected. The improvement in efficiency byvusing a2 lens on the end
of the fiber is seen to be about 35% or 1.5 dB for the graded-index
fibers and 62% or 4 dB for the step-index fiber.

A major problem with direct coupling is the alignment of
the sourc; with respect to the fibver, either with or without physical

optics, to ensure maximum light coupling. Another problem is

encountered if pore than one: source requires coupling to the same -
1
'.fiber to facilitate color, or wavelength division multiplexing, for

example. Such a mn;tiplexing technique would expand an optical fiber
system's capacity oj the number of optical carriers that could be

?eigcked" within the fiber's optical bandwidth. For the radio telescope

" project, this could prove to be a desirable option.

The following coupling techniques involve the coupling of
lighf into a waveguide from which 1t can be coupled into an optical.

fiver. In general, the source-to-waveguide and wavegulde-to-fiber
- \\ L . N .

coupling is not as critical as direct sonrce;togfibex coupli The

source-to-ﬁﬁweguide coupling occurs over a length of many optical

\
v
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wavelengths and coupling a waveguide of thickness less than 1 um to a

fiber \whose core is, say, 50 o is also not very critical (relatively

»spea.kir}xg!). B
'fabie 5.2 .
-
Fibe?s Used To Measure Coupling Efficiency
‘Core Numerical

, Fiber C_omposition Index Pz/-ofile Aperture Core Diameter |

A _ SiO:2 step ) 0.?.707‘ 5? pm.

B 3203:8102' pa.rtially graded | 0.148 50 )J.m

C Ge0,S10, graded 10,1707 " )m

D B0u510,  eraded 0.162 42 pm

Table 5.3

Laser-to-Fiber Coﬁpling Efficiency in Percent

® . - Fiber

Flat End " 13 17 10
Lens e 190 26 15
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5.2 Prism-Film Coupler

One of the first methods of coupling light into a thin wave~

gulde was by utilizing a prism in the configuration shown in Fig. 5 1,
This has been described in a number of references [19,100,101,102,103,
104,105,106 and a trief description will be presénted here.

| An optical waveguide is formed'by depositing a thin (usually a
a fraction of a micrometer)‘filﬁ onto a substrate that serves both as =
' waveguide boundary #nd provides étructural rigidity for the film. In
order.for the film°to act as a wavegulde, its index of refraction muétr
be larger than,those.of the substrate on the bottom and the air on top;
This is shown invFig. 5.2 a&dng with the three cases of light,v

propagation. According to Snell's law,
nasiq ¢é = ngsin g, = n_sin ¢s ‘ B (5.1)

where N, nf'ahd nS are the\indices‘of refraction of air, film and
substrate, réSpectively, and &_, B and ¢, are the angles between the
light ray and the normal in each of the alr, film and substrate,

respectively. . : N

If,the incident angle ¢' is too sm#ll, the light will be refraciéd 
accarding to-eq. (5 1) and pass through the.film and into the
substrate as shown in Fig. 5.2 (a) Increasing g, beyond sin (n /n
wil& result in 1ight being reflected from the- top surface and not
entering the film at all. However, light may-still enter (or leave)
the waveguide from the substrate as in Fig. 5.2 (b) until the angle

‘¢ reaches’ sin (n /h at which point no. more light may enter, or
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Fig. 5.1 Prism-film coupler (a) physical configuration ( bg standing-
. ' wave field distribution in prism (After Tien [101]).
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*(c) Waveguide modes
Fig., 5.2 Thin-film optical waveguide showing the three cases of :

optical propagation (After Tien [101])s
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leave, the film. This is the condition required for propagation -
‘within the film and the modes that characterize this are known as
waveguide modes. This case is shown in Fig. 5.2(c).

Light can Be coupled into a wavegulde by the 'se of a prism
“that 1s displaced from the fllm by a small ai. gap in Lhe opder of 1/8
to 1/4 of the optical wavelength in air E19] as shown in Fi, . 9.1(a).
The prism héeva‘refractive index np which is greater tnan that of the

film n The incoming optical beam is totally reflected at the prism—

f*
air gap interface and thus establishes a standing wavé within the prism -

as indicated in Fig. 5. 1(b) This standing‘wave extends below the
base of the prism in an exponentially decreasing pattern known as the
evanescent fleld. - lf the prisn is close enough to the, waveguide to
allow this evanescent field to excite waveguide modes, coupling will
occur. This coupling mechanism is known as "frustrated total
reflection” or*FTR [106] The. condition for waveguide modes to

propagate within the film is given by [101]
2 n i geos dy - 28, - 2 B, —am (5.2)

" "where k, =w/c = 2n/A, V¥, is the thickness of the film, -2% eq
and -2 $__ are the Goos-fiaenchen shifts [101] and M 1s the order of the
mode. . . S ' . P

N t

The Goos-Haenchen shifts repreésent phaee\changee due to total reflection
at the iavegnide bbundaries. Further discussion on this phenomenon’ can
be found in [100 102, 106, 107 108]; These phase shifts can be determined

d.i.rectly from the following equations [101].

A
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for TE waves and

-] 2 2.1/2 ]

§f8=ta.n (nfsin ¢f-n)//nncos¢f-'
2.2 2 2.1/2 '
Qfa—tan _nf(nfsin Be - n) //nncos #s

s
for ™ waves.

Equation (5.2 ) states that, given the set of physical

(5.3 a)

119

(53 1)

(5.3 ¢)

(53 4)

waveguide parameters such as film thickneé;s and indices of refraction

of the film and subsfra.te, ‘a particular waveguidé mode can be

la.unched by simply varying the angle of refraction & £ withinv the

f1lm, Figures 5.3 (a.) & (b) illustrate,. for two d,i;fferent wa.velengths,

the rela.tionship a.mong the a.ngle of refraction in the film ,o’f,

thickness of the film a.nd the mode of the propa.ga.ted wave, These

- curves are ba.sed on the use of a zinc sulfide film (refractive index

of 2.4 @,0.532}.un, 2.3 @ 1.064/1111), on a gla.ss substrate (refractive

index 1.52 @ 0.532 jm, 1‘\5}1'@71.0614-‘ ). The wavelengths used, 0.532

and 1,064 ).m, represent two diverse wavelengths within the available

optica.l fiber bba.n,dﬁidth.“ Although zinc sulfide would probably not be

used in a practical film waveguide due to reiratively high a.tfenua.tion, )

it 1s considered adequate for this study since its index of refraction-

should be approximately representativé of those materials that would be

- used for this application.

-
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Figures 5.3 (a) & (b) indicate that a film can supportvmgny

different modes, depending on the angle of refraction.ﬁf. For the

example given, a film of thickness 0.25}mh can support four mq&es of
0.532 pm radiation: the TM, mode for an angle g, of 43°, the TE,
mode for an angle of 30°, the TH, mode for an angle of‘66.5°, and

the TE, mode for an angle of ?O.éo.

0
- At thls point it is evident that, for a glven wavegulde

‘ thickness, light of different wavelengths can propagate if the correct

angle of propagation in the wavegulde 1is set. This characteristic
O :

would obviously facilitate wavelength division multiplexing. In order

/

to minimize the problem of ekciting unwanted modes, it would seem

|

* preferable t0 use as thin a wavegulde as possible toirestrict the

number of modes. If we congider only the modes for which M = 0 in

" equation (5.2), Figs. 5.37(q)h§\<3)wpéh ﬁé redrawn ggﬁéhowg in Fig.

5. 4. This figure shows the TE, and TM, modes as a function of

refraction angle g, and wavelength A for waveguldes of different

f

support 6nly TEO modes over most of the range of wavelengths. The T™M

mode is only supported at.short‘wavelengths up to about’0.6}mm. At
' L e N :
this point the'anglelﬁf‘reaches cutoff, The thicker wayeguides~;an

support both ™ and TE modes over the range considered.

Tt 1s apparent, from Fig. 5. 4, that the angle vs. wavelength

curve'becomes mofe ﬁdnlinear as the film thickness diminishes. The

TE, curve for Hf = 0.2 um is much more linear than the ™, curve

0
forlwf = O.lem or thngEo curve for Hf = 0.1/nn. Also‘the angular

_ discrimination is more critical at the longer ﬁaveléngths. This

nonlinearity will not be a detriment; in fact, it should be an
) .

!
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_ thickness W,. It can be seen that a wavegﬁidé of thickness 0.1 um willy

\
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'Fig. 5.3 Waveguide mode ‘characteristics as a function of film
‘thickness and angle of refraction for (a) 0.532 pm (D) 1,06 ym. .
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advantage in allowing more power to he compled from wideband sources
at the longer wavelengths due to the lower slope of the curve., If we
. consider a source of center wavelength’0.9‘pm and a source of center
wavelength 0.6 pm, each with the eame spectral width of % nm (for
convenience), it can bé readily seen that the wavelength extremes
of the 0.9 Mm source are much closer to the wf = 0.1 pm curve than
those for the 0.6‘pm source. If the 0.9 t 0,05 pm radiation is
‘coupled into the film at 46.2' the wavelength extremes (maximum &
minimum) are only = 0, 6 off the required anglecgor those wavelengths.
A look at the 0. 6'pm sou&ce/shows that the 0.6 t 0, Oj/pm maximum and
ninimum wavelengths are in error by about t 1.7°, This would probably
result in somewhat lower coupling efficiency at shorter wavelengths
(with comparable spectral widths) than longer wavelengths. This appears
to be an area in which little, if any, research has been done,
Ae stated earlier, the angle of propagation in the film

waveguide is related to the angle in the prism and therefore to the
angle of entry into the prism, which is the final control parameter
(refer to Fig. 5.1),  The relationships among the angle of incidence
@, the angle of refraction in the prisn 8., ‘the angle between the 1ight
ray and the perpendicular in the'nriem gb!’the angle of the prism GP,
and the angle of propagation in the film g, as a function of the
various indiceerof refraction are:
By = sin‘-j'[npsin 'dr] | ' ' [5.4]

a ! ’ ’ -

| R
from Snell's Law,

T
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¢r = ¢P -ep (5'5)
from simple geometry, and - - L - -
| | o ¢

¢p = sinflt(nf/np)sin ¢f] | | - | - (5.6)

from Snell's Law,

Fig. 5.5 illustretes graphically the relationship among angle
of incidence ¢1, prism angle ep, prism index of refractlon np\and
‘angle between light Tay and perpendicular in the prism g, This 1s
determined for the case'of TEo-modesvat the wavelengths of- 0.532 ym end
1;06b‘pn propagating in a f}lm 0.1 pm in aickness with lndex of “
refraction 2.4. . The choice of variable for\tﬁe abscissa ¢ allows
us to see the angles of the ray within the prism at the two wavelength
extremes., The angle of propagation for each uavelength within the film
is, of course, constant. This graph assists'one in appraising the
relationship among the various parameters._ For wavelength division
multiplexing, it is probably desiraﬁle to maximize . the spyead of

~ incident angle over the wavelength range of interest. This would
fasilitate physically elustering'light sources of @ifferent"xavelengths
such that the light from eaeh one would enter the prism at its
required angle ¢i and yet the maximum physical separation between
“sources would ease the physical placement. It can/be seen, for exsmple,
that a prism with angle Gp = 30 and 1ndex of refraction 2. 5 allows an
incident angle of 72° at 0. 532‘pm and-31° at 1. Oédpm for a spread of b1°,

These curves showing the angular spread between the 0.532 jm and_l.Oé/pm_
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O

and indices of refraction n,.” The upper value represents ‘the case
0.532 ym wavelengths and the lower value represents 1.06 ).

[

A

5
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wavelengths ‘can also be shown as a continuous function of prism index

of refraction np.'-.Fig. 5.6 1llustrates the cases for prisms of angle

20°, 30° and 45°,

It has been established [101] that, to couple the maximum
light from a.prism 1nto ‘a waveguide, a rectangular prism must be used
and the leading edge of ‘the light beam must be as close as possible to

the rectangular corner of the prism. If the horizonta.l distance bet g

the leading and trailing edges of the light beam is glven by I‘l' the
coupling efficiéncy 7, can be represenﬁed by [101] \“
2 ~SLy~ 2 | \
70 =g [t - e | (57

where S is a coupling parameter. By maximizing eq. (5.7) with respect ..
to%hl, the optimum coupling length SLl = 1.2 5 1s determined as well
as the optimum coupling efficiency 120 = 81%. All the properties of

the coupler: then &épend on the parameter S, ‘wl';ich' is given by [101]

c

. sin 2¢__stn 2¢__ | |
S-e-ZPZg o i:nﬁf B2 . (5.8)

where W, ;—1-t-1e+-1— o | ) (5.9)

T L kLI ' S
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= %\ﬂ[(s/k )2 ]1/2 (5.10a)
b, = [8 - (kgnp)?1"/2
= [(B/k )< ]1/2 | | (5.10b)

the effective refractive.index
P : ' v

<|0 V

sin ¢f

B -
k T
(o]

§fa is given 'in éq. (5.3).

é» o 18 determined from egs. (5.3 ) by substituting the
P subscript p for f.

W is the air-gap spa.cihg between the prism and the
g ~ waveguide (typically.one-quarter to one-eighth of
the wavelength of the 1light in vacuum).

G

~e

VAt this point, itAwill be 1nteresting to éxa.mine the effects
of source spectral width and beanm divergence on the coupling efficiancy

as dictated by eq. (5.7 ). Throughout the literature, lasers are

virtually the. only sources considered for waveguide coupling. If any

consideration is to be glven to 1ED's, it 1s necessary that the effects

of spectral width and beam divergence on Tcoupling efficiency.be |

éxé‘ed. If we consider a light source of center wavelength 1,064 m
coupled thruvugh a prism of refractive index 'nP = 3,0 with an air gap
spacing W_ = 0.1 ym into a thin filn waveguide of thickness 0.1 pm,

index of refraction n, = 2.3 and propagating a TE) mode, the internal

f
a.ngles of refraction in the prism will be 33° a.nd in the film will be

about uy° which is eq‘uivalent to B/k = 1,60, F‘rom eqs. (5. 9) and

(5.10) P, =3288)m and p, = 7,376 pm” _?esu;ting in "eff = 0.540 .

@
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i
These parameters can then be substituted into eq. (5 3 ) which for

TE modes, Yields § = Q, 6455 and § 0 A7, These, in turn, can

fa:
be substituted into eq. ( 5. 8) to give S = 0.3425 }m . Since the
optimum coupling length SL1 =1, 25 was established earlier, L
3.65 jm.

If we consider first the spectral dependency and choose

1opt

arbitrary spectral widths of 10 nm, 20 nm, 30 nm and 40 nm, Table 5 L

can be determined from, eqs. (5.9) and (5.10). The maximum and minimum

values are ‘associated with the wavelength extremes on either side of
the center wavelength. It is interesting to note that, after sub- |
stituting each of the various values of S into eq. (5.7) along with
Llopt 3. 65‘pm, ths coupling efficiency is essentially constant at ~
81%. This implies\that spectral width is not a critical consideration
in coupling efficiency. Table 5.4, however, shows that the coupling
efficiency is very dependent on the parameter Ll' the horizontal
distance between the leading and trailing edges of the beam at theg
base of the prism. From a minimum coupling 1oss of about 1 dB at =

Llopt = 3.65 jm, the loss increases logarithmically with-Ll It is

' therefore desirable to keep this distance as close as possible to Ll pt

unless there is a considerable margin available in the overall system
power budget. Since a laser can be focused to small areas more
\\'readily,than.IED's, this would be a strong argumentffor the use of
‘lasers over 1ED's for this type of coupler. It is interesting to note
that practical coupling length for use with air gaps of 0.1 to O, B‘pm
is roughly 10}.1m to 100 ).tm, with 50)Jm being common [109]

Let us now examine the effect of beam divergence on coupling
efficiency. For simplicity and consistency the same parameters as in
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the pfevious example will be used. The only panameter that will be
‘variable will be the angle of refraction in the wavegulde. The bean
divergence26¢flis assumed to ‘be distributealequally on either side
.of the noninal angle-of propagation.¢f. That is, the leading edge of"
the beam will present an angle of propagation of Bs +4g f/2 in the
waveguide and the trailing edge an angle of ¢ -5¢f/2. Utilizing

eqs. (5.7 ) through (5.10) and (5.3 ), Table 5.5 can be compiled.
,xAt angles of divergencelsomeghat largerlthan 5°, the irailing edge
angle becomes smaller than the cutoff angle so only part of the beam
can be coupled. Tahle 5.5 indicates that as long as cutoffiis avoided,
' the coupling efficiency is not dramatically affected by beamndivergence
~ver the range considered. , l

The discussion to phis point has involved a prism-film'coupler'
| with a uniform separation gap. By varying this gap between the prien
and the f1lm waveguide, 1t has been determined (8,110,111] that
greater‘coupling efficienciee are possibie. Miller [8] has calculeted
the optimal gap geometry.,with which 100%”'coup1‘1ng 1s tp@reticany
possible. Ulrich [110] has examined the use of the linearly tepered .
gap which has a theoretical coupling efficiency of 96%., Experimentally,
" he achieved an efficiency.of_88%. Zlenko and Sychugov [111] examined
a gap with a parabolic profile which ‘they determined by ccmputei'
Vcalculations to allow a theoretical coupling efficiency of 98.7%, A
subsequent experiment yielded.an efficiency of 90%,
‘While a uniform gap coupler can achieve a theoretical ‘? ‘ K}

efficiency of 81% as an input coupler, when it is used. as an output

' coupler 1t can achieve a theoretical efficiency of 100% [101] This‘.

is because the uncoupled light at the input is immediately lost upqn



Table 5.4

Coupling Ef#iclency és a Function of Spgptral Width
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- Coupling
10 nm 20 nm 30 nm 40 nn Loss
min max min | max min max min max
. Py 3.273 |3.303 |3.257 |3.319 | 3.242 |3.335 |3.227 |3.351
D, 7.341 [7.410 17,307 |7.446 7.?2')3 7.481 | 7.240 |7.517
Ve’ 0.2 |0.538 0.5 [0.536 | 0.546 0.53% §0.548 0,531
S.4n ]0.3391 0.3416 § 0.3354/0.35 | 0.3318]0.3537 | 0.3283]0. 3581
L 3-65{0.81k Jo.B1k [ 0.8%4 [0.6%4 | 0.8k 0.6 0.81% ?;814 0.9 dB
e (pmy 10 ]0-551 [0.548 | 0.555 |0.537 | 0.56 |0:533, | 0.56k |0.528 2.6 4B
100 {0,059 |0.0585] 0,06 [0.057 | 0.06 [0.0565] 0.061 |0.056 |12 aB
o | Table 5.5 ; :
. Coupling Efficiency as a Function of Beam Divergence
) R 2 5 10
B/k, | 1.583 | 1.612 ‘1'.569{‘1.626 1.524 | 1,668 | 1.7 | 1,736
py | 2987 |38 | 2,717 [ 3706 | .91 was0s | 0 | 5.6
P, 7.247 | 766 | 7.0 | 70501 | 6.791 ?,8_84 6.176 8.380
Wooo | 0.573 0.2t | 0.608 {0.502 | 0.87%6 |0 | e |o0umi3 s
i’fa 0.6343 | 0.6567 10,6230 | 0.6678 | 0.5887|°0.7007 | — | 0.7546
§Pe_ 04630 o.us;u‘ (0.4522 | 0,4963 | 0.4180 0.5286 | — "o‘;'saiz
s 0.3296 | 0.3502 | 0.3151 [ 0.3%69 | 0.2274| 0.3668 | —— | 0.3608
0.8 | o%in | o0.812 |o.81s | 0766|0813 | — |o.em
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reflection'ﬁrom the base of the prism,.ghereas the propagating light

|
in the waveguide can all be coupled out provided that the coupling
‘length is sufficiently long. . This length has not been discovered in

the.literature.

5.3 Birefringent Coupler : . g ’ AN

‘Brandt [112]'has investigated the usegof birefringent.

I materials to couple 1ight into a uaveguide. " A birefringent material

is one whose index of refraction varies with the angle of the light
ray in-the material. A plot of refractive index as a function of angle

is found" to trace out an ellipse, whose major axis, termed the

"optic axis", passes through the points of highest refractive index. .

This point of highest refractive index is termed‘the ordinary index

n0 which is the value the material would have if it were isotropic.

The index of refraction at the minor axis is termed the extraordinary

- index n__. Fig. 5.7 illustrates this property. The value of -

refractive index at any other angle can be determined from | .
L2 2 2 2 2 2 2.
n(VO nexnor/(norSin ¥ + n_ cos Y) | (5.11)
" : - ‘ ‘aq‘ . N . -

where ¥ is angle of the light ray measured from the optic axis.

A coupler made from suitable birefringent,material can be
‘positioned directly on a waveguide'without‘the requirement of having

an air gap if ‘the refractive index of the waveguide e falls between

“the- range ‘of the ordinary and extraordinary indices nor and Nox

»

. \ :
- Fig. 5.8 shows such a prism of birefringent material coupling light

v

intp a film waveguide. 'Byvsuitably positioning’the optic axis with
\Ar. B . 5—-:-‘—-';. - :
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- Optic axis N
| AN

Fig. 5.7 Refractive-index enipsoid for bi.refringent material with a

. waveguide superimpbsed at an angle to tqe optic axis, The dashed
circle represents the ordinary index; n, & n_ are the indices seen -
by the incident and reflected rays (Aftdr Brindt [112]). -

_ waveguide — 2554

LA AR e & o s SE L A As Al L4 A b * B \

substrate

i

Fig. 5.8 ~Schematic of a birefringent coupler. .The angles Vi a.nd'\%_.
represent the es between the optic axis and the incident and -
refracted beams (After Brandt [112 ) :

¥ <



respect to the prism—waveguide interface, the 1light beam will
experience a different index.of refraction at the -angle of incidence
. than at‘the‘anglerof’reflection."This is illustrated in Fig. 5.7,
where it can be seen that n, is greater than . If the refractive
a.ngle of the waveguide n, falls between n,. a.nd n_, the liéht will be:
coupled into the wavegulde. - |

This type of coupler has the advantage that the incident light

‘ beam does not require focusing to a small spot. Brandt [112] reports

coupling beams as wide as 1 cm without difficulty. An oddity with this

coupler is that only ™ polarized light can be coupled so a polarized
source would require aligning and an unpolarized source would lose an
ediate 3 dB of power. The major disadvantage of birefringent |
couplers is that coupler materials require careful choosing so that
the ordinary and extraordinary indices span - the index of refracticn
of the waveguide. In addition, careful orientation of the prism and
close control'of the waveguide index and thickness are required for
success. In view of the‘fore%oing, Birefringent couplers are not

considered for the optical fiber transmission system.

|

5,3 Grating Coupler .~ |

1

Light can be coupled into a thin-film waveguide by the use of
a diiffraction’ gra.tifng on the waveguide, Essentially, there are two
techniques for accomplishing this. One way is to simply focuslthe
beam onto the top of the grating at an appropriate angle. The other

. Wway is to couple the incoming light bean from the reverse direction
through the substrate. This latter coupler is known as a '"reverse

coupler". These couplers are discussed in Appendix K., N

134
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The grating coupler is a distributed coupler just as the
prism(coupler is, and much of the concepts and theor& developed for ‘
'the‘ldtter can be applied here. The grating equation which governs
the coupling of light as a function of reftactive index (or ﬁhase
-velocit&),'angle cf'incidence, optical wavelength and grating
periodicity is (see Appendix K) B ;

« ' _ rnAo : '
' | C/VP = sin 4, t = | | (5.12)

‘Justtas‘the prism-fiim coupler ceﬁ be used to multiplex

numerous light signals into a wavegbide by providing. the correct 7

angle of incidence according to the wayelength, S0 can_a'érating?
coupler be used. to multiplex light signals. This fact is obvious

from aﬁtexgminaticn of #q. (5.12). In order to determine the

appioximete relatienshipwbetweeh angle of.incidence and wavelength,

the following example is considered from the experiments by Boivin o
[113] A grating ;ith periodicity g=0, 5‘pm is formed on a thin film

of refractive index 1 62 which is attached to a substrate of refractive
index 1.46., The value of c/v used will be 1 55 and this will be - |
assumed to be cpnstant over the range of wavelengths considered.: A
plet'cf angle of incidence versus waveleﬁgth is presented in Fig. 5.9.
: fhis graph should te meaningful.fo: both’nofmalAand reverse-coupier _
'gfetings, at least in so far as to show the range of angles (in a /
| refractive index medium of n = 1,6’ required for wavelength-division
.mu1t1p1§§iﬁg. |

The coupl

efficiency of gratings-can approach 100% in

thedry (see Appendix R), but experimental results tend to range from
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40% to 70%.

Although grating couplers may be easier to fabricate than
'prism-film couplers this thesi§ will assume the use of the latter
couplers in view of their demonstrated coupling efficiency advantage

‘Since coupling light from a source Or sources into a film
waveguide is only half of the source-to-fiber coupling problem, we ,
nust now.address the other half, Fortunately, an excellent method
of coupling light from a waveguide to a flber or vice-versa is LN

available with the tapered-film coupler.

5,5 Tapered-Film Coupler

A tapered-film coupler consists of a thin film waveguide that
tapers down to the: ‘substrate as shown in Fig. 5 10. This type of
coupler utilizes the cutoff property of an asymmetrical optical
‘waveguide [11#] A waveguide mode, upon entering the tapered region
from the film,Jis coupled to the radiation modes of the substrate
| (see Fig. 5.2 (b)). As was discussed in the section on prism—
£ilm couplars. a uaveguide mode requires a minimum guide thickness-«-
in ‘order to propagate.. As the wavegulde narrows in the tapered region,
this minimum width is not sustained and the propagating energy is
'coupled into the substrate. A more comprehensive discussion of
"tapered f1ln couplers is found in [114] and [115] both® fromra modal
and a'ray-optics-approach. A trief description of operation using ray
 optice will be presented here, o

A light ray propagating in the film wavegulde has an angle of
incidence of'g!f with- respect to the. normal to the film—substrate

interface. As this ray enters the tapered region, this angle becomes _

g
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progressively smallexr with each reflection from the film-air interface.
- Eventually," at point x, this angle becomes smaller than the critical
angle of the film-substrate 1nterface ¢' = gin~ (n /n ) and the ray

is refracted into the substrate according to Snell s Law (eq. 5.1)
Radiation_into the alr above‘the film doesAnot occur since the
critical angle of the film-air interface is smaller than'that»of the

film—substrate interface.

Theory predicts [11&] that over 80% of ‘the output light &
energy should be concentrated in an angle less than 15° below the
film-substrate interface. Tien and Martin [11%4] nhave experimentally
determined that it 1s an essyvmatfer_to couple al} the light energy B
out of the film and within the 15° predicted by theory. Using tapered
films‘as input couplers,wthey coupled 25%’of a laser.beam into’a glass
£11n and 4O% of a laser bsam into a £ilm made of organic paterial,

Thevbeanithat exits from the substrate is found to be
relatively uide;in the dimension of the substraie'thickness [i15,116].
‘By experiuenting with glasslfilms of different smounts of taner, it |
was found'[115] that a narrower beam is associated,nith a longer taper.
By way of comparison, a saper‘with,ratio_ 30:l resulted in a spread
between half-intensity points‘of about laoewhereesfavtaper with ratioc
500:1 resulted in about a- 3 spread. .

While the previous discussion has been restricted to the case -
of a single mode, the multimode case has also been examined. ,
Funayama et al‘[116] coupled a laser into various waveguide modes
using a prismTfilm couplerfend examined the output from a tapered-film
coupler. ‘If was found that the\various modes e@peared-at slightly

different angular positions. Usinggihe tapered—film as an input

- ¥
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coupler,-they achieved a coupling effioiency of over 4O% and;over 50%
on two different samples using a 0, 6328‘pm lagser. The maximum -
efficiency was determined to coincide with the positioning of the

v

laser beam at the center of the taper.

5.6. Splicing and Connecting ‘ —

Another problem'associatedeith optical fiber'communications
is the splicing and cou ling of fibers, particularly in a field
‘environment, Conventional wire cables can be repaired in a relatively
dirty environment using ordinary hand tools Such as wire cutters,)pliers

and soldering irons. Optical fibers present an entirely different

approach. The size and nature of the individual fibers necessitates

i

special tools for stripping jacketing, making precisfdn tweaks or-cuts
and joining the fibers. The ‘environment must be well-1it and clean:to ]

prevent foreign material from contaminating the #ber ends. Techniques

|
will require nora care and precision sinCe ninute misalignments can

- —

cause relatively large 1osses.} e
’ There are essentially ‘three sources of loss related to the '
characteristics of fibers to be Joined [13]: .
o 1. Mismatch in fiber core diameters O o)
.2 Mismatch in’ peak numerica.l sperture |

3; Mismatch in refractive index profile.

o
Fig. 5.11 shows that two fibers differing‘in core diameter from the
nominal by +1% and -r%, respectively, but identical in every ‘other .

way and joined perfectly, will exhibit a loss upon Joining of 0.17 4B.

- ;&Qpe

Similarly, the same fig ‘shows that two fibers differing in peak

numerical aperture by * 1%, tut identical in every other way ‘and.
. ‘,_- “‘ . - . ) ? . . . : v
joined perfectly, will also exhibit a 0.17 4B joint loss,.-

S

?

. y ol
YL . . -
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Figure 5.12 ehows theAIOss incurred upen Joining two Q}bers s
with different refractive index profiles. The profile exponent o¢
1s the same as 1s used in eq. (A. 8) ¥here oc =ot;represents a step-
index fiber and o<« = 2 represents a parabolic profile: A joint
between & fiber .characterized by o¢, = 2.2 and a fiber with ;\prefile
characterized. by <, = 2,0 will\exhibit a loss of 0,20 dB. A joint
between a step-index fiber ‘and a parabolic-index fiper results in a
.loss of 3.0 4dB. ’ -

‘These losses are encountered when propagating a signal from
a fiber of larger core-diameter, peak numerical apegture or profile
exponent to one with a smaller core diameter, peak numerical aperture

or profile exponent. The same 'joint measured in the opposite direction

will exhibit no loss due to these effects. It is also to be noted

that tye o effects are additlve.

1nadcutacies as well as outside diameter variations. Figure 5 13 shows

the 1bss due tg lateral misalignment of two step-index fibers. Thei

aﬁ%get of angular misallgnment is shown in Fig. 5. 14, For low losses, e

S
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N.A. = 0.14, Separations of a few micrometers produce a perceptible
loss, Fiber ends that are not finished smoothly result in scatteriﬁg

1osse! and F‘resnel reflection 1l'sses This problem s minimized by i 5
using index matching fluid at the juint. Even perfectly smooth ends %“
will give Fresnel reflection losses of ~0.4 dB per joint in the absence’

of index matching fluid.

’ Similar results for gradod-ihdex fill)ers‘v have recently been_
publiéhed [118]. Two experiments were performed — one using a fi‘o_ér. .
with a 50 um core and 100 um cladding diameters and the other'osj,ﬁg a
fiber w_ith a— 55 pm core and 119 pm cladding diametero. Both fibers h_adih
‘a numerical aperture ﬁ alr of 0.20, Besldes measuring losses as a .

function of only lateral misalignment (offseto\( angular misalignment , )
' or end sepa.ra.tion alone, the resea.rchers also determined loss a.s a’
' function of: _
| .1'. . Normalized offset at va.rious no it ized sepa.rations.
: 2. Angular misa.lignment at va.rious normalized separations.

. W « n
3. Angula.r misaldgnment a.ndva:r:ious normagh:ed offsets at

consta.nt sepa.ra.tion . ' -

" ) Figure 5. 16 is a plot of losses d.ue to the three basic technique-.
related causes, . . '

_ Fiber .end’a are generally prep'a.red-bjr' scribing the fiber at the
-point of : the desired break and then applying tarision to' the fiber.
| nechanical—stresseg-ﬁiii cause the fiber to treak at the soribed point
with a very flat end face. Siemens AG has reported [119] a method of .
producing smooﬁ‘f“'"eﬁds ,on‘ fibers by using a tempera.tui'e shock cutting
method. g;at is applied for a short time to any point along the fi'ber,
then the fiber is given a little pull or push and it

c.',_g. \ _

L.
- , ’

at the X
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. Normalized angular misalignment, ¥/ sinfi (N.AL)
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Fig. 5.16 Loss in dB vs. normalized offset d/a, separation L/a, and
angular misalignment ¥ sin-1(¥.A.)- for graded-index fibers (After
Chu and McCormick [118]). o
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point of thermal stresses, .The end surfaces are reported to be

extremely smooth and perperidicular to the fiber axis.
Splices

Experimental splices made to date can generally be
categorized as mechanical.or fused., Mechanical splices involve
"positioning the two filbers to be Joined in some form of self—aligning
mechanical structure, butted together;r fually in the presence of an
index-matching substance and then permanently fastened in some manner.
Fused splices lnvolve precision butting together of the two fiber ends
and heating so as to cause theifiber'to‘fuse together, |
The use of precision-sleeve splices has been,reported [120,121]
for the joilning of “individual fibers. Fibers that have been stripped
of their'cladding are fed into a short piece bf tubing which has a -
precision innerﬁlore. Each end has a ;apered alignment section to
simplify the placement of the fibers. The fibers are then fastened '1'
By either crimping the sleeve on the fiber [120] or by the application
of an adhesive [121]. Crimped splices of step-index fibers have
repor%edly exhibited losses of from 0.85 to 1, 0 dB uithout index

match fluid and from 0.25 to 0 35 dB with index matching fluid,

Ve

»

'The gluéd gplices have’ exhibited average 1osses of 0.25 dB for step-
index fib:rg?and 0.21 for graded-index FTibers. Tensile strength tests
on the crimped spncesrns;wated that crimping did not weaken the
fib&r ﬁﬂjular!results weri.gfﬁbrted fop” the glued splices.

Bell Telephone Laboratories~ﬂgve introduced a loose-tube

nav
,sp%ige which uses a»square “tube. whose inner dimensions are slightly

&

£

g?.

larger than the optigal fibers to be joined [122]+) The tube is filled

.
“er
o >

O
.y "

M 4
T
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with epoxy and the fibers are inserted in each end. Bending the fibers T

causes the tube to self-align the fibers. The fibers are then pushed

together and held until the epoxy sets. Tests using this type of
splice indicated average losses of less than 0.1 dB using graded-

index fibers, ‘
Bell Telephone Laboratories have configured a number of

fibers into single-layer tapes [123,124]. These'tapes have, been

successfully‘spliced.bv stripping away the tape material to reveal

the individual fibers, simultaneously fracturingAall the fibers with

a hand-held tool, positioning the fibers in V-shaped grooves with |

index-matching epoxy and clamping in place until the_epoxy'sets.

Splices involvingvtapes of individual fibers revealed'losses of the

order of 0.25 dB [125]. . _ | ‘ i ':. R
Anothecr type -of splice reported by B&Telephone La.boratories |

-uses no adhesives or mechanical clamps [55] ﬁ&his splice involves 'j}'

i .

placing one or more fibers to be connected in an aligning mechanism

'

J :
“and then‘compressing an aluminum washer over ‘the fibers such that the

aluminum yields around a portion of each fiber. The pressure is

below the breaking strength of the fiber and the aluminum is permanently
bonded to the fibers without bonding to\the aligning substrate. Index-
matching fluidﬁis retained in the washer by sealing off the hole on top
and bottom. Experimental results of typical splices revealed an

average of 0,25 dB lqss for sihgle»fiber splices and 0.33 dB loss °

for 3-fiber splices. Spliqes of this kind were found to have sufficient
e ‘ -

intrinsic strength to be used as splices of cable subgroups.

Fibers have been fused together to farm splices, . Fibers with

good, flat end facesiare butted together,using some alignment



'A:One Z7¢hod reported uses a d.c. arc for a heat source [126] and

\
bonded together and finishing the mating faces of each. ferrule on
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/ :
mechanism and then heated to cause the glaig to melt and fuse togetﬂ%r.

another method uses a 002 laser [127]. Splices using the electric

arc method exhibited average losses of .0.26 dB on step-index fibers

with numerical apertures of 0.1%4, Splices made with the laser

-,
-

averaged less than 0,5 4B,

\ ot

- Connectors

ﬁ?' In addition to splices which are;permanent connections,
optical fiber cables will also require connegctors which can be
rematable._ Tﬁe precise aligning gf-, fibers and the necessary precision

qm’°'
in preparing end faces poses pr@blems for connectors. Corning [128]

has ‘constructed connectors with fibers in a hexagonal array. " This was

accomplished in the laboratory by stripping the Jacketing off the

'cable, inserting the fibers as a unit into a ferrule where they are

metallographic polishing paper.  Connectors for Joining 61-fiber

cables Were fabricated and exhibited losses of less than 1 dB, The
]

_'fibers wnre low-loss and had.numerical apertures of 0.14, The losses

E included Fresnel reflection 16sses since no index-matching ﬁiuid was’

- usedo o ’ S

N

v Bell-Northern Research has developed single-fiber connectors

for use with plastic-codted multimode fibers [1f?] This is a

variation of their crimped precision sleeve used for splices. The .
connector plug has‘tapered funnels leading‘to a central alignment bOre. i'n
Longitudinal position of each fiber is accurately located by using a

special fixture Both the plug and its mating Jack are mounted
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separately on a fixture. Crimping the stainless steel tubing onto

the fibers plastic coating holds the fibers in place. When mated the

fibers .are separated by a small gap. By using index matching fluid,
Jdypical losses average 0.8 dBm[129].

- Corning Glass ﬁorkspand Deutsch Company have developed a

connector for fiber-optic cables that exhibits losses of 0.3 dB [130].°
- : : : i

Each individual fiber of the cable is held in place by cylindrical rods

puiltiintb the connector housing, providing the necessary alignment

accuracy. This c0nnector 1s made to accommodate Corning s sig-fiber

CORGUIDE cable,
Amphenol RF and ITT Cannon reported in May, 1975 [131] that

- >

they could supply. flber-optic connectors. Amphenol RF have since

marketed an eight-chanrel connector [132] which can accommodate
individual fibers with diameters as small as 127‘pm Total loss is
reported to be 1,5 dB maximum per contact, This 1s due to keeping

end separation from 2. 5 pm to 33 m, axial misalignment (offseti?io

5 pm and maintaining angular displacement less than 1\ ITT Cannon.is

presently marketing single-fiber\ ectors with typical losses of

.2 dB and possible loeses of 1 4B, hese connectors will accommodate

*'fibers with diameters—from 100 to 1 Jme

/

‘5,7 Summary

A number of techniques for coupling light into optical fibers

have been examined. ' For the case of coupling a single optical source to

148

A

a fiber, a direct coupler is the straightforward solution. More complex ‘

couplers allow the coupling of light from & number of sources into a -

fiber using wavelength-division multiplexing ‘The highest coupling

-

/

b3
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: efficiencies have been attained using a prism-film coupler to couple
1ight into a thin-film waveguide. An excellent method of coupling the
light from the thin—film waveguide to a fiber is to use a tapered-film
coupler. This combination of prism-film and tapered-film couplers will
be assumed for the optical feeder. system,

,Various loss mechanisms in optical fiber connection have been
examined. Splice losses in the order of 0.25 dB heve\been reported by .
different sources. Rematable connectors exhibit losses.in the order of
1 @B or less.
It seems that coupling 1ight among the various optical elements

will in principle, not be a seridus problem in the optical feeder syetem.

/ -~
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_CHAPTER 6

n - ,// ~ MODULATION AND MULTIPLEXING T

Any’system requiring the transmission of a multiplicity

' of signals over a common route 1s faced with a potential multiplexing
situation. Considering the great number of antennas‘and the .
distances of transmission involVed in the proposed_radio telescope,
some form of multiplexing appears necessary to minimize the cost of
transmission fine. From an economic standpoint it. must be
recognized that such reductions of transmission line can result

in increasedQcomplexity and costs of filters (in the case of FDM),

mixers, couplers, splitters. frequency- or time-stable reference

4

oscillators, etc,

In order to appreciate the quantities of transmission line
involved under various multiplexing arrangements it is necessary to M

examine some of the possible feeder system configurations.

. F”' )
6.1 Feeder System Configurations .

”

N - ‘The radio telescope, as currently envisaged would

\

-

be comprised of 2848 half-wave antenna dipoles (assuming a maximum
_density array, with no physical tapering) in a tee-shaped array, as
shown in Fig. 6.1 [3] There would b9'1248 dipoles in the east-west
subarray, 1568 in the north-south subarray and 32 in the common ‘
region of overlap.: The dipole spacing would be O. 625A centre—to-

~centre in the east direction and 0, 5X in the north-south

"s the wavelength of the telesc@a si;gnal (~2’+ 27 m),

~ . . - @ =
EYpN - -

" 150 o

" direction where A

L e e




\ 7T

Each dipole would be supported above a plane reflecting screen at
a distance of 0.125Xt.

< It is assumed that the antenna signals will be brought to a

location central to each group of antennas, where they will be

‘multiplexed onto an optical fiber for transmission to the observatory.

It 1s further assumed that the observatory will be located adjacent
to the junction of the subarrays of the tee. The signals may be

conveyed from the antennas- to'each central transmitting location‘(CTL)

‘via coaxial cable or optical fiber and these will be termed "tranch"

feedé?\ The optical fiber transmission lines from the CTL's to the

observatory\will be termed "primary" feeders¢

- For purp ses of calculating representative transmission
feeder lengths, the array Will be considered to containDthe maximum

number of dipoles (28“8) Aiso, for simplicity of calculation, the

_array will he divided into rectangular\groupings of various sizes

containing various numbers of dipoles. Fundamental to this approach

is the intention of conveying each antenna signal to the .observatory.

l

AR This implies’ .o previous correlation of antenna signals out in the
array. The grouping is- only done for purposes of multiplexing, 80 the -

e grouping configuration is not particularly important.

The type§ of antenna grouping that will be considered are

_Ashown in Fig. 6.2, " In the north-south subarray, (A) refers to groups

comprising eight dipoles in. the lateral dimension, (B) refers to

_groups comprising four dipoles. in the lateral dimension, (C) refers
~ to groups with two dipoles in the lateral dimension and (D) refers
- to groups with only one dipole in the lateral dimension. The east-

‘west suharray, having only four dipeles#ﬁn&its lateral dimension,

T

"; . “ ;jl I o R , i . . \
" N . . R . ’ .
¥, . .o ! R - : : :
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” N N " (8 dipoles)
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Fig. 6.1 Tee array configuration (After McLarnon (3.
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Fig. 6.2 Possible antenna groupings within the array.

152

i
{.
i



L2

s
LE

7

will be divided according to group (E), with these four dipoles in
‘the lateral dimension, and group (F); which has only two dipales in
the lateral dimension. The longitudinal length in each case will 0
ultimately be set by the multiplexing capability.

This thesis will not address the problem of the physical N
placement of the optical fibers other than to mentic: a number of

considerations. An underground trench may not be suitable since it

is common experience in the telephone companies that underground cable o

plant isrsuhgect to water ingress. This could be catastrophic since
experiments by Bell-Northern Research [133] indicate phenomenal e
increase in attenuation (~1000 dB/km)due to mechanical deformation by

the ice around fibers. Hater, as. indicated in section 2 7, tends to

; 'yse physical deterioration of fibers. Ordinary aeria.l cable

‘construction where comnunications cables are tied to a high-strength
(usually steel) messenger cable might ‘be a solution. This also
would have to be waterproof or at least»water-resistant. A metallic
messenger could be a lightning hazard and it is not inconceivable
that damage could result to eVen a'dielectric optical fiber cable,
- perhaps due to extreme heating of the messenger. | i
Assuming the use of a cable such as Corning s~CORGUIDE [ii]
which contains six (6) individual fivers and has an outside diameter
vaf 5 mm, wWe can estimate the quantity of fiber required for the |
telescope proaect. Using only three (3) of these’ ‘six (6) fibers for

transmission purposes (the remainder could be spares), 55q;cables~'

would more than suffice to feed each of the 1600 dipoles in the north-

- south subarray and the overlap reglon. The 1248 dipoles in the east-
west subarray would require 416 cables making a total of some 966 .

o

. . . . = E : ?%%
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- e



154

.y

cables forvthe'to 1 array. ‘Vith a number of multiplexed antenna +

,signals, the number of cables decreases proportionately.

For purp ses of analysis, the tranch feeders within the

\ .
\\ Q’ antenna groups are presumed to be laid north-south and east-west in

Y

a Cartesian co-ordinate system. The branch feeder quanﬁities are

P

“: determined separately from the primary feeders since, dapfnding upon
".factors such as economics and practicability, the branch feeders
may be optical fibers or coaxial cables. For both branch and primary

feeders, "minimum length" and "equal 1ength" quantities are included.

M

The "minimum length“ quantity repreeente the shortest total. length

\

t of:transmission 1line required to convey the signals among the various
- locations in-the array. The only consideration given is that the -
'transmispion line follow an*approximately Cartesian co-ordinate system.
No consideration has been given to the problems of phase and delay.» , .-;g,fx
l."Equal length” quantities represent the\total length of transmission s
line required when each ‘individual transmission 1line is the same |
'length as that required for the longest transmission’ line. The L,

LS

terns "minimum length"‘and "equal length" are exemplified in -

-~ y . _ : . \
Appendix L. S S . R :

v o The equal length technique obviously overcomes the phase - and
a lay problems inherent in the minimum length systen above, ahich would

N _ require extensive additional signal processing in the observatory, if

s'practical at all The equal- length technique, while obviously " ‘\
the most costly in terms of transmission line, has. been used in a
f nunber of radio telescopes since it allows the greatest flexibility

- and linimizes‘ﬂecorrelation losees and excitation,errors [3] This

theeis will ASBURG the ly of an equal-length feeder systen

3 - .
. &

g [ .

~

\-,.—/



R ' 155

M An operating frequency of 12,36 MHz corresponds to a wavelength
P Tof,about€24.27 meters. For the purpose* of determining transmission , ,i R
- ﬁ}ine-lepgth..the (approximate) distancas that aﬁe used are as shoen
im—F‘ig. 6.3, o | | “; L
: Transmissiom line quantities are presented in Tabluxé 1 for
» ' primary feeders and Table 6.2 for hranch feeders. A sample calculation

‘ is included in Appendix L for the case-of a 2l channel system.

- ~~ "he numbers listed in Tables6.1 and- 6. 2 indica.te the lengths L
) o{ transmission line required for the various antenna dlpole groupings | _P"
v, 3 considered Since “grouping (B) in tbe north-south subarray and’ .

. grouping (E) in the east-west subarray has : peen considered fornall .

&

channel grqpps (except for a 2- channel system) this Qombinati'
W r t . s >
been used in a plot of transmission line length as a function o'wthé
L - : i,

number oft channels multiplexed,\b'l'his plot is pfesented in Fig, 6. 4

£ Jri

A
with primary and tranch feeders sh separately for & minimum-length

w

W - a

°

# . and equal-length feeder configz@tion S E

B - .

Fig. 6.4 clearly shows ‘the advantages of multiplhxing larger
numbers of channels. For an equal-length system, some 865 km of
transmission line is required for an 8—channel system uhereas only |

) ‘about 245 km 1s required for a 1+8-channe1 systen. Beyond aboirt 28,
- ?' channels, the total length oftransmission line is virtually constant
since any decrease in primary feeder/length is offset by an increase .
in tranch feeder length. From the viewpoint of transmission line
;§§G7 T saving a 48-channel system 1is considered to be a reasonable maximum. | VL

It should be emphasized that a.he transmission line quantities ‘

have been determined for 2 one-way. working-eystem configuration.' No -

provision has been made for additional lines that may be required to |

. - . | . : . . S )

1 . —

1



© Fag. 6. 3 Dimensions used to determine tran}uilssionf line lengths _ N
"~ "{a) overa.ll a'ray (b) inter-element. ’ :
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convey local oscillator or synchronization signals from the observatory

to the central transmitting locations. Similarly, no spare lines

\ :
- have been included. - -;~ki* : SR AN oo e

L ) ’ i - 'y

\ 7k
' The foregoing has been presented as an appreciation of ‘the g
‘ quantities of transmission 1line required for an. array of the size and g
. > g -
type planned for the radio telescope. Various dipole grou;fﬁg .-

have been considered for different numbers of channels multiplexed o
".\ - 54

as has a minimum-length and equal-length configuration. Primary and f o ';.m

%
branch—feeder quanti&ies have been determined separately to allow
. 'r,,

. maximum versatility for final desién Depending on- factors such

X |
as costs and signal processing techniques, it may be decided for

N

k .

o $examp1.e to use optical £k feedors snd co&xfal-cable*'"

8 .‘v:v g

""-'rﬁ:a.nch feeders.' In all lik,elihood, the '

“be coaxial cable carrying the r.f. (electrical) signal to the CTL. - - }niﬁl
- :This would save- converting the r.f. antenna signal to optical form at'
';-the antenna and then converting i} back, to electrical form at the 1 “"__ ‘
CTL for r.f. multiplexing.\ In’ any event since thettransmission line_,
represents a major cost of«any array, it is desirable to keep these
quantities to a minimum. ‘To accomplish ‘this without forfeiting .
3versatility and,sighal processing capability, it:1s required that as- ',:
.-many antenna signals as, possible e’ multiplexed onto the transmission‘ Lo

/S . Lo . » —

1ines. “‘?, L S P o R, '“ SR

» ‘ » . . ' N ] : . '.‘ T ) o . "h A ) ,'\\ .
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The types of modulation that ‘are awailable for consideration ‘_ R

are a.nalog, \ﬂ% aﬁh digitaﬂ. [90] Ana.log modulation methods are -

T ~ .
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cha.ra.cterized 'by a continuous variatton of some ca.rrier signa.l

o

para.meter such a.e a.mplitude, frequency, phase or- pola.rization with

" an a.pplied continuoue, modula.ting signal. Pulse modulation methods

<

{
a.re chara.cterized by the va.ria.j;len of sbmer pulse pa.ra.meter, such as
v e ) - .p".,, y . _&g

ampl: le, position or width of a. ca:m:ier pulse traix\ This va.ria.tion

is ma.de to represent the iqsta.nta.neeus a.mplitude Of & se.mpled a.na.log :

-

1 3
eigna.l e.ndv, *as such, ca.n assume a.n infiy,it;m oi‘ va.lues’ withig the _.

.ay .\' '

" h ; A L -l A
%ized by some cé:r:rier eigna.l pa.ra.m%ter, such ae am/plitude,
.o “'(1 _! £ ;9' .

_ enc“y, pha.sew polbx‘zati‘m, being encoded into a. digita.l signa.l

-which represen,ts eltheﬁ ax quantized instax’ita.neous velue of 8 sa.mpled

o J

a.nalog signa.l or- 4!; da.ta. signa.l" alrba.dy 1n digital form.

t

N The trend in communica.tiorisfis towa.rd the use of digita.l

PRV

A B

modula.tion sfsteme. Thi,s is due “in part, to the inherent simplicity

. el
~

of thé "al’gita.l s:l,gnal a.nd ‘Its a.eeociated a.dva.x%a.ges 1n éeﬁeration}

l

' tra.nemission a.nd recgption a.nd a.leo to the proliferation of economica.l

_systen to be c_eneide_i:ed will be a digital eysfem."

' within allocated time elots. There a.re two ma.in ca.tegories of

digital mtegzz.ted circultry, In thik lig_ht, the firs*_t modulatien

. . . - -
. \ - . . ) . a .

6.2.1 ‘mg;to.l nodul'a.tion T S A
v - . - e
_ o o ,_\ . ' - b

a& o | sl Digital modula.tion is ba.sically cha.racterized by an

information bit stream con the presence or a.bsence of bits .

’\ o~ .
dzigita.l modulation — pulse code modula.tion (PCM) and differential

o

pulse code modulation (D;PCM)

.- L

\' _aj .' A pulee cbde modulation system for use- in the te{escope

project night be represented as ehoun 1n Fig. 6 6. ‘The a.na.log eigne.l

3

a.mglitude»ra.nge Digital modulation me‘t‘.’hods, on the other ‘haod are

161
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from each antenna dipol‘bgould receivevinitial improvement such .as

amplification and filtering. This signal would then be sampled at

‘a rate equal to, or greater than, the: Nyquist Tate (twice ‘that of the -
highest frequency component), resulting in a signal having a pulse-

amplitude-modulated (PAM) waveform. .Each pulse of this PAM waveform -

would then te quantized to a discrete Value depending on the pulse

£

amplitude and the number of diﬁ%rete values allowed in the quantizing

Yyt

SQ‘gme. This particular valus&*is then encoded into’ a digital binary

"word" which emerges from the modulator. In this manner, the analog

o

- signal is transformed into a stream of digital pulses, the rate of

' which is determined‘by the,a’ﬁﬁ%ing rate and the number of bits gmfgéqdiy -

ST

4 .minimum to

A
required to encode the

can be transmitted directly ov ‘pnire fagilities, or can be used to:;

.

modulate ag analog carrier for radio or optical transmission.
Depending on the carrier parameter being modulated the following%

systems are possible [90’ ]: -

f} - PCM/lH (PCH/AH) — PCH Intensitgé§Amplitude) Modulation,.

also called PCM/ASK amplitude shifjfkeying. _The carrier intensity

(amplitude) is set at a maximum to represent a "one" bit and at

;fhf a "zero" bit of binary code of information signal

~

C - Pcn/rn . PCM Frequency Hodulation, also called PCM/FSK

-

;ﬂfrequency shift keying. The carrier frequency is get at\one of twd

possible values to represent a "one"‘or ~zero" bit of binary code of

s A

information sample amplitude. e , _»\» . \k:;' , ,.“\\.

A

; ormation.? This digital output fxdﬁﬂiti
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.,'-h

-2

i

- PCM/PM — PCM Phase Modulation, also called PCM/PSK, phase
shift keying. The carrier phase angle is set at ‘a phase angle of zero-
or m radians with respect to a phase reference to represent "one" or

"zero" bit of blnary code of information gnalvamplitude.l

bl 4

- PCM/PL — PCM Polarization Moa ation — linear type: The

carrier 1s set in vertical polarization to represent the "one" bit U

CE 4

and horizontal polarization to represent the "zero" bit of binary
M)

,~code of information signal sample amplitude- circular type: The

« 3
carrier is set in’ right circular polarization to represent a 'one""

f.bit and left cfrcular polarizati’ﬁ to represent a "zero" bit of binary

v
,‘code of information sample amplitude. . . T

o

'i’t: . i

jt . The ‘antenna signal, at the input to the sampler in Fig. 6.6,

will cont?;n frequency components up to the highest f%iquency of -
interest ie: f = 12,46 MHt.» The minimum sampling rate, or Nyquist
rate [134] that an analog signal can be sampled at and yet be totally
reconstructed back to its analog form is twice that of the highest V
frequency component present in the signal:ﬂ’This Nyquist rate requires
that the signal be bandlimited by an ideal (low pass) rectangular
filter with an impulse response [135]
v(t) = —= ()

Since ideally bandlimited waveforms are physically

unrealizesﬂle, sampling, in principle, always introduces a certain

amount of distortion due to aliasing. In practine, this distortion ,-

A _w

, becomes negligible whengﬁhe signal is effectively bandlimitedyand

163 -
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& : '11ng rate chosén accordingly. In teld

higheet frequency component of the signa.l. Conventional PCM systems
md in the North America.n telephone network sa.mple voice channels at
8 K}{z, providing‘ a useable bandwisdth of 3.5 KHz [1!9]. This corres'ponds

to a sanipling rate of ~2,29 times that of the highest 'usea.ble\
fx’quency. - . . ) | "y
- Aseuming the -minimum sa.mpling rate of twice that of the highesﬁ
| f:z,;equency component -a rate of ~25 M}Iz would be required to extract
the a.ntenna signal informa.tion. Depending upon a.liasing distortion .

due to. non-ideal filtere, a somewha.t higher sa:mpling rate would 9

probably be required. At three fines

component, a samplii’t‘spfl‘,equenc

: IEn order to tre.nemit "3 ' 9t
transmission system would require a.“ ma.ximum dispereion of about 20 n‘e.
~If the pquse train was at 37.5 Mb/e. the dispersion should be no more
than 13 ns. If the PAM ea.mples were quantized and encoded into |
, .digital words of say, 5 bits to represent 25 = 32 *possible qua.ntized
| anplitude va.lues the transmission line rate?o e&@ be 125, Mb/s or
187 5 M‘b/e, depending on the sa.mpling ra.te (assuming return-to-zero RZ
vbina.ry digit coding) This uould correepond to a ma.ximum illowable
d.ispereion of 4 nsec, or 2 6 neec, depending on the ea,mpling rate.’
Since the transmiseion%ne Tuns are some. 2. 1/2 kilometers in ‘
| \_length, this would- require a ma.ximm dispersion of 1 25 nsec/km or |

1 ns/km a.eeuming a lmeerinmese in dispérsich with leng-th. Thie is

" - currently a.tta.ina.ble for multimo&e g.r:aded-index fibere at 0 85 ).un

/

- wa.velengthe Even :Lf the disita.l code worde conta.ined ea.y 3 bits to

[
\ Lo

3

A

v
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represen &hly 23 = 8 possible quantized a.mplidiude va.lues, the

dispersion could only be relieved by a. fa.ctor of about 2. This
»

.would still only allow a ma.ximum of a.bout Ll- a.ntenna. sig;nals to be

time-division multiplexed over an optiéa.l fiber. In view of the

§ .

j f&regoing, the PCM system concept was abandoned.

A differentia.l pulsa code modula.tion system can be represented
as shown in Fig. 6. 7 'In this system, the signe.l that is sampled and.. = 4

coded is the difference between the input signa-l a.nd a prediction ”

'signal based on past sa.mples [49] When this differencae signa.l is

s where successive ini‘ormation samples are higtily’ co ,‘ A

coded into a single bina.ry digit, this DPCM \syetem g.kncwn as a

delta modulation (A-mod) system. -

DPCM- is used in applicati sucl'i a.svi

ismission .Q
h - - - Tf : Pt ;

] x

B - i _:‘f’ .
such a ca.se, for the- same signa.l-to-—distortion ratio S @
can reeul‘t in- a lower digita.l ra.te than PCM Houever, for signa.ls s "
with a noise-lifte flat spectrum as e.xpected in the’ ra.dio Wope, .

- ca.se, ,for the sa.me S/D ratio as, fCM DPGM will require a. higher

there is little or Ao correla.tion between successive samples. In this . A

d.igita.l ra.te [u9] Sa.mplingQ,t & higher rate provides the needed

0 C!‘
‘comlation ‘between sa.mples, but since the digi rate$is increased

. pzoporbiona.tely, +the, tra.de is an mefficient one- -For this'ree.son,- SR

DPCM or A-—modulstion. is not considered as being particula.rly

PR
<ow

7\ ) w o oo Y
. . 0 ]

a-dva.ntageous over PGH in this application..- o \; - : — ;_;‘_ \
o . . o .} » . v : . e .4 | . ) _‘- - /~)
7 o L
‘ 6.2.2 Pulse'Modulation_" 1 - B ' < v a3
- - N ) " ‘ ' ' "_‘:. ol'
Tl - A pulse modulation syt‘em for , in the ‘telescope :
projeci-. imuld Yo compu:ised essenti&lly of thy same elements as the .
. ‘ \ o . ~
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digital system in Fig. 6 5. The quantizer may, or may not, be
required but the main difference lies in the enceder, In a pulse
modulation system, the encoder performe the modula.tion of some
l:-pa.ra.meter of a carrier eignal or pulee train with the 1nsta.nta.neous
(or qua.ntized) anplitude of the sa.mpled wavefom. Depending on the )
pa.ra.meter chosen to represent these ea.mple amplitucfee. the following

modulation methods are possible W I

.

W - PAM @-"g continuous or quantised Pulse’ Amplitude nodulation _

Pixlsed ca.rrier electric f;eld a.nplitude 13 “t 3?1'-":’1"’”'*‘1"1'‘m‘a'1 to
- , . o
1%‘&10:1 eigna.l sanple a-mﬂlﬁude. o b ' ETE ST L
.o !F ' R ’“. V " ’ . «' . '
- PM - contihuopg or quhntiz-od'l.’ulﬂﬁ Frequency ‘Modulationg— -

<

. ’ ) = ‘-, ‘ ?J‘ ) ’
'_°v_ - PIH -%:ontinuogs or qpa.utized Pulee Inteneity Hodula:bion -—

pulsed carrier 1nteneity ismet p:;oportional to information signa.l

v
A

=Y

aple. a.mplitude‘ I S

P x{.h‘

e :_f:- - Pﬁl — continuous or quantized Pulse Du.ration Modulka.tion *£ .
@

puﬁ!ed ca.rrier duration, with reepect to start of ea.mple period is,

re

_ . \ _ -
- PHI o continuous»or quantized Pulse Position Hodulation —

e

time delay of initiation o;f ai‘shm-dmtion carrier pulse 1s set e
proportional to Mmation signa.l sa.lple amplitude. . N o
¥ . 4 \ S e ) \ . o

. - P\m Pulse Rate Hoduhtion - mmber ocf ehomtdmtion
caa:rler'puleee per unit ti-o pe:riod 1e eet pt’oportiom.l to\infma.tion
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In the previous section on digital mo®ulation, it was
established‘thai the sampling rate would be ;2 least 25 MHz and
possible 37.5 MHz or higher. Assuming that - ¢ _ower rate would be
satisfactory, this suggests that the maximum pllovwable dispersion from
£r§nsmit£e;,to receiver would be about 20 nsec, except for PRM. On #
the longest transmission line run of 2 1/2 kilometers, this dispersion
corresponds to 8 nsec/km (assuming linear increase in dispersion with
length). I% the sampling rate was 37.5 MHz, the m;ximum dispersion
would be limited to about 13 nsea or 5.2 ns/km for the 2 1/21km:runs.
In Chapter Two it has been shown that this‘amount of dispersion is -
well within\¢he capabllities of present fibers. This indicates that
; PAM (or PIM) modulation system is a viable method of transmission for
the telescope pfbject. PFM would not be possible, since the carrier
frequencies of optical soﬁrceé can no£ readlly be varied in accordance
with some modulating 'signal. In a PDM system, the modulating signal
informafion is determined by the posifion of the trailing edge of the
carrier pulses, Accurété information transmission then requires
rapid pulse rise and fall-times. This, in effect, increases the
bandwidth requirement of the system and, therefore, reduces the
allowablq dispersion. For this reason, a PDM system (and, similarly,

a PPM system) is not considered a logical contender for the telescope
project. A PRM system would bbviou%}y also suffer more from dispersion -
than the PAM signal since it nedessarily transmits pulses at a rate
higher than the PAM frequency. ’ '

* While a PaM (or g}M) system would be a satisfactory transmission
scheme, multiplexing would not appear to bé feasible. Increasing
the number of signals tofbe transmitted would again increase the

transmiséion line rate and, therefore, the dispersion problem,



Transmitting a single signal via PAM (or PIM) would also require
considerably more complicated hardware than, say, an intensity-~
modulated (M) analog system.

Since pulse-modulation methods have not ylelded a satisfactory
solution for a multiplexed transmission sfstém, analoé methods will

be examined next. ¥

6.2.3 Analog Modulation and Frequency Division Multiplexing

Analog modulation techniques which are available include

the following [ 90 Te ,

- PL — analog Polarization Modulation — linear type: angle
of linear carrier polarization with respect to reference axis is éet
proportional to information signal amplitude; circular type: ratio of
carrier intensity in right-to-left polarization states is set

proportional to information signal amplitude.

- IM — analog Intensity Modulation — carrier 1ntgnsity is

set proportional to information signal amplitude.

-~ ™M — analog Frequency Modulation — carrier instantaneous

frequency is set proportional to information signal amplitude.

- PM — analog Phase Modulation — carrier phase angle is set

™~

proportional to information signal amplitude.

3

~ AM — analog Amplitude Modulation — carrier electric fleld

amplitude is set proportional to information signal amplitude.

Polarization modulation is not being considered since it was

L4

i s Cmen b i 40
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established in section'2.6 that polarized signals become rapidly
depolarized in optical filbers, N
Intensity modulation is being presumed for the ogtiC¢L

signal transmission section in Fig. 1.2, As has been discunse..

the chapter on sources, the output powerA(not the aqplitude) Af Tieht
sourcés is proportional to the driving current._ Also, the putbut
curren£ from a photodetector was seen to be proportional to the’yhput
power (1ntensity). In this éespect, an intensity-médulation systenm
‘is‘the only logical choice‘for-the Opticai section, regardless of
prolap the‘driving, or modulating, input be continuous (1e: ahalog)

.
‘disrete (ie: pulsed or digital).

6.2.3.1 Frequency and Phase Modulation

Frequency modulation is a widely used technique for
transmitting high-quality signals, such as high-fidelity and
stereophénic radio broadcasting and the audio portion of television.
The advantages of FM (over AM) are well-known and the principles are
éovered in a great many textbooks on communication systems.

Considering thé use of ™M for the telescope project suggests
a minimum modulation index m of~ 0.5 for noise performance at least
equai to that achievable with a DSB-AM system. Assuming a baseband
modulating signﬁl fm of"12.5 MHg, the required bandwidth, as determined

by Carson's rule [13&],Awould-be
B'=,2(p f‘i)fm

= 37-5 MHz
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This”bandwidth would require a maximum transmission line dispersion

of about 13.3 nsec or 5.32 nsec/km for thd 2 1/2 km runs., This is well
within the capabilittes of contemponary optical fibers. Reducing

the modulation index to, say, 0.2 would still require a bandwidth of

30 MHz, which would not substantially improve the multiplexing
eapabilities. It would, however, result in a system having 7.4 4B

lower signal-to-noise ;atio than a DSB-AM system, according to eq. (9.3-1)

of ref, [134]. A Similarly, an increase in modulation index to, say,

‘.L

-1.0 would result in a required bandwidth of 50 MHz which would limit

the meximum possible dispersion to about i9 nsec or 4 nsec/km for the

2 1/2 kn runs. While a modulation index of 1.0 would provide some 6.5 dB
S/N improvement over DSB-AM, possibilities of multiplexing more than

two or three 50 MHz channels onto contemporary fibers wonld be
questionable. Future fibers, however, will undoubtedly exhibit much
lower dispersion rates, permitting a number of such relatively wide
‘bandwidth channels to be multiplexed,

¢ The foregoing discussion has been based on modulation by a ‘

o)

- single sine wave, and on the use of Carson's rule which determines

the bandwidth required to pass at least 98% of the power in an FM
signal. .In practice, a modulating waveform is rarely‘sinusoidal;
Plotkin [138] has compiled curves relating modulation index m and
distortion D due to bandflimiting for fhe two extreme cases of

sinusoidal and white-noise modulatien down as low as a modulation

index of 1.0. For the white-noise case, Plotkin has determined the

' following approximate relationship:

RNk i i . S P e ca -
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2 .
B =g gau(-10l08,0D - 1010, on°) Y2 _omosm + 075 (6.2)

. A P, - P
where - D= _Eﬂir__lﬂi
FM
and P_,, i1s the power in the unmodulated carrier or

™M
unbandlimited signal

) Y ' : ‘
PFM 1§QEQﬁ/power in the bandl}mited FM signal.

Curves are plotted using eq. (6.2 ) for distortion values down to

-80 dB in Fig. 6.7. JFor compa?ison purposes, the bandwidth as

specified by Carson's rule is shown as a dotted :line.. Since the

modulating signals frgm the dipole antennas 'will be vir£ually white

noise, these curves can be used to relate the modulation index to

tﬁe required bandwidth for a specified distortion requirement.
‘Surprisingly, for a modulation index less than abouf 1.0, the bandwidth
—~required 1s less than that specifiéd by Carson's rule — Qt‘least

for distortion levels down to -80 dB. As the modulation index

iﬁcreases above 1.0, the required bandwidth exceeds that specified

by €arson's rule, parficularly for distortion valués of -50 dB or

lower. N

It was stated in section 1.1 that the amplitude error of the

ra@io teléscope is‘required to be in the order of‘Z%. For the output

of a two-element correlator to have agplitude errors of 2% requires

that each of the inputs have ampiitude errors of about 1% (assuming

jdeal correlation). This is equivalent to a distorzion of -40 dB. An

examination of Fig. 6.7 reveals that this distortion criterion can

be met with a bandwidth less than that dictated by Carsoh's rule. |

K
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—— Approx. results from eq.(6.2)

D

— — Carson's Law ‘ -80 dB

30 L

25 r

2(m+1)

LI

15

Bandwidth, B (MHz)

10

N 1 . L — ! L 1 N 1
. 2 b 6. 8 10 12
Modulation index, m

Fig. 6.7 Frequency modulation bandwidth for noise modulation (After
Plotkin . £138]).
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'For a modulation index of 1,0, Carson's rule specifies a bandwidth

of 4 times the highest modulating frequency while Fig. 6.7 indicates
a requirement of about 3 times the highest modulating frequency. This
marginal decrease in bandwidth would not make an FM system appear

much more attractive than it does with sinusoidal modulation.

.6.2.3.2 Amplitude Modulation |

Amplitude moduiétion is one of the oldest éodulation
techniques knbwniand, yet, it ié still widely used {n modern
applications such as FDM telephony systems, television video transmission
and radio bmpadcasting. Detalls of AM technidues are described in
detail in the numerous textbooks on communigaﬁions systems, The options

that are avallable include double-sideband transmitted-carrier (DSBTC),

double-sideband suppressed-carrier (DSBSC), single-sideband suppressed-

carrier (SSBSC or just SSB) and vestigial sideband (VSB) as shown in
Fig. 6.8. ‘

_ Both. DSBTC and Dsiasc occupy a spectral bandwidth twice that -
of the’baseband modulating s;gnal. In the case of the proposed radio
telescoﬁe, the b@sefand signal might extend eut to about 12,5 MHz.
This ﬁould result in a frequency trahglated spectrum of ébout 25 MHz
in baﬁdwidth about the éarrier frequency. By a suitable choice of |
carrie; frequencies, a number of these signals can be multiplexed
for transmission‘to the observatory. Again, the éroblem of dispersion
must be considered. A 25 MHz baﬁdnidt@ will require a transmission

line dispersion less than about 20 nsec, or 8.0 nsec/km for the

2 1/2 kn run, Assuming the use of & 200 MHz.km graded-index fiber

©
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(dispersion about 2.5 nsec/km), this would allow a maximum of three
signals to be multiplexed into the 80 MHz available on a 2 1/2

kilometer run.

If the baseband signal does not contain low-frequency
components, there 1s‘no spectrum to provide a gradual cutoff ‘/,
. characteristic and hence there would be no advantage‘to VSB modulation Fg&
over SSB. Fig. 6.8 shows the effect of modulating the entire
Baéeband, as shown in dotted lines, or merely a portion of the
basebanﬁ, shown 1ﬁ solid line and ¢ross-hatched. In the case of

the proposed radio telescope, the signals of interest are considered

to 1lle in a narrow band of some 200 KHz in width around a center
frequenéy of 12.36 MHz. In this case, it would seem deéirable to‘#,
filter out ﬁll'other.frequencies exceﬁt those within this narrow
passband, and multiplex these signals onto the optiéal transmission
system, Sﬁch; a system émg;oying SSB "passband" modulat;on could have'
a frequency spectrum similar to that in Fig.'6.9.. ~ _ . -
| Fig. 6.9 .111ustrates that the (center-to-center) frequency
separation 6fc between channels 1is determined'by the allowable
crosstalk criterion (in this case, x decibéls) and the type and order
of ﬂandpass filter used. McLarnon [3] determined that, in order to
maintain an excitation phase errof of 0.1° rms, the maximum allowable’
crosstalk w;s‘-55 dB for the filters and -60 dB for the coaxial cable.

An optical fiber transmission line 1s-expected to easily meet the ;

-60' 4B criterion. Section 2.5 indicated that the far-end fiber
crosstalk should be much lower than =70 dB in the2 1/2 km transmission : 3
(runé. In this respect, it Would seem logical to consider filters

‘with compaiable performance. This would also provide a factor of 5

——



fd
improvement in excitation phase erroi, from 0;3° ;;; down to 0.02° rms
according to Mclarnon [3].

It is not within the scope of this thesis to provide a major
investigation into the<optimum type of fllters to uée in the
multiplexing system, but a cursory examination would seem in order.
It is known that, in ge?eral, attenuation and phase (ie: group
delay) characteristics tend to offset one anofhef [139]. Filters ’
with flat passbands, such as.tﬁé Butterworth, tend to have relatively
severe phase and group-delay distortion which Becémes“even Worse és
~ the order of thé filter is. increased to improve its attenuation
characteristic. Allowing an increase in the amount of amplitude
ripple in the passband, as in the Chebyshev filter, tends to further
improve the attenuation skirt steepness characteristic, but also
re;ults in deterioration of the phase characteristic; Since the
preéervation qf,phase and relaézve delay throughout the 200 KHz passband
is an important consideration for.a correlation array such as the
proposed radio telescope, it isﬁneéessary to give due considération to
the phase as well as the amplitude characteristic.

There is a class of filters known as Gaussian filters'which
provide a highly linear phgge‘éharacteristic acréss‘the passband [139].
As expected, the attenuation characteristic is Gaussian in shape, !
Within this class’ is the Bessel filter, or maximally-linear phase.
filter. This fiiﬁer producés‘a virtgally flat phase characteristic
ﬂithln the passband ahd an attenuﬁtion characteristic slightly
i;proved over the basic Gaussign filter except near thq cutoff

frequency.

Another fi}ter, known as a transitional filter, combines the ,
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. attenuation discrimination characteristics of the Buttefworth and
the group-delay characteristics of the Gaussian filters [139] A

transitional filter which is Gaussian to 12 dB is seen to exhibit ;

’ \\‘/

Y .
relatively flat group delay (linear phase) well beyond the 3 dB o e

;,ﬁrﬂ4

frequency cutoff [139].
If the governing criterion 1is phase inﬁegﬁity, wiﬁﬁ}dwéerpain
allowable amplitude distortion, the Bessel or Maxithly-Lig;;;;?gase
4 filter wou%s seem a likely choice. ‘If the sjbtem caﬂ’tolerate some
phase and group delay distortion and it 1s required that‘the
°amplitude distorfion be kept fq‘an absolute minimum. a Butterworth
filter would be an eligible choice. If minimum phase distortion and
maximum frequency diseriminatiog are required, a traﬁsitional fllter
should be c;nsidered. Table 6.3 is provided which lists ghe
bandwidths required for these three tyfes of filter as a function of
attenuation discrimination and the number of reactive ‘elements.

These bandwidths were determined from data obtained from graphs [4,139]

using a nominal passband of 200 KHz. Table 6.4 presenis essentially

~

L4

the same information but in a different manner. 1In this'ﬂgble, the

— type of filter along with the minimum number‘df reactive elements is

givénkwhich can provideqa specific amount of attenuat;§n in a given

bandwidth. The bandwidths are arbitrarily chosen from 0.5 MHz to

2.0 MHz to represent potential multiplexed channel bandwidths. ~
Assuming the use of a 200 Mﬁz.km optical fiver (ies~ 2.5 nsec/km

dispersion), the longest transmission line runs of 2.5 km would have

a total bandwidth availablé of 80 MHz; If the multiplexed sighﬁls

are allowed to occupy only the spectrum above'12.36 MHz for convenience,

this still leaves some 68 MHz of bandwidth. Allowing a bandwidth

e Eatimg % e e caee e e
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Table 6.3

Attenuation Discrimindtion
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of 2 MHz for each chamnel, up to 3 signals can be multiplexed into
this cand. Restricting the channel bandwidth to l MHz would allowr

up to 6§ multiplexed signals. Continued reduction in channel bandwidth
results in even greater multiplexing capabllity albeit at greater
complexity in filtering.

Fig. 6.10,shows refresentative spectra for two SSB-FDM
transmission systems which could be used in the proposed radio
telesc&be. The first system uses a 2 MHz channel bandwidth, while
the second uses 1 MHz. In each case, the multiplexed signals are
obtained by mixing the baseband signal f_ (12.36 + 0,1 MHz) with
a carrier signal f_ and filtering out either the sum or difference
of the two frequencies, depending on which is required. Bcth systems
use carrier frequencies in integral multiples of 2 MHz and 1 MHg,
respectively, from 14 MHz through 36 MHz and 37 MHz, respectively.
Each carrier frequency is used to multirlex two baseband signals into
the FDM spectrum‘;- one translated to the sum of the carrier and |

frequencies and the other to- the difference of the frequencies.

I the 2 MHz channel system, the 14 MHz carrier is used to multiplex
anmel 1 (1% - 12,36 £ 0.1 = 1.A4 + 0.1 MHz) and channel 13 (14 + 12. 36
0.1 = 26.36 + 0.1 MHz), the 16 an carrier multiplexes channel 2
(3.64 + 0,1 MHz) and channel 14 (28. 36 0.1 MHz), ‘and so on up to
36 MHz and channels 12 and 24, The 1 MHz channel system is obtained
in a similar manner for 48 channels.

The lower carrier frequenty, 14 MHz, was chosen to be

higher than the highest nédulating frequency (12.36 + 0.1 ‘MHz). This

- allows the complete (positive and negative) baseband spectrum to be

translated across the zero frequency axls for convenience. If
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Fig. 6.9 Typical "passband" SSB-FDM modulation spectrum for an
n-channel transmission system.

——-, '4-200 K‘Hz

—— "~ (not to scale)

T (MHZ)

48.36  (MHz)

Ju7'\/ .
48.36 49.36 ~ (MHz)

6.10 Typical spectra of two passband, SSB-FIM systems
?a.; baseband (modulating) signal (b) 2 MHz channel spacing system
1 MHz channel spacing system.
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practical considerati?ns deemtthat channel 1‘be higﬁer than 1,64 MHz,
higher carrier ££;Zﬁehéies can be chosén., The upper carrier |
frequencies, 36 MHz and 37 MHz, were determined on the basis Qf image
interference. Ingthe 2 MHz channelsystem, a carrier at, say, 40 Ytz
would be required to mu}tiplex the basgband up to channel 26 (52;36 MHz).
Demultiplexiﬁg this channel back to baseband at the receiver requires
that the FDM spectrum be mixed with a local, 40 MHz carrier,
synchronized to the 40 MHz éarrier at the transmittei._ The problem
occurs when this carrier 1s allowed to mix with that portibn of the
spectrum containing channels 13 (26;36 MHz) and 14 (28.36,ﬁHz). The
difference between the carrier and %heée channels is 13,64 MHz and
11.64 MHz, respectively. A portion of these baﬁds will pass through
the baseband filter, -and interfere with the baseband of channel 26,
This'image interference can be avoided in two ways. Gne way

would be to limit the difference bvetween the upper and lower carrier

y °

frequencies t& be less than, or edual to, twice the.highest modulatin

. frequency, or

£ -f . <2f | ‘ (6.3)

cu cl m

Another_way would be to filter the FDﬂ Spectrum at the receiver before
the mixer so as to eliminate those channels which would result in

image interference. While this method would require an additional

7

filter per channel, it would provide the méximum "£ill" since it would
be a relatively easy matter to add additional channels,

In order for the multiplexed signals to be synchronously

2

demodulated, it is common pTractice to include carrier pilots along
[N .

with the multiplexed signals. This is shown in Fig. 6.10 fo;‘the two

i

‘!
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FDM systems represented. The‘i MHz system is clearly preferable to
the 2 MHz system since the pllots and thelr harmonics are largely
out of the passband There. would then be less of an interfering
effect into the signal 1nformation of interest. Since this 1s a
correlation array, the pilots would have to be filtered out prior to
the correlation stage Two baseband channels with translated pilots
within the band wheﬂ\?orrelated would yleld erroneous results. C

Using the assumption of a 200 MHz.km fiber (2.5 nsec/km
dispemsion), the optical transmission line runs gf 2 1/2 kilometers
have an available bandwidth of 80 Miz. It was just mentioned that
this allows a bandwidth of about 68 MHz above 12,36 MHz to bé.AVa}lable
for multiplexed channelé. The desirability of providing increasedw
channel capaciéy beyond a certain pgint becomes questionable. From
Fig. 6.4 it can be seen that adding channels beyond aﬁout 40 will
result in an increase,in”required transmiséion line,»due to the
additional lengths of the tranch feeders. If these branch feeders
are coaxial cable, increasing the length will add to the excitation
errors which are inherent with coaxial cable [3] In this respect
48 channels would appear to be a reasonabie maximum since such a
system would provide sufficient multiplexing capability and still
demand & minimum of transmission line. It would also keep the number -
of mixers-in thé system reasonably ;ow. While practicalifieé in
hardware d;;;gﬁ‘may require that the system have fewer channels, the
system design approach will be the same. This thesis will assume a.
tram:mission system for the prcposed radio telescope based on the use
of a 48-channel FDM system, In addition, it will be assumed that

pilot tones will be transmitted along with the information on a per-



channel basis for synchrohous demodulation at the receiver, As will

be discussed in chapter seven, vthis is not the only solution, nor is

it necessarily more advantageous; It is felt that this problem may

be best solved at the time oﬁvfhe hardware design. " At any rate, it

should not be paﬁficularly consequential to the overall system design
: ‘ . . ,

presented here, {

The previous discussion has c&nsidered r.f, multiplexing in
the feeder system. Since optical multiplexing is also possible, this

wlll be examined next.

6.3 Optical Multiplexing

- e
s .

6.3.1 Antenna Signal Distribution

At the present time, the only methods available for

multiplexing optical signals are time division nultiplexing (TDM) .

using digital or pulse modulation and wavelength division multiplexing

(WDM) using optical sources of different wavelength., Digital and

pulée modulation have been eliminated from further consideration so

™

WM is the only remaining cholce. The practicality of using sources

-of different.wavelength\was addressed in chapter 5.

Since the fundamental advantage of multiplexingAis to save
transmission.ling, this wf}l now be examined., For a 48-channel
system, Tables 6.1 and 6.2\indicate that the total length of primary
and branch feeders is about the same for grouping (A) or (B). _This
thes;s will assume that the configuration will be comprised ofv |
grouping (A) in the north-south subarray and grouping (E). in the
east-west sﬁbgrray. Fig. 6.2 shows schematically the physical layout

of the array. Since the number of CTL's is fixed, the length of

'
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branch feeder transmission line is also fixed. If we now multiplex

the optical signals from a number of CTL's, a saving in primary feeder

transmission line will result, albeit at the expense of additiofMl
system complexity. Without this optical multiplexing, the length of

optical fiber transmission line is approximateiy

North-South 33x2 1/2= 82.5 kn (equal-length primary
feeders)

Bast-West 2 x 13 x 2 1/2 = 65 kn (equal-length primary
feeders)

Total ' 147.5 kn

Introducing WDM necesslitates 1ntroducing physical multiplexing
locations., It will be assumed that these locations will be situated
at the center of the group of CTL's that feed them; since this will
result in the m;pimum quantity of equalflengih“feeders. Thesj\ ,
locations will be termed optical multiplexing locations (OML's)\

Since additional optical fiber feeders will be required between the -
CTL's and the OML's, these feeders will be termed "secondary"
transmission feeders (STF's). Their (equal) lengths in the subsequent
discussion are determined from ?13. 6.3. When used in a WDM systenm,

the primary transmission feeders (PTF's) will be assumed to run from

A —
1 . R ok,

the OML's to the abservatory.
A2, 4oré channel WDM system will be considéred. The

approximate lengths of optical fiber transmission line required for

each system 1s preéented below. The saving over tﬂe non-optical

multiplexed system is also indicated,

A
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¢

2-Channel LChannel | ° 6-Channel
S ;
N-S PTF 16 x 2 1/2 = 40 kn 8“x21f/2'=20lkm 6 x21/2 =15kn

EWPIF 2x6x21/2=30kn 2x3x21/2=15kn 2x2x2 1/2 10 kn
N-5 STF 2 x .09 x 16 =29 km 4 x .28 x 8 = 9,0 kn 6 x .46 x 5 1/2 =15 kn

E-WSTF 2x .09 x 12>2.2kn 4x .28 x6 = 6.7kn 6 x :46 x & =11 kn

—— —t—— —
v

Total  ~ 75 km  ~51 kn ' ~ 51 kn

Saving 72,5 km ~96.5 km ~96.5 km

It is.evident that a substantial saving of transﬁission line
‘ can result from opticalvmultiplexing — a 2-channel system saves
virtually half, while a 4-channel» system can save about two;thikds-of'
that required for a non-opﬁipal gultipleked system. It is interééting_.
to note that a 6-¢hannel system does not result in any saving of '
~ transmission line over a 4-chanhel system. This‘}s due to the
additional lengths of secondary transmission feeders required. In f@is
respect, there‘is no point examining an 8-channel'WDM systém.

It was mentioned previously that a saving in transmission

line must be weighéd against fhe additional system complexity. A
2—chahnel WDM system will require 28 optical multiplexers, a L-channel
system will .require onlyt{ﬂ, and\a_6—channel system will require 9nly
10. If the extra cost of --e optical multiplexing is less than the

“
saving 2? the‘optical fibe: .ranamission line, it is clearly eéonomical.
This design will assume the use of a k-channel WDM system. While this
involves four moré 6ptica1 multlpiexers than a 6-channei system, the

amount of transmission line saveé is abou* the same, Also,.fabricationf

of the optical multiplexers will be less difficult with fewer chasnels.
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6.3.2 Local Oscillator Distribution

Since local oscillator signals are'required at each CTL

for multiplexing the.antenna signals, the advantages of using optical

'multiplexing for the local oscillator distribution system will now

be examined.

The amount of traﬁémgssion line required for a local oscillator

distribution system.can be determined in a manner similar to the

.previous for the antenna signal distributioh system, .. If we assume

that an equal-length local oscillator distribution system wil} be
used, the requirement would be the same as what was required for the
anten@a éignal tranémission feeders, or about 147.5 km, Just as the
total length of the antenna signal transmigsion‘feéders was reduced
by multiplexing,'the total lengtb of local Qscillator distribution
feeders can be redaced by splitting. If this splitting is done at
E%Z OML, these distributioﬁ feeders can be categorized as primary
local oscillator feeders (PLOF's) and secondary local oscillator
feeders (SLOF's), consistent with the terminology for the antenna
signal transmission feeders. |

If we consider a 2, 4 or 6-way split at the OML, the

approximate lengths of distribution line, as shown below, will be

identical to those just calculated,for the optical multiplexed situation,
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2 Way Split L Way Split 6 Way Split
N-S PLOF 10 | 20 knm . 15km
E-W PLOF 30 kn 15km 10 km
'N-S SLOF . 2.9 km 9 km ‘ 15 km
E-W SLOF® 2.2 kn 6.7 kn 11 kn
Total ~ 75 kn ~ 51 kn ~51 kn
Saving | 725k ~96.5 kn ~96.5 kn

\

.In order to remain consistent with the antenna signal
5 -

tr%ﬁsgission sectlon, and s%nce a 6-way split is seen to be not
particular.y advantageous o;er the 4-way, a 4-way splitting sytem will
be used in(this design. This presumes that the cost of the 14
splitters is ﬁore than offset by the saying of-9§.5 km of optical
fiber. Assuming a minimum cost of 10¢ per meterl the splitters

should cost no more than about $689 apiece for a capital cost tradeoff
advantage. Since presgnt fiber costs are more than an order of
magnitude higher than this, the splitter method seems élearly to be

the most economical.

6.4 Summary
Antenna signal multiplexiﬁg has been examined.on the basis of
reducing transmission line quantities, For the £ee-array configuratiopgy
considered, 48 channels seems to~be a reagonablé upper limit for'r.f.
multiplexing. ‘AdditiOnal ﬁultiplexing in the 9ptical domain up to’
-about 4 optical channels ﬁroiides further fransmission line redﬁction.

Various modulation techniques were examined to pro&ide the desired
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r.f. multipiexing capability. The frequencles of’interest (12,36 + 0,1

MHz) effectively ruled out digital and: pulse modulation systems.

N ;_ , Similarly frequency modulation was reJected in favor of amplitude
modulation, The narrow frequency band of interest (200 KHz) is ideally
sulted for amplitude modulation and frequency-division multiplekiné.v

: A single-sideband, suppressed-carrier modulation‘system was flnally

Lw& choéen to provide 48 FDM channels as the basic r.f. carrier signal.

Assuﬁing a channel spacing of 1 MHz, a number of filters appear to be

- satisfactory, although the specific choice may best be made at the

time of hardware design. The 48-channel r.f, carrier signal will

modulate an optical source and the subsequent optical multiplexing will

be accomplished via wavelength-division multiplexing (WDM) as discussed =

in chapter 5,



CHAPTER 7

~r

TRANSMISSION SYSTEM DESIGN »

In order to ensur; the viabili£y, and assess the performance
of an optical fiber t#ansmission system‘in the radlio telescope array,
we must first design the system. In view of the material presented
in the previous chaptefs, it 1s apparent tha£ an optical fiber
transmission systej design will involve many cqnsiderations. Many
of éhese considerations will be subject to the state-of-the-art of
avgilable components. In this reépect, it 1is deemed #dvisable to
present a representagive éystem design -- that is, one which is
| consistgnt with the de&210pment of phe previous chapters, and yet
which can be modified to aécommodate changes in techgology. The *
entire’trﬁnsmission system will bqgaﬁésented. The méjor transmission

conslderations, however, will be directed toward the optical portion.

7.1 System Configuration

7.,1.1 General A

A block diagram of the transmission system configuration

is shown in Fig. 7.1. The transmitting section is shown in Fig. 7.1(a).

4]
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The signal from each antenina is conveyed to the CTL via coarial.cable
branch feeders. At‘the CTL, siénals from 48 antennas are multiplexed
together and converted into an optical signal for transmission to the
OML via the secondary.éransmission feeders. At the OML, optical
signals from 4 CTL's are multiplexed and transmitted down the primary
transmission feeder to the recelver., A local oscillator signal is
received at the OML via the prigary local oscillator feeder and split
into four signals in the local oscillator splitter. The four identical

local oscillator signals are fed via'the secondary local oscillator

¢
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feeders to the CTL's where they are processed and used in the multiplexing

of the-antenna\signals.

Fig. 7.1(b) shows the receiving section of the transmission
system. The receivihg section is located in the observatory"at the
junction of the tee. The slgnals formed from each incoming primary
feeder are optically demultiplexed into their four constituent optical
signals, Each of these constituent signsls-is then converted into
electrical form, where it is r.f. demultiplexed iato 1ts U48-channel
group. Associated with the receiving section are the local oscillator
.frequency supplies. These frequencles are combined into one FDM signal
whichois ‘converted into an optical‘signal for distribution out to each
of the $3CTL's in the array. This distribution Will be examined next.

| Each CTL requires local oscillator signals to facilitate
channel multiplexing. Since the antenna signal phase integrity is of
prime importance for a correlation array as used for the proposed
" radio telescope, these identical local oscillator signals are required
" at the Treceiver to permit synohronous demodulation [135]. This, in

turn, requires that the carrier phases of the multiplexed‘signals be
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h Q.

known preclsely at the receiver, such that “the phase of the local
& oscillator signals can be matched precisely before mixing. In view
of ‘this, this design will provide generation of these local oscillator

* signals at the receiver and distribution of them via optical trans-
mission lines to the CTL's, This will require that the local oscillator
transmission lines be equal—length so as tofmaintain phase coherence.
for all local oscillator frequencles at all CTL's in the array.

Another local oscillator arrangement is possible. A single,
highly stable frequency can be generated at the recelver and transmitted
to the CTL's in the array. This arrangemert would not require equal
length feeders. It would be sufficient to use near minimum-length
f;eders, such that the differences inilengths were in precise integral

_savelensth: of the‘single frequency. This would maintain identicall |
phases at each CTL. This approach would require a frequency synthesizer
at the recelver and at each CTL to derive tne necessary local oscillator
fregugnoies. This type of system would also require only a single |
pilot frequency to be transmitted to the receiver from each CTL for

~ synchronization. ‘

It is not within the scope of this thesls to analyze and
compare the relative merits ahd demerits of using the frequency
‘synthesis'approach as opposedato generating and transmitting all
UB\local osoillator frequencies. It is being mentioned only as an
alternative. Aside from‘economics; the major considerations of each
metnod is the accuracy of reproducing the antenna signals at the

mﬂj;eoeiver with the correct phase relationships. For the purposes of

this representative design, it is assumed that the necessary phase

and frequency accuracy will be attained using the method proposed ie:

independent local oscillator signal generation, -transmission and
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synchrénization.

7.1.2 Transmitting Secﬁion

7.1.2.1 Central Transmitting Location (CTL)

A typlcal CTL configﬁrationhis shown in Fig. 7.2.
Thé antenna signals from the branch feeders are amplified to a level
suitable for mixing, filtered to pass the band 3} interest (12.36 +
0.1 MHz) and then fed to a mixer. The mixer performs the amplitude
moduiation operation by multiplying the antenna signal with a local
oscillator signal. The output signal 1s then filtered to remove the
Lunwanted sldeband and is then fed into a combinér.  Hére, all 48
channels which have been modulatéd to occupy different siots in the
spéctrum, are combined into one 48-channel FDM signal. The output of
thelcombiner is fed into an optiéal sourde. The outpﬁt of the oﬁticél .
source is ébnnected to a secoﬁdary trgpsmission feéder via a sultable
coupler.,, |

The local oscilla@of signals used in the mixers are distributed
" to the CTL in optical form via a seébndary local oscill;tor feeder
(SLOF). The optiéal signal is converted to electriéal form in the
optical detector which 1is attabhed to the SLOF via a sultable coupler.,
This electrical signal is an FDM waveform containing all 24 1o$a1
‘oscillator‘fréquencies. This FIM signal is amplified and fed to a
bank .of local oscillator filters. These filters extract the local
oscillator frequencies and feed them to the various mixers.
The,48-channel‘FDM waveform out,df the combiner is considered
to occupy the spectrum f;om 1.14 - 49,86 MHz as shown in Fig. 6.10,

Each 200 KHz signal is allowed a 1 MHz channel spacing. McLarnon [3]
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established that, in order to constrain phase excitation errors of

the array to 0.1° rms, 55 dB baseband filter separation was required
and 60 dB inter-cable separation. Table 6.2 shows that 55 dB |
separation can be met with a 4-pole Butterworth, 6—pclq Bessel or
6—poie transitional filter. The type of filter will be left for a
future study. Section 6.3.3.2 outlined the basic considerations.:

.For the purposes of thls design, a Butterworth filter will be assumed,
since this’was suggested by McLarnon [3]. This présumes that any
delay distortion introduced by the filters will be equalized at some
point. EQen though a L—pole Butterwofth filter will‘saiisfy our

basic criterion of 55 dB separation, it was éuggested.in‘section
6.3.3.2 that, by adding one more pole; over 70 dB«separation can be
achieved. As mentioned earlier, the optical fiberé are expected to
provide more than 70 dB crosstélk isolation. ‘In this respect, using

a 5-pole Butterworth filter wlll make better uti}izagibﬂ of the cable‘
isolation. Theorstically, this should also allow an impro;ehent_in ‘
phasé excitation error by a factor of 5 down to,0.02° rms as iqgécated
.in section 6.3.3.2. In view of the fotegoing, the basebana filters ‘

‘ b
will be assumed to be 5-pole Butterkorth filters.

The function of the vmixel_;?i:is straightforwvard — to multiply
the incoming 12.36 t O.i MHzAanténﬁa signal with a local oScillatdr
signal to achieve ﬁasic'doublefsideband; suppressed carrier °(DSB-SC)
modulation, Specific mixer featureé or characteristics will not be
QAqréssed since no_expeiimental work was done. The noise per@ormance
of the mixer will be discussed latér. \ | -
,The‘purpose'of the channel filter is.to remove theAuﬁwénﬁad

. \ . o
_sideband produced by the mixer and to pass the desired sideband on to



. products from the mixer stage.

the channel.combiner. Since the sidebands will b% separated at the

- center fiequencies by twice th@) baseband center fgequency, or 24,72 MHz,

the channel filters can be relati§ely simple, with K shallow attenuation
. / |

skirts. The channel filters also could be low-pas% for channels 1

through 24 and high-pass for channels 25 through 48, eliminating the

need for more costly and complex bandpass filters. This presumes

 that the 'FDM spectrum from 1.14 - 49,86 MHz has not been contaminated

with significant aﬁounts of additional noise or intermodulation

No speciflc criteria will be demanded of the channel combine;.
Its functibn 1s straightforward — to éccept the 48 single-sideband
channels modulated up to their required frequency assighment and to
combine them into a hB-éhannei waveforn which occupies the 1.14 -
49,86 MHz spectrum. Depending on the combining process, further =

filtering may or may not be required. For the purposes;éé this design,

‘it is assumed that the combining process is linear ard no perceptible

intermodulation produ?ts will result. In this case, no édditional
filtering is required. o o ,
The'optical source driver and thé rest of the optical
transmission system will be‘examinéd later.
The. 24-channel FD& local oscillator signal received from the

optical detector must be amplified to a level sultable for further

‘procaséing. The local oscillator amplifierlis a wldeband, low-noise -

amplifier that amplifies the entire 24-channel spectrum from 14 to |

© 37 MHz;"Amplification prior to splitting the.frequencies requires

only one amplifier, with possibly some subsequent i?dividual,

frequency level adjustment., It is ?ssumed that the amplifier's
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linearity’ is sufficient to keep intermodulation distortion neéiigible.
The local oscillator filters are a bank of 24 filters that
accepts the 24-channel FDM local oscillator waveform from the local
oscillator amplifier. Since the frequencies of interest are single-
frequehcy tones, the filters can be very narrow slot filters‘or phase-
locked loops (PLL's); While final decision on the type qnd.design of
these filters will be based on the phase and frequency accuracy that
can be attalned, 1t'wili be assumed that phase-locked loops will be

. J
used.

The optical detector and thetrest of the optical local

oscillator distribution system will be examined later.

7.1.2.2 Optical Multiplexing Location (OML)

A typical OML configuration is shown in Fig. 7.3. The
four incoming secondary transmission feeders are shown converging
‘toward a prism-film coupler in Fig. 7.3(a). The light outputs from
the feeders pass through imaging optics and into the prism such tgat 4
the beams converge at the apex.. From here, they sre coupled into a
tﬁin-film wavegulde, The waveguide is tapered so as to form a tapered—
film coupler between the waveguide and the attached primary transmission
feeder. A prism-film coupler has been selected for this design due to
its present efficiency advantage over other couplers. It is also a

realizable means of achieving wavelength-division-multipléxing and has
’ \

"y

" been analyzed in detail in section 5.2. -

The 1light that exits from an optical fiber will be corstrained
within a narrow bonerf 11lumination whose angle Gé from the axis is
o o
a function of the numerical aperture N.A. of the fiber. Since a

typical N.A. is 0.14 in contemporary fibers, the light powér will be
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concentrated in a cone of angle
v
6, = sin_l(N.A.) = sin_i(O.lb) =~ 8°
about the axis. This cone is much too broad for efficiént coupling. -
A compound lens will serve to focus the light energy into a narrower
cone as shown in Fig. 7.3(b). This lens can be sufficlent for adequate
coupling provided that it intercepts all of the light froﬁ the fiber
anq that 1t focuses the light into a sufficlently narrow beam. -
.Appendix M démonstrates that this.arrangement is-feasiﬁle for coupling
-+ 1ight gé four wavelengths of 0.70, 0.78, 0:86 and 1.06'pm into a |
prism-film‘co;pler. |
Now that the four incoming optical signals are wavelength-

| division multiplexed into the film waveguide, the next step is tov
couple thls energy iﬁto the primary trdhsmission feeder. It was
indicated:in section 5.5 that 100% of the light energy in.a wavegulde
has been recovered in practice using a tapered-film coupler, sé this
method will be chosen. The taper‘ratio will g; assumed tb be 30:1 or
gfggﬁer. resulting in a spread between’half power points of 13° or. |
spaller. Since the acceptaﬁée cone of the fiber feeder is about 160,
this shoul&\be adequate for very éfficient coupling. This is an area
requiring experimental work. The primary transmission feeder can be
bonded to the substrate at the correct position by a suitable adhé;ive.

_ The incomiﬁg iocal osciilatorifeeder'is fed into a scrambler )
whosevoutput is coupled td'the four secondary'local oscillatéi feeders,e

as shown in Fig. 7.3(c). It should be mentioned that there have been

no‘known studies or experimentation done on couplers of this nature

o,
\
»
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for single-strand optical fibers. However, there has been'conslderable
work in this area using optical fiber bundles [57]. Much of this wirk
hasfheen oriented to military applications, such as data buses on
aircraft and ships. Work is presently underway by the U.S. Navy on
what 1s expected to be single-fiber couplers,

An experimental WDM system has been reported by Miklhand
Ishio [140]; They coupled the optical outputs from three LED's into
a fiber and recovered the individual slgnals at the far end. The
light from each LED was feq via a short fiber to three cylindrical
lenses which were clustered together. The output from these lenses
was coupled through an objective lens into a step;index multimode
fiber. This multiplexing arrangement introduced a loss of 12 dB.
The demultiplexer involved coupling the light output from the fiber
through an objective lens into a prism and then usiné»an additional
objective lens to focus the recovered spectral signals into separate
fibers attached to photodet&ctors. This demultiplexer introduced a
loss of 7 dB. The LED's operated at center wavelengths of 784 nm,
825 nm and 858 nm. With spectralhalfwidths of 30 nm, there was )
considerable spectrum overlap. The resulting interference was.
overcome by ‘the use of "interchannel interference cancellers". This
basically 1nvolved coupling a portion of the electrical input of
one detection amplifier to the electrical output of the adjacent
channel detection amplifier using opposite sign. Hhile‘this
arrangenent provides a simple méans of achieving WDM, thetsystem
described introduced a loss of some 19 dB with a step-index fiber or
an equivalent loss of about 22°dB with the design considered in this
thesis, It therefore is not considered a viabletalternative for® the

proposed radio telescope feeder systenm, : . §
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7.1.3 Receiving Section

7.1;3.1 Optical Demultiplexing

The optical demultiplexing equiﬁment is shown in

Fig. 7.4. The light output from the primary transmission feeder 1s
passed through suitable imaging optics to focus the light through a
substrate onto a tapered-film coupler. Thg light enexrgy in phe film
waveguide is coupled into a prism using a basic prism-film coﬁpler
In the prism, the four wavelength components are separated and ?hey
';re directea through imaging optics onto photodeteéfors. The
photodetectors‘then.convert the optical signal into-an electrical
signal for subseduent proqessing by the r.f. demultiplexers.

The light output from the priméry transmission feeder has
‘been established previpusly as being effectively\iﬁ a 16° cone. Since
the output 1light from a"tapergd—film coupler was found to be within a
13° cone for taper ratios of 3011, by'reciprocity }he input béam
éhould also be focused with this in mind. If the:taper rétio‘can
be altered to output a716°'coﬂe of light from the waveguide, then the
imagin; optics for an input coupler need only be a simple convex lens.
If only large ratio\éabers are available, then the imaging opti¢s will
require the use of a compound lens as was considered for the op£ical N
hultiplexer sectipn. Tt will be assumed here that a single lens is
| sufficient for‘ageduate focusing.

The prism-film-output coﬁﬁier is assumed to‘be iqentical to.
the prism-film input coupler used in the optical multiplexer. The
varouslwavelengthé of light propggating’in the film waveguide will be

coupled into the prism and out to the photodetectors. The output
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beam width and angular disergence is not known, particulagly if the
light souices are LED's with their wide spectral width. Experimedtel
work will be required to determine these parameters. For this reason,
an additional set of lenses 1s considered betweee the prism and
photodetectors. The output angles at the center wavelength of the
beams wiil be the same as those for the input prism-film coupler.

The distances between the lenses and the prism and betweer’ the lenses

and photodetectors will probably fequire experimental optimization.

<

-

The photodetectors will be discussed later.'

7.1.,3.2 R.F., Demultiplexing

The r.f. demultiplexing section is shown in Fig. 7.5.

Their.f. amplifier provides the gain fof'the 48-channel FDM signal’
immediately following its conve;sion from optical to electrical form.,
The amplifier will have sufficient gain to present a sultable signal
1evei to the mixer stage, thus overcoming the losses in'%he band-
spldtting filters and signal distribution stages. -Intermoddlation
distortfbn in amplifiers results: in crosstalk into the various‘
channels of an FDM signal. This causes amplitude and phase deterior-
ation of the channel signals which degrades the accuracy of the-
telescope. For the purposes of this thesis, 1t is assumed that
intermodulation distortion is negligible.

Since only 24 local- oscillator frequencies were used to  °
nmultiplex the 48 channels into a single FDM Qaveform, it is necessary

to split the upper 24 channels away from the lower 24. As an example

of why this is necessary, channels 1 and 25 will be' considered. If
the entire b8-channel group was mixed witn the 14 MHz local oscillator
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signal, channels 1 and 25 would'poth be present at the basebami‘
frequency of 12.36 + O.i MHz. This is'dug to the différence products
of channel 1 and the local oscillator signél (14 - 1,64 = 12.36_ﬁﬁz)
and of channel 25 and the local oscillator signal (26.36 - 14 = 12,36
MHz).. To avoid this problem, the band-splitting filters separate

the upper 24 from the lower 2l channels. ‘Thes? filters are high-~pass
and lég-pass filters, respecpively. Since.the separation between
cﬁannel.zb and 25 is more than 1 MHz (at the center frequencies),
these filters meed not have as sharp a cutoff as do the channal‘

filters. The frequency separation between the center of ghannel zu’

~

‘and the ~70 dB point of channel 25 1s 25.86 - 24.64 = 1,22 MHz,

reprssenting a bandwidth fatio of 1.22/0.1 = 12:?. Based on a
Butterworth"configuratioﬁ, a 3-pole filter will provide 365 dB
,1solatioaspetw?en the upper and lowef‘Zu channels for arbaQQHidth
ratio of 12.2 EE]..fIncreasing‘thq complexity of the filter to L-poles
increases the 1solati§n to 87 dB. This 15 unnecessary, however,
sincé 'the 3-pole filter provides 70 dB isolation at a bandwidth
rati; of 14.7. This filter should be adequate since its -70 dB
point will fall at 24,64 + 1.47 = 26,11 MHz, which is still out of
the 200 KHz information bandwidth by some 26'.\36 - 0.1 - 26.11 = 0.15

)
o &F
MHz, v ©
) 14

K

Thef%igna;.distribution stage splits the incoming 24 channel
waveform into 24 identical rzglicas of the input and féeds then to
the mixers for demodu}ation; ° 4

' The mixers multiply the 2l chamnel FIM waveforms with the
local oscillator signals to produce basic double-sideband, suppressed-

- .

carrier (DSBtsC) modﬁlation. Since this is the same tyﬁe ofioperation

o
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as“performed:by the mixer: .n the transmitting section, they can be

“identical for economic reasons. . =
- The products from the mixers consistyof the sum and difference

ous"components of the

of the local oscillator frequencf“and the v
2L channel groups. The only product that will\fall in the origingl
baseband, however, is the.difference product of the local oscillator
signal con£ai£ing only (hopefully) th; original information signal, ie:
12,36 + 0.1 MHz, bageband filters are required that arevidentical to
thoée in the ﬁfntral transmitting locations.‘ The signals present at

& the outputs of these f;lters are then available fog,gpy nécessary

- equalization ahd subsequent processing.,

N

| 7.1.3.3 Local Oscillator  —-

| The local oscillator section as shown 15 Fig. 7.6
consists ef local oscillator frequengy supplies, local\oscillator
combiner and local oscillator distribution stages. The local oscillator
section generateg the various éignals required for mulgyplexing and
demultiplexing the’r.f. antenna signals and‘distributes these signals
to the variqus CTL's in the -array. | |

-~ The local oscillqtorifrequenc&/suppli;s consist of 24 signﬁl
generatdrs with integral frequenéies from 14 through 37 MHz. Each
generator requires sufficient powé? output capability to feed 2 .
mixers in each of the 5 r.f. demultiplex stages. In a&dition, it
must provide sufficient signal for the ‘14 optiqal source drivers to

'/2//// enable distribution of the lpgal oscillator signals throughout the,

% ,.

array. 7 : , _ ‘ ‘
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) The loéal oscillator combiner accepts the 24 local oscillator
signals and combines them into a single 24—chahnel FIM signal with
bandwidth 14 - 37 MHz. This signal is then fed to the optical

source drivers. The opticél source driver; amplify the signals
sufficiently to intensity modulate thg optical sources, The optical

sources convert the electrical signals to optical form for transmission

over the- primary local oscillator feedeis to the remote locations.

{

7.2 Optical Link Design

LJ

The transmission configuration proposed for the radio

telescope feeder system will reQuire two optical links — one to carry -

‘the anfenna signal 1nfoimation from the central transmitting locations
(CTL's) to the observatory;‘and the other‘to'carry £he local oscillator
signals from the observatory to the CTL's. The oﬁtical‘iinks will

. include all equipment beﬁwe;h, and including, the optical sources

And photodetectérs. The -effect of using laser dlodes versus LED's and
'p-i-n:photoaiodes versus avalanche photodiodes (APD's) will be
determiﬁed from a study of the system nolse performance which, in

turn, is dependent on the link\power budget. The power budget’is
basiéally a compilatién of link galns and losses to defeimin; the.
(optical) power available at the receiver. Any excesslpower available

over that required for a particular level 6flperformance is termed

the 1link margin. | | S \\\.

7.2.1 Antenna Signal Link -

The optical antenna signal link can

schematically as shown in Fig. 7.7. The optical so

211
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will be stripe-geometry DH laser diodes and edge-emitting LED's.

These devices are chosen sincerthey are representative of the latest
state-of -the-art devices desligned for optical fiber comhunicatibns.
Both the l#ser diodes and the LED's will be assumed to emit 5 mW of

- optical power. Lasers can emit more power than this, but operating
lifetime in continuous mode 1s enhanced by lower power operation.
Edge-emitting LED's are capable of emitting at least 5 mW in continuous
mode [75].

. The elements dbntributiﬂg to system losées are the source-to-
fiber éoupler, secondary transmission feeder, prisn-film (input)
coupler, tapered-film (output) coupler, primary transmission feeder,'
tapered-film (input) coupler, and the prism-film (output) coupler.
These losses are labelled lcf ISTF' 02' 03, 1PTFf lcu.and 105,
respectively. In section 5.1 it was reportéd that laser-to-graded-

. index fibgr ésupling»was as high asl26% or -6 dB. This figure will
be ﬁsed for lciufor the case of the laser diode. In sectibp 3.2.4,
coupling losses of 9 to 11 dB weré réported for edge-emitting IED's
into step-index fibers.f Since we are considering the use of a
‘graded-index fiber with index'profile o =2 (parabolic), an additional
loss of 3 dB will be allocated. This is because, in section 2.1, it
was mentioned that a step-index‘fibqr can accept twice_ﬁs many modes
as a parabolic-indqx fiber. For- this-désign, ah overall IED-to-graded-
firdéx fiver coupling'loss of 15 dB will be used for lci.

At the OML, there are two additional losses — o, ond 1 -
Input coupling efficienpr?s of prism-film couplers using lasersxhave
exceeded 80% (—1 dB). There has been né.work discovered on coupling

light from a fiber into a prism-film coupler. However, if the fiber

213
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considered is assumed to have a numerical aperture of 0.14, the cone

of light output from the fiber will fall within sin‘i(o.iu) =~ 8° of

the axis. ‘This.ié seen td be véry comp#rgble wifh typiéal laser
beamwidths (at.least in one dimension). In this respect, a coupling

" loss of 3JdB will\pe assumed for lcz' This loss should be virtuélly ‘
the same for both c#ses of using a laser diode and an LED source,

since we are concerned with coupling the_light.from the fiber into

the prism-film waveguide. It was determined in secﬁion 5.2 that source
spectral width is.not of great concern in couplihg efficiency. The
iapered-film output at the OML has been reported in section 5.5 to
achieve virtﬁally 100% efficiency. A value of 1 dB will be assumed for
lc3. This will\allpw a coupling efficiency asvlow as 80%.

| At the feceiver, phere is a tapered-film ‘input coupler with
losg lch and an output prism-film coupler with loss 105. The tapgred-
film input coupler has been reported in section 5.5 to achieve
éfficiencies of over 40 and 50%: Thig:design will assume a loss of

L dB (40% efficiency) for 1Cﬁf KOutput_priSm—film couplers have been
constructed with efficiencies of 100% given sufficient coupl;ng‘

- length, For the configuration consideréd.in this design, a losé of

2 4B w1l be assuned for 1, . | . |

These coupling losses 1Ci through 105 will be assumed to be

3 . ’ .
of the particular wavelength of interest. However,

fixéd regardless
| the optical fiber loSsesvin the primary and secondary transmission
feeders (PTF and STF) are'not;independent of'ﬁavelength. 'Wifh preégnt
availability of optical fibers,»it;is reasonable to ébnsider using a
fiber with attenuation of 2 dB/km or lower at 1.0é‘pm'wavelength. .

This deéign will use this value. Since we are also considering usiné

A,

€% -
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optical sources with wavelengths dowﬁ to around 0.7‘Hm, an examinaﬁibn
of Fig. 2.16 indicates that. an attenuation of 5 dB/km should be - o
reasonable at this/wavelength. This value will also be used. The

length of the primary and secondary transmission feeders will be taken
as 2.5 km and 288 metérs, respectively. The PTF losses lPTF will then
be 2.5x 5= 12,5 dB at O.?‘pm and 2.5 x 2 = £ dB at 1.06‘fuh The

STF losses 1

STF -
0.6 dB at 1. 06}nn

will be 0.288 x 5= 1.44 dB at 0.7 ym and 0.288 x 2 =

In addition to these losses, it is customary to allocate
additional margin losses to account for degradation of source output
power with time, degradation of system performance as a function of
temperaturg and losses due to splices and connectors. These margin
losses wili be taken as 3 dB, 3 dB and 2 dB, respectiyely. This will
allow the source output power to degrade to 50% of the nominal, will
allow temperature effects to'degrade perfofmance,by 50% ;ndeiil
allbw twé connectofs and two splices assuming 0.5 dB loss for each
connector and splice. |

- At this point, the 1ink power budgét_can be calculated and
the recelved optical power at the detector can be determined. This
is shown in Fig. 7.7. Far the case of using a laser diode, the
recei&ed signal varies from -22,6 dBm to -31 dBm and, for the LED,
~ from -31.6 dBm to -40 dBm over the range from'i.bé}m 't_o O.?}.lm,
resﬁectively. For this system, iﬁbcgn be seen that the 9 dB power
disad?antage~suffere& by the LED system is due to 1c , the source-to-

. 1
fiber coupling loss.

’ ’

It would be preferable, from the standpoint of economics and

system complexity, to use IED's for the optical sources and p-i-n ,
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photodiodes for tne phobodetectors. In order to determine the |
feasibllity of thls arrangement, it is‘necessary.to‘examine the

sysbem performance withbthese componenbs. Sinoe this 1s an analog
system, performance is measured in terms of slignal-to-noise ratio

SNR. Fig. 4.5 shows SNR as a function of received optical power for

a p-i-n photodiode. As discussed in section 4.2(g), using a load
resistance of 4k ohms, positive SNR's were available down to about

-38 dBm. It was also indicated’in section 4. Z(g) that, in order to
improve this system, higher values of load resistance or avalanche

gain shéuld be used. Since we are trying to av " th. use of

avalanche photodetectors, the option is to increase the load resistance.

It was_pointed out, in .section 4.,2(g), that higher values of load

' resistance will result in the input signal being distorted due to

the relatively large RC time constant of the receiver. This would
have to be overcome, by equalization. Although the previous work in
this area by various researchers has been limiied to digibal recelivers,

it shoyld be applicable to analog systems. However, this area will

-

'require further investigation and, probably, experimentation. For the

purposes of this thesis, it will be assumed that such equalization will
be achleved. ‘
. .
The example in section 4.2(g) considered an optical sourte
operating at a center wavelength of 0.8/um. Using the responsivity
curve provided by the photodetector manufadturer, an efficiency of 65%

was determined using eq. (b 1). This curve approximated that of Fig. 4.3

to a large extent except that the responsivity fell off dramatically

beyond about 0 9 pm, effectively rendering this particular device

inadequate atf1.06/um. Using,eq. (%;1), the device efficienéies~4ere

L R
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determined to be 71%, 65%, 55% and 16% at 0.7)mm, 0.8)wm, 0.9)mﬂ and
1. Oéme, respectively. The efficiencies are seen to be decreasing as
wavelength increases. This phenomenon can be used to advantage in the
SNR calculations, in that variations among the SNR values for the_three
shorter wavelengths turn‘out to be quite insignificant. With this
in mind, we can again perform the calculations far a system operating'
at O.Bme and they will suffice, for all practical purposes, for all
three wavelengths. It will also be assumed that a suitable detector
will be available'for operation at 1,06 ym and for which the calculations
 will also suffice. This 1s a relatively unimportant assumption since,
if no suitable device is available, this longer wavelength can be’
”';avoided by selecting devices with spectra closer together and

\
allowing a certain amoéunt of overlap, This would b&owever, create

2l

more problems in coupling, due/to’the narrower angular separation of

' the beams,

‘The noise perfornance curves of Figs. 4.5 and 4.6 are repeated
as Figs, 7.8 and ?.9 ’ respectively,'for convenience. . The received '
signal levels are shown for the LED and laser diode, For a p-i-n’
photodiode (Fig. 7.8), and with a load resistance of 4K ohms, positive
SNR's are possible down to about -38 dBm,. However, in order to obtain

‘ positive SNR's Hown to the lowest received level of -40 dBm, a load
resistance of 10K ohms is required. It can also be seen_from Fig. 7.8
that a variation in received optical power of 8,4 dB over the wavelengths
considered results in a variation in SNR of some 17 4B, assuming thernal
~noise limited operation,  This may require some compensation for the

radio telescope feeder syste , depending on final system design;
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Fig. 7.8 'Sigha.l-to-compénent‘npise ratio versus incident power for
a photodetector with unity gain. : '
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Fig. 7.9 Signai-to-component noise ratio versus incident power for
: - a photodetector with gain of 10,
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If higher SNR is desired without‘using very large values of
load resistance, avalanche photodetectors are necessary, Using the
same parameters as in the case for unity gain (the p—iQh photodiode),
but including an avalanche gain of 10, the'resulting SNR curves will
appear as in Fig. 7.9 . The received levels for the LED and laser
diode are shown also. In this case, w;ﬁh a load resistance of 4k ohms,
positive SNR values Are possible down to about -48 dBm, a 10 dB improve-
ment over the unity-gain case. For the LED, the SNR woﬁld range }rom N
about 15 dB at 0.7‘ﬁm to 32 dB at 1.06 jm. increasing the load '
resistance to only agput 7k ohms will bring the 1.06‘pp LED system to
the quantum noise limit of some 35 dB SNR, while the 0.7 um LED
system would still be thermal noise limited at about 18 dB SNR. At
this point, a few words should be said about SNR.

The ;roposed radio telescope is a co:relation‘array.l This
ipplies an improvement in SNR of\3 dB for each correlation, assdming
the noise is purely randgm_amqgg the-antennas. In additioﬁ, the
Signalé of interest are at very low levels, deeply imbedded'iﬁ
galagtic noise, to the extent that t#e SNR at thé antenna input is
nggative.‘ In this requct,'transmi;;ion system SNR is not of
gverriding importance. Howe#er, since any additiona; noisé contributioh
wiil further dggrade the SNR, ev§ry effort shouid be made to keep |
1t to a.minimum. |

It has been seen éhat system SNR_éah be traded off agg}nst
receiver load resistance (in the'thefmal noise controlled region) for

specific values of input optical power. This thesls will not attempt

©

A .
<40 optimize this tradeoff. Basically, the largest value of load

resistance should be selected whose effects can be .economically



equalized. This will result in higher SNR and better device efficiency
— 1ldeally at the quantum noise limit. It will also allow more
consideration to be given to using p~1-n photodiodes over avalanche

8

photodiodes, -

7.2.2 Local Oscillator Link -

The optical local oscillator link is shown schematically -
in Fig. 7.10. The only items that are oifferent from the optical
aotenna signal 1ink‘1n‘Fig. 7.7 are the scrambler and the photodetector
coupler, Existing scramblers, used with optical fiber oundles. have
been constructed of Pyrex rods in various lengths with the input and
oufput fiber bundles butted -against the ends [141]. Throughput
losses of“1.5 - 2.5 df were reported using this configuration.
Assuning the scrambler is clrcular with diameter sufficient to
accomodate the four eecondarymiocal osciliator feeders, as shown in
Fig. 7.3(c), it can be shown, using basic geometry, that the feeders
cover some 68% of the end’ of the scrambler. This implies that 1.6 dB.
is lost through the uncovered -area. Since experimegtal eork is |
neceseary to detereine optimum‘spl&tter configurations and their
efficiencies,-it will be assumed that there gill be a 10 dB drop in
level from the PLOF fo each of the four SLOF's. The loss due to the
scrambier 1, o will then be 1o as.

The coupler between the secondary 1oca1 oscillator feeder
(SLOF) and the photodetector will be assumed to be a direct contact
~ coupler.  All-the light energy that is’ output from the SLOF fiber will
be constrained within a narrow cone of angle sin” (N A.)=8" about

the axis assuming a fiber with numerical aperture of 0.14, ‘Photo—
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same arguments to be applied as for the antenna signal link ‘ In thi o

‘ Fig. 7.7 indicates that a received‘level'of -32.1 dﬁgé>using an LEﬁ

223

detectors are relatively insensitive to the angle of incidence of
incoming light so a direct contact coupler should ensure virtually
100%Acoupling efficiency. For design purposes, a coupler loss 107 of
0.5 dB will be allowed to ascount for any mismatch,

All other components are ldentlical to those in Fig. 7.7. The
power budget for the local oscillator 1ink is determined directly and
is shown in Fig. 7.10. The received power is seen to be almost the

same as for the antenna signal link. Thils allows essentially the
5
i

case, however, SNR assumes more significance.

The local oscillator signals must be extracted from the

, accompanying noise in the subsequent electrical detection stage

Since the SNR can not be enhanced through correlation, it must be
sufficiently high to permit'accurate detection-and tracking. Tracking
is required to synchronize the voltage-controlled oscillators in the
pngse-locked loop filters inm order to maintain the high degree of
freguency and phase a ;uracy reguired at the modulators. Since

onli a single optical Carrier is required, a,ijoé‘pm source has been
assumed, since the longer wavilength devices.encounter lower»lossss.

A

results in an SNR of about 12 dB assuming a load resistance of 4k

. ohms, Increasing the rssistance to 40 k ohms will allow an SNR of

22 dB, Using a laser diode would result in an SNR of about 30 dB or
LO 4B, assuming a load resistance»of bk and 40k ohms, respectively.

As'mentioned in section 4.2, it is advisable to use as high ay;alue

- B
:34 i w_i\,

of load resistance as possible: to attempt quantum noise-ﬁed
stortion’ ;. .&:

operation, and yet low enough that the resulting banduidA’
_ _ ¥

can be adquately improved with equalization. .~ S

N
S

sy,
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in the transmission feeder system. This system can be represented -

7.3 System Noise Temperature

7.3.1 Antenna Signal Link

One of the most important factors requlring ¢onslderation

in a radio telescope is its sensitivity. Since the antenna signal is °

essentially white nolse, the sensitivity i1s a measure of how small a
’change in input noise power can be detected [3]. This, in turn, can

be represented as.a noise temperature.

224

The noise temperature Tsys of a recelving system is given by [h9] h

Tsys = Ta.nt + Te ' . (7- 1)

where Tant is the noise temperature of the antenna

id , T; is noise temperature of the subsequent eouipment.

' * > ” . ' :
McLarnon [3] has determined that the noise temperature of the antenna
is about 1.4 x 105 °K at 12.36 MHz, In order to ‘obtain maximum

sensitivity for the system, the noise temperature contribution Te

must be considerably lower than T ant’ since T ant

McLarnon has indicated that if T is 10% or less of T

is a system constant,

» the feeder
L °k

ant
systemfwill-contribute minimal degradation, Thereﬁpre, 1, 4 x 10

will be considered as the maximum acceptable value for Te in the

following analysis."

To determine T for the system, it is necessary to consider

all gains, losses and noise contributions of the various components

'S

.,schematically as shown iniFig. 7.11. In this diagram, the_transmitter

- e,’Pﬁ"'
~
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t& ' ' "

is comprised essentially of all components in the CTL up to the
optical source, the receiver is the r.f. demulilplexer, and the
optical link is as shown in Fig. 7.7, including‘the optical source

~ through to the photodetector. For this system, the noise temperature

\

Te is given by [u9]

T, = T, - e : - (n2)

where T , Te , Te and Te are the effective noise temperatures
: t o T

of the coaxial cable branch feeder, tranSmitter, optical 1ink and

receiver, respectively; be. Gt and Go are the gains of the branch o
- feeder, transmitter and opticai 1link, respectively. The effective .
' nolse temperature 1s related toethe‘equipment noise figure F by the

relationship [h9] x
&

~ .

T, = T (F - 1) . o ()

where T is the ambient temperature of the equipment. For purposes
of calculation, the ambient temperature of the outdoor equipment,

ie: branch feeders and transmitter,_will be assumed to be at a
mazisum of +50 C. The ambient temperature of the receiver will be
assumed t-. be +30 C. The ‘effective noise temperatures of the various
subsyetens will now be determined, in ‘ordeér that Te can be calculated.

-

)
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. Branch Feeder

Fof the 48-channel, equal-length feeder system considered

here, the length of the branch feeders 15 83.6 + 18.3 +ij.2 = 105,1
meters, which is determined from the E grouping in éhe east-west
subarray. The branch feeders will Be assumed to be RG-62 A/U coaxial
caﬁle with an attenuation of 3.12 dB/100>meters a£ 12.36 MHz and 2000;
 This éable will be used here since it was selected by McLarnon [3] as
béing one of -the most promising for an all-coaxial. cable feeder
 system. The branch feeders will exhibit a loss of 3.12(1,051) =

3.28 ngat,zo°c. Allowing for tempeéature>effects, a value of 4 dB
will be @eed. This corresponds to a noise temberature

~

T =323(1og70.5 - 1) . (10 log 0.4 = 4 dB)
vt v

= 4.9 x 10° K at 50°C

Transmitt

'

The transmitter is shown in block diagram form in Fig.

7.12, The effective noise temperature T, can be determine& from -
. t .
| Te TO ' Te ’ TB )
2,3 b )
+ + (7.4)
G,G, G1G2G3 G1G203G4 _

° °1 G G5

where T_ , T , T , T andT_ are the effective nolse temperatures

; e e e e e .
A 1 2 "3 b 5 : '

of the input amplifier, baseband filter, mixer, channel filter/comb;ner

and optical source driver, respectively;'Ci. Gz, G3 and Gu are the

226
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respective gains of the input amplifier, baseband filter, mixer and

channel filter/combiner. The channel filter and combiner are

- assumed to be pure loss devices andare "] umped" together to simplify
calculations. Simce the input amplifier noise temperature is a

.controlling parameter as seen from eq., 7.4, the noise figure will be
assumed to be 5 dB., The input amplifier should also have as high a
gain as practicable to minimize the noise contribution of the
subsequent circuitry. It will be shown that a gain of 50 dB will be

a reasonable minimum, so this value will be used. The baseband filter
and channel filter insertion losses will be assumed to be 5 dB and 3 4B,
respectively. The mixer will be assumed to exhibit a loss of 3 dB but,
for noise calculation purposes, will be assumed to have a nolse figure
£ 20 dB at the‘sigmal levels required. The channel combiner will be
assumed to exhibit a loss of 24 dB {0, 5 dB for each of the 48 channels
combined) The optical source driver will not require the high degree

of nolse performance that the input amplifier required. " A noise

- <

figure of 10 dB will be allowed. It will be seen that a gain of 50 dB
. l.} ey

2 (O
for the optical source driver will be a reasonable minimum, so this

- .

value will be used.

/

- The performance parameters assumed above are well within the

-

state—of—the-art for circuitry at the frequencies of interest. Itiis
.4bxpect;d that the loss and nolse figures assumed for the design are
very conservative. In this respect the éesign will represent a
"worst-case" deslign and better performance can be expected from. the

working system. Using ﬁhe above figures and substituting in eq. (7. 3)

. the following parameters are determined; 4

R
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T,, = 323(3.16 - 1) = 7 x 10° °x (10 log 3.16 = 5 aB)
T =323(3.16 - 1) = 7 x 10% °k
. 32

To. = 323(100 - 1) =32 x 103°g - (10 1og 100 = 20 dB)

e

16.2 x 10*°K (10 1og 501 =27 aB)

T, = 323(501 - 1)
(i

2.9 x 10°°K (10 log 10 = 10 dB)

T_ . = 323(10 - 1)

e
Gy.= io5 g (10 log 107 = 50 dB)
G=03 (10 1log 0.3 = -5 dB)

Q Gj" 0.5 | ~(10' log 045 = -3 dB).
G, =2x 107 o (10 10g 2 x 1073 = 0 dB) |

.Substituting these numbers in eq. (7.4) ylelds

C pe1n? 3 i
T =- ox10@ + X107 | 32x107 - 16.2x10

. ey 100 10%0.3)  16%(0.3)(0.5)

. 2.9x10% -

B " 107(0.3) (0. 5) (2x107%)

= 7%10% '+ Neg. + 1.1 10,8 + 96.7

" or T =8.1x 10°°K : _,
. .7 et 2
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The con%rolling influence of the input amplifier is apparent from

an examination of the above calculation. Its low noise figure (5 dB)
contributes the magority of noise and its relatively high gain (50 dB)
effectively renders all subsequent noise sources to have little
influence on the overall noise performance. Even the mirer stage,
xhich has been allotted a noise figure of 20 dB is seen to ccntribute
negligible noise.f Clearly, the mixer stage could tolerate a noise |
flgure of up to about 40 dB without significantly affecting the

overall noise performance.

The cverall transmitter gain Gt is then

G

t=5°-'5-$,,'.3"2‘**5°=65d3

/ o b

i

Receiver

The receiver is shown in block diagrampin Fig.‘7.13. The
effective nolse temperature Te ‘can be determined from ‘
: r

T T-‘T
-]

L7, %8 L °9 | o
T,.,=T + : - (7.5)

where T , T , T and T are the effective noise temperatures of
e e e e
6 7 8 .9
the r.f, amplifier, band-splitting filter/signal distribution stage
’mixer and baseband filter, respectively, G6’ G7 and G8 are the
respective gains of the r.f, amplifier, band—splitting filter/signal
distribution stage and the mixer. The band-splitting filter and n
signal distribution stage are assumed to be pure loss devices and

are "lumped" together to simplify calculations. While the receiver

My
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Aﬁtenna Branch Transmitter Optical Receiver
Feeder : Link
" T =17 d8
G=-61.9 dB T=7,6x102

'Fig. 7.11 Trapsmission system model for noise temperature calculations

. o ‘ - Optical
~ Input Baseband Transmit Channel Channel - Source
. : Amplifier - Filter Mixer Filter Combiner Driver
~ 0 @ € - O e
// (el i = e
- \ 50 dB -5 dB -3dB -  -3dB - 24 dB 50 dB

Fig., 7.12 Transmitter"modei fop nolse temperature calculations

- _ Band- o _
R.F. © Splitting Signal Receive Baseband
Amplifier ‘Mlter Distribution Mixer Filter
= | ;Qﬁ}..ﬁ;_.:::____
= § dB | ~ ' ] ; F=20 4dB| —~ .
4O dB 348 ° -12dF° = -34B - -5dB

_Fig. 7.13 Receiver model for noise temperature calculations
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circuitry 1s the furthest from the antenna; i£ is preceded by the
optical 1link which is a large source of 1055.(negative gain). This
dictétes that the receiver section should have ‘very good noiéé
perfbrmance in orﬂer that its contribﬁtion not be prohibitively
large. With this in mind, the r.f, amplifier is assumed to have a

- noise figure of 5 dB. A gain of 40 dB will be shown to bevadequ;te
so this value will be used. | The band-splitting filter and the
baseband filtér insertion losseé,will be assumed to be 3 dB and -

5 dB, respectively. The signal distributién stage will be assumed to
<have a 12 dBvloss\(O.S dB for each of 24 channels). Consistenf with
the transmitter, the mixer'wiil be'assumed to introduce 3.d3 loss
and to have a noilse figure of ébrdB at the signal.leVels.required..'
USiﬁg-these numbers and éubstituting into eq. (7.3), the following

'

parameters are determined:

Ty, - 303(3.16 - 1) = 6.6 x 10°°K (10 log 3.16 =5 dB) -
T, = 303(31.6 -1)=9.3«x 1f3 °K (10 log 31.6 = 15 dB)
T, =303(100 - 1) =3 x10*°K (10 log 100 = 20 aB)
T T, =303(3.16 - 1) = 6.6 x 107°K (10 log 3.16 = 5 aB)
g - 10 : \ (10 Tog 10" = 40 ap)
, 2 | \ ;.
G, =3x 107 | (10 10g[3 x.107%]= _15 aB)

£ N



Gg = 0.32 | (10 log 0.32 = -5 dB)

- 3

. Substituting these numbers into eq. (7.5) yields

9umx10% | 3x10% 6.6x10°

' 2
o 10*  10%(3x107)  10%(3x1072)(0.32)

= 6.6x102 + 0,9 + 100 + 6.8

= 7.6 x 10°

I4 . o °

¢
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Just as in the case of the transmitter, the amplifier is the controlling

steée in the receiver. In thie case; the noisy mixer is seen to
vcontribute‘more noisogisince the total gein preceding the mixer is. -
less ihan that for the transmitter. Even so, the contribution from °
the mixer is less than 10% of ihen%otal noise temperature;

The overall receiver gain G, is determined to be
: l . . ‘ 7. » a
Gr =40 -3-12-3-5=17dB

Optical Link

- - -

'The noise performance of the optical iink has already been
examined from the signal-to-noise ratio—viewpoint. Since we are
attempting now to appraise the noise performance of the transmission
system@m a noise temperature viewpoint it would appear necessa.ry
to determine the noise temperature of the optical link. However, an

-

explicit value of noise temperature can not be readily determined’



here for a number of reasons, Firstly, noise figures of optical
sources and photodetectors are not specified by the manufacturers.

This would require physical measurements. Secondly, the optical

fiber and the associated optical couplers are not thermal noise sources,

The author is not aware of any work characterizing and quantifying
nolse in optical fibers. |
In spite of this apparent obstacle, the system noise

temperature performance will be)carried through if we assume that
the optical link wi}l behave as an 1deal resistance acting as a_
“' thermal noise source, This analysisv should yield a worst-case
condition since the optical link is not. a thermai noise source.
Further, it will be assumed that the optical link will be operating
at the maximum outdoor temperature of +50° C. The iosses of the
various;mssive elements of the optical link are listed in the power
budéet of Fig. f;?‘and are repeated'for‘convenience in F;;. 7.14,

| It was reborted in section 3.2.2 that Burrus-type LED's “
"have quantum efficiencies -of the‘order of 1 - 2%, Since we are
considering the use of"edge-emitting LED's,'which have higher
efficiency than the Burrus-type, the optical source will be assumed :
to have a quantum efficiency of %. - This is equivalent to a loss in
power of 13 dB. The photodetectors will be aSSumed to. have an
efficiency of 65% or an effective loss of 1,9 dB. The combination

- of the source and source-to-fiber coupler is seen.to.be 28 dB or an
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overall efficiency of 0,0015%. This is an extremely bessimistic
efficlency as evident from thendiscqseion.in chapter 5. Nevertheless,
this willFbe}used in our worst-case analysis here. The overall
optioel link loss, including the 6 dB degradation losses and 2 dB

»

splice/connection loss is then

or the'optical 1link gain Gb is'—61.9 dB. 'If this ie assumed to be

u

a purely resistive network obeying thermal noise laws.‘the effective

noise temperature T, ‘at 50°C is then
: o

T, = 323(1.55x 0% - 1) (10 1og[1.55 x 105]= 61.9 aB).
o ’ : : o ’

- 500 x 10° °x

.V>v
v — — o—

The noise temperature T of the equipment beyond the
antenna is given by eq. (? 2),.

T T'j T
ot % er

T bec’tGo'

‘j where the parameters have been previously defined in this Section and

- \
are  shown 1n Fig. 7.11, Substitut;‘i_.gé the calculaied numerdcal values

-

into’ this equation yields an effective noiee temperature
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8.1x102 | _ soox10® | 2.6x10%

T = 4,9x10% +
' 0.k 0.11-(3.23:106) 0.4(3.2x106)(6.5xlo'7)

14.9x10% + 2x10° + 3.9x10% + 9,1x10°

f

3.8x10° °K »

This is a factor of almost 4 smaller than the allowable value of &

4o

1.4x107 "X as specified on page 22U,

It is interesting to determine the maximum nolse temperature

that would be allowed for ‘the optical ‘link such that the overall
4o

effective noise temperature of 1,4x10" X is not exceeded. In this

case, eq. 7.2 can be written

o T,. T, T,
T = 1.l+x1olsze +Gt+G T ch
 nmax - Pbf b CuEt Cwftr
“ v
> 4,9x10% + 2x10° + O+ 9. 1x102
0 4(3 2x10°)
T, |
> 3. ux1o3 ° | :
1,28x10
\'. ' . ‘ .
or, Te~ é,(l.hxiou - 3.4x103.)1.28x106 ) .
e .
10 ° . ) .o . ,
< 1,36x107 K (76.2 4B at 50 C)

This is over twice as large as the value that was used based on a
thermal noise mechanism. Another way of locking at this is that the

61.9 dB loss optieal,lipk could bé(&pplaced by a thermal noise

controlled resistive network with a loss of 76.2 dB at an ambient
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temperature'of 50°C and the system would still maintain satisfactory
noise performance. There can be no doubt that an_opticalAfiber eystem
will perform much better than an electrical cable systenm.

The foregolng analysis assumed a noise figure of 20 4B for

the transmitter and recelver mixer stages. Since the receiver is
situated in the same location as the virtually "clean" Tocal oscillator’

frequency‘suppliee, this figure should.represeﬁt a maximum value for

-

' fhe receiver mixer. For the remote traesmitters, however, additional

noise is inevitable due to the 1oee and dispersion in theudistribution
\

system. It 1s interesting to consider thq maximum allowable nolse

contribution that could be al;ocated to the mixer stage in the

transmitter in order to éonéider nolse effects from the local oscillator_
system. Hriting eq. (7 2) once again, we' hava 0 ‘

T T T &
e, . e e
t Q r

‘T =7 + +
e ebf © Gyp beGt beGtGo

PR

DR | |
If‘we-substitute the'pre#iously calculated values for all parameters

except T_ and allow T, to be the ma.ximum allowable value of 1. yx10* ° x
t , . . .
‘We have ?
- : . = T S ."3
T = 1.4x10% 2 '4.9x10% + + 3.9%10% + 9.1x10?
e b"E
nax .
or T 4 9x103 K
e T
- ~.‘2 : ‘%’. ’ %,

 Substituting the value into eq. (7.4) for the effective noise



™~ . ’ ’ 2,37

. * /,
temperature of theutransmitter and using the_prdbiously calculated,
values for the other parameters, the maximum allowable noise T of

: ®3
. . the mixer stage is calculated to be

T < (%.9x107 - 7x10% - 10.8 - 96.7)0.3x107
3 .

<tzmdox N

This is equivalent to a maximum allowable noise figure of

kA

. 8"‘ ‘ 3
1.23x10° 1] = log(3.81x10°) = 55.8 dB

1og [ 323

This indicates that there is a considerable margin allowed in the

noise performance of the mixer stage. However, this noise performance

.;Q’;llator signal. The noise temperature of the local
et ’ -

fﬁl now be examined.,
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allowed a noise figure of 10.dB as in the transmitter section‘and will
be allocated a gain of 30 dB. The losses of the various elements of
tbe optical local oscillator 1link total 31.1 dB as given in Fig. 7.10.

‘rﬂe optical source and. photode-tectqr are assumed to exhibit losses

% of 13 and 1.9 dB, respec‘ively* to’ﬁe consistent wf’h the antenna

J*

signa.l transm)ssior:psys‘tem'.’ Ta degradation margin of 3 dB will be

allowed for the’ qﬁ%icdi source, 3 dB for temperature effects and
B
2 4B will bc»allowed to account for connections and splices. The

A0,
overall/loss allocated to the optical section will then be 54 dB. The
d‘_“’
local oscillator receive amplifier will be assumed to have a noise

'

figure of 10 dB and a gain of 30 dB.

The noise temperature T, of the local oscillator system can -

W 1
be expressed as:

P.r T X S

. oy " e ey . €y '
T =T +=+-— + (7.6)
8 % Gav GaGb GaGch %aGchGd

|

. \\
I
i

o ! Tg and T are the,effectivetnoise temperatures
a b c d e

‘of the transmit amplifier, local oscillatoric%?biner, optihal source

-

driver, optical local ogbillator link and receive amplifier, respectively.

Similarly, Ga' Gb’ G, and. Ga are the .galns of the transmit amplifier,

c
local oscillator combiner, optical source driver and optycal- local

oscillator link respectively. S -
Just as was done for the antenna signal transmission system,
the system noise temperaturc will be calculated with the assumption

tpat thg opticalq}ocal oscﬁllator link acts as a thermal noise source.. ,’ )

*This will serVe to make the,analysis a "worst-case" situation as before.

Kl . -
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Using eq. (7.3), the effective noise temperatures can'be -

determined as follows:

303(10 - 1) = 2.7x. X

3
[l

L;"o

-3
]

303(251 - 1) = 7.6x10

=3
]

303(10 - 1) = 2.7x10° °K

L
I

K

323(2.5x1o5 -1) = 81x107 °k

3
R 2

av

‘ «

(1o log 10 = 10 u)%

(10 log 251 24 dB)

(10 log[2.5x10%]= % aB)

)

®a
T = 323(10 - n z9xm3°x - o
e ; . )
e o ) % :
The gains are detexmfggd to be .
. . . | . N ' .4
- G, = 1o”f (10 log,lou = 40 dB)
. G, = 4x107> (10 log[tx1072]= -2 4B)
* ) - . X
G_ = 103 (ig?log'103 = 30 4B)
v . ‘M . W ‘ . '
- -6 _
Gy = 4x107 . (10 1og@§§10 ]=\-54 dB)
Substituting these valueé’into'eq. (7.6), the effective noise .
temperature of the local oscillator system becomes ’
D 5 z;sxio“ 2. 7x10° . 8,1x10”
Te = 2.7x10 n n 3 + n 53
' % X 10%(ux10™%)  10™(4x10"2) 10
2.9x10°
. + 104(uxio'3)1o3(4x10'6)
RS ’ . -
.. B “ ,"
=] 3

R

B et
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o =,2.?x-103 + ?,éff 67.5 + 2x103 + 1.8x10u

I .

Lo

= 2.,3x10" K
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If the ambient temperature of the local oscillator system is considered -

-/
1

to be at 303°K for cbnvenience, the nolse flgure 3ou1d be equivalent to. -

S [__2519_ + 1] ~ 19 dB B

303

»
the filter stage would be 19 dB lower than at the output of the

_slgnal generator. The SNR at the output of the signal generator will

be very high, being virtually pure signaﬂ with very little Qoise.
Depending on the actual SNR at this point, the SNR of theflq‘léb
oscillator signal at the input to the remote mixers may be made

sufficient‘for‘phase and freqnency stebility‘requirements by using

relatively simple passive slot filters. If the filters are assumed

to be phase-locked loops, the SNR of the 1ocal oscillator: signals

presented to the ‘mixers can be higher since the PLL Has its own

generator (a voltage-controlled oscillator or VCO). This depends on -

PIL design factors such as loop bandwidth, time‘constant(s). order
of loop. This thesis will not attempt to presant the PIL design

criteria. It will be assumed that the necessary local oscillstor

. . \“ LO
SNR and phase and frequency stability;required at the mixers will be
attained using the -arrangement described. . S

i

Since the noise figure of the’ transmitter mixers was shown

£o be able to be @s high as 55.8'4B and still meet requirements, it

. @
&Yy | ' R
: od/ . i ’ L
- A ] : . . . ) - K
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appears that there is considerable margin‘alloued for in the system.
In view of this and the previous-development, the transmission feeder
system as described in this chapter 1s expected to contribute minimal

Qv

degradation to the radio telescope sensitivity. I

7.4 Excitation Errors

WIRTPOPY SRPV. JERC R

In chapter one, the maxinum ‘SHPocted r.m.s. phese and amplitude

..
ST T PN ECERRY

excitation errors were specified to'be.}° and 2%, respectively. To

this point, only passing mention has been made of these important

e s

- parameters., Now that a transmissien system has been designed that is
expected to previde satisfactor& performance from the sensitivity
vieﬁpoint it is necessary to dssess its performance in terms of -
phase and amplitude error, HcLarnon [3] discussed phase and amplitude
errors at 1ength in his coaxifl cable feeder system design. In view

of this, the subsequent discussion on excitation errars will be brief%

S s s saiee i e

The various components in the transmission system 3111 be
examined from the point of view of excitation errors. The 0verall
error estimates will then be determined and compared with the original

spec%fications. i

LA ol g Sy wia £h pincs

. B 4 . - .
A . ' . .5

“Brgfch Feeders : . , o

- ol T :
’ ThefbraéEh eeders Were considered to be RG~62 A/U coaxial

i ' .p‘

cablé.,fFor e equal-lqumh system bedng considered the length of

i e A - W 0

each branch feeder was de%ermiﬁed.to be 105 1 meters. McLarnon [3] RS B
}»‘q’./" ‘ ', B
had estimated.khat cable\tffﬂhlﬁg; using the Swarup and Yang technique,' : :
e . ;

should result in an r.m.s. phase error of 0,1° #y This value will be-

assumed here as well. He also determined r.m.s. amplitude errors of
-3 '*::'.‘ ’ :

O . [l *')-' e
- . ! EY
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5.sx1e_)‘~3 (0,05 dB). - Since the ﬁranch’ feeders are much shorter than |
the cablgg cogzidered bi McLarnon, it will bé assumed that r.m.s.
ampli;ude errors can be constrained to 3;5x10-3 (0.03 aB).
The r.m.s. phase error € .8, due to temperature variation
can be determined from [3] |
, € na. = P ldT| (K ) x 1078 RENCR)
i . S, j p'r.m.s, _ .
where . ‘Pé.= 36Of01% A , the absolute ﬁhase shift
‘and = 8T 1s the temperature range
6Kb is the phase-temperature coéfficient (4110-6)
’ f, 1s the center frequeﬁcj (12.36 MHz) |
’l‘c is \the absqlute.de;ay. ‘%
;  Using a v'elqc_ity fa.ct-c;r of 0,84 for RG-62.A/U5[3J_, the absolut_j( dela.y
in the branch Teédeis is ! , N
. e - » ‘ a :
T, = ———lgiil—g— = 0:§Z‘pseé. . .
e " 0.84(3x10%) } ' . ' A

The r.m.s. pﬁgge“error €

’

o is.then determined<to be

€ . = 360(12436x10%) (0.42x1076) (4x1076) | 47|
e .mlsl;‘ ‘ :} - ‘ e .
= 7.47x10% $1|

*=.O.3? over the temperature range of +i0 C. e

Ve
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McLarnon [Bj»assumed that amplitude variations among his feeders -
- ; "
could be negligible., For the much shorter branch feeders considered ;-

he- 2, this should also be valid.

Input Amplifier

For his preamplifier; McLarnon [3] estimated r.m.s. phase

and amplitude/errors to be 0.1° and 5. 8x10™°> (0.05 dB) respectively.‘

The input amplifier here 1is not fundamentally different from Mclarnon's ‘-

¢

preaﬂplifier. It will be assumed that the same errors can be used here.

BasetendPilters . ... "

»,ﬂ'J. K»..p
}‘)*‘*'b

McLarnon [3] considered the use of dn elght pole Butterworth

b

filter in his system and estimated T.m.S. phase and amplitude errors:
to be 0. 5 and '0,010 (0.087 dB departure from nominal), respectively.
| The filters suggested here are five pole Butterworth filters. While
these are less complex than the eight pole filters, the same errors

nwill be assumed here.

\  Trassmit Mixers S

. - — o — — —

\> .Excitation errors from the mixing process are APectly
’1dependent on the variation, among the mixers, of the- quality of the
lpcal oscillator signals at the mixers. McLarnon [3] estimated that
r. m.s,.phase and amplitude errors could be held to O. 1° and 5 8x10 3
| (0.05 dB), respectively, with his coaxial cable system. Since an
ptical fiber system 1s inherently nuch more stable than a coaxial .
'cable system, it sould be easler torrestrict excitation errors to

these'values. Even so, these same values will be assumed in this

design.

e e

5 ot St e i iy
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Channel Filters

The channel filters did not have the steep attenuation

] kirtibthat the baseband filters required. While these filters will
also have to have thetr,GNQlitude and phase responses carefully
‘patched to minimize exci%ation errors, it should be an easier task.

It will be estimated that r.m.s. phase and amplitude excitation errors

will be half that of the baseband filters, or O. 25 and 5x10 -3 (0,043 dB

M -
o .

'departure from nominal).

I3

Channel Combiners

The channel combiner is assumed to be a lin ar network
and should_not be a major contributor to excitation errors. It will
' bejestimated that r.m.s. phase and amplitude errors will be no

' greater than 0.15° and 2'.5x10‘3,(o.'02 aB). T

. -, \I
e AR
I o :
. : o

The optical sourﬁe, ver 1s essentially—am amplifier.

J

- In this respect, the:same excitalion errors will be assumed as for the

T baseband amplifier, or 0.1° r.m.s. phase error and 5 8x10 -3 (O 05 dB)

i

r.m.s, amplitude error.

: , \
The Variation in phase errors among the optical sources.
is expected to be negligible since any phase error would be dependent
‘*’;j‘

on the response time of the source. Proper selection of devices‘and

appropriate circuitry should keep amplitude errors low. It will be

v ¥

.
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assumed that r.m.s. amplitude errorsvwlll be no greater than about

.t

3.5x10™2 (0.03 dB).

L]

The optical path comprisee all the components of the
optical link except the optical source- and photodetector. With the
exception of the optical fiber feeders, the rest of the optical
components should introduce virtually no}phase:error at the frequency

band of interest (12.36 rfO.l MHz). .This would allow all the optical

fibers to be trimmed in phase before being installed and attaghed to

»

the various couplers.

3

* Trimming the optical fibers in phase is a probieﬁ that has

.not been discuesed. McLarnon [3] has covered the problem of trimming

coaxial cables in phaSe and has indicated that accuracy to 10.1° is-

ioseible.‘- In essence, thie 1"5 accomplished by comparing the phase of the.

slgnal reflected from the far-end of the cable to the phase of the signal

‘Injected at the”ne&r-end. In principle, this method should work with %%

 the measurement problem. In this respect, the relatively low attenuation -

comparable accuracy using optical fibers. McLarnon [3] has indicatéd

that the relatively high attenuatiop of coaxial cables tends to compound
* .. - p "

of optical fibers should be an advantage. Obtaining suitable optical

‘apparatus for directional coupling at the near-end and providing

reflection at the far-end should not be a major problem,

All the optical compunents and intercohnections introduce

,

losses. and it would be a very difficult JOb to provide tight tolerances

~

\"on these losses in practice. Once the optical fibers have been O

trimmed 1n phase, 'there willoundoubtedly be some variation in the -

o}

2
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attenuati%n, depending on the actual fiber'lengths. At present, it
1s difficult to estimate this loss variation. It depends entirely on
the manufacturing processes, which are in a state of evolution. '
However, it 1s anticipated that this loss variation will not be a
significant problem since (1) the loss in optical fibers is virtually
temperature independent over the ambient range of operation and

(2) these loss variations can be’ compensated for by the use of gain
adJustments<in the r.f. demultiplexing stage.

V‘For.the purposes of this thesis it will be assumed -that.the -

'optical'fiber trimming and differentlal gain adjustments will result

in r.m.s. phase and amplitude errors of no more than 0.1° and

5.8x10-3 (0.05 dB) These are the values estimated by McLarnon [3]

iy

for his coaxial cable feeders using the Swarup and Yang technique.

For the optical fiber system, temperature effects are expected to be

negligible.

— — — o — — —

Photodetectors . .

-

The photodetectors ar. expected to perform similar to

4the optical sources in terms of excitation errors. In this respect,

the r.m.s. phase errors are assumed to be negligible and the r.m.s. v
amplitude errors are aseumed‘to be no greater than 3.5x1'0'3 (0.03 dB).
' P
R.F._Amplifier

The R.F. amplifier is considered to perform similar to

the" baseband ampl The estimated r.m.s. phase and amplitude

-/

errors are 0,1° dnd 5 8x10'3\(0 05 dB), respectivéay.

N
e
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‘»
The band-splitting filters are of comparable complexity

to the channel filters. The excitation error performance is expected
to be similar ie: O 25 r.m.s. phase error and 5x10~3 (0.043 dB)

r.Mm.S. amplitude error.
Signal Distribution

1\ The eignal distribution‘circuitry merely provides a

"fan- out” function that 1s, to provide multiple identical outputs of -

a common input signal. Accordingly, it should be nc great task to?r

& -

provide close’ toleﬁ&nces among these outputs. It will be estimated
that r.m.s. phase and amplitude errors will be no greater than 0, 1°% and
3.5x10_3 (O;qudB),,respectively.

’ ‘4;'. V " ‘ R Y .

Receive Hixars

—— o w  men i o

AR

Excitéiion.errore ?romethe receivepmixersvsﬁould be an
improvement over;the errors associated with‘the-transmit mixervsinCe
* the local‘oscilletor signal generators are in the same physical
locetion.. This shopld provide much better qualitylsignals at the
receive mixers. 'Accordingly,/the r.m.s. phase and amplitude?errors’

¥111 be estima.tedto'Be 0.05° and 1.7x10™> (0.015 dB).

Bageband Filters

— A aatn e w— —

The—baseband filters.in the.receiver are considered toll

be identical to those in the transmitter. Therefore, the estimated
R 4 ~__‘ b‘
r.m.s. phase and amplitude errors ‘are assumed to be‘the same fe: 0.5°

and 0. 010 (0,087 aB);,- respectively.
l
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Summary

The summary of the foregoing excitation errors is
presented in Table 7.1. Thischummary assumes that the individual
:error sources are independent, so that the total r.m.s. errors are

simply the square root of the sum of the individual mean-square values,

The results indicate that the r.m.s. phase_errofé are within the 1°

sbecification, but the r.m.s. amplitude errors exceed the 2%

L

specification. If this latter specification is to “e met, a number
of the individual error estimates would have to be improved upon. It
is also‘possible to reduce the overa%%ferrors by employing phase And
amplitude compengation‘éystems. ;KcLarhon-[BJ.discuSSed coméensatioﬁJ'
systems at 1ength. For the purposes of'£his thgsis. it will suffice

to mention that, if compensation systems are to be'seriouglx s

contemplated for an o?ticaleiber_transmission system, methods

similar ﬁo those examined by McLarnon [ 3] could be adopted. Actual

- improvement in r.m.s. phase and émﬁlitude errors would have to be

determined.at that time.

219
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Table 7.1

Summary of Excitation Error Estimates

Sourqé Qf‘Error

£
i 250

Fo)

Estimated RMS Excitation Errors

Phase

Fracti on£l

(Dagrees) . Amplitgde'(xiO-j) ;
Branch feed;r (Measurement) 0.1 ) 3.0 ‘
| (Tempqratur;) g 0.3 o
Baseband Amplifier 0.4 5.8
BasebaﬁdﬂFilter - 6.5 . 10 . :
Transmit Mixer .\ 0.1 5.8
%«m - ainel Filter 0.25 5
: ?aﬁnei Combiner L 0.15 | 2&5
Optical Source Driver o 0.1 | 5.8
Optical Source | — 5 3.5
Optical Path 0:1 5;8~
Photodetectors — 3.5
R.F. Anplifier 0.1 5.8
“ Band-Splitting Filter . 0.25 5 )
31gm;i Di"%i\;ribution 0.t . 3.5 c - 5
Receive Mixer 0.05 ‘1;7 ‘
Baseband Filter 0.5 0
: L . e
Estimated Overall 0.92 21.8
.'RMS ﬁ:rors~ (0,016 :ad) | (2.2%) -

s
g
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~ h | CHAPTER 8

- .
.o . . i

.. ~ SUMMARY AND CONCLUSIONS S, v
RN I ~\ N

An optical fiber transmission system for a low-frequency

radio telescope array has, been presented in the preced;ng chapters.
NThis presentation is in the forn of a system design bagéﬁ on . a number 3
B of assumptions, generalizations and extrapolations. The design should, -
therefore, be considered as being representative of various possible

configurations. Depending Bn.factors such as final antenna dipole

R configuration evolution in optical and r.f. technology. or decisions

relating to performance and economics the final transmission system

| design may be substantially different. "Since it is not possible to
'include/all the details of a comprehensive deslign a this time the
:design has concentrated on presenting a transmission-system based on
‘the general principles covered in the earlier chapters. Houever,

based on the assumptions indicated and implied throughout this thesis,
a number of conclusions can be reached regarding the g al design .

of a transmission systpm for the proposed radio telescope:

—_—

A,‘ 1. An optical fiber system is not only viable but vastly superior

~

to a coaxial cable system in terms of transmission performance,

Nparticularly over the temperature range expected. For this reason, it

should not be, necessary to use phase and amplitude compensation systems

;the array._

-,

2. At ths frequsney of’ interest (12. 36 HHz), a digital or pulse

-

nodulation syatel ‘would offer very little multiplexing capability.

L3
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With the relatively narrow bandwidth of interest (200 KHz), a large

¢

number of channels can be frequency-division-mnltiplexed using basic
) SSB-SC modulation techniques. An upper(limit of 48 channels has* been -

g aetermined as being a practical maximum and is assumed here with 1 MHz
’ : - f“‘«, K "
channel separationy = | ) ‘ '15'

3.' The feeder configuration envisioned emplo&s equal-length

%

'transmission lines throughout the array.” The branch feeders'from_the
anterfha dipoles to the central tranﬁmitting locations (CTL's):use

coaxial cables to retain the antenna signals in the el»ctrical domain

to facilitate frequency-division—multiplexing. At the CTL the

4

FDM waveforms are modulated onto an optical carrier &na cqnvéyéd to -
v?f'a
the opticql multiplexing locations (OML's) via opticgl fiber _

@ -
transmission feeders (STF's) At the GML’s the optical signals ¢

Q

four STF's are wavelength-division-multipIexed onto individual fiber

primary transmission feeders (PTF i , Por distribution to the observatory.

b Havelength-division-muﬁtiplexingoappears tp be feasible using'
the arrangement described If its performance can be qfoven to. be -
satisfactory in practice,‘it would be another means oprroviding

'savings of transmission line., With the antenna configuration depicted,
there appears to be no advantage to multiplexing more than ‘four optical
+ slgnals frcm the STF's onto a single PTF - | .

5 The local oscillator signals should be available with
sufficient signal—to-noise ratio out at the various CTL's in the'array N
to facilitate frequency-division-multiplexing of the antenna signals

- with satisfactory perfermance. The %Pcal oscillator signals may -even f
be sufficiently noise—free to preclude the' use of phase—locked-loops,

" although- their use has been assuned | T : .

[
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6“ The Juse of LﬁD s and p-i-n photodiodes appears .to be feasfble
'k

for the optica.l N.nksi from an SNQ Viewpoint. Continued reduction in
U
fi"per,ettenuatf tend to reinforce the feasibility of using

LI "R

tb‘e’?ee"device’s.'“ Verﬂ low loss fibers are being developed and the

attenuatign d very probably be ha.lved (~2. 5 dB/km at 0.7 pn and

'k
~1 dB/km at 1 - pin) in the near future.d Thi,s would result in an

increa.se in received optiqal power or a.lmos' .

dp at;O._'?;.m and 3.a8
K J ¥ ; ':‘-I" ’ ‘

- at 1.06 ).dﬂ In addition, fibers with 1a.rger numﬁ'ica‘ﬁ ,Lpe&'turgs are *

. noise performa.nce has been determined on the besis &‘ the optica.l

e

MR

)

appearin'g on’ thg ma.rket. Th);s will allow improved c%l ri?@»gfﬁ.ciencies
' "‘"At, ’
a.nd,a therefore, lower 1os§ee~f F‘.urthermorq‘)_the lossesJ attributed to

[ - ., 1

the va.rious couplers have been conservatfve. With p‘reci‘sion mg.nsfacture,
» e .

losses could be” simila.r to thoseé a.ttaéned Q\Vfciogs labor@bgi'ies. "

This c uld yleld an a.dditiona.l 2-3 dB of . i‘baL power. With these B
Q QB

‘:f

va.rious improvements optical SNR wi!.l "be '-

7 "ﬂThe noise perfoma.nce of the’ s"“
.3
sawfactory to meet the sensitivity obgectives. There i&}sui‘ficient 2.

tolera.nce to a.ccommoda.te a.dditiona.l noise that - nay result from

T

underestimated device pa.ra.meters Qar from cha.nges in desi@ The '

¢

e

link behaving as a therma.l noise source. Since this is clea.rly a’

'

\
worst-ca.se analysis the naise performa.nce of an a.ctua.l system can be

expected to be even better. \

8. 'The r.m.s. excitation error perfomance of the sy om has

‘«

_been estima.ted to be 0 92 in pha.se a.nd 2 18% in a.mplitude. in
\

* contrast to HcLe:r:hon 8 [3:*} coa.xia.l system, Q&s optical £iber system

doee not preeune the necessit; Qf de.y-to:gay ma.intenance and

ca.libration adjustmen?s. Also, Hcﬁarnon e eystea was based on a |



\
1

. the vaﬁbus r.f. a.nd. og}tica.l gomponen' ,‘-'

. transmission tolera.nces reguired cri i'csl ‘des‘i’?ﬁ a.nd ,construction 2{')

l"‘ .
. - \ N '
T o .
. LAY "Jf‘; 4 . ’ I . ' . 2'54
. llﬁ & rﬂ ' G RN L. .
o8 '

“* paximun of ‘four FDM ghanngls whereas this sysbén is comprised of 48.
. 0e SRR s : : ¢

e The transmission system described has been desligned on the basis of .
»

general communication sy'stgm principles a.ngl resea.rch results published
&

by va.rious authors. "-No experimental work was performed by this a.uthor.

Therefore before a practicab system ca.n be built a grea,t dea.l of

N D . R \\\)

Work ‘remalins to be d.p{fe; _% K : .- ',._‘;‘C"J«" il
4 [ we ‘ .

1. Experimenta.l worrk is necessa.ry ﬂ Verii’y the performe.nce of

-

“ eﬁ ies.. For.the

o

techniques Hiﬁlﬁbe ca.lled For. - Th%wtil]b be espeoialliy true, for);the

;\v

optica’:l. Q}lipmqnt, which requires “the us i of h{"g] i!fication a.nd
‘ &

- micro-mafnipulators +o p%sition the va.rious components accura.#ely. N L e

T2 "w&aintaining Ethe aecessa.ry accura,cy a.mo'ng all‘siymilar units ’
» 4

ma.nufactured will be a ma.g or problem to overcome. Qualitrwbntrol ' @) )

x
will be of critica.l importa.nce. The T.f,. resﬁonse curves of the f

2

tched to ’ensure sa.tisfactory

G’\ -

® -
various p o f . jonents mt be carefull
signai perfo "

cé end—to-end. . _
B\AQractica.l mea.ns of a.scerta.ining the noise tempe@tui’e ' -

W M

performa.nce of optical ‘1inks would bg very useful. This would allow
AT
one to a.ccura.tely predict the noise temperature performa.nce in hybri}p

r.f. / optica.l systens such as this one. ; \
: ‘4. Equaliza.tion schemes should be exa.mined. and- tested to

'compensate fotr: the rela.tively la.rge"RC time consta.nts encoun‘tered in

\

photodetector receivers as a result of choosing as large a va.lue of
input resista.nce as. possible to increa.se optica.l SNR. Previous work
. on optica.l receivers has been essentia.lly restricted to dig.ta.l signals. -
" Thé case pf analog signals should also be examined since this could . |

be a critical factor in the gpecifi,cation of an aﬁa.log system.
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APPENDIX A

MULTIMODE DISPERSION AS A FUNCTION OF REFRACTIVE INDEX PROFILE

Miller et al [8] considered the family of index didtributions

b3

n(z) - ni[i - o] (a.1)

with o< = 2 correspon&ing to the parabolic profile and o( = e© corres-
ponding to a step-index profile. The r.m.s. width of the impulse
response was determined for a variety of index distributions and the
results are sumarized below. Although equations (A.2) through (A.6)
were derived for a square fiber, the results should be applicable in

general to round fibers as well,

niA
Step-index (o< =oo) T = 0.289 —- (A.2)
' niA
Eighth-order (o< = 8) T = 0,165 —- (a.3)
nlA
Fourth-order (o¢= 4) T=0.0873 —- (A.4)
n1A2
Parabolic (<= 2) T =015 = (A.5)
. WA i
"Practical” parabolic T =0,00591 —— (A.6)
(5% error) ©
. ' nIAz
"Ideal" near-parabolic T=0.037 (4.7)
(round fiber) ¢
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The advantage of using a parabolic (or nearly parabolic)
index over a step-index is obvious from an examlnation of eq. (A.2)
and (A.5). Since O is of the order g? 16—2 there is an improvement
of some two orders of magnitude in the delay distortion w‘th a pure
parabolic index distribution over a step-index distribution. uons’'cering'
a fiber with ny, = 1.5 and &= 0,01, egs. (A.2), (A.3) and (A1)
predict a bulse spreading of 14.45 nsec/km for a step-index profile,
0.0?S‘nsec/km for a pure parabolicvprofile and 0.3 nsec/km for a /}
"practical" parabolic distribution. '

‘Gloge and Marcatili [16] analyzed a class of profiles of the

. ol

Zk 1’11[1 = ZA(I'/&) Jl/z y r<a ] (A.Ba.)
n(r) = ,

ni':l = 2&1/2 » T > a (A-8b)

The core profile has a *“cone" shape for o¢= 1, becomes nearly

parabolic for o<= 2 and converges to a step profile for o<=00, The

-minimum output‘pulsewidth was obtained for a nearly parabolic distri-
bution with °‘bpt = 2 - 24, Specifically, the pulsewidth of
the imﬁulse response 1is .
‘ i
L
T - <B'c'> nsf (a9)

which is seen to be an improvement'3Ver eq. (2.29) by a factor of &4, or,

1S

using the same fiber parameters of n, = 1.5 and A = 0,01,

-

T = 62‘.5 psec/km
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A

Since a physical fiber will present a certain error in the

profilg distribution, this must be accounted for. Assuming a value of

Ol - + doc
opt

it is found that the impulse response pulsewidth

‘ Ln 2
2,718 .
T " & <A+ v dn_ ) | (A.10)
B n1£§
* where dnm&x = ddm (A.il)
€
_ ~ ‘
If we again consider a fiber with ny, = i.5, A= 0,01 and an
index deviation, dn . = 107, from the optimum (dec= 3.624 x 1072),
the pulsewidth becomes
' 2
T, - —1—L—5- [o 01 + ——.—AZO—T)T (.0001)
| 8 x3x 10

——— T . . :
4

= 494 psec/km r~

It is apparent from eq. (A.10) that the delay distortion is sensitive
to variations in the index distribution, However, the sensitivity is

'found to be critical only near the ideal near-parabolic profile [8]

The fourfold advantage predicted by equation (A 9) over equation

(2.29) then diminishes rapidly as o deviates from of

opt
Pulse spread due to other values of o ( & # 2) can be

determined from [142]
Ln

UV om L AX-
(o]

N

(A.12)

R

2 .



APPENDIX B

EXPERIMENTAL DISPERSION RESULTS

Stép-Index Fibers

Experiments on step-index, multimodg optical fibers
fo determine dispersion eﬁfécts coﬁsistently ﬁeld results which are
better than those predicted by eq. (2.25) for multimode dispersion,

Keck [33] measured dispersion in a multimode fiber with

N.A. = 0,15 and core diameter of 75/1m. Attenuation of higher order
modes resulted in a dispersion of 17.3 nsec/km instead of a calculated
value of 25.5*nsec/km. This was almost éntirely due to multimode

"dispersion since he determined a material dispersion of only 0.16
nsec]km‘usingra GaAs laser source; \

9 Marcuse and Presby [34] measured dispersion in a 1 kn step
index"fiber with an ell#péical core 30 x 50 um, ny -, =‘0.0135,

O=0.0093 (N.A, = 0.198). According to eq. (2.25) the pu}se ‘spread

]

assuming uncoupléd mQdes 1s

RV

T =%nA-LL5nsec

1

The actual observed pulse width was 10 nsec indicating an improvement

of 4 over theory.

Measurements on three multimode fibers at Bell Telephone

‘Laboratories [35] revealed pulse dispersion due to multimode effects

of 8.1 nsec/km, 16.0 nsec/km and 8.6 nsec/km., A summary of the results
s . &

follows. ¥
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) e
Fiber no. : 1 - -2 3A
Length, L ™ 363 m 290 m -
Maximun An® nd 0.006 0.0085 | 0.005
Numerical aperture . ) 0.133 0.157 0.121
Input pulse width® | : 2.4 nsee 1.5 nsec 0.8 nsec
Output pulse widted | {+ 8l nsec 6.0 nsec 2.6 nsec
Deconvolved output pulse width? 8.1 nsec 5.8 nsec 2.5 nsec
Maximum mode delay expected 20,0 nsec , | 10.3 nsec 4.9 nsec
in length measured®
S o

2 am dispersion data taken at 0, 9/um

p Obtained from interference mlcrogram data

c

Measured at 10 dB power points

4 Deconvolved output = [(Output width) - (Input width)zji/z

>

® Max. expected delay = ié— (from eq. (2 25)) assuming abrupt

core-cladding interface and flat profile.;

The lower-than-expected dispersion was attributed to both a partieliy-
graded index and mode-mixing.. « ;'

R. Dawson t36] measured pulse spreading in a'i.km length of
sfep-index, nultimode fiber excited by a pulsed LED. Using an input
bulse width»of 3.6 nsec, fhe outpg&spulse width was measured to be
.6.0 nsec., Using the convolutioh of cascade Gaussian waveforms, the

"total material and multimode dispersion was determined to be

T - [T.z - (72 +T }1/2 ' Kf (B.1)
| | v .
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N
R

- [.6.02 - (3.6 % 1.62)] /2.
= 4.5 nsec

where v Y. 1s measured output pulsewidth
N is input pulsewidth o
7. 1s response tige of the recelver
(all measuréd at half-power points)
. ¢

Of this 4.5 nsec, 4.2 Jsec was attributed to material dispe:gion and
1.6 nsec to multimode dispersion. The fiber used was made from fused
"silica, which at 0.9/um has a refractive iﬁdex of n= 1.&52‘(from

Fig. 2.10). With a core-cladding index difference of 0.003, eq. (2.25)

predié%s.a multimode dispersion of

"

YQﬂﬁ# .1 S (1.452) (0,003) = 10 nséc/km
3 x 10 (1.449)

Gloge et al (37] used\a.twin-laser apparatus to measure multimode
and matqrial dispersion separately. Being almost monochromatic, lasér 
pulses are distorted essenpially by multimode dispersion only; By

. selecting theﬁawelength.difference (0.9 um - 0;86/4m) to be compatiﬁle

with the half-power spectral width of a typical IED (40 nm), they

measured 3.6 nsec haterial dispersion and 1.3'nsec“multimode.disperéian

in a 1 kn length of fiber with N.A. of 0,09, The theorstical value of
multimode dispersion was determined to be 7 nsec/km indicating sﬁbstantigkg
mode co#?ling. The predicted value of materfal dispersion from eq. |

(2.27) is



[}

o AodA d7ny o
D‘- Cc d)\z :

_"(0.9 x 107°) (40 x 10
‘2 x 105

-9 ' : i
) (0.0002 x 101%)

= 2.4 nsec

Al

The total spread of the impulse response” would be approximately

= /1.3EE + 3,65 = 3{8 nsec E o

Graded-Index Fibers

Graded-index fi‘pers have also béen tested for
dispersion effects. Direct measurements on new SELFOC fibers [f42]
indicated linear i)ulse ﬁroa.dening of ~11 nse;:/km' up to at least
700 meters using a 600 psec laser pulse input. Since the refractive

" index distribution was intermediate between ‘a. parabolic profile and a ,

step-index profile, puise spreading was 'ca:Lc‘uJ.ated from eqs. (2.25) and =

" (2.29) to be

T \\:-"EQA , (for step-index profile) )

A : s . [

= 68 nseé/km S

2

- ’ 2 . N - \ N
and, / T- 2—2%- | (for parabolic profile)



..

tested [145] at wavelengths of 0.6328 um, 0.9,um and 1,06 pum, and a [T

t 273

1538 (0.0132)%
3x10° 2 .

= 0.45 nsec/kn
Actual pulse spread was measured to be 8 nsec in the 700 m length or
) ‘ 4
11.4 nsec/km which lies between the two calculated values. Using
eg. (A 12), the value of the profile shape factor o¢ was determined '}

to Pe 2.81 (parabolic corresponds to = 2, step-index corresponds to

‘o¢ = 09),

Another recent.investigation on ‘SELFOC fibers ij]repealed
that a'0.5 nsec pulse at 1.06/lm troadened to O.é5 nsec after travell}ng
through a 500 m length of fiber. This indicates a Gausslan pulse

spreading of some 0.4 nsec or 0.8 nSec/khl which is very nedar the

" theoretical 1limit for a parabolic profile,

Dispersion-Limiting Effects

& . . _ . ‘g

Evidence of the /L dependencetof delay distortion dﬁe

4

to mode mixing has been determined experimentally by a_number of
researchers. Multimode dispersion in three 1ow-loss, multimode fibers
made by Corning was measured Ehuﬂ to be <*1,5 nsec for each of two

fibers i km long, and 3.5 nsec for the third fiber, 226 m in lenéths

The first two fibers had refractive index profiles that were essentially

Vgraded while the third fiber had a predominantly step-index profile. v

This would explain the relatively large dispersion of about 1y nsec/km

(assuming no mode-mixipg). One of the 1 kn fibers was subsequently

dependence of dispersion was found beyond 600 m. It was apparent that



3

mode-mixing effects reduced the multimode dispersion in this fiber,

although the index profile may have influenced thé initial reduction.

Ld

L. G; Cohen -8t al [1461Ik7,1#8] used a "shuttle-pulse" technique
of measuring pulse spreading in fiﬁers; Using relatively short flbers,
‘an input 1igh§ pulse‘ras mige to reflect a ﬁumber of times up and down
the yangth to simulate transmission through a longer fiber. Measuae-
ments were mﬁde on a 1280 m lenéth.of multimode, low-loss, step-index |
fiber and used to determine pulse dispérsioh up to-a 6400 m extrapolated
length. The initial pulse spre?d.of 20 nsec/km was.less than the
calculated value of 27 nsec/km found using eq. (2.25), since the
refractive-index profile had a graded shoulder. At about 840 m, the
slope dropped to 1/2 of the initial value, indicating a /T dependence
'beyond‘the coupling lepgth of 840 m. . \ .

" Further measurements were mdde on a 148 m 1engh§ of graded-

index, multimode fiber and used to determine pulsé dispé%sion up to
.an eXtrapolated 1ehgth of 2516 m. Pulse widths incréased at a rate of
5-nsec/km at the’-io dB point and 2 nsec/kﬁ:a; the -3 dB point. Mode
mixing in this very low loss fiber (2.3 dB/km at 0;9/am)Awas'small

enough to make the coupling length L, longer than 2500 m. .
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APPENDIX C ) ' | L

EXPERIMENTAL ATTENUATION RESULTS ,’

Tests were conducted on three mult}me@e fiberd manufact d
by Corning [35] and the results are presented gl .Table C \1. bi‘The~
discrepa.ncy in results between Corning a.nd; 3eltll\Telephone La.bora.tories y
is due to diffldrences in measuring techniques. These results are
similar to. those represented by curve (B) in Fig. 2.16 which represents
a typical 4 dB/km fiber.

Most low-loss fibe;s to date have been made of fused silica.
This is pr.esent;ly considered one of the most premising ma.teria.ls
aﬁailable.for‘optical'fibers (149]. Another material that is attractive
for fiber construction is borosilica.t; glass, " The a.dva.ntage of these
two glasses is that, besj.des ‘their inherent low loss, they can be )
doped to control the index of refraction.
N Bell Telephone La.bora.tories [39] ha.ve developed a fiber with a

1

' Ge02-3102 core and an S10, cladding. This fiber has a core approximately

35 pm in diameter a.nd a mnnerical aperture of 0,235, The loss was found
.to va.ry ’6;' a.pproxima.tely )\_4, the expected Rayleigh scattering, to
a_yinimum of less than 2 dB/km at 1,06 }m.;' Hydroxyl ion .abso_'rpf‘cion
at 0,72, 0.88 and 0.95/:m was low, resulting 'in ‘e.tloss at 0.9 pm of
less than 10 dB/km. S |

Curve (D) in Fig. 2.16 1llustrates the loss ',spectrmn}of_' a .

fiber made at Bell Telephone Labdratories with pure fused-sillica core .-

. . & - ©
> : ’ s .
i . o . R
X B . . :
y ;o B
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and a borosilicate cladding &8]. This fiber has a core diameter of
18/;m, a cladding thickness of 15/um and a numerical aperture of 0,17,
Average losses at 0,86, 0,90 and 1, 02/;m are seen to be 1.9, 2.4 and
1.1 dB/km respectively, |

A graded;index fiver was fabricated at Bell Telephone
Laboratories by ;arying the concentrati;n of B O3 from zero at the:
centre to about 20% at the edge of a GeOz-doped core and using a
borosilica.te cladding (8], This fiber has a 22 um core diameter, a

15/xm cladding thickness and a numerical aperture of 0.17. The

L

spectral attenuafion,is represented by curve (E) of Fig..2.16.

Minimuﬁ loss of 2,3 and 1.? dB/km is seen to occur at 0,90 and 1.04/1m,

respectively.

Spectral Attenuation of 3 Multimode Fibers

[N

Table C,1

Loss (dB/km)

Fiber N.A. (pm) CGW BTL
1 0.121 0.62 12,0 14,1
‘ 0.8 7.4 9.5
0.9 7.9 10,0
1.06 5.1 6.8
2 - 0.133 0.62 10.9 12.9
0.8 6.0 7.8
0.9 9.5 11.6
° . 1,06 4.3 5.8
3 0.157 - 0,62 . 12.0 4.1
. ' 0.8 5.2 6.6
0.9 4.8 7.5,
1,06 3.5 4.3

s
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OPTICAL FIBER STATE-OF-THE-ART

Most fibershcoﬁsidered in Chapter 2 have basically been
"iaboraterj-grade"; Coﬁmercially available fibers tend to have
higher attenuation 1osses. Corning's CORGUIDE cable, 1ntroduced
commercially in May, 19?5 at $13, 50/meter is comprised of 6 individually
jacketed fibers with a maximum attenuation of 20 dB/km at 0.827um.
The fibers are multimode with a step index of refraction and a
-numerical aperture of 0.16, This cable should be usefyl to about
18 MHz“in a length of one kilometer '

International Telephone & Telegraph Corporation at Roanoke, Va.,
has a commercial cable comprising 6 step-index, multimode £ibers with

-an attenuation of 8 dB/km [13]; Sumitomo Electric Industries Ltd.

in Japan are marketing a cable comprised of 8 quads of 4 single-strand

fibers. The fibers are multimode, graded-index with a-loss of ~10 dB/km
The cable has an outer diapeter of 2,2 cm and sells for $33/m (as of -

Aug. /75) with an aluminum and polyethylene sheath [13] An identical ,
. cable with a nonmetallic sheath 1s also available. There~is no
.informatiqp on the jiiiiieion or bandwidth capab{lity of elther of

b ot

pos

these fibers,
) “Carning had indicated in 1975 [150] that they could supply
graded-index fibers with an atﬁgnuation of either 5 or 10 dQ/km maximum

at 820 nm at continuous lengths up to 10 km and with a maximum dispersie? .

of either 5 or 10 nsec/km (bandxidths of 100 MHz and 50 MHz), respectively.

They further indicated that costs were anticipated to decrease by an

o
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order of magnitude or more from the 1975 level of $1,50 per

meter in 100 km' quantities, While a time 1imit was not stated for

. “this &;st reduction, 1t was implied that this would be in the 1981 -

me frame.

'S

a Corning has recently announced the commercial availabilxty of

F_U new graded index fibers [12], Two of these fibers have maximum

" attenuation of 10"dB/km at 820 nm with a minimun bandwidth of 200 MHz

. . . a
in 1 km and numerical apertures of 0,24 and 0,21, Current pricing for

‘ these fibers is $2 00 and $0.90, respectively, for quantities less

than 100 km and $1 50 and $0.90, respectively, for larger quantities.

These prices é&e in U.S. dollars., Corning QEF also indicated [12] that

\they have made and supplied on an experimental baslis fibers with

attenuation as. low as 2 dB/km at 1, Oé/im, bandwidth as high as 1 GHz
at 1 km and continﬁbus lengths up to 10 km. No prices have been
qugted for these fibers.-

The lowest estimate of fiber costs to date Bji]suggests that

" . fiber quantities in the order of 500,000 km could result in costs as

AT
L

-2 x 104 km per year.

'lgg as 5g per meterh This figure 1s again mentioned in a recent tutor-

- 1al. paper by Giallorenzi [55] _He has projected fiber costs to be

about 5¢ to 8¢ per. meter in Pproduction quantities of about 10“ to



APPENDIX E . Quy

CROSSTALK IN MULTIMODE FIBERS

Cherin and Murphy [ué] considered a system of clad fibers in

. direct contact with each-othgr. They assumed that cfosstalk was due

to ffustraﬁgd total feflection only, (Th;s mechanism is discussed '

in section 5.2) X number of studies were conductedbto determine how
far-end crosétalk (FEXT) varied as a function of cladding thickness,
‘numerical aperture, length, wavelength and K*(kapp;). Far-end crosstalk
(FEXT) is crosstalk whose eneréy travels in the same directi;n as the
Usignal in the disturbing chﬁnnel [49]. Kappa (K) is a parameter that ‘
is a measufb of the width of the incident optlical beam and also an
~1indication of the power distribﬁtion ;mong the various ﬁodes of the
fiber. Kappa can be considered to be a term used to quantify the
optical édupling, or Mlaunc..i..7" conditions. As kappa.deqreases, the
energy distributed in the lower order modés of a fiber increases.

The input angular power cistribution of the fiber is dssumed

to be a Gaussian function of the form [46]
\
. 2 N . :
H = exp [-(8/ke)"] (E.1)

where 6 1s the critical angle of the fiber. A plot’of eq. (E.1)
%or various valuef)pfrkappa is presented ianig. E.1l.. L.

Figs. E.2” to B.6 rep;esent the dependence of FEXT on clédding .
: thickhess, numerical'aperture:ylengtﬁ, kappa énd wavelength, respectively
. for fibers #ith center-to-center sepa:ation Ls and core dlameter 2a, A

‘fiber attenuation of 20 dB/km was used in the analysis. These graphs
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Fig. E.2 Far-end crosstalk vs. core cladding ratjo

(After Cherin and Murphy [46]).
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Fig. B.3 Far-end crosstalk vs. numerical aperture (After Cherin and
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reveal a strong dependence of FEXT on kappa. For FEXT isolation
greater than 60 dB, kappa shquld be less than about 0.35.

The importance of cladding thickLese,on crosstalk 1s apparent

from Fig. E.2. Beyond about 12‘pm in ‘thickness, increasing the

cladding thickness results iﬁnimproved crosstalk 1solation by

approximately 0.8 dB/p&.

Fig. E.B“ indicates that crosstalk isolation is improved by
about 6 dB by doubling the numerical aperture within the range from
0.10 to 0.30. ”

For fixed values of kappa, Fig. BE.4 reveals'an increase in
crosstalk of'approximately 2 dB per decade of length.

The FEXT isolation is éeen, in Fig, E.5 toJincfeése gxponen;

' ~
. tially with decreasing kappa. While these results were determined for
L \ | :

a fiber with a core.diameter.of 50.8 ym, they should be applicable to

other fibers with the same N.A. and a/b ratio. This is because FEXT

was found to be relatively independent of ébre size,
Fig. B.6 shows that crosstaik isolation degreases by about ,

7 dB when the wavelength is doubled. For systems where crosstalk is

‘critical, it would appear advantageous to use as short a wavelength‘

as possible.

The foregoing res\lts are informative of crosstalk relationships

. g \
but are probably of 1imite§ use in practice., Fibers enclosed in a

cable will probably have a iossy jacket over. the cladding which will
tend to reduce crosstalk. This is'the'case with at least one type of,
éommercial cable (Corning's CORGUIDE). Whether or not the séle
mechanism for crosstalk is frustratgd total reflection is.another

factor that would have to be determined by crosstalk tests.



APPENDIX F

LINEARITY MEASUREMENTS ON LED'S

Measurement of nonlinear distortion 1n LED's was ‘conducted
[152] using a Burrus-type surface-emitting diode., Fundamental
frequencies employed were: f, = 5,0013 MHz, f, = 6:b014 MHz and
f3 = 12,0117 MHz and peak-to-peak medn;ation current was 50 mA, ~

Second-order (f - £, = 1,001 MHz) and third-order (f - (f + f ) =

1 0090 MHz) distortion products were measured at various levels of
- D.C. bias as shown in Fig. F.1 (a) and et various modulation depths
as shown in Fig. F.1 (b). These results indicate:that_second-order
distortion was consistently about 40 4B down from the fuLdamental, '
while third-order distortion decreased with increasing bias current
to about 75 dB‘below the fundamental at 95 mA. While nonlinear
distortion of -40 dB is borderline for high—quelity video tfanénissidn,
It was determined.[i52]fhet, by excluding second-order products ‘
"using an FDM scheme, the.LED was suitable for high~quality,
multichannel, video1}rans 7 sion systems. .

Bell-Northern.Besearch have developed a DH, aluminum—gallium-
arsenide LED that emits 375 yW at 150 mA drive current in the 0.8 -
0.9 ym region [Liﬂ. 'Linearity isrsuffictently geed to meet the signal-
to-noise ratios for analog transmission and can- transmit studio-
quality video over a link with an optical loss of up to 25 dB between

transmitter and receiver.

~ Another analog system built at Bell-Northern Research D54]

" transmits multiplexed voice, video and data within a 15 MHz bandwidth.
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Fig. F.1 Variation of nonlinear distortion (a) with direct blas
current, and (b) with modulation depth (After Ozeki and Hara [152]).
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Fig. F.2 Total harmonic distortion in a typical DH high-radiance LED"
. (After Szentesi and Szanto [9€]).




N
' The LED source was found to be the most non-linear element in the
system, with second-harmonic distortion more than 50 dB down from

-

the fundamental

8
tA

. Szentesi and Szanto [96] have.constructed an optichl flber
gystem capable of transmitting studio-quality video. Harmonic
o distortign measurements on the LED'use& in the system weée made at
various depths of modulation and g?as currents at room temggrature.
The resﬁlts are pféseﬁtedvin Fig. F.2. These results indicate -that,
for the 1ED biase at\100'mA with an index of modulation of 0.7 (140 mA
p-p), the total harmonic distortion (largely second-order) iéV—BO dB.
Correépondingly lower depths of modulétion.result-in 1mp£oved harmonic
‘ distoition. \

Work by Straus and Szentesi [81] on the éame type of LED
revealed a relatively linear increase in héfﬁonic distortion with .-
temperﬁgyre in ‘the range from -65°C to 102°C. Thése results were
determined with a 50 mA p-p modulating signal at 1 KHz. ‘Fig. F.3

shows the results: At a ‘blas of 100 mA, the harmonic distoriion

increases apprdximétely 0.06 dB/°C over the temperature range indicated.

—
™D (a8)
3

10 20 30 40 50 80 70 80 90 100
o Bias current (mA) '
\A

Fig. F.3 Total harmonic distortion,as a function of amblent |
temperature in typical Ge-doped, DH LED's (After Straus and Szentesi

E155])
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4 %

PHOTODETECTOR NOISE PERFORMANCE

\ : : - .o
‘ .

? . ’ . ’
The primary photocurrent generated by a photodetector is

given by [8,91, 156]

iPh =M iaF &P, . (G.1) -

.1

where}ffﬁv'7 i1s the quantum efficiency of the photodigae

e 1s the electron charge

) 1s the energy per photon
the avalanche gain of the photodiode
P

o is the average received optical powér;

\

Vo,
For a sinusoidally-modulated‘carrier with modulation index m,

the mean-square signal current in the photodetectbr output isjgivén

by [8,91]

| . <i§>= 1/2|;;f %Gmpo]' | ~ ‘ (G.2)

There are a number of noise sources present }h a bhot;detector
circult. These inclu¢élquan£ﬁm noise, thermal noise, dark current
noisé, leakage éﬁri§n£ nolse and beat noise [8,94],

Quantum noise determines the ultimate sensitivity of the
photodiode and is a functionfgf ﬁhe inciden% optical power. Its mean-

square value is given}sy{ C -



<ié> ;\29 h—efq poGZFdB'

where

i

’
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(G.3)

F. 1s an excess doise factor associated with the random

nature of the avalanche process and is given
approximately by F d“"ﬁ for silicon

B iq the bandwlidth of the information source.

x,c~ - Thermal noise contributes a mean-square value of

.

where

Dark current noise is Gausadr by electrons and/or holes

' ¢
2\ _ 4kT
<1T> "R T

k 1s Boltzmann's constant vv
T is absolute_temperature

R 1is the equivalent load resistance

Fa is the nolse.figure of. the baseband amplifier.

" thermally libergted in the p-n junction which experience the

avalanche gain{ G, The mean-square value of this source:is\

. 2 _‘ !
<1D>f 2e1 dGzF £

and

"y

= P - I
19 = 15 T EE7R

id' is primary ﬁhotodetector dark current

' P, 1s the average power of incoherent background

~ radlation incident on the photodetector.

(G.4)

For optical fiber systems, the background radiation P, should be

negligibtle.



Leakage curwent nolse is caused by electrons and/or holes
which bypass the drift region and experience no avalanche gain.

-The mean-square value of this component is given by

()-2enp | (66
vwhere iL is the, K leakage current.‘

If an 1ncoheient gource is uged, such as an IED, there will
be an additional nolse component presént due to the beats between the

‘various spectral components. This beat noise has a mean-square value -

<@ .

glven by s : )
. o ~ )
2\ 2 B o PR
e - ks
<1B> 2(#\?%) m(i - 12 3?) (@.7)
‘ ' ’ ‘Cﬂi . A
where , Y is the number of spatial modes reaching the
° . photode eﬁtor (fiber output modes) '
4f 1is the spect¥al width of the source (in Hertz).

' ' . 4 A
The resulting signal-to-noise ratio SNR is then given by

S

i

m=<i§>/<i§>‘ . -  _ ’ . .
QR e

4]
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APPENDIX H :
LINEARITY‘MEASUREMENTSFON.PHOTODIOﬁES

An 1ntestigation of nonlineaf;distortion in psi-n and
avalanche photodiodes was conducted by Ozaki ahd'ﬂéra [(157]. The
outputs of three LED's, blased et 100 mA’and aﬁplitude modulated
at frequencies of 1&98f2 kHz, 1503.2 kHé and 6066.5 kHz“at an index
of 735, were combined and received by‘a photodetector. The'non-
linearity present resulteg}Iﬁ'harmonickmixing, with the output
electrical signal being filtered to remove unwanted. products and
then measured with a spectrum analyzer. The nonlinearity contribution
by the associated clrcultry was determined to be negligible. The
distortion due to the "worst" avalanche photodiode was measu:ed'%t

.a blas of 155V, which corresponded to a gain of 18.8 dB at an
incidept optlcal power level of -25.2 dBm. These resuits are

presented in Fig, H.1.

The second-harmonic distertion is seen to be approximately
s
proportional to the square of the fundamental power level., At \

o

-20 dBm, t?e second-harmonic distortion is some 60 dB below the
fundamental. Due to the noise in the system,.third-harmonic’
distortion could only be measured at higher input power levels. This
thifd,harmohic‘distortion 1s expected to be‘preportional to the

cube of the fundamental poﬁer-level BjéL Extrapolation indicetee

a third-harmonic distortion of 118 dB below the fundamental at an
average’ incident optical power of -20 dBm.

Results with another avalanche photodiode yielded second-
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barmonic distortion 67 dB below the fundamental at &n average

incident optical power of -20 dbw, Third-harmonic distortion was °
below the quantumﬁ?oise level and was tot observable belo; an’
‘incident"power level of -10 dBm.* A-p-i-n photodiode biased at 5 V R
resulted in second-harmonic.gdstortion of 64 dB below the fundamental

power level of -10 dBm. At bilas voli-ges higher than 10 Vv, the

second-harmonic distortion lév%} was below quantum noise lgvel
aﬂd could not be measured. - ( |
Videband analog traﬁsmission systems have been
to date with very low distortion. quentesiA and Szanto [96] have
reported a video transmission system capable of studio quality
(S/N of 56 dB and differential gain of 0.3 dB) with a total second-
harmonic distortion of ~40-dB. The most nonlinear element in the

system was the LED, which was allowed a second-harmonic distortion

-of -30 dB. The p—i—n photodiode had excellent linearity, contributing

distortion more than ?0 dB below the fundamental. The third-
harmonic eomponent was 15 - 25 dB below the second. Another analog
system with a bandwidth of 0 - 15 MHz was described by Szanto and
Taylor @5&]. This syst?m.also used a p~-i-n photodiode with second-.
hammoﬁic distdrtion”more than- 70 dB below the fundamental: In this
aystem, the<1ED was again the most nonlinear element, with typical

second-harmonic distortion 50 -~ 55 dB below the fundamental.
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Fig. H,1 Nonlineaxs distortion as a function of incident power (After
Ozeki and Hara [157]).



APPENDIX I

DIRECT COUPLING OF LED'S TO STEP-INDEX FIBERS

Yang andvxinésley [98] examined ‘the case of c;upling an LED
to a step-index fiber. The model they used is shown in Fig. I.1. A
source s of radius T is displaced a distance L from the end of a
fiber with core of radius a and acceptance angle of Gé.

When the distance between the source and fiber is less than
a cot Gc, the amount of radiation Ic coupled into’ the fiber from

an eleqental source area ds 1is
I, =AQads (1.1)

whére /A 1is the source radiance

f}a is the effective acceptance solid angle of any point
on the end of the fiber and which is given by

Q- nnrsinz(ec/z) - | . (1.2)

With the geometry of Fig. I.1, it is shown [ 98 ] that the
maximum light power coupled into the fiber from a source at a

distance L <a cot Gc'is given approximately by .

I, = U573/¥na2 for r_ > 2a
max

= hUlbnzazsinZ(BC/Z) . | - _ - (1.3)

where U 1is the transmission coeffient.
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Increasing the source-fiber separation greater than'L = a cot ec,'
and maintaining T > 2a, will increase the effective source area, but
also diminishlﬁﬂe effective solid angle such that the coupled power

does not exceed Ic + For T 2 2a, the coupled power is dependent on
max '

the radiance A which is invariant for an‘object and its image under
ény~passive imaging system (e.g. a lens)[ 98 ].

The coupling efficiency is defined [98:]as

I .
M ¢ = Total radiant power (T.4a)
- RAN
or N = m : ' (1.41b)

For r_ <a and with the source-fiber separation being
L< (a-r_ )cot ©_, al} the rays emitted by the source within the

: ' o
acceptance angle of the fiber strike the fiber core. In this case,

the coupling efficiency has been deteig;néa [158] to be

N = sinzedAb Eiéé— (1.5)
This equation is also readily determined from egs. (I.B)‘and_(I.b) for
small acceptance ang}es. A plot of coupling efficiency as a function
of ngmerical aperture for the case of the refractive Index n, as unity
is presented in Fig. I.2. This figure shows theiimportance of
increasing numerical ape;ture in increasing coupling efficiency.
For source-fiber separation L > (a-rs)cot 8., not all of the

rays emitted by the source within the acceptance angle of the fiber
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Fig. I.1 1ED/fiber coupling configuration (After Yang and Kingéley [98],
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Fig. I. 2 Percent coupling efficiency as a function of fiber numerical
aperture (After Johnson and Kawasaki [1587).



.

strike the fiber core. In this case, the coupling efficiency has
been determined by Kawasaki and Johnson [158] to be a complicated
function of source and fiber co-é;&inates and the acceptance anéle.
This functlon was evaluated numérically (1587 for two situations,
which are shown in Fig, I.3 and I.4. These figures tend to summarize
the previous discussion and show that théwbest efficiency is obtained
for avsource-fiber separation of L < (a-rs)cot ec for T <a,

To illustrate the s;gnificance of the coupling problem, we
consider a high-radiance, surface~emitting LED butted directly
against a step-index fiber. The LED‘is assumed to haveba radiance
A= 30 W/sr.cm2 with emission into air (n = 1.0), However, since
the LED material has a refractive index of 3. 5 and is butted agalinst
the fiber, the numerical aperture of the fiber is reduced from its
value in air by n ' from eq. (2.6). As the coupling efficiency is
- proportional to the square of the nuﬁerical aperture fromféq. (1.3),
the effective brightness must be increased by n2 to compensate for
this effect [98 ], Thus,A= 370 W/sr.cn®. The fiber refractive .
indices are considered to be such that n, + n, = 3.0, n, - n2 = 0.0065
and the core diameter is 50 pm. '

The acceptance half angle Oc is readily determined from the
relationships between n, and n, and by the use of eq. (2.6) for the
numerical aperture. »Thé’numerical aperture is found to be 0,1k and
the acceptance half angle for a direct butt (n_ = 3.5) 15 2.29".

} Substitu;ing into eq. (I.3), the maximum coupled power is
I = UAnzuazsinz(ec/z)

c :
max
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Fig. I.3h Percent coupling efficiency as a function of the ratio of
the IED/fiber separation to LED radius for fibers of numerical
aperture N.A. = 0,1, 0.2 and 0.3. The LED and fiber core are the

same size (After Johnson and Kawasaki [158]).
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Fig. I.4 Percent coupling efficiency as a function of the ratio of

the LED/fiber separation to IED radius for different ratios of LED

to fiber-core radii. The fiber has a numerical aperture N.A. = 0.1
(After Johnson and Kawasaki [158]). ' )
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= 1(370)7%(50 x 107*)Zs1n2(1; 145)

&

=36Pw

qu a source area eguai to that of the fibér, the maximum coupling
efficiency from eq. (I.4) is about 1%, or the coupling lésks‘is 20 4B,

A lens or other optica;l system cannot be 'used to couple ‘more
energy into an optiqal fiber if fs >Q2a’since, as shown in eq. I.3,
IC deﬁends only on the radiance A, xhich is invariant for the object
and its ‘image under .the use of any pa.ssive imaging system [98] In
the region of Ty < 2a, an optical system can be utilized to 1ncrea.se
the coupling efficlency. _ | _ ' ' -

Yang and Kingsley [98] considered a coupling situation
represented bby Fig. I.5 in whi'ch a lens of radius a is placed between
the source and the fiber at a diitance from the source equal to the'
focal lengthfP' Radiation from points on the source displaced from
the fiber/lens axis a distance y 1mpinges on the end of the fiber

a.t an a.ngle GL y/r‘ Since this radiation propagates into the

. fiber only if 8, <6, where 8, is given by eq. (2.6) with n, 1, the

effective source ra.dius isTtan 6 . Since the effective jsolid‘a.ngle is

that subtended by the lens,

= 2n(1 - Ic‘:os 6,) | Q

- \

. - i .. ' E“ k'
2 1/2 . . i :
zw[i <r2 + ?‘2) J ' - { (2.6) |



the power coupled into the fiber is

1Ic = 21 J\Uﬂ"tan 8 )

o2

Ztan 9 ' :
ST e TR
Cnex s1n2e /2 r° +a

The total radiated power is given by [98]

“ Iy=2fA(tane)? | (1.8)

so the power coupled into the fiber is given by

I = It[i ~<F§—C—a2> 1/2]_ | (1.9) ‘

Using the parameters of the previous example, ie: 6, =8,

il

A =130 H/sr.cmz, U=1and with T = 2a ‘50 pm, the coupled power

is found to be 31 pW. The total radiated power, from eq. (1.8) is

a9

\&924pﬁ resulting in a coupiing loss of 9 7 dB

.The lens has thus increased the coupling efficiency 10 times,
but the coupled power is about 15% less since the effective source
radius is now only Itan 80/2. In pfinciple,‘the coupling efficiency
can be incrccéed to '100% with an ideal optical arrangement when the
source is very small, but the poﬁer couﬁled into the fiber can never
- exceed I in eq. (I.3). Imaging optics permit one to reduce the
~ junction :iza and increase'the.over;ali efficlency, but the coﬁpled

* power increases only if the source radiance increases as a consequence

of the reduction iin junction area,
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It is of pfactical interest to determine the value o% focal
length required to optimize the coupling efficiency. From eq. (I.9),"
it is seen that the_éoupling efficiency is maximized when (Tzfrz +.az)1/?l
is minimized. We know, from eq. (I.6) that 1light rays will p;bpagate

only for acceptance angles,

Therefore, : S ‘ .

_or T'z ZT"?'cos2 o, + a.z.cos2 Gc‘

a%.cos? éc 1/2

..O r’ =
min i- cos2 e
A c
_ a.cos Gc .
sin 6
c
- or T‘min = a cot 8, : : s (1.10)

§

The couplingrof light‘from stripe-geoﬁetry sources:has also.
"been eéxamined by Yang and Kingsley [98].v The configuration they
considered is shown in Fig. I.6. An IED whose junction plane is
confined within the reglon between x = ztan Gc + a and x = ztan Oc Ja
is butted against an optical fiber of‘coré diameter 2a. Assuming that -
“ the juncfion.is rectg;gular yith'lenéth Lj’ the light power cbupled into

the fiber, for L <a cot 8, is found to be [ 98]
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Fig. I 5 1ED/fiber coupling configuration using’ a lens (After Yang
and Kingsley [98]).
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Fig. I 6 Coupling configura.tion using a stripe-geometry LED butted
against an optical fiber (After Ya.ng and Kingsley [98 .
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I, = 8.64ALUa(l - cos 8 ) - (1.11)

<@

and for L, = a.cot.é ,
J ) c

I, = 8.64 AUa“cos Gcta.n 60/2: ' - (I.12)

Using the parameters from the previous example, ie: A=

2

370 W/st.cn®, U =1, a = 25 um, 6_ = 2.28° and with L, = acos @,

the coupled ‘povwer, from eq. (I 12\) is 0,4 mH.
By increasing the junction length, the power coupled into

% .
the fiber c increased. In the 1limit of Lj >> 2a, the additional
power coupled is given by [98:] : ; : A : o

- 6Ic - I-MYAUa.zta.n GC/Z ! (I. 13) '
K4 '

Equations (I.11) and (I.13) 'indicate tna.t a very long stripe junction
LED can couple up @times (114.. d.B) the power into a fiber in a
copla.na.r geometry (Fig. I1.6) than can be coupled 4n the normal

- geometry (Fig. I. 1)[ 98] For the pa.ra.meters previously used, the
launched pPower approaches 1 mW. However, due to power d.issipa.tion
"'a.nd interna.l abeorption effects, an LED Junction much longer tha.n
a~cot 8, = 630 Jm is probe.bly impra.ctica.l [98]. )

As with the normal geometry, the coupling efficiency can be
increased in the coplanar geometry by using a lens or mirror to
couple - the ra.dia.tion from the ‘LED into the fiber, but with some
decfea.se in the naximum power that can be coupled. Yang and Kingsley

[98] examined the case -of the coplanar geometry using a° lens as

shown in Fig. I.7.’
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Fig. I. 7 Coupling configuration using a.stripe- ometry 1ED and a lens
_ (After Yang and Kingsley.[ 98 ]) ) . ,
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The pa.ra.meters of interest are ‘the maximum length and width
of the junction. F‘rom Fig. I.7, it can be determined that points on

the LED closer to the lens thanT"/ { 1+ [(Fta.n 8 ) /a:]} cannot utilize

the full a.per‘ture of the lens., This distance is th?n a.ssumed to be

T
the sepa.ration of . the lens and the IED. The optimum IED junction

&

1eﬁgth 'is then [ 98]

L

2nPtan 8 /[ frtan 8 \2 .
- 1 {——2= (T.14) ™
a a’ ' : \\
in the direction of the fiber axis, where n, is the refractive index
of the LED material,
In the focal plane, points further from the axis than Mtan ©
cannot be coupled into the fiber. Consequently, the junction width

is assumed to-be 2Ttan 6,. Tie junction area is then

wm Ttaz'9_\ 2
A ='—7— tanl 8_ 1ol —— | | © (1.15)
The effective solid angle subtended by the lens is glven
approximately by .QL::A‘rr(az/rz ) for points on the axis near the focal
point. For points near the'extremes of the junctidln,‘ the efféctive |
solid angle is reduced by ~2 times so an estimate of the effective
“solid angle is [98]
- ‘ 2.
AUnO atan®'9 -
To = 3w _ 02 _ : » (1.16) .
{1 - [(rtan 8 )/aT?} | ’ | &
Using the pa.ra.mete{:s from the previoﬁs e}ia.mpies, A= 30 W/sr.cmza,; ' -

= 3,5 T =22 = 50 un, = 8, ‘eq. (I.16) yields a coupled
power of 0,26 mH. ‘This compa.res with 0.4 mW coupled without focusing .

1
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APPENDIX J .
DIRECT COUPLING OF LED'S TO PARABOLIC-INDEX FTRERS

'D. Marcuse [97 ] has examined the case of coupling light from

/
.an IED into a fiber having a parabolic index of refraction profile.

He considered the coupling dependency on source-to-fiber separation,
transverse displacement of the source and the use of matching lenses.
The geometry of the source exciting a fiber core’is illustrated in
Fig. J.d. | |

For the case of an LED having the same diameter as the fiber "

core, the dependency of coupled power on source-to—fiber separation
5

was determined [97 J. A plot for various values of relative index ‘

difference 2@ is presented in Fig. J.2. This plot indicates that
the coupled power is relatively insensitive to source-fiber separatidn
and particularly for smaller values of A , |

. The dependence-of the coupled Dower on the amount of relative

offset d/a for a source whose radius equals the fiber radius, and

which is located at three different distances from the fiber end, is

. shown in Fig. J.3. This plot reyeals that the relative tolerance to

source offsetslggcomes more 1iberal as the distance between the source
and the fiber end is increased. ] o

| Assuming the use of Burrégrtype, surface-emitting IED's,
whose brightness is roughly inversely proportional to their radius,

Marcuse (97 ] determined the optimum source/fiber areas. He found that

- the relationship between . coupled power and source/fiber area is as’

\

shown in Fig. J.4. Thig figure indicates that the maximum coupied

0
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power occurs at a source-c- - radius raﬁio of r/a,= 0.8. It also
indicé%es that a source roughly one—hggf the radius ofvthe core will
couplejapproximately the same amount of power as will a source whose
radius 1s equal to that of the core,
Marcuse [97] further examined the amount.of coupled power as 9
a function of electrical drive power into the 1ED. This relationship
is shown in Fig. &.5 and 1s based on the use of high ﬁrightness LED's
with small radil Gﬁ 50‘pm2 whose power consumption is virtually a
linear function of ﬁpe radius. The maximum of the fiber excitation
efficiency is seen to occur at r/a = 0.2, ie- at small source radii.

A good compromise between the maximum achievable total power
and the desire to obtain good excitation efficiency relative to the
power input to the £ED may be to operate witn a diode whose nadius
is approximately one-half of the fiber core radius. For this case of
r/a = 0.5, we»would 1ose 17 percent of the optimum operating power
"efficiency and work 19 percent below the  maximum achievabie injecfed
power, -

Fig. J.5 also éhows the case of couplinéi%he power from
a small source IED into a fiber via a matching lens. - The matching lens
transforms 'the small source into an image the size of the fiber core. .
The loss in source,hrightness, caused by the magnification of its
image is compensated for by the fact that many ‘of the rays that left
'the diode at angles too large to be trapped when the source was in
direct contact with the fiber, ‘are now transformed to smaller angles
so that a wider cone of light ieaving the source is‘able to be eccepted'
by fhe fiber. Use of a matching lens allows us to inject the same

amount of power from a small LED that would be avallable from a large
{

~



Source of equal brightness in direct contact with the fiber.
However, because the achlevable rightness increases with the
decreasing radius of an LED, more power can be obtained from a small
IED whose light is focused into the fiber with a lens. Use. of a

matching lens also increases the overall efficlency of operation as

shown by the dotted line of Fig. J.5.

Pl
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Fig. J.1 Geometry of a source’ exciting a fiber core (After Marcuse [97 ])
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Fig. J.2 Normalized total power Py inJected into a parabolic-index
- fiber as a function of the distance L between source and fiber (After

Marcuse [ 97

Normalized power

Fig. J.3 Normalized total power Py injected into a parabolic-index
fiber as a function of the transverse source displacement 4 for
several values of the distance L of the source from the fiber and for
A=0, 01 (After Ma.rcuse [97 :I) ,
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Fig. J.4b Total power injected into the fiber with a high-trightness,

Burrus-type IED as a function of normalized source radius, r (Aftpr
Marcuse [ 97 ]).c ’

4.0 X T T ‘\ T T ¥ _
\
. _ \
3.2 t \\with lens .
\
o A
: N S
:: 24 r without lens \\
9 \
E 1-6 - N e
, . N
(=} / \\
= -
0.8 | . )
B 0 L 1 L A

Fig. J.5 Normalized ratio of total power Py injected into the fiber
relative to the electrical drive power of the dlode as a function of 5
the normalized source radius. The solid curve applies for an 1ED in
direct contact with the fiber; the dotted curve describes operation
with a matching lens (After Marcuse [ 97 ). "
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\  APPENDIX K
GRATING COUPLERS - THEORY AND PRACTICE

Grating‘coupleré h#ve been analyzed in detall by Harris ét al
(159] and Dalgoutte and Wilkinson [ 160] but the following simplified
discussion will be taken from Tien (101] and Dakss et al [161].

‘A laser beam incldent on the phase gr;ting at an apgle ¢i

has a phase variation in the x«direction given by

< exp gi(Zw/ A )(sin g 1)‘x}
where 'X is the vacuum 1aser wavelength.‘ As the beam passes through.

the grating, it undergoes a phase retardation, or spatial phase

modulation
= stn(2mx/g)

where =. is the amplitude of the spatial phase modulation caused by
the grating and is sometimes called the phase depth of the grating
(which 1s assuned for. convenience here to be sinusoidal) and g 1is the

peﬁiodicity of the grating. A”pélafization wave varylng as '

fil= stn(era/s) + (2n/ ) ) (ot0 )]
is thus.esfablished on the surfaceiof the film. This polarization
- wave dén be treated as a superposition of many Fourler components

- with individual phase variations

. 310 ; o - B
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exp{itmm/g)x + (2n/A )(stn @x]} |

where m 1s any integer. If one of these components is phase-matched

to a wavegulde mode of the form

f
xp{i(zn/x.g)‘x}.'

where A is the wavelength of the guided wave, the light beam is
exclusively coupled to this mode and the light energy is fed into

the film.’ This condition implies

m A 2 | | .
‘. c/Vp=sin¢i.+ go ' A (k. 1)

where :Vp is the phase velocity of thevguided-ﬁave B
c 1s the veloecity of 1light in vacuum and

AO is the wavelength in free space.

Harris et al [15] and Dalgoutte and Wilkinson [160] have.
performed comprehensive analyses on grating couplers and have
determinedra number of relationships which can be used to design
optimal couplers. While this material is beyond the scope of this '
thesis, in essence it is implied’that thin grating couplers can have
| efficiencies equalling that of prism-waveguide couplers when used in
appropriate geometrical configurations. For efficiencies of up to
’about 50%, the normal grating coupler can be used as shown in ’
Fig. K.1 (a). A suitable choice for grating period is between a half
and one times the eXciting wavelength [160] For efficiencies greater

than 40- 50%, it is necessary to restrict the number of diffracted

Co
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beams to one. ThisAcan be done by using a short period grating so

there is only one diffraction order [160] (iez only one output beam

from the coupler) This, however, requires coupling from the substrate
) in,the reverse directlion as shown in Fig. K.1'(b), ie: by the use of

a reverse couplen. . |

Dalgoutte [162] has indicated that the effect of the grating

of period g is to subtract an equivalent wave vector ke = 2n/g from

the propagation constent k*‘of the guided wave to give the‘component

along the propagation direction of the wave vector of the radiated

beam(s). Only one radiated'beam will exist whe “e :ollowing condition

is satisfied:
' . ko + : .
/fﬁ - . kw + ka < ke < kw ks : : ( ?)

where k, = 2n7'Xaﬁ the wavenumber in the superstrate (air)

[

-~ ké = Zn/{Xs, the wavenumber in the substrate

Somelreguirementsvfor a good andbefficient coupler are [163]
1. Use lossless and scatterfree materials.
.2, Suppress unwanted grating orders. o
3. Provide for suff!tiently deep spatial modulation of
the optica.l prhase shift to. a.chieve strong coupling a.nd the associated
ishort coupling 1engths. Point 1 restricts BS to phase or dielectric
grating. Point 2 can be satisfied in two ways: The first is to use
a thick grating and light incident near the Bragg angle, Then Bragé
effects will suppress all but one diffraction order. This is a
| "Bragg coupler".‘ The second possibility is to use a grating with a ../

very large number of lines (short grating period). As mentioned above,



this will allow only one diffraction order to propagate, but will

require a "reverse coupler", Point 3 is easier to satisfy with a

Bragg coupler, where the phase shift accumulates throughout the-

thickness of the grating. A problem with using a Bragg coupler,
however, is that is requires relatively soft, unstable materials [113].
Gratings’are'generallj produced- on the sirface of a waveguide

by applylng a photoresist which is exposed to a laser Mterferometer

- pattern and then suitably developed. It has been determined [160]

that the cholce of photoresist is important. The refractive index
should be close to that of the waveguide film and the thickness of the

resist should be as small as is consistent with. obtaining sufficient

depth of modu}ation. Scattering losses at the edges of input and output

gratings can be reduced by using thinner resist and also by tapering

the resist. A tapered resist///n,increase the th;%retical input

T

~

_ coupling efficlency to nearly 100% [160]. Just as with a prism-film

M‘coupler; the leading edge of the light beam must coincide with the edge

of the grating for maximum coupling efficiency [105]. i

- ——— m—— . —— — —

Dakss et al [161] coupled a 0. 6328}mm laser beam
(2 mm diameter) through a grating with periodicity g = 0.665 ym into a
glass film waveguide (thickness 0.76 pm and refractive index 1. 73)
that was r.f. sputtered onto a glass substrate (refractive index 1.515).
TE and ™ modes could be selectively excited by choosing the correct,
beam polarization. They determined a coupiing efficiency oi}about LO%.

Ostrowsky and Jacques [163] coupled a 0. 6328)mm laser beam

through a grating with periodicity 0. 66‘pm and depth 0 06)mm 4nto

314
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a film of thickness 0.62 ym and refractive index 1.618 which was S/
y

formed on top of a glass substrate with refractive index 1.512. //'
According to eq. (K. 1) the theoretical coupling angle was determined
to be 38° hO' Experimentally, they found maximum coupling occurred at
an angle of 37°57' providing good agreement betweBn“theory and practice.
The coupling efficliency was determined to be approximately 50%.

Boivin [113] utilized a grating with a periciicity of 0.57 m
to coﬁ%lela 0.6328,pm laser beam with an input dlameter of 0.5 mm into
'a thin film of tMickness 2 um and refractive index 1,62 which was
deposited on a glass substrate with refractivevindex 1.46.0 Coupling--
"efficiencyvfor this grating was found to be about 40%.

Kogelnik and‘Soenowski [164] constructed Bragg couplers
lusing a grating of dichromated gelatin about u‘pm in thickness on
_eputtered glass film about 0 3‘pm thick and with a refractive index
of 1.62. The couplers were designed‘!or light at wavelength 0. 6328/pm
and the gratings had a periodicity of about g = 0 25)nn The best
-results were obtained when the light was incident from the substrate
side. This configuration resulted in a coupling efficlency of 71%.

| Dalgoutte [162] used a reverse coupler with a 0, 68‘pm thick
glaes film with refractive 4index 1, 571 sputtered onto a glass substrate
) with refractive index_1.513. For thesefilms,grating periods between
0,205 and 0,246 m are required in order to satisfy eq. '(.K,.z). -
lgrating period used eas 0.222‘pm'and a 0,6328 ym laser beam witn

input diameter of 75‘pm was uegd,u The efficiency obtained was 70.5%.

)
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APPENDIX L
" TRANSMISSION LINE‘LENGTHS FOR A 2l CHANNEL SYSTEM

A 24 channel, multipléxed'system would prob#bly utilize
antenna groupings such as A (8 x 3) or B (4 x 6), from Fig. 6.2,
for the north-south subarray and E (4 x 6) for the east-west subarray.
The following calculations are made on this basis,

-

Primary Feeder Lengths

s

. With grouping A, the cen+ra1 transmitting locations

- (CTL's) are located along the cener of the north-south subarray as
shown in Fig. 6.2. Since this grouping is 3 dipoles deep, and the
total number of diﬁoles is 200 nq;th-south, there will be 67 CTL's. The
'CTL furthest from the observatory is located one row down from the end
of the subarray;vor about 2415 meters distant (2427 - 12.2). The
length of transmission line required to return the signals from all 67

CTL's is then o A

67 x 215 = 80,9 Im
With grouping B, there will be two rows of' CTL's running
the length of the gorth-southzsubarray, each a distance of 30.4 meters

from the centerline, Since this grouping is 6 dipoles deep, there
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“will be 34 CTL's in each of these two. rows. The length of transmission
line required to bring the signals from the CTL's to the centerline

will be

’

30,4 x 2 x 34 = 2067.2 meters

The furthest CTL from the observatory is located three and one-half
rows down from the egg of the subarray or at a distance of about
2397 meters (2427 - 30.5). " The total length of transmission line
required to return the signals from all CTL's to the observatory then

will be

2067.2 +(2 x 3 x 3%21) = 83.6 kn

The overlap region is 8 dipoles wide, so there are
320 - 8 = 312/2 = 156 dipoles in the longitudinal direction on both
sides-of this region. For a 24 channel system, this corresponds to

156/6 = 26 central transmitting locations on each side, The furthermost = .

EEN

S

. CTL from the observatory will be located 2#27 - us 6 = 2382 meters
N

distant. The approximate lengith of transmission line required. to.

" return the signals from all CTL's in the east-west subarray is

A

st
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The total length of primary feeder transmission line required

for a 24 channel minimum-length system is then about:

80.9 + 61.9 = 42,8 km (for groupii\xgs A and E)
83.6 + 61,9 = 145;5 km (for groupings B and E)

To determine the lengths of transmission line required for
an equal-length system, the distance from the observatory to the
furthest CTL must be determined and multiplied by thek total number
of CTL's in the array. For antenna grouping A and E, this distance

1is 2415 meters 'so the total quantity w11l be

- (2415)67 + (2415)26(2) = 287.4 knm.

d

For antenna groupings B and E, the longest distance is 2397 + 30.4

" == 2428 meters. In this case the total quantity required is

i

(2428)34(2) + (2428)26(2) = 2914 im, .

b \/ |

Branch feeders are required /to convey the signals from

Branch Feeders

. each ith antenna grouping A as {

shown low, the lengt.h of transmi i 1ine per grouping is-

calculdted directly.
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~ Since there are 200 dipoles north-south, there will be 66 groups of

Lh L—? 6m
22, 8m -+
38n —

53.2m

’+ x (3-2 + 12.2 + 53-2) o=
b x (3.2 +12,2 +38) =

b x (3.2 + 12,2 + 22.8) =
b x (3.2 + 12,2 +7.6) =
"2 x (3.2 + 53.2)

1

2 x (3.2 +38)
2 x' (3.2 +22.8) =

]

® - CTL

27k.4
213.6
152.8
92
112,8
824
52
s

1001,6 meters

319

24 cha.nnels and 1 group of 16 ch&els. The length of tra.nsmission

line for this last group is calculated below: -

e
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b x (3.2 + 6.1 +853,2) = 250
bx (3.2 + 6.1 +38) = 189,2
bx (3.2 + 6.1 +22.8) = 128.4
b x (3.2+6.1+7,6) = 67.6
' ' 635.2 meters
Antenna grouping B for'the east-ues%ysubarray has transmission

line lengths determined as follows:

®3
i
!
18.3m;1:

A L x (3.2 + 18.3 + 38) =238 | '
bx (3.2 +6.1+38)  =189.2
b x (3.2 + 18,3 + 22.8) -177.2
4 x (3.2 + 6.1+ 22, 8) = 1284 -
4x(32+183+76) =116.u,' .
4 x (—3.2«{6.1 +7.,6) = _67.6 -
| 916.8‘metérs

‘Since there are 156 dipoles east-west on either side of the overlap

region, there are an integral number (26) of antenna groupings.. '
, N



kg

If ‘antenna grouping B is used for the north-south subarray,
the length of transmission line reqﬁired (per group) is as follows:

-

5m
- e

' Lz -»l 7.6m 3
. 2.6m -+ .

4 x (3.2 + 3'0.5,+ 22.8) = 226

b x (3.2 +18.3 + 22.8) - 177.2 |

b x (3.2 + 6.1 +22,8) = 128.4
B x(3.2+30,5+7.6) = 165.2

b ox (3.2 + 18.3 + 7.6) = 1164

bx (3.2°+ 6.1 +7.6) ="67.6

o ‘ - 880.8 meters

With 200 dipoles‘ncrth-south, there will be tﬁd columns of 33 |’

antenna groupings, each grouping containing 24 dipoles, and two |

| residualkgroupings of 8 diioles. The length of transmission line in

A

each of these two groupings is determined next.

1
T ‘ ® —
6.1m . o

321
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b’&e bx (3.2 + 7.6 + 6.1) = 67.6
4x(32+228+61)=-128u

196 0 meters

The total lengths of tranch-feeder transmission line for

a minimum-length system 1s then:

,\‘

66(1001.6) + 635.2 + 26(916.8)2 = 1144 km  (fof groupings
. o A and E)

/ 33(880 8)2 + 2(196 0) + 26(916 8)2 = 106 2 km (for groupings
B and E)
- For an equal—lengtﬁ transmigsiqn systgm, the 1ong?st hrangh-
feeder run must be determined and multiplied by the total number
of dipoles in the array. For grouping A and E, the total length of
branch-feedii Pransmission }ine then, is: | '

\ ' : ' L —

(3.2 + 12,2 +.53.2)[(2LL x 66) + 16 + (24 x 26 x 2)] = 195.4 km

L4

/

Similarly, for grouping B and E, the total length is:

(3.2 + 15.3 + 38)6(214- x 33 xz) + 8(2) + (24 x 26 x 2')]
w.. - -> = 169,5 km »\

<3



APPENDIX M

'WAVELENGTH-DIVISION MULTIPLEXER DESIGN

In section 6.4 it wae.established Fhat four optical signals
was a reasonable number for wavelength-division muléiplexing. Assuming
the use of a prism—filh ceupler to accomplish tﬁe multiplexing and
demultiplexiné; we must now examine  the feasibility of a'practical

design.,
To be consistent with the development of section 5.2, a film

‘waveguide ‘thickness of 0. 1/pm will be assumed. The index of

refraction used will be- 2.35 which is'phe average of 2.3 @ O.532/pm.
and 2.4 @ 1.064)um wavelengths for ZnS. Since the air gap is typically

A/B to A/l& in thickness, an a.rbitra.ry -\;alue of 0,125 ym will be

chosen. For ease of phjsical placement of the feeder/imaging optics

assemblies, a maximum angular separation of the beams is desired.
From Figs. 5.5 & 5.6, the prism angle GP and refractive index n, can

be selected for a limited range of anglee'for wavelengths between
0.532‘and 1.06b‘pm.‘181nce 45° is common for a prism; this value will
be used for the angle 6 .' An arbltrary yglue of 2.5 will be selected
as the refractive index of the»prism. These two valuesvresult in |
an angular spread of about 30 from 0. 532‘pm to 1. 064‘pm The angle
in the wavegulide for any specific wavelength can be determined from

Fig. 5.#. The choice of wavelengths will depend on the nature of

‘the sources (DED or laser) and their spectral width as well as the

L4

spectral attenuation characteristics of the optical fiber transmission

feeders. Fig. 2.16 indicates that a fiber with 4 dB/km attenuation

323 ) | | L

.



324
at 1.06).1m may have 10 dB/km at 0.6 pm, with a relatively high
attenuation region near 0.95 Jm. SIf we assume that the loss at the
Shorte;: wéveiength can be aééepfé.ﬁle a.nd if ﬁe -é.VC‘)i(i the i'egion from
0.9 to 1.0 pm, we have available a bandwidth from about 06 to 0.9 L.
and 1.0 to 1.1 Jm and higher. If we further assume that thé sources
will be LED's, their wide spectral widths pose a problem; if lasers
are used, there j.s no problem, As a worsf;case example, LED's will be
éonsidered here." / |

| IED"S typically have a 40 nm épectrgl width between half-
poﬁer points, as indicated. in se'ctioﬁ 3.2.4. PIr:espectiw,;e of currex}.-t -
device avallability, the wavelengths will be chosen to__ glve a
‘reasonably wide angular discrimination. The advantage of doing this
will soon be" made a.pp“a.rent. The wavelengths considered will be \
0.70, 0,78, 0.86 a.nd 1.06 jm. From Fig. 5.4; the angles \ﬂ\n'/ the film
are 50°, 48,1°, 46,7° and 44,2°, Ir.espectively. Using eq.(5.6), the
respective '_ang]tes'in the prism ,dp are found to be- |
~ ) . i .. b ‘. o ' QJ
. p‘P = sinfi[é sin ng = 'sin-i[g—:%i sin ¢f], . .
= 46,1° pfor¢f=50°"
- I, 4" for g, = 48.1°
>

=43.2°,  for g, = 46.7°

= Ll»i.2° - for p’f = 4h, 5 E



Substituting these values into eqs.(5.5) and (5.6) ylelds the

angle of incidence ¢i into the prism relative to the normal.

®
| ad
0

-1 ) -1 :
sin [npsin.¢i] sin [npsin(¢p - QP)J

sin-1E2.5sin(¢§ - 45)]

=2.75°  ‘for g, = 36.1°
= -1.5°  for g, = il
= 4,5° " for g, = 43,2°

= 9,5° for p’P = 41‘.20 » : /l
@
: An examination of these numbers reveals an incident angle
»separation of &4, 25 3 ”and 5° betueen the beams at 0.70, 0.78, 0.86
and 1.06‘pm wavelengths, respectivoly. This not much saparation. It
is apparent that selecting wavelengths closer.togethor, as could he

' the case with lasers, would severly compound the fabrication problem.

o This would be a loglcal application for integrated optics.

The following design calculations will be based on tho model
shonn in Fig. 7.3(b). The compound lens comprised of a primary and
a secondary lens is'considered'to be 1 cm»in-diameter. This should
bn. be sufficientiy-large for case'of fabrication‘andvmaninulation, yet
small enough to keep ﬁhe physicalvconfiguration.tO‘a reasonaole éice;
V A-fioer with nunerical.aperture 0.14 (Gccz 8‘)-wiil be assumed for‘

the secondary transmission feeder. If the end of this fiber is

325
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positioned 3.5 cm fmom the primary lens, trigonometry indicates that
some 97% of the lens diameter will be ﬁsea for 1ight.transmission
since the cone of illumination will cover this much of the lens. - This
suggests that the primary lens should have a focal length of 3.5 cm.

If we now consider.the section from the secondary lens to
point O, additional parameters can be determplned. Table 5.5 indicated
that a beam width of 2° should not result in a noticeable decrease in
coupling efficiency. ThisAfigure'wili be used in the @esign. For a
focused beam with 1° conmergence from the anis and a lens diameter '
of 1 cm, trigonometry indicates that the separation of the secondary
lens and the focal point 0 would be 0. 5/tan 1% 28, 6 cm.

The narrowest separation was 3° between input beams at 0,78 and
0.86‘pm wavelengthe. A 1‘cm diameterllens would have to be a distance )
of at least 1/tan 3° or 20 cm from point 0 to be situated in direct
proximity to the adjacent lenses, Since efficlent. coupling requires
a distance of'abo&t 30 cm, lens placement should not be a problem.-

It will be assumed that the focal lengths of the secondary

lens will be such that the light incoming from the fiber as shown in
Fig. 7.3(b) will“be focused at point’ o, which_ will be at lea.st 30 cm
from_ihe lens. ”
S s

Ve
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