
HIGH PRECISION ENGINEERING & METROLOGY 

References 
1. J . E. B jorkho lm, J . Bokor , L. Eichner, R. R. Freeman, J . Gregus, T. E. Jewel l , 

W. M . Mansf ie ld, A . A . MacDowe l l , E. L. Raab, W. T. Silfvast, L. H. Szeto, D. 
M. Tennant, W. K. Wask iewicz , D. L. Whi te , D. L. Windt , 0 . R. W o o d , II, J .H. 
Bruning, "Reduct ion imaging at 14 nm using mul t i layer-coated opt ics : 
Pr int ing of features smal ler than 0.1 µm." J . Vac . Sc i . Techno l . B8, 1990, 1509. 

2. S. Berger, "Pro ject ion e-beam l i thography", SPIE 1991 Sympos ium on 
Micro l i thography. 

3. T . E . Jewel l , et al., "Ref lect ive systems design study for soft x-ray pro ject ion 
l i thography", to be pub l ished in J . Vac . Sc i . Techno l . B8, 1990, 1519. 

Precision 

measurements on 

optical fibers 
By Douglas L. Franzen 

A s the optical fiber industry matures, the precision 
and accuracy of measurements improve to further 
reduce cost and enhance performance. The dives
titure of AT&T has resulted in a multivendor mar

ketplace that must rely on common measurement tech
niques to ensure product compatibility. Such a set of volun
tary standards has been a goal of the Telecommunication 
Industries Association (TIA). Their standards provide a 
system of documentation to efficiently procure fiber and 
other lightwave components. 

Attenuation 
The industry has moved from a predominance of multi-
mode fiber in the early 1980s to single-mode fiber at present. 
This has resulted in improved measurement accuracy for 
those parameters that are mode dependent. For example, 
attenuation of multimode fibers depends on the launching 
conditions or mode excitation. A TIA/NIST industry round 
robin to determine multimode fiber attenuation using con
trolled launching conditions gave a one standard deviation 
spread of 0.23 dB/km for fibers with attenuations in the 
range of 2.3-3.9 dB/km. 1 Interlaboratory agreement for 
single-mode fiber attenuation has not been a problem and 
consequently was never the subject of TIA/NIST evaluation. 
When NIST has compared single-mode attenuation mea
surements with other laboratories, the disagreements have 
generally been less than 0.01 dB/km for attenuations in the 

range of 0.3-0.5 dB/km. The single-mode reference test 
bench of one major manufacturer has a repeatability (one 
standard deviation) of 0.004 dB/km for attenuation mea
surements on 2 km lengths of fiber. In comparison, the 
repeatability of their multimode reference test bench for 
similar measurements is 0.02 dB/km. 2 

Other important measurement quantities for single-mode 
fiber include mode-field diameter, cut-off wavelength, and 
geometry. Measurement agreement obtained in past TIA/ 
NIST interlaboratory comparisons is summarized in Table 
1. Are present measurements for these quantities suffi
ciently accurate to meet industry needs? 

Mode-field diameter 
Mode-field diameter (MFD) is a measure of the fundamental 
mode size in single-mode fibers. For Gaussian profiles, it is 
the diameter where the normalized intensity has decreased 
to 1/e2. A mismatch in mode-field diameter at a fiber joint 
results in an intrinsic loss. For example, a mismatch of 10% 
(1 µm out of 10 µm) in mode-field diameter results in a loss 
of 0.043 dB. This is significant since fibers can be spliced 
with a mean loss of only 0.03 dB. 

An early TIA/NIST interlaboratory comparison indicated 
discrepancies of approximately 0.7 µm between commonly 
used far-field measurement methods at wavelengths far from 
cut-off (1550 nm and dispersion un-shifted fiber).3 Those 
measurements assumed a Gaussian mode-field profile. While 
this assumption is good enough for common dispersion un
shifted fibers near their cut-off wavelength, it is not 
sufficiently accurate for other wavelengths or fiber classes. 

The currently used Petermann definition of mode-field 
diameter, based on far-field moments, does not assume a 
particular functional shape. It accurately predicts splice 
loss for all fiber classes of interest and, moreover, reduces 
to the Gaussian definition when the mode-field is actually 
Gaussian. A second interlaboratory comparison using the 
Petermann definition with essentially the same participants 
gave results that reduced the previous 0.7 µm offset to 0.05 
µm. 4 The TIA far-field scan and knife-edge measurement 
methods for mode-field diameter—FOTPs 164, 167, and 
174—now require the use qf the Petermann definition.5 

This, along with certain hardware recommendations, has, 

Table 1: Measurement Spread Observed in TIA/NIST 
Comparisons 

Parameter One Std. Dev. Nominal Value 

Mode-Field Diameter 0.11 µm 10 µm 
Cut-Off Wavelength 6-12 nm 1250 nm 
Cladding Diameter 0.4 µm 125 µm 
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in a practical sense, eliminated 
mode-field diameter disagree
ments. The current level of agree
ment is certainly adequate for in
dustry needs. 

Cut-off wavelength 
A knowledge of the second order 
mode cut-off wavelength is necessary to assure single-
mode operation of fiber systems. Bi-modal operation is 
usually undesirable and can result in modal noise or pulse 
splitting. From Table 1, we see the interlaboratory agree
ment for determining this parameter is 6-12 nm, depending 
on the method. Cut-off wavelength does not have to be 
determined with higher accuracy because it merely indi
cates the boundary of a spectral region to avoid. 

However, a few measurement problems still remain. Cut
off wavelength is typically determined from a spectral 
transmittance measurement on a 2 m length of fiber. Near 
the cut-off wavelength, the received power undergoes an 
abrupt change due to the sudden appearance of second 
order mode power at the detector. The wavelength result
ing in a 0.1 dB increase in transmittance (as approached 
from long wavelength) is defined as cut-off. 

Occasionally, "humps" occur in the spectral transmit
tance curve. They are thought to arise from power coupled 
into cladding modes. A skilled measurement operator can 
interpret the data to avoid an error or repeat the measure
ment in a modified deployment condition. The hump phe
nomenon is currently being studied by standards groups 
and should eventually be resolved. 

Geometry 
The geometrical tolerances of single-mode fiber must be 
tighter than multimode to avoid unnecessary joint loss. For 
example, a transverse offset between two single-mode fi
bers of only 0.5 µm results in a joint loss of 0.05 dB. The 
geometrical parameters of interest include cladding diam
eter, cladding noncircularity, and core/cladding concen
tricity error. A recent international measurement compari
son to determine geometrical parameters indicated a one 
standard deviation measurement spread of 0.4 µm for clad
ding outside diameter. This level of agreement is marginally 
acceptable for the industry. Future reductions in toler
ances will require more accurate measurements traceable 
to a primary standard. 

The most common measuring method involves the use of 
video microscopy to view a cleaved fiber end face. A table 
of edge points is constructed from the digitized image to 
give a best fit circle. Calibration of this type of system is 
accomplished by viewing a chrome on glass reticle or 

measuring a "standard" fiber with 
known diameter. Uncertainties in 
calibration occur when the ac
ceptable error becomes a frac
tion of a visible wavelength. Dif
fraction effects that depend on 
source coherence and spatial il
lumination then become impor

tant. Video microscopy is capable of sub-micrometer 
resolution in itself.6 A standard fiber would be useful to 
evaluate diffraction effects and obtain a system calibration. 
Two methods for obtaining sufficiently accurate standard 
fibers include techniques based on Fizeau and Michelson 
interferometry (FOTPs 92 and 93). They have been com
pared and agreement to 0.1 µm has been obtained.7 

NIST is obtaining encouraging results with an interfero
metrically controlled contact micrometer; Matt Young (NIST, 
Boulder) and Ted Doiron (NIST, Gaithersburg) are collabo
rating to evaluate the instrument.8 This general type of 
micrometer is used to determine the diameter of metal 
thread wire standards. Two jaws, referred to as the spindle 
and the anvil, contact the fiber under test with a known 
amount of force. After the fiber is removed, the moveable 
spindle is brought into contact with the fixed anvil. An 
interferometer capable of measuring differential displace
ment records the change in spindle position. 

Preliminary measurements of cladding diameter exhibit a 
one standard deviation precision (repeated measurements 
of the same fiber at the same orientation) of 0.04 µm. Poten
tial systematic corrections include the fiber deformation. 
There are well known formulas to calculate this correction 
that can be minimized by using a small contact force; how
ever, a force too small may yield conditions susceptible 
to surface contamination. A primary method for mea
suring standard fibers should be easy to implement and 
have an accuracy of 0.1-0.2 µm to meet future industry 
needs. 

Summing up 
The precision and accuracy of most single-mode fiber mea
surements are adequate for present industry needs. A pos
sible exception is geometry where the situation is marginal. 
National standards laboratories and others are working to 
provide reference measurement techniques and traceable 
standards for cladding diameter with errors less than 0.2 µm. 
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