Conclusion

Digital signal processors have been applied more and more
in industrial motion control applications. Applying these
processors together with a sophisticated control algorithm in
an optical attenuator produces a system that provides over-
shoot-free, fast, and accurate positioning of the filter disk,
even under noisy environmental conditions.
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Precision Reflectometer with
Spurious-Free Enhanced Sensitivity

The HP 8504B precision reflectometer has an improved sensitivity of
-80 dB at both 1300-nm and 1550-nm wavelengths. All spurious responses
generated within the instrument itself have been significantly reduced.
The instrument offers fiber-optic component designers and manufacturers
the ability to pinpoint both large and small optical reflectances.

by David M. Braun, Dennis J. Derickson, Luis M. Fernandez, and Greg D. LeCheminant

A precision reflectometer is an effective tool for measuring
the levels and locations of optical reflections in optical fiber
systems.1.2 The HP 8504B precision reflectometer (Fig. 1)
uses an optical low-coherence reflectometry technique em-
ploying a Michelson interferometer with a low-coherence,

Fig. 1. The HP 8504B precision reflectometer has enhanced -80-dB
sensitivity with all spurious responses significantly reduced to greater
than 65 dB below the largest reflection.
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broadband optical source to make spatially resolved mea-
surements of optical reflections. One arm of the Michelson
interferometer contains a translating mirror and in the other
interferometer arm the device under test (DUT) is placed.
When the optical path length to the mirror equals the optical
path length to a reflecting surface in the DUT, the reflected
signals add coherently, providing a calibrated reflectance
response in the measurement trace. Measurements of reflect-
ing surfaces within DUTs can be made in hundreds of milli-
seconds over distances as small as 1 mm or in tens of sec-
onds over distances as wide as 400 mm, with a two-event
spatial resolution of 25 wm at 1300 nm and 50 um at 1550 nm.

The HP 8504B precision reflectometer is an advancement of
the HP 8504A, offering an improved sensitivity specification
of =80 dB at both 1300-nm and 1550-nm wavelengths, with
all spurious responses reduced to greater than 65 dB below
the largest reflection. (A spurious response is a displayed
signal that is generated within the instrument and not by the
DUT.) Measurements of DUT reflections can now be made
accurately across the entire measurement range without the
need for interpretation of the measurement to eliminate in-
strument spurious responses.

A typical measurement application for a precision reflectom-
eter is the analysis of low optical return loss in optical com-
ponents and assemblies. Optical return loss is defined as the
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ratio of the incident optical power to the reflected optical
power in units of dB. Optical assemblies often have many
internal reflections, all of which contribute to the total return
loss. Precision reflectometer measurements identify which
physical optical interfaces within the component are causing
the greatest optical reflections and therefore are limiting the
return loss. Another measurement application uses the time
delay measurement capability of the reflectometer to make
accurate measurements of the positions or thicknesses of
elements within packaged fiber pigtailed components, the
differential time delay through birefringent material, and the
group index.3

Reflectometer Design

The key to the improved performance of the HP 8504B is a
low-coherence source optimized for precision reflectometer
measurements. HP has developed a family of powerful edge-
emitting light-emitting diode (EELED) sources specifically
designed to improve instrument sensitivity while simulta-
neously reducing spurious responses. Sensitivity is deter-
mined in large part by the source optical power level. The
output power from the EELED was improved by the use of a
long gain region. In standard EELEDs, high output power is
often accompanied by large internal reflections that cause
spurious responses in measurements. By careful control of
these internal reflections, high output power and low spuri-
ous responses were achieved simultaneously. The article on
page 43 provides a detailed description of the diode source
and of how the power was increased and the internal
reflections reduced.

Since all HP 8504B spurious responses were reduced, the
need for the normal-sensitivity mode of the HP 8504A was
eliminated. The instrument firmware was rewritten for one
standard high-sensitivity mode, making the instrument easier
to use and reducing factory calibration time and cost. This
one mode of operation allows the simultaneous measure-
ment of both large and small component reflections. Factory
cost was an important consideration throughout the instru-
ment redesign, resulting in a reduced manufacturing cost
and a lower list price. All other important features of the HP
8504A have been retained in the HP 8504B.

Optical fiber communication systems continue to demand
lower reflection levels. The improved performance of the HP
8504B addresses these increasing demands. The remainder
of this article presents three measurement examples that
illustrate different applications of the reflectometer.

Optical Connector Endface Characterization

Undesired reflections caused by contamination on connector
endfaces are a serious concern for optical fiber systems.
Contamination can decrease connector return loss and
damage the endface.

Quantitative evaluation of endface cleanliness has been a
difficult task. Visual inspection, surface interferometry, and
surface profilometry are unable to give quantitative mea-
surements of the small particles or films on connector end-
faces. Because of its high sensitivity, the HP 8504B precision
reflectometer can measure the small reflections caused by
contaminants.

A setup for measuring endface cleanliness is shown in Fig. 2.
The small reflections caused by contaminants were measured
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using a source wavelength of 1550 nm. The DUTs were cus-
tom ST connectors with endfaces polished to an 8° angle.
When cleaned properly, these components can provide an
optical return loss between 60 and 70 dB. Although there are
multiple reflection sites in the test setup, the HP 8504B was
set to examine only the connector endface of interest. The
ability to distinguish between the reflection from the angled
connector and the reflections from the other connectors
and the ability to measure the reflection from the angled
connector very accurately made the HP 8504B an excellent
choice for this measurement application.

This measurement technique was used to measure the effec-
tiveness of various cleaning processes on our manufacturing
line. An optical test system began producing inconsistent
results that seemed to be related to changes in the swab
material used in the cleaning procedure. An evaluation was
conducted examining the three materials commonly used in
cleaning connectors: “lint-free” cotton, polyurethane foam,
and polyester. Approximately twenty connectors were
cleaned with propanol, rubbed with “lint-free” cotton swabs,
and blown dry with filtered dry compressed nitrogen. Then
the optical return loss was measured with the HP 8504B.
The same group of connectors was cleaned again, this time
using polyurethane foam swabs. The return loss was then
measured again. This procedure gave a performance com-
parison between “lint-free” cotton swabs and polyurethane
foam swabs. This process was repeated with a different
batch of cables, using the cotton and polyester swabs. The
measurement results are shown in Fig. 3.

The contamination clearly increased with the polyurethane
foam swabs as indicated by a decrease in optical return loss.
The average return loss degraded from 59.5 dB when cleaned
with cotton swabs to 50.7 dB when cleaned with polyure-
thane foam swabs. The variability of cleanliness, measured
by the standard deviation of the reflection, also worsened
dramatically from 1.7 dB when cleaned with the cotton swabs
to 8.9 dB with polyurethane foam swabs. Visual examination
under a microscope indicated some evidence that polyure-
thane foam swabs may have left a film on the connector
endfaces.

The polyester swabs performed much better. Here the aver-
age return loss for the connectors cleaned with cotton swabs
was 60.3 dB and actually improved slightly to 61.7 dB with

HP 8504B
Precision
Reflectometer
A =1550 nm
Connector
Endface
Under Test

Reference
Extension
Cable

Fig. 2. Block diagram of a test setup for measurement of optical con-
nector endface contamination. The system consists of an HP 8504B

operating at 1550 nm with a single-mode fiber connected to the test
port. The single-mode fiber is terminated with an ST connector that
has been polished at an 8° bevel.
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Fig. 3. Optical return loss measurement results presented as average
reflectivity and range (60) values for cleaning procedures comparing
(a) cotton swabs with polyurethane foam swabs and (b) cotton
swabs with polyester swabs.

polyester swabs. The standard deviation for cleaning with
cotton swabs was 3.0 dB but spread slightly to 3.9 dB with
polyester swabs.

This test shows that there can be quite a variation in clean-
liness just because of changes in the swab material. Using
the HP 8504B, the measurement problems were linked to
the use of polyurethane foam swabs. A switch to cotton
swabs eliminated these problems.

This measurement technique can also measure connector
optical return loss repeatability. As manufacturers improve
the design of angled connectors, increasing the optical re-
turn loss, the HP 8504B can be used to measure their return
loss up to 80 dB.

Optical Isolator Characterization

High-performance optical isolators are used to protect
sources from reflected light by transmitting light in one di-
rection and translating light away from the return optical
path in the reverse direction. Large levels of reflected light
can cause linewidth and power output variations in distrib-
uted feedback lasers> and in Fabry-Perot lasers. In addition
to attenuating light from any downstream reflections the

O Hewlett-Packard Company 1995

First Faraday Second Rutile

40+ Angled ST Rutile Rotator
Connector

45+ |4

50+

55+

Return Loss (dB)

85T

90 t t t t

128.94 133.94

Distance (mm)

Fig. 4. A reflectometer measurement of an isolator component. Both
large and small reflections can be measured with no spurious re-
sponses. Knowing the placement of the components within the
isolator, the largest reflection is determined to be from the angled ST
connector. A double reflection from the front face of the second
rutile is observed because the first rutile is birefringent.

isolator itself must not cause reflections, or in other words, it
must have high optical return loss. A precision reflectometer
with high sensitivity is ideal for identifying which optical
interface limits the optical return loss within the isolator.

Fig. 4 shows a measurement of an optical isolator. For this
unit the highest level of reflected light occurs at the angled
fiber tip with the next largest reflection occurring at the front
face of the second rutile (TiO;). With this information the
designers can correctly focus their energy on the fiber as the
subcomponent with the greatest potential for improving the
optical return loss of the isolator. The large sensitivity and
high spatial resolution of the HP 8504B enable the designer
or production line to measure and identify these low reflec-
tions of the internal isolator components.

Polarization-Mode Dispersion Measurement
Polarization-mode dispersion (PMD) is a result of birefrin-
gence in both optical fibers and components. For an in-depth
article on PMD see page 27.

Polarization-mode dispersion of lightwave components can
be measured with a Michelson interferometer instrument

such as the HP 8504B. Fig. 5 shows a block diagram of the
measurement system. Placing the DUT in the reflectometer

3-dB Fiber Tip

. Coupler Source Arm
Birefringent
DUT 1 E /
- —
Translating Mirror

Detector

HP 8504B Precision Reflection

Fig. 5. Test setup used for measuring polarization-mode dispersion.
The device under test is placed in the source arm of the HP 8504B.
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Fig. 6. Measured plot of a birefringent isolator. Three characteristic
reflections are observed giving a polarization-mode dispersion mea-
surement of 1.209 ps.

source arm allows partially polarized light from the HP 8504B
EELED source to travel on both the slow and fast polarization
axes of a birefringent device. The light on the slow polariza-
tion axis is delayed by an amount At relative to the light on
the fast axis. The HP 8504B produces a pair of responses
when the moving mirror is positioned such that the optical
path length of its arm is first longer and then shorter than
the fixed-length interferometer arm by an amount corre-
sponding to At. A response also occurs when the position of
the moving mirror is such that the interferometer arms are of
equal optical length, regardless of the PMD of the device.

Device PMD can be determined by configuring the HP
8504B horizontal axis in a time format and using the markers
to measure the time difference between a symmetrical pair
of DUT responses. Measuring between the pair of DUT re-
sponses corrects for the fact that as a reflection measurement
instrument, the HP 8504B presents distance or time-of-flight
measurement results in a “one-way” format. The minimum
detectable dispersion is directly proportional to the HP
8504B’s spatial two-event resolution and is 160
femtoseconds at 1300 nm and as low as 320 femtoseconds
at 1550 nm.

This measurement technique lends itself very well to bulk
optic devices such as isolators. Fig. 6 shows the measure-
ment response at 1300 nm of an isolator placed in the
source arm of the HP 8504B. The PMD value of the isolator
is 1.209 ps.

The EELED source of the HP 8504B has a spectral width
approaching 60 nm which means that the measured PMD is
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a composite over the bandwidth of the EELED. If there is
significant mode coupling in the DUT, as can occur in single-
mode fiber, the differential group delay (typically used to
describe PMD at a single wavelength) can vary significantly
as a function of wavelength. The HP 8504B measurement
technique for such a DUT will not yield discrete interferome-
ter responses. Jones matrix eigenanalysis and wavelength
scanning methods, both available in the HP 8509A/B polar-
ization analyzers, are preferred for characterizing single-
mode fiber. For more on measuring PMD in single-mode
fiber see the article on page 27.

Conclusion

An optical low-coherence reflectometer with large sensitivity,
high spatial resolution, and an insignificant level of spurious
responses is an effective tool for many measurement appli-

cations. The HP 8504B offers this measurement capability in
a calibrated, easy-to-use instrument.
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