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1 INTRODUSTIOCN

The Opto-Electronics MILLIMETER RESOLUTION OTDR SYSTEM is & unigque new
instrument with special capabilities not found in standard OTDR's.
Specifically, the instrument measures time of flight of very short optical
pulses with picosecond preciszion allowing for distance resoluticns of less
than cne millimeter,. This is coupled with a modular construction which allows
for ocperation in Eransmission or reflection at a wide range of wavelengths
into any fiber =ize., In short, each instrument can be configured to the
cperator's requirements and can be reconfigured at will by the operator.

The millimeter resolution capabilities of the instrument 4o mot restrict the
operating distance ot the dvpapic range. On the contrary, operating distances
up to 33 kEilometers in ainglemcde fiber are realistice. In multimode fiber Lthe
operating diatance is restricted te a few kilometers by modal dispersion,
Freespace measurements with equally high resclution are also possible. Dynamic
range wvaries with choice of modules and wavelength but by wtilizing the best
conbination of wavelength and detection systen dynamic ranges in excess of 100
dB can ba achieved in transmission.

The Meinframe has been designed to accompodate a variety of modules as plug-in
units, HMultimode or asinglemode operaticn at wavelengths from 680 to 1550
nanometers are provided by a variety of Transmitter/Receiver modules. Variable
attenuvators can be added for convenience and a variety of couplers is
svailehle as well., An operator can choose the best set of modules for a
particular experiment or neasurement, This get can be utilized for a multitude
of other neasurements as well. Conversely, additional modules serve to extend
the capability of the system from Fresnmel reflection measursments to Rayleigh
backscatter mneasurenents as well as to use the system as am  electro-optic
component tester or a bandwidth measurenent test set.

The Opto-Blectronics MILLIHETER RESOLUTION OTDE has been utilized for a large
number of applications since its introduction im 19B6. Most of these
applications are shorthaul, and very shorthaul OTDR measurements. Some are
fiber gensor related mreasuremenks , while others are electro-optic or
microwave component testing measurements. 5till others are concerned with
bandwidth measurements. & number of these are outlined in the JApplications
section. They include; measuring absolute and relative distances in singlemode
or multimode fibers from one millimeter to 30 kilometers without lead-inz or
masking; locating the precise position of connectors, couplers, reflective
splices and reflective breaks or other reflective fauwlts in fibers and cables:
testing, mapping and monitoring LANE in buildings, ships or airplanes;
measuring the performance of sensors, connecktors, couplers, attenuwators,
svwitches and integrated optics; measuring the precise strain, time delay
changes and loss changes of fibers in cable pull testing, cable installations,
fiber spooling and fiber payouts; measuring precise fiber group index, group
index variations, strain and temperature coefficients of fiber group index;
measuring the performance of optical, elecktro-—optic, opto-electrie, ar
microwave components in the time and frequency domain; measuring the pulse
dispersion and  bandwidth of components &nd fiberoptic  systems  and;
measurements 1in many other applications where picesecond or submillimeter
resclution and accuracy is reqguired.



Figure 1-1

The Opto=-Electronics MILLIMETER RESCOLUTION OTDE syatem. The mainframe and
the processor are placed on the bench aleng with a lov frequency lab  Eype
oscillescope which serves as the screen for the OTDRE. The two pulses aon
the seresn corrsspond to reflections from two closely speaced optical
connectors shown in front of the ecreen. At the particular setting wsed in
this example, the distance on the ascilloscope sereen equals the distance
in the fiber. The component boxes may be also rack mounted im & standard
1% inch frame.




2 GENERAL OTDR THEORY

A short summary is given of the underlying principles of OTDRE seasurements,
OTDE backscakter apd reflecticon signals, shert and long pulse operation,
deadzones, apatial rescluticn, losa budget, conventional OTDRE instrumentsz, and
the esgential differences between conventional OTDR's and the Opto-Electronics
HILLINETER RESOLUTION OTDE.

2.1 THE OTDR MERSUREMENT METHOD

In a basic CTDE measurement, a laser transmitter launches a short optical
pulze into the fiber under test. The light retutrned from the fiber back to the
OTDE iz detected by a photodetector. The time delay between launch and
detaction iz determined by the delay generator. Each wvalue of this time delay,
which can be waried by the operator, is uniguely related to a specific
location along the fiber. Therefore, distance measurements can be made along
the Fiher.

The waveform of the returned light pulse from the fiber for each time delay is
glag measured and analysed. This gives informaticon about fiber properties and
features along its length. Important properties and features ineclude losses,
faults, and changes that occur 4long the fiber,

Z.2 RAYLEIGHA BACESCATTER AND FRESNEL REFLECTION

The light from the fiber is returned by two difforent processes. One process
ig the backscattering from the microscopic density fluctuatieon, ecalled the
Eavleigh backscatbtering and the other is the reflection of light from abrupt
microscople discontinuities in the fiber called the Fresnel reflection.

For a uniform undisturbed fiber, the Rayleigh backscattering is uniform along
the whole length of the fiber. If a discontinuity is introduced, the returned
waveform ie modified and the disturbance may be analyzed. Losses, breaks,
faults, changes and other features can be thus detected, weasured and
apalysed. Unfeortunately, the Bayleigh backacattered signal is a wery small
fracticen of the probe pulse energy, therefore, wvery sensitive detection
metheds have to be employed for its measurement. For example, if a ten
nanogsecond wide light pulse is launched intoe a standard pultimode
copmunication fiber with a 3 dB/kn transmission loss, the backscattered light
from the first one meter length of the fiber is only one one-millionth (=60
dB} of the launched energy. For subsequent one meter lengths, this figure
decreages; for singlemode fiber the backscattered signal is at least one order
of magnitude smaller than that for multimode fiber. Furthermore, the Rayleigh
backscattered fraction of the input pulse energy becones smaller as the probe
pulpevidth is reduced.

¥hile Rayleigh backscattering originates from every point along the fiber,
Frespnel reflections originate at points along the fiber where abrupt and
discrete discontinuities occur in the index of refraction. One example of this
iz the cleaved end of a fiber. The index changes at this point from about 1.5
of the glass to 1.0 of the air, resulting im a Fresnel reflection with four
percent (-14 4B} of the incident energy.



It should be noted at this point that the energy reflected from a Frespel
point, (-14 4B}, and the encrgy backscattered from the first one meter length
of a fiber, (-60 dB), differ by almost five orders of magnitude for a 10 ns
long probe pulse. This difference in relative signal strengths causes seriocus
difficulties for conventional OTDR's, as will be discussed later.

Various discontinuities produce Fresnel reflections of variows intensities. 2n
open fiber end with a flat perpendicular cleave or a flat polished end causes
about -14 4B reflection. A good mechanical eplice or & good pair of mnated
connectors caude from -30 te -40 dB reflection. A pigtailed detector or laser
cauges -4 to -20 dB reflection. Fresnel reflection from & mechanical break or
crack may produce from =3 to -75% 4B of gignal. The lowest Fresnel
reflectivities belong to macrobends, (-70 to -100 4B), low loss fusion
splices, (-40 to =75 dB}), good quality couplers, (=40 to -70 4B) anpd
microbends, (=50 to =70 dB}). The lowest level Fresnel signals from these
features are seen Lo be comparable to the 10 nanosecond pulsewidth Rayleigh
backseattered signals originating from short lengths of fiber, while the
highest level Fresnel signals are more than six orders of magnitude greater
than Rayleigh backscattered signals.

4.3 THE OTDR DEADZOME

The level of the Rayleigh backscattered signal for a given fiber at a given
wavelength is proportional to the pulsewidth of the optical probe pulse from
the OTDR. On the other hand the level of the Fresnmel reflected signal is
independent of the pulsewidth. It follows then, that the ratic of the Rayleigh
signal to the Fresnel signal ig pulsevidth dependent. The approximate ratios
for standard multimode communication fibera at BB0 nanometere for optical
probe pulsewidths of 1, 10, 100 and 1000 nanoseconds are respectively =60 dB,
-50 4B, =40 dB and -30 4B.

The detection aystem of an OTDR has to be sensitive enough to measure the
small Rayleigh backscattered signals on the one hand, but this may result in
gaturation due to the presence of a nearby Fresnel reflection on the other.
The impact of this saturation effect increases with decreaging pulsewidth due
te the widening intensity difference between the two signals.

For conventional high reselutien OTBR's utilizing standard detection methods,
the saturation time due to a strong Fresnel reflection extends to about ten
times the pulse width. High resclution OTDR's utilizing pulse widths in the
range of 5 to &0 nancseconds thus have saturation times of 50 to 500
nanoseconds.

Fiber lengths corresponding to these saturation times are called the deadzones
of the OTDRE. In the dead=zone, no feature is detectable or measurable because
the detection system cannot respond to any additional 1ight signal. The
saturation times mentioned above (50 to 500 na) result in desdzones of 5
meters to 50 metors.

The first Fresnel reflection encountersd in any OTDR measurement originates
fromn the optical ocutput connector on the bulkhead of the OTDE. This signal
causes a deadzone of szome few meters or few tens of meters extending from the
OTDE into the fiber under test. This is an inevitable feature of conventional
OTDR's. Bulkhead extender [ibers or electronic masking functions may help the
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situation somewhat but a deadzone stubbornly exists at every Fresnel
reflection along the fiber under test.

The presence of deadzones in fiber systems with long continuous rens without
connectors and other sources of Fresnel reflections is not very =erious.
However, for short haul systems with short distances between connectors and
other conponents, the presence of the repeating deadzones may render a
conventional OTDE measurement impossible.

The highest resolution conventional OTDR's utilize three to five nanosecond
wide probe light pulses with & resulting deadzone of three to five meters in
multimode fibers at 850 nanometers. The corresponding deadzones for singlemode
fibers at 1300 and 1550 nanometers are at least 30 to 50 meters.

4.4 ACCURACY AND RESOLUTION

The spatial accuracy of an OTDRE is undarstodsd te mean the precision with which
the OTDE can measure the absolute distance between two points along the Ffiber
separated by distances much greater than the deadzone of the OTDR. The
distance may be the length of a spool of fiber from the OTDE bulkhead te the
far end of the spool, or the distance between two splices in a cable several
hundreds or thousands of meters apart.

The spatial resclution of an OTDR is divided into single point resolution and
t¥a point resolution. The single peint resolution is the smallest distance
variation measurable by the OTDE, as for example, the srallest leagth of fiber
cut off from the far end of a spool of fiber that can be measured by the OTDE.
The twoe point resolution is the smallest Jdistance between two distinct
features along the EFiber that can be resolved by the instrument as two
separate features. An example for this may be two microbends separated by a
small distance showing up on the OTDR screen as Ewo separate features,

Both the spatial accuracy and the zingle and two point spatial resolubions
depend on the time measuring accuracy, time jitter and stability of the OTDE.
Howaver, if these features are essumed to be state of the art, the dependency
is on the pulsewidth of the probe light pulse and detector response time only.
The wider the pulsewidth the lesser the accuracy and the two resolutions. The
shorter the pulsewidth the greater the accuracy and the two resolutions.

As a rough rule of thumb for conventional OTDR's the accuracy and single peint
rasolution 1is approximately equal to one half of the pulse width and the twe
point resolution i1is approximately equal to the full pulse width. This
translates to accuracies and single point resolutions for conventicnal OTDR's
with pulzewidths of 10 ns and 100 ns respectively to 50 ¢m and 5 m and two
point resolutions of 1 m and 10 m. It should be remembered, however, that in
order te realize these accuracies and resolutions, the features measured must
be outside the deadzone caused by any other feature with Fresmel reflections.
This naturally restricts the use of conventicnal OTDR's to medium and long
haul applicationa, even if they have high accuracy and resolutiom,



2.5 THE LOSS BUDGET

The less budget of an OTDR may be specified as a one way of two way insertiom
logs budget, or as a return loss budget. In general, the term is understood to
mean the maxinum loss in decibels that can be introduced into the fiber under
test for which the returned OTDRE signal maintains a value egual to the OTIR
noise.

For exaaple, to measure the insertion loss budget, imsert anm optical
attenuator between the OTDE and the fiber under test and chtain an OTDE signal
from the £fiber. Increase the attenuation until the signal to noise ratio,
{EMER}, on the OTDR acreen becomes one. The value shown on the attenuator iz
the one way insertion leoes budget. The Ewo way insertion loss budget iz  twice
this walue.

The loss budget depends on the laszer oukput povwer of the OTDE, the
sengitivity and SNE of its detection system and the width of the optical probe
pulse. For maximun laser power and maximum detecticn sensitivity, the loss
budget is therefore optical pulse width dependent, The loss budget is greater
for long optical probe pulses and is lesser for shorter probe pulses. HNow
becall that long pulses cause long deadzones, therefore high less  budget
OTDE's are useful for long haul applications only. This is appropriate because
long lengths of fibers have more loss than short ones, conseguently
conventional OTDR's with long optical probe pulses are optimized for long haul
applications.

0n the other hand, short-pulse, low-loss budget, conventicnal OTDR's are not
at all suited for short hauwl applications, not just becesuse af the deadzone
problem discussed above, but also because they have a low loss budget. Tvpical
values for one way loss budgets for short pulse comnventional OTDR's are 10 to
15 4B and those for long pulse conventional OTDR's are 30 to 45 4B. Usually in
short haul networks there are a substantial number of connectors, splitters or
star couplers that demand logs budgets tens of decibels beyond the available
logs budget of conventional OTDR's.

2.6 THE CONVENTIONAL OTDR
L]

& conventional OTDR is an ¢lectro-optic instrument consisting of a pulsed
optical transmitter, a matched high impedance optical receiver and an
electronic signal processing and displaving assembly. The transmitter launches
optical pulses with widths ranging from microseconds (leng haul) down o
several nancseconds (short haul) at repetition rates restricted by the maximum
length of the fiber to be measured. The receiver ia a direct detection
photodetector (usually an APD) coupled to an OP RMP and other circuwits with
system response on the order of the transmitter pulsewidth. The signal
procedsor is uwsnally a dedicated computer aystem that translates, ealculates,
displays and stores the measurenent data.

Conventional OTDR's are designed to detect the Ravleigh backscattered signals
from fibers with great sensitivities and swifer Erom the high level of Fresnel
reflection  signals returned from  inevitable connecters and  other
digcontinuities along the fiber. Becawse of the high detector gain and lew
noise required by the detection of the Ravleigh backscatter asigmal, the
detection system has to be kept at high impedance. The high impedance of the



detection systes forces a lower limit on the optical pulsewidth at around the
five nanosecond mark. The five nanosecond pulsewidth limitation translates to
the limitations in the loss budget, resoluticon, and the deadzone as discussed
in previous paragraphs.

Using conventional OTDR technology the above mentioned limitations can not be
agvercome. Picosecond techmology developed by Opto-Electronics Inc. opens up
nev territories for drastic improvements in OTDE resolution, loss budget and
deadzone, for medium and short and very short haul applicatiomns.

2.7 THE OPTO-ELECTRONICS WILLINETER RESOLUTION OTDR

The Opto-Electronics MILLIMETER RESOLUTION OYDR is similar in some respects to
a conventional OTDR. Tt is also ay electro-optic instrument consisting of a
pulsed optical transmitter, a matched optical receiver and an electronie
procassing assembly, but the similarities end here. The differences are
substantial. The pulsewidth of the optical probe pulse i3 less than 100
picoseconds, the detection system is a 50 chm microwave electronic sampling
system, the pulse repetition rate is constant, and the processor is designed
to detect the Fresnel reflection signal in order to eliminate the deadzone.
The Opto-Electronics picosecond OTDR is the ideal solution to OTDR measurement
problems for medium, short and very short haul fiber optic measuremsnt
problems.

When applications demand Rayleigh backscattering over short fiber lengths of a
few tens of meters, & few meters or tens of centimeters, the Opto-Electronics
MILLIMETER RESOLUTION OTDR may be converted Lo a Rayleigh backscattering OTDR
by the application of an ultra-sensitive picosecond photon counting detector.
This detector extends the sensitivity of the system by an additional 30 dB and
enahles the detection of Rayleigh signals originating from fiber lengths as
short as a few centimeters.



3 TECHNICAIL:, DESCRIFPTION

The Opto-Electronica HILLIHETER RESOLUTION OTDE ia described along with its
mijor components, ite basic operation and ite various performance wmedes and
functicons. The outputs and intertaces of the OTDE are also descrihed.

3.1 MAJOR BYSTEM COMPONENTS

The Opto-Electronics OTDE components are similar to conventiconal OTDR's  hut
its performance differs markedly. A typical syatem is shown in Figure 3-1
below while the block diagram is shown in Figure 3=2. The system also
supports a nomber of external output and control devices. These are detailed
elzevwhere,

il S=ry—— — —

Figure 3-1

A typical configuratien for the Opto-Electronics MILLIMETER RESOLUTION
OTBE. The top box is the TDRZD Signal Processor and the bottom box iz the
Picogecond Fiberoptie System mainframe. The display scope is not shown in
this phoetograph. The mainframe supports a variety of plug-in modules.
Shown from right to left are: The Fiberoptic Coupler, the lLaszer
Transmitter, another Fiberoptic Coupler, the Detector, the Sampling Unit,
and the Time Delay Generator, The modules pay be intercennestad
alectrically and optically in a variety of ways to perform a number of
different functions.
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Figure 3-2

Block diagram of the Opto-Electronics MILLIMETER REESOLUTION OTDR.

3.1.1 THE LASER TRANSMITTER The laser tranamitter outputs light pulses with

pulsevwidths of lese than 100 picoseconds at peak powers of several tens of
milliwvatts (for 1300 of 1550 nm singlenode output) to several hundreds of
milliwatts Efnr B30, 350 or 904 qplglnnde outputa). The repetition rate of
the pulses is 33 kHz or less, ﬂEpEﬂleg on the length of fiber to be scanned.
The pulse width is approximately 100 timpes shorter and the peak power is
considerably higher than the corresponding values found for conventiomal high
resolution OTDR's.

3.1.2 THE TIME DELAY GENERATOR This module, which controls the timing of the
laser probe output pulses and the delay of the detection syatem, has the
lowest time jitter amongst coamercially available time delay generators. It
has been measured to be less than one picosecond RMS under npormal operating
conditiona. This time correszponds to an OTDR distance variation of wnder 0.1
millimeters. The time delay generator controls the delay between laser pulse
output and return pulsge detection from zero piccsecond {zerc millimeter) to
0.3 milliseconds (30 kilometers) agsuring very high accuracy of detection,

How The Delay Generator Works!

Thiz iz easiest understood by referring to Figure 3-3 bhelow. The delay
generator rumns at a set repetition rate. If the time of the Trigger Pulse out
is takem as zero, then a reference value can be zet to any peoint in  tine
within the absoclute delay range. The DELAY can be positive or negative but the
REFEREMCE plus DELAY must fall withim the ABSOLUTE DELAY RANGE. The Delay is
measured from the REFERENCE point to the left side of the WINDOH. The WINDOW
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size is determined from the Delay Generator T/DIV valwe, (WIKDOW zize = 10 x
T/DIV). Again, REFEREMCE plus DELAY plus WINDOW gsize cannot extend beyvond the
ABSOLUTE DELAY RANGE. An attenpt to do so will cause the error indicator, (E),
to light. The WINDOW position, (DELAY), can be moved by direct entry or
stepped by the Delay Generator STP size value. When FN-REF-ENTER is preased,
the current DELAY is added to the current REFERENCE to give a new REFERENCE
and a DELRY equal to zero while the WINDOW pogition remains unaltered in  the
ABSOLUTE DELAY RAHGE.

TRIGGER OUTPUT at time t = 0 ns

DELAY OQUTEUT

J e i . e e . |, | PR A S S R
| {mmmm e REFERENCE===========} |

0 | {=====DELAY====~ y | Window! 319995
R — - o i e e e ]
| {=mmmmmmmmmmm e ABSOLUTE DELAY RAMGE (ns) ==—-—=sssommmmmemm 3

Figure 31-3

Schematic showing delay range of the Delay Generatar.

3.1.3 THE DETECTOR The detector is & high gain APD or an amplified APD with
optimized signal to noise ratic (SWR) having a response time on the order of
100 picoseconda. Thizs speed matches the width of the laser pulse for the most
efficient performance possible. The detector response time is also about 100
tines faster thanm Gthe response times of the fastest detectors used in
conventional OTDR's.

3.1.4 THE SAMPLIMNG UNIT The picosecond time scale electrical output of the
photodetector can not  be measured or displayed directly. Therefore, thes
vaveform has fto be sanpled piecewise, utilizing am electronic aampler. The
proceogs of electronic sanpling is connonly employed by gigahertz  and
picosecond sampling cscilloscopes. It requires steady optical pulses for low
toige detection. This is provided by the low jitter delay generator in
conjunction with the stabilized laser transmitter.

How The Sampling Unit Works!

The electrical signals are too short to be displayed in real time even with
the £fastest of oscilloscopes. Thus, a sampling technigue 4is emploved. To
understand how this works, imagine the scope screen divided into 256
horizontal points. If the entire soreen represents 500 ps (50 pa/Divl  then
each point represents about 2 ps. While it is not possible to follow a pulse
in this time frame it is possible to sample the pulse voltage at point one,
say, of the first pulse, Ehen at point two, (one pulge plus 2 ps later) of
the follewing pulse and so on. With this sampling technigue, one sweep can be
built wup with 256 samples. It iz obvious that the repetitive pulses must be
identical and that one must have a delay generator with very low jitter.
Furthermore, the process iz slower thamn direct detection in that sampling is
restricted to a rate of about 40 kHz.



3.1.5 THE PHOTON COUMTEE 2 drastic increase in system s=eénsitivity may be
gained by replacing the detector and sampling units with the photon counter.
The photen counter responds to individual photons in the picosecond light
pulse and is the ultimate in low light level measurements. The photon gounter
enables the Opto-Electronics NILLIMETER RESOLUTION OTDR to measure the very
low light level Rayleigh backscattered aignals from very short lengths of
fibers,

How The Photon Counter Works!

There are 256 horizontal points on the diaplay screen. Each point represemnts a
sequential point in time at which the photon ecunter iz turned ON. The length
of the Photon Counter ON time is a fumetion of the SENSITIVITY setting on the
FPC1Z. For example, with the SENSITIVITY szetting at MED the photon counter oOH
time 18 0.8 ns. Thus the photon counter %ill ceount only 1f a photon arrives
within this 0.8 ns window. For delay times lesa than 2 microseconds the delay
generator operates at about a 33 kHz repetition rate. This is the rata at
which the laszer source iz triggered and emits coptical pulses.

The delayed electrical pulse triggers the photon counter at a precisely
determined time. The FPPC10 will look for and count, if present, a photon
returned from -each pulse. The count is one or zero. IE Ewo or more photons
arrive at the same time the count is still one. At each of the 256 points the
PPC10 waits for four pulses. Thus the display has five levels. The baseline
represents zero counts out of four pulses. The first level represents one
count out of four and zo forth. When a solid line is observed ab  the four
count level, this indicates that the counter is being saturated, ie. more than
one photon is arriving at each count.

In real time, cne sees a lot of dots on the gscreen, therefore, averaging is
required, If Gthe Processor is gset to run 512 averages for example, then it
takes 512x256 or 131,072 pulses to conatruct a sweep as displayed on the
screen, This represents a little over 4 seconds in time. As there are 256
points in the vertical sense as well, a reasonable number of averages will
produce & well defined pulse shape.

For best results, the light should be attenuated at the laser output until the
faature being viewed shows 1 to 3 counts in real time. This indicates a return
of photons, but prevents saturationm.

j.1.6 THE FIBEROPTIC COUPLER This dis a four port device designed to direct
the optical probe pulse, to the fiber under teat and the returned pulse from
the fiber to the detector. The four ports allow two parallel outputs for the
OTDR to measure two fibers or networks in parallel. The two output ports of
the coupler are usually matched in length to provide overlapping return pulses
from the bulkhead of the OTDE. Both outputs may be wused independently or
gimultaneously and both represent Zero distance from the OTDRE within one
millimeter.

3.1.7 THE OPTICAL ATTEHUATOR In many instances, the returned optical =signal
is much too strong for the detector. For these cases, a calibrated, processor
controlled attenuator reduces the optical signal, keeping it well within the
detectors linear response range. Thus, the attenuator gives the instrument a
much increased dynamic ranga.




3.1.8 THE SIGNAL PROCESSOR The processor has pany functioms. It manages the
other components in the OTDR as well as the variocus inputs and outputs. These
include the management of inputs from the front panel or from the GPIE port,
and the management of outputs to the built in CRT screen, the external dot
matrix printer or the external PC via RS-232 or IEEE-448 porta. In addition
the Processor performs signal averaging, does various calemlations and stores
data. MHore details about the various functions of the processor are given
elsevhere.

3.1.9 THE DISPLAY SCOPE A low frequency, inexpensive oscilloscope is required
as a display to observe the various wavefarms generated by the OTDR systes.
Most laboratories have general purpose oscilloscopes which are quite smitable.
Therefore, Opto-Electronics does not include the oscilloscope in the OTDR
package.




3.2 RANGE OF OPTIONS

LAEER TRANSMITTER
Wavelength (nm) Standard: 680, B20, EHO, 904, 1300, 1550
* Special * 750, 745, BOO to 860, 1060, 1200,

Fiker Core Size (um) Standard: 4, 9, B0, 6X.5, 100, 200, 400
* Special * polarization maintaining fiber.

ATTENUATOR
Fibar Core S5ize (nm) Standard: 4, 9, 50
* Special » 100
Calibration Gtandard: one wavelength
* Special % two wavelengths
COUPLER
Fiber Care 5ize [(pm) Standard: 4 ...sciseseqq. For BBO0 to 350 nm
B cinmrrnenesas FOE 1300 or 1550 nm
B0, 62.5, 100 . for 680 te 1550 am
B0 S for E80 to 15%0 am
00 e iannnann for G0 to 1550 am
Eplitting Ratios Standard: 1:1
 Special * 2:1, 10:1
DETECTOR
Material and Type Standard: 5i RFD or 5i APD Amplified: 400 - L1080 nm

g1 Fhoton Counter; 400 - 1080 ¢
e KPD or e APD Amplified; 600 - 1750 am

Fiber Care Size {(um} Standard: 100
* Special = 200, 400

It should be notad that thes OTDE ayatem can be optimized to solve a particular
problem or it can be optimized for general use, There are many trade-offs 8o
that the factory should be consulted to pick those options which give best
regults for most applicatoins of the user.



4 SYETEHM PERFORMAMNCE

The Opto-Electronies MILLIMETER RESOLUTION OTDR may be used as a reflectometer
in the Fresnel mode or as & backscatterer in the Rayleigh mode, depending on
veather a photodetestor/sampler combination is used or the photon counter is
utilized. The system may &lso be used in transgmission for a wvariety of
applications.

4.1 MODES OF OPERATION

4.1.1 FRESNEL OPERATION In this mode the OTDR utilizes the probe pulse itself
for the measurements. The quantities measured are the pulse time delay,
{distance), the pulse area under the curve, (energyl, and the pulse width,
(FEHH} . For most measurements an inpub "EEFERENCE" pulse and 2 returned
"MERSUREMENT" pulse are required. Data from the two pulses are then used to
caleulate the relative distance, Ehe ralative enecgy and the relative pulse
width. Using these reszults, absolute and relative distance and tine delay
measurements can be made, insertiom and return loss values can be obtained,
pulse dispersion values can be calculated and overlapping double pulses can be
deconvalved.

The OTDRE Processor, whose front panel is shown in Figure 4-1, has three
settings, SHIFT, RESOLVE and SUBTRACT. Most measurements regquire the SHIFT
setting. In the RESOLVE setting the Processor will deconvolve the HEASUREMEMNT
pulse in terms of the HREFERENCE pulse, if the MEASUREMENT pulse contains two
overlapping pulses and will present the two component pulses separately. In
the SUBTREACT setting, the Processor will subkract the REFERENCE pulse from the
MERSUREMENT pulse and will present the residual pulse.

The numerical results of the caloulastions appear in the various windows on the
Procsssar front vindow.
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Figure 4-1

Echematic of the front panel of the Medel TDREO Processor
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energy from the probe pulse from every point along the fiber., This results in
a display of a sloping or a horizontal waveform, depending on whether the
fiber under test is long or short. For standard %0/125 core/clad graded index
commpunications fiber the Rayleigh loss slope becomes discernible for lengths
o0f10 peter or longer, For shorter fibers or for singlemode fibers, the display
iz a flat horizontal line, provided the fiber is not disturbed or is not
faulty.

The gquantities measured here are the length of the fiber, the position of any
feature and the backscattered energy. From these neasured walues, fault
location, insertion loss and return loss are calculated by the TDR Processor
in the SHIFT setting. The numerical resultz are again digplayed in the varicus
windows on the front panel of the Processar.

The BRayleigh mode of operation requires the uwse of the photon counter for
increased detection sengitivity. When using the photon counter the operator
may work in the Fresnel mode, as well, and detect return pulses fron features
along the fiber that reflect a wery small fractiom of the probe pulse energy.
Such festures sre fugion splices, couplers, ultralew return loss connectors,
microbends, cracks and breaks and other features not detectable by any other
method.

The Opto-Blectronics HILLIMETER RESCLUTION OTDER, when used in the Rayleigh
mode, 15 zlso subject to the deadrzome phenomenon digeuwssed im 2.3 above.
However, thiz OTDR, having a pulse width that iz approximately 100 times
shorter than that of a conventional OTDR, has a deadzopne that ig approximately
100 times shorter than that of conventiomal OTDR"s. This short deadzene,
conbined with the very large loss budget enables the Opto-Electronics OTDRE to
make reliable measuremants in the first few temns of meters, the first few
mneters, or even in the first few centimeters of a fiber.

4.1.3 TRAMSHMISSION OPERATION If the fiber optic coupler module is bypasded,
the MILLIMETER RESOLUTION system may be used in transmission. In this mode the
light from the laser transmitter module is coupled directly into the fiker
under test, allowed to propagate to the far end, where the detector module is
couplad to the fiber to complete the circuit.

In thiz way, link losses, link dispersion, bandwidth and other properties may
be measured with millimeter resolution. The loss budget is approximately 25 4B
greater than that of the corresponding reflection methed. If Ehe photon
counter 1is paired with an 850 nm laser kransmitter, the operator may have a
logs budget wup to 110 4B, This opens up nev opportunities in fiberoptic
digtributed =sensing, multipoint sensing and in the probing of wery lossy
systems.

4.3. DISTANCE and TIME RESOLUTION

Aeecuracy and resolution for conventional OTDR's wae discussed in  general in
section 2.4. The acouracy was stated to mean the precision with which an OTDR
can measure the absolute distance {or time delay) between two points along the
Eiber which are separated by distances much greater than the dead zone of the
OTDR .



For the Opto-Electronics HILLIMETER RESOLUTION OTDR, the accuracy of distance
and time measuremeént is not limited by the deadzone of the instrument because
it has no deadzZone in the Fresnel mode of operatiom. In this <case, the
measurement accuracy is determined by the accuracy with which the peak
position of the returned pulse is located on the screen. This in turn depends
on the pulsewidth and om the SHE of the returnmed signal. For a SWR above 10,
the measurement accuracy is better than 0.5 millimeters. The measurenent
accuracy decreases if longer distance fibers are measured over which the
picosecond probe pulses widen appreciably.

Generally, the pulse widening for the HILLIMETER RESOLUTION OTDRE is negligible
up to a few kilometer lengths of singlemode fiber at 1300 or 1550 nanometers,
up ko a few kilometer lengths of 50 microneter multimode core graded index
fiber, up to several hundred meters of 100 nicrometer core graded index fiber
or up to several tens of meters of larger core size step index fibers. For
fiber links up to these lengths, the measurements acouracies are better tham 1
millimeter. For 1link lengths longer than these, the accuraciea decrease
proporticnately.,

The resolution was stated in section Z.4 to be either single point or two
point resolution. It was stated that the single point resoclution i1is the
gmallest distance variation (or time delay variation) measurable, for example,
the spallest length of fiber cut off from the far end of a spool of fiber that
can  be measured by the OTDR. For the HILLIHETER RESOLUTION OTDE, the =single
point resolution is on the millimeter scale and it 1z a function of the SNR of
the returned signal. The single point distance and time resclutions for the
Opto-Electronics OTDR are plotted as functions of the SHNE and the probe pulse
width of the returned signal in Figure 4-2.
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Single point distance and time reaclutions of the HH RESOLUTION
OTDE as Eunctions of the SNE and pulsewidth of the return pulse.



The two point resolution, for nen-overlapping pulsesz is measured in the SHIFT
mode while that for overlapping pulses is measured in the RESOLVE mode. The
Resoluticn depends on the SNR of the returned pulse, similar to the single
point resoluticn and also on the relative intensities of the twe adjacent
pulses. The best two point resolution is obtained for two adjacent overlapping
pulses with similar amplitudes and pulasewidths. As the ratio betwesn the
pulse heights deviate from one, the two point resclution decreases. If the
ratio of pulse heights are ahove the 10 to 1 range, overlapping pulses may not
be resolved. For non-overlapping pulses the pulse height ratio may be as high
as 100:1 or more, depending on their separation distance; in this case the
single point resclution applies.

Tha t¥o point distance and time resolutions for the KILLIMETER RESOLUTION OTDR
is plotted in Figure 4-) as functions of the SME of the returned signal and
the pulse height ratios of the adjacent overlapping pulses for a pulsewidth of
150 p=s.

. ]

= TIME(m]

Figure 4-3
Two point distance and time resolutions of the MM RESOLUTION
OYDR as functions of the SNRE of the return pulse and the
ratio of the component pulse heights. The pulse width
is assumed to he 150 ps.

An example of the deconvelution of twe adjacent pulses isg shown in Figure 4-4
below, The distance between the two reflective features in the fiber from
¥hich the two pulees were returned is approximately 14 millimeters. The pulse
height ratic 1s approximately 2:1.
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4.3 SENSITIVITY and LOSS BUDGET

The sensitivity of the Opto-Electronics NILLIMETER RESOLUTION OTDR depends on
the wavelength of the laser transmitter, the size of the fiber used and the
type of detector employed. The loss budget depends on the sensitivity of the
system a5 well as on the mode of operation of the system. The loss budget is
greatest for transmisaion operation, is less for Fresnel operation and it dis
the smallest for Rayleigh operation.

In specifying the 1lose budget, distinetion has to be made between each
operating mode, as well as between insertion loss and return less. By
definition, both dinsertion and return loss values are positive dB numbers.
They are defined by the eguations below;

INSERTION LOSS I = 10-LOG(1/4) (4-1}

10-LOG(1/ 1} ' (4-2}

RETURN LOSS k

where 1 and r are the transmittance and reflectance of the feature or
conponent under teat respectively.

A5 both i and r are always less tham one, I and R are always positive.



4.3.1 SYSTEM SENSITIVITY The sensgitivity of the NILLIMETER RESOLUTICN OTDR
may be calculated from the laser pulse power values, detector sensitivities
and the attenuwation valuves of couplers and attenuators if these are wsed for
the particular operating mode. The wvalvues are listed below inm Table 4-1 in
units of dBm or d4B. Detector sensitivities are given for both 2 second long
averaging, f{approximately 100 averages) and for 2 long minute averaging,
{approximately 10,000 averages). The detector sensitivity values are given for
& signal to noise ratio (3/N} of one.

Wavelength (nm) GEO [ROO-860( 904 (1300 |[1%50
LASER POWER (P}
5H - +23 | - +14 | +11
HH-50,-62.5,-100, +17 £33 ) 427 | 417 | +14

HE-200 , 400 +17 +23 | +27 | #17 | +14

DETECTOR SENSITIVITY (D)
{2 gecond averaging)

Si APD ........ MH1OO | -36 -17 -36 | — R

Si AMF APD .... HHM100 | -52 -53 -52 | — -

PHOTON COUNTER. HM100 | -7% ~a0 | =79

Ge h?ﬂ R E R R HHIGE‘ - _Ei -24 =27 —-28

Ge KNP AFD .... MMI1OOQ | -- -d40 -40 | -43 | -44
(2 minute Averaging)

EL APD wivunmia HH100 | -4% =47 =46 - -

81 AMP APD .... MH1OO | -62 =63 | =62 w—y o

PHOTON COUNTER. MM100 =89 =30 -89

Ge APD ......-- MH1OQ —— -34 =34 =37 =38

'E'E H‘FF HPD VR4 HHiﬂﬂ ¥ _5{] _5.} _53 —5*
FOR HH2OGO RDD + 0 +0 | +0 | +6& |+ 6
FOE HH400 ADD + 6 + 6 |+ 6 | +12 | +12

COUPLER ATTEHUATION (C)

oM i +10 | -- ol T R -

HH-50,-62.5-100 +12 +8 | +9 | +8 | +8

HM-200 (1 port) £ +5 |+5 | - e

MM-400 (1 port) o +5 | +5 ol i

ATTENUATOR ATTENUATION (A}
i — + 3 i + 2 + 2
MM=50,-62.5,-100 i + 2 |+ 2 | +2 | +2

SN e T E R R R TN T T T T R TR R P

&M
ol

TRBLE 4-1
The power output, sensitivities and insertion loss figures
in d4Bm and dB values for the various components wtilized
in the MILLIHETER EESOLUTION OTDR system. Receiver values
are for & signal to noise ratia of one.



4.3.3 LOEE BULGET FOR TRANSMISSION QPERATION In this weode, the laser launches
the probe pulse into the fiber under test and the detector detecta the light
at the other end as shown in Figure 4-5 below. In free space applications the
fiber ie replaced with relevant opties.

LASER R [ ] [{ DETECTOR

Figure 4-%

Transmissicn operation Chrouwgh a fiber,
& network, a component or in free space.
Ho fiber coupler is required.

The transwission loss budget 1is caleulated directly from the walues in
Table 1-4 using Equation (4-3)} below;

Transmission Loss Budget TLE = P-D-2C0 f4-3)

¥here P 15 the laser pulse power, D 1s the detector sensitivity and €O is the
connector insection losa.

The smallest TLE wvalue of 39 dB is calculated from Table 4-1 to be for a
singlemcde 1300 nm laser combined with a Ge APD after 2 seconds averaging. The
highest TLB value of 110 dB is obtained for a multimode 904 nn laser combined
with the photon counting detector after 2 minutes of averaging.

4.3.3 LOSS BUDGET FOR REFLECTION OPERATION In this wmode, the laser launches
the probe pulse into the coupler, the coupler transmits to the £iber under
test and the returned pulse is directed by the coupler ta the detector as
shown im Figure 4-6 below.

LASER H [ J[-]_{:-ll
L]

][
DETECTOR ] [—]—“_ COUPLER

Figure 4-6

Eeflection operation using a coupler to
probe a fiber under test from a single end.



In the Fresnel mode, both return loss and inserticn loss may be measured. The
return loss budget iz calculated from the values in Table 4-1 wsing Equation
(4-4) below;

Return Loss Budget RLE = P-D-C-4C0 {4-4)

where P, I, €, and CO are the laser pulse power, detector sensitivity, coupler
attenuation and connector insertion lozs respectively.

Zome typical ERLB values can be calculated from Table 4-1 to be 51 4B for a
1300 pm singlemcde laser, combined with am amplified Ge APD with 2 minutes
averaging and 75 dB for an B%0 pm mulbtimode laser coabined with anm amplified
21 APD with 2 minutes averaging.

The insertion loes is calculated Erom the values in Table 4-1 wusing the
Equation (4-5) below;

Ingertion Loss Budget ILB = 0,5-(P - D - C - 4C0 - 14) {4-5)

vhere the symbols take the usual meanings.

The 14 4B term in Egquation (4-5%) is a reminder that both MHEASUREMENT and
REFERENCE are pulses returned by £lat polished open connectors, or oleaved
fiber ends with reflectivities of 4% or a return loss aof 14 4B, If this i= not
the cage, bukt, for example, two mirrored ends are used as MEASUREMENT and
EEFEREHNCE, then the 14 4B term would become Zard.

The 0.5 term in Eguation (4-%) is a reminder that the insertion loss is
specified as & ope way loss.

Soms typical “ILB walues can be calcoulsted from Table 4-1 to be 20 4B for =&
1300 npm singlemode laser combined with an amplified Ge APD with 2 minutes
averaging and 30 4B for an 850 nm multimode laser combined with am amplified
21 APD with btwo minutes averaging.

A summary for the Fresnel reflection, insertion and return loss budgets is
given in the graphs in Figures 4-7 and 4-8 below. The loss budget graphs give
typical Opto-Electronics HILLIMETER RESOLUTION OTDR performance for variously
configured OTDR's. The horizontal axis is the signal to noise ratico of the
OTDE s=igral. The BNE =1 values are those caleulated from Table 4-1 by
Equation (4-4) and Equation (4-5}.
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Return loss budgets calculated, using Equation (4-4) for

typical HILLIMETER RESOLUTION OTDR configurations as functions
the returned signal SNE anmd as functioms of the averaging time.
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In Figure 4-9 below, return loss budgets of the four example OTDR's and &
photon counting model are contrasted with return loss values of typical
features and components commonly found in moat fiberoptic systems. This figure
gives a good idea of how far “down"™ the Opto-Electronics MILLIMETER RESGLUTIGH
OTDE can reach to detect and peasure these features.

Return Loss

Budget
i LB e e S e e e Yoolo. Short %, Hi Senz MM
w= §f AR ==-=smmesmsmccecsee e anaa} | L o t.. Short X, Hi Res HH
- 1¢G 4B —--- ==l —msmsssmsssssseseneeneat | EBhort ), PPELO
—— 5§ dB ———== L s R e PR | oo Long %, Hi Sens, SM or MM
== A 4B —————— lacsss lsssnalannns TR | e« Long %, Hi Res, S5M or MM
| | | I | | |
| | } i | | |
o 10 a0 A0 40 5D Ed 10 &0 1 100
i i i I i i i i i i i _
i i I i | | i I
| I | nacrobendg —===—== e i= BBk Tort P Ay M 0 e v e
H i | H I - ---- picrobends
[ o= JREFPE Sara pomm bl Oo i — ]
ST |-~ Direaks or oracks
i | | TR TSI ] - couplers, splitters
| TERITTTNENENATER - - | - | | - optical switches
RN R DR, - - - - | | | optical attenuators
I [ | I | | 1 pigtailed lasers or detectors,
| | | — - |- 1 a) optical isolator ]
- -] |- | b) no optical isclator
i | i RS - Jood fusion splices
| | | T - | ————— | ————— mechanical aplices, wet
l RN - - | | | mechanical splices, dry
I | T -~ | —————— angle polished connectors
! NN -~ | -~~~ |-——-—-— flat polished connectors
Bl - | e | e | m——— === flat polished gap type connectors
[ B =|=me==|=—mmee | mmmme [ mmme= | ==== pleayved or flat polished fiber ends
]
4 & 3 ¥ o #o-B o8 w g
1

i 20 30 40 Ed &0 Th 2 g 1] Heturn Loss {dB)
Figure 4-9

The loss budgets of four typical configurations of the Opto-Electronics
HILLIMETER RESOLUTION OTDR and that of & photon counting model are contrasted
with the retorn loss values of common fiberoptic features, components and
faults. It is seen that some models have limited capabilities while the photon
counting configuration can detect every feature that is commonly found in a
fiber optie 1ink or system. The loss budget values are at SNRE = 1, with 2
ninute averaging.
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4.3.4 LOSS BUDGET FOR RAYLETGH BACKSCATTER OPERATION For this wode of
operation a short wavelength laser 1s combined with the photon counting
detector. Otherwise, the system iz configured similar to Fresnel reflection
mode except, & calibrated attenpustor is placed between the laser and the
coupler. The optical circuit for the Rayleigh backscatter operation is shown
in Figure 4-10 below.

LASER |] [———[J4ATTENUATOR PI[—— 11 ;Mu—l
Ml
DETECTOR ] [ | COUPLER
Figure 4-10

Rayleigh backscatter operation wusing a photon counting
detector to probe the fiber under test from a single end.

In the Rayleigh backscatter mode the insertion loss is measured. The loss
budget is calculated from the values in Table 4-1 using Equation (4-86) belaw;

Rayleigh Insertion Loss Budget

RILB = 0.5(F - D - & - 6C0 - X) (4-6)

Where P 1is the laser power, D is the detector sensitivity, A and € are the
attenuations of the attenuwator and the coupler, respectively, ©O0 1is the
insertion loss of the connector and ¥ is the "Return Loss" of the length of
fiber illuminated by the laser pulse.

The wvalue of X for the ultrashort pulse widths of the Opto-Electronics
NILLIMETER RESOLUTION OTDR wvaries over a wide range depending on the
wvavelength of the laser transmitter and the type and core size of the fiber.

Typically, at 850 nm, the value of X for 50/125 graded index communications
fiber is approximately 70 4B and for 9/125 step index communication fiber, X
is approximately 80 dB.

Taking the 2 minute averaged values at 850 nz from Table 4-1, the Rayleigh
insertion loss budgets for 50/125 and 9/12% fibers way be calculated to he 16
dB and 7 dB respectively.

If the insertion loss of both fibers are assumed to be 3 dB / km, the rangea
over which Rayleigh detections and measurenents may be made is approximately 5
kn and 2 km for the two fibers respectively.

These ranges are guite adequate for most millimeter resclution measurements as

they are wusually carried out in lengths of fiber from a few meters to a
maximum of a few 100°s of meters.
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4.4 AVERAGING and CALCULATIONS

4.4.1 SIGHAL RVERAGING Part of the OTDR Processor is & digital instrument
with analog interfaces designed specifically to mathematically average low
leval signals f£rom the sampler or photon counter. Signal averaging iz a
conceptually simple vet very powerful technigue that canm be used to improve
the SHE of repetitive signals. Signal averaging works becatse the rTepetitive
gignal of interest has the same fixed amplitude each sweep and the
accumulation process reinforces the signel, while the random noise will wvary
about the mean, averaging to zero. The OTDR Processor usesa linear summation
averaging which gives the largest improvement possible in SWE for a given
number of averages. For linear summation averaging, the signal Y{(N) at a given
point after N averages is given by

YIN)=58 LY (J) vd-1)

F=1

where § is the scaling factor and Y(J) is the Jth sample taken at this point.
For a white noise background, the SHR improvement is theoreticelly the asguare
root of N and the OTDR Processor achieves better than 90% of the theoretical
Improvement. Im order to correct for coherent background mnoize, such as
repetitive variation in the sampling baseline, the OTDRE Processor Eakes a
background average which iz subtracted from the signal before display. The
combination of these Ewo technigques enables expansion of the effective
sensitivity of the detection systen by over 20 4B,

d.4.2 OTDE PROCESSOR IMNTERFACES The Sampler or the Fhoton Counter takes a new
gample of the input waveform each time it receives a trigger pulse. Each time
g8 nev¥ sample 18 taken; & pulse is delivered to the OTDE Frocessor which uses
the pulse as an indicator that a nev data point can be taken.

The Sampling unit or Photon Counter takes a sample at a time delay governed by
the PDGE0 delay and sweep control. The OTDRE Processcr controls the sampling
position waing an 8 bit digital-to-analog converkter, giving 256 points across
the screen. The wvertical signal out from the sampling umit is proportional to
the szampled signal amplitude, and is fed to an 8 bit analog-to-digital
convarter in the OTDR Processor. The OTDR Processor waiks for and converts
four samples per horizontal point before moving to the next peoint, and thus
the number of =scans that the sampler mekes iz one fourth the punber of
averages, This gives a screen cutput update of approximately 25 Hz.

The vertical input range of the OTDR Processor is set to correspond to the @&
division high oscilloscope screen plus a one division overrange margin above
and below the screen. The best performance i3 obtained when the mReximun
posgible input range is used, so the sampler should always be get on the most
sensitive scale possible, consistent with keeping the signal plus noise on the
sereen. Similarly, the output to the display cacilloscope corresponds to & 10
divisien high display at the proper vertical sensitivity so that & display
scaling factor of one produces a diasplayed signal having the same height as
the sanpled trace. The display scaling factor effectively wmultiplies the
displayed data, thus enabling calibrated measurements to be taken on signals
which would otherwise be too small to =see.



4.4.3 PULSEVIDTH (FWHM) CRLCULATIONS The FWHEM display on the OTDE Processor
cah be 8 very useful feature. Howewer, to get reliable results it is neceasary
to know something about how the calculations are dene. The algorithm used waz
designed to give acourate results with the widest possible range of pulses and
gtep functions. Rll the risetime and pulsewidth ecalculations are done on  the

game data which is fed to the display scope.

To calculate pulsewidth (full width at half maximum] it is first necessary to
have values for the 0% and 100% level. To obtain a 0% level, the OTDR
Processor averages the fifth through eighteenth points from the left hand edge
of the scope screen and calls this the zero level. The first few points are
skipped to avold any error due to the scope retrace. To aobtain the 100% value,
the OTDRE PFProcessor searches the display data for the maximum wvalue on  the
screen. It then does a thirteen point parabolic fit sbout Lthis point, and
determines the 100% value from this fit. The combination of the thirteen point
baseline average and the parabolic fit to the peak gives acourate reselts on
gignals that still have sgome degree of noise. The OTDR FProcessor now
calculates the FWHM by doing an eight point running average starting at the
baseline, looking for the 50% value. If the displayed signal is especially
noisy, the FWHK will not be calculated.

Once a valid MEASUREMENT and REFERENCE set of data become available, the OTDR
Processor  proceeds according to the setting of the calouwlation mode switch.
These modes are deseribed below.

Shift Mode

In the shift node, the peaks of the HEASUREHENT and REFERENCE are £found by
doing a parabolic fit arcupd the maximum as deacribed for the FWHM abova. The
Eime separation of the two peaks is the calculated and displayed value in the
units previously set up. In addition, for loss measurements the areas under
the curvea are calculated from which the loss is determined and diasplayed in
units of dp.

Eesalve Hode

It is assured here that the HERSURENMENT data set consists of twe pulses, of
shape i1dentical to that of the reference pulse. The two pulses may partially
overlap. The algorithm then resolves the compeosite MEASUREMENT pulse into the
E¥o component pulses, calculates and displavs the time separation. The
accuracy of resolution depends on the peak amplitude ratio of the twe pulses
as well as on their actual separation. The ratio should be better than 10:1
and the separation should be greater than 1/2 FWHM. See Figure 4-3 in section
.2, =

Mote that the amplitude and position of the reference pulse are irrelevant,
since only the functional shape of the pulse is wased in the ecaleulation.
However as noted earlier it is best to £ill the screen especially if the pulse
igs noisy.

Eubtract Hode

This node 18 wused where the signal is a double pulse, but one of the two
constituent pulses 1is available as REFEEENCE. Here, the second pulse may be
accurately calculated by subtracting the REFERENCE from the MEASUREMENT data.
The positions of the peak of the REFERENCE and DIFFERENCE pulses are then
caleulated, and their time separation is displayed.



Hete that here the amplitude and position of the REFERENCE are important. Any
drift or amplitude change from acguisition of one seb of data to the other
will affect the accuracy of the results. This mode is very accourate; allowing
separation of pulses with any degree of overlap.



5 APPLICATIONS

The MILLIMETER RESOLUTION FRESMEL REFLECTION OTDR is typically used in areas
whete conventional OTDR's fail due to their large dead zone, lack of dynamic
range or lack of resolution. These areas occur in medium, short and very short
haul fiberoptic harnesses, links, systems and networks, in  £iberoptic
components and sensors and in optical waveguides.

The MILLIMETER RESOLUTION RAYLEIGH BACKSCATTER OTDR is used where extremely
emall perturbations in fibers need to be detected or measured with very high
spatial sensitivity or with very high apatial separation or resolution.
Typical applications include microbends, splice losses, cracks or breaks im
fibers and a host of fiberoptic point and distributive sensing.

The ultra high resolution OTDR is used by research and development workers, by
fiberoptic engineering designers, by [iberoptic senzor developers, by outzide
plant people, by people who monitor and check installed fiberoptic systems
guch as aircraft or wWeaponz readiness, computer interconnections ar =securs
links and many other areas.

In this summary, typical applications are briefly discussed relating to
modality, distance, time, fault, strain, temperature, loss, sensor, mapping,
monitoring, dispersion and bandwidth measurenents.

5.1 HODALITY RELATED APPLICATIONS

The OTDR miast ba fitted with the carrect core size ouvktpuk £iber for each
particular application. For every corc size the output fiber has egquilibrium
mode distribution te assure accurabte measuremeht resulbs.

§.1.1 SINGLE MODE APPLICATIONE MHeasurements on single mode fibers require the
OTDE to have the proper 5 or 9 micrometer core size fiber output. However,
mezsurements on singlemode fibers can alsc be made with an OTDR £itted witkh
larger core fibers such as 50 or 100 micrometers. The larger core oukput would
launch light inte the singlemode core plus the cladding and the cladding modes
would be stripped out by the buffer over a length of a few centimeters £rom
the input end. The only consequence of using a multimode OTDR on a singlemode
fiber 1= the launching loss. In the case of the 50 to 9 nmicrometer mismatch
the losa would be about 15 4B and in the case of the 100 to % micrometer
mismatch the launching loss would be aboutb 21 4R,

The returned pulse does not suffer any extra attenwation when coming from the
% wicrometer fiber into the larger core., Therefore, the above mentioned
mizmatch losses of 15 4B and 21 dB should be considered as one way loasses for
the purpose of calculating the reduced loss budget of the OTDR.

£.1.2 MULTINODE APPLICATIONS Measurements on multimode fibers require the
OTDR to have the output fiber core size the pame s , or larger than, that of
the fiber to be measured. In case of "the same as" there 1s no mismateh loss
but in the case of "larger than" the loss is similar to the singlemode case.
For a rough estimate of the mismatech loss between fibers with diameters d and
D, EBguation {5-1)} may be used to determine the loss.

Mismatch Loss = =10-logld/D)? {5-1)



Using an OTDRE fitted with small core size ouiput to measuce & larger core
fiber iz mot advised. This configuration causes the lower order modes only to
be excited im the larger core fiber. This can lead to inaccuracies in some
measurenents. If, for example, a singlescde OTDR was used Lo measure a
multimode fibar link, the results would deviate from the true values for
langth, time of flight, insertion less, connector insertion lose and return
losses, splittimg ratios of a coupler, fiber dispersion and fiber bandwidth.

For this reason, the OTDR should not be used to measure fibers with core sizes
larger than its output core size unless the effects of modality meed to be
investigated in fibers or conponents.

The mismatch loss ig alsc present im this configuration with approximate
values given by Eguaticn {(5-1} except the loss occurs on the way back when the
returned pulse is launched onto the smaller OTDR core from the larger core
sapple fiber.

5.2 DISTANCE RELATED AFPLICATION

5.2.1 EFFECTIVE GROUP IHDEX MEASUREMENTS The ultra high resolution OTDR, &s
all other OTDE"s, 1g a time-of-flight measuring instrument. In order for it to
measure distance or length, the effective group index (ns) of the fiber has to
be known to several decimal places. The value of ne. is usually not known with
an accuracy better than 0.1%, Therefore, distance measurements cannot he made
¥ith better accuracy then this figure no matter how accurately the time of
flight is measured, unleas an improved value of ne is determined,

The difficulty in measuring a precise value of ne with conventional OTDR's is
that a leng fiber, usuwally one kilometer or longer needs to be used. The OTDE
is used for the time of flight measurement, some other means is used for the
phvaical length measorement and then ne i3 calculated using Equation (5%-2)
below;

ng = Ctf2L (5-2)

where € i Ehe velocity of light in vacuwm, t is the two way time of flight of
the optical pulse in the fiber and L is the length of fiber.

The source of greatest uncertainty im the method is the physaical length
measurement and the wvnknown degree of fiber strain. The Opte-Electronics
HNILLIMETER RESOLUTION OTDR can easily sclve the above menticned length
measurement and strain problem as it can measure time of flight within one
picosecond, therefore, n. may be determined using short lengths of fiber. For
example, the typical #0.1% accuracy for ne can be achieved using a 1 meter
length of fiber whose length iz measured easily with £1 millimeter accuracy.
For greater ne accouracies, longer fibers are needed. If 10 meter and 100 meter
Iengths are waed, whose lengths are also measurable Co 1 millimeter, ne may
be determined to be within 1 part per ten thousand and one part per hundred
thousand respectively.

¥hen making these measurements, the longitudinal strzim of the fiber can alsc
be eliminated by monitoring the position of the returned pulse on the screen.
An elongation of one millimeter over the 1, 10 or 100 meter sample is easily
detected by the OTDR. More details are given about strain below.
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5.2.2 ABSOLUTE LENGTH HEASUREMENTS Having established the value of ne, it is
entered in the OTDR momory. Now time-of-flight measurements can be converted
into distance.

Length iz always measured between two refleckive features. The neasrer feature
te the OTDR 1s wusuwally called REFERENCE and the farther one is called
MEASUREMENT. The REFERENCE feature may be the bulkhead connector of the OTDR,
the far end of the output pigtail, or the input end of the sample spool,etc.
The MEASUREMENT may be the far end of the sample spool, 4 comnnector din  the
link, or a laser at the far end of ita pigtail. These are a few of nany
poesibilities,

In other situwaticons there may be several reflective features along the fiher
link or network. Here, length measurements may be made between any two
features or & series of measurements betweesn two adjacent features. In  this
case a REFERENCE may be chosen again, usually to be the input end of the link
or netwerk and the downstream feabures become successive measurerents.

Length measurements may be made in real time with sub-centimeter accuracy in
"real-time" or with millimeter accuracy by running sone averages over a few
seconds. In the MILLIMETER RESOLUTION OTDR the measured waveformns of REFEEENCE
and MEASUREMENT and their associated walues are stored in memory for
subsequent recall or for further calculation.

5.2.3 RELATIVE LENGTH MEASUREMENTS There are many exXamples for relative
distance measurements, First there may be & need to measure the relative
distance between two connectors at the end of a leng link without wanting to
know the link length, or to determine the position of a break relative to a
splice with known position regardless of its distance from the OTDR. In this
clesg of measurements, as in absolute distance measurements above, the use of
& REFERENCE for the unknown feabture and the use of MEASUREMENT for the unknown
feature is recommended. Measurements are possible again in real-time or can be

averaged.

In another c¢lass of problems HEASUREMENT lengths of fibers may be compared
¥ith, or trimmed to the length of a REFERENCE fiber without having to know
their owverall lengths. In thils case both parallel outputs of the OTDR are
used. The REFERENCE length is plugged inte one port permanently and the
returned pulse from the far end is placed in the middle of the screen. This
data is stored . A HEASUREMENT fiber can now be connected to the cther output
port and the returned pulse from its [ar end can be measured to determine the
differential length. Trimming may be carried out until the two return pulases
cverlap., Sub-millimeter length matching can be achieved in this way.

In yet another class of problems the REFERENCE length may change in time due
te strain, temperature or other effects so that MEASUREHENT measurements are
required to determine the changes. These changes mav be measured down to  one
millimeter with frequency up to one measurement per second. Real-time
monitoring of the pulse position on the screen is also possible to check for
fiber strain during cable pulling, wind and ice loads on aerial cables or
strain on the fiber of fiber tethered devices, ete. More details are given
gbout this in Strain Eelated Applications below.



5.2.4 DISTANCE WEASUREMENTS IN FREE SPACE The MILLINETER RESOLUTION OTDR may
be uged to mnessure distance in free space, air of any other non-scattering
medium a5 well as in fiker. To carry out free space distance measurements, Lhe
output connector of the OTDR is fitted to the focal plane of a small telescope
and the telescope is focuged onto a reflective tape, a corner ¢ube or a "Cat's
Eye" reflector placed at the far end position. The distance betveen the output
connector and the far end reflector may be measured with millimeter accuracy
over distances of up to & hundred meters in air. The measurcment reguires the
appropriate atwospheric index of refraction to be known for the distance
caleulation.

Such a through the air measurement in conjunction with & through the Eiber
measurement can be utilized to measure the index of refraction of a piece of
fiber. In thig method, absolute length measurements are not needed as the time
of flight ratio between air and glass is measured directly and this is, by
definition, the index of refraction.

If the photon counting detector is used, the greatly increased sensitivity
pernits free space distance messurements to be pade without a telescope or
reflecting tape, etc. A simple arrangement of two fibers strapped together and
cleaved at the far ends can serve as the transmitter and receiver apertures.
Distances from this probe to ehjects with reasonable reflectances can be
measured with millimeter accuracy over several meters.

In many applications the important property of the fiber link or network is
the time of flight rather thamn the physical distance. Measuring the time of
flight is a simple procedure with the OTDE. For time measurements the
effective group index of the fiber is not regquired.

It should he noted that the time delay displayed is the time-of-flight of the
optical pulse Erom the OTDER {(or from REFERENCE]) to the HEASUREHENT feature and
back to the OTDRE {or to REFERENCE} i.e. the round trip time delay. From
Equation {5-2), the relationship between round trip time delay and [iber
diatance is shown in Figure 5-1 for ns = 1.5 and C = 300,000 km/5. The wvalues
af ne and C were chosen to give an easily remombered and approximately correct
relationship between distance and time, i.e. distance in meters is one tenth
of the round trip time in nanoseconds.

Measurements of time with the OTDR proceed exactly as measurements of length
or distance dJdescribed in the previous section, wutilizing REFERENCE and
MERSUREMENT. The operator may measure absolute time delay or relative Gtime
delay in real time or averaged with the results stoered in memory and can
measure delay time in fibers or in free space sinilar to distance
measurements. Im all cases , however, the delay times shown are the two-way
time-of-flight figures.
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Figure 5-1
Epproximate round trip time of the optical pulse in
a fiber with effective group index m = 1.5 as a
function of fiber length.

5.3.1 DELAY LINE CALIBRATION Ome special application of time related
measurements is delay line celibration or testing. Here the REFERENCE feature
iz the input connector to the delay line fiber and MEASUREMENT is the output
(far end) of the delay line fiber. The measurement is straightforward = bukt,
because of the very high eccurecy of the OTDR, some important cavests are
necessary. One: Observe the wavelength carefully. For shorter wavelengths such
as B5%0 nm, a deviation from the specified wavelength by five or ten nanometers
may result in an appreciable time delay error. Two: Ambient temperature has to
be measured and recorded, as a 1 °C temperature chamge may change the time
delay of a 1 km long delay line (5 microsecond delay) by up to 50 picoseconds.
Three: The fiber should be free of mechanical strain because strain influences
the effective group index of the fiber, and thua, the time delay.

5.3.3 FIBER INTERFEROMETER CALTBRATION In certain  fiber interferomeber
circuits the two fiber arms of the interferometer have to be made equal in
time delay to be within one cycle of the optical wavelength. Using the high
resolution OTDRE the two arms can be trimmed to such lengths and existing
devices can be tested for such a conditionm,

To trim two fibers within a few millimeters was described in relative length
neasurenents above. In time, the same procedure iz followed. When the twe
fibars are within 10 or so picoseconds, the returned pulse on the screen will
start showing an intensity variation due to the beating of the two component
pulses. A =light stretching of the shorter fiber will increase the beating
until the largest fringe occura., When the pulse reaches the highest amplitude
the two fibers have the 2ame optical length within a amall Eraction of the



wavelength. HKow the shorter arm may be relaxed and the longer arm may be
polished down to achieve the same maximum pulse amplitude condition. At this
poinkt, the two arms have the same optical length.

5.4 FAULT RELATED APPLICATIONS

Faults in fiber optic harnesses, networks, links or pigtailed modules and
components are associated with either the fiber itself or with the modules and
components in  the network or link. Common faults may be breaks, cracks and
microbends in fibers, damaged copnectors or splices, and high insertion,
return or scattering losses in modules and components. Fauwlts may also develap
in the transmitter or receiver ends of a link due to optical or electronic
causes, Faults may be present from the time of installation of & system or may
develop gradually or suddenly.

Fault detection in short haul and very short haul systems with lengths of a
few centimeters to & few tens or hundreds of meters is very difficult or
impossible using cowventiomal OTDR's even if they are the so-called high
resolution types. This is especially true if there are cleosely spaced or
numerous cononectors or components in the system. The narrowest pulsewidth used
in conventional high resolution OTDR's is 3 nanoseconds. This pulse hides a
length of fiber approximately 5 meters long in the Rayleigh backscatter mode
or over 1 meter in Fresnel reflection mode.

On the other hand, the Opto-Electronics HILLINETER RESOLUTION OTDR with their
100 picosecond pulsewidth are ideally suited to detect the precise location of
a fault and to indicate its nature. This iz due to the high resoclution, =ero
deadzone and high loss budget of the instrument.

5.4.1 GENERAL FAULT LOCATION If a fault in & link is suspected, the WINDOW
SIZE of the OTDE is opened to the link lepgth and the returned waveform ia
viewed. The location of the fault is estimated from the last return pulse on
the screen. The WINDOW SIZE is novw decreased to the nermal 0.5 meters and the
RANGE i= sef to the distance estimated at the last return pulae. The screen
can nov be advanced downstream by stepping the time delay geherator uwntil a
return pulse is found which corresponds to the fault. This could be a break, a
crack or 4 microbend.

5.4.2 FIBER BREAKS and CRACEE An open broak or crack inm a fiber may reflect
nuch or little light incident upon it, depending on many factors, Generally,
the larger the core diameter of the fiber, the greater the reflected power is,
i.8. the smaller the numerical wvalue of the return loss is. The normal range
of return loss values for fiber bresks and cracks is plotted in Figure 4-% ON
PAGE 4-11. It is seen from the figure that not all breaks and cracks are
detectable by all the OTDE models, so a careful consideration is needed to

choose the right medel for any specific fiber.

Breaks and cracks can be detected next to comnmnecteors and splices within the
loss budget of the OTDR. The minimum detectable separation depends on the
relative intensities of the return pulses from the connector and the break as
discussed in Section 4-2.



5.4.3 MICHOBEMDS and MACROBENDE Figure 4-9 on page 4-11 shows the range of
return loss for micro and macrobends. Microbends, which are responsible for
moderate to severe insertion losses (faultz) heve lower return loss values and
are more easily detected by the high resolutien OTDE than macrobends.
Hacrobends are seldom congidered as faults because they generally produce very
small ingertion loszes.

5.4.4 FAULTY CONNECTORS and SPLICEE The range of rebturn loss walues of
varioug cenpecters and splices are shown in Figure 4-% on page 4-11. In order
to deternine connector integrity inm a system with a number of sonnectors, the
WIKDOW SIZE is opoened to the link length and the return pulses from the string
of connectors are displaved on the screen. A faulty connector usuwally shoes up
45 a strong reflection followed by very small intensity return pulses from
connectors downstream from the faulty connector.

5.4.5 EPLITTEREE and COUPLERE Excess loss and coupling ratioc of these devices
are important parameters in links, especially in star networks using multiport
couplers. In this situation a MAP function may be sef up using a PC connected
te the OTDE by GPIE. The PC may now record all possible input and output
copbination losses and splitting ratios. When & probles occurs, a simple and
guick TEET reveals the source of the problem.

The loss budget of the Opto-Electronics MILLIMETER RESCLUTION OTDR permits the
testing of star couplers with up to 16x1E ports for 250 nancmeter il timade
systems, More details about this will be given in Section 5.8 helow.

5.4.6 OTHER FRULTY COMPONENTE GSwitches, attenuators, pigtailed lasers and
detectors may develop faults due to pigtail breaks or oracks, pigtail
alignmwent shifts or other reasons. To detect these faults it is most helpful
to take a gignature of the component when it is funetioning properly. When a
fault iz suspected, a nev measurement of the component is made and is compared
with the original signature. In eest cases this reveals the source of the
failure. For example, the Ewo signatures may be subtracked to find the
residual pulse, which corresponds to the failure point. In other cases the

DECONVOLVE function is used to reveal the problem.

Longitudinal, shear, radial or torsional stresses cause corresponding strains
in fibers. These affect various characteristics of the fibers. The temperature
of the fiber also affects its propagation characteristics in various wavs.
These changes can easily be measured by the HILLIMETER RESOLUTION OTDR,
Typical examples are given below.

5.5.1 LONGITUDIMAL FIBER STRAIN Whenm a length of fiber dis pulled, it
stratches, The maximum stretch hefore the fiber breaks is typieally 1% to 3%

of its original length. the Young's modulus of guartz bagsed fiber 1z constant
up to. the breaking point. Thiz reswlts in a linear relationship between the
pulling force (stress) and the resulting elongatien (strain). RAocurate
knowledge of the stress-strain relationship in a {iber and its effect on ite
optical properties is important.



Using the HILLINETER RESOLUTION OTDR, these measurements may be carried out
accurately on short lengths of fLiber where the strain iz on the millimeter or
centimeter scale and where physical length measurements are eagily performed.
A typical megsurement of a stress-strain relationship is carried out in  the
MEASUREHENT mode by measuring the far end of the test fiber without stress
gpplied, then by repeating the measurement for stress 1, stress 2 ete., until
the fiber breaks. When the OTDRE lenagth readings are plotted against the stress
values a linear relationship is usually obtained.

When making this measurement it is important do so in hanoseconds rather than
in meters as the effective group index changes during the straining.

The change of the effective group index n. with strain is referred to as the
"ELASTO-OPTIC FEFFECT" in a fiber and it ie due to the decrease of density of
the quartz with increasing longitudinal strain. The decrease of density leads
to a decreage of the index ne. The net effect of the index chamge is that when
a given fiber iz etretched by say 1% of its original length, the apparent
length change, as measured by an OTDRE using a distance scale, may he O.38&.
For example, if a 10 m long fiber i stretched to the physical length of 10.1
m, (stretched by 10 em] the OTDR would indicate an elongation of E.E cmn  only.
The difference is due to the change in ne between the fibar when it was 10 m
long and the fiber when it became 10.1 m long.
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Plot of Equatien (%-3} 1used to determine the
strain coefficient of the effective group index.
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The effective group index change &ne with atrain is measurable using the OTIR
on  short fiber samples, (1 to 3 m) by weasuring the unstrained length d and
the length change &4 mechanically and by measuring the tine delay t of the
unstrained Ffiber and the time delay change 5t. The relationship is given inm
Equation (%-31) below and is plotted in Figure 5-2.

Gne fme = &L/t = &dfd {5-3)

5.5.2 SHEAR FIBER STRAIN When shear stress is applied to a fiber at a single
point, & microbend results, Depending on the severity of this micrebend, light
frem the <core may eacepe into the cladding and possibly beyond and  the
transmitted light intensity decreases. This is then a fault, as discussed
previously.

The locatien of & shear strain can be detected and its s=everity can be
measiured by the OTDR down to intensities indicated in Figure 4-9. Shear strainm
in fibers can be therefore monitored at wvarious locations which is useful for
dgtrain monitoring in =@mechanical structures and smart skins. This will be
further discussed in Sensor Applications below.

5.5.3 RADIAL FIBER STRAIN GRadial £iber atrain has to be severe to cause any
measurable effect in commonly used fibers. Specialty fibers with wery small
core/cladding differentizl index may be effected by radial strain. In this
case light would escape the core into the cladding and result in a
transmission loss. Bven in thie case, there Would be very little backscattered
light. Therefore radial fiber strain is not normally detectable by an OTDR
either in the Fresnel or in the Rayleigh node.

§.5.4 TORSIONAL FIBER STRAIN A fiber may be readily twisted, which for
copmonly wused fibers, does not result in any transmission lLossz or other
noticeable effects, therefore ita locaticn can not be detected. However, there
is one interesting application of torsional fiber strain, which ia to use it
to rotate the direction of polarization of the linearly polarized light cutput
of the OTDRE ainglemode model for specialty measurements. These specialty
peasurepents include the measurement of beat lengkth in pelarization preserving
fibers, measurement of extinction ratios in polarization preserving fibers,
measurement of gap sizes between optical fibers for fusion splicing and in
many other measurements where linearly polarized output is required for the
Hillimeter Resclution OTDE.

5.5.5 CABLE PULL TESTING Ideally, a cabled fiber should not be strained when
the cgble itself is strained. This is usually true up to a certain degree of
cable strain. Beyond this threshold strain, the fiber elongates aleng with the
cable. Rn accurate knowledge of the threshold strain and the relatienship
between cable and fiber stretching is important for cable manufacturers, cable
installers and cable users. A strained fiber is known to fail in use over a
shorter peried than an unstrained omne.

The MILLIMETER RESOLUTION OTDR system is ideally suited for cable stretch
measurements because it can accurately measure very small length changes. It
can measure precisely the threshold point of a cable in the manufacturer's
guality contrel lab during pull testing, provide accurate values for
cable/fiber elongation relaticns and can monitor the severity of pulling
forces and the effect of sharp bends during cable pulling in  new
installetiona. The system can alsoe be successfully emploved in the menitoring
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of fiber strain for installed aerial cables due to «wind and ice loads and to
provide uaeful long term data.

The measuremeants here are similar to those for longitudinal fiber strain. The
return pulse from the far end of the unstrained fiber is brought onto the
gerean and used as the reference. Strain is measured by taking repeated
HELSUREHENTS during the pulling process. The values of the measurements may be
dewnloaded to a PC wvia GPIB for storage of further processing.

5.5.6 FIBER PAYOUT STRAIN MONITORING In Eiber guided devices the fiber is
sonetines paid out rapidly from a spool causing a variable degree of strain in
the fibher. The OTDR can mopitor the integrated walue of this strain in real-
time as well as mopitor the transmission losses associated with the rapid
payouk .

ginglemode fiber lengths wp to 10 km can be measured with resolution on the
order of several millimeters,

5.5.7 TENPERATURE RELATED APPLICATIONS The temperature coefficient of the
effective group index of fibers varies with the type of dopant used im the
fiber. Standard comounications fibers exhibit an index change resulbting im
approximately 40 picoseconds per kilometer time delay change per degres .

The MILLINETER RESOLUTION OTBR can accurately measure this temperature
coefficient on lengths of fibers only a few hundred meters in  length.
Alterpatively, if the fiber is connected to the arma of a 2x2 fiber coupler to
form a race track circuit, these measurements may be performed on fibers as
ghort as a few meters.

The racetrack configuration combined with high temperature coefficient fibers
and the high resolution OTDE lends itself to temperature senscor applicationm.
This is further discussed in section 7 below.

If a cleaved or polished fiber end is terminated in air, it reflects about 4%
of the incident light and the reflection iz temperature independent. However,
if the fiber end is immersed in a medium whose index of refractiom changes
With temperature, the fiber end becomes a very accurate temperature probe of
the mediun. If, moreover, the fiber end is terminated with an organic polymer
plug having a high temperature coefficient of index of refraction, the
assenbly becomes a point temperature sensor. More details will be given about
temparature sensor applicationsz in section 5-7 below.

5.6 LOSS RELATED APPLICATIONS
Optical losses in fiber opticas may be classified into return loss, insertion
losg; scattering loss and absorption loss. From the principle of energy

conservation it follows that at any point, for any component, in any link or
EMY System

r+i+a+asl § B=d)

there r, i, &, and a are reapectively, the reflection, transmission,
scattering, and absorption coefficients of the incident pulse energy.

h=110



The logs guantities listed above are ten times the logarithe of the
reciprocals of the above coefficients, of

R = 10-log({l/r) {5-5)
1 = 10-logil/i) (5-6)
§ = 10-log({l/s) {5-T)
A = 10-log(l/fa) {5-8)

As an example, 1if a component in a fiber optic link tranamits 90% of the
incident energy {1=0.9), reflectz 4% {(r=0.04}, scatters 5% (s5=0.05)}) and
absorbs 1% (a=0.01}, of the incident energy, then the values of the loss
guantities are I=0.5 dB, BE=14 dB, 5=131 4B and A=20 4B.

The relationship bhetween the {linear) pulse energy coefficients and the
{logarithmic loss walues are tabulated below for some often waed values in

rounded figures.

Coefficient | Loss Yalues | Coefficient | Loss Values
%) (dp) (%} (dB}
104 ] i0 10
29,9 0.004 & 13
G4 0.04 2 17
41 0.5 1 20
80D 1 0.1 30
50 3 Q.01 40
20 T 0,001 B0

5.6.1 RETURN L0535 HEASUREHEHNT Refurn loss wmeasurements performed with Ghe
MILLIMETER RESOLUTION OTDRE system are straight forvard. Onece the OTDR is
calibrated, the return loss of any feature or component may be measured within
the leas budget directly.

At this point, a little known fact should be noted about the existence of a
high limit of return loss values beyond which an OTDR can not meagure. This
limit depends, among other factors, on the width of the probe pulse. The
shorter the pulse, the higher the detection limit. This property is due to the
pulsewidth dependency of the Rayleigh backscattered signal, as discussed in
fection 2.2. If the Rayleigh signal is comparable to the return loss signal it
ray swanp out the return loss signal measurement. In such a case the
pulsewidth has to be decreased to decrease the relative size of the Rayledigh
background., The MILLIMETER RESOLUTION OTDE operates with pulsewidths on  the
1y picosecond time scale, which is more tham thirty times shorter than the
shortest pulsewidth employed by "HIGH RESOLUTION"™ conventional OTDR's. For
this reason the Opto-Electronics' OTDE iz ideally suited for the measurements
of high return losses. Typical ranges of return loss values are shown in
Figure 4-% on page 4-11. in Section 4 along with loss budgets of the various
Opto-Electronic OTDE configurations.

Connector return loss measurements are important in high frequency, high data
rate or coheérent conmunication systems. These measurements are sinply made
using the HILLIMETER RESOLUTION OTDE system. Mon-contact Lype connectors have
the lowest return loss, while contact type connectors, expanded  bean
connectors and angle polished connectora have progressively higher return

L
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loases, Connectors mated with index matching gel or liguid (wet connectors)
may have very high values of return loss. It should be noted, however, that
the idndex of refraction of most matching substances is tepperature and
wavelength dependent. The gel that helps to increase the returnm loss of a
connector to say, 60 dB at 25 *C, may change thiz value to 40 4B at 15 *C or
35 °C. Also, a good match for 1300 nm operatiom ie not necessarily a good
match at 850 nm. Another fact worth mentioming is that graded index multimede
connectors can not be matched cut to high return losgs values dus to the radial
variation of the core index.

Cleave return loss nmeasurements help evaluate the performance of the cleaver,
{both the machine and the operator}. The fiber under test is connected tc the
output port of the OTDR and the far end is cieaved. The return pulse from the
cleave is positioned on the screen and a MEASUREMENT taken. The return loss is
noted, a new cleave is made next to the first one, the measurement is repeated
and the new return loss is noted. The process may be repeated any number of
times if a histogram is desired. Individual return loss values may &elso be
compared with interference microscope measurements to obtain & relationship
between return loss and cleave angle values,

Hechanical splice return lose measurements are necessary for the reason
mentioned for connectors and also to evaluate the performance of a particular
eplice relative to othera. The temperature and wavelength dependence of the
epoxy usaed im the splice may also be medsured. The measurement proceeds by
taking a REFERENCE of the open ended cleaved fiber, followed by a2 MERSUREMENT
of the finished splice. The return loss can then be calculated.

Fusion =splice return loss measurements may be used to evaluate the fusion
splicing process and the guality of the splice. First a good cleave is needed
at both fiber ends. These may be evaluated by the cleave return less
measurement discussed above, as well as by the return pulse behavior when the
tvo cleaved £iber ends are brought together in the fusion splicer. If the
cleaves are perfect, the two fiber ends form an idesl Fabry=-Perot
interferometer. As the ends are brought together in the splicer, the return
pulse intensity will start varying by the interferometric effect. If the pulse
height of the return pulse from the single cleave in the fusion splicer was
“A" and the Fabry-Perot cavity is near ideal, then the pulse height variation
with distance will be between ¢ and 4A. This variation is observed for the
lagt fringe, just before contact is made between the two cleaved fiber ends.
If the pulse height variation is less than # to 4A then the cavity is not
parfect. This can ke due to & non-perpendicular cleave, a non-planar cleave, a
damaged surface, a dirty surface, or a slightly nisaligned condition of the
twe fibers. The misalignment can be easily checked by X and ¥ adjustments 1in
the fusion splicer at fiber end separation corresponding te the last maximum
fringe condition at which the peak height of the OTDR pulse was supposed to be
€h. The X and Y adjustments for maximum pulse height at this fringe condition
8lso serves to align the two fiber corea with a precision much greater than
any other method employed by fusion splicers. The measurements are mnade in
real-time or can be averaged and stored. After correcting any possible cleave,
damage or dirt problem and making the necessary X and ¥ adjustments, the
fusion splice is made. At this time the return pulse disappeare from the
screen. To measure the return loss of the splice the OTDR sensitivity must bae
increased, possibly to maximum. The return loss of a fusion splice i3 closely
related to its insertion less. The lower the return Iless, the lower the
insertion logs. This is discussed further in the Insertion Loss Sectien balow.
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Coupler, switch, isclator, modulator, multiplexer, laser and detector return
logses are measured by the OTDRE in a similar fashiecn to the connectora and
splices discussed above. These measurenents give information to the desigper
and the user about the components in gquestion. Bach cosponent has an OTDRE
signature vhich may be measured by the OTDE when it i3 installed in the syatem
or link and then stored. When a problem ocours in the aystem or link, a new
HEASUREHENT of the component iz made apd then compared with its stored
gignature to check its integrity.

5.6.2 IMEERTION LOSS MEASUREMENTS Insertion loss of a component or a link
may be measured by the Fresnel Reflection method by comparing a reflection
upstream from the component or link with & reflection downstream from the
component or 1link. The upstream and downstrean reflections should have the
game return loss, that iz, they should come from the same type of feature.
These may be two good cleaves, two open connectors of the same kind or gap
type connectors of Lthe same type, etc. The measurement iz carried oubt by
taking a REFERENCE of the upstream pulse, taking a MEASUREHENT of the
downstream pulse and zlloving the OTDR Processor to caloulate the one way
ingertion loss.

The accuracy of the insertion loss measurement depends on the B8SNE of the
return pulse signal and on the uncertainty of the return loss values of the
twe [eatures [upstrean and downstrean) wsed in the measurement. The insertion
loss measiurement accuracy for a SHRE of 10 is tzbulated azs a function of the
uncertainty of the up-down stream return loss velues below.

Up-Down Stream

Return Loss Uncertainty 1.0 0.5 0.2 0.1 dB
20 10 5 b %

Insertion Loss Accuracy 0.5 0.35 0.10 0.0% | 4B

Experience shows that good cleaves, open conmectors and gap type mated
connectors have an uncertainty in their return loss of 0.5 4B (10%) or less.
Therefore, if these are available for the measurement of insertiom loss of a
component or a link, then the accuracy of the insertion loss is 0.2% dB or
less.

If the insertion loss is very small, ie less than 0.1 4B, the wuncertainties
mentioned above make insertion loss measurements impractical by thiz method.
Ingertion loss measurements are also not possible for short lines below 0.1 dB
using conventional high rescolution OTDR's as the offset between the upstream
and downatrean Rayleigh backscattered sigmals is Eoo small to be measured
meaningfully. However, the Opto-Electronics' OTDRE can help in some cases to
give a close eatinate of the insertion loss of components or short links below
0.1 dB by measuring the return losse. This is discussed below in the fScattering
logs Section,
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5.6.3 SCATTERING LOSE MEASUREMENTS Scattering loss can not he measured
directly in optical fibera or fiberoptic components unless the light is
detected or ceollected outside the fiber. The scattering loss is wusually
calculated using BEquation (5-4) above by assuming that the absorption loss 1is
negligible. This assumption is reascmable for modern communication fibers and
components.

If the absorption loss can be ignored, Equation (5-4) requires the measurement
of twe lesses, (return and insertion) to determine the third {scattering). In
practice it is found that the return, insertion and scattering losses are
often related.

For components having a discrete interface, such as a dry connector, the
insertion loss can not be lowered below & minimum value which is determined by
the value of the return loss. For example if a dry connector has a return loss
of 14 4B (4%), it can not have an insertion loss lower than 0.18 dB [(96%) even
if it has no scattering loss, On the other hand, the dinsertion loss of
componenta with no discrete interface are controlled by the scattering loas
only. Examnples for this are index eatched connectors, (wet connectors),
epoxied mechanical splices and fusion splices. Here, the insertion lesses can
be gmall enough not to be measurable by conventional methods as mentioned in
the Insertion Loss Measursments Section above.

3.6.4 ABSORPTION LOSS MEASUREMENTS For modern communication fiber and
fiberoptic components the absorption loss is negligible relative to othap
losses. For specialty fibers wused in sensor applications, for example,
absorption may may be high. The same is true for attenuators, where absorption
iz introduced on the optical path in a controlled fashion.

Absorpticn loss can not be measured directly using the method of Fresnel
reflection, and neither can it be weasured directly using Rayleigh
backscattered signal. It can only be calculated from Equation (5-4) if there
is no scattering. If both scattering and absorption are present, the two can
not be separated by OTDE measurements.

5.7 SENSOR RELATED APPLICATIONS

There are many different types of fiberoptic sensors designed to detect,
measure or monitor a large number of physical or chemical quantities. The
sensors convert the values of these quantities to some property of the light
aignal in the fiber. The measured quantity may be made to influence the light
intensity, time delay, pulse shape, phase or other property at a single
position along the fiber or at variows multiple positions. Fiberoptic senzors
may be single point, multipoint or distributed.

The Opto-Electronics NILLIMNETER RESOLUTION OTDE is ideally suited for use 1in
the fibercptic sensor field due to its lack of deadzone, wide dynamic range,
high less budget, picosecond and millimeter resolution, interference fringe
measuring capability and its linearly pelarized output for the single mode
models. The OTDR is capable of real-time measurements or it can accumulate and
store data for downloading at a later time.

gome exampled of fiber sensors that utilize the special capabilities of the
HILLIMETER RESOLUTION OTDR are given below.
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5.7.1 DISTANCE BENSINC Distance sensing may involve the peasurement of
absolute distance, distance change, length change, movement, displacement,
rotation, vibration etc. The OTDR is used in this area by launching pulses
into either an optical fiber, another medium or into free space through a
collimator. The property measured is the two way time of £light of the pulse
for distances greater than one willimeter or by interference Eringes for
distances less than one millimeter. Another property, the pulsewidth, may alse
be wutilized to measure the amplitude of rapid distance changes such as in
vibration or rotation sensing. The measurements proceed as described din 5.2
and 5.3 zbave.

§.7.2 TEMPERATURE BENSING Generally, the refractive index of s0lids and
liquids change with temperature. This can be utilized by the OTDR in two ways
to meagure temperature. First, if a ¢leaved or polished fiber end is immersed
or embedded in & liguid or selid whose refractive index has a stable and
hysteresis free temperature dependence, then the return loss variatien with
tenperature provides the means to measure the temperature of the region arcund
the fiber end. This was mentioned already in Section 5.5 above. Such a schene
is good for single point or multipoint measurements for moderate temperature
ranges. In a multipoint situation each probe is given a different distance
from the OTDR in order to separate the positions of their respective return
pulses on the screen. The return loss of each probe can be measured in
gequence or aimwltancously and the temperature can be calculated for each
peint. The OTDE loss  budget allows the measurement of a chain of such
tenperature sensors with uwp to several dozen probes in the chain.

Another method of temperature measurement utilizes the change of ne in  the
fiber itself with temperature. The change of ns leads to & change in the time
of flight of the probe pulse from the OTDR, thus, tine shift of the pulse on
the screen can be related to temperature change. If specially doped fibers
are used, the time shift may be substantial and a short piece of fiber may be
ytilized as a temperature probe. Moreover, if this fiber is placed aonto =&
circulator or racetrack circuit the time shift may be increased many fold.
This was already mentioned in Section 5.5 above. 8uch & schems may be used for
ginglepoint or multipoint temperature sensing with a sensor having the size of
a postage stamp. Here again, the OTDR leoszs budget allows the measurenent of a
chain of these sensors with up to several dozen probes in the chain, the
Cenperature range for this method is limited only by the coating used on the
fiber. For metal or retal oxide coated fibers the measurement of temperaturs
up to several hundred degrees is posaiblea.

Distributed temperature sensing is alao possible using the Opto-Elecktronic
MILLIMETER RESOLUTION OTDR with a specially prepared fiber. The fiber is made
with a4 small, temperature sensitive, region introduced at regular dintervals
and the return loss and insertion loss wvalues of the sections are monitored.
If the whole length of the fiber is at a uniform temperature, the OTDR trace
iz an exponential ocurve with a slight downward slope in the direction of
increasing distances. If the temperature is kept uniform, but it is changed,
the slope changes. If the temperature deviates f£rom the uniform value in  any
one section, the OTDR trace deviatez from the exponential form at that point.
The changes can be monitored in terms of temperature. This method i1s wuseful
for moderate temperature ranges.



5.7.3 STRAIN SENSING Measuring fiber strain with the OTDR was discussed in
Section 5.5 above. Conventional or specialty fibers can be used as strain
sensing elements and the atrain can be monitored by the MILLIMETER RESOLUTION
OTDR. The applications are wide ranging from the monitoring of dimensions of
mechanical structures to ecarthguake prediction to damage assessments and to

smart skins.

some application invelve longitudinal fiber strain, such as in measuring the
expansion and contraction of large oil and gas tanks, structural =stesl
elements, railway rails, bridges etc., while other application involve
transverse of shear stain, such as in sharp bending or shear of plates, skins
o composite materiala.

In neaguring strain with fiber, just as in measuring tenperature with fiber,
there are singlepoint, multipoint and distributed measurenents. For all these
applications the fiber may be used to measure the shift in time due to strain
or to measutre the return loss from a microbend due Eo strain. Specialty fibers
may aleo be wzed where the fiber is MARKED at regular intervals with very
amall reflective features and the return loss of these i1s measured. Changes in
the return loss zignature of a section can be related to a particular strain.

5.7.4 LIQUID SENSING Many properties of liguids can be measured with fiber
uging the MILLIHETER RESOLUTION OTDR. Sensors may be devised ko measure just
the presence of a liquid, such as in liguid level indicators or in liquid leak
gensors. In such cases the presence of liquid would cause the [iber probe Lo
change 1its reflective or transmission property and the OTDE would deteck the
change im the value of the return or the insertion less. This may also be done
using a string of sensocrs at several dozen poinks to monitor ligquid levels or
check leaks in various inatallations.

5.7.5 INTERFEROMETRIC SENSING Fiber interferometric sensing is a very popular
method due to its extreme senaitivity. An example for thia was already
mentioned in Section 5.6 above involving fusion splicing. In that example the
guality of cleave of the two fiber ends and their mutual core alignment was

evaluated in a Fabry-Perof configuration.

The same mnethod may be used to evaluate the gquality of fiber ends in
cannectors, mechanical splices and other terminations where flat polish is
employed. When ©wo such ends are brought together they form a Fabry-Perot
cavity. The measurement is made by bringing the return pulse from one of the
fiber ends to the screen of the OTODR and taking a REFERENCE. After this step
the other fiber end is brought close to the first one and the increase of
pulse hedight on the screen is observed. When the distance between the twao
fiber ends is decreased to approximately cne millimeter the pulse height will
change ecyclically between a low and a high walue due to interference. Just
before contact, the pulse height will reach its highest value. A HMEASUEEMENT
is taken and the difference between measurement and reference is found. If the
two fiber ends were perfectly flat, with a perfect polish and were parallel to
each other, the return logs of the MERSUREMENT would be 6.0 dB below the
return loss of the REFERENCE. Tf some of the features mentioned above are not
perfect, the return loss difference is less than 6.0 dB. This difference can
then be related to the mechanical quality of the termination.
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Another example wae mentiocned in Section 5.3 above, invelving the matching of
the two arms of a fiber interferometer. The MILLIMETER RESOLUTION OTDRE can
help to accomplish this quickly and easily by the combination of its
picogecond time of flight measuring capability, its twoe parallel optical
output ports and its interferometric measuring capability.

The  HILLIMETER RESOLUTION OTDE is also wused extensively to  perform
measutrenents on  gyroscoped, Mach-Zehnder type interferometers, Fabry-Perot
type interfercometers and other interferomebtric circuits where millimeter
regsolution and 1ine:rlf_P91§Ii:aﬂ p;ubg_PH%gg is requiced,

T

5.% MAPPING and MONITORING APPLICATIONS

Happing and monitoring can be done with the MILLIMETERE RESOLUTION OTDE and a
PC connected to the OTDRE by GPIB. Some typical applications are outlined
below.

5.8.1 BINGLE COMPOHENT A eingle component such az a pigtailed laser, a
pigtailed detecter, a coupler, a pigktailed switch ebe. can be tested relative
te a reference cosponent whose performance is within specificaticns. The
reference component is measured and stored. The daka stored consists of the
pulse shape of the raturn probe pulse, its FWHM, pulse energy and the length
of the pigtail. The test sample can be measured relative to the reference
conponent and the differencea can be displayed.

5.B.2 BINGLE LINE A single link may conkain many components, such as
connectors, splices, attenuators, ete. Whem thia link i= installed it iz
checked out for gatizfactory performance and if it passes the test it can he
MAPped by the OTDE. Thiz iz done by examining the features one at a time and
storing the data in the PC. Subsequently, if there is any sign of problem with
the 1link, the OTDR ecan TEST it against the stored MAP information. Using a
gimple macro program in the PC, the OTDR will find and measure the features
automatically and compare each result in turn with the stored data. When there
are discrepancies, this will be brought toe the attentiocn of the aperator.

The testing can be done semi-automatically as well. In this instance the
featurea are found in sequence, measured and compared with the MAP data, and
the OTDR is stepped to the next feature.

5.8.) HARNESS A harness may be made up of several single links. These may be
HhFped and TESTed individually as single links, or if the links are Jjoined
together in some configuration when the harness is installed, the MAPping and
TESTing should be done in that configuration. A harpese may be TE3Ted after
assembly, as a Q.C. procedure and/or after its installation. In both cases a
TEST can be run against a MAP taken from a reference harness which meets all
specifications or from the installed harness when it was performing according
to all specifications.

The measutement steps are the same as those outlined for the single link. Here
again, the measurement can be fully automated for red-light/green-light
testing.



5.8.4 STAR METWORKE In a star network, one or more star couplers split a
gingle input inko a nunber of arma. These arms may contain connectors and
other components. R star network may be HAPped by the OTDR as long &% there
are no overlapping features in  the various arms within the two  point
resolution of the OTERE. The network can be easily designed to satisfy this
condition. The OTDE MAP of a star network is easily understood from the
illustration in Figure 5-3 below.

ARMH 1 1 t
QPTO 10 10 ]
OTDR ARM = i Y n 4
[ 11 11 1[ ]
ARH 3 1 1 2
[ 1l 110 |

Figure 5=13

A 3Ix3 star network being MAPped by the MILLIMETER RESOLUTION OTDE.
The first return pulse comes back from connector 1 in arm 2, the
goecond one from connector 1 in arm 1, the third from connector 1
in arm 3, the fourth from connector £ in arm 2 etc. The last
return pulse comes from the third and final connector in arm 3. The
OTDE will MAP altogether 9 features in this example.

To avoid confusion in identifying the features and the arms, each feature may
be labeled with its position number starting at the star coupler with the arnm
nunber as the subscript. For example, the first comnector in the second arm in
Figure (5-3) would be labeled lz. With such labeling the OTDR MAP record for
this example would ba a string of return pulses and their associated values
from connectors 1e, 1, o, B2, 20, 32, 42, 21, 3.

Routine testing or besting for fault proceeds normally as described for the
single link. However, care must be taken in interpreting the test result by
realizing that adjacent pulses in the string do not necessarily come from
adjacent Eeatures in the same arm.

The 1loss budget of the MILLIMETER RESOLUTION OTDE's allows the MAPping and
TESTing of star networks conktaining couplers with up to 16x16 ports.

5.6.5 SECURE LINKS These links mnormally contain no connectors, splices or
components. MHAPping by the MILLIMETER RESCLUTION OTDR takes place at maximun
sensitivity toe record every possible imperfection in the link. TESTing may be
done at the desired intervals or continuwously. In either case the OTDR
sensitivity 13 set to maximum or the photon counting detecteor i3 used to
detect the smallest deviation from the MAPped data.

In this application a fully autematic mode is usually regquired. This can be
accomplished by using an external PC via the GPIB link.



5.9 DISPERSION and BAMDYWIDTH RELATED APPLICATIONS.

Fulse dispersion {pulse widening) and bandwidth limitation in fibers are
caused by chromatic effects (finite spectral width of the cptical transmitter
pulse) and intermodal effects (each mode in a multimede fiber propagates with
different velocity). These twe effects are refercred te as Chronatic Dispersion
and Intermedal Dispersien. The measurements of dispersion and bandwidth are
conventionally carried out uwaing either modulated cw light or nanosecond
pulsed 1light in transmission (two ended measurement) on several kilometer
lengths of fiber. By using the picosecond pulsed OTDR these measurenents can
be ecarried out in reflection (one ended measurement) on much shorter lengths
of fiber. The measurements of chromatic and intermodal dispersions by the
MILLIMETER RESOLUTION OTIDR are outlimed below.

5.9.1 CHROMATIC DISPERSICN MEASUREMENTS The chromatic dispersion in a
singlemode fiber for a given spectral width of the optical transmitter 1is
pinimum in the area of 1300 to 1500 nanometers. Abeve and below this
wavelength region the chromatic dispersion is greater. This behavier ia due to
the specific wavelength dependence of the value of ne of fibers. Below 1300
nanoneters the value of ne decreases with increasing wavelength, it flattens
out in the 1300 to 1500 nanometer region and increases again for longer
wavelengths. Thus, the chromatic dispersion is both wavelength and transmitter
spectral width dependent.

The MILLIMETER RESOLUTION OTDR may be used to measure the chromatic dispersion

of a single mode fiber in the OTDR mode (one ended reflection measurement) at

any one of the wavelengths at which laser diocdes are available. For these

measurenents the knowledge of the values of ) and 5% are necessary. The signal
fron the far end of the launch pigtail is used as the REFERENCE signal and the

return pulse from the far end of the test fiber is used as the NERSUREMENT

signal. The pulse widths are determined with the OTDR and the chromatic

dispergion De in units of ps/km-ns is calculated using Equation (5-3) below;

Dc = [FHHHs? - FWHMg2)®/2LE) {ps/km-ns) (5-9)

where FWHMz and FWHMg are the sample and reference pulsewidths in picoseconds
regpectively. L 1is the fibar length in km and 5% is the spectral width in
nanoseconds of the OTDR optical pulse.

If the REFERENCE pulse width is taken to be FWHMs = 100 ps, the fiber length
te be L = 10 km, the spectral width of the optical pulse to be &% = 10 nm and
if singlemode dispersion values are taken at 850 nm and 1300 nm as
De (850) = 100 ps/km-na and Dg(1300) = § ps/km+ns respectively, then the values
of the exzpected sample pulse widths calcoulated from Eguation (5-9) are
FWHMs (850) = 2000 ps and FWHM= (1300} = 140 ps. Because the FWHM values can be
measured with an acouracy of £1 ps by the OTDR, the dispersion value for 1300
nm can be established with an accuracy of +2% for the above example.

A sunmary for the above example is tabulated below for &50 and 1300 om. It is
seen that & chromatic dispersion neasurement accuracy of 2% is possible at
1300 nm using a 1 km long fiber and the same *3% accuracy is possible at B850
nm using a 50 m long fiber. Greater accuracies are obtained from measurements
on longer fibers.
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P! L FYHHR FWHHNz b De 1
(nm) {m) ips) {ps) {nm) {pa/km-ns)
850 50 160 +1 140 #1 1d 1og 42
L300 1000 100 +1 140 1 1 5 0.1

Having obtained the chromatic dispersicn by measuring the FHHE values and
calculating Dy from Bguation {5-%), the chromatic bandwidth Be (3 dB  value)
nay be calculated, in uwnits of GHE+km+ng, using equation (5-10} below;

Bc = 400/Dc {GHz+km-ns} (5-10)

Typical bandwidth wvalues for singlemode fibers at 850 na and 1300 am
wavelengths are 4 GHz+kmens and 80 GHz km-ns respectively.

5.9.%2 INTERMODAL DISPERSION MERSUREMENTS For singlemode fibers there is no
intermodal dispersion becaugse only one mode propagates in the fiber. 1In
nultimode fibers many modes propagate, each with a slightly different group
velocity, leading to pulse widening. This type of dispersion is known as
Intermodal Dispersion. In multimode fibers, sach mode is subject Lo chromatic
disgpersion as well, just as in the singlemode case. The overall dispersion in
multimode fibers therefore is the sum of chromatic and intermodal dispersions.
If one of the two is small, then the other dominates.

Intermodal dispersion is lesser for smaller diameter £ibers (lower number of
modes) and is greater for larger diameter fiber (higher number of modes). It
is alac lesser for graded index fibers and is greater for step index fibersa.
Intermedal dispersicn deoes neot have a strong wavelength dependence.

The measursnent of multimcde dispersion using the Cpko-Electronics HILLIKETER
RESOLUTICH ©OTDE requires the same procedure as was discussed for singlemode
fibars. However, care aust be taken to fill all the modes of the fiber at
equilibriun distribution for accurate results. This was already discussed
above, Measurements at long wavelengths (1300 to 1500 nm} yield the intermodal
digpergicn of the fiber while measurements at short wavelengths (350 om
region) wield the sun of modal and chromatic dispersione. Intermodal
digpersicn PBs is celculeted in units of ps/km, from the peasured FVHM values
and the fiber length L using Equation (5-11) below;

D = {FWHM=2 - FHHM=?)%/IL {pe/km} {5-11)

The bandwidth is calculated in units of GHz+km using Eguation (5-12} below;

Be = 400,/Du (GHz +knm} a-12)



Scme typical values of dispersions measured at 850 nmn for

fibers are tabulated below,

varicus

multimede

FIRER CORE | DISPERSION HEARSURED FROPORTION OF
SIZE AT B50 nm CHROMATIC DISPERSION
(um) (ns/kn} {per cent)

50 graded 0,45 a5

100 step & 2

400 step 40 0.2

It is seen from the table that Chromatic Dispersion plays an  important

only for fibers with small Intermodal Dispersion.

part

It is also seen from the table that intermodal dispersion increases rapidly
with increasing fiber diameter. A 10 m length of step index fiber with 400 pm
core size disperses the short probe pulse of the OTDR approximately 500 ps ane
way, ar te approximately 1 ns in a round trpip. Dispersion limits the
measuranent accuracy and resolution of the OTDE as was discussed above. It is
reasonable to  expect millimeter resolution at B50 nm at the end of a 1 km
graded index 507135 um fiber or at the end of a 10 m length of step index 400
pm fiber., For increasing lengths, the resclution will gradually decrease. For
numerical results consult Figure 4.2 in secticn 4.

5.9.1 A BPECIAL CASE If an 850 nm pulse ie launched by the OTDR into a 9 um
core step index fiber (which is normally used for singlemode 1300 toe 1500 nm
transmission), twe modes will propagate in the fiber. The two modes will
gradually separate in time and become twe distinct pulses after a certain
length of travel. At the sase time both will widen due to the chromatic
dispersicn of the fiber. In standard fibers the pulse separation after 1 km
travel is approximately 1.5 ns. This enables the OTDR to detect and measure
the two propagating modes, their chromakbic dispersion and their modal
dispersion on a fiber sample as short as 50 m. This is ugeful to measure fiber
properties as well as the effect of strain, temperature etc. on the fiber. The
second (slower) mode is easily eliminated by a macrobend. This behavior also
enables the OTDR to probe a 1300 nm singlemode fiber with &850 nm singlemode
pulses, which is sometimes useful when the loss budget of the 1300 nm model is
insufficient for a particularly difficult measurement.
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& SPECIFICATIONE and FPERFORMANCE

€.1 SPECIFICATIONS

MECHANICHL

HF20 Kainframe
fize
Weight
Capacity
Hounting

TOR Frocesscr
Size
Wedght
Mounting

ENVIRONMENTAL
Temperature

Laser Safety

ELECTRICEL
Power

QPTICAL COMMECTORS
General

Trapsmitter
Recelver
Coypler
Jumper s
INTERFRCES
Display
dzcilloscope
Frintar

RE232

GPIB

B~1

19"W x 14 1/4"L x T"H

€ 1/4 kg (14 1bs)

11 Single module bays

Standard 19" rack or bench top

e 12 % 13%L % & LS3MH
: 4 kg (% 1lbs)
¢ Btapdard 19" rack or bench tap

: 1100 to +40C
i =15C to +6OC

operaking
starage

: Heets Class I laser product salaeby

: 1107220 ¥, 50/60 Hz line

: standard

T with bulkhead adaptecs

Custan biconie, FZ, D4, SHA

: As specified, 5H or MK (4 to 400 um

core siza)

: Generally HH up to 400 um core size.

Thiz iz suitable for bakh 5H and HH
operablon.

: BH or MM, compatible with aysten
: 8H or MM, compatible with systen

: Requires a single channel low freguency

-y

lab type oscilloscope.
Ruxiliary Epscn style dot
graphics capability.

matrix with

bata port to dupp stored date from
TDE Procadsor.
Enables fully eutomatic remote

cperation of OTPE and data transfer.



6.2 PERFORMANCE

A.

DISTANCE REANGE:Singlemade Imm to I0km
tHultimode Imm to 3-Bkm
{digperzion limited)

DYMAMIC RAMGE :Defined as the maximum one way insertion loss

for a 1% Freenel reflection at a SHR=1.

SEARCH OPERATION, MO AVERAGING (dB)

(dB)

e

Fiber Type Hultimcde Singlemade
Detector APD |AMP APD| PC APD  |ANP APD| PC
Wavelength (nm)

850 12 20 45 10 113 A3
13040 2 14 P 1] ] i
MERSURE OPERATION, 65,5316 AVERAGES (dB)

Fiber Type Multimode Singlemcde
Detector APD |AMP APD| PC APD |ANP APD| PC
Wavelength {am)

850 24 11 LY 22 30 45
1300 14 22 — 12 20 -
RESOLUTION

Single point regolution is defined as the measurement
of a single pulse from a single refleckion. Two point
resolution ie defined as the measurement of twe pulses,
or one composite pulse, from two reflections. Values
ghown are for negligible pulse dispersion.

SINGLE POINT RESOLUTION {pa/mm)

ENR &0 an 10 5
DETECTOR

AFD 1/0.1 2/0.2 4/0.4 10/1.0
ANF APD 3/0.3 5/0.5 10/1.0 25/2.5

. THO POINT RESOLUTION (pa/mm)

SHR 1 20 10 L]
PULSE RATIO

LPD 1:1 2ra.2 3/0.3 /0.5 1&f1.2
AP0 2:1 1/0.3 LY 11/1.1 2Rf2.2
APD 5:1 5/0.5 10/1.0 23r2.2 BOfE .0




T ORDERING INFORMATION

7.1 STANDARD OTDE SYSTEHMS

Table
one
with

to

the syatem

compatible optiona for each

avallable but these become specials.

Detailed
gection 7.2 below,

nodule,

7-1 below indicaktes the & "standard" systeme currently available.
nine types of modules (regquired and optional]l are listed vertically

The

Further options are

information reguired for the ordering of each module is outlined

in

SYSTEN SAMPLING SYSTEH PHOTCN COUNTING SYSTEM
i 2 3 i 5 6
HODE SINGLE MODE MULTIHODE SINGLEMODE |NULTINODE
WAVELENGTH RANGE| SHORT ) LONG ) | SHORT A LONG ) SHORT 4 SHORT X
e T
1. HAINFRAME HF20 HMF20 | HF30 HFZ0 HF20 HF20
2. DELAY GEMERATOR | PDG20 PDGZ0 | PDG20 FDGZ0 POGZ0 POG20
i. PROCESSOR TORZ0 TDRZ0 | TDR20 TDEZ0 TIOR3 TOR 30
4. SAHPLER PEUZD PEUZ0 PSUED FEUZ0 HiR Hia
&. DETECTOR PPDID PED40 |PFDIO FPD40 N/R H/R
PRADZIO PAD240 fPADEID PADZ240
£. PHOTON COUNTER H/h H/R | WSR H/R PRC1O FPC10
T. TRANMSMITTER FPLIOK- ASH FPLIOK- MHM___ |FFLIOK- ASH|PPLIOK-ANH
a. WAVELENGTH 820 1300 |680 1060 820 [%:11]
-} (nmn} aso 1550 |750 1200 850 750
T85 1300 T4%
800-860 1550 BOO-860
904 904
b. FIBER SIZE 4 9 50/125  50/125 4 50/125
=5H {pm} 62%/125 628125 Ga%/125
-MH___ {pm} 100/140 100/140 100/140
200 200 200
400 400 400
8. ATTENUATOR PORG PORY | POASO PORSO PORG POASD
9. COUPLER (4 PORT) | PFCe& PFC9 |PFCHO PFERA FFCE FFCHD
FFCED PFCOZ PFCE2
PFC100  PFCL00 PFC100
(3 FORT) FFC2O00 PFCZ00
PRCAO0 PFCAOD
Table T-1

The standard OTDR systems can be Eound in the wertical columns.




L insert cperating voltage,
110 or 220 ¥

Z. DELAY GENERATOR .. PDGZ0

3. PROCESSOR ....... flfj'l:gm s _
L 20 For operation with sampling system.
T 30yvFor operation with photon counting and
© sampling system.
d. BANPLER ,..cosxcaa PBUZ0 For operation with the sampling systen.

%, DETECTOR ... PPDID For operation at short wavelength and high rescliution.
vo« PAD230D For operation abt short wavelength and high senaitivity.
..« PPD40 For operation at long wavelength and high resolution.
vo» PRDZ4D For operation at long wavelength and high sensitivity.

cow PPCLD  For photon counbing at short wavelength.
6. PHOTON COUNTER ... PPC1O

7. TRANSHITTER ...... PPL30K- = H

i L—— Indicate fiber core Bize
Indicate zingle or multimode
Indicate wavelengkh

8. ATTENUATOR ....... PAD __
L Indicate fiber core eize.

o BOUPLER s s PFC
L Indicate fiber core size, this should
match the teat fiber size for optimus

conditions.

7.3 WARRANTY

Opto-Electronics warrants all its OTDR models for parts and labor im normal
operation for a period of 12 months from the time of shipment. The cost of
shipment to Opto-Electronics and back to the customer is to be borne by the
cugbomear,



8 OPERATING INSTRUCTIONSE and TRAINING
2.1 OPERATING INSTRUCTIONS

It should be remembered that the OTDR technigues employed by the Optoe-
Electronice MILLIMETEE RESOLUTICH OTDE system is not at all like that of
conventional Eayleigh backscatter OTDE's. Conventicnal Rayleigh OTDE users may
have to rethink the conventional Ravleigh OTDR phileosophy. To aid in this
respect, this booklet has outlined the differences. In addition, the system
comes with three manuals; the first, details the particular modules making up
the chosen system; the secchid, outlines the interaction of the modules in the
system and the system operation; the third; is an instruction manual which
takesz the operator through a step by steép procedure to Eeach the functions of
each module as well as the setup and the operation of the system, This latter
manual, constitutes a "home training course™ which can take from two to five
days depending on how many of the suggested exercises are completed.

8.2 TRAINING

Opto=Electronics offers a two day training course, for up to thres persons,
free of charge, with all OTDRE system purchases. Traveling and accommodations
must be borne by the traineei{s) but help in arranging accommodations is
available. Training takes place at the Oakville Ontaric plant, (One half hour
travel by car fron Toronto International airport.), and must be arranged at
least four weeks in adsance.

B-1
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