
Fiber-optic measurements 
By Jeff Hecht 

Editor's note: This article is taken from Chapter 13 of 
Understanding Fiber Optics, a book written by Jeff Hecht 
and published in February by Howard W. Sams & Co. of 
Indianapolis, Ind. The author has added equations to this 
article that do not appear in the book. 

S ome fundamental optical quantities such as optical 
power level are important in fiber-optic systems. 
However , other factors important in fiber-optic sys

tems, such as transmission bandwidth and numerical aper
ture, are measured only indirectly, by measuring more 
fundamental quantities such as power distr ibution in time 
and space, and inferring other characteristics f rom them. 

M a k i n g such indirect measurements requires some im
plicit and explicit assumptions. Before we go into the de
tails of those measurements, it's time for a homi ly about 
making unwarranted assumptions. 

Measurement assumptions 

Assumpt ions can be dangerous i n m a k i n g measure
ments. Y o u may think that they're absolutely essential to 
make a measurement task managable. Unfor tunate ly , 
their real achievement may be in oversimpli fying the job 
by throwing away data that you should consider. 

One example is assumptions about light distr ibution in 
a fiber. It is reasonable to assume light is distributed in a 
fiber. It is reasonable to assume light is distributed in the 
same way along the length of a single-mode fiber, but not 
in a mult imode fiber. L ight may take a ki lometer or more 
to distribute itself stably among the modes a mult imode 
fiber can transmit, and that mode distr ibution can be rear
ranged by a splice or connector. This mode distr ibution 
affects many things, including loss wi th in the fiber, numer
ical aperture and light-acceptance angle, transfer of light 
between fibers, and the distr ibution of light emerging f rom 
the fiber. 
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Another logical—but false—assumption is that loss of a 
connector or splice is the same for light going in either 
direction. Splice and connector losses are the sum of many 
factors, including variations in fiber numerical aperature 
and core size, even for fibers nominal ly manufactured to 
the same specifications. 

Suppose that light distr ibution in the cores is un i form, 
and the only difference between fibers is that one has a 49-

µm core and the other has one 51 µm across—within nor
mal manufactur ing tolerances. W h e n light goes f rom the 
smaller fiber into the larger one, there are no "geometri
c a l " losses caused by the difference in core size. However , 
if l ight was going in the opposite direction, the core-diam
eter difference w o u l d cause an added 0.3-dB loss, only in 
that direction. 

Pitfalls become subtle in more sophisticated measure
ments. The important point to remember is think mea
surement techniques through carefully and exercise care in 
mak ing assumptions. 

Optical power 

Opt ica l power is the quantity most often measured in 
fiber-optic systems. The power may be output f rom a light 
source, power emerging f rom a length of optical fiber, or 
power in some part of a system. The wavelength must be 
k n o w n to measure output power properly w i th a detector 
calibrated for that wavelength. Duty cycle—the fraction of 
the time the light source is on—shou ld also be k n o w n to 
properly interpret measurements of average power. The 
usual assumption is 5 0 % (half on , half off) for digital 
modulat ion, but under certain circumstances that may be 
far off—e.g., if a series of ones are being transmitted in 
N R Z code so the transmitter is continually sending at its 
high level. Standard measurements are in watts, d B m (des¬
cibels relative to one mil l iwatt) , or d B µ (decibels relative 
to 1 microwatt) . 

A beam in the air can be measured directly by stopping 
it w i th a dectector, or can be sampled by taking a k n o w n 
fraction wi th a beam splitter. However , you can't directly 
measure the optical power wi th in an optical fiber unless 
you cut into the fiber. Y o u also can't transmit power after 
you've measured it—light that is measured is absorbed by 
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a detector and no longer available. Thus if you want to 
sample the power level in a signal being transmitted, you 
need a beam splitter that will divert a small part of the 
light to a detector and transmit the rest. 

Note the importance of making sure that the power lev
el in a system is not too high as well as not too low. Too 
much power can overload a receiver and cause distortion 
in analog systems (comparable to the effects of putting too 
much power into an audio speaker). In digital systems, 
similar effects occur, but are manifested as an increase in 
bit error rate. 

Attenuation 
Attenuation is the most important property of passive 

optical components because it determines what part of an 
optical signal is lost within the component and how much 
passes through. It is always a function of wavelength, al
though the wavelength sensitivity varies widely. In fibers 
the variation with wavelength is large; in some other com
ponents it is negligibly small. 

Attenuation measurements require comparison of input 
and output levels Pin and Pout respectively. It is measured 
in decibels as: 

Attenuation (dB)= - 1 0 log (P o u t /P i n ) 

The negative sign is added to give attenuation a positive 
value, because for passive devices, the output power is al
ways lower than the input power. 

Precise fiber attenuation measurements of fibers are 
based on the "cut-back" technique shown in Fig. 1. The 
power transmitted through the desired length of fiber (10 
km in the figure) is measured first. Then the fiber is cut to 
a short length, about a meter, and the power emerging 
from that length is measured, using the same light source 
and meter. Taking the ratio of those power measurements 
eliminates input coupling losses (which occur in both mea
surements) while leaving the intrinsic transmission loss 
(only present in the long fiber measurement). In the figure, 
the measured output power rose from - 2 0 dBm to —10 
dBm, indicating that fiber loss was 10 dB, or 1 dB/km. In 
general, 

Fiber attenuation (dB/km) = 
Power (dB) 

L (km) ' 

where L is the length of fiber. 

The cut-back method is much more accurate for single-
mode fibers than for multimode fibers because of the 
mode-distribution changes we learned about earlier. Accu
rate measurement of true long-distance attenuation of 
multimode fibers requires insertion of a mode filter in the 

FIGURE 1. Measuring attenuation of a length of fiber by 
the cut-back method. 

length of fiber that will remain after cutting back. This 
removes the high-order modes that gradually leak out of 
the fiber, leaving the lower-order modes that can travel 
long distances. Be aware, however, that this will not accu
rately measure the loss that light will experience in short 
multimode fibers, because in that case the loss depends on 
propagation of high-order modes, which are eliminated 
from measurements by adding a mode filter. 

Similar measurements can be performed with connec¬
torized cables, by replacing the short "cut-back" fiber seg
ment with a short length of jumper cable (including a 
mode filter if desired). That approach simplifies measure
ments by avoiding the need to cut fibers, but at a modest 
sacrifice in accuracy. 

One special problem with single-mode fibers is that 
light can propagate in the cladding for short distances, 
throwing measurement results off by systematically under
estimating input coupling losses. To measure true single-
mode transmission and coupling, fiber lengths should be 
at least 20 or 30 m. 

Continuity of fiber 
A major concern in installing and maintaining fiber-op

tic cables is system continuity. If something has gone 
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FIGURE 2. Sending a short pulse through a fiber and mea
suring the length of the output pulse gives fiber dispersion. 

FIGURE 3. Plot of received signal strength as a function of 
frequency indicates 3-dB bandwidth. 

of wavelengths being transmitted, because of the way dis
persion changes with wavelength. For multimode fibers, it 
is important to know modal distribution launched into the 
fiber. 

Bandwidth and data rate 

Bandwidth in analog systems and data rate in digital 
systems are essentially the inverse of pulse dispersion in a 
fiber. Although these quantities can be measured indirectly 
as dispersion, they also can be measured directly. Frequen
cy measurements can be made by comparing the strength 
of signals at various frequencies. The transmitter is modu
lated at the frequency being measured, and signal strength 
is measured at the other end, then frequency is shifted to a 
different value. 

The result is a plot of signal strength vs. frequency, such 
as the one shown in Fig. 3. This plot, with level response 
over a broad range of frequencies, then a rapid decline 
past a certain level, is characteristic of fiber-optic systems. 

Typically, the upper limit on bandwidth is specified as the 
point at which signal strength has dropped by 3 dB. 

Maximum digital data rate can be extrapolated from 
analog bandwidth or pulse dispersion characteristics or 
can be estimated in other ways. One method is to study 
the shapes of output pulses in the "eye pattern" described 
below. Another is to define the maximum bit rate as the 
highest possible with bit error rate no more than a certain 
acceptable level, also described below. 

Bit error rate 

The bit error rate is a straightforward concept used in 
assessing the performance of many digital systems, includ
ing fiber-optic types. It involves generation of a random
ized bit pattern, and comparison of the signal emerging 
from the system being tested with the original pattern. 
counting both total bits and the number of errors detected 
gives the bit error rate—the fraction of bits received incor
rectly. 

BER = 
incorrect bits 

total bits 

As might be expected, the bit error rate increases as re
ceived power drops, as well as when the system approach
es other performance limits, such as maximum transmis
sion rate. It provides a quantitative assessment of the per
formance of a digital communication system (or of other 
digital electronics). The upper bit rate limit of a system can 
be defined as the speed at which bit error rate exceeds a 
certain level, typically 10-9 (1 bit in a billion) for a tele
phone voice transmission system, and 1 0 - 1 1 or 1 0 - 1 2 for 
data transmission. 

Eye pattern analysis 

One of the most popular ways to assess performance of 
a digital fiber-optic link in the laboratory is by studying 
the eye pattern, shown schematically in Fig. 4. To produce 
an eye pattern, an optical transmitter is hooked to a signal 
source (e.g., a generator of pseudorandom data strings), 
and the output of the receiver is displayed on an oscillo
scope screen. The output of the signal source triggers the 
scope. 

The display is the superposition of the waveforms corre
sponding to a series of received bits. The better the quality 
of transmission, the more "open" the eye will appear. 
Signs of the eye "closing" indicate the likelihood of trans
mission errors as successive bits interfere with each other. 

Careful intrepretation of the eye pattern can yield im
portant data on fiber link performance. Data signals can 
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FIGURE 4. An eye pattern and its meaning. (Courtesy of Amp Inc.) 

be sampled at any point within the eye, but the best point 
is in the middle. Some hints for interpreting eye patterns: 

• Height of the central eye opening measures noise mar
gin in receiver output. 

• Width of the signal band at the corner of the middle of 
the eye measures the jitter, or variation in pulse timing, 
in the system. 

• Thickness of the signal line at top and bottom of the 
eye is proportional to noise and distortion in the receiv
er output. 

• Transitions between top and bottom of the eye pattern 
show the rise- and fall-times of the signal, which can be 
measured on the eye pattern. 

Mode field and core diameter 
Fiber core diameter can vary because of manufacturing 

tolerances. In addition, "mode field diameter"—the diam
eter of the region occupied by light propagating in a sin
gle-mode fiber—is somewhat larger than the core diame
ter. These quantities can be measured. The mode field ra
dius is defined as the distance from the center at which 
power drops to 1/e2 of the power at the center of the fiber. 

Practical interest in the mode-field and core diameters 
depend on the distribution of light, and measurements 
thus are based on light distribution. One approach is to 
scan across the end of the fiber with another fiber of 
known small-core diameter, observing variations in light 
intensity transmitted by the scanning fiber. Other ap
proaches rely on observing the spatial distribution of light 

near to or far from the fiber, the "near-field" and "far-
field" intensity patterns. Those distributions of optical 
power can be used to calculate the core diameter. 

A related quantity important for both +single-and multi-
mode fibers is the refractive-index profile, the change in 
refractive index with distance from the center of the fiber. 
This is measured in the same way as core and mode-field 
diameter. 

Numerical aperture 
and acceptance angle 

The numerical aperture (NA) measures how light is col
lected by an optical fiber and how it spreads out after leav
ing the fiber. It measures angle, but not directly in degrees 
or radians. Although N A is widely used to characterize 
fiber, it is not N A that is measured but the fiber accep
tance angle, from which N A can be deduced using the 
formula 
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where 8 is the half acceptance angle in air. This is not 
necessarily the same as the theoretical numerical aperture 

where n is the core refractive index and is (n c o r e - n c l a d ) . 
Numerical aperture and acceptance angle are most im

portant for multimode fibers. It is essential to realize that 
measured numerical aperture depends on how far light 
has traveled through the fiber, because high-order modes 
gradually leak out as light passes through a fiber. 

The measured numerical aperture will be larger for 
shorter fibers, which carry a larger complement of high-



wrong with the system, you need to check whether the 
cable is able to transmit signals. If it is, you know you have 
another problem. If it can't, you need to find out where 
the break or discontinuity is. In some cases, the break may 
be obvious—a cable snapped by a falling tree limb, or a 
hole dug by a careless contractor. However, such damage 
is not always obvious, and the cable route may not be 
readily accessible. 

The simplest test of fiber continuity does not require 
elaborate equipment. A technician on one end shines a 
flashlight into the fiber, and one on the other end looks to 
see if any light emerges. That quick-and-dirty test can be 
checked by measuring cable attenuation. Sites of discon
tinuities can be located with optical time domain reflectometers. 
Dispersion 

Pulse dispersion is an important characteristic of fibers 
that can limit bandwidth and data rate. It is the sum of 
three components: 

• Modal dispersion (present only in multimode fibers) 

• Material dispersion (intrinsic to the material from 
which the fiber is made) 

• Waveguide dispersion (dependent on refractive-index 
profile) 

A l l three quantities are functions of wavelength, although 
the dependence is very weak and indirect for modal dis
persion. Only material and waveguide dispersion are 
present in single-mode fibers, where they add to make 
"chromatic dispersion." That quantity depends not merely 
on the operating wavelength, but also on the range of 
wavelengths being transmitted. 

Sophisticated laboratory instruments can isolate the 
components of fiber dispersion. However, in practice the 
main concern is total dispersion. That can be measured 
directly in the time domain by sending a short optical 
pulse down the fiber and measuring how much it has 
spread at the output as shown in Fig. 2. Note that it is 
important to know the central wavelength and the range 

The Optical Sciences Center of the University of 
Arizona occasionally has research positions at the 
postdoctoral and assistant research scientist/profes
sor levels in the fields of optical engineering, fabrica
tion and testing, quantum optics, image analysis and 
reconstruction, infrared technology, materials and 
surface physics, optical computing, nonlinear optics, 
and various sub-topics. Direct experience in these 
fields is valuable but not a unique requirement, and 
the particular positions are all subject to the avail
ability of research contract funds. 

Application deadline is May 31, 1987, or until the 
positions are filled. Please send resumes to Director, 
Optical Sciences Center, University of Arizona, Tuc
son, Arizona 85721. 

The University of Arizona is an Equal Opportuni
ty/Affirmative Action, Title IX/Section 504 employer. 

UNIVERSITY OF TORONTO 
Faculty Position in 

Experimental Laser Physics 

The Department of Physics plans to make several 
tenure-stream appointments in the next few years, of 
which at least one will be in Experimental Laser 
Physics. 

In anticipation, the Department invites applica
tions for this position from qualified candidates for 
NSERC University Research Fellows who must be 
Canadian citizens or permanent residents. Fellows 
carry out research, supervise graduate students and 
have teaching loads comparable to starting assistant 
professors. 

Successful candidates may in special circum
stances be considered directly for a tenure-stream 
position as assistant professors. 

Applications, consisting of a CV, list of publica
tions, summary of research interests, a detailed 
research proposal, and the names of three (3) 
referees should be sent before July 1, 1987 to: 
Professor R.E. Azuma, Chairman, Department 
of Physics, University of Toronto, Toronto, 
Ontario, Canada, M5S 1A7. 
The University of Toronto encourages both women and men to apply 

for this position. 
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order modes, than it will be for long fiber segments. Mea
surements are made by observing the spread of light 
emerging from the fiber. 

Cutoff wavelength 

One important characteristic of single-mode fibers is 
"cutoff" wavelength, the wavelength at which the fiber 
begins to carry a second waveguide mode. Fibers have a 
theoretical cutoff wavelength calculated from core diame
ter and refractive-index profile. For step-index single-
mode fiber, the formula is: 

where λc is the cutoff wavelength and a is core radius. The 
effective cutoff wavelength that is measured is slightly dif
ferent. As with core and mode-field diameter, cutoff wave
length is a laboratory rather than a field measurement. 

Normally, the cutoff wavelength is measured by arrang
ing the fiber in a test-bed that bends the fiber a standard 
amount. Fiber attenuation as a function of wavelength is 
measured two times. One time, the fiber is bent in a man
ner that causes the second-order mode to leak out almost 
completely. The other time, the fiber is arranged so it 
transmits both first- and second-order modes. These two 
measurements are compared, giving a curve such as the 
one in Fig. 5, which shows excess loss as a function of 
wavelength. In this case, λc is the "effective" cutoff wave
length, defined as the wavelength above which second-or
der mode power at least a certain minimum level below 
the power in the fundamental mode. The measurement 
finds this value by locating the point where excess loss 
caused by stripping out the second-order mode is no more 
than 0.1 dB. 

FIGURE 5. Measurement of effective cutoff wavelength 
shows an increase in excess loss at λc. (Courtesy of Doug
las L. Franzen, National Bureau of Standards.) 

F or many years, OSA members have requested 
that the Society provide a certificate of member

ship for them to display. We are pleased to say that 
certificates have been printed and are being hand-
lettered now. 

Al l regular, fellow, emeritus, teacher, honorary, 
and corporate members will receive their certificates 
in the months to come. Certificates are not available 
to our student members. However, upon transfer to 
regular status, certificates will be issued. 

The certificates will be lettered and mailed by geo
graphical area, and we expect to have all the certifi
cates mailed by early June. New members will re
ceive their certificates as they are processed. 

If your name is inadvertently misspelled, please re
turn the certificate to the executive office with the 
correction noted, and we will have a new certificate 
printed and sent as soon as possible. 

We are proud to have you as a member, and 
proud that you want to display proof of your mem
bership in the Optical Society of America. 

Graduate Assistantships 
In Lasers and Electro-Optics 

Unive rs i t y of Cent ra l F l o r i d a 
O r l a n d o , F l o r i d a 32816-0001 

Research and Teaching Assistantships are available 
to qualified students seeking Masters and Ph.D. de
grees in Electro-Optics and Lasers. Assistantships are 
available through the Center For Research In Electro-
Optics and Lasers (CREOL) and affiliated departments 
at the University of Central Florida (UCF). M.S. and 
Ph.D. degrees are offered through the Department of 
Electrical Engineering and M.S. degrees through the 
Department of Physics. Active research areas include 
Nonlinear Optics, Laser Propagation, Laser Spectros
copy, Fiber Optics, Laser Development, Ultra-fast Phe
nomena and many other topics in lightwave technolo
gy-

UCF is located in Orlando, Florida, 35 miles west of 
the Kennedy Space Center. Many CREOL research pro
jects are done in collaboration with the more than 25 
lightwave technology companies in the Central Flori
da area. Students at UCF benefit from the areas many 
recreational opportunities and pleasant climate. 

For details—contact: 
Director of CREOL 

Division of Sponsored Research 
University of Central Florida 
Orlando, Florida 32816-0001 

UCF is an Affirmative Action, Equal Opportunity 
Employer. 
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