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Part one of three parts

Lightwave system design

K.H. LEWIS and D.M. BUCK

UNDERSTANDING LIGHTWAVE sys-
tems is rapidly becoming a funda-
mental requirement for every tele-
communications engineer and man-
ager.

This new technology is being
widely used today and will be even

K .H. Lewis is Lightwave Product
Administrator and D. M. Buck is Systems
Engineer, Telephone Systems with the Collins
Transmission Systems Div.,

Rockwell International Corp.,

Lightwave transmission systems have moved to center stage

in the telecommunications industry. This, the first part of a three-part article
on lightwave system design, will discuss important lightwave design questions
telecommunications engineers and managers must answer

more widely used in the future. This
dictates the need to understand light-
wave systems and to be comfortable
with the transmission design consid-
erations applicable 1o their use. What
are the necessary steps to determine
repeater spacings and specify fiber
performance for both multimode and
single-mode technology?

Multimode system considerations
will include fiber spectral attenuation
and dispersion characteristics, equip-

vals and losses, wavelength division
multiplex (WDM) and an example cal-
culation. Consideration of single-
mode technology will follow a similar
outline.

Design parameters

Economical design of a practical
lightwave system involves many con-
siderations to achieve the lowest total
system cost. These considerations
include, at a minimum, operating !
wavelength, bit rate, splicing philoso-" *
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FIG. 1 Iypical multimode fiber spectral attenuation.
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phy, wavelength division multiplex-
ing, optimum repeater spacing and
system safety margins. However, in
the initial planning stages of a light-
wave project, one of the key deci-
sions to be made by the system
engineer is whether the network will
be configured with multimode optical
cable, stngle-mode cable or a com-
bination of both.

In the recent past, this decision
was driven almost entirely by eco-
nomic considerations. To their
advantage, multimode fibers were
readily available, relatively inexpen-
sive, and compatible with a wide vari-
ety of lightwave electronic hardware.
The disadvantages associated with
multimode cable related primarily to
bandwidth restrictions (and, hence,
lower bit rates) and comparatively
high basic fiber loss. The combina-
tion of these factors had the effect of
limiting the achievable span distance
in multimode systems to approx-
imately 25 km, or 15.5 miles. Con-
versely, single-mode fibers provided
much larger bandwidths (and higher
bit rates), as well as significantly
lower loss. This allowed unre-
peatered span lengths of up to 50 km
In conjunction with transmission
rates of 405 Mb/s or higher,

However, single-mode fibers were
as much as two to three times as
expensive as their multimode coun-
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Lightwave technology presents the
telecommunications industry with new
images of itself.

terparts. Therefore, the decision
which had to be made by the design
engineer was whether to trade overall
cable cost for repeater electronics
cost. Unfortunately, widely fluctuat-
ing cable and equipment prices made
this trade-off difficult to calculate and
precluded the establishment of rigid
engineering rules for lightwave sys-
tem design. This also made system
engineering more complex, time con-
suming and costly.

Beginning in early 1983, increased
demand for single-mode cable and a
corresponding increase in production
reduced the price of single-mode
fibers to values equal to or less than
the price of multimode fibers. The
lightwave system engineer now can

Z
@

realize all the advantages of single-.
mode transmission without paying a«i
significant cost penalty. The, effect
has been to make single-mode sys- .
tems much more prevalent and to .
push multimode technology toward
rapid obsolescence. However, there
are still a large number of multilode”
systems being installed, and multi; -
mode fiber will probably be used for
years to come. Loy

What are the transmission dtSlgn

characteristics of both single-mode ;.

and multimode systems? What are -
the primary differences between the _
two? oTn

k
Multimode considerations *

The two key parameters in the design
of a multimode lightwave system-are =
the allowable link loss and the end-to- .
end bandwidth requirements. These,,
two parameters drastically affect’
repeater spacing and cable pricing,
which in turn have a signiticknt’
impact on the total system ¢65t."
Therefore, it is important to define:
these parameters and to understand
how they are used in the system:
design process. cul e

However, first an explanation of
the spectral attenuation and disper-
sion characteristics of multimodeé’
fibers is appropriate.

Figure 1 illustrates the attenuation
(dB/km} versus operating wavelength

1
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(nm) for a typical multimode optical
fiber. The attenuation decreases
rather uniformly (I/x4) from approx-
imately 7 dB/km at 700 nm to less than
0.8 dB/km at 1300 nm. The slight
increase at around 1260 nm and the
large increase at approximately 1400
nm are due to the presence of hydro-
xyl (OH-} ions in the glass. The
attenuation approaches a minimum
(less than 0.6 dB/km) at approx-
imately 1550 nm.

Obviously, as can be seen in Figure
1, the ideal operating wavelength

would be in the 1500 to 1600 nm range

because of the lower attenuation val-
ues. At this time, however, lightwave

system designer to study the life cost
of an intermediate repeater on long,
aggressively spaced spans versus the
premium paid for the low-loss fibers.
Unless repeater prices are low and
physical facilities for the repeater
installation exist, the premium fibers
usually prove to be the economic
winners. However, each system is
unique, a fact which dictates that this
cost study be performed for each.

Fiber dispersion

Although muitimode fibers offer very
large bandwidths compared with con-
ventional copper cables, they cer-
tainly do not provide infinite

(typically 1 km) basis.

Unfortunately, the conversion
between the time domain and the fre-
quency domain is complex in practi-
cal systems because measured fiber
bandwidth performance does not
conform to rolloff curves which can
be expressed by simple mathematical
formulas.

The required operating bandwidth,
the proper specification of this band-
width and how this bandwidth varies
as a function of length are the sub-
jects of much discussion within the
industry. Standards are evolving, but
no firm specifications exist at this
time. At this point, most fiber cable
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F1G. 3 Typical 3 ds opiical bandwidths for first, second and double-window multimode fibers.

sources that operate in this region are
not commercially available at a com-
petitive price. Fortunately, devices
with proven reliability and econom-
ical prices in the 1200 to 1300 nm
range are available. In fact, fong
wavelength (1200 to 1300 nm) devices
are now priced competitively with
their short wavelength (800 to 900
nm} counterparts for medium to long
haul applications.

When trying to minimize the total
system lifecycle cost, it is important
to note that a large premium is some-
times charged for fibers with less than
0.8 to0 0.9 dB/km attenuation at 1300
nm. This factor should prompt the

36

transmission capacity. The pulse
spreading caused by this finite band-
width is due to several mechanisms—
modal dispersion, materia! disper-
sion and waveguide dispersion—with
modal dispersion substantially domi-
nating the combined effects of the
other two.

As with conventional electrical cir-
cuits, bandwidth can be expressed in
the time domain as a full-width, half-
maximum dispersion or in the fre-
quency domain in units of megahertz.
Because the effects of modal disper-
sion are distributed over the length of
the fiber, it is usvally necessary 10
express this bandwidth on a per-unit

bandwidths are specified as a band-
width-distance product and are
expressed in units of megahertz mul-
tiplied by kilometers. The parameter
typically specified is 3 dB opiical
bandwidth. From the standpoint of
optoelectronic equipment, this
parameter only specifies amplitude
information and provides no data
about the shape of the fiber bandpass
characteristic or the accompanying
phase response.

Most lightwave systems are digital
and thus require that the expected
pulse spreading (or dispersion) be
characterized. However, determining

Continued on page 38
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dispersion from a fiber's 3 dB optical
bandwidth is difficult, if not impossi-
ble. Depending on rolloff shape,
fibers with the same 3 dB optical
bandwidth can cause drastically dif-
ferent amounts of pulse dispersion.
Additionally, the one/zero decision is
made by an electrical threshold
detector at the output of the optical
device.

As a result, it is the fiber's 3 dB
electrical (1.5 dB optical} bandwidth
that determines the amount of pulse
dispersion and accompanying inter-
symbol interference. Because end-
to-end electrical bandwidth and
rolloff shape are never available on
fibers before they are installed, it is

LIGHTWAVE
TRANSMITTER
MODULE

FIG. 4 Transmitter power specificaiions.

-mecessary to make certain assump-

tions about the fiber's bandpass
characteristic. The assumption typ-
ically made is that the fibers will have
a Gaussian amplitude response. A
Gaussian rolloff, however, rarely
exists in the real world when fibers
are spliced together to form long
spans.

To ensure a properly specified
cable bandwidth, it becomes neces-
sary to define an optical response
mask such that the actual fiber rolloff
response falls in an acceptance region
of this mask. The mask represents
the minimum Gaussian rolloff curve
with a 3 dB optical bandwidth of Fl
MHz, which can be fitted under the
actual measured rolloff. This concept
is shown in Figure 2.

Figure 3 shows a range of typical

CONNECTOR

3dB optical bandwidths for first, sec-
ond and double-window fibers. Band-
width, like attenuation, is wavelength
dependent, because fiber index pro-
files are optimized to provide max-
imum bandwidth at a particular
operating window. Fibers whose pro-
files are compromised for operation
at both short and long wavelengths
(double-window fibers) provide less
bandwidth, sometimes at a premium
price, and are no longer recom-
mended. Notice that multimode
fiber, over a 1 km length, can provide
bandwidths between 700 and 1800
MHz. This is extremely important in
today’s long wavelength, high data
rate systems, where greater per-unit

PIGTAILL

Transmit power (Pr) specifications

Typical transmit power (without connector)

Typical transmit power (with connector)

Worst-case transmit power (without conmector)
Worst-case transmit power {with connector)

bandwidths are required because of
increased repeater spacing.

Splicing fiber reeis in the field to
form long spans makes it necessary
to understand the effect of distance
on concatenated fiber bandwidth.
Unfortunately, the prediction of a
long concatenated fiber's bandwidth
is a complex process and the subject
of much investigation, Theory sug-
gests that this length dependence is
somewhere between a linear and a
square root reduction. The equation
for the prediction of the effective (or
end-to-end) bandwidth for a long
string of shorter concatenated fibers
is given by equation (1):

n Y
BWEFF = 2 Bw;d
i=1 Y

whare:
BWEFF = end-to-end bandwidth

n = number of
concatenated reels
in the span

BWj = bandwidth of each reel

¥ = length dependence
exponent (scaling
factor).

Current empirical data suggests
the expected range of v is 0.7 to 1.0;
vzlue of 0.8 1o 0.9 is the generally
aciepted value. Notice that this
mzkes the length dependence close to
linezr 4+ = ). Assuming each reel of
czhle has the same per-unit band-
width and that y = 0.9, equation (1)
simplifies to equation (2):

OUTSIDE PLANT
CABLE SPLICE

laser . LED
-5 dam -20 dem |
dem - _ -21dBM .."
-6 dem "o.21dem
-7 dem -22 dsm

i

BWEFF = BW: it

EFF = BW.per unit

o e

whea;: .
B it = MHz x km specifi-
per uni cation of each 1 km

_section ]
L = total span length in

km.

Equation (2) '.can be solved for
per unjt such that the result is
equation (3):

BWper unit = BWEFF x L*®

Equation (3) can' be'used as a gen-
eral guide to predict the grade of
fibers required to achieve an
expected end-to-end bandwidth. This
bandwidth then should ensure that

Continued on page 40
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OUTSIDE PLANT
CABLE SPLICE

PIiGTAIL

Typical receive threshold (without connector)
Typical receive threshold (with connector)
Worst-case threshold (without connector)
Worst-case threshold (with connector}

Receiver sensitivity (Pg) specifications (1 x 10 -* BER)

APD

-41.0 dsm
-40.0 dem
-39.5 dem
-38.5 dsm

CONNECTOR

APD
OR
PIN

LIGHTWAVE
RECEIVER
MODULE

FIG. S (above) Receiver sensitivity
specifications. FIG. 6 (right) Tvpical
BER versus receiver signal level.

the lightwave electronics will func-
tion properly.

As in the case of low attenuation,
per unit bandwidth values that are
very large increase the per-fiber-
meter price of the cable. The sen-
sitivity of fiber price to bandwidth is
nonlinear, with prices typically rising
very sharply for bandwidth which
exceeds 1000 to 1200 MHz x km. This
forces the system designer to study
the cost of intermediate repeaters
against the cost of premium band-
width fibers on longer spans to deter-
mine the impact on total system cost.

Prices for 1400 MHz x km fiber are
often twice as much as those for 800
to 900 MHz x km fiber. One tocl the
system designer can use to reduce
cable costs, especially for systems
with data rates above 90 Mb/s
is to lower the required end-to-end
bandwidth as much as possible.

Equipment system gain

Equipment system gain, simply
stated, is the difference between
transmit power and receiver sen-
sitivity. Stated differently, it is the
amount of allowable loss the cable
can contribute over the span under

Continued on page 44
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consideration, with no operating mar-
gin. Unfortunately, no standards are
in effect to dictate how a particular
vendor specifies system gain. Con-
sequently, there is room for ambigu-
ity when comparing equipment
parameters of several vendors. What

are these ambiguities? What are the

effects of bit rate and wavelength on
system gain for multimode opera-
tion?

Early lightwave systems operated
in the 800 to 900 nm range and used
gallium-aluminum-arsenide {(Gaalas)
laser sources and silicon (Si) detec-
tors. The detectors were either ordi-
nary PIN photodiodes or avalanche
photodiode (APD) detectors, which
have a gain approximately 7 to 10 dB
greater than PIN detectors. Although
long wavelength systems have less
system gain than their short wave-
length counterparts, longer repeater
spacings are possible because of the
lower fiber attenuation. In fact, now
that long wavelength devices (1200 1o
1300 nm window) are available, the
demand for the earlier short wave-
length devices has been reduced
drastically.

The reduced system gain at longer
wavelengths is due to several rea-
sons. The indium-gallium-arsenide-
phosphide (InGaasP) iasers used in
the long wavelength range typically
have 1 to 3 dB lower power output
than Gaalas devices. The primary
detector at long wavelength is the

INnGaAsP PIN; no InGaAsP APD is com-
mercially available. These detectors
have approximately 6 to 10 dB less
sensitivity than short wavelength si
detectors. Germanium (Ge) APD are
available in the 1200 to 1300 nm range
and exhibit approximately 3 to 5 dB
better sensitivity than InGaasP PIN
photodiodes. They are more expen-
sive, however, and require ther-
moelectric cooling for stability.

The InGaasP technology will also
be used for 1500 to 1600 nm operation
in the near future. The Ge APDs,
however, are less sensitive at this
window and are not recommended.
As previously noted, even with this
decrease in system gain, long wave-
length operation permits much longer
repeater spacings (approximately
twice as great) than short wavelength
operation, thereby reducing repeater
requirements and significantly reduc-
ing total system cost.

Receiver sensitivity decreases
with increasing bit rates in a light-
wave system just as it does in other
transmission systems, such as micro-
wave radic. As the low-pass noise
filter in front of the threshold detector
widens to accommodate the higher
bit rates, the sensitivity is reduced
proportionately. The reduction of
sensitivity, expressed in decibels, is
approximated by the equation: sen-
sitivity reduction = 10 log (BRy/BR2).

Doubling the bit rate thus reduces
system gain by 3 dB, shortening the

FIG. 7 Optical power

OPTICAL POWER PENALTY INdB
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penalty versus
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repeaier spacing somewhat.
However, the significant savings real-
ized by reductions in lightwave trans-
mitter/receiver and fiber count
typically more than offset ihe
increases due to shorter spans. For
large transmission requirements,
higher data rate systems are the most
economical.

Definition of parameters

Before the system gain for particular
equipment can be calculated, each of
the operating parameters must be
precisely defined. Again, there are no
industry standards; consequently,
there are wide variations from vendor
to vendor. Some of these variations
include specifying typical instead of
worst-case values, specifying trans-
mit power for an all-ones pattern
instead of alternating ones and
zeroes, specifying receiver sen-
sitivity at various bit error rates (BER)
and neglecting to specify whether
module connector losses are inctuded
in the transmitter power and receive
sensitivity values. These inconsisten-
cies can lead to widely varying val-
uves, as shown in Figure 4 for
transmitter power and in Figure S for
receiver sensitivity. Further uncer-
tainty can arise from the effect of BER
on receiver threshold, as shown in
Figure 6. The net effect is that the
system designer must very carefully
evaluate each of the lightwave equip-
ment operating parameters before a
decision is made about how the fiber
loss will be specified.

The definitions of the parameters
used by Rockwell in determining the
system gains and link loss budgets for
its lightwave equipment are:

PT = Average effective transmitter
power in decibels referred 10 one mil-
liwatt (dBm) coupled into the single
fiber cable that connects to the out-
side plant. This power inchides the
loss of the transmit module connector
and assumes a 50% ones density
modulating signal.

PR = Receiver sensitivity in dBm
for alx 109 BER at the receiver mod-
ule input connector; in other words,
this value includes the receiver input
connector loss. This sensitivity
assumes no power penalty associ-
ated with fiber finite bandwidth or
other system-related noise phe-
nomena.

G = Equipment system gain with
no external degradations—transmit-
ter power Mminus receiver sensitivity.

AE = Recommended margin for
equipment in determining net system
gain. This margin allows for con-

Continued on page 118
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Continued from page 44

nector tolerance/repeatability, tem-
perature effects and measurement
uncertainty. It ts recommended that a
value of 3 dB be used for AE when
typical equipment specifications are
given, and 0 dB when worst-case,
end-of-life specifications are given.

AB = System gain reduction due
to intersymbol interference caused
by the finite bandwidth of the fiber
optic cable.

A¢ = Allowance for module con-
nectors (if not included in the PT and
PR values), as well as extra con-
nectors used in optical patch or cross-
connect facilities. The parameter AC
:s typically 1 dB per series connector
in multimode systems.

Aw = Allowance for future wave-
length division muitiplexing. This
value is specified as 4 dB for two-
wavelength multimode systems and 6
dB for three-wavelength systems.

Equation (4)is:

L = link loss budget
=PT-PR-AE- AB-AC- Aw

The value L in equation (4) is the total
end-to-end attenuation of the cable
(installed and spliced) that is specified
to the cable vendor. This value is nor-

mally given in conjunction with the
required 3 dB bandwidth to define the
overall performance requurements of
the cable.

The Pt and PR parameters thus
defined assume back-to-back trans-
mitler/receiver operation through an
optical attenuator. This implies an
infinite 3 dB optical bandwidth.
Obviously, this never occurs in an
operational system; as a result, most
lightwave systems are specified to
operate in an end-to-end 3 dB optical
bandwidth approximately equal to
the data rate.

Operating in an optical bandwidth
equal 10 the data rate results in less
than 1 dB degradation to threshold
relative to operating back-to-back
through optical attenuators with
infinite bandwidth. In an actual sys-
tem, it is possible to reduce the end-
to-end bandwidth requirements at the
expense of threshold degradation. In
effect, the system designer chooses
to reduce the allowed link loss budget
in favor of reducing the end-to-end
bandwidth requirements. :

The Rockwell LTS-135 lightwave
transmission system, which operates
at a bit rate of 135 Mbys, incorporates
exclusive equalization circuitry to
minimize the trade-off of link loss

budget for bandwidth. Figure 7
shows a plot of this trade-off along
with a plot of a NRZ (non-return to
zero) modulation system without an
equalizer. The equalization process is
a nonlinear decision feedback design
that is superior to conventional linear
processes. Because of the equaliza-
tion process, the receiver is much
more forgiving of the fiber bandpass
characteristic, making the trade-off
less sensitive to the assumptions
made about Gaussian or non-Gaus-
sian passbands. The improvement
that the equalizer provides is more
dramatic as the bandwidth of the fiber
is reduced.

The equalizer makes it possible to
select fiber cable for the receiver typi-
cal of that required by most 90 Mb/s
systems. In fact, it is possible 1o oper-
ate the receiver over fiber that is
suitable for only 45 Mb/s operation.
As previously mentioned, reduced
end-to-end bandwidth requirements
drastically reduce the cost of a fiber
cable. 0

The second part of this three-part
article, which will appear in a coming
issue of TELEPHONY, will discuss
splicing loss and interval, wbu,
example calculation und meihods of
specifving fiber performance.

ANNOUKCING...

A NEW TOOL FOR
TELECOM TRAFFIC PEOPLE

A PRACTICAL GUIDE TO

TELETRAFFIC ENGINEERING
AND ADMINISTRATION

BY ROBERT W. LAWSON

.. .is off the press and ready for your daily use and guidance. This is
a practical book, writlen in easy-to-understand language, covering
on-fine tratfic operations related 10 switching offices and networks. It
takes up where the books on traMic theory and formulae leave off.
Author Lawson's 17 years of experience in alf aspects of traffic
engineering, coupled with the precision and lucidity of his writing,
make him uhiquely qualified 1o guide those who need 1o know how
traffic engineering and administration really works. Lawson describes
the perfect environment that teletraffic theory assumes exists and
compares it with the real life situations and conditions that people in
the business know exist. Through this technique he provides
guidance loward solving day-to<day traffic problems.

The book's main purpose is as a guide 1o traffic administrators,
engineers and technicians, But it is more than that, for it can build
greater undersianding between lralfic and plant administrators in
regard 10 the use and value of traffic analysis.

The balance of service and cost is what teletraffic engineering and
administration is all about. This book can help everyone concerneu
with teletraffic understand how that proper balance can be achieved.

PRICE
$20 single copy

Send for your copy today:

$15(5copies ormore)  $12 (50 copies or more)

TELEPHONY PUBLISHING CORP.

BOOK DEPARTMENT

AM
55 E. Jackson Bivd, NAME
Chicago. IL 60604 (312) 922-2435 COMPANY
Please send me ___ copies of A PRACTICAL STREET
GUIDE TO TELETRAFFIC ENGINEERING AND )
ADMINISTRATION. Enclosed is my check for ciyY

$______ . (Payment must accompany order.)

STATE 2P

Books will be shipped prompily via UPS.

m
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Part two of three parts

Lightwave system design

Y C
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The design of l@g htwave systems is now of paramount concern
to telecommunications engineers and managers. The first part

of this article discussed design parameters, multimode

considerations, and fiber dispersion and equipment system gain

K.H. LEWIS and D.M. BUZK

TODAY, cable suppliers routinely
provide multimode fiber cable in
nominal 2 km (1.2 mi.) or longer reel
lengths.

This situation has many advan-
tages over the shorter reels which are
1 km or less. The shorter reels were
provided several years ago. Longer
reel lengths mean greater intervals
between splices. This has two dra-

“matic effects: it reduces installation

time, and reduces end-to-end

attenuation due to splice loss.
Experience gained through

installations indicates that installing

K.H. Lewis is Lightwave Product
Administrator and D.M. Buck iv Systems
Engineer, Telephone Systems, with the
Collins Transmission Systems Div. of
Rockwell Intemational Corp., Dullas. Part
one of this article appeared in TELEPHONY,
Dec. 12, 1963, p. 34,

fiber cable in longer reel lengths pres-
ents no major problems in most
cases. Longer reel lengths also can be
installed in crowded ducts in major
metropolitan areas by forming figure
eights with the cable for midspan
pulls, or by providing pulling
assistance in intermediate manholes.
In most cases, it is worth the addi-
tional installation effort in placing the
cable to avoid a splice location. The
time and decibels saved in eliminating
a splice point more than compensates
for the midspan pull or other efforts
used to reduce splice count.

For these reasons, it is recom-
mended that at least 2 km splicing
intervals be used in link loss budget
calculations unless extenuating cir-
cumstances exist. Splice count can
be determined by the method shown
in Figure 8.

The losses encountered in splicing
fibers have decreased substantially as
the control of critical fiber parameters
has improved. Making an assumption
that there will be a splice loss of .35
dB is safe and conservative for multi-
mode systems. The loss varies only
slightly from one splicing approach to
another; fusion or mechanical pro-
cedures produce little difference in
mean splice loss.

WDM

Wavelength division multiplexing
(WDM) permits combining the out-
put from at least two transmitters
operating at A and A, onto a single _
fiber. A receiver WDM device sepa~
rates the composite signal, sending
each wavelength to individual
receivers. The principle of operation
Continued on page 38
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SPAN LENGTH (D)
P A ~
1 2 n-2 n-1 n
FO FO
XMTR RCVA
TYPICALLY
OPTICAL 2lm {12m)
INTERCONNECT
CABLE SPLICES MULTIFIBER
CABLE
SYSTEM SPLICES (n) = D/2 + 1
FIG. 8 Method 10 deterntine splice count.
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FI1G. 9 Schematic diagram of operation principle of the WDM device.

behind the WDM device is shown in
Figure 9. Figure 10 shows the typical
implementation of the device for a 2-
wavelength system.

There are several WDM alterna-
tives on the market, with significant
variance among vendors. One
approach combines operating wave-
lengths in several different windows
(800 10 900 nm, 1200 to 1300 nm, and
in the future, 1500 to 1600 rm). Under
this approach, with the current lim-
itations in 1500 to 1600 nm technol-
ogy, the two options are wavelengths
in the first and second windows. This
limits the repeater spacing to that of
short wavelength, and severely
reduces the potential for longer spac-
ings with 1200 to 1300 nm wave-
lengths. For this reason, this
approach is not recommended.

The preferred approach is to use
WDM at two wavelengths in the 1200
to 1300 nm range. Rockwell currently
does this at wavelengths of 1200 and
1300 nm. Adding a third wavelength
in the near future in the 1500 to 1600

nm range is possible. Two-wave-
length WDM effectively doubles the
transmission capacity of each fiber
pair, reducing the required fiber
count by a factor of 2, while three-
wavelength WDM reduces the
required fiber count by a factor of 3.
In planning the cable size for larger
cross sections with out-year require-
ments, three-wavelength WDM
should be considered.

The WDM devices are inserted in
series with the fiber at the transmit
and receive ends (Figure 10). If
crosstatk isolation is sufficient, the
only penalty for inserting these
devices is the increased attenuation
caused by the WDM devices and any
additional connectors or splices
required to install the devices. When
implemented as shown in Figure 10,
approximately 4 dB total insertion
loss is added by the WDM transmit/
receive pair for 2A devices, while
approximately 6 dB for 3x devices
should be planned. For users requir-
ing an additional output/input con-

MULTIPLEXING
DEMULTIPLEXING

nector for the mux/demux respec-
tively, approximately 6 dB total
insertion loss per transmit/receive
pair is added for 2A, and approx-
imately 8 dB per 3A WDM.

During the transmission design
phase of a system, WDM should be
planned on all spans. The cost sav-
ings inherent in reducing the required
fiber count by 509 or 33% to meet
traffic cross sectional requirements
are tremendous; the cost of WDM
devices is insignificant compared to
the cost of the fiber saved. If the span
length exceeds approximately 1.5
km, cutting fiber count in half more
than pays for the WDM devices. The
small increase in fiber performance
required to compensate for the loss of
the WDM devices only slightly
affects fiber cost, not nearly offset-
ting the savings gained by reducing
the required number of fibers. The
timing of adding the third wavelength
to meet growth requirements will dic-
tate the viability of 3A WDM. Avail-

Continuwed on page 42

XMT OUTSIDE RCV

A, PLANT A,

[ 4 A )
WDM A1+ \2 2 wWDM
DEVICE ¢ DEVICE

l-— sPLCE ——| \/W_

XMT RCV

A WDM WDM A,
! PIGTAIL PIGTAIL

F1G. 10 System implementation of WOM devices,

TELEPHONY/January 9. 1984



ability before 1984 or 1985 is doubtful.

One potential system application
of 2\ WDM devices is represented in
Figure 11. In this figure, two parallel
135 megabits per second (Mb/s) sys-
tems, each with a fully equipped 1:11
Cross section, are multiplexed onto
the outside plant cable. These two
systems provide a total traffic capac-
ity of over 44,000 equivalent tele-
phone circuits, or almost 4000
circuits per fiber pair. This high level
of traffic density demonstrates the
economic advantages of WDM,
especially when compared to the con-
ventional copper cables that would
be required to handle the same load.

A medel plan

A sample worksheet for multimode
system gain is shown in Table 1. The
parameters used in the table are from
the Rockwell LTS-135 lightwave
transmission system. The following
assumptions were also made for this
hypothetical system:

o The Prand Pg parameters shown
are typical rather than worst-case
parameters. Therefore, a value of 3
dB for A, was allowed.

e A 3 dB optical bandwidth of 68
MHz (megahertz), which is one-half
of the bit rate, was used to minimize
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STATION A

the required per-unit cable band-
width. From Figure 7 (TELEPHONY,
Dec. 12, 1983, p. 44), this results in a
value for Apg of 1.7 dB.

e The Rockwell Py and PR param-
eters include the module connectors.
Therefore, the parameter Ac was
specified as O dB.

e An allowance of 4 dB was
included for future two-wavelength
WDM.

As shown in Table 1, the net value
for L, the link ioss budget, is 26.3
dB.

This value, along with the required,
end-to-end bandwidth of 68 MHz,
typically would be specified to the
cable vendor to aid selection of the
appropriate grade of fiber,

The procedures discussed so far
provide a means to obtain an
allowable installed maximum span
loss and minimum span end-to-end
bandwidth. The system designer has
two options: to specify these installed
values to the cable vendor so the
cable supplier selects fibers to meet
these values, or to calculate the
required per-unit values of the fibers
and specify them to the cable sup-
plier.

In the first approach. the cable
vendor guarantees on a span-by-span

basis that the installed and spliced
cable will meet the maximum loss
and minimum bandwidth require-
ments specified by the user. The
cable vendor then selects fibers from
his inventory with either statistical or
worst-case attenuation and band-
width specifications 10 meet the end-
to-end criteria.

The estimated interval between
splices and planned operating wave-
lengths must be specified 1o permit
the cable supplier to select proper
fiber performance. The underlying
concept of this particular approach is
that the cable supplier provides the
per unit loss (dB/km) and bandwidth
(MHz x km) performance specifica-
tions, and also guarantees that the
end-to-end performance require-
ments will be met.

In the second approach. the span
end-to-end values are not specified
to the cable vendor. Instead, the
user specifies the cable per-unit loss
and bandwidth performance to the
cable supplier as the controliing spec-
ification. The required per-unit
values are derived by the user.
based on the same methods nor-
mally used by the cable supplier. This
approach. however, usually results

Continited on page 44
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FIG. 11 A potential WDM configuration for twe parallel 1:11 systems.
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in higher fiber prices because every
fiber of every reel is now controlied
by the per-unit specification. Under
the end-to-end approach, the per-unit
values are often statistical, allowing
the selection of fibers with average
performance such that end-to-end
values are met. In addition to higher
fiber prices, the burden of risk in the
second approach now falls on the
user if the predicted end-to-end val-
ues are not met. Therefore, this
method generally is not used.

When the cable vendor has
selected the appropriate fiber grades
for a system, the data will then be
provided to either the lightwave elec-
tronics supplier, acting as the system
integrator, or directly to the cus-
tomer. As stated, bandwidth specifi-
cations normally are given on a per-
unit-length basis, expressed in MHz
x km. For example, consider a 20 km
span with a required end-to-end
bandwidth of 68 MHz. The per-unit
specification would then be selected.
according to equation 3 which gives
us equation (5):

BW per unit = BWeff x L0
The per-unit specification in this

case would be 1008 MHz x km.
Therefore, the cable vendor would
probably select a standard fiber grade
with a value of 1000 MHz x km from
the inventory.

The values for cable attenuation
are generally specified in statistical
terms, using methodelogy developed
by the Bell System. The statistical
approach requires that a number of
cable coeflicients be defined in terms
of mean values and standard devia-
tions of these values.

The coefficients used in this
method are defined as:

Hc = Mean fiber loss at 25°C (in
dB/km) as measured after manufac-
ture of the cable. This parameler
assumes the cable is on the reel and
not installed.

H¢t = Effect of temperature on
mean fiber loss (in dB/km) over the
specified operating range of the sys-
tem. This range is typically 40°C to
+70°C. .
#d = Increase in mean fiber loss
(in dB/km) due to laser transmitter
drift over the specified stability range
of the laser. Laser drift is specified by
the equipment manufacturer and is
typically =20 nm.

Table 1

Hs = Mean splice loss (in dB/
splice) at +25°C.

Hst = Effect of teraperature on
mean splice loss (in dB/splice) over
the specified operating range of the
system (-40° to +70°C).

o¢ = Standard deviation in
mean fiber loss (in dB/km) at +25°C.

aet = Effect of temperature on
the standard deviation in mean fiber
loss {in dB/km) over the specified
operating range of the system (-40° to
+70°C).

of = Uncertainty in measure-
ment of cable loss (in dB/km) at the
factory due to test equipment toler-
ance, repeatability and other factors.

s = Standard deviation in mean
splice loss (in dB/splice) at +25°C.

st = Effect of temperature on
the standard deviation in mean splice
loss (in dB/splice) over the specified
operating range of the system (-40° 10
+70°C).

k = Measurement uncertainty
in fiber length on the reel {expressed
as decimal percent; for example, 1057
= 0.1

Ng+2 = Number of splices spec-
ified for the system plus two for
future maintenance. The two extra

Sample LT8-135 system gain worksheet

PARAMETERS VALUE
Pt -5.0 dBm
-Pp -40.0 dgm
G 35.0 dB

5--
-Ag 3.0 d8 AL
-Ag 1.7 ds(l) a]—
-Ac 0.0 as8f2) 2T

14
-Ay 4.0 dgl3) f B )

' ) RATIO  BIT RATE (Mb/s)

L 26.3 dB 1 2 3 e

Notes:

(1)pAssumed end-to-end optical bandwidth = 68 MHz.

{2)0 additional connectors added at O dB each.
(3)Future WOM loss of 4 dB@/3k) allowed.
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FIG. 12 Cable attenuation values: coefficients can be displayed on a form such as this one.
splices are reserved in the event the
cable is inadvertently cut. 4 09

Iy = Derived maximum span
length as a function of link loss bud- .

.These coefficients are typlca"y MU] timode 24 'BOS"C DUCt C&b] e

displayed on a form, as shown in Fig- Cable Fibers Loss {Single Sheath)

ure 12. The coeflicients are used in
the following equation (6):

L= (1K) (0+0.3) (i bt + pd)

+ (N5 +2) (s + 1)
+ 2{(14K) (3 +0.3) (02 +oc2+02)
+ (Ng+2) (o2 +ast2)] 112

Although this equation looks diffi-
cult to use, it is fairly straightforward.
In most cases, the required span
length (1) is known, as in the sample
20 km span. L also is known from the
preceding system gain worksheets,
and the required number of splices
(Ng+2) are determined as shown in
Figure 8. The remaining coefficients
(except for uc) are essentially fixed
and are well-defined by most cable
vendors from their manufacturing
and field experience. It only remains
tos i r loss—, 1o
satisfy the equation. In the example,
the required span length was 20 km
and the link loss budget was 26.3 dB.
Rearranging and solving the equation
would result in a uc of 0.9 dB/km,

Continued on page 49
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FIG. M An alternate preseniation of the required cable performance for the
LTS-135 svstem. This diagram shows bounds on cable loss and bandwidih.
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which is readily achievable with
today's multimode fibers. This would
be the basic fiber grade selected by
the cable vendor. A typical designa-
tor for this cable might be as shown in
Figure 13.

Note that equation (6) can also be
used in another way.

Consider a new system with no
existing sites where the span lengths
(1) have not been defined. In this
example. the system designer can use
predefined cable grades (or values of
uc) to determine different repeater
spacings. Cost trade-offs can then be
made 1o evaluate the effects of lower
cable loss {such as longer repeater
spacing but higher cable price)
against higher cable loss and more
repeater stations. Using this method,
the best compromise can be achieved
to meet both the system transmission
requirements and the lowest overali
cost.

An alternate

The methods of specifying fiber per
formance which have been described
often force the cable supplier to fur-
nish cable that does not exceed a par-
ticular loss, and meets or exceeds a
particular bandwidth. 1n other
words. a single value of maximum
fmm
Bandwigih are specijied. As
described previously, the link loss
allowed by the electronics is depen-
dent on the bandwidth. In fact, one
can be traded for the other.

An alternate presentation of the
required cable performance is shown
in Figure 14 for the LTS-135 system.
Using this approach, a region of
acceptable loss/bandwidth values is
shown in the shaded region. Any
combination of the two values that
falls within the shaded region are per-
missible. Values within this region BT
will result in proper operation of the
electronic equipment and lower

priced fiber due to increased latitude (800) 227- 840 :

\ in cable selection by the fiber sup-

plier. In California (213) 887-40007- (415) 968-8845 - (714) 879-0561
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.~ The Development of Sin

Systems at BTRL

-Part 1—Early Developments

gle-Mode Fibre Tranémission

R. C. HOOPER, 85C. CENG. MLEE, D. B. PAYNE, asc.. Msc, A-MIEE., and M. H. REEVE, ssc. ¢ £ng., MLEEt

UDC 621.391.6)

In this first of two erticles. the development of single-mode fbre systems ar Britich Telecom

Research Loboraiories from 1979 1o 1982 is charted with particular emphasis on the

eld-trial

results and the impaci ‘upon the evolution of the trunk nerwork, The second /narr of this article

will describe the developmenis 1o date and discuss the future poteniial g

applications.

INTRODUCTION

The origins of single-mode {moncmods) fibre as 3 transmis-
stion medium streich back to the semunal ideast of Kao
and Hockbam in the mid-1960s. The enormous bandwidih
potential of light frequency (= 10'* Hz) carriers was one of
the main attractions of this medium and stimulzted an
intensive rescarck programme a: the British Telecom
Ressarch Laboratories (BTRL). Ut w»as recognised that, if
solutions to the many practicel difficultics could be found,
then the communication ergincers’ dream of virteally
unlimited bandwidth would be realised. The trarstation of
this dream into reality bas taken s more tortuous path than
perhaps had first been imagined. However, over the past
four years, as this realisation has 1aken shape, the long-term
praspects bave come mere into focus 10 indicate areas of
epplication not considered in the ezrly days.

The practicalities of fabricatinz. splicing and coupiing
low-loss single-mode fibres. with core dimsasions of only a
few microns, were identified at an carly stage as being
among tbe major problems to be solved. The requirement
ir the e2rly-1970s for a rapid evolution of fibre techoology
to the systems demonstration sizge meant the temporary
abandonment of single-mode fibrs for multimude fbre. This
fibre, with its large core diameter of several tens of microns,
ofiered simpler splicing and couphng tharn single mode,
albeit with low bandwid:h due 1o the cispersion caused by
the variation in the velocity of the many propagating modes.
In consequence, a concentration of effort at low bit rates
{2 Mbit/s) ensued and. in 1975, at the opening of BTRL at
Mertlesham Heath, an 8 Mbit/s system operating over a
6 kmn multimode fibre link was demonstrated,

In 1977, two significant field-tria! s¥stems using cetled
mu.timode fibre installed in duct in the Martlesham arsa
were demonsirated? 3, Although originally planned as a
step-incex multimode experiment. graded-index fkre cabic
having superior bandwidih performance. duc to its mods
velocity equalisation property, became cvailable and allowed
txperimenis 1o be carried out at 140 Mbiiss as well as
B Mbit/s. These experiments gave the first indications tha:
fibre cables could be successfully instalied ir. ducy, spliced
(jointed) and operated over repeater sections much longer
than conventional copper-media based sysiems.

During the tate-1970s, silica-based fibre, with losses of
dess thar_: 35dB/km in the 800-900 nm waveiength region,
was beginning 1o dominate the fipre scene. Reliability per-
formance of the opto-electronic devices (light-emitting diode
(LED) or lases and photodiode) was improving and there
was the growing Prospect of operational systerns being

t Rescarch Department, Britih Telecom Development and Pro- -
Qurement
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Single-mode fibre

required by BT. However, in the mid 1o late-1970s, research

" establishments throughout the world were drawing attention

to the possibility of lower-loss fibre. perhaps as low as
1dB/km, at 1300 nm wavelength. Also, the chromatic
dispersion, normally a significant buadwidth reducing factor
at 800-900 nm with modulated LED and laser sources
having wide optical specira, is virtwally zero in silica fibre
at 1300 nm wavelength. B

Opto-electronic device development for the 1300 nm
wavelength region required pew materials technelogy and,
in the late-1970s, research programmes weregradually
shifted to producing suitable semiconductor lasers and photo
diode detectors.

The new wavelength region stimulated a re-aw 2kening of
single-mode technology since yet lowss Jass still, -20.5 ¢B /
km, could be achieved. and work bezan in earnes: at BTRL
in 1978. Since modz! dizpersion disappears with single-mode
propzgation and chromatic dispersion had been virtualiy
removed by the shif1 in wavelength, the fibre now ¢ Tered
2imost limitless bandwidth. The development had come full
circle, but with the prospect of repeater spacings at least of
an order of magnitude greater than for equivaleni cupper- .
media systems. '

In 1979, BT embarked on a mazjor ordering programme
for fibre systems for trunk and Jjunction rofiies” These orders
were for systems operating at BOC-907 n wavelengih,
Clearly, the future ordering programme woult inzrex: ingly
gravitate towards 1300 nm Operation as confidence grew i
the device technoiogy for the longer wavelength<. The Gucs-
tion then posed was should the neiwork opt for a single-
mode or multimods solution. The acvaniages of the single-
moce solution were 30 attractive for the TLRE Agiwetk that
BTRL stepped up 122 programme of resezrer begunin (678
l0atiempt 1o solve the practical problem.s thet hagd rers2ined
since the early-1970.. In 1980, 2 demonsisation of 2 37 km
unrepeatered system operating at |40 Mbit:s e 1709 nm
during the first Martlesham Open Week indicated the potes-
tial of the singlemode approack. This expcrimer! aiso
demonstrated for the first time that the 30 maximum
scparztion of power feed stations in the LK trunk reiwork
could be bridged withou: a repeater. The components for
this demonstration were al) developed z: BTRL matiz Ny for
the inland network. but it had been reelised that svstems
using single-mode fibre were well suited 1. underses appica-
tions where maximising repeater $pacing wus a prime con-
cern. In 1980, 2 30 km link working a1 140 Mbit s and using
identical componeats was demonstrated at Lwwh Fyne in
collaboration with Standard Telecommunication Labora-
tories (STL). Tbese and other demonstratioms of single-
mude capability encouraged the development of solutions tu
the cabiing, splicing, coupling and systems preblems.
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‘The culmination of the initial phase of research acunan
on sinfle-mode fibre system: was the demonsiration of field
instalicd cables having low splice losses and carryving digital
signals at up to 650 Mbit/s ove: Links up to 60 km withou!
intermediate repeaters. Several demonstrations of this type
were undertaken during 1922, with further upgrading
experiments performed subseguently, somsz of whith took
place in the Jower-loss window at 1350 mm

SINGLE-MODE FIBRE

The description of propagatior in single-maods fibre has been
dezlt with clsewhere; note that the rav-path appreach used
with mulimade struciures s no loager arplicabic and that
cleciromarnetic (EM) feld theory must be wsed. In single-
maode fihre. the core diameler can be only bum with a
cladding diameter of about 125 um,
urren;: single-mode fibres are based on s:hica, doped with
oiher matenal in order 1o produce thr refrachve index
iFerence helwezen core and cladding necessary 10 gne
nce or propagztion. Varicus maierials-reiated Joss
anisms in these plasses produce absorpilion or s¢atiering
! mlicst pewer tn the propagatiag mode, and thus imae
the  avallable sysiem  repeater spaoing At shorter
wavsiengths, the ultra-viole! absorpuon edge dominates,
_while 21 long wavelengihs. the infrz-red absorption from the
oxifes of the glass is the maror loss zffect. In beiweern
these two regions, Ravleizh seatter (due to particles of size
comparabic to the wavelsrngth of the hight transmitted) is,
for the most part, the dominan! ioss mechar:sm. However, at
waaciengihs correspending 12 the oxygen-hydrogen (O-Hh
bend overton: absorptiorn linss (950 and 1370 am) and
al associated combinausn bands, absorpuon losses can be
deminan:. These effects result in two iow-less windows, at
1300 2nd 1550 nm. Attencanon in these windows is due to
Rayieigh scatter, remnant O-H absorptior 2nd absorption
from combination bands of the Abre dopants with O-H.
Unfortunziely, dopants added io the silica to produce the
necessary fibre properties tznd 1c increase the Rayleigh
scaitar. The need to keep processing temperztures as low 2s
pessible during fabrication militates against the use of pure
silicz for either the core or the cladding {in spite of the
aitrazticn of such structures on loss grounds?. The necessary
procesiing temperalures reduce with ancreasing dopani
feveis These joss machznisms and the best combinaticn of
doparts 1o use for the core and cladding for lowest less
have been the subjects of extensive study at BTRL* ¢ The
resuit:ng sclution uses a core region uniformly dopec with
germania (GeO). The ciadding region uses both fluonne and
nhosphorus as dopants. These two dopunts have oppewiie
eficcis on the sihea refractive indsx, allowing the cladding
ingzx 10 be matched 10 that of silica whilst enabling the
proacsssing temperature 1o be Jower than thai for pure s [ica.
T e dopant concentration in the cladding is arranged 17 be
2 maximum furthest from the core, reducing to neariy zere
in the most loss-sensitive region near ;he core. In this waj,
losses can be reduced to minima of around 0.3 dB 'km and
0-2dB/km in the 1300 and 1550 nm windows. respectively.

Whilst ths single-mode fibre eliminates moda! dispersion,
the smali core region presents a challenge for splziig or
jointing. since the cores must be accurately aligned, perhaps
to within = 0.5 um. The launching of light from a scurce
such as 2 semiconductor laser, with its divergent asymmethic
radiation patiern, into a small-core hbre is alse more
demandhing in alignmert accuracy. These factors were partly
responsible for single mads being put 1o one side in the early
10 mid-1970s in favour of multimode technology.

In single-mpde fibre. chromatic dispersion is the major
bandwidth limiting efect. (Polarisation dispersion due to
any slight ellipticity of the core also occurs, but this effect
can usually be neglecicd. ) Since most iight sources, including
lasers, do not always enit just a single wavelength, then the
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dependence of the fibre material refractive imdex (and hence
velacits of propagation) on wavelengih leads to disperuion
effects. The semiconductor laser often emits 2 broad spee-
trum or ‘comb’ of wavelengths with each ‘tooth™ having 2
shghtly ¢ifferent propagation velocity and, therefore, transit
ume along the fibre. The resulting dispersiorn, which pro-
duces intersymbol interference (ISI) in a digial sysiem.
can be obviated by reducing the spread of wavelenpths
{linewidih) emitted by the source and/or choosing the wave-
length region of operation to be where the dispersivity 1s
a minimum. Fortuitously, silica exhibits zero chromatic
dispersion at 1300 nm. a wavelengih at which the fibre loss
is inviungly low («<0.5dB/'km}.

A typical spectral-loss plot for single-mode fibre is shown
ir Fip. 1. The two low-loss windows are evident; one around
1300 nm and the other centered on 1550 nm A Jarge pan
of the loss 1s due to Rayleigh scatier in the silica Since this
loss reduces with the fourth power of waveiengih, the fibre
loss is lower at 1550 nm than at 1300 nm. However, the
chromatic duispersion at 1550 nm is not zero and narraw
linewidth laser sources will be needed 1o exploit efectively
the lower loss

Fic. i —Spectral loss cf a sinple-moce Sbve

Single-Mode Fibre Design and Specification

A more detaiied investigation of the design of the single-
mode fibre is necessary 1o assess properiy the 2bove proper-
ties. One of the main 2ims was 1o 2riive_at 2 fibre design
that would work well in existing cable sirustuzes and 2low
'standard’ cabling techniques in marnuiucivrg and instailg-
1162 to be used for both multimode 2nZ singlz-mode iibre

The neec 10 minimise overall link loss producss several
dstailed corstraints on the fibre desien

{a) Cut-c¥ wavelerngth  This 15 the waveizngth whizh
marks the transition beiween multi- end sinpie-mode opers-
tier: above this wavelength the operation is singie mod= I
general, the cut-off wavelengih must be below the operating
wavzienpth.

(5) Imtrirsic fibre loss  This is the combinaticn of Haa-
leigh scatter and losses due to dopants introduced inic the
silica to form the fibre core and‘or 1o water (O-H icnsyin
the fibre.

(¢) Incremental cable loss due 10 mucrobending This s
superficially similar 1o the same phenomenon in multimode
fibre, but here concerns minute bends in the fibre, coupling
only one guided mode out of the core.

(d) Splice loss This is due to a combination of concen-
tricity error, EM field mismaich and splicing techniques
used.

Work at BTRL in the late-1970s was conccrned with
experimentally investigating these factors to arrive at the

optimum design. The fibre design is specified in 1erms of the
two measured parameters: the mode cut-off wavelength and

75




+l L2} ]

Ra g
Diramii

P10 2—-Approximation tathe slectric ficld fmode field) distribution
it & pgie-made Sbre

seme measure of ths mode field widih (Fig 2). Care mus:
be taken te link these expenimenall:-determined quantities
to iht measurement technique used. animporiant technique
5eing that of the oset joint”

17 a plot with these twe quantities as zxes is produced,
the fbre specification appears 23 an ar2z2 on the piot, with
12t consirzints as .ines bordering the specification 'box'.
~is shown in Fig 3. Taking ezch constraint in wurn:
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Cus-C¥ Vievelengrh

From oz comsideration of source waveleszih vanations. 1t is
Cesimabiz taspeafy the 8bcc loss and 10 tperate the systems
over o owaveiength range of 1751323 nm in the 1300 nm
winGow Tu aveid any pessitility of t:-moded fibre at zn
carcrating wavelength, an vzper value ¢ 1250 nmis placed
(37 the cut-off waveleng:h—this is line [2). A lowes Jimit of
1100 nm h2s been adopted in order 1c minimise the effects
27 cabling Joss and dispersion—this is lire (¢3.

{ 3 . 1

| 'ntrinsic Fibre Loss

:Fibrc loss increases with doping leve! {germanium and
«luorine arc added 1o the fidre core to raise its refractive
: ndex above that of ‘the cladding) and with O-H content.
The dopant-leve!-dependent loss places 2n upper bound on
« he fibre refractive index difference, leading t0 a lower boynd
1
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Fic. 4—Dopant level dependent loss as a function of index differ-
enze (An%)

on the fecld width for any particular cut-off wavelength.
Fig. 4 shows empirical data for this loss at 1300 nm as a
funciion of indax difference, after the O-H contribution has
been removed If 0-5dB/km 1s taken as 2 maximum for
this loss, bouddary line (h) in Fig. 3 is produced. The O-H
contribution can be expecied 1o add less than 0.05 dB/km
to this figure.

Incrementat Cabling Loss

In step-index single-mode fibre, the mode becomes less well
guided as the wavelength is increased away from the cut.
off, and eventually becomes suszeptible to micrebending loss
from the cable struciure. A fibre for operatiorn in both
windows must have the cut-of below 1300 nm and the
microbending loss edge bevond 550 nm. For any particular
fibre core diame:er, this places a lower limit on the fbes
refraciive index difference, correspongding tc an upper limit
on the mode field wicth. Since various types of cable are
used by BT. it becomes 2 maiter of some dificelty 10
detzrminc the leve! of microbending to which any particular
fibre will be subjected. Empirica! data for 2 loose-tube
toziing is shown in Fig. 5. The worst-case sitcation for this
cabiz type corresponds with the fibre left under some tension
zgrinst the tube wall Fig 6 shows similar daiz for a light
ss2ondary fibre coating. In spite of the very dierent cabliz

situatien, 2 similgr Jower limit on index differencs {&n) is
obiamed in each case. Assuming & limit of 0.05¥B ki
:neremental loss from microbending, the loose-tube’datz is
riotied in Fig 3 as line {¢). I operation 2! 1300 nm only is
required. the data can be converted theoretically 1o show
tht samc limil ar 1300 nm 2s line (o). -Fibre within the
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Bristsk Telecommunmicazion: Lrgineering, Vol 4, July 1985

-




hamey
we

|
f Nimm
f
%_

LELE WETRL o SR TL I ITA )
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snesificzlian box could thus bz expected 1o have average

ioeses of around 0-45dB 'k at 1300 nm and 0.3dB/km

2: 15330 nr, arZ could be czbied by using emisting cable
vpes with negl g tic losy inorease 2t cither waveiengths
Jushersion

The nomizna. step-index profle fitre design adopiad by BT

i2 zero chromatic dispersion point around (327 nm. Near
the dispersion minimum, broad spectrum lasers can be used
IMEUTrnINE 3 STTIOUS penaily. As operatien move:
zery Cispersion peint. the penaliy increases, and
The dispersion characierisucs of step-index fibre mesting
ine BT specificatizn arg shown in Fig. 7. Curve 1 s for a2
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1vrizzl Bbre with dispersion minimum at 1325 nm and the
curves either side show the extremes that are expeocizd for
fibre f2iling withir the specification box. Curve 2 corresponds
1o 2 fibre in the wop-right-hand corner of the box and curve
310 a fibre in the lower-left-hand corner. It is fibres 1n this
rezien of the specification bex that will first give nise 1o
dispersion penaltics 2nd, therefore, 5 2 further incentive to
resirici the lower cut-off wavelength bound 10 1100 nm.

Splice Loss

The main splicing technigue for single-mode fibre is cur-
rentiy electric-zre fusion. Core concentricily and mode ficld
width misfhaich form the main fibre-related loss contribu-
tors. The effect of any given concentricity error on splice loss
reduces as the field width is increased, making it desirable 10
operate towards the top of the area between the cabling
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(¢} and cut-off (@) lines. Unfortunately, “this reduces the
available cut-off range. 8 good compromise is a ficid width
centre of S um. At this field width, a concentricity error of
0.5 um in the two fibres couid preduce a maximum spiice
loss of around 0.2 dB duc 1o this effect. Fibre procuction
spreads and joint alignment statistics give an average splice
loss considerably less than this figure. A field widih range
of £ 0-%um around the 5 um centre (lines (f) and (g) n
Fig. ) gives a possible maximum splice loss duc 1o ficid
width mismaich of 0-17 dB. Again, an average value much
fess than this would be expecied when the spread of fibre
parameters and the statistical aspecis of splizing are 12ken
N0 accauni.

SPLICING TECHNIQUES

There arc severa! weli-documernted technigues for the
spircing of singie-mode opticai fibres and thzse can be
gererally classified on the following basis:

(e} fully-fused splices using cladding alignment only
(optical power monitering is not used); '

(h) paruzlly-fused sphices using core aligament by gptizal
power moniioring, 1o reduce losses due 1c core concentricity
errors; )

(¢} Fully-Tused sphces whers core ofset 1s minimised b
using optical power monitoring and fibre rotation; and

{4} gluzd splices where core 2lignment by optical power
monitoring is uysed 1o reduce core-concentricity errors. and
core deformanon s eliminated by avouding the fusion pro-
cess

The fusior process involves butting togethss the two fibres
to be spliced in the vicinity of soms heating device, usualis
ar electric arc The fibres are thzr simply melted or fused
together. In order to obtain low Josses, however, this process
has to be very careflully conirolled, usually by a mucio-
provessor. The giue techrnique bonds the fitres topether by
using soms form ¢of transparen: adhesive.

The cheice of technigue o be used depends on the Lbre
specificztion, design and its application

Splice Performance Comparison

The fundamentzi performance criterion is mean sphice loss
in peneral. the mean splize ioss in single-mode fibres car be
consiéered Lo consist of thres componente

(g} held widik mismaich, -
(hi core cispiacement due 10 core Seatengitily errer. and
() core ceiormation dus 10 ihe fusicn pchmgue

Table ! summarises the contributions from ihess com-
ponents 1¢ 1he tota! sphee less for the four sphicing ciassifica-
uons piven zbave -

Field Widt» Mismartchn

The loss cort=ibutien from field width v ration is 3 funda-
menta! splics loss himit, 17 Gauvssizn siansties for the distri-
bution of fieid widths and the mns meationed above (2 em
= 0.5 um) 2re assumed, then the mear loss inireduced s
less than G.L3-dB.

Core Concentricity Error

The question of which splicing technizus to adopt kinges on
the cflect of core concentnicity on sphice loss, The allov._'nb‘l:
loss that can be aliocated for concentricity effects will in
turn determine the geometrical paramcters i the fibre
specification required far each of the sphicing techriques
discussed. The fibre specification wili then deterauns fibre
yields from given manufacturing procssses and bear directly
on the fibre’s cost. _

In order 1o assess the aliowable allocation of splice loss
arising from the cffects of concentrizity errof alone, it 18

1

ke am—— p—a s




TABLE 1
« Splice Performance Comparisons

Loss ] Method {0) : Method (b) I Mcethod (¢) Method (d)
Mecharism ) Fusion ; Fusion X Fusion Glue
i Cladding Alignmem . Core Alignment [ Fibre Rotation i Sphicing
Fieid widin Same for all techniques
mismatch

Core displaceraent  : Depends critically on fibre
due 10 concen- speciication
tricity error

Dues not depend signifi-
cantly on Abre specific-
2:ion Limit depends on
a:gnment accuragy

'+ Pepends on Nibre specifica- .

© uea. but mav be '
relaxed compared with
method (g)

Independent of Ribre spe-
cificanion. Limut given
by alipament accuracy

Core deformaiion s muininused by machiae
parameiers. <C L8 dB
for standard sysiem

¢ Bbre

Acdcitonal deformation
Cue 1o surface tension
ferces trying to aisgn
tialdings Minimised

Same as for method (e} ' None

i ™ short-duration

' fusion cvele

necessary 1o examine svstem requiremenis and power
buczets A detailed statistizal analvsis was used ic obtain a
vaiue fur the mean systen: splice loss tha: can be tolerased
fora 3C km 140 Mbit/s system Thes. by using the distribu-
torg o7 the componen: fosses (field width mismatch. core
¢ .maior and concenlricity erros). values for the max.
ina lolcrable conceninicity error can be determined. (Less
tha=0-7 um should give 3 mean loss below 0.0% ¢B. which
'S+ dquate Jor this purposs.)

Core Deformation

Spiice lass due to core deformation occurs 1o some degree
tn al; fuiior-splicing processses and arisz: fram 1bres mzjor
auses.

2]

&) Surlace-tersion forces ac wealien ihe
the fibre 2t the splice poini. The efeci. there 3
imtiz! cludding muisalignment is 10 introcuse 2 shear {orce
across the faces of the fibres during fusion

(b; Ernd-face angle on the fbres being fused aisc causes
core deiarmation. When a singie-mods fusion splicing
machine it set up and operated correct v, snd-engle efcets
are prodatiy the dominan: czuse of core defarmation

v} Contaminztion ¢f the fibres by fcroign materiad in the
splics region, for exampie, dirt or primon coating material
r being compleiely removed, is an 07 en underesimaied
seatribuiion i peer-quality fusion sphicing.

‘ won-splicing techrigues suffer fror zbout the same
0 cere deformation. Method (4 USIRg puwer mon-
onng dutng core alipnment will be srone 15 susface.
(ension forcen increasing with core concoministty err3r The
Hiecl of (i may be mitigated by 2 shori-duratios heuting
-

.

yele cplmsed for this method. On 1he other hend. method
&' uses these surflace-tension farces for 1ae Aral zlignmen:
f the fiz-s cizddings. It is-found ih.2: :he initiz; visual

th
2dding zilgnment unde: a low-pows: microscope is gen-
‘-ra,’i_v accereiz 10 the order of | um znd that this residual

szl:gnmen: produces insignifizant core deformation The
Cived-spiice techmque produces no core deformation and,
'n printipiz. could produce the lowes loss splices. Note,
cowever thal ihere may be a small loss dus 1o the refractive
rdex mismatch (Fresnei loss) at the f.ore/glue inte:faces.

splice Strength

:ligh-s‘.r':ng'.h fusion splices may be achieved with care and
,ilention ic absolute cleanliness in the preparation of the
2ds of the fibre. Posi-eiching in hydroPuoric acid increases
‘1€ strength of thie fusion splices dramatically. This high-
izrength splicing may be achieved with techmques (a) and

b

I
]
y
o

(c). Splices made by wusing technique (b} are likely to be
weaker because of the discontinuity i the outside diamerer
anc because a full fusion does not take place The sireng:h
of glued splices is likely 19 be lower than those achieved by
using fusion techniques. In general, for land-based systems,
sirain relicf for the fibres 2ad splices is provided in the joint
housing and very-high-sirength splices are nol essentia!. The
major application for high-strength splices is in undersea
systems, where production-line Jhigh-strength splicing s
required in order 0 produce loag cabic lengths without fuli-
Jjoint housings.

Complexity of Splicing Technique
There are two distinct cairgories of splicing techniguss
described above: those whsre optical power moniioring s
required and those where 3t is no:. In technique {(a;, the
splicing-machine operator visually aligns the fibre claddings
10 an accuracy in the order of | um by using mLicromanipyl-
ators and a two-axis microscope. The fibres 2re butied
together and automatic fusing takes place under the preciss
contro! of 2 microprocessor Fil! fusion-occurs. thus zliowing
the final very precise 2lignmen: of the fibres 1o be brough:
about by surface-teasion forces. - .
The simplest power-monitoring svsterr. requires optical
power 1o be launched into the remote end of the fibst 1o be
spliced and cither a distant or iocal receiver 10 feed back z
signal related to the power coupled inio the splized fibre.
The fibres are then aligned either by the gperator or avto-
mat:cally so that the coupled power is maximised *prior 1o

“splicing.

Power-monitoring svstems can require zn extra team &l
the launch site and possibly a further 12am ! the receivs
site if loca! monitoring 1s no; used. Ia add:tior. seguential
Aplicing along s route may often be necessarv. This ceuld
de disadvantageous since insiallation praciices and local
roagd traffic problems may restnict splicing 10 times outside
normal working hours on “difficu®t or busy sections of the
route. .

Il a localinjection /detection scheme is used to 2void the
above probicms, the length of stripped fibre a1 the splice
could be fairly Jarge, and this increases the risk of damage

-to the fibre and makes subsequent raechanical protection

more difficult. However, injection/detection through the
coatings can be used in order to avoid long lengths of
uncoated fibre, but this is dependent on the choice of mat-
erials used for the primary and sccondary coatings.

As a result of the detailed studies of splicing techniques
undertaken at BTRL during the tate-1970s and early-1980s,

BT has adopted fusion splicing without power monitoring -
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as the initia! sphicing 1echnique for the trunk network moder.
nisation programme The main reason (or this is the simple-
city of the techmque for the field environment. As the
use of single-mode fibre moves into the junction and local
networks, the neced for simple and low-cost splicing lech-
niques increases. The fusion process adopted offers the
greatest poiential for simple Jow-cost. yei high-qualiy,
spiicing

SINGLE-MODE FIBRE SYSTEMS TRIALS

The production of gquantities of experimental single-mode
fisrc 2t BTRL wuth joss iess than G 6 dB/km a1 1300 nm
wavelenpih ded to 2 senes of system tesis beginping in
iSAhG. The development of suniabie transmitler 2nd receiver
moduies at BTRL haé been procesding duning the late-
19705, in:tiaty for graded-index mulumode svsiems, bu:

subseguenily for singis-mode fibre appuications . .

Transmitter and Receiver Modules . .

The basic optu-electranie devices.for operation 2t 1300 nm.
that is. iasers and pheoiodeiestors, were incorporated into
hybrid packopes. usualis n duai-in-line formzi, with integral
fiore 13ils far conneciion 10 the main iransmizsion fibres. A
transnuiter modeis typazaliv comprised 2n oplizal source,
ofien a semiconducter izser chip. 2nd the necesszry opuical
coupiing componeals stk as miniature lenses and a copper
submount alipnmes: jig 10 achieve an efizient launch of
opiical power intc the singie-mode fibre 1ail®. This package,
shewr an Fig 8. was aiso able 1o incorporaie elecironic

T., 8—Laser transmitter medaie showing ftre (Ceft). submount,
‘ases chip and fegdback proiadicles fzentre (efti and 1C conirel,er
chep omphy

int=rfaces ir the form of drive 2nd Bias circuiis The stabilisa-
ticr of the laser eperating point against lemperature vari-
atizng and ageing was £ mIior IIMPOrlance since i was
reoagnissd that 1300 an exs were likelv 1o be more
wemperziure sensitive than ther 30 nm coumerparts. Sue-
cersful opesation at 140 Moty and above in a praciical
svaizms environmen: depended on the effect of laser switch-
or. delay'® being mimimised without other performance eri-
teria being compromised The development of the module
therefore included a reor ‘aser facet momitoring photodiode
and specially developed BTRL integrated circuit for the
control of the bias and drive signals®.

The hybrid packaging concept became vitally important
to the development of receivers at 1300 znd 1550 nm.
Fundamental changes to recgiver design became necessary
when the new wascleng'h region was adopied, since the
silicon avalanche photodiodz (APD) that had given such
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pood perfarmarnce a: 850 nm could not be made 1o detect
besond abtwwi 1100 nm. The APD can be reparded as a
dewice 3ha: deiects incoming optical sigrals, and converts
them 10 equvaient electnical curren: signals which undergo
amphification within the device itself by a carrier avalanching
eiTect, the gain s dependent upon the apphed voltage. The
¢Tective nowise figure of such a dévice is dependent in a
compiex fasmon upon the gain and the level of the inpu:
signal The commercially available siicon APD could be
operated with 2 nose figure much less than that of a

‘conventional transistor amplifizr. However, commercially

avzilable APD devices operating at 1300 2nd 1500 nm were
germanium based with effective noise fipures much higher
thar those for siicon and with a significan! 1empersiure
dependency as well.

A number of research laboratories underiook development
of APD cdevices in materizis related to those being used
for laser deveicpment; that is, gallium indium arsende
{GalnAs! and galbem indivm arsemide phosphide
{(GalnAsP) 111-V based semiconducior ailoys. Howeve:,
at BTRL. it was behieved that any long-wavelengil APD
developrment would be on a long ume-scale sinte these
devices are structurally complex and therefore difice (o
fabricaie (true even in silicon, which i 2 weli-characienised
material). For this reason, the development of a simpic non.
avalanche GzinAs PIN struciure photodiode was initiaied
by BTRL both internally and a: Plessey Research. In order
1o achievc adequate sensitivity performance, it proved neces-
sarv io ensurc that both the phoiodiode and following tran.
sistor preamplificr had low capacitance and that the input
transistor wzs a low-noise device. Only by using hybrid
integration techniques was it possible 10 achieve this first
objective. The receiver, shown in Fig. 9, comprised a PIN

Fig. 9—PINFET receiver - adule showing Rbre entry {left). quartz
cube submount for photodiade tcentre left! and preamplifier circunt
icestre and right)

photodiode connected 1o a low-noise GaAs fiecld-cTect tran-
sistor (FET) device forming ihe first stage of amplifization.
Further an:plificaticn and buffcring was also provided i the
package by using additional bipolar trarsistor devices. The
resulting module, known as a PINFET receiver, had sensi-
tivity performance better than commercial germanium
APDs in 19791 More recently, both 111-V and germarium-
based APDs have been developed in the USA and Japan.
These detectors have shown improved sensitivity so that
performance is now comparable with PINFET receivers,
which have also advanced in this period. Operational consi-
derations are now, and in the future, likely to play a more
dominant role in the choice of recciver technology. :
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S i tial System Tests
“he development of the transmitter and receiver modules at

"VBTRL was undoubtedly a key factor jn the successful

demonstrations that took place during the }980s over long
lengths of single-mode fibre. In the first of these experiments,
& protolype laser transmitter operating al 1278 nm was
modulated with a 140 Mbit/s 21— non-return-to-2ero
{(NRZ) pscudo-random binary sequence {(PRBS) 1est sigmal,
The mear outpu! power coupled from the laser into the fbre
withou! lensing was 80 uW, or ~1! ¢Bm—an efficiency of
about 10%. A continuous 37 km length of single-mode fbre
coated, but nc: packaged or cabied, was buit connected 1o
the fibre tail of the transmitier moduis The loss of this fibre
was about 0-7dB,’km at 1275 nm, shightly higher than the
1300 nmngure. The short multimode fibre 1ai! of the receiver
was connected 19 the main fidre viz 2 jens connector. The
sensitivity of the PINFET receiver was measured 1 be
2 aW, or —43 dBm, at 140 Mbit ‘s, with an crror rate of
107* The photadiods quanium efficiency, the proportian of
incoming light that contribuies 1o usely) current flow, was
40%. Tac low-jeve! cuiput sigrai from = PINFET recenver,
usuaily an irtegraied version of the received opica, signal,

was equaiiseC by a differentiator anc fed a Tepsneralive-

repesier,
The repeater comprised linzar ang iimiting wideband
amphless, a ciack extrzciion eircurt and 2 bistadle desisinn
Fate. The repeater oiso incjuded an equabiser, whach, in the
: of single-=ode Sbre sysiems, 15 usually just 2 jow-pass
«.o.2r. The gain blocks ard digitzi circuits were \mpiements
by using integraiec cizeuis components, no discrete devices
¢ vszo. The sysiem block dizgram is shown in Fig 0.
LS SvSiem was successiclly operated over the ful 37 km
Lorepeaicredlengih with 2 system marginofl 3dB. A further
experinient was underiaken in the 155C am low-joss window
where the fibre attenuanion averaged abou: 0-4 2B ‘km. The
izser ransmitier was changed for a prowiype 15il nm laser
© 8 pachage hzader. A ETRL photodicde
7§ 21 botk 1303 and 1550 nm had been
! soziver module enabling the receiver/
TegtnEriter combination 13 remain wnchanged. The reduced
fibrzioss enabied an extrz 12 ke of fibre to be added 1o the
Lnk to form 2 contizuous 49 km iength, This system aga:n
¢perated successiully with aoout 3 3 dB sysiem margin.
Howevs: same tmoctan d:ferenzes were noted betwsen
e two enperimants 41 130K nmLthe perfermancs was qos:
: wores the link length ackievabie was se:
LRy Ty ihe laser ceupied power, the receiver sensilivity and
= lots Or the ciher hard, a: 1510 nm, when the
eC through the 49 ki teng:h,

TABLE 2
Power Budgets

Wavelengih

1275 am 1510 nm
Link length 17 km 45 km
Bit rate 140 Mbit /s 140 Mbit/s
Path ioss 29 dB 24 4B
Transmitter coupled ~i1dBm =15.4 ¢hin

power

Received power ~40 dBm =3%.4 dBm
Receaver sensitiviny =43.5 dBm , 44,2 dBm
Laser extinciion peralty = GgE t dB
Dispersion penakiy 0 dB €.7dB
Sysiem margin l.5¢dB J.14dB

dispersion was discovered. The power budgets for these 1ests
are given in Table 2.

Dispersion and Laser Spectrum

The dispersion of the fibre in the 1550 nm window was
known 10 be in the region of £ ps/nm/km: that is, after
* km of fidre a launched impulse will have been transformed
1o 2 Gaussian puise with 1/e full widih of 15 ps.for every
nanomeire of source linewidth, the linewidih being 2

zasure of the spread of wavelengths emitted by the source.
The 1510 nm laser was estimated to have an eflective line-
width of 4 nm so that the dispersion amounted 10 about 3 ns,
Just under half the bit time for a 140 Mbit/s system. Since
the transmitter launched full-width pulses, that is, 7- 14 ns
widc pulsss, and no: impulses, the dispersion of the fibre
spreads these pulses into their adjacent time-slots, and causes
IS1. About 1 dB of IS] penalty results when the dispersion
is equivalen! 10 ha!l 2 time-siot and § dB when itis a full
time-slo:. This initia! experiment a: 15)0 nm wzs nearing
dispersicn itmited operztion.

I was 2ppreciated that if the 1550 nm window of this
fibre was 10 52 fully exploited with convenlonal single-moce
fibre, then some measures to narrow the source lhinewidih
needed to be takes Subsequent 1550 nm source develop-
menls were aimed owzrds achieving this end (a2t 1300 nm
the linewidih problems were of less concern}). The specirum
of 2 semiconducior laser, as mentioned earlier, is often a
comb of diserete waveiengths generzied by the mulupie
Cavily resarancss, Wooes modulated. ki specirum under-
Bots changes, with the fzst pant of 13 pulse wguzlly =xhi-
biting the highest degres of inst2biiity of spectrumrUnder
DC conditions, or Guring the iztter part of 2 long phise. ihe
Spectrum sizbilises 2n2, 1n certzin devices, can exhibe nzarly
single waveleng:® coeretion. A possibie evoiutior of the
wavelenpin specirum 7@ semicondustor laser is shown in

a v ¢ abou: 0.7 dB resulting from the
: c2c spesirem of the laser and ihe fipre
—— ’_\‘ ——
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F1G. 10—Biock diagram of fibre system under test, showing receiver regenerator configuration
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Laboratory-Based Cable Tests

Wit the re-formance at 1550 am cleasiy hel2 out greu
P - the Cevelupment of a lzser transmitier with the
neczueary speciral confinement and stability 21 1555 nm was
much furiher awzy tharn a svitzbic 1300 am laszr. The nex:
Slage of svsiems development was therefore certred or
1307 nm svsiems with the object of demonstrating a2 more
reaiistic sysien: using a Jaboratory-based cabled fibre link
of about 30 km lergth. If a system at 140 Mbit/s could be
Opcrated over this length in the feld without a repeater,
then it would remove the need for dependent power-fed
repeaters and metzllic conductors in the cable for almost all
routes in the nationa! trunk network.

Britisk Telecommunications E ngineering, Yol 4, July 1985

Towards the end of 1981, an experimenta? 31 .6 km single-
mode fibre link was set up in the laboratory in order 10
simulate as closcly as possible an operationa! cable route!.
In this experiment, 14 fibres. each 2.25 km long were cabled
in three 2.25 km cables using 2 loose: tube technique!’. All
the fibres were fully characterised prior 10 splicing The
three cables were spliced together by using the fusion splicing
technique without power monitoring to form a coniinuous
fibre dength of 31-6 km. Splice losses were determined
by two metheds one was to use an opucal ume-domain
reflectometer (OTDR)H 1o measure the individua! spiice
losscs. and the other was 1o measure the 1012l link Joss and
then subiract the previously measured cabisd-Sare Josses 1o
Rive a figure for the total splice loss. For this system there
w2s good agreemernt between the two measurements. wtich
reicated that the mean splice loss was between G. 1% znd
£ 23dB at 1300nm and appromimately 0.12¢B  at
1550 am. The reduced loss ai iS50 nm is cue 1o tke
increasing ficld width with longer wavelengths: this keips 1o
reduce the splice losses associated with conceninicny error
and core deformation. The tota! link loss for this exper-
imental cable was 17.5dB at 1300 nm. and permiiied sev-
eral sysiem expenimants 1o be performed in the 300 am
window.

Transmitter and receiver modules at 1390 nm fer opera-
liorn over the cabied single-mode !ink were made 2vaiizble
for a series of systems tests at 140 280 and 562 Mous
The transmitter module comprised a GalnAsP 10 um oxide
insulated stripe Jaser!® with rominal operating wavelength
of 130G nm. The device was mujii-longitudinz} mode, with
ihree mzin modes separated by ! am, 10 give an effcciive
linewidth of about 2 nm. The optical power from the laser
f2cet was launched irto 2 single-mode fibre 12i} using simple
buli covpling The launched power was 8C yW (-, - ¢Bm
mean when pulsed: no additana! powser coulc he coupied
into the fibre by Imereasing the drive curren since the main
iobe ¢f the laser outpu: raciztion sasurcied 21 this level ang
any acaiicra! power obizined was lost to uncoupled side
jobes The transmitter moduls was lemperalure coniroliad
by a Peliier-effect thermoelectric cooier This allowed siabe
lransmitler oprration to be achieved with these czriy
1300 nm devices. The threshold curreatat 1650 wa: 280 m
and a drive curreny of SO mA was required for fi!
uon of the optica: outpzt power. I: was envisaged .
most appiications, reductions in thrashald bizs curren:
and improvements in module desipn mught eventuzly
the temperature controllsr (o be d:spensed with
development of the receiver, particuizriy wiztk fibre counting.
had :aken place. The PIN photodince was now movriec ot
2 quariz block with an aiignmern? hoie fof 1he Rore InTUli
The reseiver sensitivity a: 140 M5t s and © 300 nre wars no
=46 B The principal results 67 ¢ me SYLIZIT leSiS aTe friur
in Takie 3

TABLE 3
Results of System Tria's

Waveleng:h 1280 nm 280 nm 1280 nm

Link lengrh 31 6km li-8kxm 3.6k

Bit raic 140 Mbit /s 28I Mbit/s 568 Miuiys

Total path losst  20.54dP 20.5¢B 2(..5¢B

Transmitier —-11dBm —11dBm -1!1dBm
power

Received power =~3!.5dBm =31.-5¢Bm ~1].5¢8m

Receiver —-46dBm —4!.5dBm ~16-LcBm
sensitivity

System margin 14.5dB 10dB 5dB

T The increased loss ever the 17.548 fibre and splice Jost i maialy snribated 1o
the Vw0 protoly e kens connecton saed ot each end of the HUEm

L 7]




- ‘ PI:u: system margin of 14.5 R a1 140 Mbit/s was very

rouvraging and was judged suflicizut to cover the additional
performznce degradations usually experienced in transfer-
ring laboratory-based sysiems demonstrations 0 the working
envirenment. At 565 Mbit/s, the system margin reduces to
3 ¢B because of the reduction in receiver sensitivity with bit
rate. However, 11 was believed tha! additiona’ svstem margin
wouid be obtained by improvements to laser periormance
arg iransmeiter design. For example, the use of a Abre 13i!
with 2 spesialiv designed lens® fabricated or its end [ace. as
shawn 45 Fig 12, was predicted to yieid perhaps up 12 3
factor of {eur improvement in coupling efficienzy.

TLr resuli signifzd that 140 A
Cirencen: rapeaiers were feasitis z
“r.r having been installed. could be vpgr
frINRQs 2l the same repesier spacing

- lndeed. i was becomungp evident
- =7 30 km weorc even:

nOSUTmdle
i

P40 Mbi s uning
cungerizkenin the 135D am window confismiag the
: TUon car beexpicited it remaired 1o shaw 1o
Mty of singis-mode techreiizy oy demor-

~~lems over cabiss nstalied in the feld

re MiME 2nd Woodbiridge System Trials

trrozeriv part of 1982, two maje: feld trizle of
' = technplory were carried out. The 7o

Tr.rowiloloco-operative veature beiwsen BTRL oni
Trooctore Dotles Limited 2ad involved the instaliation of

o oank Deiweesn Martiesham znd the nen-ls
Srigpe” The ether pial wae i 2ssociu.or
nvarved the dinctzlizuon o7 2 'S5 km o
Triwesn Mantissham 2ad the town of Ipswich,
sLh beng known as ihe Martlesham Ipswich A on-
crtds Dereeiment IMIME®™, A mazp of the two router
siwr o Fig 13

The fiore for the Woodbrieps trial was produced on zn

zuoenimentu! basis by BTRL 32d GEC Optica! Fibres Lid

TECOT | and was not tig='is toieranced. The fidre can.e
o Seih BTRL and GEUOF sources and derived from

far the MIME trisl was was tight'y toleranced and was
rroduced by STL/STC in 2 nilot manufacturing facility. As
z temsequence. the MIME fbre was more ropresentative of

Fit [3—MIME and Woodbridpe single-mode fibre cablz ingealia-
tons

the uitimate quaiity tha: cculd be expecied from 2 dedicated
producuion environmen:. The effect of fibre tolerances clearly
man:fested 1iself or the splicing results frem the two hzks.
Nevertheless, both iinks showed encouraging splicing per-
formance.

The links were spliced by using the ‘usion-splicing tech-
nigus withou: power momitoring. The Woodbridge link was
spiicec by BTRL. and the MIME lick by STC fieid staf
trainzd by STL. The splice-loss distributions from the twe
iinks 2re shown 1n Fig. 14. The mean splice loss of the
Waodbridge link was G.22dB. The carefu! and extersive
mearurement progrZmime associated with this ok 2lowed
calcuiztions to be serformed showin that this loss was made
up of (-0B dB due 0 core deforfation, 0.C° ¢b due ¢
corzertriciiy error and 2 further 0-07 dB dus o field wicet
mismatch. The mean splice loss of the MIME link. howsver,
was enly 0-11 dB. indicating the possible leve! of spiice loss
thz: could be achieved with tightly toieranced fisre. Both of
these cz2ble instaliazions were then used 25 1es: beds fo-

Imany svsiem experiments 25d, indeed. in I9EF. thev sl
form the majer test beds for such expe~imen:s.

These cabled single-mode £bre instzlietions™pavé the first
ORpoTlunity to tes:, under Seid conditisns, the op®aton of
sysieme at 140 Mbil/s and 2bove over repeater shacings ¢f
30 km and greater Lases transmitiers with imrroved taser

Cdecignr and aensed fibres were used in ihis saries of exXperi-
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Fic. 1 &—Splice loas histograms for MIME and Woodbridge field
anstatlations '
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rients a1 1300 nm. The transmitter and receiver were con-
necied te the transmission fibres using shaped memory
c.‘chl‘ ferruie connectors™. The receiver and regenerator
combination remained essentially the same as in previgus
Cxperiments. The Woodbridge cable was operated ay
148 Mbitys initially and subsequenily a1 650 Mbit/s—the
Lighest bit raie then available from test equipmen:. The
MIME cable was operated over 2 range of bit rates with a
-Raitest at 565 Mbit,'s over the ful] 6i-3 km of the installa-
t:en. The power budgets for the 1300 nm experiments are
£ver im Tabic 4.

TABLE 4
Power Budgets for 1300 nm Experiments

.
.

!
K90 nT

Wavelength 1290 nm 290 sm

Link jenp:h I 5km 3 Skm | 61-3km

Biirate F40 M 650 Mbir s 565 Mbu/s

Fai» ioss R <. S¢CE 30 5dB

Transminer -T&5T ~bt T cBm “—<. 5SdBm
powc

Received power =38 9d5= =30 6¢Br: =35dBm

Roieiver —45cdBm -34dBm =36 23m
sensiliviiy

Srstem margin 167 4B J-44dp 'dB

TEe system margins achisved i this series of experiments

wese grezier than in previous tesis and wers large enough
o jeave virtually no doub: abou: the eventua! practicaisty
Of ihe AL km spacing up 1o 650 M s, Fibre, cable and

$7ININE Calz {Tom thase irizis formed 13 ¢ busie Tor current

ET singe-mdls fibre spesifizatian: Reszzrch effort way
ihen ol ointe demansirating i capabiiiues of sysiems
ereTaling 2t 1850 nm.

L2l atiempls to stakliise izser devicas for narrow bins
50 ne viilived techniques involving externa!
nothe first of these expeniments
Fig 1S, wasused whersin ¢ laser was
1$C CONLIRUONS wave 1o gz 3 stakilised SLM. The
* from this Jaser D% zeds 2 second laser (LD2»
TE 3 to ossifiate exclusives 2t this same wavelength
siond laser (LDZ) was modulzted in the cenveniiona!
mzr. The technigue zliawse the transmissior ¢f 2
4 Moutds sigrai-over-a 102 ko ink of cenveniiona) £a-z
= -zois without & repexter™®
33n¢ eXperiment oBing 2 !r2nsmitter mocule witk ar
tyivrnzl cavity cgﬁ'p_risuiga refletor placed 21 3 conirciie

‘--'.
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FIG. 15—Injection-locked laser transmitter afrangement

British Telecommunications Engineering, Vol. 4, July I9l§_

LV

ClhaMmi; 3,500

CIPFER SUBM N

"Fit. 16—External cavity laser transmitter arrangement

distance from the rear facet of the laser. see Fig. 16, 2)iowee
operation again at 140 Mbit/s and 102 km?" The SLM
could be tuned in this case by 2ltering the positior of the
reflector by applying heal via the heating coil 10 expand 1he
metal wube on which the reflector js Placed.

This latter transmitter module was emploved in a further
Systems iest in which zl! of the instziied cable was hrked
together to form & 99-5 km length. Successful operatian
was achieved at 140 Mbit/s with a margin of aboui 2.5 dp.

“This feasibility demonstration, with a feld-instalied singie-

mode route, of 3 system operating over three times 1the then
required unrepeatered span for the trunk network, sei the

- scene for potentially very long unrepeatered systers at

1550 nm of great interest for submerged applications.
The power budge:s for these Syslems lests are given in
Tabls 5,

TABLE 5
1550 nm System Test Power Budgets

Wavelengih 1520 nm 1520 nm

Link feng:h 102kt 102 km®

Bi: rate G NMhir g 140 Mot s

Path iogs 34dE édy

Tranasminer -EdBr ~6ebm

_pawer * L
-‘Received power —42d8Bm —42¢Bm " -43
Recerver ~45.7dBm  —43 1¢Bm !
LR HS :

Laser extingtion 1dB 0dk el

Sysiem penalive 1.6¢B "t b-5¢b . Gan

System margin 1.1¢E 3-2dB :
Nois Note

1 O rechs
3 MIME « Woodbsidge inatatied Ripre
* Mucelisacous bmpairment
Note ! Inecuon locked 1rangrmrter
Motr [ Eaternsi-cavty wramamin:-

CONCLUSION

This article has described the development of sing - maode
fibre systems at BTRL vp to about 1982 and indicaiec the
significant aspects of fibre design, cabling, splicing and
systems design that evolved during this period. These devel.
opments have had a profound effect upor. the ensuing appli-
cations of the technolog v in the trunk and Jjunction networks,
and on undersea routes. In the second part of this article,
some of the developments that have occurred since the
MIME field trials will be described as weli as an indication
of what the implications are for the future exploitation of
the growing singlé-mode fibre network.
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The Development of Single-Mode Fibre Transmission

Systems at BTRL

Part 2—Recent Developments

R. C. HOOPER, 8sc. CENG. MIEE, and D. W, SMITH, B TecH.t

UDC 621.391.63

In this, the second of two articles, recent developments in si::fle-mode fibre transmission systems

at British Telecommunications Research Laborarories are

iscussed. The article covers, firstly,

improvements in system performance being achieved by enhancement of direct detection systems.
and secondly, the further performance improvements becoming feasible by the adoption of coherent

transmission technology.

INTRODUCTION

In the first of these articles®, the development of single-mode
fibre transmission systems at British Telecom Research
Laboratories (BTRL) from 1979 10 1982 was charted. In
this second article, some of the developments that have
occurred since 1982 are described.

A key development area has been the exploitation of the
second low-loss window at 1550 nm aliowing yet further
increase in repeater spacing. However, it has been found
that semiconductor laser sources with confined spectra need
10 be used in order to obviate the fibre chromatic dispersion
of about 15-18 ps/nm/km at this wavelength.

Single-mode fibre cable will be the dominant fibre
transmission technology in the UK national trunk network
by the carly-1990s. Systems technology under investigation
in the laboratory is aimed towards the full exploitation of
the potential of this medium. The developments are being
carried out on two broad fronts.

The first of these is enhancement of _ direct-detection
systems by direct upgrading at 1300 nm bringing informat-
ion-carrying capacity into the gigabits per second range!.
The usc of the 1550 nm window with narrow linewidth
sources is being investigated as a means of further increasing
capacity and system range® 3. Capacity may also be
upgraded by using passive optical components to permit
duplex* 5 and wavelength multiplex¢ systems.

The second area of development for future systems
enhancement is coherent technology, where the carrier wave
properties of semiconductor lasers are utilised to allow more
sophisticated modulation and detection schemes to be used.
Such systems? may exhibit up to 20dB improvement in
sensitivity over direct detection sysiems, allowing repeater
spacings to be increased by possibly more than 100 hm. {t
is becoming clear that this technology does not require fibre
different from that being used in current direct detection
systems®.

DIRECT DETECTION SYSTEMS
Single-mode fibre typically exhibits two low-loss windows as

t Research Department, British Telecom Development and Pro-
curement

* Hoorer, R. C., PAYNE, D. B., and Reeve, M. H.  The Devel-
opment of Single-Mode Fibre Transmission Systems at BTRL,
Part |—Early Developments, Br. Telecommun. Eng., Jul. 1985, 4,
p. 4.
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Fig. 1—Loss and dispersion of singie-mode fibre

shown in Fig. 1. The first appears at 1300.nm and the
second at 1550 nm. The second window, however, exhibits
chromatic dispersion requiring narrow line sources for opera-
tion at very high bit rates(gigabits per second) and long
repeater spacings (> 30 km). :

Gbit/s Systems

Systems based at 1300 nmeare usually loss limited, that is,
the repeater section length is set only by the transmitter
coupled power, receiver sensitivity and fibre loss, whereas
1550 nm systems can be dispersion limited, without narrow
line sources. However, in practice, it is unlikely that a precise
match can be always attained between the laser operating
wavelength and the chromatic-dispersion-zero wavelength,
For 30 km repeater sections it is unlikely that a serious
dispersion penalty will result until information rates of
several gigabits per second are reached, although some
tightening of the allowable spread of laser centre
wavelengths may be necessary. In the case of much longer
repeater sections, then the technology of line-narrowed
sources developed for 1550 nm could be transferred to
1300 nm.

At BTRL, some experiments have been performed at
1-2Gbit/s and 1300 nm over a 31 km length of installed
single-mode fibre having a chromatic dispersion zero at
1300 nm. An InGaAsP/InP 1275 nm buried crescent laser®
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was modulated witha 2'*—| pseudo-rundom binary sequence
test signal. The output from the laser was launched into
the cabled (MIME?) fibre with a mean launch power of
—5.3dBm. At the far end. 2 PINFET receiver'® was used
for detection. This receiver comprised an InGaAs PIN
photodiode having low capacitance and a GaAs MESFET
preamplifier having both low capacitance and low noisc. The
PIN photodiode and GaAs MESFET were mounted on a
thick-film circuit hybrid containing silicon bipolar transistors
for buffering and amplification. The receiver sensitivity for
a 107" bit error rate was =33.2 dBm. The detected electrical
signal from the receiver was then regenerated in a
regener~tor utilising high-speed commercial integrated cir-
cuits’!. The regenerator comprised linear and limiting wide-
band amplification and a parallel processing decision gate
as shown in Fig. 2.
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Fig. 2—Paraliel processing regenerator

The decision gate comprised two emitter-coupled logic
{ECL) D-type bistabies operating in parallel at half the bit
rate but 180° out of phase. The decisions then took place
in each circuit on every other bit. The two streams at
600 Mbit/s were then interleaved to form the 1.2 Gbit/s
signal in an integrated transistor array,

A further experiment was undertaken on a length of
54.7km of reeled single-mode fibre using the same com-
ponents. The results of the two experiments are given in
Table I, but in neither case was a dispersion penalty meas-
ured.

TABLE 1
1.2 Gbit/s 1300 nm Experiments

Link length 31 km 54.7 km

Laser transmitter =5.5 dBm —5.5 dBm
power

Path loss 15 dB 23-5dB

Reccived power =20-5dBm =29 dBm

Receiver sensitivity =33.2 dBm =33.2dBm

System margin 12.7dB 4.2 dB

Duplex System
Whilst clectronic multiplexing techniques have been the

. favoured method of achieving a direct upgrade of capacity

t MIME-—Martlesham Ipswich monomode experiment
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in the past, optical-fibre systems offer a number of possible
ahternative approaches. Duplex use of the transmission path
is possible by using fused tapered single-mode fibre cou-
plersi:. In these passive devices, gencrally having four ports,
a proportion of the input opiical power is transferred to an
output port. These devices are reciprocal in that light may
travel in either direction through the coupler with equivalent
path losses. If two such couplers are inserted in a system at
cither end of the link, then it is possible to double the
capacity of the system by using a single fibre for both
directions of transmission simultaneously. If the couplers
are arranged to divide the input power cqually between the
outputs, then an additional loss of 6 dB is incurred. Excess
losses less than 01 dB have been measured'2, Experiments
were performed in which digital signals were transmitted
bidirectionally at bit rates from 34—650 Mbit/s*. A sch-
ematic diagram of the system used for the experiments is
shown in Fig. 3.
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Fig. 3—Duplex transmission at 1300 nn

The two laser transmitters operated at the same nominal
wavelength without interaction even when the wavelengths
came to within about I nm separation. No crosstalk was
found and the only additional penalty was due to the back-
scatter from the fibre which, compared with receiver sensi-
tivity at 34 and 140 Mbit/s, became significant. The high
level of system margin obtained even at 650 Mbit/s makes
this duplexing method very attractive. The detailed perform-
ance of the system is shown in Table 2. '

TABLE 2
Duplex System Power Budget

Transmitter power (dBm) =-3.2 (=-2.8}
Total coupler loss (dB) 5.3 (7-6)
Path {oss (dB) 16.2

Received power (dBm) ~24.7 (~26.6)

Transmission rate {Mbit/s) 34 140 320 650
Receiver sensitivity (dBm) =52.5 46 —=43.5 ~=35.5
Penalty (dB) 1.2 0.3 0 0
Margin (dB) 26.6 21 18.8 10.8
24.7) (19.1) (16-9) (8.9)

Note: Duplex power budget A-B (B-A shown in brackets)

1550 nm 1.2 Gbit/s System

Because of the very much lower losses available in the
1550 nm window, it is possible 1o achieve very much longer
repeater scparations at gigabits per second speeds. One
method of achieving the necessary narrow linewidth of the
laser source is to use a distributed Seedback (DFB) laser!?.
Such a device operating at 1530 nm has been used at
BTRL ina 1.2 Gbit/s 114 km experiment'*. The DFB laser
generates a single longitudinal mode (SLM) even when
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modulated. The linewidth can be as narrow as a few tens of
megahertz under continuous wave {CW) conditions. The
" DFB laser was modulated from the threshold by a 25—
pscudo-random binary sequence test signal at 1.2 Gbit/s
with a peak-to-peak signal amplitude of 36 mA. The power
launched into the single-mode fibre tail was —4 dBm. A
PINFET receiver having a sensitivity of —35.6 dBm was
used at the far end. Fibre links up to 114 km were configured
for a series of tests which demonstrated that degradation of
performance was incurred as the length increased.
Fig. 4 shows error-rate plots from 10-114 km indicating
that penalties of about 3dB at 114 km have occurred.
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Fig. 4—Error-rate performance

However, by using dispersion-shifted fibre, with the
chromatic dispersion zero at about 1560 nm, no such penal-
ties are seen at 83 km. The penalty with conventional fibre
must therefore be related to dispersion. Although the DFB
laser is SLM, the mode shifts during the transient turn-
on by about 0-24 nm. This shift appears as intersymbol
interference which becomes measurable after about 50 km.
[t is possible to reduce the effect of this chirp by slowing
the response of the device, in particular the relaxation
osciliation or, alternatively, by using electrical compensation
in the drive current waveform'®. One method of overcoming
chirp completely is to operate the device CW into an external
modulator. However, such devices will have some loss associ-
ated with them which could be higher than the chirp penalty.
Nevertheless, with higher output powers from laser sources,
the external modulator is an attractive proposition.

Type T Fibre

The loss of conventional step-index 1300 nm based single-
mode fibre can reach just under 0-2 dB/km at 1550 nm. It
is possible to shift the dispersion zero to 1550 nm with the
conventional design, but because a smaller core diameter
and a higher refractive index difference are required, the
loss at 1550 nm can be 035 dB/km or greater. The higher
loss is associated with stress at the core/cladding interface,
but this can be minimised by grading the refractive-index
profile of the core. The triangular profile or Type T fibreit
allows the zero-dispersion wavelength to be shifted from
1300 nm to 1550 nm without substantial change in loss at
1550 nm.

Some initial experimental studies using uncabled Type T
fibre fabricated a1 BTRL were undertaken in late-1983.
Transmission of 140 and 320 Mbit/s signals over 103.6 km
of Type T single-mode fibre was achieved by using a BTRL
1550 nm laser chip. The link length was subsequently
reduced to 83-3km and a 650 Mbit/s signal successfully
transmitted. The power budgets for these experiments are
given in Table 3. The penalty of 0.5 dB for the 650 Mbit/s
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experiment arises from the mismaich of the laser centre
wavelength and the fibre dispersion zero. However, these
experiments have exhivited essentially loss-limited perform-
ance.

TABLE 3
Type T Fibre System

Bit rate (Mbit/s) 140 320 650

Link length (km) 103.6 103-6 83.3
Launch power (dBm) -7.8 -7-8 -7.8
Loss (dB) 34.2 34.2 26-2
Received power (dBm) —42 —42 -34

Receiver sensitivity (dBm) -46.8 —42.2 ~35.5
Margin (dB) 4.8 0.3 1.5
Penaity (dB) 0 0 0.5

COHERENT SYSTEMS

The maximum distance between repeaters in an optical-fibre
transmission system could be further increased if coherent
transmission instead of direct detection is used. With
coherent detection, the weak input signal is combined with
a strong local ~osciliator signal prior to photodetection.
Because of the square law nature of photodetection, this
mixing process results in conversion gain which effectively
amplifies the detected signal photocurrent above the noise
of the following electronic preamplifier. Since present-day
direct-detection receivers are not quantum-noise limited., it
is possible to achieve considerable improvements in receiver
sensitivity, possibly by as much as 20 dB’, by the use of
coherent detection.

This theoretical benefit of coherent optical detection over
direct detection has been widely appreciated since the inven-
tion of the laser and, in fact, some early line-of-site optical
transmission experiments used heterodyne detection. Then,
as interest developed in optical-fibre transmission using
multimode fibre and broad linewidth semiconductor lasers,
coherent techniques had to be temporarily abandoned. More
recently, with the almost universal move to single-mode
fibre for long-distance fibre transmission, the emergence of
integrated optic technologies, and the tremendous progress
in improving semiconductor laser spectral purity, laboratory
demonstrations of coherent optical-fibre transmission are
now possible. This second phase of research was initiated in
laboratories in Europe and Japan, and is now carried out in
all major telecommunication laboratories throughout the
world.

Polarisation Stability

Polarisation stability of the transmission media was an initia!
worry because coherent detection is polarisation sensitive.
Conventional circular symmetric single-mode fibre does not
preserve the initial launched polarisation state throughout
the transmission path. This is because any residual strain-
induced birefringence left within the fibre after cable install-
ation will be subject to environmental Auctuations and
result in an output polarisation state which is in practice
unpredictable. Although polarisation-holding fibres have
been proposed and demonstrated'”, they currently have
higher loss and are usually more complex than conventional
fibres. Moreover, since much of the long-distance transmis-
sion network is already using or is planning to use standard
single-mode fibre, there are great benefits if coherent detee-
tion schemes are fibre compatible with direct detection.
Fortuitously, it has been found that although the polarisation
state from standard fibre cannot be predicted in advance,
its output state remains stable for long time periods, several
hours for cabled fibre installed in ducts under the ground?.
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This slow polarisation fluctuation can be dealt with in the
coherent receiver by using a polarisation control system that
adjusts either the local oscillator polarisation or input signal
polarisation, There are several techniques that can be used,
including electromechanical, magneto-optic and electro-
optic devices: the latter can be clegantly realised in inte-
grated optic form'8, However, for laboratory experiments,
manual control has been sufficient.

Components for Coherent Transmission Systems

For coherent transmission, the sources used in the
transmitiv¢ and for the receiver local oscillator must have
spectral linewidths considerably narrower than those usually
encountered in direct detection systems. The linewidth
required depends upon the type of modulation and demodul-
ation used. Homodyne detection with phase-shift keying
(PSK)} modulation offers the highest performance, but is
most demanding on source spectral characteristics: for
instance at 140 Mbit/s, linewidths of less than 100 kHz, or
about 10~* nm, are required. For these schemes, it has been
necessary to reduce dramatically the spectral linewidth of
serniconductor lasers. Two techniques that have been
particularly successful to achieve this are injection locking,
and the use of selective external cavities. The former is
achieved in practice by coupling the output from a stable
1320 nm wavelength HeNe gas laser into a semiconductor
laser'®. However, the external cavity laser approach (see
Fig. 5) offers a more versatile solid-state alternative which,
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as well as having a linewidth of only a few kilohertz, can be
tuned over a wide frequency range; a tuning range of about
10 000 GHz has been achieved for sources implemented by
anti-reflection coated laser chips and diffraction-grating
loaded external cavities of between 50 and 200 mm length,
Alternatively. for the less demanding applications requiring
linewidths of a few tens of megahertz and limited tuning,
the use of DFB lasers without external cavities has the
attraction of small size, but is, however, extremely critical
on the need for non-reciprocal optical isolation. .
Coherent transmission requires a wide range of micro-
optic, fibre optic and integrated optic devices. These include
pianar waveguide lithium niobate phase modulators for PSK
systems, polarisation controllers, fibre directional couplers
for signal combination and optical isolators. The optimum
design of these transmission Systems requires optical circuit
design skills analogous to those of the traditional electrical
circuit designer. Fig. 6 shows an example of an experimental
PSK heterodyne transmission system indicating the range of
optical, electro-optical and electronic components necessary.

First Demonstration of Improved Sensitivity

The first demonstration of an improvement in receiver sensi-
tivity over a good direct-detection optical receiver by
coherent detection was in an amplitude-shift keying {ASK)
homodyne experiment at BTRE in 19822, This rudimentary
experiment used injection locking to line narrow a buried
crescent semiconductor laser that was directly modulated,
A single 1520 nm HeNe laser was used both as the input
signal to the diode laser and as the local-oscillator laser.
To overcome problems of wavefront matching, fibre-based
components were used both for polarisation control and
beam combination. To avoid the need for large local-oscil-
lator powers and still achieve close to shot-noise-limited
detection, a low-noise PINFET receiver was used in the
experiment. This experiment with self homodyne detection
and with ASK modulation was also repeated with PSK
modulation; a combination that should give the ultimate in
receiver sensitivity for a binary transmission system. The
best ever sensitivity measurement achieved with a pseudo-
random bit sequence?? was —62 dB at 140Mbit/s, just 4 dB
away from the quantum limit and 17 dB betier than that
which could be achieved with the same receiver in a direct-
detection mode.
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Fig. 6—0Optical PSK transmission experiment
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Improved Sensitivity Receiver

TABLE 4

Modulation Transmitter Receiver Fibre Path Sensitivity
ASK HeNe Self homodyne 1m =59dBm
ASK External cavity Heterodyne external cavity 60 km -53dBm
FSK External cavity Heterodyne external cavity 200 km —56 dBm
FSK DFB Heterodyne external cavity lm =50dBm
- PSK HeNe/LiNbO; modulator  Self homodyne Im -63dBm
PSK HeNe/LiNbO; modulator Optical PLL homodyne 30 km —~57 dBm
PSK HeNe/LiNDPO; modulator Heterodyne external cavity 109 km -59dBm
DPSK HeNe/LiN®O, modulator Heterodyne external cavity 109 km -57dBm

System Results

Experiments have now been performed at BTRL on a range
of coherent transmission configurations featuring either
homedyne or heterodyne detection with either amplitude,
phase or frequency modulation. In addition, both DFB
and external-cavity laser sources have been considered. and
transmission over fibre path lengths up to 200 km achieved,
Table 4 summarises results at 140Mbit/s data rate.

As expected, the best results in terms of receiver sensitivity
have been achieved by using PSK modulation and homodyne
detection over a short fibre path. Matching this performance
over longer transmission paths will depend critically on the
development of high-performance optical phase-lock loops™.
Homodyne detection has one other significant advantage
over heterodyne detection in that it is much more efficient
in its use of the available receiver bandwidth. a factor of
increasing importance as coherent transmission principles
are applied to gigabits per second systems. Very recently, a
homodyne receiver with bandwidth in excess of 1.5 GHz
and featuring a local oscillator comprising a phased-locked
semiconductor laser has been demonstrated?, indicating
that coherent transmission of several gigabits per second is
now a realistic possibility in the laboratory. At the opposite

NPT
SIGNALS

extreme of complexity. experiments with DFB lasers? and
large-deviation FSK that feature single-filter detection,
although less demanding in terms of source characteristics,
have been unable to produce, as yet, significant impro-
vements over direct detection. As far as total system budget
is concerned. the option of using narrow-deviation FSK has
much to commend it. since direct frequency modulation by
injection current eliminates losses in an external phase
modulator. Performance approaching PSK could, in prin-
ciple, be achieved by an optimised form of narrow-deviation
FSK such as minimum-shift keying.

WIDEBAND NETWORKS

In addition to increasing unrepeatered transmission distance
for intercity communication systems, coherent transmission
could greatly increase the versatility of future optical wide-
band distribution networks and local area networks (see
Fig. 7). For this application, the improvement in receiver
sensitivity could be used to increase distribution losses and
the selectivity of a tunable coherent recciver 10 isolate a
single channel from an optical frequency multiplex. The
basic principle of this has been demonstrated in a recent
two-channel experiment where it was possible 10 select at
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Fig. 7—Hypothetical future coherent wideband distribution system
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the receiver between two PFM video channels spaced at
optical frequencies just | GHz apart*? (there ts about
30000 GHz bandwidth available between 1200 nm and
1600 nm}.

The ultimate transmission capacity of a network built
around coherent transmission principles is still a matter of
speculation. Although, in fact, the future initia] deployment
of coherent transmission systems in the field. possibly in the
carly 1990s, will depend more on advances in the engineering
of narrow linewidth lasers, improvements in the performance
of DFB/DBR lasers and the commercial development of
integratzd optic components rather than on any fundamental
physical constraints.

CONCLUSION

In the British Telecom national network, single-mode fibre
is becoming a standard technology for cable transmission.
It is now clear that this technology has enormous potential
information carrying capacity, Upgrading systems from
140 Mbit/s to 1.2 Gbit/s at the same repeater spacing is
viabie at 1300 nm and 1550 nm .with the latter wavelength
giving some scope for increase in repeater spacing provided
line-narrowed sources are employed. Alternative upgrading
options exploiting duplex operation involving only passive
optical components are feasible. An alternative low-loss fibre
with dispersion zero at 1550 nm is emerging as a realistic
long-term competitor to conventional step-index single-mode
fibre. The single-mode fibre installed or being installed in
the network now appears compatible with coherent systems
allowing yet further upgrading potential. Whether the higher
performance coherent systems will have more impact on
traditional point-to-point links or on distribution and
networking applications is a matter for speculation.
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data base. This technique reduces costs,
both in terms of initial investment and
subsequent logistic support. It also
minimizes problems when expanding the
telephone network and allows new fea-
tures to be introduced more rapidly
throughout the entire network.

Conclusion

Besides offering a wide range of features
and a high level of performance and
quality. an outstanding feature of a digi-
tal switching system is the flexibility with
which it can be expanded and adapted to
meet new exchange requirements with
virtually no adverse effects on opera-
tion. An important precondition for this
flexibility is a sound data base concept
and effective support functions for mod-
ifving the data base. In the EWSD S¥s-
tem this is achieved using a range of sim-
ple procedures. In applying these proce-
dures. the operator is supported by
operating manuals and consequently
does not require the assistance of system
specialists. Extensive automation of
these procedures. together with a
balanced number of on-line and off-line
software tools. make it easier to modify
the data base and enhance operating
reliability.
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Ewald Braun and Baldur Stummer

In the early 1980s, after the principles of
optical transmission by means of optical
waveguides (OWG) hadbeen developed,
attempts were made to construct and to
use the first systems for practical opera-
tion. In addition to the satisfactory per-
formance which had been given, the
economic superiority over systems based
on conventional transmission media
(e.g. coaxial pairs) became evident at a
very early stage. It was a major factor
in convincing many telecommunications
administrations and network carriers to
plan to use exclusively optical wave-
guides for cable-based digital links
which were to be set up as new installa-
tions. This, in turn, gave rise to a new
wave of innovation, whereby systems
have been and are being created, which
are optimized for the various network
levels. In addition to this, optical wave-
guide transmission offers entirely new
possibilities of system technology, which
are of great importance to the network
designer and the maintenance per-
sonnel.

In the following article, the basic func-
tions of optical transmission systems for
use in regional and long-haul networks,
for local interoffice lines and for rela.
tively long digital feeder links in sparsely
populated areas are described. Addi-
tions to the basic functions, such as ip-
service monitoring, service channel and
other additional services and features,
are presented in a separate article [1].
Optical transmission in the subscriber
line network is discussed in {2, 3].

Dipl.-Ing. (FH) Ewald Braun and

- Idur Stummer,
Siemens AG’

Public Communication Networks,

Munich

Basic Equipment
for Digital Transmission
via Optical Waveguides

The basic elements of an optical trans-
mission route via optical waveguides are
the line terminating units (LE) at the
ends of the route, together with the
interfaces (IF), which are in most cases
standardized, for the signals to be
transmitted (Fig.1a). In order to span
long distances, regenerative repeaters
(ZWR) are included in the circuit
(Fig. 1b). As will be shown later, the
maximum repeater spacings (f) are cal-
culated from the cable data on the basis
of the optical power budget. Depending
on the transmission rate and the condi.
tions of use, e.g. whether connections
are to be established with or exclusively
without regenerative repeaters, the sys-
tems provided for this purpose can be
optimally designed.

Thus, a variety of groups of systems is
available for widespread and economic
use, with which the future demands of
digital transmission technology in a com-
munication network can be met. -«

Long-haul -
and regional networks

Transmission capacity and range

In regional and especially in long-haul
networks, medium and high bit rates
must, as a rule, be transmitted over rela-
tively long distances. The basic compo-
nents of the group of systems suitable
for this purpose are line terminating
units (LE) and regenerative repeaters
(ZWR),

With the technologies available today, it
is possible to construct systems for up to
565 Mbit/s on an optical carrier; work is
in progress on increasing this transmis-
sion capacity, e.g. for 2.4 Gbivs.
Whereas, a few years ago, 34 Mbit/s was
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4360V Interface for the 48- or 60-V power supply LE Line terminating unit
IF Electrical standard interface for the digital signals z Interface for additional functions or services
{ Regenerative repeater spacing ZWR  Regenerative repeater

Fig.1 Basic elements of an optical transmission route
a  Without regenerative repesters
b With regenerative repeaters

Transmission capacity Mbit/s 3 140 565
Type of fiber MM M MM M SM
Optical transmitter LED* LD LED* LD LD :
Optical power at 1300 nm dBm -2t -5 (-6 |-21 ] ~-5 -6} -6
in the fiber (behind the connector) i i
Spectral bandwidth Al nm 150 10 5 90 10 5 4
Optical power received dBm | -44 | -45 | -45 | -38 | -38 [ -39 | -33
for bit error rate BER =107 !
(in front of the connector) :
Opiical attenuation which can dB bzl a0 39 17 B B 27
theeretically be spanned ‘

System margin dB 6 6 6 4 4 4 5
for dispersion, laser monitoring,

additional services. temperature

dependence. measurement :
tolerance. aging and other effects

Maximum optical line loss dB 7| 4| B| B )| 2
which can in practice be spanned i
Dispersion | for each repeater ps/am - - 11200 - - | 300 120 !
Bandwidth | section MHz 50 50 -1 10 120 - -

{

* Restrictior- - aj Only for use without a regenerative repeater

b} Possible restriction of the maximum repeater spacing which can be spanned must be cxpected,

as a result of dispersion and spectral width of transmitter

LD Laser diode MM Multiimode fiber
LED  Light-emitting diode M Single-mode fiber

Table 1 Power budget for the optical digital transmission systems
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defined as the lowest transmission rate,
the increasing need for transmission
capacity. the progressively increasing
transmission bandwidth of the optical
waveguides and the relatively small
additional cost of a 140-Mbivs system
have caused the 34-Mbit/s system to
recede to some extent into the back-
ground.

There are three different possibilities for
the transmission of high bit rates: fiber
multiplex, optical wavelength multiplex
and elfectrical multiplex. As is shown by
the detailed treatment given in [4], elec-
trical multiplexing is superior, as regards
economic operation, to the other two
methods. For this reason, efforts are
being made to increase the bit rate for
each optical carrier, as far as the tech-
nology permits.

Optical waveguide systems with mul-
timode (graded-index) fibers (MM mul-
timode} and with single-mode fibers
(SM single mode) are available for
transmission rates of up to 140 Mbivs,
Suitable optical transmitters on MM
fibers are light-emitting diodes (LED)
or laser diodes (LD); at the present
time, the former are more cost-effective,
but require more regenerative repeaters
in a given connection. as compared with
laser diodes. because of the low trans-
mitted power. As is shown by calcula-
tions, the economic optimum clearly lies
with systems using laser diodes, and thus
with the greatest possible spacing
between regenerative repeaters. This,
trend is also continued in the selection
of the optical waveguide. For example,
at 1300 nm, SM fibers have a lower
specific attenuation than MM fibers. and
thus permit greater spacing between
regenerative repeaters. In addition to
this, in the case of SM fibers, the trans-
mission capacity can be upgraded, more
simply than in the case of MM fibers, by
exchanging the first installed system,
since the bandwidth of the SM fibers
permits this. These are the reasons, in
quite general terms, why in future
almost exclusively SM fibers will be used
in short-haul and long-haul networks.

A further reduction in the specific fiber
attenuation is achieved by the change
from the 1300 nm range (second optical
window) to the range around 1550 nm
(third window). For each of the windows
dispersion-optimized fibers are available

telcom report 9 (1986) No.§
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Transmission capacity Mbius 140 5658
Type of {iber MM SM MM M ™M
Optical transmitter LED LD LED LD
Maximum optical line loss dB 17 34 33 13 29 29 2
which can be spanned

T.ber attenuation at 1300 nm dB/km 1.0 0.4 1.0 0.4
Average splice loss dB per splice 0.2100.1 0.1100.05 0.2100.1 0.1t00.05
installation length km lto4

Specific splice loss dB/km 0.2100.025 0.1100.0125 0.2100.025 0.11t00.0125
Specific repair reserve dB/km 0.35t00 0.2t0 0 035100 02100
Specific cable loss dB/km 1.55tw01.025 0.7t00.4125 1.55101.025 0.7e00.4125
for route planning

Maximum repeater spacing km ilto 2to 4710 80 8410 18.710 41t 3l
which can be spanned 16.6 33 2.7 283 70 53

" Possible resiniction of the maximum repeater spacing that can be spanned must be expected. as & result of dispersion and spectral width of transmitter

LD Laser diode
LED  Lighi-emnting diode

Table2 Calculation of the maximum repester spacings that can be spanned in optical transmission systems

nowadays. In this manner. the require-
ment for spectral purity of the optical
transmitters for systems with high trans-
mission capacity may be substantially
lessened. Finallv. optical transmitters
operating at 1550 nm with a very narrow
spectral width also permit the operation

MM Muitimode fiber
M Single-mode fiber ~

of systems with a high bit rate on normal
fibers optimized for the second window.

The first steps have been made toward
the production of fibers with low disper-
sion at both 1300 and 1550 nm (“disper-
sion-flattened fiber™) [5].

Line coding

Line codes serve to convert signals into a
format which is more suitable for trans-
mission in a given channel. This line
code must satisfy a series of require-
ments:

Line terminating unit _ _ _ hrnomin uput:t
F Tttt T T T i T T T Tt 1
i ! i l
| Il | i
|
| L !
t
| NI SR 5B/6B o1 [ f or |
f ] i L Al I
> B r o
| ' ! I
| ' ' |
| | } REG |
! REG | : REG :
oWt DSCR  5B/68 OR i | |
t ! | |
?q_ — 4 & d
' |
i
' ' !
e i |
S : ]
1 1 t
| i |
. I {
- Z' I
48.60V | -+ 4 :
1'._.-..____.._____.___ — —_—— . ]
5B/6B SB/6B codec INT Interface module SCR Scrambler
DSCR  Descrambler ole Optoclectrical conversion PS Power supply
co Electro-optical conversion OR Optical receiver CkR Clock recovery
IF Electrical standard interface oT Optical transmitter sV Supervision
for the digital base signals REG Regenerative repeater
Fig.2 Functional disgram showing the basic fanctions of digital signal transmission for the line terminating enit and the regenerative repeater
telcom report 9 (1986) No.8 an
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Fig.3 Linec terminating umit (left), with fault-locating unit
aad regenerative repester (right) for the 34-Mbit/s system with

optical waveguides

e adaptation of the signal spectrum to
the properties of the channel (noise,
bandwidth, etc.),

e assurance of bit-sequence indepen-
dence, as well as facilitation of clock
extraction and signal regeneration,

e provision of sufficient redundancy for
the monitoring of bit errors on the trans-
mission route and for the location of
faulty units,

o restriction of redundancy to a mini-
mum, in order to minimize the require-
ments regarding the bit rate of the cir-
cuit and the bandwidth of the transmis-
sion medium.

Having regard to these factors, the
5B/6B line code is very suitable for opti-
cal waveguide transmission systems of
34 to 565 Mbit/s in long-haul networks.

The following considerations were of
importance in opting for this code:

® A two-level signal is most suitable as
the transmission signal in optical wave-
guides.

312

e The low-frequency component of the
signal spectrum is negligible, on account
of the limited RDS (running digital

sum < * 3).

o The density of signal transitions is
high and very uniformly distributed, and
the number of successive symbols of the
same signal leve! is restricted to five.
Accordingly, a reference clock may be
obtained from the signal economically
and reliably, with low jitter.

e The code permits constant monitoring
of the bit error rate {BER) of regenera-
tive repeaters by detecting overshoot of
the RDS limits due to errors. In the
range from very low to very high bit
error rates, the relationship between
actual errors and detected code viola-
tions is very close and to a large extent
independent of the signal and error
statistics.

Power bodget

The basis for calculation of the max-
imum repeater spacing is the power

. i
P i
. 4
Fig.4 Regeserntive repeater (left) and line terminating unit (right)
for the 148-Mbit/s system with optical waveguides

budget. Proceeding from the minimum
optical power launched into the fiber
and the received optical ‘power which is
just sufficient for a defined bit error rate
(Table 1), a margin is subtracted from
the theoretical span loss for all influ-
ences to be considered in practice -
whether these are capable of being cal-
culated or whether they are estimated -
until values for the maximum permis-
sible cabie loss assuring reliable trans-
mission are obtained. From the data on
the cable system, the relevant repeater
spacings listed in Table 2 are calculated.

System compouents

Fig.2 shows, in the form of a block dia-
gram, the functional units of the digital
systems in the line terminating unit and
in the regenerative repeater. In the line
terminating unit, the signal to be trans-
mitted passes through the interface
module (INT) in the transmission direc-
tion. At this point, it is converted into a
purely binary signal and, in the case of
the 34-Mbit/'s and 140-Mbit's systems,

telcom report 9 (1888) No. 8
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Fig.5 Line !emmtmg unit {left) and regenerative repeater {ndn)

for the 565-Mbit's system with optical waveguides

scrambled in the subsequent seven-stage
. scrambler (SCR); in the 565-Mbit/s sys-
tem. scrambling already takes place in
the DSMX 140/565 multiplexer. Line
encoding (5B/6B) and electro-optical
conversion (e/o0) then follow.

In the receive direction, the optical sig-
nals are converted back into electrical
signals in the optical receiver (OE), and
subsequently they are regenerated in the
regenerative repeater {(REG) in ampli-
tude and phase. The following opera-
tions include line decoding (5B/6B),
possible descrambling (DSCR) and, in
the interface (INT), output of the trans-
mitted signals in accordance with the
properties of the interface. The circuits
processing the digital signals are
designed in the form of bipolar inte-
grated circuits.

For each direction of transmission, the
regenerative repeater (ZWR) includes
functional units as are also present in the
line terminating unit. The units are sup-
plied by a system power supply with the
rated dc voltages of 48 or 60 V.

telcom report 9 (1986) No.&
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with optical waveguides

In order to satisfy with certainty the
safety requirements, which have not yet
been harmonized on a worldwide basis,
with regard to eye damage due to laser
light, automatic shut-off of the two la-
sers, adjacent to a point of interruption,
is provided. For fault locating, this shut-
off can be temporarily overridden by
pressing a key at the regenerative repeat-
ers. After restoration of the optical con-
nection, the lasers which have been shut
off can remotely be put into operation
again from the line terminals.

Supervision and fault location

The transmission properties of the digi-
tal transmission route are monitored in
the receiving line terminating unit; if
predetermined threshold values are
exceeded, optical and electrical alarms
are actuated. Depending upon the par-
ticular requirements, the alarms can be
made “‘urgent” or *non-urgent” and can
be passed via an alarm signal panel to
the main supervision facility of a station.
In addition, there are separate and non-
disconnectable signaling outputs (e.g.

Fig.6 Line terminsting unit for 34 or 140 Mbit/s for Jocal interoffice lines

for central service observation equip-
ment) associated with certain important
criteria.

Disturbances and faults on the route are
localized with the aid of the fault foca-
tion system. In selecting the appropriate
procedures, well-established principles
of coaxial cable systems technology were
adopted, such as in-system fault joca-
tion, requiring no additional conductors
in the cable. The last-mentioned point is
of great importance specifically in the
case of metal-free fiber-optic cables.

In a similar manner to digital systems
using coaxial cables, in the 34-Mbit/s
optical waveguide system fault location
is carried out in accordance with the
principle of remote-controlled loop; on
the other hand, in the case of 140 and
565-Mbit/s systems in-service momtonng
is used.

In the loop fault-iocating procedure. the
forward direction and the reverse direc-
tion in the regenerative repeaters of a
transmission route are looped succes-
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- sively by remote control. By means of

the loops connected in this manner, it is
possible. proceeding from one terminal
station. to localize faults accurately to
within one section; during the time
required for fault location. the actual
signal transmission is interrupted.

The principle of fault location by means
of in-service monitoring is described in
detail in \{11) within the context of addi-
tional services.

Mechanical design and housing

Line terminating units and regenerative
repeaters are designed in the form of
style 7R plug-in insets. having a width of
120 mm [6] (Figs.3 to 5); the functional
units are designed as slide-in units.
Whereas it was necessary to provide a
special mechanical construction for the
remotely fed regenerative repeaters for
coaxial cables for reasons of power feed-

ing. lightning effects and the need to
protect the personnel, in the case of
optical systems it is possible to make
optimum use of the same style for line
terminating units as well as regenerative
repeaters. This means it is possible to
accommodate the units in narrow racks
of different heights in conventional
buildings of a telecommunications
administration. Installation in under-
ground containers is also possible, as
shown in [7, 8].

The optical connectors which are em-
ployed are system-specific developments
and products, which have been sub-
mitted to DIN for standardization [9).

Power supply

The line terminating units and regenera-
tive repeaters receive the required
power from the power supply via the
48/60-V interface (Fig.2). Buffered by a

battery, this power can be taken from
the public mains or any other primary
power source fed by the sun, wind ete. If
such sources of power are not available
locally on an economic basis, then an
extremely attractive alternative is of-
fered by a dc series power-feeding sys-
tem using an additional copper cable
parallel to the fiber-optic cable {10).

Local interoffice links

In larger local networks, digital local
exchanges are situated at spacings of at
most 10 to 20 km, and must be con-
nected to one another by means of local
interoffice links. As compared with con-
ventional systems (PCM 30) using cop-
per wire pairs and including a relatively
large number of regenerative repeaters,
optical transmission using optical wave-
guides permits connections without
regenerative repeaters. Especially in

2, B and 34-Mbiv's system Local interoffice line systems
Transmission capacity Mbit/s 2 8 M u 40
Type of fiber MM SM MM SM MM SM MM SM | MM | SM
Optical transmitter LED LD LED LD LED LD LED LD LD
Optical power at 1300 nm
in the fiber (behind the connector)
Standard dBm =21 | -5 })-6|-2 |-5|-61-21|-5]|-6 -0 |-4|-6|~5]|~6
with reduced transmitted power | dBm - - - - - - - - - - - -|l-9]-9
Spectral bandwidth Ak nm 130 10 51130 10 5| 130 10 5 130 10 5 10 5
Received optical power for
bit error rate BER =10~" T
in front of the connector . ..
without additional services dBm ~51 | =51 | =51 | ~46 | —46 | —46 | —40) | —40 | -40 -39 | -39 -39 -32|-32
with additional services dBm —40 | 40 | —40 | —40 | —40 | -40 | —-40 | -40 | -40 - - - - -
Optical attenuation which
can theoretically be spanned
without additional services dB 0 46 45 25 41 40 19 35 k) 19 35 kX) by 27
with additional services dB 19 35 34 19 35 M 19 35 k2 - - - - -
with reduced optical power dB - - - - - - - - - rx) i)
System margin dB 6 6 6 6 6 6 6 6 6 6 4 4 4 4
Maximum optical line loss .
which can in practice
be spanned
without additional services dB 24 40 3 19 s k. 13*| 29 28 13*f 29 23 3
with additional services dB 13 2 28 23 29 28 13*| 29 28 - - - - -
with reduced optical power dB - - - - - - - - - - - - 19 19
Dispersion | for each repeater ps’nm - - - - - - - - - - - - | 230
Bandwidth } section MH:z - 70 - - n - - 10 - - 50 - | 200 -
* Pessibie restriction of the maximum repeater spacing that can be spanned must be expected., as a result of dispersion and spectral widih of transmitter
LD Laser diode MM  Multimode Giber M Single-mode fiber
LED  Light-emitting diode
Table 3 Power budget for optical digital short-haunl transmission systems
314 telcom report 9 {1986) No.&



densely populated areas. this is particu-
larly attractive. Consideration is given
principally to 34 and 140-Mbit/s systems
for the meshed network of local interof-
fice links. The line terminating units of
the long-haul network systems as
described in the previous section may, of
course, also be used for this purpose. In
order 1o save cost in this case too, line
terminating units for 34 and 140 Mbit/s
are available also with the more cost-
effective light-emitting diode as the opti-
cal transmitting element.

However, if consideration is absolutely
restricted to applications without regen-
erative repeaters. and if the line ter-
minating unit is also optimized for short-
er ranges, then the expenditure incurred
in connection with the line terminating
unit can be significantly reduced even
further, as compared with the long-haul
network version.

Public Communication Systems

Line code
and power budget

In place of the 5B/6B code, which is
rather difficult to generate but saves
bandwidth, in the case of the 34-Mbit/s
system, a 1B/2B code - which can be
derived in a very simple manner from
the interface code - in the form of an
MCMI code (MCMI modified coded
mark inversion) is employed. In the case
of the 140-Mbit/s system, the CMI inter-
face code (CMI coded mark inversion) is
also transmitted in unchanged form via
the line. Instead of an increase amount-
ing to only 20%. the clock rate on the
line then increases by 100%. This does
mean a slight reduction in the maximum
range, but since it is possible at the same
time to dispense with a scrambler, and
since encoding back to the interface
code and code error monitoring on the

receive side can be carried out in a sim-
ple manner, the line terminating unit is
simplified appreciably. Besides, in the
case of relatively short connections, the
laser can be replaced by a light-emitting
diode, so that it is also possible to do
without the laser safety shutdown
arrangement, and the expenditure
decreases even further. In order to man-
age without an optical attenuator (line
build-out network), the optical receiver
is designed for a full input dynamic
range.

With the simplifications which have
been mentioned above, the values
shown in Table 3 (right) for the max-
imum optical losses which can be
spanned are obtained; having regard to
the data of the cable system, the max-
imum repeater spacings are those shown
in Table 4 (right).

Properties of the fiber

Tvpe of fiber MM M

Fiber loss at 1300 nm dB/km 1.0 04

Average splice loss dB per 02100t 0.110 0.05
splice

Instaliation tength km 102 lto2

Specific splice loss dB/km 0.2100.05 0.1100.025

Specific repair reserve dB/km 0.35100 0.2t00

Specific cable loss

for route planning dB/km 1.55t01.05 | 0.7t00.425

Maximum regenerative repeater section losses and spacings which can be spanned, with the fiber properties indicated above

2. 8 and 34-Mbit/'s system Local interoffice line systems
Transmission capacity Mbit/s 2 8 34 M4 140
Tvpe of fiber MM SM MM SM MM SM MM SM | MM | SM
Optical transmitter LED LD LED LD LED* LD LED* LD 1D
Without additional services dB 24 40 39 19 35 k) 13 29 pi 13 5 29 23 L]
km from | 155 | 258 | 56 123 ] 26| 48 84| 187 40 841 20 41 148 ) 33
km to 229 38 2 181 33 80 124 | 276 | 66 124 ] 295 68 219 | 54
With additional services dB 13 2 28 13 pal 28 13 29 28 - - - - -
km from 84| 187 4 B4 | 187 40 641 1871 40 - - - - -
km to 124 | 276 | 66 1241 276 | 66 124 276 | 66 - - - - -
With reduced dB - - - -~ - - - - - - - - 19 20
transmitter power km from - - - - - - - - - - - - 123 | 286
km to - - - - - - - - - - - - 18.1 ( 47

* Possible restriction of the maximutn repeater spacing which can be spanned must be expected, as a tesult of dispersion and spectral width of transmitter

LD
LED

Laser diode
Light-emitting diode

MM Mulimode fiber

Table 4 Calcuiation of the maximum repester spacings for regional transmission systems
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Mechanical design

The functional units for a line terminat-
ing untt. including the associated power
supply and monitoring units, are accom-
modated in an inset having a height of
30 em (Fig.6). If in a few exceptional
cases the connection to be made is
longer than indicated in Table 4. then
two line terminating units (electrically
back to back) take over the function of a
regenerative repeater.

Long feeder links
with low transmission capacity

For the connection of rather remote
areas (e.g. to the nearest local
exchange), optical transmission offers
particularly economic solutions, even
for bit rates of 2, 8 and 34 Mbit/s. Based
on the design of the 34-Mbit/s system for
local interoffice links. there is a system
for 2. 8 or 34 Mbit's for long ranges (in
the first instance) without regenerative
repeaters (Fig.7). The same line ter-
minating unit is employed for all three
bit rates; operation at the respective bit
rate is programmable. The left-hand
part of Tables 3 and 4 shows the power
budget and the maximum repeater spac-
ings which can be spanned using this
equipment.

In order to develop the widest possible
range of applications for the new sys-
tem, modifications will be created for
use on MM and SM fibers with laser
diodes and light-emitting diodes as
transmitting elements. In addition, this
system offers a series of additional ser-
vices, just like the long-haul system [1].

Conclusions and outlook

No more than ten years after the first
industrial tests of optical transmission
using optical waveguides, technically
refined systems are available for wide-
spread application at all levels of a tele-
communications network, apart from
the subscriber line network. Numerous
routes have been installed and are
in operation [7. 11, 12]. Already

565-Mbit/s system on SM fibers

achieves cost levels, on newly installed
routes, assessed per voice circuit znd per
kilometer, which are below those ever
achieved by the most modern and most
economic carrier frequency System
V10800, using coaxial pairs. A further
reduction of costs to be achieved by a
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Fig.7 Lime terminating unit for 2, 8 or 34 Mbit/s
via optical waveguide

wide variety of measures and principles
is a prospect for the future.

The optical waveguide (OWG) trans-
mission network is very well prepared
for the coming era of broadband com-
munication (ISDN-B); it is even to be
expected that, in future, costly measures
for reducing the bit rate in order to save
transmission capacity will become super-
fluous.

The rapid progress in the development
of systems for long-haul networks was
possible because in the majority of cases
the network carriers and thus the appli-
cation profile were clearly associated,
and because the pertinent standards of
CCITT, CEPT and other bedies con-
cerned with coaxial cable transmission,
could be adopted directly.

In addition to the extremely favorable
economics, optical waveguide transmis-

5

sion opens up entirely new possibilities
for the network planner. Since the
installation costs today represent a con-
siderable proportion of the total costs, in
case of coaxial cable technology the
planning, construction and arrangement
of a route represent a long-term project.
In determining the number of coaxial
pairs in the cable, and the number of
underground containers which are laid
as a precautionary measure, the future
level of traffic must be estimated as
accurately as possible and weighed
against the initial capital expenditure.

The situation is different in the case of
the relatively light and flexible fiber-
optic cables. If in the first instance, one
duct — or preferably two - are laid in the
ground, and the first fiber-optic cable is
subsequently pulled into such a duct,
then any circumstances which may not
have been considered at the outset may
be corrected in a simple manner by sub-
sequently pulling in a second fiber-optic
cable or by replacing the first one, with-
out any need for excavation work.

If in an existing fiber-optic cable route,
the transmission capacity is to be
increased without disturbance, one pos-
sibility is to install a system with the
next-higher capacity. Since, in contrast
to coaxial cable technology, the existing
repeater spacings are not halved or
reduced to one third, but must be
reduced only slightly as compared with
their previous dimensions, it is expe-
dient to plan the repeater spacings
aiready for the next-higher system.
Finally, the subsequent incorporation of
systems for optical wavelength mult:-
plexing also permits a (subsequent)
increase in the transmission capacity.

The extremely favorable economics of
fiber-optic connections and a series of
advantages, some of which have been
presented here and of which others are
described in [1], represent the driving
force for the widespread use of this tech-
nology. Further improvements due to
different wavelengths, lower-loss cables
and other principles of modulation and
transmission' can be envisaged even
today. Large investments in research
and development were and continue to
be necessary, in order 10 achieve further
progress in this still very young technol-
ogy. An essential prerequisite in this
context is a broad and solid commercial
basis.

telcom report 9 (1986) No.8
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Public Communication Systems

Ewald Braun and Erhard Steiner

Supervisory System

and Addlitional Services
for Digital Transmission
via Optical Waveguides

Line terminating wunits, regenerative
repeaters and the cable system with the
repeater spacings / are the basic ele-
ments of a digital signal transmission
route using optical waveguides (Fig. I).
It begins and ends at an electrical inte=-
face (IF), which is standardized to
the CCITT Recommendation G.703.
Operability and transmission properties
are continuously monitored at the end of
the route, and disturbances are re-
ported. The entire route operates with-
out maintenance; in most cases, the
equipment is accommodated in un-
manned stations.

With the object of rapidly detecting and
localizing any possible disturbances
from all stations, and, in addition, of
supervising and optimally controlling an
entire network with a greater or lesser
degree of centralization, additional
demands are made on the transmission
system, In terms of their complexity
they are scarcely subordinate to the pri-
mary function, namely that of transmit-
ting digital signals at high bit rates.

Additional services

In order to ascertain the functional per-
formance of a transmission route and to
localize or locate faults on the route
itself, in the cable system or in the units,
an in-service monitoring system is incor-
porated. A 2.4-kbivs transmission ca-
pacity is sufficient for this purpose; in
addition, nine supervision alarm signals
may be accommodated in this bit
stream.

Dipl.-Ing. (FH) Ewald Braun and
Dr.-Ing. Erhard Steiner,

Siemens AG,

Public Communication Networks,
Munich

For the requirements of the mainte-
nance personnel, two data channels are
provided, namely for 2.4 and 9.6 kbitss.
While access to the 2.4-kbit/s channel is
provided at all points along the route,
the 9.6-kbit/s channel as a rule connects
the terminal stations (Fig.2).

A further 32-kbit/s channel with access
at all terminal and intermediate stations
may be used to install a service tele-
phone for the maintenance personnel.
Collective or selective ringing is offered
optionally.

If the bit streams of all services are com-
bined, and 1.6 kbit/s is allowed for fram-
ing and alignment, this results in a digi-
tal signal of 48 kbit/s for all described
auxiliary services in a system [1]. Nor-
mally, the above mentioned auxiliary
services are needed only once or twice
on a route with many paraliel systems in
the cable; only in-service monitoring is
to be provided in every system.

Transmission channel for the signals
of the auxiliary services

On routes using coaxial cables, if in fact
all the auxiliary services are provided,
the signals of these services are transmit-
ted via system-specific copper pairs in
the interstices between the coaxial pairs.
Only the in-service monitoring signals
pass via the coaxial pair specific to the
systern [2].

In most cases, fiber-optic cables do not
contain conductive cores and shields, if
all the advantages of this new transmis-
sion medium are to be fully utilized. It
would indeed be possible for the signals
of the auxiliary services to be transmit-
ted centrally on a specific fiber in the
cable, but this is awkward and costly -
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Jiirgen Gier and Baldur Stummer

565-Mbit/s Line Equipment

for Optical Communication
over Single-Mode Fibers

Optical transmission systems operating at high bit rates are
expected to provide the solution to the future demand for links
with high transmission capacity. The system described here
transmits four plesiochronous signals each with a rate of 140 Mbit/s
at a transmission rate of 565 Mbit/s over single-mode fibers. In
the line terminating equipment the same muldex is used as in the
565 Mbit/s coaxial cable system. By using a 5B/6B line code at the
optical interface and an in-service monitoring system the alarm
states and bit error rate of each regenerative repeater can be
continuously supervised. Taking into account repair splicesand a
system margin of 6 dB, repeater spacings of about 30 km and
more are obtained.

With the increasing use of digital
switching and digital transmission in
public communications networks, the
demand for long-haul transmission
systems with high bit rates is also
growing. Many telecommunications
administrations who already have a
comprehensive coaxial cable nerwork
will use this network to provide low-
cost digiral transmission as soon as

possible. For such applications, digi-
tal transmission systems for up to
565 Mbit/s have been developed,
which will be installed in the coming
years. However, the repeater spacing,
e.g. of the 565-Mbit/s coaxial cable sys-
tem, is limited to about 1.5 km.

Operational optical waveguide systems
using single-mode fibers and an optical
wavelength of 1300 nm already permit
repeater spacings of about 30 km, how-
ever. On newly installed digital routes
using optical waveguide transmission
systems, considerable improvements
are anticipated regarding costs, opera-
tion and maintenance. An optical wave-
guide transmission system of this kind
for a transmission rate of 565 Mbit/s
(7680 speech channels) is described
here; Fig. 1 shows the line terminating
and line repeater insets. The system is
designed to be an operational system
including facilities for supervision and
maintenance. These are in particular an
in-service performance monitoring
(ISM) system which includes the possi-
bility of locating fauity regenerative
repeaters, where a separate service-

Dipl.-ing. Jiirgen Gier and
‘Dipl.-ing. Baidur Stummer,

Siemens AG, . .. .
Bereich Gtfentliche Kommunikationsnetze, channc.l Wwire pair 1s not "‘l““"_d' 'l;he
Muinchen in-service performance monitoring

telcom report 7 (1984) No. &

system is employed in the same way in
140-Mbit/s and 565-Mbit/s coaxial
cable systems as well as in 140-Mbit/s
optical waveguide systems. This con-
cept of uniform system supervision is
advantageous for supervision and
maintenance of transmission nerworks
in which coaxial cables and optical
waveguide cables are combined.

System overview

Fig. 2 shows the functional circuit dia-
gram of the 565-Mbit/s optical wave-
guide transmission system, The princi-
ple of combining the functions of a 140/
565-Mbit/s multiplexer with the line
terminating equipment was chosen for
the following reasons:

@ A 140-Mbit/s interface is defined in
CCITT Recommendation G.703 [1].

® There are currently no digital
sources of bit rates highar th
140 Mbiv/s, e

® Monitoring of the end-to-end
performance may be based partially on
the existing frame structure of the
multiplex signal.

® The necessary independence of bit
sequence may be achieved by using a
line code together with a scrambler,
which can be reset by the frame align-
ment signal of the multiplexer, There is
no multiplication of errors, as occurs
with free-running scramblers, and the
scrambler can be operated on the inpur
side of the multiplexer with a relatively
low rate of only 140 Mbir/s.

® Thanks to the functional integration
of these unirs, a complex interface
berween muldex and line terminating
equipment is not required [2).

The muldex section of the system, in
compliance with CCITT Recommen-
dation G.922, is the same as that used

265




—

RUIRIITTALIR

“ig.? Line terminating unit and regenerative repeater of style 7R construction (a),

ptical transmitter of the regenerative repeater (b)

for the 565-Mbit/s coaxial cable sys-
tem. Due to the identical frame and
scrambler structure, it is possible to
connect together coaxial cable and opri-
cal waveguide line secrions directly via
the 565-Mbit/s interface. In an initial
version, the system operates at an opti-
cal wavelength of 1300 nm and a guar-
antced permissible cable loss of 21 dB
with a system margin of 6 dB at a bit
error rate of 107*°, Assuming single-
mode fibers with an artenuation of
0.7 dB/km (including splices) the repeat-
er spacing is 30 km. At the latest after
100 repeater sections (about 3000 km) a
line terminating unit must be installed.
In the receive-side demultiplexer the
accumulared jitter is reduced to a value
well within the CCITT specifications
for 140-Mbit/s interfaces. For this
reason this concept even permits inter-
connection of several such line sections
to form a digital line path. The in-ser-
vice performance monitoring (ISM)
system performs continuous checks in
each regenerative repeater for code law
violations during operation and trans-
mits its results to the supervisory line-
terminating unit. This information is
transmitted together with the main

Linre terminating unit Regenerative repaater
° AMI F2i Flout Fin
pa0 ot ami H*B os o o ot H &e6
bit/s - MUX 5B
—
CMI o Clock o | . ¥
Ol O - ISM ISM
: Sy
¥ v - -, [,
O - - +— ISM
ERY ’
Omeand .
4x140 AMI F2 oul {58 1) Flim  Fout |
Mbit/s 0— _— o AMI i REG =0 O¢ 0s REG
P
CM! ot Clock e ] IR . v
o= 1 -
SRV ow oG = " STRY
3
> 484 ] <
~48/-60V —~— Printer {IEC 625) -48/—- 60V
Algrm
information
} 68 Linc coding DEMUX  Demuliplexer 05 Optical transmicrer
M1 Pseudo-termary disconnection point code 15M In-service monitoring REG Signal regenersior
(alternate mark inversion) MUX Multiplexer STRV Power supply
MI CCITT imerface code OF Oprical receiver ow Monitoring uniy
(coded mark inversion) oG Fauh-locating unn VL Optical attenuator

-2 Functional circuit diagram of the 565-Mbit/s line equipment

56

(line building-out network)
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Transmission capacity

Line symbol rate

Transmission code

Optical waveguide

Oprical wavelength

Obptical transmitter

Guaranteed output level

including connector and extinction losses
Optical receiver

Optical receive power (BER 510719
including connector loss (guaranteed value)

4 % 140 Mbiv/s, plesiochronous
678 Mbauds

5B/6B, NRZ

Single-mode fiber

1300 nm

InGaAsP-LD

& —6 dBm (mean value)
Ge-APD

= — 33 dBm (mean value)

Recommended system margin 6dB
Allowable attenuation of cabie section 21dB
Dynamic range =10dB .
Line monitoring In-service performance monitoring
Clock recovery . SAW filter

APD  Avalanche photo-diode NRZ Non-retum-to-zero

BER  Biterror rate
LD Laser diode

Table Main system characteristics

digital signal over the same optical
waveguide, and hence no additional
transmission medium is required for
the supervision signal.

The table lists the main system charac-
teriszics.

Line code

Line codes are used for converting the
signals into a format that is best suited
for transmission over a given channel.
The line code must satisfy numerous
requirements:

o [t must match the signal spectrum
to the channel characteristics (noise,
bandwidth, etc).

® It must assure bit sequence indepen-
dent transmission quality and simplify
clock extraction and signal regenera-
tion.

o Sufficient redundancy must be made
available for supervision on the route
and for locating faulry equipment.

e Redundancy must on the other hand
be kept to a minimum, in order to
minimize the requirements regarding
circuit speed and bandwidth of trans-
mission medium.

When these factors are taken into
account, a 5B/6B line code is well
suited, for a 565-Mbit/s optical wave-
guide transmission system (Fig. 3) [3].
The following considerations favor the
choice of this code:

® A binary signal is most suitable for
transmission over optical waveguides.

telcom report 7 (1984) No. 8

SAM  Separate absorption and multiplication
SAW  Surface acoustic wave

® The low-frequency content of

the signal spectrum is negligibly small
because of the limited running digital
sum (RDS =< +3),

® The signal transition density is
high and very evenly distributed; the
number of consecutive symbols of
the same polarity is limited to five. A
reference clock can thus be derived
economically and reliably from the
signal with low jitter.

® The code permits continuous super-
vision of the bit error rate (BER) of
regenerative repeaters by detection of
any violation of the RDS limits as a
result of faults. Throughout the range
from very low to very high bit error
rates the relationship between actual
fauls and detected code violations

is very close and to a great extent
independent of the signal and fault
statistics.

5B/6B coders and decoders are de-
signed partly as ECL (emitter cou-
pled logic) gate arrays.

Performance monitoring
system

The provided in-service performance
monitoring system (ISM) detects code
law violations in regenerative repeaters
and transmits the results from each
regenerative repeater to the monitoring
station by using telemetry methods
(Fig. 4).

]
565 Mbi/s Coder 678 MBaud
s T\ s
=t
=t
o4
o
P (1] »
565 MHz 1 1 678 MHz
*1s ¥ 5
l‘- vCO
b
Decoder
565 Mbi/s L 676 MBaud
—— OW+ WS
s/ ose /s
gt ]
- b
e foi—
= gy
P 68 e\l -
565 MHz [ = 1678 MHz
J o] 7o
\.rccac—-I
[ Phase discriminacor -

1S Incegrared circuit

P/S Parallel-series converser

5/P  Series-parallel converter

UW  Monitoring for code law violation
VYCO  Valtage-controlied oscillacor

WS Word alignment unit

Fig.3 Coding(a)and decoding (b)
of the 5B/6B line signal

The telemetry signal modulates the
optical transmit power (peak-to-peak)
of the main signal with a very small
modulation factor. The ISM system
therefore requires no additional trans-
mission medium. Status signals of the
regencrative repeaters (e.g. bit error
rate} are encoded in informarion blocks
(messages) that are passed on from one
repeater to the next.

Each regenerative repeater regenerates
the incoming message chain and adds
its own message to the end of the chain.
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This is a cyclic process in both trans-
mission directions. In normal opera-
tion, a new cycle is initiated by the
message transmitted from the line ter-
minating unit. In the event of route
interruption, the first regenerative
repeater detecting loss of input signal
automatically starts the message chain.

Incoming messages are evaluated and
analyzed by a microprocessor-con-
trolled supervision and fault-locating
unit in the terminal station. By counting,
the individual messages can be assigned
to their respective regenerative repeat-
ers and thus fault locations can be deter-
mined. The information is either indi-
cated on adisplay unit or made available
at a printer interface. The fault-locating
can be programmed either to indicate
information from selected individual
regenerative repeaters or to continu-
ously supervise only those repeaters in
which a settable BER threshold is
exceeded or those giving a status alarm.

“In this way, any deterioration in trans-
mission quality can be detected early
enough to start adequate maintenance
activities.

The circuitry of the ISM in the
regenerative repeaters comprises the
code violation monitor as part of an IC
for signal regeneration in bipolar high-
speed technology and two integrated
CMOS circuits, containing the func-
tions of the telemetry regenerator and
transmitter.

Oplcal R Opuical
T 10
[:> receiver egenera transmitter [:>
3
Code vinlaton
monitor
A 4
J Teiemetry signal regen-
DEM erator ang transmitter MOD

DEM Demodulator
MOD Modulator

Fig.4 In-service monitoring

Signal regeneration

Fig.5 shows the basic principle of the
receiver, decision and clock recovery
circuits.

The AGC keeps the output signal of
the receive amplifier constant; a pulse-
shaping filter provides an optimum sig-
nal shape for the decision circuit. This
is a bipolar IC with gate delays of less
than 300 ps. This circuit performs both
amplitude and time regeneration of the
transmit signal and extracts and ampli-
fies the clock signal. For actual clock
filtering a surface acoustic wave filter is
used.

Furthermore, this IC supplies fault
pulses to the ISM system whenever
code violations have occurred in the
receive signal.

Optical transmitter

The system is designed for operation
with single-mode fibers having a dis-
persion minimum at 1300nm. Use is
made of InGaAsP-BH (buried hetero-
structure) laser diodes with a spectral
width of <4 nm (half-power width).

In order to achieve a long operating life
of the laser transmitter

o the laser diode is actively cooled 1o
25°C with a Peltier cooling element,
independently of high ambient temper-
atures, and

o the laser drive current is controlled
with regard to dc bias and modulation-
current amplitude so that optimum
operation is guaranteed even if the laser
characteristics change.

IS
Optical 93 : R o
receive signal O $[> [~ D — A [ B> *H— : +- < Signal
3 r T To the optical transmitter
0 Clock
r 4 ‘ L 4
AGC + FAN ow
v ) 4 I
e ¢ )
AM output - %" —1 Code violations
talemetry signal
) SAW

AGC  Automatic gain control
[ Integraved circust

Fig.5 Receiver and regeneracor
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T Bit error rate {BER)

10-5.
10°54
107

678 Mbit/s

T L)

—40 -3  dBm -36

Received __,
optical power
(mean value)

® Ge-APD (Avalanche-Photodiode)

Fig.6 Recciver sensitivity at various bit rates
(route length $ = 37,8 km;
temperature T= 25°C)

The amplitude modulation of the
678-Mbaud digital signal is about 4%
of the digital signal amplitude. The
laser threshold current is monitored; if
it exceeds 150% of its initial value an
alarm is transmitted.

Optical receiver

In the optical receiver a Ge-APD
(avalanche photo-diode) and a pream-
plifier stage with a transimpedance of
1k are used. The achieved values of
the receiver sensitivity are plotted in
Fig.6. The loss of sensitivity due to an
increase in dark current in the Ge-APD

a Laser diode drive current (-,=20mA)
b Optical output signal
{mean value of optical transmit power
Pm —3dBm)
¢ Signal at decision circuit output
(mean value of optical receive power
F=—33dBm)

for a temperature rise from 25 to 60°C
is typically about 2.5 dB with an APD
of 100 um in diameter. A 30um APD
will reduce that temperature penalty to
approximately 0.5 dB.

Test results

Transmission tests were carried our
with different fiber route lengths up to
37.8km and at bit rates of 565 and
678 Mbit/s. As expected, no appreci-
able influence of dispersion was found
with laser diodes having a spectral half-
power width of up to 4nm in a
wavelength range with a dispersion of
less than 5ps/nm-km over 37.8km.
The extent of the signal distortion
depends on the used laser diode. BH
laser diodes of recent manufacture have
very low sensitivity 10 optical reflec-
tion. The loss of sensitivity due to
reflection at state-of-the-art oprical
connectors is less than 0.5 dB,

Fig.7 shows eye diagrams of the laser
diode drive current, of the optical out-
put power and of the transmission sig-
nal at the input of the decision circuit.
Due to the 5B/6B code the diagrams
are practically unaffected by the staris-
tics of the 565-Mbit/s signal.

Conclusion

The design, realization and test results
of an optical waveguide transmission
system for 565 Mbit/s with single-
mode fibers using a wavelength of
1300nm have been described. BH-
Fabry-Perot laser diodes available
today are well suited for use in opera-
tional transmission systems with
regenerative repeater spacings of about
30km and more.
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Field Performance of 960 ibit's Optical

Fibre Line System

Venkataraman Nagarajan and Gienn Nordqvist

Ericssor s optical fibre high-speed system ZAM 565-1 has been installed between
St. Paul and Dallas and made operational during the first quarter of 1986. The
system has a capacity of 8064 telephone channels and uses single mode fibre as
the transmission medium at a wavelength of 1300nm. It has henceforth become
one of the very first of this kind to carry normal traffic. providing the long-haut
telecommunication services for US SPRINT. Elaborate tests conducted on the
tibre and the equipment during the instaliation and operational phases of the
2400 km long fibre optic route confirmed the practical viability of this high speed
digital optical system.

The authors present the system and cable performance results from the
installation.

optical fibres The trend towards an all digital/all fibre
optical links network is fast emerging all over the
instatiation

worid, thanks to the technical/econom-
ical advantages of optical fibre trans-
mission systems. Some of the interex-
change telecommunication carriers in
the United States caught up with this
pace at a very early stage. by installing
single mode fibre optic cables along the
raiirpads and highways at low cosis. In
order 1o expioit the enormous informa-
tion bandwith potentiai of the single
mode fibres already instailed, they re-
quired a high capacity system to meet
their service demands at a reasonabie
cost.

telephone lines

Fig. *

Tha 565 Mbit/s optical fibre routs between St. Paul
and Dallas. USA

The totsl route length is approximately 2400 km

Little Rock

Memphis

In the above context, the economic ad-
vantage of installing a high speed
565 Mbit/'s optical fibre system com-
pared with a number of low-order
140 Mbit/s systems or a 405 Mbit's sys-
tem decided the final selection. Hence,
currently in the majority of the US long-
haul network applications, 565 Mbit/s
systems are widely preferred as the op-
timum choice for providing high bit-rate
service to the customers. Improved re-
liability and maintenance aspects fur-
ther justify the use ot 565 Mbit's system.
~The ever-increasing traffic demands call
for consideration of system upgrading
possibinties in the near future, using the
existing single mode fibre. In this per-
spective also, the 565 Mbit's system has
emerged out as a suitable building block
amenable for such future upgrading
plans.

Realizing the above urgent and huge de-
mand in the US market. Ericsson de-
veloped this high-technology equip-
ment and delivered to US SPRINT, one
of its first customers. The system had
been designed with stringent perfor-
mance requirements and in connection
with the first longest installation of

M

Nashville

ERICSSON REVIEW No. 1. 1987

e YRR

:

———-



L.z./ I 4

VENKATARAMAN NAGARAJAN
GLENN NORDQVIST

Ertcsson Te.eCOM
Telefonaktisbolaget LM Ericsson

ig. 2
he squipment in the 585 Mbit's project

51N Switchover squipment
HOT  Standby lina

Muidex and terminai repeaters

2400km system length (St. Paul -
Dallas), fig1, field performance of the
system and the cable was verified. Also
any possible degradations for long.term
operation over long chains of cascaded
repeaters were studied and the resuits
were found quite satisfactory.

The most important parameters for an

optical fibre line system, which deter-

mine the maximum transmission span,

are:

— the attenuation and dispersion of the
fibre

— the optical output power and spectral
width of the transmitter

~ the sensitivity of the receiver

— the bit error rate

- the jitter.

System overview

The basic version of the 565 Mbit/s line
system’ consists of terminal equipment
and line repeaters. fig.2. The terminal
equipment has a DSX 3 electrical inter-
face (45 Mbit/s) and a 600 Mbaud optical
interface. A 600 Mbaud electrical inter-
face is also available. It wili be suitable
for upgrading to future systermns with
higher transmission capacity. The
muldex version, with an interface for the
140Mbit/s in the CEPT hierarchy, has
been designed with due consideration
paid to cable-TV applications. The
muldex versions accordingly multiplex-
es and demuitiplexes twelve 45 Mbit/s or
four 140 Mbit/s signals.

in addition to the muldex unit the termi-
nal equipment contains a terminal re-

sa in the receive direction. The repeater
also includes an interface for the con-
nection of a fauit location signal and
service telephone.

The line repeater contains an optical
transmitter and receiver for each direc-
tion of transmission, a fault detector unit
and an interface for a service telephone.
information regarding faults is transmit-
ted via the fibre carrying the traffic and
is processed in the fault iocation maga-
zine. Fault location can thus be carried
out during operation.

Operational reitabliity and supervision

A system must not only have good per-
formance but also good operational re-
liability. Components and printed board
assembly designs are selected with this
in mind. The system reliability can be
improved further through the use of a
standby line system designated Protec-
tion Switch Line Between one and eigh-
teen systems can be connected via the
standby system. It also offers the pos-
sibility of setting priority levels for the
systems that have access to the standby.
The switchover is initiated by an alarm
and can be carried out manually or auto-
matically. It can also be controiled from
an cperator terminal. An alarm is given
in the case of a fault in the multiplexed

600 Mbaud stream or the 45Mbits _

streams. The safety ievel can be set in
accordance with the customer's re-
quirements. Switchover takes place for
complex faults of 50ms. The standby
system is designed with reliabie compo-
nents. It can never reduce the opera-

Line repesters peater. lts main purposeistoconvertthe tional reliability of the ordinary systems
electric 600 Mbaud signa! to an optical since the latter are restored if a fault
_ signal in the send directiorr and vice ver-  should occur in the standby system.
f emmmenny|  Fauit location
2AN 101 magazing
DSX-3 DSX-3
- T : T T
1 ¢ o e e o v — - _— |
:——- ] 12x45 P4 -@- Py Py -@- Pq ] 12x4s —-—I
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Fault focation system ZAN201 can be
used to supervise transmission systems
which include ZAM 565-1. Transmission
supervision system ZAN 101 offers cen-
tralized supervision and alarm assem-
biy.2 3 .
Maximum permissible cable section
attenuation

The system specification states that the
attenuation of a cable section may
amount to 24dB without the bit error
rate, BER, exceeding 1x10-"". The at-
tenuation value includes contributions
from the cable and splices. Due consid-
eration has been given to the deleriora-
tion caused by the dispersion of a40km
long line, since cable sections are of that
length in most long-distance networks.
The margins atlowed for ageing. tem-
perature dependence and dispersion
are shown in the adjoining figures.

Measurements have shown that the Ge-
terioration caused oy temperature varia-
tions is considerably less than the al-
lowance, see fig. 3.

A fibre causes g«enersior of the pulses
the size of which 1s dependent on the
wavelength and spectral content of the
transmitted Hight. The dispersion results
infigher BER .3 4 and may it not kept
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under control, lead to the system being
unable to operate without errors regard-
less of the input power. The system has
been designed to tolerate a dispersion
of 100 ps/nm. at the wavelengths 1290
and 1320 nm. This interval is suitable for
present-day single-mode fibres, which
have zero dispersion at approximately
1310nm.

Network structure

The first installation of Ericsson's
565 Mbit/s system in the US SPRINT net-
work consists of systems in nermai op-
eration and standby systems (protection
switch lines). The network now in opera-
tion s intended both as the backbone of
a future more extensive long-distance
network and as local networks in cities.

3

Some lines are also leased to private
networks.

During 1985 US SPRINT laid almost
6400 km (4000 miles) of buried cabie and
put 5960 km (over 3700 miles) of it into
operation. Ultimately the network wiil
comprise 37000km (23000 miles) of
buried optical fibre cable.

Measurements

Extensive measurements have been
carried out in order to determine the at-
tenuation and dispersion of fibres and
the accumulated effect of jitter and bit
errors over a number of cascade-cou-
pled amplifiers.

A large amount of data has been ob-
tained through measurements on cable
on drums. Measurements were made on
3630 cable drums with an average of
4.22km of cable each. The fibre cables
contain between 10 and 70 fibres. Al-
together the drums held over 15 million
metres of fibre of different manufac-
tures. Hitherto over 31000 fibre splices
have been made, with a mean attenua-
tion of 0.13dB. Data for 10068 cable
sections has been recorded. On average
the cable sections contain 24 fibres and
have a length of 33.8 km.

The optical fibres now being instailed
are intended for use with both the pres-
ent and the next generation of transmis-
sion systems. At present light having a
wavelength of 1310nm is used, but
when suitable lasers and detectors are
available the 1550nm wavelength will
be used. US SPRINT has specified fibre
data for both 1310 and 1550nm. At-
tenuation measurements have been
made at both wavelengths.

Figs. 5a and 5b show the attenuation per
km of fibres from different manufac-
turers. Measurements were made on the
cables both on drums and after burial,
using an optical time domain reflec-
tometer (OTDR) connected to a Hewlett
Packard personal computer. Measure-
ment data from the newly laid cable con-
stitutes an important reference for fu-
ture maintenance. Fig.6 shows the at-
tenuation of all fibres in the route be-
tween Fort Worth Texas. and E! Reno
Okiahoma, adistance 0t 394 km The re-
sults show that the route meets the set
requirement, 0.5db-km. satisfactorily.




Fig. o

Overall attenuation of ditferent fibres on the route
between Fort Worth and El Reno, measured at
1310 nm

Fig. 7

OTDR curve showing the change in signal
strength atong a 35km iong route. The measure-
ment was made at 1550 nm

Fig. &

Dispersion as a funclion of the light wavelength,
measured over a 35 km long fibre. The dispersion
is zor0 at & wavelength of 1310 am. At 1550 nm the
dispersion is 17 pa/nm km
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Fig.7 shows the change in the signal
level over a distance of 35 km, measured
with OTDR. Abnormal conditions are
easily spotied since the measurement
was made at 1550 nm, where the fibre
attenuation is low. For example, the in-
crease in attenuation at approximately
6 km shows a fault that occurred during
the cable laying.

Fig.8 gives the resuits of dispersion
measurements made at a wavelength of
1550 nm.

20 24 28 32 36

From the point of view of maintenance,
cables with aloose butfer jacket are pre-
ferrable to cables with a tight jacket sin-
ce they seem to be less prone to micro-
bending problems.

Bit error rate

The bit errof rate. BER, of the system is
the most important measure of perfor-
mance. Ageing facters reduced output
power, spectral changes in the laser and
reduced receiver sensitivity. may have a
negative effect on BER In one measure-
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and 50 cascade-coupied line repeaters respec-
tively

Duta after 25 ling repeaters

= Dats sftar 50 ling repeaters

Fig. 10, far right

Jitter accumuiation over 58 line repeaters, mes-
sured on the 800 Mbaud signal

N = number of line repesaters

—— N3 aadition lew
- n

Jitter

In & pertect system all puise edges arrive exactly
at predetermined moments. but in real systems

« the edges ars displaced shghtly. This ime dis-
placemant is called jitter. The jitter is caused
partly by systernatic and partly by statisticaily
varying factors. A complete description of the
fitter therefors requires a distribution diagram.
The data provided tor the size of the lifter can
eitrer be ihe maximum displacement peax-1g-
Dear oriher m o, walue oF e SISl Sotics for g
thon. Tha jittar could be given as a ime but m
order (0 Convey & better idea of the effect of the
iitter on the system it is given as a fraction of the
time it takes 10 send a bit in the system. This
time is designated as unit interval, UI. The Ui for
the 600 Mbaud signal is 1.67ns and for the
45Mbivs signal 22.35ns. Jitter in line systems
causes bit errors because of faulty sampling
and is particularly serious in long, cascade-cou-
pied repeater chains.

Fig. 11. right

Quiput jitter on the 45 Mbits signal from the
mulidex sfisr locping of tweive 45 Mbit/s tribu-
taries

Fig.- 12. far right
The ability of the system 10 Lolerate jitter on the
45 Mbit/s input signal to the muldex
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ment the system was monitored for 48
hours, during which time no bit errors
occurred. This corresponds to a BER of
iess than 1x10-'*. Measurements were
also made in order to investigate
whether bit errors generate new errors
when the signal is sent via a long chain
of intermediate repeaters. Errors were
injected at the start point at a rate IER
(injected error rate). BER was measured
when the signal had passed 25 and 50
intermediate repeaters. The resuits
show that there was no error accumula-
tion for the 50 repeaters. fig. 9.

Jitter accumulation and tolsrance

The jitter measurements were made on
the installed system with 66 cascade-
coupled iine repeaters. The output jitter
was measured on the 600 MHz clock in
the terminal. The jitter accumulated in
the chain of line repeaters was caicu-
lated on the assumption that each re-
peater made the same contribution to
the jitter. The systematic jitter addition
was assumed to foliow the N°% law,
where N is the number of line repeatars.
The measurements at the 600 Mbaud in-
terface indicated that the addition was
Systematic. butin amore favourable way
than the N°° law, fig.10. After 66 fine
repeaters the accumulated line jitter
was 3% UL, (approximately 0.30 UL,
at the 600 Mbaud interface and well be-
low 0.1 Ul,_, at the 45 Mbit's interface,
fig. 11. The measurements showed that
the set requirements were met with a
good margin, which was very satisfying
as jitter was one of the greatest prob-
lems in the development of ZAM 565.
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The output signal from the muldex is
free from jitter because the bit streams
coming in to the muldex unit are stored
in a buffer store and then sent out under
the control of a free-running high-sta-
bility oscillator. Hence jitter is not trans-
mitted from one line section to another.

The requirements regarding the system
tolerance to incoming jitter on the
45 Mbit/s streams are given in the DSX 3
specification. Fig. 12 shows the resuits
of the measurements. The system toler-
ates incoming jitter to an extent well
above the requirements.

System recovery

After a signal failure of one minute or
more the system with 66 line repeaters is
restored within 16s. This is well below
the specified limit of 5s for 10 line repea-
ters.

Optical output power and receiver
sengitivity ' ‘

The optical output power of the trang-~
mitters and the sensitivity of the re-
teivers have been measured in order to
verify important repeater data after man-
ufacture, fig.13. Typical values are
—4.5dBm for the output power and
=33.5dBm for the sensitivity (BER=
1x107%). The line repeaters in the sys-
tem had margins of 10—-15dB to the sen-
sitivity limits, which means that large de-
terioration can be aliowed during their
service life.
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Fig. 13a. right

Massuremant of the optical output power of
approximately J00 laser tranamitters.
-5.5¢8m is 8 guaranised value

Fig 13b, far right

The sensitivity of spproximately 60 working re-
celvers at a BER = 1 x 10-* and with fibrs lengths
varying hatween 30 and 35km

Power budget

Transmitter

Qutput power >-4548m
Temperature dependence.

ageing 10d8
Guaranieed value -55c¢Bm
Receiver

Sensttivity at BER = 1x10-" <-31.509Bm
Margin for dispersion 104dB
(Dispersion < 100 ps/nm at

12980 and 1320 nm}

Temperature dependence.

ageing 10dB
Guarantesd value -29.5aBm

The guaranteed values given above permii a
max.mum attenyation of 24 aE tor a cante ser-
ten. The system inthe present version nas peen
improved through the introcuchion of Iow-l0ss
connectors. The secthion attenuation now
amounts to 25dB.

Numbet ot umfs

im the interval
200 1
150 4
F.
100 r
SO<
y r v v dBm
-55 -a5 -35
Transmitter power
Summary
An optical fibre line system for

565 Mbit's in operation in a long-haul
network has been described. It works
with good margins with repeater section
lengths of over 40km. This has been
achieved thanks to the optimised design
of the terminal and line repeaters. Very
little jitter accumulation was obtained
even with cascade-coupling of many re-
peaters, making the system ideally suita-~
ble for really long-haul sections be-
tween two terminals. The performance
spreads of a large number of repeaters
lie well within the typical specifications,
illustrating further the quality standards
of the system.

The results of the cable measurements
illustrated in the article were presented
by Terry Yake, US SPRINT. in a paper at
the Stockhoim Maintenance Con-
terence, 1986.
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Diode Lasers vs. LEDs
in the Singlemode
Fiber System

A Vote for Diode Lasers
by Eugene 1. Gordon

The high-speed potential of single-
mode optical fibers makes them an
attractive choice for many low-end
telecommunications and data com-
munications applications at a wave-
length of 1.3 micrometers. For many
of these applications, singlemode
fiber Is not initially essential. How-
ever. the potential for later use at
higher speeds makes the investment
in singlemode fiber safer than mak-
ing a first investment in multimode
fiber, which has limited bandwidth,
and then making a second invest-
ment in singlemode fiber. On the
other hand. connectors. sources,
and detectors suitable for single-
mode fiber applications are more
expensive than their multimocde
counterparts. So the differential ex-
pense becomes an important element
in the tradeofl equation.

The detector cholice is typically a
p-i-n fleld-effect transistor (pinFET)
for either multimode or singlemode
fiber applications. The diameter of
the sensitive region of the detector
is usually compatible with standard
multimode dimensions. In particu-
lar, a singlemode fiber can be used
as the input to a multimode fiber
pigtail or a multimode active device
mount with little loss. Thus, the
same receiver with a multimode
fiber pigtail or multimode connector
can usually be used for either multf-
mode or singlemode fiber applica-
tions. A singlemode fiber pigtail is
required only in very-high-speed

Gene Gordon is president and CEQO of
Lytel Incorporated. Somerville NJ 08876.
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applications where the sensitive
area of the detector is deliberately
kept quite small to reduce device
capacitance.

The choice of source is much
more complex. The dominant deter-
mining factor is system loss budget.
Depending on the systemn margin, as
defined by the designers, the trans-
mitter and receiver requirements
are stated in terms of device margin,
the ratio in decibels of the peak
transmitter power and the peak
receiver sensitivity. Device margin
requirements for singlemode appli-
cations are typically In the range of
20 to 25 decibels. Although some
special situations lead to require-
ments outside this range, this dis-
cussion will stick with the 20-25 dB
window. There are three sources of
potential interest: surface-emitting
light-emitting diodes (SELEDs), edge-
emitting LEDs (E2LEDs), and diode
lasers.

SELEDs

The SELED {Figure 1a}. basically
a cheap and simple device. would
be the source of choice if the loas
budget allowed. The peak power
coupled into a singlemode fiber by

an SELED is in the range of -33 to
-27 dBm.

The higher values of power are
experimental extremed. The highest
practical value for low-sp€ed appli-
cations is about -30 dBm and is
slightly lower for high-speed applica-
tions (i.c.. for data rates in excess of
100 megabits per second). The best
receiver sensitivities one can expect
in practice are about ~45 dBm.
Thus, simple arithmetic shows that
SELEDs don'’t fall into our defined

margin window for most applications.

E2LEDs

The E2LED {Figure 1b) is a mis-
nomer, as described below. It closely
resernbles a diode laser, except that
the active region is truncated before
reaching the rear facet, so that the
feedback path is eliminated. The
waveguide structure is usually one
of the geometries used for single-
mode diode laser applications. The
coupling to the singlemode fiber is
the same, typically using a lensed.
tapered singlemode flber or a cleaved
singlemode fiber coupled in close
proximity to the output facet. When
the ELED is operated at a current
that corresponds to the beginning of
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Figure 1. Simplified versions of the a) surface-emitting LED, b} sdge-amitting LED, and ¢) diode laser.

optical transparency In the wave-
guide, the optical power coupled
into a singlemode fiber is about -25
dBm. or right at the margin of utility
as described here.

Only under these circumstances
does the device operate as a true
LED. To achieve higher source power
{say. in the range of ~-20 to -13
dBm coupled into the fiber), the driv-
ing current must be raised to a value
such that the waveguide amplifies
the light. If the waveguide were not
truncated (allowing feedback from
the rear facet so that it would be a
Fabry-Perot-type diode laser). the
device would exhibit the conven-
tional “hockey stick™ light versus
current characteristic curve. At
drive currents that high, the device
would be a diode laser operating well
above threshold. In other words, the
E?LED, when driven hard enough,
is really operated as a nonregenera-
tive or superradiant laser. Hence.
the name is misleading.

For the indicated coupling power
levels of -20 to -13 dBm and
device margins of 20-25 dB. the
required receiver sensitivity would
be ~45to -33 dBm. Thus, E’LEDs
are possible solutions and are attract-
ing great interest.

Diode Lasers

For diode lasers and E3LEDs, the
dominant costs are in the packag-
ing. testing, and burn-in. The dif-
ferences in chip costs. assuming
nominal yields, are trivial. In proper-
ly designed. manufactured, and
tested diode lasers and E2LEDs, the
cost differential for the final pack-
aged, tested devices is typically
minimal.

The laser, to achieve the required
reliability factors. puts about -10
dBm into the pigtail. Thus, the re-
quired receiver sensitivity is =35 to
=30 dBm. Such pinFET receivers

44

cost substantially less than receivers
designed for the range of -45 to
-33 dBm. As a result, a system
based on a low-power laser and a
low-sensitivity receiver should cost
noticeably less than a system based
on an E2LED and a more-sensitive
receiver providing identical device
margins. The price differential for
the pair is likely to be 20-40 percent.
The arguments on volume pricing
will soon shift from the blackboard
to the marketplace; with estimates
for the pair at $600 in 1987 and
$150 in 1990.

What About

Temperature
Sensitivity?

Modern. high-performance lasers
are temperature controlled, typically
at 25°C, to control the wavelength.
Earlier models were cooled for reliabil-
ity reasons as well. However, opera-
tion up to 60°C with long life is
possible with present-generation de-
vices. The laser has a backface moni-
tor so that power output, even with
large temperature variations, can be
easily controlled. The E2LED has
no back face monitor, so the power
output at constant drive current can
vary widely. in effect, the output
power temperature dependence of
an EZLED transmitter is much worse
than that of a diode laser transmitter,
although the E2LED drive current
can be varied as a function of tem-
perature to provide correction.

The saving feature is that receiv-
ers for this application have sub-
stantial dynamic range available to
the high side and can correct for
power increases in the E2LED trans-
mitter when the temperature goes
down. In this case, the E2LED should
be rated at the maximum operating
temperature for performance com-
parisons to a diode laser.

And What of
Reliability?

Because the E2LED depends on
gain In the active waveguide to
achieve the required output power.
it is hardly as impervious to active
layer defects as the SELED and falls
far short in reliability. However,
reductions in gain resulting from
crystal defects or other deficiencies
are much more important in diode
lasers. Thus. everything else being
equal, the EZLED should be more
reliable than the diode laser.

However. everything else is not
quite equal. The E2LED operates at
three to five times the drive current
of a diode laser (100 to 200 miili-
amps versus 3C to 40 mA for the
diode laser). Although current is a
significant degradation factor in
long-wavelength diode lasers and
E2LEDs, it is not generally appreci-
ated. The relative differenée in drive
current described above'involves a
dg;radation factor of the order of
10 for simtlar waveguide structures.
The acceleration factor for lasers be-
tween 25°C and 60°C, based on an
activation energy of 0.8 electronvolts
(as measured for Lytel lasers) is 37.
This [s essentially compensated by
the reduced operating current of a
low-power laser. Thus, a low-power
laser should have reliability at least
as good as the conventional high-
performance laser at 25°C—greater
than one million hours for a 20% in-
crease in operating current. Even
though the E2LED might have better
reliability, the reliability of the diode
laser is sufficient.

The diode laser draws significant-
ly lower power, is faster, and has a
much narrower spectral output than
the E?LED. But none of these are
dominant factors for this applica-
tion. The diode laser wins because
it allows the use of a substantially
lower-cost receiver. 0O
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Inexpensive automnated packaging
technology is the key to reducing
the cost of light sources for the
subscriber Joop. Surface-emitters
are more tolerant of fiber misalign-
ment during packaging than arc
edge-emitters, but edge-emitters
produce more than twice as much
fiber-coupled power and operate at
less than half the drive current of
surface-emitters. It secems reasonable
to assume that development of auto-
mated packaging technology will
equalize the cost of packaging
SELEDs. E2LEDs, and diode lasers
over time. Under such a scenario.
LED transmitters would still be
cheaper and more reliable than diode
laser transmitters, because there
would be no need for rear-facet opti-
cal monitors and output power sta-
bilization circuitry.

System Power Budgets
for LEDs

The best application for LEDs in
the loop plant will be at data rates
of less than 200 Mb/s, where link
lengths in excess of 5 km can be
realized with simple and potentially
inexpensive transmitters and re-
ceivers. Table 3 summarizes some
near-term system possibilities with
low-current E?LEDs, realistic pro-
duction receiver sensitivities, and
conservative allowances for flber
cabling losses. The projected link
lengths were derived assuming aver-
age fiber losses of 0.75 dB/km, an ex-
cess margin of 8 dB (including 2 dB
for connector losses). and an average
fiber-coupled power of -30 dBm,
corresponding to the output of a low-
current E2LED at a junction tem-
perature of +85°C.

Practical trahsmission distances
of more than 9 km at 45 Mb/s and
more than 5 km at 140 Mb/s can be
achieved using low-current EILEDs
with peak drives of less than 25 mA.
In a recent laboratcry system test®,
EZLEDs driven at 20 mA and oper-
ated from -20°C to +75°C
demonstrated 45 Mb/s transmission
over 12.9 km of singlemode fiber.

Since SELEDs yield 2 to 3 dB less
coupler power than low-current
E2LEDs. their best application will

Lasers & Applications January 1987

be at shorter link lengths or lower
data rates. Using the conservative
system power budget considerations
given in Table 3. mesa-structurc
SELEDs can be expected to yield
link lengths of 6 to 8 km at 45 Mb/s
and 3 to 4 km at 140 Mb/s.

Conclusions

The diode lasers available at pres-
ent have not demonstrated the high
temperature reliability believed
necessary for loop-plant applications.
LEDs have been shown to have more
than an order-of-magnitude higher
reiiability than diode lasers and can
be operated over a wide temperature
range without stabilization circuitry.

System power budget analyscs
predict link lengths of 5 to 10 km at
data rates as high as 140 Mb/s for
low-current E2LEDs in combination
with production reccivers. In an evo-
lutionary approach to the single-
mode fiber loop plant, inexpensive
LED-based systems could be used to
economically justify fiber installa-
tions for near-future service require-
ments. Once singlemode fiber s
established in the loop plant, high-
speed diode laser transmission equip-
ment can be phased in as demand de-
velops for broadband video services.
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Diode Lasers vs. LEDs
in the Singlemode
Fiber System

A Vote for Light-Emitting Diodes
by Donald M. Fye

Because of its high information-
carrying capacity, singlemode fiber
has become the dominant trans-
mission medium for new fiberoptic
systemn installations. Extension of
fiberoptics to the subscriber loop
piant will require the development
of inexpensive receivers and trans-
mitters designed for high reliability
in outside-plant environments. Sys-
temn requirements for subscriber-loop
applications call for device operation
over a temperature range of —40°C
to +85°C with lifetimes of more
than 10° hours (roughly one hun-
dred years) at 60°C. Average life-
times of more than one hundred
years are necessary to keep device
failures at a level of less than one
percent per year when millions of
devices are fielded.

While loop-plant applications im-
pose demanding environmental and
reliability requirements, the short
link lengths allow use of low-power
optical sources. Practical subscriber-
loop systems can be realized with
optical transrnitters delivering as
little as 1 microwatt { -30 dBm)
average power into singlemode fiber.
In combination with potentially in-
expensive production receivers, such
transmitters could satisfy the vast

Don Fye Is a principal member of the
technical staff at GTE Laboratories Inc.,
Waltham MA.

Lasers & Applications January 1987

majority of loop-plant applications
by allowing link lengths of 5 to 10
kilometers at data rates as high as
140 megabits per second.

Recent experiments have demon-
strated that surface- and edge-emit-
ting LEDs coupled to singlemode
fiber can be used instead of diode
lasers to satisfy transmission require-
ments in the subscriber loop. Table 1
contains a general comparison of
diode laser and LED characteristics.
When compared to diode lasers.
LEDs can offer advantages in higher
reliability, reduced temperature sensi-
tivity, less complicated drive circuit
requirements, immunity to optical
feedback. higher yields. and simpler
packaging technology.

As illustrated in Figures la and
1b. LED transmitters are much sim-

pler and more economical than diode
laser transmitters. A properly de-
signed LED will operate over the
entire ~40°C to +85°C temperature
range without the need for feedback-
controlled temperature or output
power stabilization. Simplicity and
reliability are critical to the introduc-
tion of singlernode fiber into sub-
scriber loops. LEDs can be used to
satisfy present requirements econom-
ically, and diode lasers can beused
for future service upgrades requiring
higher speed and output powers,

Selecting an LED
for Loop Applications

Both surface-emitting LEDs
(SELEDs) and edge-emitting LEDs
(E?LEDs) have been considered for
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subscriber-loop applications. E*LEDs
are similar in structure to diode
jasers. but they have truncated con-
tact stripes and/or front-facet anti-
reflection coatings to clevate the
lasing threshold current. Table 2
summarizes and compares the oper-
ating characteristics of surface-emit-
ters, superluminescent edge-emitters.
and low-current edge-emitters. It is
important to distinguish between
E2LEDs optimized for low-current
operation and superluminescent
ELEDs. which operate at high drive
currents and have substantial inter-
nal gain. While superluminescent
EILEDs can couple as much as 60
to 250 uW (-12 to -6 dBm) into
singlemode fiber. such devices oper-
ate at drive currents in excess of
100 milllamps and require the use
of thermoelectric elements or rear-
facet optical monitors to stabilize the
optical output over a wide range of
ambient temperatures. The temper-
ature sensitivity. high drive cur-
rents, and unproven reliability of
superiuminescent E?LEDs make
them a poor choice for use in the
loop plant.

In contrast to superluminescent
E2LEDs. both mesa-structure
SELEDs and low-current E’LEDs

are promising candidates for use in
the loop plant. Mesa-structure
SELEDs offer excellent thermal
stability. but the best reported
devices!? require drive currents of
%0 to 100 mA to couple 1.5 to 2 yW
into singlemode fiber at 25°C. Index-
guided short-cavity E*LEDs de-

signed for low-current operation® |

can couple 7 gW (-22 dBm) into
singlemode fiber at drive currents of
only 20 mA. At a temperature of

+85°C, low-current EZLEDs yield |

fiber-coupled powers of 2 to 3 sW
{-27 to -25 dBm), while mesa-
structure SELEDs yield coupled
powersof 1 to 1.5 yW (-30to -28
dBm). Both surface-emitters and low-
current cdge-emitters can be oper-
ated over the full —-40°C to +85°C
loop-plant temperature range with-
out thermoelectric coolers or output
power stabilization circuitry.

The issue of device reliability is
the most important factor favoring
the use of LEDs in the loop plant.
The most reliable diode lasers, se-
lected through sophisticated screen-
ing procedures, have extrapolated
lifetimes of 2 x 10° hours (25 years)
at 60°C. This reliability does not
satisfy the 10f-hour device lifetimes
required for loop-plant applications.
On the other hand, several different
edge-emitting and surface-emitting
LED structures have demonstrated
reliabilities of 10 to 107 hours at

+70°C.

Also, device lifetimes decrease
roughly as the square of the oper-
ating current density. Even when
operated at fiber-coupled powers of
only —10dBm, diode lasers without
thermoelectric coolers require drive
currents of 60 mA or more when the
ambient temperature is +85°C,
Since low-current E3LEDs operate
at peak drive currents of only 20 to
30 mA. they will be substantially
more reliable than diode lasers. The
order-of-magnitude -eeliability ad-
vantage of LEDs willresult in lower
costs because of higher yields and
simpler retiability screening.
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LONG-WAVELENGTH DEB
LASERS EXTEND

REPEATERLESS

DISTANCES

IN BRITISH TELECOM
DEMONSTRATION

British Telecom Research Labs converted existing 565-
Mbit/s transmission equipment from operation at 1.3 to
1.55 pm. The longer wavelength components included
commercially available linewidth-narrowed diode
lasers. Experiments with the converted equipment
achieved repeaterless transmission over distances in

excess of 100 km.

By S. Whitt, T.S. Brown, and S.L. Arambepola

By mid-1988 the British Telecom (BT long lines
or trunk network will be capable of providing a
wholly digital service on a network dominated by
140-Mbit's transmission over single-mode fiber.

~ This network will consist mainly of point-to-point
- trunk lines between major centers of population,
. which in the U.K_ are generally separated by less

' oost. By exploiting

than 100 km.

Demand for transmission capacity is expected
to increase significantly in the pear future, and
the rapid introduction of higher-capacity equip-
ment, such as 565-Mbit's systems, will probably
be the practical response. Among the key objec-
tives behind the development of this digital net-
work is achieving high reliability and perfor-
mance through longer repeater spans and greater
integration than traditionally associated with
coaxial cable systems.

With advances in fiberoptic technology, further
improvements in system reliability ang perfar-
mance are now 1ble at no increase in system
18 new technology, it is
feasible to develop repeaterless optical systems
for use in the UK. trunk network.

This article reports the development of a long-

haul 565-Mbit's optical fiber system offering re-
peater spacings in excess of 100 km when operat-
ing at 2 wavelength of 1.55 um.

Repecaters and reliabilily :

Optical fiber transmission equipment that is car-
rently being installed to digitize the BT trunk
network was designed to allow up to 30 km
between repeater station sites, corresponding to
the spacing of existing BT surface buildings. This
strategy obviates the need for buried repeater
equipment and cable-born power feeding. It thus
contributes to overall system reliability. Never-

This arficie wos orginally presented of the Instiufion of
Bectricol Enge Colloquium on High-Copocity Fibre
Opﬂcws!erm.orocr&edbf&prdmuqmpiﬁ
ond heid in London los! February. The articie is reprinted
with permission from the EE Colioquium Digest No.
198723
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theless, & substantial quantity of equipment is

still required at each repeater site where suit.
able power and floor or rack space must be
pro\n's:d. T :

In addition to the basic hardware requirements
for each repeater, it is common practice to pro-
vide a supervisory monitoring facility in systems
that employ more than one repeater. This is
included as & diagnostic tool to aid speedy repair
of faulty systems. But this facility ean itself be
viewed as reliability overhead because extra
hardware and software must be provided at every
repeater site and at both terminals.

Thus, major cost reductions and reliability im-
provements can be made if the intermediate
regeater equipment can be designed out (see
table).

From looking at the transmission curve of
silica fiber, it is apparent that systems designed
to exploit the low-loss “window” at 1.55 um
would be capable of very long distance transmis-
sion. Under laboratory conditions, data at 140
Mbit/s have been transmitted over 223 km,! and
at 565 Mbit/s, transmission distances of 204 km
have been reported.?

For production systems under operational con-
ditions, however, far more conservative figures
are usually quoted Allowances are made for
factors such as production tolerances and aging
margins. Nevertheless, the use of a production
565-Mbit/s, 1.3-um optical system operating with
satisfactory margins over 45 km of standard
installed cable has been reported.?

Alenuction and dispersion os faclors
oty L el
optical fiber system. These are the loas and
e o 13 sty
ystems operating at 1.3 um ge y have
been limited by the path loss associated with the
fiberoptic cable. At this wavelength, dispersion
tends not to be a significant penalty for bit

system operating over 100 km of fiber with 18
kalnmdispenion.itiaduinbkhkeeptbe
optical linewidth below 0.25 nm.

Bearing in mind that the fiberoptic cable being
installed in the BT network contains convention-
al single-mode fiber, not the dispersion-shifted
variety, the only option available is the use of a
narrow-linewidth source such as the distributed-
Whndd:mm)g.

ition to this requirement for the optical
g:nmitter.annu'tive uceiv&‘aal::needed
& complete system st 1.55 um to be viable.
There are several choices of receiver for this
longer wavelength, each with individual techni-
cal merita.*

Assuming that a oarrow-linewidth laser is

available, the feasibility of a 100-km system

rates below about 1 Gbit/a. F ey IR
At the 1.55-um window of con- on ROUTE ON* i fat A T2 LTS
ventional silica fiber, sttenua. l_ﬂiw-im m!ogm‘_ R e e
tion is at & minimum. To exploit -
this performance, however, the IDEAIIID ST -
problem with dispersion must be | ferminals 2." @ elen
hkenintomnt.h ; Repeaier siaions - - -6 o 0.
One way to avoid this problem § Remote L PV X N & ‘*-*,3'—‘*,;
is o install dispersion-shifted §- | Temmin a.pewion <. 313 ARENU=ed s g Bt e«
ber, since it has a dispersion | Physoal spoce neecs - P L leb A AT Y ghed TANT
minimum- in the 1.55-um re- } Power cormumpiion o Ngh ow - -°
gion. Alternatively, optical | Resabiy - : - POOI hNgh . .
sources with narrow linewidth | Cos - . . 'UE“‘ . low o

can be used. For a 565-Mbit/s
R
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FIGURE 2. The disinbufed-feedback iaser used in the
fronsmitter inciuded themnoeleciric cogier, thenmsior,
ond feecdbock pholodiode.

depends on the system power budget. Consider a
typical case:
Fiber loss at 1.55 pm

(production fiber) <0.2 dB’km
Splice loss <0.25 dB/splice
Typical route loss

{20 splices) <25 dB
Transmitted optical

power -3 dBm
Receiver sensitivity <-34 dBm
Operating margin >6 dB

In this scenario, the receiver sensitivity is
based on bit error rates of 10" at 647 Mbaud.
The -34 dBm value includes design penalties
due to the data regeneration process and the loss
due to an optical connector at the receiver. Figure
1 shows the location of splices and connectors for
this case. Note that the multiplexer combines

four 140-Mbits data streams into a 565-Mbit's

senstivity iess than -34 dBm with o bit enor rate of 10°'° ot
447 Mboud. This figure includes the desion pencoifias due
v the daia regenergtion and the ioss of one oplical

, but the 7B8B line coding increases the
actual line rate to 647 Mbaud.

Long-wavelength experiments

Although the theoretical basis for long-haul opti-
cal fiber transmission at 1.55 pm has existed, it is
only within the past year or so that suitable
components have become commercially available.

An experimental system similar to that de-
scribed above and shown in Fig. 1 was set up
using adapted BT "System 565" equipment.’ In
this setup, the original 1.3-pm optoelectronic
components were replaced by compatible 1.55-pm
devices.

The laser used in the transmitter was an
available DFB device with a wavelength of 1553
nm, output power of —2.0 dBm, and spectral
linewidth <0.2 nm. The chosen laser incorporat-
ed a thermoelectric cooler, thermistor, and back-
facet monitor photodiode in & hermetic high-
speed "butterfly” package. Figure 2 shows the
laser and drive circuit.

- o <

FIGURE 4. The receiver pedformonce over 100 am
shows g cispersion pendly in comparison o a short
reference length of fiber. Nonetheless, the 100-ian ex-
periment ochieved a system margin of 9.76 d8
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For the receiver, a high-iropedance PINFET 100 km. Repeaterless spans of this length would
device was used (see Fig. 3). It provided sensi- lead to a significant reduction in installed equip-
tivity of —34.5 dBm for a 10" BER at 647 ment. The consequence of this would be reduced
Mbaud. The receiver incorporated the planar  transmission costs and improved system
PIN diode and custom GaAs integrated circuit reliability. O
in a high-speed package similar to that of the
Iaser source.

All resuits were obtained using complete "SYS-  coicar recaver, whch was choracrees by ng M':
tem 565" multiplex equipment operated over McDova Acnowisdgment § mode 1o Rdcram Commurecations (i
various lengths of single-mode fiber. These trials e e e Se° o B o e drechr of
included spans up to 100 km. Dermaecn 10 outiish ha pOper.
dBOperating :ver '?% km, a systl:m mhrfm of 19.4

was recorded. The 100-km link achieved 9.7¢ TFimmecH i Pvore fechnok
d!?. The %erformalnee over the 100-km link is :E&?;L:?n.m‘:u &Pm Lo
shown in Fig. 4, along with transmission over a S et ol Aoceedings of fucpean Conlerence an Ol :
short fiber segment to show the dispersion 4 m% ity ':?;:&m e ]
penalty. 4 M. o ana TP Les, EEF 4 of Lighvwowe fechnology L1 A pp. 1281- )

These trials show that the existing optical fiber 1300 Dec. 1963
systerns, which have been restricted to trunk
transmission distances of about 30 km, can be YOUR RATING, PLEASE...
upgraded with the new 1.55-um component tech- Is this article of value to you? Please circle appropri-
nology. At this wavelength, it is practical to | ot number on the Reader Service Card. - .| ..
install long-haul routes with spans in excess of [ YES—367 .__NO-368}|:-
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Coherent Optical Fiber Transmission

TATSUYA KIMURA, SENIOR MEMBER, IEEE

(Invited Paper)

Shuract—Fxential technologies for developing coherent optical fi-
ber (ramsmission systems are reviewed from the viewpoint of regener-
ative repeater spacing and transmission data rate improvements. After
describing the sysiem features behind these advantages, recent prog-
ress in individual device and system technologies is delineated. Such
progress includes frequency stabilization and linewidth reduction of
semiconductor lasers, optical phase or frequency modulation, AM and
$\1 noive suppression in coherent receivers, optical polarization sta-
biization and control in signal transmission, and optical direct ampli-
Scation. Also described is progress in coherent optical transmission
esperiments carried out in many laboratories. Finally, future prob-
jems are discussed on the basis of the current state of the art.

I. INTRODUCTION

ROM THE time of the invention of lasers in 1960,

research efforts started to utilize coherent properties
of laser light for optical communications. Signal trans-
mission using the optical frequency or phase modulation
wheme. instead of intensity modulation, was one of the
initial focuses of research interest. Optical heterodyne or
homodyne detection was shown in 1962 to improve the
signal-to-noise ratio (§/N) above that of direct detection
[1]. The information capacity of various communications
systems including heterodyne and homodyne receiver
svstems was discussed [2). A heterodyne-detection trans-
mission experiment using 3.39-;:m He-Ne lasers dem-
onstrated a significant § /N improvement in 1967 [3]. The
concept of frequency-division multiplexing using coher-
ent detection schemes was proposed in 1970 [4]. Such
~ obstacles as short lifetime and insufficient stability in las-
ers as well as severe turbulence and instability of trans-
mission media, however, prevented further study into im-
portant devices and systems.

Improvement in the 1970's in the lifetime of semicon-
ductor lasers as well as in the loss characteristics of op-
tical fibers led to a large optical communications success.
Simple and reliable modulation-demodulation technolo-
gies, such as direct intensity modulation of semiconductor
lasers and direct power detection using avalanche photo-
diodes (APD's) or p-i-n photodiodes, are used in the pres-
ent fiber systems. These systems already surpass conven-
tional coaxial cable and radio relay systems in terms of
transmission performance. In these systems, however, the
coherent laser light properties are not fully utilized, but
rather, the optical energy of the noisy carrier wave is used
instead to convey information. The transmitted signal

Manuscript received July 23, 1986; revised October 3, 1986.
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spectrum is not transform-limited, but typically spreads
to 1 THz. These features signify that the high level ot
success gained by present fiber-optic systems results
mainly from the low-loss and broad-band characteristics
of optical fibers. Furthermore, the features indicate that
present optical fiber transmission systems still have room
for further development from the viewpoint of modula-
tion-demodulation technology.

The latter half of the 1970’s witnessed the development
of semiconductor optical device technology for providing
semiconductor lasers having good reproducibility, which
could operate in a single longitudinal mode. An interfer-
ence experiment of AlGaAs laser light transmitted through
a 4.15-km single-mode fiber cable was reported in 1978
by NTT's Musashino Laboratories [5]. This experiment
revealed two imporntant features. First, the semiconductor
laser is capable of producing a sufficiently narrow line-
width output under the proper conditions to exhibit clear
interference fringes. Second, the single-mode fiber is ca-
pable of maintaining a stable polarization direction over
several kilometers. These features strongly suggested the
possibility of coherent optical signal transmission through
fibers using compact and convenient semiconductor las-
ers, as well as the possiblity of polarization-division mul-
tiplexing in optical fibers.

Encouraged by the experiment, the receiving levels in
various optical demodulation schemes were evaluated to
confirm the usefulness of frequency or phase modulation
and heterodyne or homodyne demodulation [6]. In the
course of this study, a proposal was put forth to utilize
the optical heterodyne detection scheme for broad-band
signal transmission by modulating the lightwave with a
radio frequency (RF) subcarrier consisting of frequency-
multiplexed intermediate frequency (IF) signals [7]. This
modulation-demodulation scheme, however, was evalu-
ated as having poor receiver sensitivity [6], because the
two sidebands created by the RF subcarrier deteriorate the
S /N performance of the demodulation.

This type of system was named a *‘coherent optical fi-
ber transmission system,’’ following the suggestion of
Hara, with the comprehensive features of the system being
reported in 1981 [8]). At present, coherent optical trans-
mission is being studied on a worldwide scale, particu-
larly in the fields of fiber communications [8]-[15] and
intersatellite communications [16].

This paper reviews the essential technologies underly-
ing the development of coherent optical fiber systems, as
well as recent progress in transmission experiments. After
the basic configuration of coherent optical fiber transmis-

0733-8724/87/0400-0414$01.00 © 1987 IEEE
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sion systems is briefly described in Section II. system ad-
vantages of improving both the regenerative repeater
spacing and transmission data rate are discussed in Sec-
tion III. Explained in detail here are the system féatures
of improved transmitting and receiving signal levels,
modulation bandwidth and fiber transmission capacity. all
of which lead to the advantages noted. The essential tech-
nologies for realizing coherent optical fiber transmission
are summarized in Section IV. Section V presents current
coherent laser sources from the viewpoints of oscillation
frequency stabilization and spectral linewidth reduction in
semiconductor lasers. Section VI discusses angle modu-
lation schemes using semiconductor lasers as well as co-
herent detection schemes for suppressing local oscillator
AM/FM noise. The recent states of polarization-main-
taining fibers as well as polarization controliers are de-
tailed in Section VII. Section VIII briefly mentions optical
amplifier technology. Summarizing significant system ex-
periments in the progress of coherent optical transmission
research, Section IX portrays the latest state in transmis-
sion experiments. Finally, Section X outlines the present
state of technology and sums up future areas of concern
essential to the continuing development of coherent opti-
cal fiber transmission systems.

II. SysTeM CONFIGURATION

The basic configuration of the coherent optical fiber
transmission system is illustrated in Fig. 1. Laser light
possessing a sufficiently stabie frequency or phase is used
as the carrier wave in this system. The transmitter
launches an optical amplitude-shift-keying (ASK). fre-
quncy-shift-keying (FSK). or phase-shift-keying (PSK)
signal. Either optical heterodyne or homodyne detection
is performed in the receiver for highly sensitive detection
using a local oscillator.

The transmitter basically consists of a laser oscillator
and a modulator. Internal modulation of the laser oscil-
lator may be used in place of an external modulator. A
post amplifier may be installed to compensate for power
loss in the modulator and to boost the optical signal level
to that of the maximum input power for the optical fiber
employed. A beat-note signal between the transmitted
signal and the locat oscillator wave, that is, an interme-
diate frequency (IF) signal, is obtained by optical hetero-
dyne detection using a square-law detector. The IF signal
is demodulated into the baseband signal through enve-
lope. differential. or synchronous detection. In a homo-
dyne detection system, the demodulated baseband signal
is directly extracted via its optical mixing process since
the local oscillator light has the same frequency as the
carrier wave.

An optical fiber which maintains the polarization state
of the propagating signal is utilized as the transmission
medium since coherent detection schemes are sensitive to
the polarization states of both the transmitted signal and
the local oscillator waves. A conventional single-mode fi-
ber, in conjunction with a polarization controller, may be
employed instead of the polarization-maintaining fiber.
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Fig. 1. Basic configuration for coherent optical fiber transmission s s-
tems.

Finally, optical amplifiers may be installed as intermedi-
ate repeaters to compensate for fiber transmission loss.

III. SYSTEM ADVANTAGES

Coherent optical fiber transmission systems are advan-
tageous in that they improve the regenerative repeater
spacing as well as the transmission data rate over conven-
tional intensity-modulation direct-detection systems.
These advantages, which motivated the beginning of the
research and development of coherent optical fiber trans-
mission systems, are derived from five principal improv-
ments.

A. Receiver Sensitivity Improvement Using Optical
Heterodvne or Homodyne Detection [6]

The main noise source determining the §/N of optical
heterodyne or homodyne detection is the quantumn noise
of the transmitted signal light. This is significantly differ-
ent from the fact that APD multiplication noise and load-
resistance thermal noise dominate the receiver sensitivity
in conventional direct detection. At present, the most sen-
sitive APD receiver in the long wavelength region re-
quires about 700 photon /bit for binary on-off signals to
achieve an error rate of 107° [17}. Coherent detection can
be accomplished with a smaller photon number than direct,”
detection. The required receiving signal level, for exam-
ple. is 18 photon /bit for binary PSK homodyne detection
and about 1.4 photon /bit for coded 32-level FSK coher-
ent detection [16]. The theoretical channel capacity of op-
tical communications systems derived by quantum me-
chanical treatment corresponds to a receiving level of 0.02
photon /bit [2].

B. Improvement of Power Handling Level in Single-
Mode Fibers Using Angle Modulation Schemes

The maximum input power for single-mode fibers is
limited by such nonlinear interaction occurring in their
small-core area as stimulated Brillouin scattering (Sb3)
or stimulated Raman scattering (SRS) [18). The critical
power determined by SBS is 2-3 mW for single-frequency
1.55-um input light. SBS dominates the power handling
level of conventional intensity modulation systems. This
effect is not actually evident at present because direct in-
tensity modulation of semiconductor lasers causes enor-
mous frequency chirping. Improvement of single-fre-
quency operation under direct modulation [19]. however.
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must face this limitation. On the other hand. constant-
amplitude angle modulation signals having randomly
modulated phases not only alleviate the SBS difficulty
[20]. but also suppress the self-phase modulation effect
[18]. which limits fiber input power to less than several
hundred milliwatts. Consequently, angle modulation
schemes will have a critical fiber input power of a few
waltts as determined by SRS.

C. Improvement of Launched Power Using High-Power
Post-Amplifiers

Semiconductor-laser linear amplifiers [21], such as Fa-
bry-Perot-type (i.e., resonant-type) and traveling-wave-
type amplifiers. amplify optical angle modulation signals
as well as amplitude or intensity modulation signals. Al-
though these amplifiers have a maximum unsaturation
ouput power of 0-10 dBm at 2 wavelength of 1.55 um, it
would seem very difficult to increase the output power to
a few watts of the fiber input power determined by SRS.
On the other hand. injection-locked osciltators [22]. which
amplify only a constant-envelope angle modulation sig-
nal, are potentially good post-amplifiers. since they emit
an output power larger than that of linear amplifiers. Es-
sentially. an output power of 10-20 dBm is available using
the injection-locked amplifier composed of a conventionai
semiconductor laser. Phase-locked array lasers [23],
which achieve a high output power above a few watts un-
der the continuous wave (CW) operation condition. can
be used as injection-locked oscillators. Since fiber Raman
amplifiers [24] are expected to have relatively high satu-
ration power, they may also be used as post-amplifiers
provided that reliable high-power pump lasers are avail-
able for 1.55-um signal amplification.

D. Improvemen: of Modulation Bandwidth

Modulation speed in the direct intensity modulation of
semiconductor lasers is limited to the resonance fre-
quency. above which modulation efficiency is inversely
proportional to the square of the modulation frequency.
The direct frequency modulation of semiconductor lasers
[25]. however, relaxes the limitation caused by the reso-
nance property. This is because the frequency shift nor-
malized by the unit modulation current, namely the FM
efficiency. is inversely proportional to the modulation fre-

wquency which is higher than the resonance. Electrooptic
waveguide modulators [26] also achieve a phase modu-
lation whose bandwidth is broader than the direct inten-
sity modulation limit.

E. Dissolution of Bandwidth Limitation in Optical
Fibers

Wavelength dispersion of single-mode fibers imposes a
bandwidth limitation on conventional systems, since an
optical signal generated by the direct intensity modulation
of semiconductor lasers is accompanied by an unintended
spectral spread due to the carrier modulation effect. In
coherent systems, hrwever, the limitation is alleviated

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL LT-5. NO 4. APRIL 1987

= 0t o TRANSMITTER LEVEL
5
« - . 3
8 - .
10° f .-
E' .‘o‘-___
| Y T e
[ S ! T
w 10" F ' to S in)
o . !
4 n 1
: , '
Z 0 ; i° ! _RECEWVER LEVEL
z [ m--be-- §-6-—fmm e el T ———— te)
: L L J )
JRRT d !
(=] (o)
T f
L — te)
oo CHAMNEL CARACITY
10 .
100M G 106G

DATA RATE (mit/s)

Fig. 2. Transmitter and receiver fevels in coherem optical systems and in-
tensity-modulation direct-detection systems. (a) and {b) are transmitter
levels for angle modulation schemes and intensity ‘amplitude moduiation
schemes. and are determined by stimulated Raman scattering and stim-
ulated Brillouin scanenng. respectively. (o), (d). and () are receiver
levels for APD direct detection. PSK homodyne detection. and coded
32-level FSK heterndyne detection. respectively. Closed and open cir-
cles are those levels in coherent uptical transmission expenments and
conventional system experiments. respectively.

because the transform-limited spectrum is obtained by
modulating the single-frequency carrier wave.

Fig. 2 illustrates the relationship between the transmit-
ting and receiving signal levels and the transmission data
rate. Coherent modulation-demodulation schemes dem-
onstrate the possibility of achieving an approximate 20-
dB improvement in receiver sensitivity and one of about
30 dB in the transmitting signal level over conventional
intensity-modulation direct-detection schemes. At a data
rate of 1 GHz, coherent transmission systems theoreti-
cally admit a transmission loss totaling up to about 90 dB,
which corresponds to a fiber length of more than 400 km.

Long-haul terrestrial or undersea systems are promising
applications of coherent optical fiber transmission. Co-
herent modulation-demodulation schemes can be applied
to subscriber systems. especially distribution networks
where many terminals simultaneously receive signals.
This is because the large signal gain obtained by coherent
techniques can compensate for the bridging loss which
constitutes the dominant loss factor in passive distribution
systems.

Optical heterodyne and homodyne detection, in con-
Junction with an electric filter which follows, have a fre-
quency filtering function for removing unwanted noise
existing outside the signal band. This is advantageous for
building up system performance by installing optical am-
plifier repeaters since spontaneous emission. which rep-
resents the dominant noise source in optical amplifiers,
can be filtered out. A coherent optical fiber transmission
system loaded with only semiconductor laser amplifier re-
peaters, as opposed to electronic regenerative repeaters,
has been theoretically predicted to have a good potential
for transoceanic undersea system use over a circuit length
of 10 000 km [8]. Optical amplifier repeaters, which are
fabricated in small sizes, are effective in the common am-
plification of frequency-division-multiplexing signals. and
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Features Advantages
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semiconductor lasers
High-speed & high-efficiency

phase/frequency modulation in
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Low-loss single=polarization
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signal transmimsion
Polarization state control

Low-noise optical smplifier
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[Suppression of local oscillator
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receiver level
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critical fiber
tnput power
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sion dats rate
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using high-power

post-amplifiers
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Buildup in system

performance of

cptical transmissiea
{Sasll intermediate
repeaters)

(Cpticel common
amplification)

Dissclution of
tfiber bandwidcth
Limitation

Optical amplifier
TEepester Fyatem

are adaptive to a change of modulation schemes as well
as transmission data rates.

The first improvement becomes more evident in the 2-
10 um wavelength region [6]. where the possibilities of
ultralow-loss fibers have been predicted [27]. Since pho-
todetectors are fabricated from narrow-bandgap semicon-
ductors in this wavelength region, dark current due to the
diffusion current becomes the dominant noise source. Di-
rect detection deteriorates its performance, but coherent
optical detection can still achieve a quantum-noise-lim-
ited operation.

V. RELEVANT TECHNOLOGIES FOR DEVELOPING
CURRENT SYSTEMS

Essential technologies for realizing the system features
described in Section III are single-frequency carrier gen-
eration, angle modulation. heterodyne or homodyne de-
tection, single-polarization signal transmission, and op-
tical amplification. Table I relates these essential
technologies and their key elements, which affect the fea-
tures in Section III as well as the two principal resulting
advantages.

With respect to coherent optical carrier generation. fre-
quency stabilization and spectral linewidth reduction of
semiconductor lasers are important subjects. A com-
pletely frequency-stabilized master oscillator is required
to synchronize the entire system especially for a large-
scale coherent network system consisting of coherent sub-
systems. To achieve highly efficient angle modulation of
the optical carrier wave, phase or frequency modulation
schemes using semiconductor lasers should be exten-
sively studied. It is important to maintain a narrow carrier
wave linewidth even under the modulation condition.
High-speed and low-loss external modulators are also as-
sential devices in line for development.

In coherent detection schemes, suppression of S/N
degradation due to the AM and FM noise of local oscil-
lators is one of the main subjects of concern. Since ho-

modyne receivers must track the carrier signal phase, the
optical phase-locked loop (PLL) technique is indispens-
able. To accomplish the polarization-plane matching be-
tween the transmitted signal and the local oscillator waves
in coherent receivers, low-loss single-polarization fibers
should be developed which maintain the polarization state
of the transmitted signal light. Development of polariza-
tion control devices attached to the fiber output end also
becomes imporant if polarization fluctuation in conven-
tional single-mode fibers is very small and slow. With re-
spect to optical amplification technology, low-noise op-
tical amplifiers having stable gain and frequency are
important devices for post-amplifier application as well as
for optical repeater application developments.

V. COHERENT LASER SOURCES -

The master oscillator, to which the entire coherent net- *
work system is synchronized, or the transmitter oscillator,
which provides an optical carrier wave. must have such
properties as long life, stable frequency, and narrow spec-
tral linewidth. The candidates for the coherent light
sources in the low-loss wavelength region of optical fibers
are 1.52-um He-Ne lasers, 1.33-um Nd:YAG lasers.
1.32-pm lithivm neodymium tetraphosphate (LNP) las-
ers. and 1.3~1.6 um InGaAsP semiconductor lasers.

Semiconductor lasers are the most promising oscillators
and the most interesting objects of research because of
their long life and great efficiency. When semiconductor
lasers are used as coherent laser sources, they have three
principal drawbacks. First, the oscillation longitudinai
mode jumps due to the temperature changes and device
aging degradation occurring over 2 long period of time.
Second. the oscillation frequency is sensitive to both tem-
perature and injection current changes. even if laser op-
eration is continued in the single longitudinal mode. The
frequency changes by 10-20 GHz / degree relative to tem-
perature and by 1-5 GHz /mA relative to injection cur-
rent. Third, the FM noise, which determines the spectral
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linewidth, is large since semiconductor lasers have small
active-layer volumes and hence small cavity-Q values.
Both Fabry-Perot and distributed feedback (DFB) In-
GaAsP lasers oscillating at 1.5 pm exhibit spectral line-
widths of 10-100 MHz [28], [29)]. For reference. Fig. 3
shows the linewidth for several kinds of coherent modu-
lation-demodulation schemes necessary to achieve a 107°
error rate [8), [30). It is clear that the spectral linewidth
of the optical carrier wave, as well as that of the local
oscillator, must generally be 107°~107* times smaller than
the transmission data rate.

DFB lasers, phase-shift DFB lasers, and distributed
Bragg reflector (DBR) lasers show promise in overcoming
the first problem. Their own frequency-selective struc-
tures control oscillation behavior and achieve single lon-
gitudinal mode operation.

Concerning the second problem, the oscillation fre-
quency of a semiconductor laser can be locked 10 such a
frequency reference as a Fabry-Perot interferometer or an
absorption spectral line of gaseous atoms or molecules
[31]-[33]. F;equency stabilization is carried out by ex-
tracing an error signal and feeding it back to countermo-
dulate the laser.temperature or injection current. A fre-
quency stability of 107'°-107"" at an average time of
100 s has thus far been achieved [31], where this char-
acteristic actually means the frequency traceability of a
semiconductor laser to the frequency reference. An ab-
sorption line exhibits a highly stable frequency over a long
term, permitting the development of a semiconductor laser
having an absolute standard frequency. An absorption line
of NH;, which is found in the 1.5-um wavelength region.
for example. exhibits a center frequency shift toward a
temperataure change (Af/f)/AT of 107" degrees™'
through the second-order Doppler effect [34]. while a Fa-
bry-Perot cavity whose housing is made of a low-expan-
sion material, such as super-invar or quartz glass, shows
a frequency shift of 1077 —107° degrees™'. An InGaAsP
DFB laser stabilized to an NH; absorption line at 1.52 pm
has recently been reported [33]. Besides NH,, such gas-
eous molecules as CO,, H,0, and CH,CI possess absorp-
tion spectra in 1.3-1.7 um wavelength region. Important
for future systems, then, are the detailed assignment of
absorption lines and the search for new absorption media.

Enlarging the laser cavity-Q value by employing a long
cavity structure [35] is one effective example for solving

=the third problem. An external cavity structure having a
mirror or a diffraction grating also increases the effective
cavity-Q value, and thus serves 10 reduce the spectral
finewidth [36]. An external-cavity 1.5-pym InGaAsP laser,
in which the laser facet facing an external grating was
antireflection-coated, achieved a spectral linewidth below
1 kHz [37]. Funthermore, the linewidth reduction factor
[38] and operation stability [39]} of external cavity lasers
have been extensively discussed as promising solutions.

Negative frequency feedback control of semiconductor
lasers reduces FM noise and spectral linewidth {40]-{41].
Under such a scheme, the FM noise of a semiconductor
laser is extracted first through an optical frequency dis-
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Fig. 3. Spectral linewidth required for coherent detection systems. (g} FSK
heterodyne detection with frequency shift equal to data rate. () PSK
heterodyne differential detection. (¢) FSK heterodyne detection with fre-
quency shift of 0.5 times data rate. (¢) PSK heterodyne svnchronous
detection and PSK homodyne detection. (PLL bandwidth is 0.01 times
data raie.)

cniminator, for example. a Michelson interferometer. The
laser oscillation frequency is then modulated by super-
posing the error signal on the bias current to cancel out
the original FM noise. Except for a broader feedback
bandwidth, this scheme basically involves the same op-
eration principle as the above-mentioned frequency sta-
bilization scheme. Theoretically, negative frequency
feedback control offers the possibility of spectral line-
width decreasing beiow the modified Schawlow-Townes
limit [41}. Reported experiments confirm, however, that
a time delay around a feedback loop dominates the FM
noise reduction factor [40]. Reduction of the loop time
delay. which can be achieved by utilizing optoelectronic
integration circuit (OEIC) technology [43], is indispen-
sable for ensuring the success of this method.

It is important when developing semiconductor lasers
to simultaneously achieve stable frequency and narrow
linewidth. Combining the above frequency stabilization
and linewidth reduction schemes is one direct way toward
such simultaneous achievement. The frequency stabi}i-
zation of a narrow-linewidth external-cavity laser may be
automatically achieved by inserting a dispersive medium
into the cavity.

Additionally important is the study of the individual
noise characteristics of semiconductor lasers. Laser FM
noise basically stems from the spontaneous emission cou-
pled to a lasing mode. In semiconductor lasers, AM noise,
that is, photon number fluctuation, generated through the
same mechanism as FM noise, competes with carrier
number fluctuation and then enhances FM noise through
the dispersion characteristics of the laser medium [35].
This FM noise enhancement factor is the so-called o-pa-
rameter [44], [45]. Although FM noise possessing th= f '
power spectrum has been observed in a low-frequency re-
gion [46], its cause is still being discussed. The theory of
noise in semiconductor lasers has been well-established
by using the quantum mechanical Langevin equation [47].
This method has additionally been studied 10 expand it to
treatment of the density-matrix master equation and the
quantum mechanical Fokker-Planck equation [35].
Moreover, it is essential to take a close look at the elec-
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Fig. 4. Transmitter configurations for angle modulation schemes. (a) Phase
modulation using extemal electrooptic modulator. (b} Frequency mod-
ulation by direct modulation of FM semiconductor laser injection cur-
rent. (c) Phase modulation using injection locking technique. (d) Fre-
quency modulation in optical FMFB configuration. (¢) Phase modulation

in optical PLL configuration.

tron system present in semiconductor lasers by means of
quantum statistical treatment.

VI. MobuULATION-DEMODULATION TECHNOLOGY

Angle modulation is a promising modulation scheme in
coherent optical transmission because of the various ad-
vantages described previously in Section III. PSK and
MSK (minimum-shift-keying) achieve the most sensitive
detection among binary modulation schemes. Of great in-
terest along this line is MFSK (multiple-frequency-shift-
keying), which improves receiver sensitivity through
multilevel signaling. For PSK signal generation, 2 con-
ventional guided-wave electrooptic phase modulator can
be used, which is installed just behind a frequency-sta-
bilized CW laser as shown in Fig. 4(a). Besides external
phase modulators, direct modulation of semicondutor las-
ers can be applied to FSK and PSK signal generation. The
basic transmitter configurations for these modulation
schemes using semicondutor lasers are shown in Fig.
4(b)-(e).

JAn optical FM signal is obtained by directly modulat-
ing the injection current of conventiona! single-longitu-
dinal mode semiconductor lasers [25]. Direct frequency
modulation characteristics are determined by the carrier
modulation effect in the high-modulation frequency re-
gion, and by the temperature modulation effect in the low-
frequency region. Amplitude and phase characteristics of
direct frequency modulation have previously been mea-
sured in detail [25], [48]. Although the FM response of
semiconductor lasers is not uniform, a frequency shift of
100 MHz to 1 GHz is easily obtained without serious in-
tensity modulation. Direct frequency modulation of
semicondutor lasers has the advantage of a simple trans-

mitter configuration as shown in Fig. 4(b). The inherent
spectral linewidth of a semiconductor laser, which may
result in on drawback for this method, can be suppressed.
for example, by an extemal cavity configuration at the
expense of FM efficiency degradation [36]. Nonuniform
FM characteristics can also be compensated for by elec-
trically equalizing the modulation input current [49].

Optical phase modulation is achieved by direct current
modulation of a semiconductor laser into which external
coherent laser light is injected [50], as shown in Fig. 4(c).
The output signal phase relative to the input light phase
is zero when the injected laser frequency is exactly tuned
1o the input signal frequency. It changes by x /2 rad when
the injected laser frequency is detuned away from the in-
put light frequency to the locking bandwidth limit. The
cutoff modulation frequency in this method is determined
by the injection locking bandwidth. Even if the inherent
spectral linewidth of the injection locked laser is rather
broad, it is reduced to the level of the injected signal
linewidth [51].

In conjunction with electrical negative feedback tech-
niques, direct frequency modulation of semiconductor
lasers generates optical FM/PM signals having uniform
modulation frequency characteristics and narrow spectral
linewidths {52}, [53]. As shown in Fig. 4(d). a fraction
of the output signal from a frequency-modulated semi-
conductor laser is demodulated by heterodyne frequency-
discrimination detection with master laser light having a
stable frequency and narrow linewidth. After being phase-
reversed, the demodulated signal is fed back to counter-
modulate the injection current of the modulated laser. This
negative feedback loop structure, which is normally called
frequency modulation feedback (FMFB), suppresses both
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the FM noise and nonuniform FM response 1o the semi-
conductor laser [52].

A feedback loop structure using the homodyne detec-
tion scheme shown in Fig. 4(e), that is. the phase-locked
loop (PLL). is effective for PM signal generation [53].
For this phase modulation method. the loop bandwidih of
the PLL determines the cutoff modulation frequency.
Since the loop delay time of these schemes practically
limits the effective modulation bandwidth, its reduction,
for example, by integrating the feedback loop compo-
nents, is indispensable.

Essential to the above modulation methods using semi-
conductor lasers are a flat FM response. a high FM effi-
ciency, and a suppressed spurious intensity modulation.
Composite semiconductor lasers having a DFB laser re-
gion and a modulator region have been developed to sat-
isfy such requirements [14]. [54]. Supplying a modulation
input signal to the modulator region effectively demon-
strated flat frequency modulation caused mainly by the
carrier modulation effect. A modulation efficiency of 1-2
GHz/mA and 2 cutoff frequency of several hundred
megahertz were achieved. A two-section laser having dif-
ferent a-paraieters was also proposed through a critical
look at the direct frequency modulation mechanism in
semiconductor lasers {55]. The push-pull operation was
indicated as a possible means for achieving the above re-
quirements. Furthermore, a DFB laser having electrically
separated multielectrodes has recently been developed
[56]). By controlling the modulation current to each elec-
trode, frequency modulation exhibiting a frequency shift
of up 10 12 GHz was demonstrated at a 1-GHz modulation
frequency under constant output power operation.

Optical signals are demodulated by heterodyne or ho-
modyne detection using a local oscillator. FM noise of
the local oscillator, as well as that of the transmitter laser,
causes § /N degradation in receivers through FM-AM or
PM-AM conversion. and determines a lower limit of er-
ror-rate performance [49]. Excess AM noise of the local
oscillator, which is due to the resonance characteristics of
a semiconductor laser, also deteriorates the S/N. and
then. in this case, degrades the receiving signal level [49].
In order to remove the effect of local oscillator FM noise,
a semiconductor laser must be used whose spectral line-
width is suppressed. for example, by an external cavity
configuration. As was shown in Fig. 3. laser linewidth
requirements have been estimated for individual modula-
tion-demodulation schemes [8], [30). [49). [57]. [58).

Excess AM noise of a semiconductor laser decreases
with an increase in the bias level. so that high-bias oper-
ation is effective in suppressing the AM noise [35]. The
local oscillator’s excess AM noise can also be suppressed
by the so-called balanced-mixer receiver, which basically
consists of a 50-50 percent beamsplitter. two balanced
photodetectors. and a hybrid Junction having a x phase
shift [59). The AM noise is completety removed by dif-
ferentially composing the signals detected by two detec-
tors. The transmitted signal. on the other hand. is coher-
ently doubled because of the initial x phase difference.
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In homodyne detection. optical PLL techniques are es-
sential for achieving homodyne receiver sensitivity which
is 3 dB better than heterodyne performance. An optical
PLL basically consists of a phase detector. a loop filter.
and a voltage-controlled oscillator (VCO). where a pho-
todetector and a local oscillator actually act as the phase
detector and the VCO., respectively. The optical phase dif-
ference between the incoming signal and the local oscil-
lator wave. that is, the phase error signal, is detected by
the phase detector. and is then fed back t0 the VCO to
effectively track the carrier phase. An optical PLL has
been demonstrated in a recent hormodyne detection exper-
iment of a 140-Mbit /s PSK signal transmitted over a 30-
km cabled fiber {60]. An optical PLL like the Costas-type
has also been demonstrated using 10.6-um CO; lasers
[61]. The stationary phase error, which is an impornant
parameter of optical PLL's. should be minimized since it
results in a lower bit error rate limit.

Phase error noise of the PLL caused by the FM noise
of both the signal and local oscillator waves can be sup-
pressed by increasing the loop bandwidth. On the other
hand, phase error noise due to shot noise and the local
oscillator’s excess AM noise is enhanced by the broad
loop bandwidth. In this connection. the optimum system
parameters and the required spectral linewidth have been
evaluated for a balanced PLL and a decision-driven PLL
[58].

Since an optical PLL is presently rather difficult to con-
struct, efforts to demonstrate coherent optical fiber trans-
mission have mainly concentrated on heterodyne detec-
tion systems. Such systems are inferior to homodyne
Systems in their attainable transmission data rate, how-
ever. for two reasons. First, heterodyne detection requires
a receiver bandwidth wider than that of homodyne detec-
tion, and second, the response speed of photodetectors
practically limits the maximum data rate. In order o over-
come these problems, phase-diversity receivers. such as
the three-phase detection receiver [62] and the in-phase
and quadrature (IQ) detection receiver [63]. have been
demonstrated. Phase diversity techniques achieve hetero-
dyne detection performance and allow the homodyne re-
ceiver bandwidth to be used without the need for install-
ing optical PLL's.

The broad-band frequency modulation feedback
(FMFB) and PLL configurations mentioned in this section
are applicable to heterodyne and homodyne receivers. re-
spectively, where FM semiconductor lasers operate as lo-
cal oscillators {64). Provided that the feedback bandwidth
is 50 large that the incoming signal spectrum can be cov-
ered, the local oscillator follows the incoming signal and
suppresses its own FM noise through the negative feed-
back control process. The local oscillator provides an in-
coming signal replica having a large power level. For an-
gle modulation signals, the optical FMFB and PLL act ag
optical amplifiers whose ultimate noise figures in FM or
PM signal amplification are 3 and 0 dB. respectively.
Amplified optical signals are demodulated by direct de-
tection following optical FM-AM or PA-AM conversion.
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An optical PLL receiver, in conjunction with an FMFB
transmitter, presents a promising system configuration for
continuous-phase MFSK (CPMFSK) signal transmission.

VII. OpticaL FiBERS

Optical heterodyne or homodyne efficiency strongly de-
pends on polarization-state matching between the trans-
mitted signal and local oscillator waves. Since the local
oscillator generally emits linearly polanized light. the po-
larization state of the optical receiving signal must be
made linear. In order to achieve this, two approaches have
thus been attempted. One is to develop optical fibers
which maintain the polarization plane of the incident lin-
early polarized light during propagation {65]. The other
is to install polarization control devices at the output end
of conventional single-mode fibers [66].

With respect to the first approach. an optical fiber hav-
ing axial asymmetry in its cross section is used. When the
cross section of a conventional single-mode fiber is inten-
tionally deformed away from axial symmetry. degeneracy
of two possible polarization modes is removed. Two ei-
genpolanization modes [67], orthogonal 1o each other, can
then propagate through such deformed fibers. In order to
transmit one of the two eigenpolarization modes. only the
polarization mode should be jaunched into the fiber, while
mode conversion to another eigenmode must be sup-
pressed during propagation.

An important parameter describing the performance of
a polarization-maintaining fiber is the extinction ratio at
the fiber output end. which is defined by the power ratio
of the unwanted mode to the launched mode [65]. The
extinction ratio is given as a function of the mode cou-
pling coefficient, which is determined by the modal bi-
refringence 48 and by the power spectrum of the fiber per-
turbations. Here, the modal birefringence is defined as the
propagation constant difference between the two eigen-
polarization modes. In order to achieve a small extinction
ratio. the modal birefringence 88 should be made large
or. on the other hand, the beat length A = 2x /88 should
be made small [65].

Several types of polarization-maintaining optical fibers
have been propoesed to increase modal birefringence. Early
proposals included fibers having geometrically asymmet-
ric refractive-index profiles, such as etliptical-core fibers
{68]. The thermal-stress-induced anisotropy due to the
asymmetric thermal expansion coefficient was subse-
duently pointed out as being more effective for enhancing
modal birefringence {68}, [69]. The thermally induced
modal birefringence has been theoretically treated for spe-
cific profiles [70]. [71]). Thermally-stressed polarization-
maintzaining fibers, such as elliptical jacket [72], PANDA
[73], and bow-tie [74] fibers, have been fabricated.

Among these, the shortest beat length thus far achieved -

has been A = 0.8 mm [72]. These polarization-maintain-
ing fibers can actually convey either of the two eigenpo-
larization modes. In order to permit only one polarization
mode to propagate through such fibers, an attempt to im-
pose a cutoff condition on the other mode has been made
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by introducing a loss difference between the two eigen-
pelarization modes [75]. [76].

Since polarization-maintaining fibers are still undergo-
ing development. coherent optical transmission experi-
ments have thus far mainly used only conventional single-
mode fibers. It is essential that polarization-maintaining
fibers have a small loss comparable to that of conventional
single-mode fibers. Suppression of the extinction ratio. as
well as reduction of fiber loss, is also indispensable.
Significantly, a 2.4-km polarization-maintaining fiber
whose loss approached that of the single-mode fiber has
recently been fabricated [77]. The loss characteristic of
this fiber is shown in Fig. 5, with a minimal fiber loss of
0.25 dB/km being achieved at 1.57 um. Moreover. an
extinction ratio of —29 dB was achieved for a 2.4-km
fiber length, which corresponds to a mode coupling coef-
ficient of 5.2 x 1077 m~'. These results indicate the pos-
sibility that polarization-maintaining fibers can be prac-
tically used in coherent optical fiber transmission systems.

The extinction ratic is shown in Fig. 6 as a function of
the mode coupling coefficient for cases with and without
a loss difference occurring between the two polarization
modes [78). The mode coupling coefficient must be sup-
pressed by increasing the modal birefringence and by de-
creasing the fiber perturbations. Introduction of the loss
difference, which leads to saturation in the extinction ratio
for a long fiber, is effective for achieving a small extinc-
tion ratio although it may cause an increase in propagation
mode loss. It is thus important to develop thermally
stressed polarization-maintaining fibers possessing both
low loss and a small extinction ratio.

Both internal and external perturbations existing ran-
domly along optical fibers cause mode coupling to occur
between the two orthogonal polarization modes. Internal
perturbations, such as scattering center inhomogeneity and
core-cladding interface irregularity. depend on the fiber
fabrication technology employed. Improvement of uni-
formity along the fiber axis is effective for suppressing
mode conversion, and simultaneously. for decreasing fi-
ber loss. To effectively obtain information about internal
perturbations, it is impontant to directly measure the cou-
pling coefficient under suppressed external fluctuation
conditions [79]. The power spectra of external penurba-
tions should also be evaluated.

By introducing polarization-maintaining fibers instead
of conventional single-mode fibers. polarization-state
matching between signal and local oscillator waves can
be easily carried out without the necessity for any addi-
tional polarization control scheme. Polarization-maintain-
ing fibers are of great advantage in developing sophisti-
cated coherent systems using optical amplifiers and optical
integrated circuits, which are often sensitive to the polar-
ization state of input signals. Moreover, polarization-
maintaining fibers offer the possibility of polanzation-di-
vision multiplexing.

With the second approach for achieving high hetero-
dyne or homodyne efficiency through controlling the po-
larization state of the transmitted signal at the fiber output
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end. conventional single-mode fibers can be used. In fact.
it has been reported that polarization-state fluctuation fol-
lowing 30-km single-mode fiber transmission was small
and slow enough to be easily suppressed by automatic po-
larization control devices [80]. This method presents the
obvious advantage of using well-developed low-loss sin-
gle-mode fibers without the need for any structural mod-
ification. Additionally, polarization control techniques al-
low twisted fibers [81] to be used, provided that circularly
polarized light is launched into the fiber. Such techniques
utilize the fact that clockwise and counterclockwise cir-
cular polarizations become eigenmodes when shearing
stress is induced by twisting a nearly round core fiber [82].
Polarization dispersion of the twisted fiber approaches
™ zero as the twist rate increases. Twisted fibers are advan-
tageous in their easy connection or splicing free of precise
polarization-plane matching. Moreover, if local oscillator
light can be circularly polarized, a polarization controller
may be completely unnecessary.

Polarization control schemes at the fiber output end are
divided into two categories: phase compensation [66] and
polarization diversity [83]. Phase compensation, basi-
cally simulating the operation of half- and quarter-wave
plates, adjusts the polarization state of the transmitted sig-
nal to that of the local oscillator light. After extracting a
fraction of the transmitted light and detecting its polari-
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zation state. phase compensation is accomplished by the
feedback control of newly introduced birefringence. The
additional birefringence is induced. for example, by ap-
plying stress on an optical fiber or by controlling bire-
fringence in a dedicated electrooptic crystal.

With the polarization diversity scheme [83]. the two
orthogonal polarization modes of the signal light are het-
erodyne or homodyne detected individually and then com-
bined electrically to obtain a polarization-independent
signal. The feedback control of the polarization state of
the incoming signal may be employed to suppress the S /N
degradation. Important parameters in all polarization con-
trol schemes are response speed, insertion loss, output
stability and device size. Continuous follow up of the in-
put signal polarization state is also an important require-
ment [84).

VIII. OPTiCAL AMPLIFIERS

Optical amplifiers may be used as post-amplifiers and
intermediate line repeaters. Semiconductor laser ampli-
fiers [21] are classified into two categories: linear ampli-
fication and injection-locked oscillators. Fabry-Perot
cavity-type (85], [86] and traveling-wave-type {87], {88]
semiconductor laser amplifiers belong to the first cate-
gory. The Fabry-Perot cavity-type amplifier, which is
biased just below the threshold, achieves linear amplifi-
cation utilizing stimulated emission. The traveling-wave-
type amplifier, made by antireflection coating the facets
of a Fabry-Perot-type amplifier, uses a single-pass gain
through its active layer. The injection-locked oscillator,
on the other hand. is a semiconductor laser whose phase
or frequency is controlled by weak optical injected signals
[22]. [51]. Fiber-Raman amplifiers [24]. [89], [90] and
fiber-Brillouin amplifiers [91], which utilize stimulated
Raman scattering and stimulated Brillouin scattering in an
optical fiber. respectively. may be applied to coherent op-
tical fiber transmission systems. The above-mentioned
optical FMFB and PLL using FM semiconductor lasers
can also be regarded as optical amplifiers.

Important device characteristics of optical amplifiers as
applied to coherent optical fiber transmission are small-
signal gain, saturation output power, frequency band-
width and noise figure [21]. These characteristics. as well
as the features and problems. are summarized in Table 11
for each of the above optical amplifiers. Since a Fabry-
Perot cavity-type amplifier inherently has an optical fre-
quency filtering function, its noise figure and excess noise
bandwidth can be decreased by employing a low-reflec-
tivity input facet and a high-reflectivity output facet [85].
Here, the excess noise bandwidth is defined by the snon-
taneous emission power of the amplifier normalized by
the small-signal gain.

The traveling-wave-type amplifier is superior to Fabry-
Perot cavity-type amplifiers provided that narrow-band
optical filters, which remove spontaneous emission. are
provided. Traveling-wave-type amplifiers and fiber Ra-
man amplifiers have a broad bandwidth over 1 THz, mak-
ing them advantageous for the common amplification of
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TABLE 11
CHARACTERISTICS, PRINCIPAL FEATURES, AND PROBLEMS OF QPTICAL
AMPLIFIERS
Fabry-Perot-iype Traveling-wave~ Injection-locked Fiber Raman ampli- Semiconductor laser
sesiconductor type semiconduc- semiconductor fier PLL circuit
laser amplifier tor laser ampli- laser amplifier
faey
Smatl-signal gain 25-15 dm ~20 dB 20-30 dB 20~30 4B 50-60 dB
: f:::{““’“ output 10 to O dba 0-10 dbm 10-20 dBm ~20 dbm ~10 dim
Sandwidth 1-1 GNz ~1 THz 0.5-1 GHz ~i THz ~100 MHz
Noise figure 3 48 3 dB 1 4b 348 O dB
(Experiment) (6-9 dB} {6-9 dB) (6-9 dB)
Excess noise . i
bandvidth Hediuw Large Small Medium Small
::::'1-:::‘11’::- Hedium Hedium Hedium Low Hedium
Gain stabilicy
against frequeacy Medius High Low Medium Low
deviation
Features Spontansous ewmis-~ Broad bandwidth Suppression of Broad bandwidth High gain
sion filtering SPORLANESUS Ris-
function Common awplifica- si1on by gain sstu- Saall coupling Seall noise figure
tion ration & filtering loss
i function
Frobless Small output power Nesd for narrow- Need for frequency Need for relisble Excessive loop drlay
- band optical stabilization pusp laser in Time
filter 1.5 wm region
References (B5}(86) {87)(88) (22)(51) (893{90) (64)
frequency-division multiplexing signals. Fiber-Brillouin heterodyne frequency-discrimination detection. Also

amplifiers have narrow bandwidths, which are inherently
about 15 MHz for silica fibers at a 1.5-um wavelength,
prompting attempts to broaden the Brillouin bandwidth
through frequency modulation of the pump light [91]. In-
jection-locked oscillators, which have a small excess noise
bandwidth and a high power output. can be applied to the
power amplication of angle modification signals. The
principal feature of the PLL using a semiconductor laser
is its theoretical noise figure limit of 0 dB in terms of PM
signal amplification [64], while other amplifiers have a
limit of 3 dB.

IX. SYSTEM EXPERIMENTS

A large number of systern experiments in laboratories
using coherent techniques have been reported so far.
These experiments, however, do not exhibit the ultimate
in coherent system performance yet since they are based
mainly on conventional optical device technologies. The
principal keys in the development stage continue to be
verifying the system operation, confirming feasibility, and
elucidating the technological problems to be solved. This
section reviews the significant experiments which fos-
tered steady improvements in coherent optical transmis-
sion technology. The latest transmission experiments are
also introduced.

Table IIl summarizes four of the most significant re-
.ports on coherent optical system experiments. The first
coherent optical transmission experiment was made in
1967 using two 3.39-um He-Ne lasers [3]. A 50-kHz FM
signal transmitted across 150 m of space was received by

m"“

demonstrated was receiver sensitivity improvement over
a conventional photodetector receiver. Laser FM noise
and atmospheric turbulence. both of which determined the
system performance, were quantitatively evaluated. The
causes of laser FM noise were closely discussed and sta-
ble He-Ne lasers were specially designed accordingly.

Two independent semiconductor lasers were used in the
heterodyne detection systern experiment reported in 1980
[92]. An AlGaAs laser operating in a single longitudinal
mode was directly frequency-modulated through injectior”
current modulation. A 100-Mbit/s FSK signal was het-
erodyne-detected using another AlGaAs laser as a iocal
oscillator. Direct frequency modulation of a semiconduc-
tor laser, whose characteristics were measured in the
modulation frequency region of 150-900 MHz, demon-
strated its usefulness for coherent optical transmission.

Long-fiber transmission over 100 km was demonstrated
in 1983, using a 1.52-um He-Ne laser and an extemnal
cavity InGaAsP laser as a transmitter laser and a local
oscillator, respectively {93). A 140-Mbit/s PSK hetero-
dyne coherent detection was carried out, with a receiver
sensitivity improvement of {4 dB above direct detection
being achieved. This experiment using conventional sin-
gle-mode fibers indicated that the polarization state fluc-
tuation following propagation over 100 km was so small
and slow as to be compensated for by manual adjustment
using a fiber polarization controller.

In 1984 ¢wo 1.57-um InGaAsP-DFB lasers were used
in a coherent transmission system whose line length was
105 km [94]. Direct frequency modulation generated a

«~
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TABLE 111

Distinemive COHERENT OPTicaL SYSTEM ExprrinEnTs

(a}

He-KRe lusers

{b)

{c)

AlGaAs lasers

He-Ne laser (TR)
E:ternal-cav:ly
InGaAsP laser (LO)

vd)

InGaAsP-DFB lasers

Wavelength 3.39 um 0.8) ym 1.52 um 1.57 um
Hodulatien ™ (50 kiiz) FSK (100 Mbiv/e) PSK (140 Mbit/s) FSK (100 Mbit/s)
Direct moduistion Direct modulation Phase modulator Direct modulation
[Cavity length) (Iniection current) (Injection current)
Demodujation Heterodyne frequency- Heterodyne frequency- Keterodyne synchronous Heveredyne single-filger
discrimination detec- discrimination detec- detection detection
tion tien
Travemission Space Space Single-mode fiber Single-mode fiber
nedium {150 w) (Face-to-face) (10% km) (105 km)
Features Quantitatjve evaluation Usefulpess of direct Small polarization- Suppression of aonflat
of lager FM noise & frequency modulation State fluctuyastion M response using
awmospheric turbulence in semiconductor laser Manchester coding
1.5-um aarrow-linewidth
Brosdbane FM sigoal lasers Single-filter detection
suppressing S/N degrada-
tion due to FM noine
Year 1967 1980 1983 1984
References {3) 92 (93} (94)

100-Mbit/s FSK signal in which nonuniform FM re-
Sponse was suppressed by utilizing Manchester coding.
S/ N degradation due to laser FM noise was relaxed by
using a single-filter detection scheme in the electronic de-
modulation stage after optical heterodyne detection.
Thereafter, a 140-Mbit/s - 243-km FSK heterodyne sin-
gle-filter detection transmission experiment was demon-
strated using a phase-tunable DFB laser in the transmitter
[14].
More recentiy 400-Mbit /s - 270-km [95] and 1-Gbit /s
* 150-km [15] heterodyne detection experiments have
been reported. The former experiment used two external-
cavity DFB lasers oscillating at 1.546 um for its trans-
mitter and local oscillator. The beat spectrum linewidth
between the two lasers was less than 200 kHz. Direct
modulation of the transmitter laser, in which an LC circuit
was used to achieve a flat FM response, created a 400-
Mbit /s continuous-phase FSK signal having a frequency
shift of nearly 250 MHz, where the residual amplitude
modulation was less than 0.5 dB. The transmitter laser
output power and fiber input power were 10.6 and 5.5
dBm, respectively. A conventional single-mode fiber was
used, and transmitted signal polarization was manually
adjusted with a fiber-optic polarization controller, The to-
= tal fiber loss, including splicing, was 53 dB at 1.546 um.
After heterodyne detection with an InGaAs-p-i-n photo-
diode, the continuous-phase FSK signal was demodulated
by differential demodulation. The received eye pattern and
the error-rate performance for a 2'3.1 pseudorandom bi-
nary sequence are shown in Fig. 7(a) and (b), respec-
tively. A receiver sensitivity of ~49 dBm was achieved
for an error rate of 10~°. In the course of this experiment,
a 400-Mbit /s continuous-phase FSK signal having a 0.5
modulation index, that is, a 400-Mbit /s minimum-shift-
keying (MSK) signal, has been transmitted over a 289-km
pure-silica-core single-mode fiber {96].

The latter experimental System was a DPSK system
using separate 1.5-um buried heterostructure (BH) lasers
having external grating cavities of 5-kHz spectral line-
widths [15). PSK modulation was performed with a tita-
nium-diffused lithium niobate waveguide phase modula-
1or having l-cm-long traveling-wave electrodes. A signal
greater than —3 dBm was coupled into a single-mode fi-
ber. The total fiber loss, including connector and splice
losses, was 39.6 dB. The polarization state of loca] oscil-
lator light was adjusted to that of the transmitted signal.
A balanced-mixer receiver composed of InGaAs—p-i-n
photodetectors was employed. A receiver sensitivity of
—44.5 dBm achieved at | Gbit/s corresponded to an im-
provement of 7.5 dB over the best direct detection result.

The transmitting and receiving signal levels of these two
experiments, as well as those of the above 140-Mbit /s -
243-km experiment [14], are indicated in Fig. 2. Also in-
dicated are those of the 565-Mbit/s - 240-km [17). 2.
Gbit/s + 141-km [17], and 4-Gbit/s - 117-km {97] inten-
sity-modulation direct-detection System experiments. The
latter conventional system experiment, followed by a re-
cent 8-Gbit/s - 68-km transmission experiment [98], used
an external waveguide modulator, while the first two uti-
lized direct intensity modulation of the semiconductor la-
sers.

The above system experiments are all heterodyne de-
tection systems. Although polarization-maintaining fibers
WEre not used in the fiber transmission experiments, con-
ventional single-mode fibers were used in conjunction
with polarization control devices. In the 1.3-1.6-um
wavelength range, homodyne detection using two sepa-
rate He-Ne lasers and a balanced optical PLL receiver
was demonstrated in a 140-Mbit/s PSK signal transmis.
sion experiment over a 30-km single-mode fiber [60].
Moreover, a 10.5-km polarization-maintaining fiber has
recently been employed in a 400-Mbit/s FSK heterodyne
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Fig. 7. (a) Received eye panemn and (b) error-rate performace in 400-
Mbit/s + 270-km FSK transmission e¢xperiment (after [washita er al.

[95]).

detection experiment [99]. Two Fabry-Perot-type 1.5-um
amplifiers were used as in-line repeaters in a 100-Mbit/s
ASK heterodyne detection experiment [100]. following
0.8-um tandem amplifier experiments [85].

X. CoONCLUSIONS

Research on coherent optical transmission has produced
a large number of fruitful results since it was received in
the late 1970°s. A demonstration of direct frequency mod-
ulation capability in semiconductor lasers was one of the
most encouraging works Jeading to steady improvements
in coherent transmission technologies. The absolute fre-
quency stabilization of 1.5-pm semiconductor lasers also
made available an essential technology for providing sta-
ble carrier waves to systems in the low-loss wavelength
region of fibers. A double-balanced optical heterodyne or
homodyne receiver additionally proved to be a unique
proposal for removing the excess AM noise of a local os-
cillator and for achieving quantum-limited performance.
Furthermore, a negative-frequency-feedback-controlled
semiconductor laser, applicable to both transmitter and
receiver configurations for angle modulation signals, pre-
sented itself as a new idea for suppressing laser FM noise
as well as nonuniform FM response. In addition, an in-
jection-locked semiconductor laser demonstrated its own
potential as a post-amplifier and as a PM signal transmit-
ter. Also, an evaluation of fiber birefringence pointing out
usefulness of thermal-stress-induced anisotropy opened
the way for single-polarization fiber development. Impor-
tantly as well, transmission experiments have come to
successfully demonstrate the principal system features
leading to longer transmission lengths and larger data
rates.

The ultimate goal of coherent optical fiber transmission
consists of fully utilizing the coherent properties of laser
light as well as low-loss and broad-bandwidth character-
istics of the optical fibers themselves. Single-frequency
semiconductor laser technology. optoelectronic inte-

grated circuit (OEIC) technology, and new technologies
based upon these fundamental device technologies will
solidify the foundation necessary for developing coherent
optical fiber transmission systems.

Several of the definite research targets for the future
include the following.

a) A narrow-linewidth semiconductor laser whose os-
cillation frequency is stabilized to an absolute frequency

reference during a long period of time. for example. over

10 000 h.

b) A high-speed FM semiconductor laser having a sup-
pressed temperature modulation effect as well as sup-
pressed intensity modulation.

¢) An OEIC negative-feedback-controlled semicon-
ductor laser configuration potentially applicable to wide-
band optical FMFB's and PLL's.

d) A single-polarization fiber capable of simulta-
neously decreasing fiber loss and mode coupling.

¢) A low-noise optical amplifier having stable fre- *

quency and gain.
f) Optical passive devices such as low-loss narrow-
band optical filters and low-1oss optical isolators.
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