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Abstract—We evaluate the theoretical performance of re-
cently proposed optical coding (OC) technology for fiber fault
monitoring of a PON through the signal-to-noise ratio (SNR),
the signal-to-noise-plus-interference ratio (SNIR), and the false-
alarm probability. First, we develop a mathematical model and
expressions for the detected monitoring signals considering a
square law detector and using realistic parameters. Second,
we address the effect of the transmitted pulse power, network
size and light source coherence on the performance of both
one-dimensional (1D) and two-dimensional (2D) OC monitoring
systems. We show that the transmitted pulse width can be
optimized to trade-off the interference and the detection noises.
We give simple analytic equations for this optimal pulse width
as a function of network parameters. Both 1D and 2D coding
schemes are considered. We find that, under perfect dispersion
compensation, an incoherent source performs better than lasers
for 1D coding. In addition, 2D coding using lasers offer very
good performance and supports networks up to 128 customers
with SNIR>10dB; a promising candidate for future high capacity
PON. Finally, we apply Neyman-Pearson testing to the receiver of
our monitoring system and investigate how coding and network
size affect the operational expenses (OPEX) of our monitoring
system.

Index Terms—False-alarm probability (Pr ), network moni-
toring, PON, OTDR, OCDMA, optical coding (OC), signal-to-
noise-ratio (SNR), signal-to-noise-plus-interference ratio (SNIR).

I. INTRODUCTION

PTICAL-time-domain reflectometry (OTDR) is efficient

for testing optical devices and fiber link monitoring
of point-to-point (PTP) networks; however it has yet to
demonstrate its full applicability for point-to-multipoint (PMP)
networks like FTTH-PONSs [1-7]. It is difficult for the central
office (CO) network manager to identify a specific broken
fiber branch in a tree architecture PON. Two monitoring
strategies exist that tend to address this problem: centralized
and distributed. The first provides the CO the ability to acquire
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remotely, live, in-service, full information about the network.
The second considers placing active modules inside the op-
tical network terminations (ONTSs) responsible for making
performance measurements, and sending the information up
to the CO. This approach is an effective tool for preventive
maintenance of the fiber link, however it falls idle when abrupt
interruption occurs in a distribution/drop fiber (DDF), i.e.,
when monitoring is most critical.

A few centralized techniques have been previously proposed
for in-service PON management [8-13]; all are impractical
due to their limited capacity (maximum of a few dozen of
customers). In this paper, we consider a centralized strategy
for fiber link monitoring of a PON that exploits passive optical
code division multiplexing (OCDM) technology. In [6], we
introduced, for the first time, the use of a modified OCDM
scheme for centralized fiber link monitoring of architecture
agnostic PONs. In [7], we developed a mathematical frame-
work for this monitoring system and derived closed form
expressions for the interference probability and the signal-to-
interference ratio (SIR). We demonstrated the importance of
geographical distribution and the transmitted pulse duration
on the system performance measured in terms of SIR for five
geographic distributions for the PON topology. Reducing the
transmitted pulse duration improves the SIR proportionally.
However, decreasing the pulse width also decreases the re-
ceived energy, creating new dominant noise effects not inves-
tigated in [7]. This paper extends our analysis by evaluating the
overall performance of the system using signal-to-noise ratio
(SNR), signal-to-noise-plus-interference ratio (SNIR), and the
false-alarm probability (Pr 4). Results from [7] will be applied
directly to account for interference. We also address how
design parameters such as power, pulse width, coding scheme,
and source type affect the overall system performance.

In Section II, we briefly introduce the optical coding (OC)
monitoring principle, summarize the key results previously
obtained in [7], and develop the mathematical model of the
detected signal taking into account all known interference
and noise sources. In Section III, we address the beat noise
and relative intensity noise in our system. We highlight and
compare important differences between our monitoring system
and standard optical CDMA data communication. Analytical
expressions are derived for the different noise terms for both
1D (time only) and 2D (time x wavelength) coding schemes,
each for coherent and incoherent light source. In Section IV,
we define figures of merit SNIR and SNR for our monitoring
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system. Numerical results are then given to study the effects of
transmitted power, and network size. In section V, we address
the importance of transmitted pulse width on SNIR. In section
VI we focus on the false-alarm probability, Pr 4, and apply
Neyman-Pearson hypothesis testing to our monitoring receiver.
Finally, we offer concluding remarks in Section VII.

II. OCDM MONITORING SYSTEM
A. Principle

In Fig. 1, we illustrate the principle of our OC based PON
monitoring [6,7]. We differentiate each DDF in the PON using
a specific optical encoder placed at the DDF end. The CO
transmits an optical pulse, duration 7¢, in the monitoring U
band (1625-1675 nm). The pulse is split at the remote node
(RN) passive splitter (PS) into subpulses, one traveling in each
DDF. The monitoring subpulses are separated from the data
signal at the front of ONT by a U band wavelength selector
(WS); it is then coded and reflected back to the CO by a
dual function device encoder/reflector, we call a coding mirror
CM;, ¢ = 1,2,--- ,K). The CO receives the sum of all
the encoded signals returned by the CMs and extracts the
information about a particular DDF by cyclically matching
its unique decoder to the received signal. Features of the
auto-correlation peak are used to assess the quality of the
individual fiber link. If all network components are working
well, the monitoring quality (auto-correlation peak) should be
good. Otherwise one or more problems exist in the network.
Our focus in this paper is on DDF status, i.e., faulty (with a
break) or healthy (with no break) situations. The DDF status
is then modeled by a Bernoulli random variable. When a
break happens for a DDF, no encoding occurs and no auto-
correlation peak is observed for that particular DDF. However,
cross-correlation spikes and detection noises may cause errors
in estimating the status of a particular DDF. The capacity of
our monitoring technology is ultimately limited by the code
family used, but orders of magnitude larger than previously
proposed techniques [8-13].

Fig.1 shows two implementations of a 2D (1D) CM. A
generic 2D (1D) CM passive splitter implementation using
tapped delay lines (TDLs), bandpass filters (BPFs) and passive
splitters/combiners (PSCs) and a circulator is illustrated [7].
A more practical, multiple-FBG (MFBG) implementation is
also illustrated. Each grating in this structure reflects a dif-
ferent wavelength in a specific time (i.e., discrete position),
corresponding to a preset 2D code. We consider 1D coding
as a special case of 2D coding; all the gratings are tuned
to reflect the same wavelength and no BPF is required. The
FBG implementation obviates U band WS at the DDF ends
as well as the additional circulator at CM; hence, reducing the
component count and the total CM loss. Fig.1 also details the
OCDM monitoring block. The same technology is considered
for the decoding operation at the CO. The insertion loss of
optical switches and BPFs are neglected. Recall that no contin-
uous data transmission exists for our monitoring application.
Hence, one photodetector is sufficient for the entire network.
Depending on the desired DDF to be monitored, the optical
switch selects the corresponding decoder, i.e., one customer
is monitored at a time [7]. In subsection C we address the
power/loss budget of each implementation.
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B. Interference Statistics

In [7] we focused on the interference statistics and showed
that interference depends on both the properties of the code
family and the geographical distribution of the clients as
well as the transmitted pulse width 7.. We demonstrated
that our system suffers less from interference than optical
code division multiple access (OCDMA) systems, as only
very close undesired CMs, i.e., closer than the correlation
distance lcp, can contribute in the total decoded signal.
We found lcp = ¢FT./2 where F and ¢ denote the time
domain code length and the light velocity in the fiber core.
We show that decreasing T, is a good strategy to improve
SIR. However, in real situations this creates new dominant
noises which are to be investigated in this paper. We defined an
i.i.d Bernoulli random sequence pi, k = 2,3,--- , K (the first
client represents the desired one, without loss of generality);
pr = 1 when customer k& contributes non-zero interference. As
indicated, the DDF status is modeled by a Bernoulli random
variable &, € {0,1} which is assumed to be the same for all
DDFs. We considered a family of multi-wavelength optical
orthogonal codes (MW-OOCs) with (F,M,w = 4,\, =
Ae = 1) where M, w, A\, and A, are the available number
of wavelengths, code weight, maximum of (out-of-phase) auto
and cross correlation values, respectively. The code length F
is related to the network size K [14],[15]. We derived an
upper bound on the interference probability, Pr(px, = 1) as a
function of the code family and the physical location of both
the desired client and interferers. We also demonstrated that a
uniform radial (UR) distribution for the clients, while simple
and easy to model, provides an acceptable estimate, in terms
of SIR, for more general geographical distribution models [7].
Therefore, in this paper we assume that client distribution over
the network coverage area obeys a UR model.

C. Decoded Signal

By considering unitary cross-correlation, A = 1 for codes
used, each interfering CM sequence can only contribute one
optical pulse to the total decoded signal in the observation
interval. We assume that the CO receiver knows the exact ob-
servation interval Ty,s (corresponding to the auto-correlation
peak window)! for the desired CM; [7],[14]. The decoded
signal for the desired customer in the field domain as a
function of time ¢ and wavelength \ during t € T, can
be expressed as (see eq. (14) in [7]) in (1) where vector
l = [l1,...,lx] represents the distance from the clients to the
CO. Other terms are defined in the following, per [7].

The first term in (1) is the desired signal, the auto-
correlation peak. The second term corresponds to the inter-
ference coming from undesired clients, i.e., cross-correlation
spikes. The total connector/splice loss is oz, the transmission
fiber loss is «, in neper/meter in the monitoring wavelength?,
and the CM (decoding) attenuation in the field domain is ccps
(avq); which are discussed in greater details at the end of
this subsection. The decoded signal experiences attenuation
proportional to the number of clients K due to splitting and

IThe synchronization of the receiver to the observation interval is an
important issue which is not in the purpose of this paper.
2U band fiber loss is higher than the data bands (C and L), see Table L.
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The binary random variable & € {0,1} denotes the status
of the desired client’s connection. The frequency in common
between user 1 and user k is denoted by vy, while Ay, is
the uth frequency in user 1’s code. We will now consider the
impact of our choice of system architecture on (1), both for
1D vs. 2D codes, and the encoder implementation. The source
coherence effects, coherent (laser) or incoherent/broadband
source (BBS), and coding schemes and their relation to noise
sources are discussed in section III.

In a 1D scheme only one wavelength is transmitted, so
all the pulses in (1) have the same center wavelength, i.e.,
A,u = Ao and vy, = Ag. However, in a 2D case, vj, varies with
the code and interfering client, hence reducing the total beat
noise (BN) terms. In fact, due to the coding in the wavelength
domain, a 2D scheme suffers less from BN than a 1D scheme,
see section III. The encoding attenuation (o) depends on
the implementation used for our OC monitoring system [6]-
[7],[14],[15]. The PSC with TDL and optical BPFs has o?P =
P = L. The additional circulator (with attenuation factor
Qire) Increases the CM insertion loss, i.e., oy = QeireQe.
Typical values of 2-3dB are considered for the total power
insertion loss of the circulator. For a FBG implementation
of 1D coding we have o), = alP = —— where all the
gratings are tuned to reflect the same wavelength. For a FBG
implementation of 2D coding, we have o2, = a?P = a,
where «, is the reflectivity of the grating for 2D scheme
[6],[7],[15],[16]. For a 2D scheme, each grating is designed
to reflect a distinct wavelength with o, = 100% reflectivity.
However, for a 1D scheme the reflectivities depend on the
code weight w. As mentioned, the same implementation is
considered for encoding and decoding operation, i.e., ae = aq.

D. Detected Signal

In this paper we use a square law model for the detection
process, and include all electrical and optical noises as well
[17]-[19]. Also, in order to compensate the huge loss due

to passive elements such as splitter/combiner, we consider a
high gain avalanche photodiode (APD) with a gain G and
excess noise factor of 1+, see Table 1. Recall that no optical
amplifier exists for the U band. The total output photocurrent
can be written as

ipp (t) =¥é 1 (8N D)
+ipin (t) +isn (t) +ipn () +irn (2)

for t € Typs. The terms igrn(t), isn(t), irn(t) and ipy(t)
denote current noise sources: relative intensity noise (RIN)
of the detected optical pulses, shot noise (SN), dark current
noise (DN), and thermal noise (TN) of the receiver. The first
three terms in (2) are the sources of signal (and interference)
dependent noises. The remaining terms in (2) correspond to
the signal independent noises.

Consider traditional OTDR on point-to-point (PTP) links.
In these systems the receiver sensitivity is limited by the
shot noise, since the measurements can be taken over a
very long interval. There is no RIN because coherent (laser)
sources are used; there is no beat noise (BN) because only
one optical pulse is transmitted and reflected by the network
[19]. In contrast, in our application measurements cannot be
taken over a long interval, but are restricted to the brief
observation interval T, with duration of a transmitted pulse
width. Incoherent sources offer advantages, but introduce RIN.
Finally, due to the tree structure, as opposed to PTP, many
pulses are returned leading to BN. In the next section we show
that these differences affect our system performance analysis.

@)

ITI. NOISE SOURCE ANALYSIS

In subsection A, we address potential structures for our
monitoring system. In subsection B we derive analytically the
total detected light, including the source coherence effects,
i.e., BN and RIN (SN, TN, and DN are in subsection C). We
examine both coherent and broadband sources and 2D and
1D coding schemes. These equations are used later to study
system performance.
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A. Potential System Structures

Taking two possible source types (coherent and BBS), two
coding schemes (1D and 2D), and two encoding/decoding
implementations (FBG and PSC), a variety of architectures
can be proposed for our monitoring system [7]. In fact,
considering the power/loss budget, some combinations are
extremely disadvantageous. For instance, due to the very poor
performance of the coherent source based 1D coding scheme,
a PSC based implementation of this scheme is not considered
in this paper. In addition, the spectrum slicing of the BBS leads
to intensity noise for a 2D coding scheme that is prohibitive,
and thus this is not addressed. Recall that a filtered BBS
severely suffers from RIN [19]. Therefore, we consider only
the following four configurations to be of most interest: 1)
coherent source + 1D FBG enc/dec (1D-Coh-FBG), 2) BBS +
1D FBG enc/dec (1D-BBS-FBG), 3) BBS + 1D PSC enc/dec
(ID-BBS-PSC), and 4) coherent source + 2D FBG enc/dec
(2D-Coh-FBG).

B. Beat Noise and DC Components

To develop equations for the beat noise contribution for
either coherent or incoherent sources, we focus on the first
term in (2) and decompose it. Let i1 4 (t) represent the intensity
(power) addition and ipy(t) the beating of the detected
pulses (desired and interferers), i.e., G |r1 (¢, A\, 1)|” = iza(t)+
ipn(t). Recall that in [7] we assumed that the total output
current can be approximated solely by the intensity addition
term, i.e., ipp(t) = ira(t). Using (2) in conjugation with (1)
we have equation (3) as expressed at the top of the page.

where by definition ap 2 % represents the total loss
experienced by each optical pulse. Similar to (3) the BN term
ipn(t) can be written as given by (4) at the top of the page.
Where Re {x} £ ””*27”* and * denotes the complex conjugate.
Three beating signals are defined: signal-to-signal beating
(SSB), signal-to-interference beating (SIB), and interference-
to-interference beating (IIB). The photocurrent i pp () will be
electrically filtered, affecting the contributions to BN from
terms SSB, SIB, and IIB. The beating between pulses with
different center wavelengths is eliminated by electrical filter-
ing; beating is significant only for signals with the same center
wavelength. In case of the 1D scheme, and all terms in (4),
i.e., SSB, SIB, and IIB, contribute to a significant BN power.
However, for the 2D scheme, SSB is eliminated by assigning
unique wavelengths to the pulses in the auto-correlation peak
in (1), i.e., A1y # A1,p for u # v € {1,...,w}. In addition,
the average power of SIB and IIB decreases proportionally
with the code weight w [20]-[25]. The total BN power
also depends on the statistics of the interference {pk}szz,
particularly on the geographical distribution of the clients and
the transmitted pulse width 7;. Rather than standard optical
CDMA, decreasing T, directly decreases the interference by
reducing the correlation distance. In addition, sparser users
leads to smaller interference probability Pr(px = 1) [7]. In this
paper, we consider a fixed coverage area and a UR distribution
for the customers, i.e., we only investigate the importance of
T. on our monitoring performance, for more details see [7].

To estimate the desired DDF status &; the photocurrent
ipp(t) is electrically filtered during T,ps of length T., see
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Fig. 2. The filtered signal is then sampled and the decision
variable is compared to a threshold which depends on the
system parameters, see section VI. In the case of an integrator
for the electrical filter, the decision random variable can be
written as

s / ipp(t)dt 5)
t€Tops

The decision variable v can be expressed as v = s;4 +
YBN + YRIN + YsN + VDN + yrn where by definition we
J ira(t)dt and ; 2 Tl [ i;(t)dt for

t€Tops © teTops
j € {BN,RIN,SN,DN,TN}. Indeed ~y; are random vari-

ables representing the contribution of each noise component
to 7, and sr4 denotes the non-zero average (DC) part of the
filtered photocurrent. In our analysis we content ourselves with
finding the signal power to noise power ratio, based on the
second moments of v;; in section VI we study Pr 4 assuming
Gaussian statistics for . To facilitate our analysis (in section
VI) we keep explicit the desired DDF status &; in the following
equations for both signal and noises.

The DC part sy4 can be written as the summation of the
desired signal ji4;, and the interference contribution fi;y, i.€.,
S1A = WPsig + [int Where by definition

have s;j4 = Tl
c

w T.
fsig(lh) 2 & Gare2b LS [T (t, Ar)| dt
S 6)

= fleaTP3672a“ll

A K e 2
,uznt(D = GO‘TTLC Z pk672aalk f ‘H(tavk” dt
k=2 0 7
B ™
_ GOZTPS Z pk672o¢alk
k=2

We assumed that each pulse has average power P, =
T

T% J (e, )\)\2dt. Note that fi5,4 and p;n: are conditional
"0

means, i.e., conditioned on the realization of [ = [l1, ..., k]
In the following we focus on the statistics of each of the noise
terms -y, contributing to «y (5).

C. Source Coherence Effects

In our proposed system the CO generates a pulse from
a single source and transmits this to all CMs, introducing
correlation in the reflected sequences. However, analysis in
[26] shows that for relative delays larger than the observation
interval, even optical pulses originating from the same source
can be assumed independent at the output of the electrical
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filter. Recall that in our application the pulse width is small,
especially compared to the geographic distribution of clients;
in order for returns to remain correlated clients would need to
be spaced closer than a meter. We therefore assume random
variables yrrny and ypn are uncorrelated. By assuming a lin-
ear model in the field domain for all the network components
as in [7] and neglecting polarization effects, the return signal is
composed of delayed (and attenuated) versions of the original
monitoring pulse sent by the CO. In sum, all incident pulses
on the photodetector have identical but independent statistics
so that all the beating terms in (4) are uncorrelated. The total
noise power (conditioned on [) due to the RIN (0123[ ) and
BN (0%,) can be simply summed in order to calculate the
total RIN and BN power, i.e., 0%,y + 0%y [171[18],[19].
Again recall that RIN and BN powers are also affected by the
transmitted pulse width and the geographical distribution of
the users in the network, see Section V.

i) RIN for a BBS source in 1D scheme

Let 8 be the source coherence time of the optical signal
divided by the pulse duration, i.e., 8 = ;—z The filtered RIN
of such a signal has a normalized power equal to 5 [17],[19].
For electrical bandwidth B, and available optical bandwidth
B,, we have = g_Z' Therefore, the RIN power of an optical
signal, 0%, is 3 times the square of its power. Using (3),
the total RIN power can be expressed as

%N (&1,1) = BlarGP)*(1+ ()

gl X gl 3
X [Gwe el 4 %7 p e Al
k=2
Recall that in a laser based system no significant RIN exists,
i.e., orrny = 0. As mentioned, due to the spectrum slicing of
the BBS source, a 2D scheme that uses BBS suffers from
severe RIN [19]. Therefore, in our application we do not
consider BBS sources for 2D coding schemes, but rather only
coherent sources (lasers) for 2D.
ii) BN in a 1D Scheme (laser and BBS)
Similar to RIN, each beat noise term for both coherent and
incoherent sources in (4) has a normalized gower equal to 3,

where by definition 8 = min (k =~ B: 1) [17,19,21]. The

T. — B,’

optical bandwidth B, however depends on the source type. For
instance, a coherent source such as a mode-locked laser has
B, around 10 MHz. For a broadband source such as thermal
sources or LEDs, B, can be as large as 1THz (~ 8 nm).
For pulse width larger than the source coherence time, i.e.,
T. > 1., B is proportional to the inverse of the pulse width
for both coherent and BBS sources.

The optical signal for both lasers and BBS is assumed to
have a zero mean average in the field domain. Thus all terms in
(4) are uncorrelated and so correspondingly are SSB, SIB, and
IIB uncorrelated. The total BN power can then be expressed
as the summation of the power of each BN term component
in (4). The BN power of each Re term in (4) is § times
of the square of its power, as for RIN terms [17]-[19],[26].
Therefore, the conditional powers of SSB, SIB, and IIB are

opn (&, l) = 08sp (&1, 1h) + 051p(6,1) + op(1) 9
where we have
0§sp(61, 1) = &1 8(arGP)* (1 + Qu(w — 1)e~ "1 (10)
0%1p(&1,1) = &B(arGP)*(1+()

K
xwefzaall Z 2pk672aalk (11)
k=2
o7r5(l) = BlarGP)*(1+¢)
& raalutly  (12)
X Do 2 2puppe talinTh
u=2 v=u+1

Note that (9) hold for both coherent and BBS in a 1D coding
scheme. Also {py} depend on the geographic distribution of
clients and the transmitted pulse width [7].

iii) BN for a laser source in a 2D Schem

In a 2D scheme, by assigning a different wavelength to
each pulse in the code, the autocorrelation will contain no
BN among desired pulses, i.e., SSB is zero [15],[16],[21]-
[25]°. As mentioned previously, for 2D scheme, (9-2) and (9-
3) reduces by a factor of w. The 2D scheme has a double
benefit: eliminating SSB and reducing SIB and IIB. IIB is

3For this to be true the number of available wavelength should be higher
than the code weight, i.e., M > w.
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on average much smaller than SIB, so we can approximate
o3 n(€1,1) ~ 02;5(€1,1). As mentioned, due to the signifi-
cant RIN power of a spectrum sliced BBS, in this paper we
do not consider a 2D scheme that uses BBS sources.

D. Shot, Dark Current & Thermal Noises

The shot noise process, isy(t), is modeled as a Poisson
process with a power proportional to the average of the
detected light in (3), and independent of all other noise
components [17]-[19]. Therefore, the random variable ysn
is Poisson with a conditional power equal to

oty 2 qG(1+ O)sraBe = qG(1 + O)(ttsig + print) Be (13)

where ¢ is the electron charge.

As with the shot noise process, the dark current noise is
modeled by a Poisson process with an average current equal to
Ipn Amps and is independent of all other noise components.
The filtered dark current, vp is a Poisson random variable
with a power 0%, = ¢,y Be. Thermal noise is modeled as
a zero mean Gaussian process with a power spectral density
Nty in Ame/Hz [17]-[19]. So the filtered thermal noise vy
is a zero mean Gaussian random variable with a power equal
to 02 = NpyBe.

Based on previous discussion, all the noise components
vjsj € {BN,RIN,SN, DN, TN} are uncorrelated. There-
fore, the total noise power due to RIN, BN, SN, DN and
TN can be simply calculated by adding all noise component
powers. We define a new random variable -, representing the

total noise effect in (5) so as v, 2 YBN + YRIN + YsN +
YpN + yrn. The random variable ~,, is zero mean and its
conditional (conditioned on realization [) power orfl equals to
02 = 0%y + 0k + Oby + 0Dy + 0%y Usually 7, is
approximated to be Gaussian [17]-[19], see section VI[27].

IV. PERFORMANCE EVALUATION

Due to non-zero interference coming from undesired clients
in the network, three signal quality measurement tools can be
defined: signal-to-interference ratio (SIR), signal-to-noise ratio
(SNR), and signal-to-noise-plus-interference ratio (SNIR). We
can express SNIR in terms of SNR and SIR (previously
studied in [7]).

A. Signal Quality Measurment Tools

By definition SNIR is the square of the desired signal
average (auto-correlation peak) divided by the average of the
total noise power

—2
/'Lsig

SNIRZ _
ﬁint + U?L

(14)

where ﬁsig = E{l‘sig}7 Hint = E{:u“lnt} and E =F {UEL}
is the average of desired signal, interference, and noises; the
operator E {-} takes the expectation over [ and &;. The a priori
probability of a fault in the desired client’s DDF is p; =
Pr (& = 0). As the link is reasonably reliable, E{{;} =1 —
pe = 1. The denominator in (14) corresponds to the total
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power of undesired terms, including undesired DC in (5). The
signal-to-noise ratio (SNR) is defined as
a Mg

SNR 15)

On

Using the signal-to-interference ratio (SIR) definition in [7],

ie., VSIR 2 ;—gt, SNIR and SNR are related by
SNIR™' = SIR™' + SNR™* (16)

So having SIR and SNR gives us SNIR using (16). We
continue our discussion by defining measurement tools to
focus on each noise term separately. By dividing both the
numerator and denominator of (15) by 77%; o We define the SNR

2
component SN R; 2 “:i¢ forj € { BN, RIN, SN, DN, TN}

where by definition 0_22 2 E {o2}. Therefore, we can write
SNR-1 = ZSNR;l. In the following, we will see that,

depending on the coding schemes and encoding/decoding
implementations and network parameters, different SNIR com-
ponents become dominant.

In the following we evaluate the importance of transmitted
power, network size, and the DDF fault probability on our
system performance. The averages of the signal and noise
powers in (8)-(13) are calculated by performing expectation
over all possible network realizations [ = [ly,...,lx]. We
assume that the client distribution obeys a uniform radial
(UR) model introduced in [7]. As explained before, a fixed
coverage area equal to 1 km? is considered. This corresponds
to a maximum separation length of Al = 564 m for a UR
distribution model*. Table I gives the parameters we used
for our numerical results. While BBS pulses suffer from
severe dispersion, for this paper we assume perfect dispersion
compensation at the CO.

B. Transmitted Power

Consider a PON with K = 64 clients and a 20 km feeder
fiber. The total loss due to splitting/combining at the RN is 36
dB (18 dB +18 dB). The total feeder loss is 12 dB (6 dB+6
dB). For a code weight of w = 4, the total encoder/decoder
insertion loss is 12 dB for 1D FBG, 0 dB for 2D FBG, 26
dB for a PSC based implementation. Therefore, for a 5 dB
splice/connector loss, the total loss experienced by optical
pulses varies from 53 dB to 79 dB. Considering a transmitted
power of 4 dBm, the received power can be as small as -49
dBm (2D FBG) to -75 dBm (PSC). In the next, we investigate
the importance of transmitted power on the performance of our
monitoring system.

Using Table I, the required code length is F' = 769. For
a T, = 1 ns pulse width we have lcp = 76.9 m. In this
case, we have SIRs of 21.6 dB for 1D coding scheme and
33.6 dB for 2D coding scheme; the system is interference-
free [7]. In Fig. 3 we plot SNIR (solid line) and SNR (dashed
line) versus the transmitted power for different configurations.
Only transmitted powers up to 10 dBm are considered, as
maximum power is limited by the fiber nonlinearity; for

4The maximum distance between the RN and a customer in the network
(CM) [7].
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TABLE I
VALUES USED FOR SIMULATION.

Geographical Parameters

Feeder Length Iy =20 km
Coverage Area a? =1 km?
Maximum Separation Length Al =564 m
Fiber Fault Probability pe =102

Geographical Distribution Uniform Radial over [0, Al]
MW-OOC Parameters

Number of Wavelengths M =4
Code Weight w=4
Maximum of Auto-correlation Aa =1
Maximum of Cross-correlation Ae =1

Code Length (varies with K) F=wlw-1)K+1
Component Parameters

Monitoring Wavelength Am = 1650 nm
Fiber Attenuation for A\, o = 0.3 dB/km
Avalanch Photodiode (APD) Gain G =100

APD Ionization Coefficient x=10"72

APD Excess Noise Factor C+1=297

Dark Current Ipc =160 nA
Thermal Noise Power Nrn = 10725 Amp?/Hz
Total Connector/Splice Loss ar, =5 dB

BBS Bandwidth B, =1 THz and 100 GHz
Laser Linewidth B, =10 MHz

[ (varies with pulse width T¢)
Splitter/Network Size at RN

Be/Bo = 1/(BoT%)
K = 8,16, 32, 64, 128, 256

20 T
Ps=4 dBm :
Maximum Limit for standard :
single mode fiber :

—&6— 2D-Coh-FBG
—&— 1D-BBS-FBG

15['|—e— 1D-BBS-PSC
—— 1D-Coh-FBG

SNIR & SNR [dB]
(6]

SIR

Transmitted Power Ps [Watf]

Fig. 3. SNIR (solid curve) and SNR (dashed curve) versus the transmitted
pulse power for pulse width 7. = 1 ns and K = 64; B, = 1 THz for a
BBS source and B, = 10 MHz for a coherent source.

higher values, the linear system assumption is no longer
valid [7]. We observe negligible difference between SNIR
and SNR. Performance is limited by detection noise and not
the interference. From Fig. 3 we observe that only 2D-Coh-
FBG provides acceptable performance, i.e., SNIR ~10 dB,
for powers smaller than 4 dBm. In the rest of the paper,
we consider 4 dBm for the transmitted power which is the
maximum possible value for a standard single mode fiber in
order not to induce any fiber nonlinearity [19].
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30
=" BPON/EPON/GPON: Current technoloéy

o5 bl ... ':> GPON: Future High Capacity Consideration

: : - |—6— 2D-Coh-FBG
20F -\ e i-:| —5— 1D-BBS-FBG |
—&— 1D-BBS-PSC

= 15 N\ Nl |=9— 1D-Coh-FBG | |
z : : : : :
% : : : :
x :
5 = 10 MHz

5F-aN..... LA O U S S _
B":mMHZ Iﬁcreasing Ioss' at RN
SN L = ;

0 50 100 150 200 250

Network Size K

Fig. 4. SNR versus network size for different coding schemes and Ps; = 4
dBm and T, = 1 ns.

C. Network Size and Fault Probability

Using T, = 1 ns, P = 4 dBm and values in Table I,
in Fig. 4 we plot the SNIR (=2 SNR) versus network size
for both 1D and 2D schemes. It can be observed that for
a 1D scheme that uses coherent sources, the performance
is very poor even for small network sizes, see section III.
Increasing the network capacity degrades SNIR and SNR (as
well as SIR [7]) by increasing the splitting loss at the RN
(as well as the interference). We also considered (perfectly
compensated) BBS sources with B, = 1 THz (solid line)
and B, = 100 GHz (dashed line) for a 1D scheme and
different coding implementation in Fig. 4. Increasing B, leads
to considerable improvement in system performance, see (8)-
(12). Fig. 4 shows that even for small network sizes such as
K = 32, the performance of both 1D-Coh-FBG and 1D-BBS-
PSC are poor, i.e., SNIR < 5dB. Having established form Fig.
3 and Fig. 4 that the 1D-Coh-FBG and 1D-BBS-PSC are not
viable solutions, we retain only the 1D-BBS-FBG and 2D-
Coh-FBG structures as candidates for our monitoring system.

Regions corresponding to the current PON technology
(E/B/GPON) and future high capacity PON (GPON with
K = 64,128,256) are also illustrated [5,6,7]. We see our
technique, while supporting the current standards, enables
further increases in the splitting ratio at the RN. Recall that
all the results presented in Fig.4 are related to the parameters
listed in Table I.

The a priori probability of a fault in the desired client’s
DDF is pg = Pr(§1 = 0). As the link is reasonably reliable,
E {&} = 1—p¢ ~ 1. This approximation leads to insignificant
variation in system SNIR (~SNR) versus network size; for
instance, plots are nearly indistinguishable for ps = 1072
VErsus pe = 107! for T, = 1 ns, P; = 4 dBm and the values
in Table 1.
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V. EFFECT OF PULSE WIDTH

In this section we focus on the effect of pulse width on
our monitoring system performance in terms of SNIR. While
an interference limited analysis shows that decreasing pulse
width increases SIR unboundedly [7], we show that, as a result
of trade-off between interference and detection noises (BN,
RIN and SN) the pulse width can be optimized depending on
the network size and coding implementations. As explained
before, we only focus on 1D-BBS-FBG and 2D-Coh-FBG
architectures. In all the results presented here, the bandwidth
of the photodetector is considered to be greater than the post-
detection electrical bandwidth, i.e., larger than Tic Therefore,
our numerical results do not take the bandwidth limitation of
the photodetector into consideration.

A. Numerical Results

Using the values in Table I and P; = 4 dBm, in Fig. 5a we
plot the SNIR given by (14) versus the pulse width for a 1D-
BBS-FBG system and different network sizes. For short pulse
width, or equivalently high electrical bandwidths, (left side of
Fig. 5a) the performance is limited by the signal dependent
noises. As the pulse width increases, SNR improves while SIR
degrades’. For longer pulses (when lcp = cFT./2 > Al),
the SNIR is dominated by SIR. For very long pulse widths
our system tends to SIR=10 dB; in this regime we have a
high density PON whose performance is similar to that of a
data bearing OCDMA system [7]. Fig. 5a also shows that for
small networks, iK' = 8,16, 32 an optimal pulse width exists
which provides the maximum SNIR. This optimal pulse width
occurs at T, =~ 1 ns in our simulations based on the values
given in Table I. For large network sizes (/i = 64, 128, 256)
no optimal pulse width is observed and all very long pulses
lead to the same asymptotic performance studied in [7].

Using the values in Table I and P; = 4 dBm, we plot
SNIR in (14) versus the pulse width for a 2D-Coh-FBG
system architecture and different network sizes in Fig. 5b.
For very short pulses it is more likely that lcp < Al i.e.,
negligible interference; SIR is high, and SIB power can be
neglected compared to the shot noise power. Thus the total
noise power for short pulses is dominated by the shot noise
coming from the desired pulses, i.e., SNIR ~ SNRgy, a
linearly increasing function of the pulse width. As the pulse
width increases, leading to higher correlation distance l¢p,
interference increases leading to greater beat noise power [7].
For these intermediate pulse widths, beat noise dominates,
SNIR =~ SNRpyn, and we observe the SNIR (in dB) is a
linearly decreasing function of pulse width. When [~ p reaches
Al = ¢FT./2, the interference reaches a maximum (thus
fixing SIR and SNR g ) after which the SNIR plateaus. Once
the pulse width exceeds the coherence time of the laser source
(T, > 1.), SNRpx improves. Thus for very long pulse widths
the system is interference limited (high density PON) with
SNIR =~ SIR = 22 dB.

Compared to a 1D scheme, for network sizes up to K =
128, a shorter locally optimal pulse width exists, 7, ~ 0.3
ns. As was the case in the 1D scheme, for X > 64 the

5In [7] we found that SIR (in dB) is a linearly decreasing function of the
pulse width for locp = cFT./2 < Al.
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Fig. 5. SNIR versus the transmitted pulse width for Ps = 4 dBm and a)

2D-Coh-FBG with B, = 10 MHz, and b) 1D-BBS-FBG and B, = 1 THz.

highest SNIR is achieved asymptotically with very long pulse
widths. The optimal pulse width exists as very short pulse
widths give good SIR, but low SNR. Correspondingly, for long
pulse widths SIR degrades while SNR improves. In subsection
C we provide analytical expressions for this optimal value
depending on the network parameters.

B. Partitioning of Monitoring Across U-band Sub-bands

As illustrated in Fig. 5, for large networks, particularly for
the 2D scheme, the optimal performance is only achieved
for very long pulse widths. For smaller networks, the local
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maximums in Fig. 5 are opportunities to increase the effec-
tiveness of our monitoring system. In addition, these network
sizes lead to optimal pulse widths with easier encoder/decoder
implementations. For instance, for a very short pulse, the
encoder/decoder will have greater sensitivity; also, very long
pulses this will be bulky to the point of impracticality.

Recall that all 50 nm in the U band (1625-1675 nm) is
devoted to monitoring and no data is carried inside this band.
In order to achieve good performance and practical monitoring
and still support large networks, we propose the use of a
multiband scheme for the monitoring. For example, in the
case of a 1D scheme that uses BBS we can slice the 50 nm of
U band into five slices of 8 nm (B, = 1 THz) and leave the
remaining 10 nm for a guard band. The monitoring capacity is
then increased by a factor of five (the number of sub-bands)
for the same SNIR (SNR) in Fig. 4. As a result similar to
standard OTDR techniques averaging technique can be used to
improve our system performance [19]. Assuming independent
measurements, the SNR of the monitoring system improves in
proportion to the number of measurements averaged.

In general, the partitioning and averaging techniques can
be used simultaneously to significantly improve the perfor-
mance/capacity of our monitoring system. The performance of
our monitoring system is ultimately dominated by the interfer-
ence, i.e., SNIR<SIR. In this situation the performance is only
affected by the code properties, the geographic distribution and
the transmitted pulse width [7].

C. Finding the Optimal Pulse Widths

We will assume that the transmitted power is high enough to
neglect both the dark current and thermal noises, i.e., SNRpn,
SNR7n — oo. Therefore, only signal dependent noises (BN,
RIN and SN) are retained. We study 1D and 2D schemes
separately. For space considerations only results are presented.

1D Coding Scheme

i) Short Pulses: As explained earlier, for sufficiently short
pulses, SIR is very small and SNIR is dominated by other
signal dependent noises. Thus the SNIR can be expressed as

1 T.
B;l+T1+4+¢

for sufficiently

small T,

SNIR = (17)

where by definition T~! 2 wape2%ls P, /q. This equation
validates our observation in Fig. 5 that for sufficiently short
pulses, SNIR is a linear increasing function of pulse width.

ii) Long Pulses: For sufficiently long pulses, as observed in
Fig. 5a, SNIR is dominated by interference, i.e., SNIR ~ SIR.
Note this is the region where an optimal pulse width exists,
and SNIR is maximized. Recall lcp = ¢FT./2 and M =1
for 1D coding. Then from [7] eq. (22) we have

N AIN? 1 for sufficientl
SNIR = SIR = ((w - 1)5) T2 large T, !
¢ (18)

In this region SNIR is a decreasing function of 7.. The
optimal pulse width and the corresponding SNIR can be
approximated by the intersection of (17) and (18) as follows.

Tert = ((%)2 (1+¢) (B + F)) 3

11 Tt
— SNIRpax = 3 EoTT TG

(19)
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For instance, for a 1D scheme with X = 16 that uses a
BBS with B, = 1 THz, other parameters as given in Table I,
yields T°P* = 1.4 ns and SNIR,,, = 20.2 dB. Comparing to
results in Fig. 5a, we see these equations give good estimates.

2D Coding Scheme

i) Short Pulses: as discussed in subsection A, for sufficiently
short pulses we have SNIR ~ SNRgy. So

T, for
SNIR = Ta+0)

where I' is as defined previously. As observed in (20), we see
a linear dependence on the transmitted pulse width.

ii) Long Pulses: As discussed previously, for longer pulses
the performance is limited by BN, i.e., SNIR ~ SNRpy. In
this case we have;

sufficiently

small T, (20)

SNIR—( MAI >1 for longer

20K(14+¢)) T, T.
As in the 1D scheme, optimum pulse width and correspond-
ing SNIR can be approximated from (20) and (21) as

1 Al —20aly P
TPt = | -TM = — SNIRpay = ——— 1 =S opt
2 K 2¢(1+ Q)
(22)
As an example, for K = 16 and values in Table I for a 2D

scheme, we have T°P* = 0.38 ns and SN Ry,ax = 24.4 dB.

2L

VI. FALSE-ALARM AND DETECTION PROBABILITIES

Any CO error in the estimation of a desired DDF status,
results in non-negligible operational expenditure (OPEX).
Declaring a fiber fault when none exists results in an expensive
and unnecessary truck-roll of complex fiber optic equipment.
Alternately the CO failure to detect a fault in a DDF due
to noisy measurement leads to customer dissatisfaction and
complaints. Our monitoring system is similar to a multi-target
radar system where both the detection (Pp) and false-alarm
(Pra) probabilities are of great importance, as in the OPEX
application. These probabilities are inherently interdependent;
it is easy to always have perfect detection if we always declare
a fault, but our false-alarm probability would be abysmal.
Therefore we employ Neyman-Pearson testing to maximize
Pp subject to a limit on the false alarm probability Pr4. To
visualize the trade-off between Pr4 and Pp we use receiver
operating characteristics (ROCs), that is a plot of achievable
Pr4 vs. Pp for a given SNR level [28]. In the following we
study the ROCs of our monitoring technology for both 1D and
2D coding schemes and different network sizes.

By definition Pp is the probability of correctly declaring
a DDF faulty, ie., Pp = Pr(y(& = 0) < n) where 7 is
the threshold of the comparator in Fig. 2. Similarly Pry4 is
the probability of declaring a DDF faulty when it is healthy,
ie., Pra = Pr(y(& = 1) < 7). Due to the contribution of
different dependent/independent noises in the decision random
variable in (5), the general derivation of Pr4 and Pp is quite
complex. In this paper, the distribution of v is assumed to
be Gaussian [14,21,27]. By assuming a Gaussian distribution
for 4 with conditional mean s;4 and power o2 and the
definition of Q(x) 2 \/%f;o eny/Qdy, Pp and Pp4 are

related by Pp = 1 — Q(kQ (1 — Ppa) + ¥) where r 2
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Fig. 6. ROC of the receiver for different system architectures and Ps = 4

dBm, T = 1 ns for a) 1D-BBS-FBG with B, = 1 THz and b) 2D-Coh-FBG
with B, = 10 MHz.

Tal61 = 1)/Ta( = 0) and 0 2 T, (&1 = 1) /7a (& = 0).
Fixing the threshold fixes both Pp and Pry4, i.e., each point
in the ROC curve corresponds to a specific choice of the
threshold of the comparator in Fig.2. The probability of failure
to detect a fault is 1 — Pp.

Using the values in Table I, P = 4 dBm and 7, = 1 ns
the ROC for configurations 1D-BBS-FBG (B, = 1 THz) and
2D-Coh-FBG (B, = 10 MHz) are presented in Fig. 6. No
averaging or partitioning is used for the results presented in
Fig. 6. For a 1D-BBS-FBG system (Fig. 6a), ROC are flat
for small network size, i.e., 8, 16, and 32. For instance, in a
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K = 32 customer network, when requiring a small Pr4 (such
as Pra = 1073) Pp remains high (Pp = 1). As the network
size increases, leading to smaller SNR, the ROC deteriorates.
For K = 64 and the same Pr 4, detection probability reduces
to Pp =0, i.e., high OPEX.

In Fig. 6b we plot ROC for a 2D-Coh-FBG system with
B, = 10 MHz. The ROC are considerably flat even for
large network sizes. For a K = 128 customer network for
small Pr4 = 1073, the detection probability remains high,
ie., Pp = 1. Increasing the network size to K = 256
while keeping the same Pr 4 reduces detection probability to
Pp =0, i.e., high OPEX. As illustrated in Fig. 6, both 1D-
BBS-FBG and 2D-Coh-FBG enables support of respectively
32 and 128 customers with negligible operational expenditure.
SNIR>10 dB is required for optimal performance.

VII. CONCLUSION

In this paper, we analyzed the performance of an OCDM-
based monitoring technique that offers a promising solution
for fiber fault monitoring of future high capacity PON. We
extended our analysis in [7] by using an accurate model
for our monitoring system that includes both the interference
and detection noises and realistic device parameters for our
monitoring technology. We considered the nonlinear photo-
detection process, including source coherence effects such as
relative intensity noise (RIN) and beat noise (BN). Using
the mathematics developed in this paper, and in conjunction
with [7] where only signal-to-interference ratio (SIR) was
treated, we addressed the importance of transmitted pulse
power, pulse width, network size, fault probability as well as
the source types (coherent or broadband) and coding schemes
on our monitoring system performance. Our figures of merit
for performance were signal-to-noise-plus-interference ratio
(SNIR) and signal-to-noise ratio (SNR). We also investigated
the receiver performance characteristics via Neyman-Pearson
hypothesis testing. We showed optimal configurations for low
operational expenditures.

Our analysis shows that two coding schemes stand out
as the most promising: the one dimensional system using
FBGs to slice an incoherent BBS source (1D-BBS-FBG),
and a coherent source used with a two dimensional (time-
wavelength) code implemented in FBGs (2D-Coh-FBG). We
saw a performance advantage for the coherent solution in the
2D coding scheme. Our optical coding technique can support
monitoring of a 128 client network with high SNIR, i.e.,
SNIR >10dB. As expected, the 2D scheme was shown to
have better performance than the 1D approach. The capacity
and performance of our monitoring system can be further
improved by partitioning/averaging techniques, as explained.
An experimental verification would be useful to explore the
practicality of optical coding as a serious solution for the
monitoring of future PON.
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