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Abstract-The key  components of long  wavelength monomode sys- 
tems to operate in  the 1300 and 1550 nm windows  have  been under 
study for some  years to establish the  best combination of operating 
parameters for intercity land  and  undersea  use. Recently,  two  prototype 
systems  have  been  assembled with 37 and 49 km repeater  spacings, op- 
erating at 140 Mbits/s  and  at 1300 and 1500 nm,  respectively. Higher 
bit  rate  systems  are also under study. 

INTRODUCTION 

T HE possibility of very low  attenuation fibers in  the  1300 
and 1550 nm wavelength windows raises the possibility 

of fiber transmission systems operating  with exceptionally 
long repeater spacings in  the  30-100 km range. Such systems 
would lend themselves to application either on  intercity long- 
haul or undersea routes.  In both cases, high bit rate operation 
seems desirable, at  140 Mbits/s or above, so that very stringent 
requirements arise for  the fiber bandwidth.  Consequently, 
we  have linked long wavelength operation  with  monomode 
fiber for some time. This paper attempts to  review the major 
activities under  this program and to highlight its achievements. 
The work falls naturally into a number of largely separate 
activities which come together in  the demonstration of mono- 
mode high bit  rate transmission over a  complete assemblage 
of the subcomponents. We will first review the  component 
activities. 

THE  TRANSMISSION MEDIUM 
The attenuation characteristics of  the recent BTRL fiber 

have been described in detail in an accompanying paper [l] . 
A major theme  of our work has been the  optimum design of a 
monomode fiber for use in either the  1300 or 1550 nm win- 
dows. It is clear that  this is a complex process, involving not 
only  the  optimization  of  the  attenuation  but also the disper- 
sion for  a particular application,  the  spot size for  jointing or 
launching, and  the sensitivity to microbending loss on cabling. 
It is also desirable to  establish a fiber design that is relatively 
insensitive t o  fluctuations  in  manufacturing parameters that 
are difficult to  control if high production yield is to ensue. 

The major results obtained  on  the  fabrication of monomode 
fibers can be summarized as follows. It is now possible to 
achieve on  a  routine basis attenuation  of 0.4 dB/km at  1300 
nm in a fiber having zero  first-order dispersion close to  this 
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Fig. 1. Measured profile for  a monomode fiber  using  the  refracted  near- 
field technique. 

wavelength. It has also been possible to  achieve an  attenua- 
tion of 0.37 dB/km at  1550 nm in  a fiber having the zero 
first-order dispersion shifted to about  1500 nm. Lower attenua- 
tions are possible at this wavelength with  a smaller degree of 
shift of the zero of dispersion. The water peak in  the fiber at 
1400 nm has been reduced to  a height above the baseline of 
2-4 dB/km by very careful materials processing. Fibers of  this 
type can be fabricated in continuous lengths of 15-20km. The 
detailed fabrication of these fibers is  discussed in the associated 
paper [l J and will not  be discussed further  here. Careful 
measurements have been made of all the  key parameters con- 
trolling  their performance and these data have been used to 
model their performance and to  check the existing theories  for 
monomode  propagation. 

One important  feature  of  the fiber from  a propagation point 
of view  is the  index profile. This is obtained,  from  the fiber 
itself,  by  the  refracted ray technique [2] . Such  a  profile is 
shown in Fig. 1. This gives valuable information to the fiber 
maker in establishing the required deposition  conditions. By 
obtaining two  orthogonal profiles across the  entire fiber diam- 
eter, separations of  the core and cladding centers as small as 
0.1 pm can be measured which allows the prediction of splice 
losses. 

Pulses with  a l / e  width of 230 ps produced by an Nd :YAG 
laser operating at  1.32 pm have been used to determine  the 
monochromatic impulse response of our fibers. The spectral 
width of this source is sufficiently small for  material  and wave- 
guide dispersion to be neglected. Fibers of various lengths 
have been studied.  In  a  typical  study,  the  input  and output 
pulsewidths both lay in  the range of 230 +lo ps for  two fibers 
spliced to a  total  length of 27 km. Thus, the monochromatic 
pulse spreading, arising from birefringence or  other  mode 
dispersive effects, was certainly less than  4 ps/km, not a signif- 
icant problem for  current telecommunications applications. 

The availability of low  attenuation  monomode fiber has 
enabled us to establish an efficient fiber Raman source for the 
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Fig. 2. Calculated (circles) and  measured (crosses) showing  group  deIay 
and  dispersion  data. The solid  dispersion  curve is obtained from the 
experimental  group  delay  data. 

1.06-1.7 pm ranga. Using it, spectral group delay measure- 
ments are obtained to which a linearized Sellmeier equation is 
fitted. The dispersion is obtained by differentiation as shown 
in Fig. 2. From the measured profile (Fig. l), theoretical 
values  of dispersion are calculated and presented as circles in 
Fig. 2. For this particular fiber at 1.30  pm, the l / e 2  field 
width is approximately 10 pm-almost half as much again  as 
the core diameter. It is the field width  rather  than core diam- 
eter  that is  signific.ant for fiber splicing. The same theory also 
predicts the  cutoff of the  LPll  mode as 870  nm, while the 
maximum of the mode cutoff peak on  the  total  attenuation 
plot is seen at th; same wavelength. However, the measured 
value  will depend upon other  factors, such as fiber bending 
radius and is not, therefore,  absolute. 

Fibers having significant shifts of minimum dispersion to 
longer wavelength have also been made and their dispersion 
measured and modeled with equally good agreement. This 
is discussed in more detail in a companion paper [ I ]  . The 
additional  attenuxtion associated with  the relatively high 
germania doping levels in these fibers has been identified as 
absorption  rather  than scattering by using a calorimetric ab- 
sorption loss apparatus  [3] . This has the sensitivity to measure 
0.05  dB/km  for  1 W of guided power. The difference between 
the  total and absorption losses gives the  scatter loss. It is worth 
noting that the conventional technique of plotting  attenuation 
on  a ~avelength- .~  scale does not necessarily separate the 
Rayleigh scatter component  from  the  other  attenuation  mech- 
anisms since the  absorption arising from  the germania color 
center [ 1 ] shows a wavelength dependence that is indistinguish- 
able from ~ a v e l e n g t h - ~  over small wavelength ranges. 

An important  parameter in fiber design is the microbending 
loss arising during packaging of the fiber and its dependence 
upon NA. Many approaches to  packaging are possible, ranging 
from  a  tightly  fittlng  extrusion  [4] to  a loose tube approach 
[5]. The latter can only cause extra  attenuation when the 
structure is strained and curved so that  the fiber is tensioned 
against the wall. We have investigated the effect of this strain 
on three  monomode fibers of  varying core diameters and index 
differences. A weli established loose tube coating was  used [SI , 
with  an initial pay-off reel back tension of 60 gm or around 
0.1 percent strair,. By rewinding the fiber from  the  65 mm 
radius take-up  drum to one of 500 mm,  the fiber strain against 
the  tube wall could be increased to about  0.25 percent  strain. 

The results are shown in Table I.  It is apparent  that  two of 

the fibers show no measurable loss increment at 1300 or  1550 
nm after  the packaging process. The third fiber shows little 
added loss at  1300 nm but considerable loss at  1550 nm. This 
loss is further increased as the fiber strain is increased by  the 
rewinding process. The three spectral losses for the primary 
coated,  tubed,  and rewound states are shown in Fig. 3  for this 
third  fiber. 

The fiber core diameters were measured from refracted ray 
profiles [2] and the NA's calculated as in [4]. In general, 
agreement with  the findings of [4] (a tight extrusion process) 
is good, giving confidence that  around 0.2 percent relative in- 
dex difference and  a V-value of about  two represents a fiber 
design limit from  the  point of  view of cabling  loss. 

SPLICING TECHNIQUES AND CONNECTORS FOR 
MONOMODE FIBERS 

The development of a practical and reliable splicing technique 
which can be used in  the field without the need for  remote 
power monitoring is a key issue for monomode systems. Work 
has concentrated on the fusion arc technique which has been 
used with great success for multimode fibers. 

Theoretical studies of  the  spot diameter as a  function of the 
fiber design parameters have been made and compared with  a 
wide range of experimentally measured fibers. Good agreement 
has been  found so that  there is confidence in using such data 
to model fiber joint losses. Independent experimental studies 
have been made of  the  joint losses  using a limited range  of fiber 
designs to test  the  theory. 

Our experience, in common  with that of other workers [ 6 ] ,  
h-as shown that  the surface tension of the  melted silica  glass 
provides a high degree of self-alignment during the splicing 
process. Average splice losses of 0.3 dB are  currently achieved 
for  monomode fibers with 7 pm core diameters (100 pm 
cladding) operating at  1300 nm. The fusion splicing technique 
depends fundamentally for  its success on  the  centrality of the 
fiber core within the cladding and these results were obtained 
using fibers with low concentricity errors. Significantly higher 
losses are obtained for fibers with poorer geometrical control. 
Present indications are that a tolerance of around 0.5 pm 
or less is likely to be required in order to yield splices with 
sufficiently low losses for practical systems. This will be 
an  important target to be achieved in  the fiber production 
environment. 

Low loss splices are likely to  be most  important for inland 
trunk systems where the maximum cable installation length 
will be dictated by operational  and logistical considerations. 
A spacing of around 1 km between splices will be desirable, 
although longer installation lengths could prove to  be practica- 
ble. For submarine systems, spacings of several kilometers 
should be possible and therefore  a smaller number of splices 
will be required for  the equivalent regenerator section. 

Detailed assessment of individual fusion joints has been at- 
tempted  and it is clear that the  actual losses acheved between 
a given  pair of fibers depend upon several factors, including 
the accuracy with which the fiber end is cut perpendicular to  
the fiber axis and  the fiber core/cladding concentricity. How- 
ever, microscopic examination of selected joints shows that 
major distortion  of the guiding core can occur through  the 
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TABLE I 

V-values Loss Increment 
Core LPll A percent  at h at h 

Fiber O/D Diameter  Cutoff NA (Relative) 1.3 pm 1.55 pm 1.3 pm 1.55 pm 

1 125 p 9.1 p 1 . 2 4 ~  0.105 0.26 2.31 1.94 0 0 
2 1OOp 6.3 p 1.15 p 0.135 0.43 2.05 1.14 0 0 
3 100 p 8.5 p 1.05 p 0.095 0.21 1.95 1.64 0.1 dB/km 5 dB/krn 

(at 0.1 percent 
strain) 

1  188  1288  1308 1488 1588 1688 1788 
Wavelength In nn. 

Fig. 3. Attenuation curves  versus  wavelength  for the same  fiber  as  drawn 
and  after  packaging  when  wound on different  diameter drums. 

joint region despite nominally good fiber precision and align- 
ment. This effect is critically dependent  upon the detailed 
design  of the fusion  jointing jig. Reproducible results are best 
achieved  using a fully automated  jointing jig in which both  the 
arc and the fiber positioning are program controlled. 

Work on monomode fiber connectors  has  centered  on the 
use of  bead lens termination of fibers and  kinematic  location 
techniques  in  order to circumvent the need  for ultrahigh pre- 
cision  engineering. The  formation of a bead  lens [7] on  the 
end  of a previously cleaved fiber is performed by placing the 
fiber in  the  proximity  of an electric arc discharge. Surface 
tension forces then cause the fiber material to flow  producing 
a  perfect, spherical flame  polished lens. 

The bead  termination offers several  advantages. 
1) The  bead  acts as an alignment  component  within the ball 

cluster, significantly reducing  the effects of fiber outside di- 
ameter tolerances. 

2) Field expansion at  the bead face produces  a  reduction  in 
lateral offset tolerances  for small  loss penalty (Fig. 4). 

3) Connectors  employing bead termination  lend themselves 
to field assembly without  recourse to  polishing. 

4) Reflections  from  a  bead  termination are significantly 
below that from  a  plane  ended  fiber. 

The  triple ball connector  has  been initially used with  the fiber 
bead termination  technique [8]. A prototype  connector (Fig. 
5) has  been developed which gives a stable loss of about 2 dB 
with  a  standard  deviation  of  approximately 0.2 dB. Although 
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Fig. 4. Comparison of lateral offset tolerances  for  bead  and  plane  ended 
monomode fibers. 

relatively high loss, the  connector has advantages of field 
assembly and  potential low cost.  The intrinsic loss, which is 
around 1.5 dB,  occurs  because the mechanical  separation  of 
the bead lenses, when nestled  within the ball clusters, does not 
coincide  with the  optimum optical separation  for practical 
monomode fibers. 

Other  connectors  employing  kinematic  location  techniques 
and  bead lens termination are being investigated with a view to 
obtaining  lower losses  while retaining the assembly and  low 
cost advantages. 
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(b) 
Fig. 5 .  (a)  Schematic  layout of the  monomode bead-ended  fiber  connec- 

tor,  (b) Design of the ball  alignment  cluster  showing  bead  location. 

SOURCES AND TRANSMITTER MODULES 
The initial emphasis of the long wavelength laser develop- 

ment  of BTRL has been on the  optimization of oxide isolated 
stripe InGaAsP lasers for use in single-mode fiber systems oper- 
ating  at 1.3 pm. In view of the hgh temperature sensitivity 
of long wavelength lasers, particular attention has been paid to 
minimizing the  thermal  and electrical resistance, in the  latter 
case by  the use of  Schottky  contacts [ 9 ] .  

For practical applications of optical fiber systems, lasers as 
discrete components present serious problems of optical and 
electrical interfacing. We have previously reported [ lo]  on  a 
hybrid  transmitter  module for graded index fiber systems 
which greatly simplifies the use of lasers in high bit  rate sys- 
tems. The dual-in-line module (Fig. 4 )  incorporates  a laser, a 
microlens for coupling the laser to  the fiber tail, a  hybrid laser 
modulation  circuit,  and  a  hybrid laser  level control  circuit. 
The control circuit [ 1 11 , which employs a novel low frequency 
optical power monitoring  technique, has been produced  on  a 
single bipolar integrated circuit. The operation of the  control 
circuit is essentially independent of the  modulation  rate, and 
modules containing such a circuit have been operated success- 
fully at  modulation rates of up to  640 Mbitsls. 

The control circuit operates from +5 V, and  the power con- 
sumption of a  transmitter module containing a control  circuit, 
a  modulation circuit and a laser with a  75  mA threshold cur- 
rent, is approximately 400 mW. 

Similar modules have been produced for single-mode fiber 
systems. The single-mode fiber tail is butt coupled to the laser, 
the fiber tail being positioned for maximum coupled power 
prior to being fixed to the laser submount using a metallic 
solder. The coupling efficiency to  oxide isolated stripe lasers 
with  stripe  widths  in the range  of 10  -20  pm is 10 -15  percent. 

Fig. 6. Photograph  showing  the  monomode  hybrid  transmitter  module 
with  integral control  and drive circuits, monitor  detector  and laser to 
fiber  interface. 

DETECTOR AND RECEIVER MODULES 
The optical receivers, designed and developed at BTRL, for 

systems operating in the  1.2-1.4  pm wavelength region  have 
been based on  a very low capacitance InGaAs  p-i-n photodiode 
hybrid integrated with  a high input impedance GaAs MESFET 
preamplifier [ 121 - [ 141 . These p-i-n-FET hybrid receivers 
have demonstrated receiver sensitivities superior to either the 
germanium or 111-V avalanche photodiodes  reported to date 
[15 J - [17] . In  addition, these receivers have the significant 
operational advantages of being relatively temperature  in- 
sensitive, and of requiring only low voltage supply rails. 

The structure of the In, .53 Ga, .47 As/InP p-i-n photodiode, 
suitable for  operation up  to a wavelength of 1.6  pm, is shown 
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Fig. 7. Construction of the  In0.sGa0.47As p-i-n photodiode grown on 
InP for operation out to a  waveleagth of 1600 nm. 

Fig. 8. A prototype hybrid  receiver  module  using  the  p-i-n photodiode 
in  conjunction with a GaAs  FET  preamplifier. 

schematically  in Fig. 7. The ternary layer is grown by  the 
vapor-phase epitaxial chloride  process  and the indiumlgallium 
ratio is chosen to  ensure  lattice matching: to  the  n+ InP  sub- 
strate. The p-n  junction is formed  by  zinc diffusion and  the 
active area of the  photodiode, having a  diameter  of 100 p m ,  
is defined by mesa etching. The  doping  concentration of the 
ternary layer is reproducibly 1-3.1015  cm-3  giving a  diode 
capacitance at - 10 V bias of 0.3  pF. The  external  quantum 
efficiency without antireflection coating, over the wavelength 
range  of 1.2-1.6  pm, is 40-50  percent for top-entry illumina- 
tion and 70-80 percent for rear-entry illumination  through 
the InP substrate.  The  room  temperature leakage current is 
typically less than 10 nA at - 10 V bias. 

The receiver module design  is shown  in Fig. 8. The p-i-n 
photodiode  and GaAs MESFET preamplifier are hybrid in- 
tegrated  on  a $ X $ in thick  film circuit which is soldered into 
a  standard DIL metal package. The  preamplifier circuit is a 
high  input  impedance  FET-bipolar  cascode  with  an  emitter 
follower  buffer  and differentiating capacitor. The  GaAs 
MESFET is a Plessey  GAT 5 giving a  total  input capacitance 
for  the receiver due to the p-i-n, FET gate-source, and  stray 
capacitances  of 0.7 pF. The  photodiode  load resistor is 2 Ma 
and,  consequently,  the  long  input RC time  constant is com- 
pensated  by the differentiating capacitor prior to  the second 
stage  gain. The voltage supply rails required  for the module 
are +10 V and -5 V. 

The receiver sensitivity at  1.3  pm wavelength is shown  in 
Fig. 9 ,  for a  module  incorporating  an InGaAs  p-i-n  having a 
quantum efficiency of 40  percent.  The receiver sensitivities, 
corresponding to  an error rate  of were determined  ex- 
perimentally  between 34 and 320 Mbits/s and  show close 
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Fig. 9. Receiver  sensitivity of the hybrid pi-n-FET module at 1300 
as a function of bit fate for errbr rate. 
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Fig. 10. Variation of sensitivity with temperature of the hybrid 
FET receiver  when  operating  at 140 Mbits/s, 1300 nm, and 
rate. 

pi-n 
error 

agreement  with  the theoretically predicted  performance. 
The  temperature  dependence  of  the receiver sensitivity for  a 
140 Mbits/s system  is  shown  in Fig. 10 and indicates a per- 
formance  degradation of  only  1  dB  between 10 and 60°C. 

SYSTEM STUDIES 
Using a  selechon of the components  and subassemblies de- 

scribed above, two experimental  systems have been  assembled 
and  studied.  Both were operated initially at  140 Mbitsls, 
although the receiver regenerator was capable of operation  at 
any  bit  rate  in  the range of 30-300 Mbits/s.  One experiment 
was conducted  at  1300 nm over a  continuous  length of 37 km 
of  monomode fiber while the  other was operated at 1500 nm 
over 49  km of monomode  fiber. A common receiver regener- 
ator was  used for  both studies as shown in Fig. 11. 

An NRZ 21° - 1 pseudorandom  binary signal at  140 Mbits/s 
was applied to  the laser  driver which  comprised  a GaAs 
MESFET connected in shunt  configuration  with the laser. 
The IC level controuer [ 1 1 ] automatically adjusts the bias and 
drive currents  fed t o  the laser such that  the laser output  is 
essentially stabilized against temperature  and aging effects. 

The  monomode fiber was connected to  the  multihode fiber 
pigtail of the receiver by  a  rod lens connector. This comprised 
two identical thick  plano-convex lenses with  the fiber ends 
placed at their axial foci. When brought  together on a  common 
axis the  output  from  the  monomode fiber was  imaged within 
the core of the  multimode fiber. 

The low level, uniform  amplitude signal obtained  from  the 
p-i-n-FET receiver after the differentiating capacitor [ 141 
was fed to a 30 dB  wide-band amplifier. The signal  level  was 
then sufficient, after  low pass filtering, to drive a  high  speed 
comparator (Plessey SP9685) to ECL logic levels at its output. 
This  comparator,  with  its large  signal handling capability, allows 
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Fig. 11. Layout of prototype  monomode  1300/1500 nm system. 

TABLE I1 
SYSTEM RESULTS SUMMARY 

1.3 ,urn 1.5 ,um 

Link  length 31 km 49 km 
Path loss -29  dB -24 dB 
Laser wavelength 1.275 pm 1.51 pm 
Coupled laser power --11 dBm --15 dBm 
Extinction  ratio  penalty 0.2 dB 1.8 dB 
Received power -40 dBm -39 dBm 
System  margin -3 dB -3 dB 

wide dynamic range to be  achieved without  introducing age. 
The three pole Butterworth low pass fiiter was  designed to 
closely approximate  the transfer function required to produce 
a  full raised-cosine frequency-domain response when an NRZ 
rectangular optical pulse is incident at the receiver. The clocked 
D type bistable decision gate retimed and regenerated the out- 
put pulses from the comparator. The output  from  the  de- 
cision gate  was then fed to an error detector and counter. 

A summary of system performance at 1.3 pm using a laser 
transmitter module with  monomode fiber pigtail is  given in 
Table 11. 

An experiment was also performed at 1.5 pm using an STL 
20 pm stripe GaInAsP stud  mounted laser [18] . The output 
from  the laser  was coupled into  the monomode fiber using an 
imaging system. The link length was extended  with  a  further 
12  km of fiber to 49  km by a  third fusion splice. System 
performance is summarized in Table 11. 

The error rate curves for  the  two experiments Figs. 12 and 13 
were obtained by inserting optical  attenuation  at  the receiver 
connector and recording the error rate and mean photocurrent. 
It can be seen from Fig. 12 that performance at 1.3 pm over 
37 km is virtually identical to  that over 1 m,  demonstrating  the 
very low level of dispersion at  this wavelength. 

During the course of this  experiment, periods of high error 
rate were experienced resulting in no effective system margin. 
On further investigation it was found that the effect was 
related to dynamic instabilities in  the optical pulses from  the 
laser transmitter. Reflections back into the lasing cavity were 
thought to be responsible for this phenomenon. 

From Fig. 13 it can be seen that a penalty of only 0.7 dB is 
paid for  operation over 49  km  at 1.5 1 pm, indicating that dis- 
persion related effects arising from  the 4 nm laser linewidth 
are still small in this wavelength region. 

, 10 cy_-. +------l 
- ~ e  - ~ 4  - 4 2  

Received powe' (dBm)  

Fig. 12. Measured error rate curves for  the system using an InGaAs 
p-i-n-FET receiver operating at  140 Mbits/s and 1300 nm with and 
without  37 km of monomode fiber. 

c r 0-43 K m .  

Key to resulls' 

-46 -45  -44 -43 - A 2  
Received m w e r  (dBrn) 

Fig. 13. Measured error rate curves for  the system using an InGaAs 
p-i-n-FET receiver operating at 140 Mbits/s and  1500  nm with and 
without  49 km of monomode fiber. 

System experiments over  an undersea monomode fiber cable 
have also been performed in  the United Kingdom after  the 
successful laying of  a 10 km trial section in Loch Fyne on the 
west coast of Scotland in February 1980  [19] . This work was 
carried out under a  joint BTRLlSTC development program. 
The cable, which was made by STC, contained four  multimode 
and two  monomode fibers. Transmission tests over one of the 
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Fig. 14. Theoretical  plot of repeater spacings versus bit  rate and some 
limitations arising from dispersion  and  attenuation  as discussed in 
the  text. 

monomode fibers were made at  160,280, and 320 Mbits at a 
wavelength of 1.3  pm. At each of the transmission speeds 
an error rate of less than 1 in lo9 was  achieved  over the 10 km 
loop. 

SUMMARY 

Our studies have shown that  the design of an optimum fiber 
for systems use is complex. Not only do the  attenuation  and 
dispersion characteristics have to  be  born  in  mind,  but also the 
dependence of the cable microbending loss, the  joint loss, and 
the launching efficiency.  In assessing these factors,  it is also 
necessary to  consider the ease and reproducibility of the fabri- 
cation process since high yield will be required. 

The coupling of the laser to a  monomode fiber can be achieved 
within the framework of a simple transmitter module design 
but  optical power instabilities can  easily arise if reflections 
occur. Several approaches are  currently under study  to over- 
come these problems. The use of the  hybrid pi-n-FET receiver 
yields both excellent performance with great versatility and 
simplicity of circuit design, avoiding the need for  the high 
voltage supplies associated with avalanche detectors.  The 
temperature  stability  of these receivers  is also excellent. 

Studies of the  complete systems in the  laboratory have shown 
that  the combination of exceptionally low attenuation  with 
very low dispersion allows high bit  operation over  very long 
repeater sections, with 49 km  at 140 Mbits/s being demon- 
strated. However, these exciting results should not draw atten- 
tion away from the  fact  that to achieve them  in  a fully en- 
gineered form still requires considerable further development 
and very close control of all the  manufacturing tolerances, 
both  in  the fiber,  the cable, and  the repeater optoelectronic 
and electronic devices. 

In Fig. 14, we have attempted to pull  together some of 
the themes presented in  this paper. We have seen that fiber 
attenuation of 0.2-0.4 dB/km can be achieved, respectively, 
in  the  1500 and 1300 nm wavebands, provided that the zero 

of dispersion is left  unshifted  from  the 1300 nm region. 
Allowing an additional 0.2 dB/km for  joint  and cable attenu- 
ation, we arrive at target attenuations of 0.4  and 0.6 dB/km for 
the transmission medium. The transmitter power is likely 
to  range between 0 and +3 dBm, but allowing for a low launch- 
ing efficiency, -10 dBm seems realistic if stable  operation 
is to ensue. The receiver sensitivity is  given approximately 
(see  Fig. 9) by -(65 - 10 loglo M )  dBm where M is in mega- 
bits per second, so that  the power available to the system is 
given roughly by (55 - 10 log,, M) dB. The power limited 
repeater spacing curves in Fig. 13 have been derived  using this 
relationship. 

Mode partition noise [20] has been suggested as the major 
dispersion limiting factor  in  a  monomode fiber system. In  our 
own 49 km transmission study,  the fiber dispersion was mea- 
sured to  be 12 ps/nm * km  and  the source  linewidth  in the 
region of 3-4 nm. A small  receiver power penalty was ob- 
served and ascribed to this  effect. On this basis, we  have set 
an arbitrary dispersion limitation  at the $ bit interval  and the 
dispersion curves of Fig. 14 are drawn using this  relation.  The 
curve for  4 ps/nm * km dispersion is taken as a conservative 
figure for operation  within  the “zero” dispersion region, 
while the 12 ps/nm * km figure is our own figure for  a fiber 
operated  at 1500  nm  but with  the  zero of dispersion near to 
1300 nm. Several factors  now emerge from these curves. 

Very long repeater spacings, greater than 100 km, are clearly 
theoretically possible but would require exceptionally tight 
control  of  the fiber cable and joint  attenuation.  For  land 
systems, such very long repeater spacings are probably not 
justified. Operation with  an  attenuation  of 0.6 dB/km at 
1300 nm probably results in simultaneous dispersion and 
bandwidth  limitation  at  around 40 km  and 1 Gbit/s  (point 
A on  the figure). Using the same fiber in  the 1500 nm window 
but with  a superior (0.1 nm linewidth) laser pushes this  point 
to 55 km and 3 Gbits/s. It is thus our conclusion that for land 
system applications of  monomode fibers, the likely develop- 
ment sequence is  as follows. The first systems will operate  in 
the  1300 nm waveband but with fiber cables designed t o  mini- 
mize the  attenuation  in  the 1500 nm window also. Without any 
special attempts to shift  the  zero of dispersion, 30  km operation 
at  a few 100 Mbits/s will be  quite feasible. Provided a  substantial 
power margin has been left,  the same cable will be capable of 
upgrading to  higher bit rate  operation  by as much as a  factor of 
10 as the laser and electronics technology advances. From  an 
engineering point  of view, this appears to  be  a  much  more 
attractive  route  than trying to  push for ever longer repeater 
spacings, and in  the United Kingdom at  least, achievement of 
30 km spacing would result in  the housing of all electronic 
equipment  within existing buildings. In  the case of undersea 
applications, the conclusion reached will be  much more  route 
dependent.  If  routes exist of  100-1 50 km length,  then  a 
major motivation will exist for  the achievement of  a  repeater- 
less system. However, for very long haul  routes  (1000-2500 
km), repeaters will  again be required and the motivation to  
push for the ultimate spacing is likely to  be subjugated to the 
desire to have a  system that  is readily manufacturable  with 
substantial engineering margins, leading again to  a system close 
to  the  land system suggested above. 
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In  the very long term,  further expansion of the traffic carry- 
ing capability of a  monomode fiber system is conceivable 
through  the use of monomode integrated optic devices provid- 
ing wavelength mu!tiplexing facilities. Monomode fiber sys- 
tems  operating in the longer wavelength windows of the silica 
fiber system thus offer great potential for long haul telecom- 
munications of the  future. The time scales for their commercial 
realization are open to debate but early field experiments seem 
certain and the  laboratory  test  bed systems have already 
demonstrated  the possibilities. 
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