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Abstract: To plan a rapid response and minimize operational costs, passive optical network 
operators require to automatically detect and identify faults that may occur in the optical 
distribution network. In this work, we present DSP-Enhanced OTDR, a novel methodology 
for remote fault analysis based on conventional optical time-domain reflectometry 
complemented with reference traces and DSP-based techniques. We first obtain the optimal 
decision thresholds to detect deviations in the noisy OTDR measurement. In order to quantify 
and characterize the fault, the detection stage is followed by one of estimation where its return 
loss and insertion loss are determined. We experimentally demonstrate that this approach 
allows to detect and characterize faults with an accuracy higher than that found in 
conventional OTDR trace analysis. In our experiments, we achieved detection sensitivities 
higher than 0.2 dB in a 1:16 split-ratio PON, and higher than 1 dB in a 1:64 split-ratio PON, 
achieving estimation errors that can be as low as 0.01 dB. We also verified how the optical 
network terminal’s reflectivity can improve the detection capabilities. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

Passive optical networks (PON) are cost-efficient solutions to deliver a fiber connection to the 
users and they have been massively deployed in recent years [1]. Consequently, to maintain 
service reliability, physical layer monitoring of these networks is extremely important. Firstly, 
a complete monitoring system must allow the automatic detection and localization of events 
that may occur in the optical distribution network (ODN) in favor of operational expenditures 
(OPEX) savings by avoiding the need for in-field testing [2]. Moreover, it must timely detect 
and characterize different faults to plan a quick response, minimizing the mean down time, 
which affects the customers’ satisfaction. In addition, the monitoring solution should involve 
low capital expenses (CAPEX) and it must be easily installed in already deployed PONs [3]. 

The use of an optical time-domain reflectometer (OTDR) is the most efficient technique 
to characterize an optical link [4,5]. However, the direct application of OTDR in PONs 
presents severe limitations: the OTDR waveform is composed by the addition of 
backscattering from several distribution drop fibers (DDF) and hence the real magnitude and 
localization of the fault is missed. Since reflections arising from several branches are 
expected, the event dead zone becomes critical. In addition, power splitters reduce the 
backscattered power and hence the accuracy of the fault characterization is limited. 

Several OTDR-based techniques have been proposed to overcome the aforementioned 
limitations. Some of them rely on the use of reflective filters [6,7] and optical encoders [8–
12] as demarcation devices. Others use a tunable OTDR together with multiplexers as a
passive bypass in the remote node in order to assign a monitoring wavelength to each branch
[13,14] or group of branches [15]. To achieve higher dynamic range, more complex OTDR
structures have been studied, such as Coherent-OTDR [16], Correlation [17] and Chaos-based
OTDR [18], and Photon-counting OTDR [19,20].
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Although the mentioned proposals can have an improved performance over a commercial 
OTDR device, it is extremely important and desirable from an operators’ point of view to 
exploit the advantages of the remote monitoring with conventional OTDR and digital signal 
processing (DSP) techniques: i.e., simplicity, low-cost, scalability and ease of implementation 
in already operative PONs. Hence, in this work we present a novel methodology for fault 
analysis in OTDR profiles, which we called DSP-Enhanced OTDR (DSPE-OTDR). In this 
approach, we employ a conventional OTDR, which yields a typical measurement trace, 
followed by a novel and specific algorithm that characterizes the fault and identifies the 
branch to which it belongs. The event detection algorithm based on the Neyman-Pearson 
criterion is applied to the comparison of the acquired measurement with a reference one, 
obtained during the normal operation of the network. We derive explicit equations for the 
optimal thresholds and the detection and false alarm probabilities, and we carry out a 
comprehensive performance evaluation as a function of the OTDR characteristic parameters. 
The detection stage is followed by a maximum-likelihood estimation process to obtain the 
event parameters, which allows to remotely characterize and identify the type of fault with an 
accuracy higher than that achieved by simply comparing the two measurements as is the case 
of conventional OTDRs. 

The present work is organized as follows. In Section 2 the fundamentals of the DSPE-
OTDR and the mathematical formalism for the acquired signals are introduced. From these 
models, Sections 3 and 4 describe the detection and estimation algorithms, respectively. The 
experiments that demonstrate the algorithm’s effectiveness are carried out in Section 5. 
Finally, Section 6 covers the considerations that have to be taken in a multiple-fault scenario. 

2. Fundamentals of DSPE-OTDR for PON monitoring

2.1 Description 

We assume a star topology for the PON, such as that illustrated in Fig. 1(a). The ODN is 
composed by a feeder fiber, a 1:N power splitter and N drop fibers connected to it, which 
derive the data signals to N optical terminals. The OTDR is connected to the PON through a 
wavelength multiplexer to be completely transparent to the data signals. 

The operation of the remote monitoring scheme based on the DSPE-OTDR is depicted in 
Fig. 1(b). After the current measurement is obtained, a detection and coarse identification 
stage compares the acquired signal ( )y z  with a reference measurement ( )REFy z , obtained 

during normal operation. From this, the new events are identified at a given distance from the 
input terminal. The detection stage compares the acquired noisy measurement to a couple of 
predefined thresholds. Then, two binary decisions are made for each sample: 
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Fig. 1. (a) Scheme of OTDR-based monitoring system and (b) operation of the DSPE-OTDR. 

(a) there is / there is not a reflection.

(b) there is / there is not a loss.
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The next step involves the fault characterization. When a single fault is identified, which 
is the scenario with the highest probability of occurrence, its characteristic parameters, such 
as return loss and insertion loss, are estimated from the samples where reflections and losses 
were detected, respectively. The detection and estimation will be addressed in Sections 3 and 
4. 

On the other hand, when multiple simultaneous faults are identified, an alternative 
contingency plan for multiple events is initiated. In this case, the estimation algorithm must 
take into account different scenarios, which will be discussed in Section 6, in order to apply 
the estimation criteria in an adequately sequenced fashion. 

2.2 Mathematical model for the OTDR signal 

Before describing the detection and estimation procedure in detail, it is necessary to briefly 
introduce well-known concepts of OTDR, in order to better understand the proposed method 
and its fundamentals. 

To obtain an algebraic expression for the acquired OTDR measurement at a given sample 

iz z=  we firstly define the following variables and parameters: 

• K  is the fiber backscattering factor and α  is the fiber attenuation constant.

• The reference measurement at iz  is ( )REF iy z , which has contributions from several 

DDFs. 

• The probe pulse has a peak power 0P  and temporal width T, i.e. spatial width 

/ 2gW Tv≡ . 

• The e-th drop fiber, DDFe, has its branch termination at a distance ONTez z=  from the 

OTDR input terminal. 

• The total round-trip insertion loss and power penalties at a distance iz  in the DDFe 

under normal operation is ef . 

We next describe the mathematical model for the acquired signal after a fault has occurred 
in the DDFe. Let us consider the event is localized at a distance ez  and it is characterized by a 

return loss eRL  and an insertion loss eIL  (both expressed in dB). The acquired signal after the 

fault occurrence ( )y z  will show deviations with respect to the reference signal, where two 

classes of deviations are considered, namely reflections and losses. 
Assuming that the Fresnel-reflected power is much larger than the backscattering power, 

when a reflective event with return loss eRL  occurs at a distance ez , the detected signal at the 

sample ( – / 2, / 2)i e ez z W z W∈ +  can be expressed in terms of the reference signal as 

( ) ( )
2

10 10
02

1
10 10 .

e ez RL

R i REF i ey z y z f P
N

α
− −

= + (1)

In the case of the loss, the backscattering from the DDFe drops proportionally to twice 

eIL , and the detected signal evaluated at a iz  behind the loss-inducing event, can be 

expressed as 

( ) ( )
2 2

10 10
02

1
10   10 1 ,

i ez IL

L i REF i ey z y z f P W K
N

α
− − 

= + −  
 

(2)
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where the term 
2

1010 1 0
eIL

−
− < . When the observation sample corresponds to the ONT

reflective termination of the DDFe, localized at ONT ONT( – / 2, / 2)i e ez z W z W∈ +  and 

assuming that the reflected power is much larger than the backscattered power, the detected 
signal can be written in terms of the reference signal as 

( ) ( )
ONT ONT2 2

10 10 10
02

1
10 10 10 1 .

e e ez RL IL

L i REF i ey z y z f P
N

α
− − − 

= + −  
 

(3)

The latter expression is highly relevant since its consideration greatly enhances the detection 
algorithm performance, as it will be shown in Section 3.2. 

2.3 Noise considerations 

Each sample in the acquired signal contains a random noise term ( )N iy z  added to the signal 

whose statistics define the detection approach. On one hand, commercial OTDRs use laser 
diodes that have linewidths of several nanometers, which lead to low coherence lengths 
compared to the pulse width, and hence, coherent Rayleigh noise is negligible. On the other 
hand, since several hundreds of averages are performed it is reasonable to assume that the 
noise follows a Gaussian distribution. Therefore, the resulting noise term can be accurately 
modeled as an additive Gaussian random variable with zero-mean and variance 2

Nσ  [5,21]. 

It should be remarked that the detection algorithm described here is aimed to be used with 
conventional OTDR devices. For other OTDR configurations, their intrinsic noise statistics 
should be taken into account (e.g. the Poisson noise in photon-counting OTDR and the 
coherent Rayleigh noise in Coherent-OTDR [20]). In addition, this presented detection 
approach can be extended to other configuration such as ϕ -OTDR for sensing applications 

[22]. 

3. DSPE-OTDR: event detection

In this section, we introduce how the DSPE-OTDR identifies the faults by providing a 
summarized but comprehensive mathematical formalism. Firstly, we derive the event 
detection algorithm from which we obtain the required decision thresholds. The acquired 
OTDR noisy measurement is then compared to the thresholds in order to identify reflections 
and losses. After that, we evaluate the performance of the detection algorithm, which allows 
to define the OTDR acquisition parameters needed to achieve a given sensitivity. 

3.1 Detection algorithm 

Each sample of the OTDR acquired signal ( )iy z  is a random variable with normal 

distribution (since the noise is Gaussian with zero-mean and variance 2
Nσ ). The detection 

procedure is then divided into two hypothesis tests: 

(a) Decide between RH  and 0H . 

(b) Decide between LH  and 0H . 

Under the null hypothesis, 0H , neither reflection nor loss are present with respect to the 

reference measurement. Under the hypotheses RH  and LH , the measurement presents a 

reflection or a loss, respectively. Therefore, the hypotheses can be summarized as 

( ) ( )( ) ( ) ( )( )2 2
0 ~ ,                 ~ ,i REF i N i k i Ny z y z y z y zσ σ→ →   kH H  (4) 
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where , k R L=  and ( )2,μ σ  indicates the normal distribution with mean μ  and variance
2σ . 

To design the detection tests we follow the Neyman–Pearson criterion [23], where the 
decision rules are designed to maximize the probability of detection, k

DP , under the constraint 

that the probability of false alarm, k
FAP , does not exceed a given value. The derivation of the 

detection tests lead to the following decision rules 

( ) ( ) ( ) ( )
0

0

                ,

R

i R i i L i

L

H H

y z z y z z

H H

η η
> >
< <

(5)

where Rη and Lη are the threshold for the reflection and the loss tests, respectively. Figure 2

depicts the decision regions and the detection and false alarm probabilities for both tests. The 
probabilities of false alarm can be written as 

  1  ,R LR REF L REF
FA FA

N N

y y
P Q P Q

η η
σ σ

   − −
= = −   

   
(6)

where ( )Q x  is the Q-function. Thus, we propose to obtain the decision thresholds in Eq. (5) 

from Eq. (6) by fixing a FAP . Once the thresholds are defined, the probability of detection is 

   1  .R LR R L L
D D

N N

y y
P Q P Q

η η
σ σ

   − −
= = −   

   
(7)

R
DP
R

FAP L
FAP

L
DP

( )R izη

( )REF iy z ( )R iy z ( )REF iy z( )L iy z

( )L izη

Fig. 2. Decision regions and probabilities for the two hypotheses tests. Recall that both the 

mean of the hypotheses and the decision thresholds depend on the observation sample iz . 

3.2 Detection performance 

In order to analyze the detection performance, it is convenient to define two new parameters: 
the optical path loss (OPL) and dynamic range (DR) as 

( )
2

2 010
2

 1
10   .

iz

i e
N

P K W
OPL z f DR

N

α

σ
−

= = (8)

The former combines all the power loss mechanisms at the distance iz  in the OTDR 

measurement, and the latter relates the OTDR parameters (peak power 0P , pulse width W

and noise  Nσ ) and the backscattering coefficient K . 

The mean value of the hypotheses REFy , Ry  and Ly  can therefore be written in terms of 

the OPL and DR in Eq. (8), and the performance of the detection algorithm can be 

Vol. 26, No. 21 | 15 Oct 2018 | OPTICS EXPRESS 27131 



analytically evaluated from the OTDR specifications. In the following, we fix a low false 
alarm probability 410k

FAP −=  for both hypotheses tests, and we establish as a design criterion 

to have a probability of detection 0.95k
DP ≥  for the given k

FAP . 

In Fig. 3(a) the achievable OPL is represented as a function of DR in the case of the 
Reflection Detection for different values of RLe. It can be observed that even weak reflections 
do not require a high dynamic range to be detected. Figure 3(b) shows the maximum OPL for 
the Loss Detection in the backscattering (in solid line) and in the ONTe reflection (in dashed 
lines) when assuming RLONTe = 40 dB. As it can be seen, the detection sensitivity is highly 
increased (about 11 dB). Consequently, the ONT reflection can be used in the coarse 
identification stage to rapidly check for fiber faults without requiring a high dynamic range. 

It is clear that the ONT reflective termination significantly improves the detection 
sensitivity. To this respect, in Fig. 3(c), L

DP  is represented as a function of the ONT return 

loss. Here, the event insertion loss is 0.1 dB and it is assumed that the path loss to the ONT is 
25 dB. As an example, to achieve the requirement of 0.95L

DP ≥  with a DR = 25 dB, the ONT 

return loss should be lower than 41 dB. The sensitivity to the loss magnitude is shown in Fig. 
3(d), where L

DP  is depicted as a function of ILe when DR = 20 dB. For typical values of 

ONTeRL  = 40 dB, the sensitivity could be as high as 1 dB for an OPL = 25 dB. 

RLONTe = 40dB
11 dB

Fig. 3. Achievable OPL to detect (a) reflections and (b) losses (when 
FA

P  = 
4

10
−

,  
D

P  = 

0.95 ). Probability of loss detection versus (c) the ONT return loss and (d) the fault insertion 
loss. 

4. DSPE-OTDR: event estimation

After the detection stage of the algorithm, the fault’s characteristic parameters, RLe and ILe, 
which are deterministic values, are estimated from the samples where reflections and losses 
were detected, respectively. 

Let us assume that either a reflection or a loss was detected at the samples ( )my z , with m 

= 1, ..., M. If the noise is assumed independent and identically distributed, the M observation 
samples are statistically independent random variables. Thus, the likelihood function under 
the hypothesis k can be written as the product of the marginal probability density functions, 
given by Eq. (4), and the estimation problem may be written as 

 ( )arg max ,
k

k k
θ

θ θ=  (9)

where  kθ  is the estimator for eRL  and eIL  when k  = R, L, respectively, and 

( ) ( ) ( )( )2

2
1

1

2

M

k m k m
mN

y z y zθ
σ =

= − − (10)
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is the log-likelihood function under the hypothesis k, where ky  is function of the parameter 

kθ . In Eq. (10), constants that are not involved on the estimation problem were omitted. By 

solving the optimization problem of Eq. (9), the maximum likelihood estimator (MLE) for the 

return loss  eRL  and the insertion loss  eIL  can be found to be, respectively (in dB) 

 ( ) ( )( )
( )

1
2

0 e

10 log  ,

M

m REF mm
e

y z y z
RL

MP OPL z
=

 −
 = −
 
 


(11)

 ( ) ( ) ( )( )
( )

2

1

4
0 1

5log 1 .

M

m m REF mm
e M

mm

OPL z y z y z
IL

PWK OPL z

=

=

 −
 = − +
 
 




(12)

In the case of the observation samples corresponding to the reflective termination, the MLE 
for the insertion loss is given by 

 ( ) ( )( )
( )

ONTe

1

2 10
0 ONTe

5log 1 .

10

M

m REF mm
e RL

y z y z
IL

MP OPL z

=

−

 
− = − + 

 
 


(13)

It can be verified that the estimators in Eqs. (11)-(13) are consistent, i.e. they converge to 
their true values as the number of observation samples M increases, even if the fault is located 
in a dead zone or after a power splitter. For instance, while a fault with eIL =  1 dB after a 1:8 

splitter will appear in the OTDR trace as a drop of 0.1 dB [15], from the proposed estimation 
procedure its real magnitude is directly obtained, in contrast to conventional OTDR analysis. 

5. Proof-of-concept and experiments

The proposed DSPE-OTDR was experimentally probed using a commercially available 
OTDR with two laser sources at 1310 nm and 1550 nm and a test-bed PON deployed with 
standard single-mode fibers. The parameters of the OTDR and the fiber at 1550 nm are listed 
in Table 1. To estimate the noise standard deviation, we computed the histogram of acquired 
noise samples for different acquisition times. In Fig. 4(a) we show the noise histograms fitted 
with Gaussian functions for acquisition times of 1 and 3 minutes. Figure 4(b) shows the 
reflection from two ONT modules, from which we obtained their return loss. The first one, 
ONT1, presents a lower return loss of RLONT1 = 37.6 dB, while the second, ONT2, has a higher 
return loss of RLONT2 = 49.4 dB. 

Table 1. Measured fiber and OTDR parameters 

Fiber parameter Symbol Value 
Backscattering coefficient (for T = 1 ns) K 82 [ ]dB−

Attenuation coefficient α 0.21 [dB/km] 
OTDR parameter Symbol Value 
Pulse peak power 

0
P 31.8 [mW] 

Source linewidth Δλ  23 [nm] 

Dynamic range (for T = 100 ns) DR Averaging 1 min: 19.16 [dB] 
Averaging 3 min.: 20.96 [dB] 
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(a) (b)

Fig. 4. (a) Histogram of OTDR noise for averaging times of 1 and 3 minutes, (c) measured 
reflection from the ONT. 

The deployed test-bed PON is composed by a feeder fiber of 2.7 km, a 1:N power splitter 
and two branches are connected to it. The length of the drop fibers are {lDDFe = 6.2 km, l2 = 
2.93 km}, where the DDFe is composed by two fiber spools of 2.95 km and 3.2 km, joined by 
a LC connector, and it is terminated with the previously characterized ONT1. The network 
topology was deliberately chosen in a way that the induced events, which are small in 
magnitude, lie within a dead zone, thus emulating pessimistic detection conditions. The 
reference traces for each test-bed PON were obtained by averaging over a large number of 
measurements previous to the operation. Note that while the reference signal will have a noise 
term, it will be very small since the noise variance decreases proportionally with the number 
of averages. 

To choose the detection thresholds and the measurement parameters, such as pulse width 
and acquisition time, we set as a criterion that losses with a sensitivity of 1 dB must be 
detected with 0.95DP = , given that 410FAP −= . It is important to point out that the sensitivity 

can be arbitrarily increased, as we will see later, by properly choosing the OTDR acquisition 
parameters. Figure 5 shows the result of applying the DSPE-OTDR to different fault 
scenarios. Together with the current measurement, it is shown the reference trace (in dashed 
lines) and the samples where reflections (red dots) and losses (black dots) were detected. 

In the first setup, the split-ratio of the PON is 1:32. Thus, the maximum OPL is composed 
by the splitting loss (~15 dB), the maximum propagation loss (~2.1 dB) and the overall 
insertion loss (~2 dB), which leads to OPL = 19.1 dB. From Fig. 3(b) it can be obtained that a 
dynamic range of DR = 24.9 dB is required. In our OTDR, this DR can be achieved, for 
example, using pulses of 500 ns and averaging over 3 minutes. Recall that shorter pulses, 
which lead to higher resolution, could be also used together with larger averaging times. 

In the first place, we generated a misalignment in the LC connector of the DDFe inducing 
a real insertion loss of ILe = 1.2 dB. Figure 5(a) shows the detection result of the DSPE-
OTDR, where it can be seen that a strong reflection at the connector’s location (at 5.7 km) is 
detected. The power loss induced by the event is also clearly detected in the waveform from 
the event to the ONTe localization. The estimation algorithm was subsequently applied and 

the event parameters were found to be  eRL  = 17 dB and  eIL  = 1.1 dB. 
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(a)
(b)

(c) (d)

Event dead zone
Fiber bending

Event dead zone

Fiber bending

ONTe reflection

Distance [km] Distance [km]

Distance [km] Distance [km]

Fig. 5. Application of DSPE-OTDR in different scenarios: (a) a connector misalignment in a 
1:32 splitter, (b) a fiber bending in a 1:32 splitter, (c) a connector misalignment in a 1:64 
splitter and (d) a fiber bending in a 1:64 splitter. 

Under the same scenario, a small fiber bending was generated a few centimeters after the 
connector of the DDFe. Hence, the fiber bending lies in a dead zone and consequently it is not 
detected by the OTDR’s own event-marking algorithm. However, as shown in Fig. 5(b), by 
applying the DSPE-OTDR it is accurately detected and the estimated value of eIL  is 0.94 dB. 

The split ratio of the PON was next increased to 1:64 while the pulse width and 
acquisition times were kept fixed and the same faults were generated. In the case of the 
connector misalignment, the reflection is still clearly identified, but the dynamic range is not 
high enough to detect the losses in the backscattered signal. However, as depicted in Fig. 5(c), 

the loss is still detected at the ONTe reflective termination and an accurate  eIL =  1.18 dB was
obtained by means of Eq. (13). 

In the same scenario, considering a low-loss non-reflective fault, such as a fiber bending, 
the loss is still detected at the reflective termination, and therefore the faulty branch can be 
identified. However, in order to localize such event within the PON, the OTDR measurement 
parameters should be adjusted in order to meet the requirements for the dynamic range. For 
instance, the maximum path loss in this scenario is OPL = 22.2 dB and hence, the required 
dynamic range to detect a loss of 1 dB in the backscattered signal, according to Fig. 3(b), is 
DR = 27.9 dB. In this example, to achieve this dynamic range we kept fixed the pulse width 
and increased 5 minutes the averaging time. The result is shown in Fig. 5(d), where the 

bending loss is accurately detected and it is estimated to have  eIL  = 0.97 dB. 
From the previous examples, it is clear how the proposed method can overcome the 

shortages of classical OTDR event-marking algorithms, providing a dead zone-free automatic 
event detection and accurate parameter estimation, even if small non-reflective faults after a 
power splitter are considered. 

In the following, we show how using a dual-wavelength measurement, the type of fault 
can also be remotely identified from the estimated event parameters. To exemplify this, three 
common types of faults are considered: a link break, a connector misalignment providing 
finite insertion loss and a fiber bending. It is well known that in the case of a fiber/connector 
break, a high reflection and infinite insertion loss are induced. The wavelength dependence of 
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the mode-field diameter leads to a larger insertion loss at shorter wavelengths in a connector 
misalignment. On the other hand, the effective index in a fiber bending produces higher losses 
at longer wavelengths and negligible reflection [24,25]. 

ILe = ILe = ∞ ILe = 0.21 dB > ILe = 0.14 dB ILe = 0.2 dB < ILe = 1.3 dB

(a) (b) (c)

Fig. 6. OTDR signal and estimated insertion loss for (a) link break, (b) connector misalignment 
and (c) fiber bending. 

Figure 6 shows the reference trace (in dashed line) and the measured trace after the event 
(in solid line) at wavelengths of 1310 nm and 1550 nm corresponding to a link break, a 
connector misalignment and a fiber bending. In this example, the OPL to the event is 15 dB, 
compatible with a 1:16 split-ratio. As it is expected, for a link break, a strong reflection is 
detected, and the estimated insertion loss at both wavelengths is very high and thus can be 
considered infinite. On the other hand, in a connector misalignment a relatively low insertion 
loss is induced. In this case, the estimated insertion loss at 1310 nm (0.21 dB) is found to be 
slightly larger than the one at 1550 nm (0.14 dB). Finally, in the case of the fiber bending, no 
reflection peak is detected and, as expected, the estimated loss is much larger at 1550 nm (1.3 
dB) than the one at 1310 nm (0.2 dB). In this case, the absence of reflection and the loss 
magnitude at the two wavelengths allow to classify the event as a fiber bending. 

5.1 DSPE-OTDR accuracy 

In this section we assess the determination of the error in the measurement of the proposed 

scheme. When we estimate a parameter θ  by some θ , there will be a nonzero estimation 
error, whose magnitude is a measure of the quality of the estimate, i.e. the accuracy of the 
DSPE-OTDR. While the same procedure can be followed to analyze the return loss 
estimation error, we will focus on the estimate for the insertion loss by means of Eq. (12) 
since, as we have seen, it plays an essential role in the task of the fault identification. Firstly, 
we define the variables 


 22

*
*10 1010 1       10 1 ,

e eILIL

e eIL IL
− −

= − = − (14)

where  eIL  is the estimate defined in Eq. (12), and therefore 
*

eIL  is a random variable that
follows a Gaussian distribution, since it is the sum of independent Gaussian random variables. 
On the other hand, eIL  and therefore *

eIL  are deterministic values, and hence we can define 

the error on the estimation as the difference, which is a random variable whose probability 
density function can be found to be 
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To guarantee that the absolute value of this error is not higher than   with probability 1 δ− , 

we require that { }Pr 1 ,e δ< = −  which after some manipulations leads to an upper bound
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mm

Q
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σ δ−

=

 ≤  
 

 (16)

Notice that the estimation error decreases proportionally to the number of samples used for 
the estimation, which represents a great advantage respect to conventional OTDRs. 

In order to compare the theoretical and experimental errors, we obtained a measurement 
with acquisition times of 30 seconds and 2 minutes after generating a loss inducing event with 
a real insertion loss of eIL  = 1.24 dB. In the acquired signals, which are partially shown in 

Fig. 7(a), the loss is detected at 680 observation samples. Thus, M of the samples (M ≤ 680) 

are used to obtain  eIL . In Fig. 7(b), it is depicted the experimentally obtained error by means 
of Eq. (15) (in circles) and the theoretical value of   (in continuous line) as a function of M. 
Here, we fixed δ = 0.01. Although in some cases the experimental error is slightly higher than 

the theoretical upper bound , it is always around this limit and following the theoretically 
expected trend. The slight deviations arise due to two main facts: the noise is not completely 
uncorrelated and the reference signal is not totally noise-free. 

Theoretical (ε)
Experimental

Error < 0.01 dB

(a) (b) (c)

Fig. 7. Estimation error for the insertion loss: (a) samples used for the estimation, (b) 
theoretical and experimental error and (c) experimental estimation error in dB. 

In Fig. 7(c), it is shown the experimentally obtained absolute error 
eeIL IL−  in dB units, 

which is the error of interest. When only one observation sample is used, the estimation error 
is 0.1 dB (for averaging time of 2 minutes) and 0.6 dB (for averaging time of 30 seconds). It 
can be seen how the estimation error rapidly decreases when more observation samples are 
used. For instance, using only M = 20 samples leads to an absolute error smaller than 0.05 dB, 
while for M = 600 samples, the error is less than 0.01 dB even for short averaging times of 30 
seconds. This represents a measurement error much lower than that of conventional OTDRs, 
which are typically higher than 0.2 dB. 

6. Multiple faults scenarios

The presented fault parameter estimation method was described for the case when a single 
impairment occurs in the network, which is the scenario with the highest probability of 
occurrence [15]. However, a PON monitoring system should be able to manage multiple-
faults scenarios where several events arise between two consecutive measurements. In this 
section, we give a brief description of the supported fiber fault scenarios where for the sake of 
clarity we focus on the estimation of the faults’ insertion loss. 
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Figure 8 shows different scenarios indicating possible fault locations and user 
distributions, highlighting the sample sections in the acquired signal where the loss arising 
from each fault have influence on the OTDR measurement. In the case of a single fault, as 
shown in Fig. 8(a), the estimators given by Eqs. (12)-(13) can be applied without any 
additional consideration. 

Among the multiple-faults scenarios, one particular case occurs when there is no overlap 
between the losses generated by two events from different branches, as depicted in Fig. 8(b). 
In such a case, the insertion loss 1IL  and 2IL  corresponding to Fault-1 and Fault-2, 

respectively, can be individually estimated by applying the original Eqs. (12)-(13) over the 
appropriate influenced sample range, which are obtained from the coarse identification stage 
(recall that the coarse identification stage determines the number and distance to each fault). 
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Fig. 8. Supported fault scenarios: (a) single fault, (b) multiple faults with no overlap, (c) 
multiple faults with overlap, (d) multiple faults in a single drop fiber. 

When there is a partial overlap between the losses generated by multiple events from 
different drop fibers, the estimators must be slightly modified. In the example of Fig. 8(c) the 
insertion loss of Fault-1, 1IL , can be obtained by applying Eqs. (12)-(13) over the samples 

between ONT2z  and ONT1z . In order to estimate 2IL  only the samples between 1ez  and ONT2z

should be used by substituting the reference signal ( )REF iy z  in Eqs. (12)-(13) by a new 

reference signal ( )'
REF iy z  that accounts for the estimated losses due to Fault-1 as 

( ) ( )
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(18)

That is, it is required to adjust the mean value of the null hypothesis by subtracting the 
estimated loss due to Fault-1. In this example, 2IL  can be estimated from the signal section 

between 2ez  and 1ez  if the coarse identification previously identified to which branch the 

fault belongs. 
Finally, for the case of multiple faults in the same drop fiber, the application of the 

estimator of Eq. (12) over the different sample ranges gives the aggregated insertion loss. In 
the example of Fig. 8(d), by obtaining the insertion loss of Fault-1 and the total insertion loss, 
one can immediately determine the insertion loss due to Fault-2. 

It is worth to mention that after a single failure, the most likely event is the breaking of 
multiple fibers at the same distance [15]. These type of events are easily recognized 
previously in the coarse identification stage and it is not necessary to use a more sophisticated 
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estimation criterion. For the rest of the multiple-faults scenarios, as those analyzed above, 
their relative probability of occurrence is relatively low. 

7. Conclusions

In this work we presented the DSPE-OTDR, a novel OTDR-based fault analysis method 
suitable for remote monitoring of PONs. The proposed solution combines conventional 
OTDR techniques with a novel DSP scheme, which is a highly improved solution for 
characterization and identification of fiber faults, especially in optical access networks. 

The detection stage identifies deviations with respect to the reference measurement. In our 
experiments, we are able to detect even small faults, such as a fiber bending or a connector 
misalignment, achieving high sensitivities: up to 0.14 dB in scenarios compatible with a split-
ratio of 1:16 and higher than 1 dB in PONs with split-ratios up to 1:64. We also demonstrated 
the ability to detect such small faults when they are in an event dead zone, which are usually 
missed through conventional OTDR analysis. 

The main advantage is that important fault parameters such as its insertion loss can be 
estimated with an accuracy higher than that obtained using conventional OTDRs, even if the 
fault is located after a power splitter. This allows the operator to completely characterize and 
identify the type of fault. As we demonstrated, the experimental error in the estimation of the 
insertion loss can be less than 0.01 dB even for short averaging times, in accordance with the 
theoretically expected behavior. 

We also showed how the DSPE-OTDR can efficiently respond in multiple faults scenarios 
by slightly, but adequately, modifying the situation of a single fault. 

To conclude, Table 2 summarizes the main features of the DSPE-OTDR and compare 
them with a conventional OTDR solution. As it is known, both methods allow the detection 
and characterization of the fault parameters in a point-to-point link (PtPL). For faults after a 
power splitter, the displayed loss in the OTDR trace is much smaller than the actual insertion 
loss and hence, the real magnitude of the event is missed. On the contrary, the DSPE-OTDR 
allows to find the real insertion loss of the event even for faults behind a power splitter. 
Additionally, the event parameters not only can be accurately estimated using the presented 
method, but also the type of fault can be identified, even if it lies in a dead zone. 

Table 2. Comparison between conventional OTDR and DSPE-OTDR capabilities. 

Capability Conventional 
OTDR 

DSPE-OTDR 

Fault detection in PtPL Yes Yes 

Fault parameter estimation in PtPL Yes Yes 
Fault detection in PONs Yes Yes 

Fault parameter estimation in PONs No Yes 
Automatic fault identification Some Yes 

Event dead zone-free operation No Yes 
Event estimation accuracy Medium/Low High 
Multiple fault operation No Yes 

Since the presented approach operates over conventional OTDR profiles, it is completely 
scalable, transparent to data signals and it does not rely on the use of additional components 
in the ODN. In fact, only the OTDR processing software should be updated. This is extremely 
desirable from an operators’ perspective since CAPEX and consequently OPEX are both 
greatly reduced compared to other monitoring solutions. 
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