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Optical Time-Domain Reflectometer Performance

and Calibration Studies

B. L. Danielson*

National Bureau of Standards

Boulder, Colorado 80303

The measurement accuracy of the optical time-domain reflectometer (OTDR) is restricted

in some applications by a limited operational dynamic range and by a lack of standardized

test procedures. In an effort to better understand these restrictions, we have measured

the range of linearity of some avalanche photodiodes used as backscatter detectors. Also,

the effect of input launch conditions is examined and a possible standardized OTDR test

procedure is proposed. Using these suggestions, we have made comparisons between attenua-

tion values determined by cutback and backscatter methods and found that good agreement is

possible. Finally, some methods are described for checking the response. linearity of OTDR

systems.

Key words: APD; avalanche photodiodes; backscattering; backscatter signatures; optical

fiber scattering; optical time-domain reflectometer; OTDR.

1. Introduction

The optical time-domain reflectometer is a versatile instrument that finds many applications in

optical fiber diagnostics and in the estimation of various waveguide parameters [1]. In this device,

optical power is launched into the fiber or cable in the form of a short (5 to 100 ns) pulse and the

Rayleigh backscattered light, as well as reflections from imperfections and joints, is recorded as a

function of time. The analysis of this signature can yield much useful information regarding the

nature and location of faults and external perturbations. In addition, the OTDR can give quantitative

estimates of attenuation, impulse response, fiber diameter fluctuations, fiber or cable length, and

splice or connector loss. Backscatter methods are not without their limitations, however. The accur-

acy of parameter estimates which can be obtained with this approach often suffers in comparison with
other measurement techniques. The present work is part of a continuing study of the applicability of

this backscatter method for accurate fiber characterization. Previous reports in this series were

concerned with the effect of fiber inhomogeneities on attenuation values [2], the description of

experimental methods [3], and the analysis of signatures under a variety of experimental conditions

[4]. Here we will consider two issues which bear on the reproducibility and ultimate accuracy of OTDR

measurements: linearity of response of the avalanche photodiode detectors (APDs), and the effect of

*Electromagnetic Technology Division, Center for Electronics and Electrical Engineering.
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launch conditions on attenuation in graded-index fibers. These two problems are treated separately in

sections 3 and 4, respectively. The problem of linearity is crucial since backscatter systems rou-

tinely operate over a very large range of incident optical power. Also standardized operating condi-

tions for the launch and recovery of radiation are necessary for consistency and for good agreement

between backscatter and other methods for determining fiber attenuation. Some possible preferred pro-

cedures for OTDR systems will be discussed.

2. Review of APD Operation

The main concern of this section is the review of some of the properties of backscatter radiation

detectors which affect the performance of OTR systems. Although photomultiplier tubes have been used

occasionally in this type of application, the avalanche photodiode detector is preferred due to its

small dimensions, insensitivity to overload, fast response, and modest bias voltage requirements. The

scope of the treatment here will be restricted to the wavelength interval from 800 to 900 nm where

most backscatter systems operate. In this region, silicon APD detectors are used almost exclusively

since they have high quantum efficiency and low noise properties relative to other semiconductor mate-

rials. These devices are important in optical communication systems, and as a consequence have been

the object of an intense development effort. Thtir characteristics have been well documented in a

number of recent review articles which we will draw on in the following discussion [5-20].

2.1 Sensitivity Considerations

Most optical time-domain reflectometers routinely operate with received optical power in the

range of nanowatts. At such small power levels, and with broadband detection, it is difficult to pro-

cess the signals electronically without adding excessive noise. For this reason, most backscatter

systems use APD detectors which are capable of low-noise avalanche gain in the detector itself. The

gain mechanism in this case is based on collisional ionization as shown in figure 2-1. In the case of

silicon detectors, electrons have higher ionization coefficients than holes, and are responsible for

the bulk of the gain. These carriers are accelerated in the high electric field region to energies

sufficient to produce secondary carriers in a collisional process. The secondaries themselves undergo

ionizing collisions. Overall gains are typically about 100 or so. Some excess noise is introduced by

the multiplication process but the overall sensitivity nevertheless is improved significantly over

detectors which do not possess internal gain.

Electron E
Injection E

Impact
Ionization

S

Figure 2-1. Schematic representation of the avalanche multiplica-
tion process in the high-field region of a back biased
silicon p-n junction. Pair generation is predominant-

Distance ly by eltctrons. fhe direction of the electric field
E is inaicated by the arrow (after Melchoir [19)).
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Drift Multiplication
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P i +y

n
Figure 2-2. (a) Typical structure of a reach-

(a) through type silicon avalanche
photodiode. Radiation enters theElectric detector from the right.Field t (b) The electric field in the
detector. The horizontal scale is

(b) the same as in a.

2.2 Principles of Construction and Operation

Many diverse solid-state avalanche photodiode types and structures have been reported in the
literature [14]. Specific properties, for example fast response, high gain, or low noise, can often
be tailored by specific device construction. We will restrict our discussion here to a particular
subclass of APDs which are usually referred to as the "reach-through" type. These detectors have
several desirable characteristics and are probably the most common in optical communication systems.
The experimental work in this report (section 3) was confined to this sort of detector. At the pre-
sent time they are available commercially from a number of vendors [21].

A schematic representation of the diode configuration of a reach-through avalanche photodiode is
shown in figure 2-2a. The corresponding electric field profile is given in figure 2-2b. When such a
detector is back biased, an electric field is created in the neighborhood of the p-n junction due to
the removal of mobile carriers. This region is called the depletion layer. As the applied electric
field is increased, the depletion layer of the diode "reaches through" to the almost intrinsic i
region. The bulk of the incoming radiation is absorbed in the i region, and the resulting photo-
generated electrons drift to the high-field zone where avalanche multiplication occurs. The light is
shown in figure 2-2a entering the device from the right; operation is also possible for radiation
entering through the other face. This type of structure has several distinct advantages. In addition
to a fairly fast response time and high gain characteristic, the regions of photon absorption and car-
rier multiplication are separated. This insures uniform multiplication statistics, resulting in low
noise [13]. Generation of electron-hole pairs within the multiplication region is also undesirable
since it reduces the effective multiplication factor. In addition, the reac-through geometry results
in an negligible "diffusion tail" on the impulse response [22]. In some detectors carriers can be
generated in low-field regions. Since the carriers must undergo a relatively slow diffusion to the
high-field region, the impulse response has a long fall time--o-ten many microseconds in duration.
Diffusion tails obviously are undesirable for OTDR applications where the slow component due to the
initial Fresnel reflection from the input end could obscure the signal backscattered from remote parts
of the fiber.

A typical circuit application is shown in figure 2-3a. The detector is backbiased at a voltage
of a few tens to a few hundreds of volts, depending on device structure. A large capacitor C provides

a constant voltage to the APD during high peak pulse operation and allows for a low impedance ac
return. The resistor RL is a physical load resistor.
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Rsc Rs

HV R C i ZL
Power C
Supply R7 To

Amplifier

(a) (b)

Figure 2-3. (a) APD biasing circuit. RL is the load resistance, and C a large capacitance. (b) APD
simplified equivalent circuit. The detector can be approximated by a current source. Rs
is the diode contact resistance, R c the effective space charge resistance, R" and Ci the
internal impedance. Here, ZL is tie effective load impedance which includes lhe load
resistance and the input impedance of the preamplifier (adapted from ref. 7).

A simplified equivalent circuit appropriate for OTDR applications is illustrated in figure 2-3b.

This circuit may be described in terms of the following parameters [7]:

Ci Diode capacitance

Id Bulk dark current component which undergoes multiplication. This originates from spontaneous

effects in the depleted layer and photodetector surface.

R Detector responsivity

Rd Reverse junction resistance

Rs Series contact resistance

Rsc Effective space charge resistance

ZL Load impedance including preamplifier input resistance

The current source is equal to (P0R + Id) M, where Po is the optical power impinging on the detector.

The bulk dark current Id is typically 3 x 10-11 to 1.0 x 10-10 A/mm2. In addition, there is a surface

dark current component which is not multiplied whose magnitude is around 50 nA. We have neglected

this latter component since usually it is not the dominant contribution to the noise current in small

area detectors at high gains. We have also assumed the background induced current to be zero in this

case. The reverse junction resistance Rd is usually large enough (1010 9) to be ignored. The diode

series contact resistance Rs is typically a few ohms. The effective space charge resistance Rsc is

not a physical resistance (it does not affect the rise time of ,the device) but is useful in describing

saturation effects to be described in section 2.4. A typical value is about 2000 9. The junction

capacitance Ci, of a few picofarads, must be kept low to insure a good speed of response.1

'For most reach-through APDs operated at gains near one hundred, the response time is determined by
drift transit time in the i region. In some wide bandwidth structures the time required for the
multiplication process will dominate the response speed. In this case, the APD can be characterized
by a constant gain bandwidth product; the higher the gain, the slower the response. Usually the
multiplication time will dominate if the gain-bandwidth product is greater than about a hundred
gigahertz.
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C
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Figure 2-4. Current-gain versus voltage
characteristic for a silicon APD at
different temperatures, measured at
825 nm (adapted from Melchoir [23]).
In order to avoid "diffusion tails" on

I the impulse response, the APD should be
0 100 200 300 400 biased above the voltage V which fully

Bios VItage depletes the i region.

2.3 Temperature Effects

An important property of APDs, especially in field applications, is their temperature dependence.

Although at wavelengths of 950 nm or less the quantum efficiency is approximately independent of tem-

perature,2 the avalanche gain is a strong function of temperature (as well as bias voltage); increas-

ing the temperature decreases the gain. Figure 2-4 shows the gain-bias voltage curves for several

temperatures for a typical reach-through photodiode. In this diagram, the voltage V indicates the

threshold at which the absorption region becomes fully depleted, usually when multiplication values

reach 2 to 20. Normal bias voltages lie above this value. One quoted figure for an APD temeprature-

gain dependence is given in reference 23. Here, 1.4 V of bias voltage increase is required for each

degree Celsius change in temperature in order to keep the gain constant. This figure will vary
according to the width of the depletion region. Since the gain is a temperature-dependent parameter,

the detector often must be stabilized by feedback control in order to insure accurate signature acqui-
sition.

2.4 Saturation Effects

The operational power limits of the APD detector largely determine the dynamic range of the OTDR,
which is a critical performance specification in backscatter applications. At high optical power

levels the detector undergoes nonlinear effects, particularly gain saturation. The principal mecha-

nisms responsible for these nonlinearities are:

A. Large currents across the series resistance or load resistance decrease the effective bias volt-

age.

B. Space charge effects may decrease the electric field in the gain region. The reduction in field

leads to a current-dependent reduction of the carrier multiplication factor. This can be seen as

follows. The current flowing in the avalanche region reduces the electric field by an amount

given by the relation [24]

'At 1060 nm the quantum efficiency increases rather dramatically with temperature.

273 296 36

Temperature (K)



AE = IW (2-1)
2evdA

with

I current in avalanche region of diode

W width of avalanche region

E dielectric constant of silicon

vd average drift velocity of carriers

A illuminated device area.

The field is associated with an effective bias voltage change of WAE. Then the space charge

effect can be identified with a resistance Rsc in the equivalent circuit of figure 3-1b as

W2
R = . (2-2)
sc 2ev A

The effect of this resistance is to create a current-dependent reduction in the carrier multipli-

cation factor. Equation (2-2) implies that radiation focused to smaller spot sizes will saturate

the detector at lower optical power levels.

C. High optical power levels may cause local heating. The resulting increase in temperature

decreases the gain.

Also, gairi nonuniformities over the surface of the detector and microscopic defects complicate these

processes. In general, the saturation behavior will be a function of material parameters, the device

structure, and the incident radiation wavelength [14]. In addition to the detector effects, the pre-

amplifier associated with the APD may exhibit a nonlinear response at high peak current levels. For

optical power levels less than the saturation level, the APDs typically show excellent linearity [7].

2.5 Signal-to-Noise Ratio and Dynamic Range Considerations

As we have seen, the maximum optical power compatible with linear operation of the OTDR, Pmax, is

determined by saturation effects. For very weak optical signals, on the other hand, the sensitivity

will be impared by the masking effects of noise. We will now examine some of the more important

sources of noise in detectors, and derive an expression for the effective dynamic range of the detec-

tor for a given signal-to-noise ratio (SNR).

The noise in APD detectors is of two basic types:

A.- Current shot noise with a mean square value given by

= 2 q (I + Ib + Id) M2+x B (2-3)

with

q electronic charge (1.602 x 10-19 C)

Is photogenerated primary signal current

Ib background radiation induced signal
B noise bandwidth

M multiplication factor

Mx excess noise factor (x approximately 0.3 to 0.5)

and other terms defined as before.
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This shot noise is due to current fluctuations arising from the discrete nature of the photogen-

erated carriers in the detector, and the fact that the generation of the electron-hole pairs is not

completely deterministic. This type of noise will generally dominate in optical receivers when signal

current levels are large.3

B. Thermal noise of the detector-preamplifier considered as a unit, with a mean square value which

can be approximated as

= 4kTFB (2-4)
th ZL

with

k Boltzmann constant (1.380 x 10-23 J/K)

T temperature K

F preamplifier noise figure. In some cases this may be bandwidth dependent. In general, it is

a function of load impedance.

ZL effective detector load impedance, including input impedance of preamplifier.

This source of noise is also termed Johnson noise. For Gaussian noise processes the total noise cur-

rent variance T is just the sum of TZ and h or
n c th

n = 1 + = 2q(I + Ib + Id )M2+x B + 4 k T F B/Z . (2-5)n c th qs b dM xBL

For direct detection, the output (electrical) signal-to-noise ratio is now defined to be

- -2

SNR = ( =)2 ( s 2-6)
n 2q(Is + Ib + Id)M2+xB + 4k T B F/ZL

where is is the signal current amplitude after amplification, and is related to the incident optical

power Po by the relation

is = R P = R0 M P. (2-7)

Here R is the detector responsivity (A/W) with the corresponding unity gain responsivity Ro. This

latter quantity may also be expressed as

R =qnc (2-8)
o h c

with the usual notation:

n quantum efficiency,

X wavelength of light,

h Planck's constant, and

c velocity of light in vacuum.

he signal-dependent component of this noise, eq (2-6) with x = Ib = I = 0, is referred to as the
quantum noise. In an ideal receiver quantum noise will dominate over thermal noise if hv >> kT.

7



If the wavelength is expressed in micrometers, this becomes, approximately

Ro = 0.806 \n. (2-9)

Equation (2-7) makes explicit the fact that APDs are square-law detectors; that is, electrical power

output by the detector is proportional to th'e square of the optical power.

Melchior [19] has shown that the SNR in eq (2-6) is maximized when the avalanche gain is in-

creased to the point where the shot-noise term is just equal to the thermal-noise term. In this case,

the minimum detectable signal is lower by a factor of approximately /2/M over a comparable thermal

noise limited detector with M = 1.- In actual operating systems, however, the maximum achievable gain

is often set by device constraints of saturation effects. Also, eq (2-6) shows that, other quantities

remaining constant, as the load impedance ZL increases the SNR is improved. This can be accomplished

by using a transimpedance amplifier in close proximity with the detector.

A convenient quantity for expressing noise performance at the lower limit of detector sensitivity

is the minimum detectable optical power, Pmin. This is defined to be the optical power incident on

the APD which gives rise to a signal current just equal to the total noise current from the detector.

Under these conditions, the SNR in eq (2-6) is equal to unity and we can write

hcB x 2x 1 x 4 k T F 1/2
Pmin = (M + {M + B[(Ib + Id )M + T } . (2-10)

mi q b q Z

Another parameter often used to indicate noise performance is the noise equivalent power (NEP),

usually defined to be the minimum detectable power normalized to unit bandwith,4 or

P.

NEP = min. (2-11)

The linear optical dynamic range (ODR) of the detector in decibels can then be written as

P P

ODR = 10 loq (Pmax) = 10 log ( max_). (2-12)
mi n NEP/B

In the next section we will determine the values of Pmax and ODR for several APD detectors which have

been used in OTDR systems.

3. Linearity Measurements

3.1 Measurement Methods

In this section we describe measurements on the responsivity of several reach-through avalanche

photodiodes. At high levels of incident radiation, all the detectors are observed to undergo satura-

tion in the responsivity. From these measurements the maximum power for linear operation can be

determined. The experiment was designed to test the APDs under conditions closely approximating those

encountered in the time-domain reflectometer which has been described in detail elsewhere [3].

' some cases, detector NEP is given without specifying the associated amplifier properties or load
resistance. In our context, this type of NEP figure would only be meaningful if the dark current
term is the predominant source of noise in eq (2-10). This is possible with state of the art ampli-
fiers and small-area detectors with gains greater than about 30 [7]. In this case, Pmin =
V(qIMxB)/Ro. This is not a very sensitive function of the multiplication gain. Using a bandwidth
of 100 MHz, this minimum power can be a few tenths of a nanowatt. Also, we can see from eq (2-10)
the NEP is independent of bandwidth only under these limiting conditions.

8
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Figure 3-1. Apparatus for measuring APD response linearity.

The measurement apparatus is illustrated in figure 3-1. A single heterojunction GaA1As laser

diode operating at 850 nm is used as a source. The output optical pulse has a full width half maximum

of about 18 ns. Since the laser emission has a stripe geometry, a more uniform source distribution

can be obtained by injecting the radiation into a short length of step-index fiber which acts as a
mode scrambler. The fiber output emitting surface is then a fairly uniform spot of about 50 um diam-

eter. The microscope objective lens L2 collimates this radiation which is then attenuated by cali-

brated neutral density filters (NDFs) and focused on the test detector mounted on a micropositioner.

A calibrated silicon PIN detector (EGG model SGD 100A) [25] may be inserted in the same position to
measure the power level at that point, and also to calibrate the NDFs.5 The test spot size is given

by the launch spot size multiplied by the ratio of focal lengths of lenses L 3 and L2 . The detection
system consisted of a two-channel boxcar integrator with an X-Y recorder readout (as in the OTDR), a
constant gain G = 100 amplifier, and a variable calibrated electrical attenuator (50 0, HP models 355D
and 355E). The electrical attenuation KE was adjusted so as to produce a nearly constant inut to the
signal processor. The boxcar integrator was tuned to measure the peak pulse amplitude with a conver-

sion gain of Kb. A silicon detector-beamsplitter arrangement was used to insure a constant amplitude

optical pulse input to the optical attenuators. The second channel of the boxcar averager was used to

process this monitor signal. Under these conditions the voltage at the output of the detector Vd is

related to the recorder output voltage Vo by the relation

V

d FB KE G. (3-1)

USilicon detectors can also exhibit saturation effects. In the detector used here, observable changes
in responsivity occur at optical powers as small as 1 mW with a spot size of 39 um.

9 L .;4



The power actually impinging on the detector PL is

PL = KO LO (3-2)

where PLO is the measured optical power with no optical attenuation K0 in the input beam. The respon-

sivity of the detector with a 50 Q load resistance ZL is then given by

V
R = d (3-3)

L L

Since we are interested here only in the relative outputs, somewhat greater measurement accuracy can

bp obtained if we normalize the responsitivity by taking the ratio of the responsivities at high- and

law-power levels. Then

PL(1) KE(1) VR o )K3-4)

R(1) P K V (1) (4L E o

where

PL(1) = Ko(1) PLo (3-5)

and the subscript 1 refers to the average value of the quantity in question at low optical power

levels. Then using eqs (3-2), (3-4), and (3-5) we can determine the relative responsivity as a func-

tion of absolute optical power level.

3.2 Results

Three commercial reach-through APDs were examined for saturation effects under differing condi-

tions of bias voltage and spot size. For reference purposes, the manufacturer's nominal specifica-

tions are listed in table 2. Detectors A and B were discrete types, while detector C was a modular

type with an integral preamplifier.

The normalized responsivity for the three test detectors is shown in figures 3-2 to 3-4. If we

arbitrarily define Pmax as that peak optical power at which the relative responsivity drops to 0.8, we

can see that the values lie in the range 5 x 10-7 to 2 x 10-5 W. 6 The response of detector C is

determined in part by the associated preamplifier rather than the photodiode itself. The saturation

value decreases with spot size as would be expected from eq (2-2). A lower bias voltage increases the

saturation value. There is also some indication that small nonlinearities may occur in the gain at

power levels below the onset of saturation. The individual results for the detectors under the var-

ious test conditions are summarized in table 3. We have taken the optical dynamic range equal to be

10 log(Pmax/NEP-B0'5) from eqs (2-11) and (2-12). We have also assumed a bandwidth of 100 MHz and

used the manufacturer's quoted NEPs in these calculations.

6A P of about 6 x 10-5 W has been reported by Melchoir [26] at 488 nm in a silicon avalanche
photoi ode.
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Table 2. Nominal specifications of the APDs tested in this work

Detector Photosensitive Maximum Avalanche NEP R @
surface diam. bias voltage breakdown 900 nm

voltage

mm V V W/Hz-1/2 A/W

A 0.8 285 311 1.3 x 10-14 61

B 0.8 423 473 1.2 x 10-14 36a

Cb 0.8 550 --- 2 x 10- 14  2 x 104

a At 1060 nm
b Detector/preamplifier module

Table 3. Maximum power and dynamic range for linear operation of test photodiodes

Detector Spot Bias Pmax Dynamic
size voltage range

um W dB

A

A

B

B

C

C

188

790

39

188

188

188

280

280

423

423

550

550

1.3 x 10-6

2.0 x 10-5

5.1 x 10-

3.0 x 10-6

4.9 x 10- 7

3.4 x 10-6

40

52

36

44

34

42

a Assumed bandwidth: 100 MHz

Some representative APD output pulse shapes are shown in figures 3-5 and 3-6. The response in

(a) in both figures is from a relatively low power optical input pulse. Twi corresponding response in

(b) is from an optical pulse whose power level is considerably above the saturation threshold for the

detector. The electrical pulses have been attenuated so that the oscilloscope displays are on the

same scale. It can be seen that, except for some barely perceptible ringing at the high-power levels,

the two responses of detector B (fig. 3-5) are very similar. The behavior of detector A (not shown)

is nearly identical. This demonstrates that the photodiode itself recovers from overload on a time-

scale much shorter than the pulse duration used in this experiment. On the other hand, the response

of detector C (fig. 3-6) has a recovery time that increases with optical power at and above Pmax. It

will be recalled (table 2) that this detector has a built-in preamplifier. Apparently, the amplifier

is responsible for the observed recovery effects.

3.3 Discussion of Results

It is clear from the experimental data that there is a wide variability in the responses of the

APDs. These differences are related to the detector type, operating conditions, and associated pre-

amplifier. For maximum linear dynamic range the entire photosensitive surface should be illuminated.

With detectors having integral light pipes this is not a problem, but some care is required when beam

optics are used. Also, the dynamic range can be improved somewhat in certain cases by the simple ex-
pedient of reducing the bias voltage. As long as the internal gain is sufficient for the shot noise

to dominate over amplifier thermal noise, there is little advantage to further increasing M. Finally,

the preamplifier must be carefully designed so that it does not cause excessive distortion at high

peak powers.
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Figure 3-5. Response of detector B as a func- Figure 3-6. Response of detector C as a func-
ticu of time for different input tion of time for different input
power levels: (a) 1.6 x 10? W, power levels: (a) 5 x 10-8 W,
(b) 7 x 10-3 W. (b) 3 x 10-5 W.

3.4 Linearity Checks

Since there is such a wide range of possible photodiode response patterns, it is desirable to

have simple linearity checks which can be applied to actual OTDR systems under operating conditions.

We mention three possibilities here.

1. A reference test fiber can be used. The attenuation as a function of length (which implies

the optical power to the detector is a function of time) can be compared with measurements

made on the same fiber by other observers. Under specific and controlled experimental condi-

tions, the OTDR response can be precisely characterized in this manner. Such a test sample

(fiber c), to be described in section 4, is available at NBS. It is one of the fibers which

has undergone attenuation measurements by the two-point or cutback technique in a series of

interl aboratory compari sons.

2. A simple qualitative check for saturation effects involves comparison of the optical attenua-

tion values of any test fiber made under normal operating conditions with those made under

reduced bias voltage or laser diode power; lower values of apparent fiber attenuation under

reduced conditions indicate the possibility of saturation effects.

3. A more quantitative check can be made if beam optics are used in the OTDR system. In this

case, a reference absorption-type neutral density filter is inserted in the backscatter beam

at some point where the signal beam is approximately collimated (see fig. 3-7). The filter

should have a small attenuation value (e.g., an optical density of 0.1) but need not be cali-

brated. The fractional change in the initial (t = 0) backscatter amplitude is noted. This

filter is then removed and another arbitrary neutral density filter inserted in the beam to

BEST COPY AVAJ [ ?. :
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Figure 3-7. Schematic of an OTDR system illustrating the position of neutral density filters for
checking the APD response linearity. Lenses L1, L, L3, and L4 are focusing and
collimating microscope objectives. The function o the pinhole and aperture are
explained in section 4.3.

change the power level at the detector. The reference filter is again put in the beam and

the fractional change in backscatter amplitude noted as before. This procedure is repeated

for many different power levels. If the system is linear, the same fractional change in

backscatter power is observed at each measurment point. However, it is not convenient to

implement this method if, as is often the case, directional couplers and pigtailed light-pipe

type detectors are used in the OTDR.

4. OTDR Attenuation Measurements

Optical fiber attenuation is one of the more important parameters which can be estimated from an

analysis of the backscatter signature. It can be shown [27] that, for fibers that have uniform trans-

mission properties as a function of length and whose properties are the same in both directions, the

backscattered power Pb(t) is of the simple exponential form

Pb(t) = Fbe-Bvt (4-1)

where Fb is the backscatter constant and v the known group velocity of propagation of radiation and t

the time. In this case, the slope on a semilogarithmic plot of power versus time yields a convenient

value for the fiber loss a (nepers/m). Fiber attenuation rates are usually expressed in units of a

(dB/km), where a = 4.343 x 10 3 0. Unfortunately, many fibers encountered in practice do not obey

exactly this simple exponential relationship. There are many possible reasons for this [3]. Most of

these reasons have to do with the fact that some fibers (usually poor quality fibers) are not good

approximations to the homogeneous transmission medium we have assumed in the derivation of eq (4-1).

Under these circumstances it may not be a straightforward matter to extract accurate attenuation

values from the backscatter signature, at least from single-ended measurements. Divita and Rossi have
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shown [28] that it is possible to separate the fiber loss from other parameter fluctuations if back-

scatter measurements can be made from both fiber ends. In some cases, imprcved OTDR loss values can

be made by simply averaging the attenuation (in dB) obtained from measurements made in this way.

There are three principal techniques for measuring attenuation in optical fibers. These are

referred to as the cutback, insertion, and backscatter methods. It is now generally agreed that the

cutback and insertion methods (to be described in detail in section 4.2) are the more accurate when

compared with the backscatter approach. They offer better signal-to-noise ratios, and entail better

control of launch conditions. Also, they are not prone to signal misinterpretation when fiber irregu-

larities are encoun ered. Although OTDR loss determinations are generally not considered in standard

test procedures, they are often used in applications where the more accurate methods are not conven-

ient (due to their complexity) or not possible (for example, when only one end of the fiber or cable

is accessible). It is desirable then to explore experimental backscatter techniques which lend them-

selves to good agreement with accepted reference attenuation test procedures. With this end in mind,

we will review the generally-accepted test procedures for attenuation, and discuss experimental OTDR

configurations which provide launch conditions compatible with these standard methods. In particular,

we will investigate the effect of a mandrel wrap mode filter on the backscatter-derived attenuation

values. These devices are also used in controlling the launch mode volume in some types of cutback

attenuation systems.

In the present work, we will be concerned only with fiber attenuation values though the recom-

mended backscatter test conditions have application to splice loss estimates as well.

4.1 Significance of Launch Conditions

It is a well-known fact that test launch conditions can have a significant effect on measured

attenuation values in multimode fibers. In some early work [29], a spread of up to 2 dB/km was noted

in attenuation values which were attributed to differences in the way light was launched into the test

fiber. The reason for this dependence has its origin in the fact that, in many multimode fibers, each

propagating mode group exhibits its own characteristic loss rate. Generally (but not always), higher-

order guided modes will have loss values greater than the mean [30]. The increased losses for higher-

order modes can arise from such factors as microbending, leaky modes, core-cladding interface scatter-

ing, and the effect of lossier cladding material. 7 This situation implies that, if the fiber ini-

tially has all the modes excited by the input radiation, the attenuation will be a function of length

as the higher-loss modes are extinguished closer to the launch end. For fibers with appreciable

amounts of mode mixing, the power lost to the lossy modes at some point in the fiber will be exactly

replenished by power coupled in from other modes. This leads to the creation of an equilibrium mode

distribution (EMD). Once this energy balance prevails the modal power distribution no longer changes

with length, and the far-field pattern is independent of the input launch conditions. 8  Measurement of

attenuation under EMD conditions is obviously desirable for specifications and system design purposes.

One difficulty with this whole concept is the fact that many modern fibers have very little mode

Loss may also increase for the lowest-order modes due to excess Rayleigh scattering from dopant
concentration fluctuations in the center of the parabolic-index fiber.
8The "steady-state" modal distribution is a similar abstraction, defined as a situation in which the
far-field radiation patterns are the same in both short and long lengths of fiber. As an example,
this condition could arise in an optical waveguide which possesses no differential modal attenuation
and no mode coupling. The steady state would not represent a unique distribution in this case.
Under the same conditions the EMD, as we have used it, is undefined. Most authors do not draw a
distinction between steady-state and EMD conditions. Following this precedent, we also will use both
terms to apply to any length-independent modal distribution.
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coupling. This implies that such fibers, which also possess differential modal attenuation, will not

have a well-characterized EMD for reasonably short (km) lengths of fiber [31,32]. Nevertheless, it

has been found desirable to specify fiber attenuation with a restricted input mode volume (or limited

phase space) launch condition [32,33] which may be considered to be an approximation to the EMD. In

this situation, normalized (dB/km) loss values are less dependent on fiber length and also less sensi-

tive to small variations in launch conditions. This enables the fibers to be characterized in a more

reproducible manner and with an improved agreement between different measurement laboratories. More-

over, specifications made with these conditions enable system designers to predict more accurately the

total loss of a link consisting of several concatenated fibers, since the attenuation of the compo-

nents will tend to add in a linear fashion.

4.2 Standard Fiber Optic Test Procedures

As part of a general effort to promote consistent measurement techniques for characterizing
optical fibers, several standards groups have proposed uniform test procedures. International organi-

zations include the International Electrotechnical Commission (IEC), and the International Telegraph

and Telephone Consultative Committee (CCITT) [34,35]. In the U.S., the Electronic Industries Associa-

tion (EIA) has taken a lead in promoting optical fiber standards and specifications as well as test

methods. Approximately sixty test-procedure areas are currently under study, and many are available

as the EIA Recommended Standard (RS) 455, and amendments. 9 At the time of this writing (August 1982),

the preferred measurement procedures for attenuation, launch conditions, and OTDR are in the draft

stage and are being circulated for comment. The documents relevant to the present discussion are:

Fiber Optic Test Procedure (FOTP) 46 "Spectral Attenuation Measurement for Long-Length, Graded-Index

Optical Fibers," FOTP-53 "Light-Launch Conditions for Long-Length Graded-Index Optical Fiber Spectral

Attenuation Measurements," FOTP-54 "Mode Scrambler Launch Requirements for Information Transmission

Capacity Measurements," and FOTP-59 "Optical Time-Domain Reflectometry." 10 The test procedures for

attenuation are intended to promote repeatable, accurate attenuation measurements that minimize the

dependence on fiber length. Several recent publications have discussed some of these recommendations

in detail [36,37,38]. We will briefly review here the essentials of these documents as they relate to

the current experiments.

The FOTP-46 reference attenuation techniques are based on a cutback method. Here the optical

powar level Pi is measured through a known (?1 km) length of near-parabolic graded-index test fiber.

A short length (about 2 m) is then cut off the input end of the test fiber without disturbing the
original launch conditions. The output power P2 of this short length is determined as before. The

attenuation per unit length is then given by the relation

-10
a = -O- log(P 1/P2) (dB/km) (4-2)

where L is the length of the fiber (km) after the short length has been removed. The attenuation is
normalized to unit length under the assumption of steady-state conditions. Measurements are usually

EIA Standards Publications: Standards Sales Office, Electronic Industries Association, 2001 Eye St.,
N.W., Washington, DC 20006. A free catalog of EIA standards publications is available on request.
Some of these recommended standards are: RS-455 (and amendments 1-4) "Standard Test Procedures for
Fiber Optic Fibers, Cables, Transducers, Connecting and Terminating Devices," RS-458 "Standard
Optical Waveguide Fiber Types," and RS-459 "Standard Optical Waveguide Fiber Material Classes."
10At the present time, this document contains no recommendations as to preferred launching conditions.
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made with a tungsten source of radiation which produces a fairly constant amplitude. This light is

suitably filtered to provide the desire wavelength interval. 11  The optical beam is mechanically

chopped and synchronously detected.

The FOTP-53 insertion loss technique is similar to the cutback method except that the power P2 is

measured through a short lengtn of ref reroe fiber similar to the test fiber. This method is pre-

ferred in circumstances where the test fiber cannot be cut. We will in future refer to both the

cutback and insertion approaches as "two-point" methods.

There are two acceptable methods described in FOTP-50 for launching light into the test fiber;

these are referred to as the beam optics and mode filter 12 techniques. Both involve underfilling the

fiber. The beam optics approach uses discrete optical components to control the input numerical

aperture (NA) and spot size of the beam on the input face of the fiber. At the present time, the EIA

recommends a radiation spot diameter equal to 70 t 5 percent of the test fiber core diameter, and an

input NA equal to 70 5 percent of the nominal fiber NA. Numerical apertures are defined in terms of

the sine of the half angle where the intensity has decreased to 5 percent of the maximum value.

The second acceptable method for achieving selective mode excitation may be done by initially

overfilling the test fiber; that is, the input beam has a uniform intensity over the face of the fiber

and the launch NA exceeds the NA of the fiber. The higher-order modes are then stripped off by means

of a mode filter.

4.3 Special Problems of OTDR Launch Conditions

In addition to the previously discussed problems of modal energy distributions in the forward

direction, accurate backscatter measurements of attenuation entail a careful control of the backward

propagating energy also. Backscatter methods in optical fibers always give an indication of round-

trip loss, and therefore, for proper interpretation the loss should be the same in both propagation

directions [2]. From simple Rayleigh scattering considerations, one would expect the angular depend-

ence of backscattered radiation to vary as (1 + cos 2e), where 0 is the angle between the fiber axis

and the direction of propagation of scattered radiation at the point where the scattering occurs.

This distribution is approximately isotropic and therefore one might naively assume that the fiber is

effectively overfilled in the backward direction. That is, all the modes including leaky and high-

order lossy modes are equally excited at each scattering interval in the fiber. There is some experi-

mental evidence indicating that this interpretation is not entirely correct [40-43]. Rather, there

are modes which are preferentially excited in the backward direction. These modes tend to be the same

as those excited in the forward direction, but this excitation is not complete. In any event, there

''The EIA recommends 3 db spectral optical bandwidths of 25 nm or less. By way of comparison, a
typical single heterostructure diode source used in OTDR applications has a spectral width of about 5
to 10 nm.
12There has been some confusion in the literature on use of the terms "mode filter," "mode scrambler,"
"mode mixer," and "mode stripper." In the interest of clarity, we quote definitions of these quanti-
ties given in the Optical Waveguide Communications Glossary [39]:

Mode filter: A device used to select, reject, or attenuate a certain mode or modes.
Mode mixer: Synonym for mode scrambler.
Mode scrambler: A device composed of one or more optical fibers in which strong mode coupling

occurs. Frequently used to provide a mode distribution that is independent of source
characteristics. In our context, this device is positioned between the light source and the
beamsplitter or coupler. Various types of mode scramblers are described in the EIA publication
FOTP-54.

Mode stripper: A device that encourages the conversion of cladding modes to radiation modes; as a
result, the cladding modes are stripped from the fiber. Some device examples are given in
reference 40.
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will be, in general, a lack of symmetry in the modal power distributions in the forward and reverse
directions of propagation. This effect, coupled with differential modal attenuation, can produce

inaccuracies in estimates of fiber attenuation when measurements are made form one end of the fiber

only. We conclude then, that it is desirable to control the mode volumes in such a way that symmetry

of fiber properties is preserved in both directions of propagation; both launch and recovery condi-

tions must be specified. To accomplish this, it is reasonable to examine the same devices which are

used for controlling mode volumes in the two-point reference attenuation set-ups. As adapted for

backscatter applications, they are:

1. Beam optics. An example of a possible OTDR system using beam optics to limit the phase space

in both launch and recovery is illustrated in figure 3-7. The test spot size dt and launch

NA can be adjusted to satisfy the 70/70 criterion by appropriate control of focal lengths of

lenses L1 and L2 and aperture area A. It is a well-known fact that, for graded-index fibers,

both spot size and NA must be controlled in order to genrate a given mode volume [44]. In

order for the forward traveling and backscattered radiation to be filtered in a similar

fashion, the pinhole aperture in figure 3-7 must be added. This aperture is in the focal

plane of lens L3 which also coincides with the image of the face of the test fiber. The size

of the pinhole in combination with the aperture A at lens L2 can provide the necessary sym-
metrical mode filtering.

The beam optics approach has the advantage of giving good control over the radiation

being launched and recovered. Disadvantages include complexity and alignment difficulties.

Also, this system tends to introduce greater loss (about 6 dB one way) than other methods for

restricting the mode volume. Excessive loss is always a concern in OTDR systems.

Another practical problem involves positioning the input pulse beam accurately on the

fiber face. Many OTDR systems do not have provision for visual observation of the location

of the radiation spot on the input end of the fiber. Nor can the output power from the far

end of the fiber be monitored. This means that the only practical way of aligning the test
fiber for measurements is to maximize the t = 0 backscatter signal. This maximum condition

may not occur when the beam is centered on the fiber since higher-order modes often have

higher scattering coefficients, and consequently generate larger backscatter signals [45].

This problem is more pronounced with smaller spot sizes.

2. Dummy fibers. A long auxiliary fiber can be inserted in front of, and joined to, the test

fiber. If this dummy fiber is initially overfilled, the undesirable high-loss modes are

attenuated after a few hundred meters, and the output of the device then approaches a source

having the required steady-state conditions [46,47]. A functionally different sort of dummy

fiber has been proposed by Mickelson and Eriksrud [48]. They showed that a graded-index

dummy fiber which supports fewer guided modes than any segment of the test fiber allowed for

a particularly simple theoretical interpretation of the backscatter signature from the test

fiber. In particular, under these conditions intrinsic loss can be separated in a quantita-

tive and unambiguous way from the fiber's other characteristic parameters. These authors

also showed that this device was effective in controlling mode volumes for two-point attenua-

tion comparisons [49]. An appropriate dummy fiber is probably very similar in its effects to

the mandrel wrap and other types of mode filters.

3. Mode filters. The types of mode filters that have been used in connection with cutback

attenuation measurements are appropriate for OTDR applications as well. Most of these mode

filters operate on the principle of selectively removing power in the higher-order modes

18
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through radiation from macrobends of some sort. Examples are serpentine bend or S-shaped

channel types [40], and the linear array of pegs [50]. The mandrel wrap structure is another

widely used mode filter that was originally developed at the Bell Telephone Laboratories. It

has been described by a number of investigators [36,37,51,52,53], and was also used in the

experimental work in this report. A typical configuration consists of five turns of fiber

loosely wound on a 1 cm mandrel. Other geometries have been tested and found to produce

slightly differing effects [51]. Observation of near-field patterns demonstrates that the

mode filter does not produce significant mode mixing [40,53]. Presumably, the same sort of

filtering operation occurs to backscattered radiation propagating in the reverse direction.

Typically, the backscatter response is reduced 2 to 3 dB compared to the overfill case, when

the mandrel wrap is installed. For convenience, and to prevent breakage, the fibe coating is

usually left intact. This means that the type of jacketing material and thickness may have

some bearing on the filtering action. These effects have not been investigated in detail,

but are probably small enough to be safely ignored.

The EIA document FOTP-50 contains some recommended procedures for determining the suita-

bility of mode filters for producing a quasi-EMD. These involve comparing the far-field

radiation patterns from short (1 to 2 m) and long lengths (1 m) of test fiber. An acceptable

mode filter for a particular fiber is defined as one which produces in the short length a

far-field maximum radiation angle which is -3 t 3 degrees less than the comparable radiation

angle in the unfiltered long length of fiber. 13 These radiation patterns are matched under

conditions that overfill the fiber at the input end. Measurements of this sort on each test

fiber zre obviously not practical, or even possible, for OTDR measurements. Therefore, a

nominal mode filter geometry must suffice. It is suggested that the five-turn/1 cm device

may be a satisfactory compromise for this application. It has been shown that, for higher

quality fibers, the loss is insensitive to the exact nature of the mode filter [52,54].

Therefore, small performance differences in individual mode filters should not be a serious

problem. Experience has also shown that there is little difference in cutback attenuation

values between beam optics and mandrel wraps or serpentine bend mode filters [55].

In addition to the aforementioned problems related to reference launch conditions, there

is an additional difficulty involved in producing a uniform excitation beam. Most OTDRs use

semiconductor single heterojunction laser diodes as sources. These devices emit radiation

from a surface having a stripe geometry. A typical structure might have dimensions of 2 by

150 um. If this source is focused directly on the face of the test fiber, it will not pro-
duce a uniform modal excitation. This complication can be avoided by using a mode scrambler

between the laser diode source and the beamsplitter, (or directional coupler). In the present

work we have used a short length (2 m) of step-index fiber, which has been shown to produce a

fairly uniform radiation pattern [56].

4.4 Experimental Backscatter Results

Recently, NBS conducted an interlaboratory attenuation comparison with nine fiber and cable

manufacturers. Attenuation measurements were made on three graded-index multimode fibers with near-

parabolic profiles using the recommended EIA cutback techniques. The comparisons give an indication

13The width of the radiation patterns is defined in terms of 5 percent (-13 dB) irradiance levels
relative to the peak irradiance.
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of the practical measurement variance to be expected when standard experimental conditions are used.

The fibers were chosen from several manufacturers and represented a diversity of properties. A de-

scription of these fibers along with details of the intercomparison are given in reference 55. We

felt it would be instructive to subject these same fibers to a backscatter/two-point attenuation

comparison on our optical time-domain reflectometer. Many comparisons between the cutback and back-

scatter-derived attenuation values have been made in the past which indicate that highly accurate and

reproducible results are possible [1,57-64]. These previous results, however, usually have been

obtained from fibers originating at one laboratory only, and measured under launch conditions which

were not made explicit. Part of the objective of the present work was to observe the effect of the

mandrel wrap mode filter on the backscatter attenuation values in several well-characterized fibers

from different manufacturers.

We have described elsewhere the construction details and performance characteristics of the

optical time-domain reflectometer used in the present experiments [4]. A block diagram of the system

is shown in figure 4-1, along with some slight modifications required for the current work. Back-

scatter measurements were made with both overfill conditions and with restricted mode volume condi-

tions using the mandrel wrap mode filter. The signals were averaged on a boxcar integrator and the

data was then processed using a microcomputer. Some typical scans for the round robin fibers A, C,

and D are shown in figures 4-2 to 4-6. Attenuation values were estimated directly from one-half the

loss indicated on the vertical axis in these figures.

The OTDR attenuation values are listed in table 4 for both overfill (OF) and restricted launch

(LR) conditions. The restricted mode volume launch was always accomplished through the mandrel wrap

for the backscatter measurements; the two-point measurements included both beam-optic and mandrel wrap

data. The OTDR values represent the average of four readings, two taken from each end of the fiber.
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A
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Figure 4-1. Block diagram of the experimental apparatus used for attenuation estimates.
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Figure 4-7. Fiber D backscatter signatures excited from opposite end to that in figure 4-6. Upper
trace with overfill excitation conditions, lower trace with mode-filtered excitation
conditions.
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The difference in attenuation values obtained from either fiber end is an indication of the uniformity

of fiber properties (particularly numerical aperture) and, hence, a measure of the sort of accuracy
obtainable from single-ended measurements. It is clear from the data that, in these examples, the

directional properties are small. The stated error limits are one standard deviation values for

measurements regardless of which end was used. Also in table 4, the cutback values from reference

[54] are listed for comparison. In this case, the error limits are the one sigma values indicating

the spread in measurement values among the nine test groups.

We can draw the following conclusions from the data listed in table 4.

1. For both the OTDR and cutback cases, the extreme difference in attenuation values between the

overfill and restricted launch conditions amounts to a few tenths of a decible/kilometer.

Attenuation values are usually higher for the overfill conditions.

2. The two-point/OTDR agreement is better with the restricted launch conditions. In this case,

the one sigma limits overlap for the two types of measurements. This comparison suggests

that the two different approaches for determining fiber loss can agree within the experi-

mental precision of current measurement techniques.

The signatures shown in figures 4-2 to 4-7 provide additional information concerning the fiber

attenuation as a function of length. In particular, we can observe the effect of the mode filter on
the backscatter response. Recalling that the instantaneous slope of the signature on the semilog plot
of backscatter power versus time can be identified with the fiber loss at that point, 14 a curvature in
the slope indicates a nonequilibrium loss condition. The overfilled fiber D (fig. 4-7), for example,

shows a slope curvature in the first microsecond or so, while the counterpart mode-filtered signature

shows a uniform slope in this time interval. This implies that transient high-order, high-loss modes

have been removed, resulting in a certain local equilibrium mode distribution. This is the way the

mode filter is supposed to work. However, this type of response is not obtained from all fibers.

Fiber A (figs. 4-2 and 4-3) shows some curvature over the length of the fiber, but this curvature is

not affected to any great extent by the presence of the mode filter. Fiber C (figs. 4-4 and 4-5)

exhibits a fairly constant slope in the long term (1 to 18 us) both with and without the mode filter

(the fluctuations with frequency around 0.5 us are due to diameter changes). This also indicates that

Table 4. Comparison of cutback and OTDR attenuation values.
Launch condition OF indicates overfill, RL restricted
launch. Error limits are one sigma values.

Fiber OTDR Attenuation Attenuation
launch OTDR cutback

condition (dB/km) (dB/km)

A OF 2.90 t 0.01 3.34 t 0.39
A RL 2.89 t 0.02 2.92 t 0.24

C OF 2.54 t 0.01 2.60 t 0.04
C RL 2.59 0.01 2.57 t 0.12

D OF 4.24 0.06 4.69 0.47
D RL 3.87 0.08 3.89 0.43

14As mentioned previously, there are certain cases where this identification may not be correct, but
for slowly changing optical properties of the fiber, it serves as a useful
approximation.
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there is little differential mode attenuation and that removing the higher-order modes does not affect

the loss significantly. These examples, and others not shown here, are consistent with the assumption

that backscatter signatures generated with the mandrel wrap mode filter will demonstrate less short-

term, nonequilibrium loss features than if the mode filter is not used.

Fiber D was fusion spliced in the center and exhibited an abrupt drop in backscatter power at

that point. It will be noted that the apparent splice loss, inferred from the magnitude of this drop,

is a strong function of excitation conditions. The apparent loss also depends on which end is used

for measurement purposes.

5. Conclusions

For the most accurate attenuation measurements, the linearity of the time-domain reflectometer

should be carefully checked since the avalanche photodiode detectors used in these devices can easily

be driven into a nonlinear response region. Properly designed systems are capable of linear dynamic

ranges in excess of 40 dB (optical).

A widely accepted reference test procedure for the measurement of attenuation in long lengths of

graded-index fibers, has been promulgated by the Electronics Industries Association. This method

involves the two-point power transmission measurement technique. The backscatter method of estimating

attenuation, for a number of reasons, will probably not equal this approach in accuracy. However,

OTDR estimates are often more convenient to make, and if good agreement with standard methods is a

consideration, it is desirable to control experimental conditions in such a way that two-point and

backscatter values are consistant and discrepancies in the two techniques are minimized. Some of the

uncertainties associated with the backscatter measurements can be reduced by closely simulating the

EIA recommended two-point launch conditions. One possible approach is to use overfill launch condi-

tions in conjunction with a mode filter in the OTDR system. These devices filter the radiation in

both the forward and backward propagation directions. This implies that undesired higher-order back-

scattered modes excited by the Rayleigh scattering process are removed from detection. It also means

that it is not possible to duplicate exactly the modal power distributions in the two attenuation

methods; the mode filtering occurs twice (launch and recovery) in the backscatter case and only once

(launch) with the transmission measurements. Nevertheless, the mode filters tend to promote a quasi-

steady-state mode distribution in most fibers which is necessary for precise attenuation estimates.

An appropriate dummy fiber can be used for this purpose. We have investigated the mandrel wra mode

filter in the present work and found that it produces a reasonably uniform modal power distribution as

determined from backscatter signatures. The experimental results indicate that, while the mandrel

wrap mode filter produces slightly different effects on different types of fiber, it is effective in

removing any undesired excessively lossy transient modes. This type of restricted launch does not

require special equipment, has the virtue of convenience and can be adapted to field use. We have

also shown that excellent agreement is possible in comparisons between the cutback and backscatter-

derived attenuation values, when the mandrel wrap filter is used in measurements on stable, well-

characterized test fibers.
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