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Abstract: The high spatial resolution and high sensitiuityerent to optical frequency domain reflectometmgbles
precise measurements of distributed insertiondoskreturn loss events. The ability to compensten loss for
variable insertion loss greatly adds to the acguaad practicality of measurements. Further, tygability of
measuring the Rayleigh backscatter internal tartkigument provides a stable power calibratiorfamti

Introduction

Excessive system return loss (RL) negatively impaource stability and contributes to loss in régked
fiber optic telecommunication systems. In ordemiet system performance goals, precise measurefeitirn
loss in individual components as well as in insthlhetworks is required, especially when tempomngeghanical
connections are used. Most current return lossuoreaents are made using optical continuous wdlestemetry
(OCWR) and optical time domain reflectometry (OTOER) One of the primary error sources for RL
measurements using these devices is the erroréddme variable insertion loss at the connectiotihéotest
equipment optical interface. While this error s@umay be minimized by splicing the device undst (BUT) to
the instrument, this procedure is not practicdligh volume manufacturing environments or for itlsthnetworks.

Both OTDR and optical frequency domain reflectome{®FDR) are well suited for characterizing netkgwith
some degree of spatial resolution. Both technidqygisally have enough sensitivity to monitor tligef Rayleigh
backscatter level which can, in turn, be used tasuee distributed loss and gain [2,3]. TypicallyORs lack
sufficient spatial resolution to be useful at tenponent and module level where one might be istedein, for
example, locating a spurious reflection among aatemation of several components each with muléfgenents.
OFDR is a tunable laser-based frequency domaimigeh that has several distinct advantages over diomain
and low coherence techniques when the optical systender test are several tens of meters in Iddgih These
advantages include sub-millimeter resolution measents over a few hundred meters of optical lertggh
sensitivity, and high dynamic range.

The capability of measuring localized insertiorslosing OFDRpresents a unique opportunity to provide consistent
measurements of device RL even in the presencaritble connector loss, even for short lead lengtRarther,

the lack of a dead zone and high sensitivity allomsOFDR-based instrument to calibrate return pdesels to

the Rayleigh backscatter level of fiber within thetrument. This onboard calibration capabilitgydes a highly
stable and reproducible reference for RL measur&mefhis paper outlines the methodology usedtabdish a

value for the scatter in optical fiber, and hovstRiayleigh scatter level is used to maintain comsiseflection
measurements.

M easur ement Appar atus

The optical network used to implement OFDR is shawfig. 1. Light from a tunable laser sourcephts
into measurement and reference optical pathshemteasurement path, the light is further spliat®0/50 coupler.
A third coupler is used to recombine the light frdma measurement path with the light from the efee path.
After recombination, the light is split by a polaation beam splitter. Interference is detectagvatPIN
photodiodes that are connected via amplificatioouifry to a data acquisition card. This polaiizatdiverse
detection scheme ensures that an interferencel sighbe present on at least one of the deteditoespective of the
polarization state of the field reflected from thevice under test (DUT). Not shown in Fig. 1 isaaxiliary
interferometer used to monitor phase error durasgi tuning. This technique is called triggereguaition and is
commonly used in OFDR systems to remove laser ¢uairors from the data [4]. Also not shown isoatipn of
the network wherein a Hydrogen Cyanide gas-celsed to monitor the instantaneous wavelength of¢hening
laser.

The network shown in Fig. 1 is used to measurectdt power as a function of wavelength. The aflected
power as a function of length is obtained via tberfer transform of the raw data (see referencédi6iietails).
The maximum measurable length for this instrumgietermined by the sampling resolution in theoapbti
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Fig. 1. Optical network used to perform polarizatdiverse measurements of Rayleigh backscatter.

frequency domain which is in turn determined byghgsical delay difference of the auxiliary intedmeter used

for data triggering. In this paper, the instrumesgd had a maximum scan range of 30 m withGpatial
resolution.

To calibrate the measured back-reflection to aolabs RL, the response of a set of polished flat face
connectors was recorded. The expected value ®lthean be calculated using the Fresnel equation:

n-1 2
RL =-10log (—j (1)
n+1

According to the fiber manufacturer the value for effective index of refraction n for these coniaecis 1.4682 at
1550 nm, resulting in an expected RL of 14.44 éthough the above equation is only an approxinratiad the
RL of such connectors is dependent on the surfalighpquality and cleanliness, we have observetihiza
consistency for such connectors manufactured irséadgibetter than that of most commercially avéglahetal-film
fiber reflectors. After the reference set of reftes was used to scale the return power, the Rgwteckscatter
level for a segment of fiber within the instrumeltse to the front panel connector was recordegonlany
subsequent recalibration of the instrument, anfy idridetector responsivity or amplifier gain caam dorrected for
by comparing the measured backscatter level dfittee segment to the recorded value. Although exemot yet
completed an extensive survey, we have found higatdpeatability of the Rayleigh backscatter |éoethe fiber
used in our instruments, Corning SMF-28e, is erctllwith a standard deviation less than 0.05 dE&fb m
integration width.

Making Insertion Loss-Independent Return L oss M easurements

Any measurement of RL involves making a connedtiothe device under test. If there is loss in the
connection, this loss will add directly to the apgrd RL. As a practical matter, the insertiorslo§the connector
to the calibration artifact, component or netwakot controllable and typically varies by seveeaths of a dB
every time a new connection is made. Since OFBRiges a means of measuring this connector loss,
reproducible RL measurements are possible evereipresence of variable connector loss.

To demonstrate the repeatability of a RL measuréimehe presence of loss, we measured the RLpoliahed ST
connector at the end of a 1.9 m lead with a FC-&B@hection to the measurement instrument. To im@uearying
amount of loss, the fiber was mandrel wrapped gty 0.3 m after the connection to the instrumetit. 2 shows
two example scans of this DUT and one scan witHexace connected. Because the ST connector higt &h,
two measurements are required to determine theFist, the DUT is measured with no alterationc@wl, a
measurement is taken with the fiber immediatelptethe ST connector pinched off to reduce the lRinfthe
connector. This reduces the effect of the tadsifthe reflection peak on the measured data aud, &mables a
measurement of the Rayleigh scatter immediatelgrbehe reflection.

Four measurements of the reflected power alongidesured traces are required to determine the Ribest
accuracy. These measurements are obtained by rimepthe integrated normalized power over a defieadth
centered at a specified location. The first pomeasurement,Pis recorded over a span of fiber inside the
instrument and will be the sum of the Rayleigh bscitter Ry and the background noise level PThe second
power measurement B recorded over a span of fiber just prior tordfection event and is given by the sum of
Pg and the Rayleigh backscatter level divided bydbeble pass attenuation factor A. This factor,sfthie
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Fig. 2. Sample traces for determining the retuss lof a reflection event in the presence of higerition loss. The
four dark lines beneath the traces indicate measameintegration regions for the four measurements.

attenuation caused by the double-pass insertia(fasm the front panel connection and the mandralp)
between Pand R. Both Rand R are measured using the pinched-off trace. lattenuation is large, it is also
necessary to record a value of the background heisé R, by placing measuring the power in the background
trace near the locations whergdPd B are recorded. The expressions describyané R are,

and
P = Poa/ A+ Py. ®)

The power returned from the reflection eventdrecorded using the unaltered trace over a spdata centered on
the reflection event. In addition to the powemfrthe ST reflection &, this measurement will also contain
components due tosRand B. B is, then, expressed as:

P, =(Pgr + Pra/2)/ A+ Py 4)

Using these equations, the IL of the loss evertstlam RL of the ST connector can be calculated as

IL=10log(A)/2 = 5|og(MJ (5)
P, —Pg
and
Po —Pg
RL =-10log(Pst )=-10log W(P2 —Pg)-(Py-Pg)/2|. (6)
1B

To demonstrate that the return loss value is rapémaeven with high insertion loss, the RL was wdlalied for the
ST connector described above with varying numbéveraps around a mandrel. The recorded refledtiaces
without the pinch off applied for each attenuatievel are shown in Fig. 3. The results of the meaments are
shown in Table 1. The resulting standard deviafiwrthe RL calculation over a range of insertioades from 0.79
to 14.65 dB was only 0.05 dB.

To demonstrate the repeatability between instrusmd®it measurements were taken on a set of sevefultar
polished flat end face connectors using four défferinstruments. The insertion loss at the framgb connection
for these measurements was generally less thastB).T he results are presented in Table 2. Thelatal deviation
is a measure of the combined variations of the Rasarement and the instrument calibration proceaiudas
equal to or less than 0.15 dB.
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Fig. 3. Traces of a reflection event with varyargounts of insertion loss.

Table 1. Return Loss measurements for the sampmuant for a wide range of Insertion Loss.

Relative Power Level Measurements Results
Po P: P2 Pg Insertion Loss | Return Loss
Mandrel Wraps (dB) (dB) (dB) (dB) (dB) (dB)
0 -76.45 | -78.01 | -16.09 | -96.31 0.79 14.51
0.3 -76.43 | -81.20 | -19.42 | -96.31 2.43 14.57
0.5 -76.44 | -84.88 | -23.19 | -96.31 4.36 14.47
-76.41 | -88.82 | -27.76 | -96.21 6.62 14.52
2 -76.48 | -93.74 | -35.29 | -96.31 10.36 14.57
-76.48 | -95.85 | -43.91 | -96.31 14.65 14.61

Table 2. Return loss values for a set of flat & connectors for 4 different instruments.
Return Loss (dB)
Instrument| Conl Con2 Con[3 Con4 Con5 Con6 Ton
OBR 7022 14.21] 1419 141 1437 140 14|82 14.36
OBR 7071 14.35] 1439 14.4 14.63 1445 1497 14.69
OBR 7078 14.37] 1431 14.3 1486 14.p3 15|01 14.59
OBR 7083| 14.55| 14.46 14.4 1410 1487 15[10 14.66
Std. Dev. | 0.14] 0.12] 013 014 01p 042 0.15

STOToTw

Summary

We have demonstrated that an OFDR-based instruseapable of producing repeatable RL
measurements even for wildly different values efitisertion loss in close proximity to the reflectievent. This
capability greatly adds to the utility of the me@sunent, as the uncertainty due to the insertios &$he connection
to the instrument is eliminated. Additionally, Wwave shown that our instrument calibration procegdwhich ties
the RL values for a reference set of flat end fdwer reflectors to the Rayleigh backscatter Ideela fiber segment
inside the instrument, produces consistent rebeliween instruments. Establishing the consistehtlye precise
level of the fiber Rayleigh scatter for fiber maactured under very tight tolerances may eventultw its use as
a widely available, inexpensive, and stable retoss calibration artifact. These are preliminagults and are
expected to improve as we continue to refine ttibredion process for absolute return-loss measargm
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