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Abstract—We analyze the performance of fiber fault monitor-
ing of a PON using a centralized, passive optical coding (OC)
system. We develop an expression for the detected monitoring
signal, study its statistics, and contrast our OC monitoring
system with standard optical code division multiplexing (OCDM)
data communication. We derive a new closed form lower bound
expression for the interference probability, and use this to
find the signal-to-interference ratio (SIR). A service provider
cannot control the physical layout of homes in a coverage
area; measuring performance for one network layout would
be insufficient to test our proposed monitoring system. Client
geographic distribution has a significant impact on the SIR.
We consider five different PON geographical distributions and
study their effect on OC monitoring performance. Our results
show that SIR is sufficient to successfully monitor the network.
In addition, we find that the uniform radial (UR) distribution,
an analytically tractable distribution, gives good performance
estimation and can therefore be a useful tool in characterizing
performance in terms of both SIR and signal-to-noise ratio
(SNR).

Index Terms—Monitoring, optical coding (OC), OCDMA,
signal-to-interference ratio (SIR), PON.

I. INTRODUCTION

S the capacity of passive optical networks (PONs) in-

creases, allowing hundreds of clients to share the same
infrastructure, the importance of performance monitoring in-
creases [1-7]. Some service providers report that more than
80% of installed PON failures occurs within the first/last
mile, i.e., within the distribution/drop segments of the network.
Notwithstanding that, fiber-to-the-home (FTTH) managers still
lack an efficient technology appropriate for the link quality
monitoring of a PON (even the 1:32 BPON standard, ITU
G.983) [6] [1]. In this paper, we focus on monitoring the link
status of the PON (detecting fiber cuts or severe impairments),
rather than estimating data signal quality.

It is known that optical-time-domain reflectometry (OTDR)
is efficient for testing optical devices and monitoring point-
to-point (PTP) networks; however, OTDR is not effective for
point-to-multipoint (PMP) networks like FTTH-PONs [6,7].
In PMP networks the OTDR trace at the central office (CO)
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is a linear sum of the backscattered and reflected powers from
all the network branches. It is difficult for the CO network
manager to distinguish the events in one branch from those in
others. The most important one is the difficulty to identify a
specific broken branch in the PON tree architecture.

Both centralized and distributed approaches have been pro-
posed for monitoring the fiber link status of a PON. Cen-
tralized (from the CO) approaches allow the CO to remotely
acquire complete, live network information without requir-
ing the collaboration of customers or their optical network
terminals (ONTs), as does traditional OTDR in PTP net-
works. Distributed strategies place active modules inside the
ONTs that measure performance and report to the CO. These
modules are simplified, miniaturized OTDRs that periodically
evaluate the uplink for specific distribution-drop fiber (DDF)
segments. The distributed approach is a good tool to identify
fiber link degradation; however, it is ineffective when there is
an interruption in the DDF, e.g., a fiber cut. For instance, a
client relocating the ONT could be misinterpreted as a fiber
break.

Few centralized techniques have been previously proposed
for in-service TDM/PON management [8-13]. All are im-
practical due to their limited capacity (maximum of a few
dozen of customers). For instance, a discrete Bragg grating
at a unique wavelength could be placed at each DDF ter-
mination. At the CO side, different interrogation techniques
have been proposed, including a broadband source, multi-
wavelength laser and tunable laser and filters, etc. These
systems are impractical for high numbers of subscribers due to
the very large spectrum required, i.e., one wavelength for every
network leg. Recently the monitoring of a limited capacity
PON (4 customers) was demonstrated by exploiting Brillouin
scattering [14]. This requires that DDFs be manufactured
with different physical characteristics that generate and return
different Brillouin frequencies which require extreme design
effort compared to existing fiber network infrastructures.

In [6], we introduced a modified optical code division
multiplexing (OCDM) scheme for centralized monitoring of
the status of fiber links in a PON. It is simple and easy to
implement, and capacity is determined by the code family
cardinality. Our monitoring technology is able to support very
high capacity networks; orders of magnitude larger than all
previously proposed techniques [6]. By exploiting passive
optical coding technology, no active component is placed in
the field and no intelligent module is embedded inside the
customer ONT. In addition, by transmitting the monitoring
signals in the U band (1625-1675 nm, ITU-G.983, reserved
for fiber monitoring) and separating the monitoring signals

0090-6778/10$25.00 © 2010 IEEE



RAD et al.: FIBER FAULT PON MONITORING USING OPTICAL CODING: EFFECTS OF CUSTOMER GEOGRAPHIC DISTRIBUTION

and communication data, we achieve real-time, in-service fiber
link status monitoring. Note that our technique only provides
information on link status. The monitoring of data signal
quality is another important issue, but outside of the scope
of this paper.

In this paper, for the first time, we develop the required
mathematical models to analyze a generalized OC based
monitoring system. This includes the one-dimensional scheme
initially introduced in [6], and the two-dimensional scheme
we propose in this paper. We derive closed-form expressions
for performance, including interference probability, and the
signal-to-interference ratio (SIR). We address the effect of
the PON geographical distribution on the system performance.
For our analysis, we consider five PON distribution models.
Our numerical results show that the geographical distribution
has a significant impact on the SIR; this notwithstanding,
uniform radial distribution (which is simple and more ac-
cessible analytically) provides a reasonable approximation for
performance of all distributions considered, and can be quite
tractable in analyzing systems [7]. The relative importance
of detection noises and interference is not studied here; the
signal-to-noise ratio (SNR) will be addressed in a separate
study [7].

Our focus (in this paper) is on fiber fault identification in a
branched network such as a PON [6]. Fault localization in a
PON is another important issue which is beyond the study of
this paper [1-6]. In this article, we examine only interference
effects and neglect other noise sources, hence our figure of
merit is the SIR.

The rest of the paper is organized as follows. In sec-
tion II, we describe the one-dimensional (1D) and the two-
dimensional (2D) OC monitoring system. Moreover, we pro-
vide an analysis for the power/loss budget of these monitoring
systems. In section III, we mathematically model all system
components and operations, including coding, decoding, and
correlation assuming a linear system. We derive an expression
for the detected monitoring signal that is a weighted and
delayed sum of autocorrelation and cross-correlation func-
tions. We highlight and explain important differences between
standard OCDMA systems and our application. In sections
IV and V, we address the effect of the PON geographical
distribution on the performance of the monitoring system.
We derive new closed-form approximate expressions for the
SIR and study its asymptotic behavior. Finally, section VI
concludes our paper.

II. OCDM MONITORING SYSTEM

In Fig. 1, we illustrate the principle of our PON monitoring
system [6]. We distinguish branches, that is, each distribution-
drop fiber (DDF), in the PON using a specific passive optical
encoder placed at the DDF end. The central office transmits
an optical pulse to the network on a single waveband in
the U band per the desired pattern (pulse width and pulse
repetition rate). Each subpulse (at the fiber end) is separated
from the data signal by a U band wavelength selector (WS)
at the ONT, and then coded and reflected back to the CO
by a dual function device (encoder/reflector), that we call a
coding mirror (CM). The central office receives the sum of
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all the encoded monitoring signals sent back from the CMs
and extracts the status information about each DDF (link) by
cyclically matching the corresponding decoder to the received
signal. Details of the receiver are featured in an inset in
Fig. 1. Features of the autocorrelation peak could be used to
asses the quality of the individual link, although in this paper
we focus only on assessing status. If all the components of
the network are working well, the monitoring signal (auto-
correlation peak) will be strong [5]; a missing auto-correlation
indicates a failure. When a break occurs in the feeder, no
autocorrelation peak is observed for any DDF; the lack of
a peak for all DDFs identifies the fault in feeder [6]. Given
the low probability of a fiber fault, we do not address the
identification of simultaneous fiber faults, other than that in
the feeder (or equivalently in a fiber bundle). Recall that our
technique does not provide an estimate of data signal quality,
but rather fiber status.

Important differences exist between standard OCDMA and
our modified version developed for fiber link status monitoring
of a PON. The interference terms are only related to the
monitoring channels and not the communication data. No
modulation, no bit rate and no continuous transmission of
data exist in our monitoring system. Instead, our system has a
repetition rate that is constrained by the distance between the
CO and the farthest ONTs. Repetition rates on the order of
kilohertz would be typical. Contrast this with traditional data
modulated OCDMA where Mb/s and Gb/s transmissions are
required.

In principle, most standard OCDMA coding techniques
can be applied to our monitoring technique. However, targets
for encoder complexity, the considered code cardinality and
interference properties of the code families, are strikingly
different [15]. A wide variety of codes have been developed for
coding in traditional OCDMA such as prime codes and optical
orthogonal codes (OOCs). In this paper, we generalize the
monitoring approach from one dimensional coding (proposed
in [6]) to timex wavelength (2D) coding schemes.

A. One vs. Two Dimensional Coding

A two dimensional code family is presented by a quintuplet
(F, M, w, Aa, Ac), where F is the code length, M is the num-
ber of wavelengths, w is code weight, A\, and )\, are maxima
of the out-of-phase auto and cross correlation, respectively.
We consider 1D coding as a special case of 2D coding by
setting M = 1. Figure 1 also shows two implementations of a
2D CM. A generic 2D CM passive splitter implementation
using tapped delay lines (TDLs), bandpass filters (BPFs)
and passive splitters/combiners (PSCs) and/or circulator is
illustrated [6],[15]. A more practical, multiple-FBG (MFBGQG)
implementation is also illustrated. Each grating in this struc-
ture reflects a different wavelength in a specific time (i.e.,
discrete position), corresponding to a preset 2D code. Note
that the FBG implementation obviates U band WS at the DDF
ends, as well as the additional circulator/coupler required for
the PSC based scheme, hence reducing the component count
and the total CM loss.

For 1D coding, in Fig. 1, no BPF is required and all the
gratings reflect the same center wavelength and each FBG
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encoding/decoding operation.

must have relatively low and distinct reflectivity in order for
the reflected pulses to have equal amplitudes and to reduce
internal reflections among gratings; this imposes fabrication
constraints [16]. Note that the single gratings for 2D coding
are tuned to reflect different wavelengths, while those for 1D
coding all reflect the same wavelength.

B. Power/Loss Budget

The monitoring signal travels the complete optical network
round trip; hence it exhibits a loss that is much higher than
that of the data which travels in only one direction. Figure 2
illustrates the power/loss budget taking into account all net-
work elements downstream and upstream. The near-horizontal
lines in the power/loss budget curve in Fig. 2 correspond to
fiber attenuation in the feeder and DDFs. Recall that fiber loss
in the U band for monitoring signals is higher than in the data
band. The vertical lines correspond to abrupt losses due to
the RN passive splitter/combiner in downstream/upstream, the
encoder (CM at the DDF’s end), and the decoder (at the CO).
Significant loss is incurred by the encoder/decoder and the RN
splitter/combiner. The RN related loss depends directly on the
number of customers (capacity) and cannot be reduced. The
encoder/decoder loss depends on the implementation used, i.e.,
CMs loss can be optimized. For example, a GPON with 128
customers has a RN with 21 dB splitting loss for upstream and
down-stream, i.e., total loss of 42 dB. A 1D FBG CM with
25% reflectivity (code weight four, i.e., w = 4) introduces an
insertion loss of 6 dB for each coding and decoding operation.
A 2D FBG CM with 100% reflectivity theoretically introduces
no insertion loss, hence saving 12 dB in the loss budget
compared to the 1D setting. Recall that no WS, circulator
or additional coupler (as illustrated in Fig.1) is required for a
FBG based scheme.

The PSC implementation of Fig. 1, has much higher CM
insertion loss than the FBG implementation. For example, a
PSC CM with four branches (w = 4) induces a minimum
of 12 dB loss due to splitting and combining. An additional
coupler (circulator) increases the loss budget 3 dB (2 dB),
resulting in a total loss of 15 dB (14 dB) for the PSC CM
scheme; in this scheme the CM loss is higher than the decoder
loss in the OCDM monitoring recevier. Figure 2 plots losses
as various elements of the network are encountered (i.e., vs.
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Fig. 2. Power/loss budget map of OC monitoring pulse. The example
is illustrated for a GPON with 128 branches, and PSC encoder/decoder
implementation of Fig. 1.

distance). The signal power scale provided is for the specific
case of a 128 GPON using the PSC implementation. The 2
dB circulator loss at the CO is considered as a part of the
receiver. Note that the decoders at the CO, do not need an
additional circulator/coupler.

The cumulative encoding-decoding attenuation in the field
domain (a. X aq) is experienced by every monitoring pulse
sent from the CO. Our system performance depends on the
height of the autocorrelation peak, the sum of w pulses.
Therefore, the useful power for decision at the receiver (in
Fig. 1) is proportional to 2qu = waa?, i.e., the peak depends
on the code weight and the coding/decoding implementation
(PSC or FBG). For an FBG based 2D CM of Fig. 1, 100%
reflectivity is a reasonable assumption. For an FBG based 1D
CM, the best achievable reflectivity is the inverse of the code
weight [16]. Recall that commercial versions of PSC are only
available in powers of two. Let wg = [log, w] where [-]
denotes the smallest integer greater than its argument. The
PSC splitting loss is w%); we neglect insertion loss of the BPFs
and the optical switches and assume the same implementations
for both encoder and decoder in Fig. 1. Therefore, we can
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express Tqu = 10logy (wa2a?) in dB as

40logwy — 10logw + 2 PSC + circulator

40logwy — 10logw + 6 PSC + 1:2 coupler 0
10logw 1D - FBG

0 2D - FBG

Clearly x4, for the PSC structure is minimized when the
code weight is a power of two, i.e., wg = w = 2,4,8, etc.
For a FBG based implementation for the 1D coding scheme,
Taut 18 an increasing function of the code weight; as the
code weight increases x,,¢ decreases, degrading performance.
For a 2D FBG scheme, there is no encoding/decoding loss
(xaqut = 1). We should maximize z,,; to minimize the
total encoding/decoding loss (a2a2) and component count,
while providing a good auto-correlation peak vs. the cross-
correlation spikes (w vs. A, ). As a trade-off, in our numerical
simulation, we use w = 4 and consider a unitary cross correla-
tion code family, i.e., A\, = 1. To facilitate the synchronization
process, we limit the auto-correlation side lobes to one, i.e.,
Ao =1 [15].

An FBG based implementation shows a clear advantage,
compared to PSC based structures, in terms of simplicity,
component count, and power/loss budget given by (1). The
loss budget advantage results in superior performance (in
terms of SNR) of an FBG based implementations with respect
to PSC based structures. This issue is to be investigated in
future work [7].

ITII. SYSTEM MODEL
A. Encoding/Decoding

We start with a 2D CM model, and will consider the 1D
CM as a particular case of the 2D model. Assuming a linear
operation, the electrical field impulse response of the 2D CM
for client number k, can be expressed as

A) = i o)
j=1

where a, denotes the total encoder attenuation in the field
domain (assumed identical for each of the w reflected pulses),
Tk,; and Ay ; are respectively the delay and center wavelength
of the j" reflected pulse, and 6 is the Dirac delta function.

The decoder function dj (¢, A) with insertion loss of g is
similar to that of the encoder; the delay term 7y, ; is replaced
by T' — 7 ;, giving autocorrelation peak at the interval [T —
T.,T] where T, is the transmitted pulse duration and 7T is the
repetition interval. The 1D CM model can be derived from
equation (2) by assuming the same center wavelength for all
optical pulses, i.e., Ar; = Ag.

Let ap(t,)\) be the autocorrelation function, defined as
the convolution of the k" encoder with its decoder, k €
{1,2,..., K}; let cgm(t,\) be the cross-correlation function
defined as the convolution of the k" encoder (ej) with the
mt" decoder (d,,), k =% m. With these definitions,

ap (t,A) £ e (1, N) @ dy (t,\) 3)
Ck,m (t, )\) £ ek (t, )\) ® dp, (t, )\) (@]

where ® denotes the convolution operation.

(t = Thojs A j) )
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Fig. 3. Impulse response definitions of different system segments in the
monitoring channel.

B. Network Impulse Responce

As shown in Fig. 3, the total (roundtrip) impulse response
of the network observed from the RN, Ign (¢, A), is

Irn (t,N) kahDDFk ® ek (t,A) ® hppp, (1)
®)

where hppr, (t) and & € {0,1} are the impulse response
and the health status of DDFy, k = 1,.., K, respectively.
When DDFj, is healthy (i.e., & = 1) it participates in
the RN impulse response in (5); when DDF}, is broken
(i.e., & = 0), the transmitted pulse is neither encoded nor
reflected. In Section IV, we explain how the interference
statistics in our system depends on DDF health status &.
The factor 7- shows the total attenuation in the field domain
due to PSC in upstream and downstream paths at the RN.
Let hy(t) be the impulse response of the feeder, and assume
forward and backward impulse responses are identical (i.e.,
neglecting asymmetric fusions and connections). The total
signal returning to the CO, s(t,\), can be written as

s(t,\) =T1(t, \) @ Ico (t,\)

TN @ hy(t) © Tny (BN @ hp(t) @

where II(¢, A) denotes the transmitted pulse with (chip) dura-
tion T, and Ico(t, A) is the network impulse response from
the CO point of view as in Fig.3. For both 1D and 2D coding
schemes, TI(, \) can be a laser pulse (a comb of lasers for
2D) and/or a broadband source (BBS) pulse [7].

C. Optical Decoded Signal

Depending on the DDF being monitored, the received signal
passes through the appropriate decoder in Fig.1. We assume
that we monitor the first DDF corresponding to encoder-
decoder pair number 1 and take the index k € {2,..., K}
to refer to the interfering signal from client k. The decoded

Ay (8, N) + Z By i (t,\); where

the first term is the desired signal and the second term is the
undesired interference, i.e.,

optical signal is 71 (¢, \) =

ALt 2 Lhp(t) © hppp, ()

forw~ard path (7)
®a1 (t,A) @ hppp, (1) ® hy (t)

backward path
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By (t,\) = =hs(t) ® hppp, (t) (8)
@1k (8,A) ® hppp, (1) ® hy (t)

where a; (¢, \) ar (t,A) @ II(¢t,A) and &1 (¢, ) 2

c1k (t,A) ® II(¢t,A) denote the pulse shape after encod-
ing and decoding for client 1 and client k, respectively.
We use a delay and attenuation model for the feeder and
DDFs, ie., hy(t) = e ®lr/25(t — 2Y) and hppp (1) =
e~ @alpDry /26(15 - QZD%) where c is the speed of light in
the fiber and o is attenuation factor of fiber in neper/meter
in the monitoring U band; [ is the length of the feeder, while
IppF, is the length of the k'™ DDF. This yields

A

1 l
By (t,A) = Eef%lkél,k (t — Qf, )\> ()

where [}, 2 ly+ lDDFk is the distance from the CO to the k"
client. Using (2)-(4) in conjunction with (7)-(10) we obtain

Qeag e Yo

L w
IR ZH(t—(T—Tc-F?ll/C),)\l,u)
u=1 (10)

Al (t,)\) = Qj,

where detection takes place during ¢t € T,ps an observation
window of length 7, around the arrival of the desired pulses
return, i.e., Typs = (T —T.+ 2%, T + 2%) The factor o, is
included to account for other attenuations in the system such
as the circulator at the CO, splicing, connectors, etc. Note that
the autocorrelation peak of A(t, \) consists of w subpulses.
The cross-correlation term B (¢, \) reduces to the equation
shown in the top of the next page.

where we have assumed the worst-case "chip synchronous",
i.e., subpulses arriving within one pulse width, T;, of each
other provide as much interference as two subpulses arriving
simultaneously. Subpulses outside the observation window do
not have any effect; hence the restriction in the summation
T. > 2% + Tlu — Tk7v|. As we consider only unitary
cross-correlation codes (A. = 1), the double summation
contains at most one non-zero term for each interfering user
k, i.e., at most K — 1 non-zero terms.

IV. CUSTOMER GEOGRAPHIC DISTRIBUTION
A. Correlation Distance

The pulse repetition interval must be greater than the
maximum round-trip time in the network. The detection of
the autocorrelation peak occurs during a window of width 7.
Subpulses coming from a C'M; located sufficiently distant
from the desired C'M; (i.e., [ > [) will not contribute to the
interference, as illustrated in Fig.4, as they arrive outside the
observation interval T,;,s. How far must a potential interferer
be from the desired user to not contribute to the interference?

An initial pulse of duration 7. generates w subpulses
appearing somewhere in an interval T, wide. After decoding,
the autocorrelation signal covers an interval (2F — 1)7.
wide, see Fig. 4. Interference arriving in the first half of
the autocorrelation may overlap with the peak and impact
detection. The delay of an interferer relative to the start of the
autocorrelation is twice (due to roundtrip travel) the difference
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Fig. 4. Optical decoded signal: illustration of the interference conditions for
autocorrelation function @i (¢ — 271, A) and two cross-correlation functions;
note client 2 does not generate interference, while client 3 does.

of their distances, divided by the speed of light. We define the
correlation distance, lc p, as the relative distance between two
clients after which their CM sequences cannot interfere with
each other. Thus only clients with

= lg| < lep 2 ¢FT,/2 (12)

can contribute to interference.

B. Interference Criteria and Probability

We have seen several criteria that establish if subpulses
from C'Mj, contribute to the decoded signal. First, the link
must be healthy, i.e., without a fiber break in the k'™ branch.
The binary random variable & equals zero when the link is
broken. For our analysis we assume {{;} are independent,
identically distributed (i.i.d.) Bernoulli random variables with
fault probability Pr (£, = 0) = pe. For our monitoring system
we have pg < 1, as is the case in practical systems.

The second criterion is that C'M} be located within the
correlation distance of the desired user. Let the binary random
variable ¢, = 1 indicate that C M} is located within the
correlation distance of the desired C'M;. We assume {Ci } 1,
are i.i.d., as all users are randomly located in the service area.

Finally, let 6 be the binary random variable that indicates
C M), has nonzero cross-correlation with the desired signal.
We have 6, = 1 when there exists (u,v) such that the position
and wavelength (71,4, A1,,,) of the uth subpulse in code one
coincides with that of the v*" subpulse in code k (Tk,y, Ak,0)-
As we consider only unitary cross-correlation codes (A, = 1),
so at most one such pair (u,v) exists. This criterion can be
written as 1, > |2% + Tiu — Tk7v| and A\j ., = Apo. Let
vy be the coincident wavelength vy 2 Ay = Akuw,. Due
to the duration of the coded pulse sequence, coincidence can
only occur when |l; — x| < lcp. The greater the difference
between [; and [, even if smaller than the correlation distance,
the less likely 6, = 1. We can upper bound Pr(6; = 1) by
assuming the worst case, i.e., [; = [. Therefore we define the
binary random variable 0y, that is one when 71,0 — Tipw| < Te
and Ay, = Mp,. Note that {; and [; no longer appear, so
0. are independent of [ = [ly, 1o, ..., lk], the vector of fiber
lengths. Thus, ék is the traditional "hit" in OCDMA data
communications. For a random choice of interfering client,
the probability that that client will have a coincident pulse
with client one, for the family of (F, M, w, \, = A = 1), is

Pr (e =1) = %5 0151
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—aqgly

Bl,k (t7 )\) = O‘L%

ZZ H(t—T—TLu +TC—2%,>\1,U)
{(u v) Al,u=Ak vand
? Te>[2(li—1k)/c+T1,u—Tk,v|

1177

(11)

Finally, we can say that C'Mj contributes to the total
interference when all three independent interference criteria
hold, that is, py 2 &k - Ok - (x = 1. The probability of
this event can be upper bounded by Pr (& -0 - =1) <
Pr (& Oy G = 1) s0 that

Pr(pr = 1) < Pr(&, = 1) Pr(d = 1) Pr(¢, = 1)
_ w? 1 |lg =l <tlcp (13)
=( —pg)m x { 0 otherwise

Note (1 — pg)]\qj—; is an upper bound on the hit probability.

C. Decoded Signal

By exploiting our interference criteria and the choice of
unitary cross-correlation codes we have 71 (¢, A, 1) given by
w K
O‘G—I?‘daL e e S T (L Aww) + D pre” I, /\k,vk)}
= (14)
during the observation window 7,5 in the filed domain.!
Recall that r1 (¢, A, 1) refers to the decoded optical signal in the
field domain; the decision statistic is derived from the photo-
detected signal whose current is proportional to equation (15)
given at the top of the next page.

In this paper we consider only interference and (16) neglects
detection noises and coherence effects. These noises are ad-
dressed in [7]. We integrate (16) over the observation interval
Tops to find the decision statistic. As the leading multiplicative
factor in (16) is the same for both the desired user and the
interference, it will cancel out in the signal-to-interference
ratio and need not be retained in our analysis. Therefore the
decision statistic vy (in Fig.3) can be written as

u=1

K

’Y — £1w672aal1 _|_ E pk672aalk
k=2

(16)

We next focus on the statistics of p; assuming various
random geographical distributions for the CMs.

D. Client Distribution

In general, PON provides services to both residential and
business users [17]. Residential users occupy multi-dwelling
units (MDU) and single-family-dwelling units (SFWU). Busi-
ness users occupy multi-tenanted units (MTU) such as office
blocks or towers and single tenanted units (STU) such as
stand-alone office building or warehouses.

The PON deployment depends highly on the geography of
the clients in the network [17,18]. For instance, the MDU PON
topology is considered as the most likely deployment model in
Europe and in Asia. In this case, a good statistical model for

The synchronization to the observation interval is an important issue, but
outside the scope of this paper.

Case [a] Case [b] Case [c]
a
—a—
® desired CM
Case [d] — O undesired CM

O remote node

Area = fixed

Al =a/JT

Fig. 5. PON costumer geographical distributions for fixed coverage area
and fixed number of users: [a]-[d] uniform area distributions and [e] uniform
radial (UR) distribution.

deployment of ONTs is a uniform distribution along a corridor
on each floor. The distribution of the users also depends on
the proximity of the RN, for example one RN per floor or
one RN per building. In North America more than 80% of
the users are independent units (SFWU), thus more dispersed
geographically. Clearly, the geographical distribution of the
users can vary from installation to installation and depends
on a variety of parameters. To our knowledge there is no
explicit study on the geographical distribution of the users
in a PON. In [18] the authors show via simulation that the
distribution of the households changes as the topology and
the deployment technology changes. In this paper, we con-
sider five geographical models namely uniform area and our
new proposed uniform radial distributions, which match well
those presented in [18]. We will show the uniform radial
distribution, while simple and easy to model, provides a
reasonable approximation for the system performance of all
other distributions considered.

We first consider a uniform area distribution of the client
locations over a square coverage region with four positions
for the remote node (RN): [a] RN at center, [b] RN at corner,
[c] RN at mid-boundary, and [d] RN randomly placed [19].
Fig.5 illustrates these cases. Note that in all cases the coverage
region has area equal a?. Consequently, the maximum relative
distance between the RN and CMs, i.e., maximum separation
length is Al[a] = a/\/i, Al[b] = a\/i Al[c] = a\/5/2 s
and Al[d] = a+/2. These cases are similar to distributions
presented in Fig. 3 in [18]. We also consider case [e], a circular
coverage region with the RN located at the center. CMs in case
[e] have radial distance from the RN uniformly distributed
over (0,a/+/m). The maximum separation length in this case
is Alj) = a/\/m, and the area is again a?. Note that while
all cases cover the same area, they have different probability
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density functions (PDFs) and different maximum separation
lengths with ordering Alj,) < Aljg) < Aljg < Al = Alg).
In the next section, we see how the PDF and maximum
separation length affect our monitoring system performance.

V. SIGNAL-TO-INTERFERENCE-RATIO ANALYSIS

As explained, multiple access interference (MAI) defined
as the interference coming from undesired monitoring signal
returns, is directly related to the geographical distribution
of customers. Since in traditional OCDMA users transmit
long streams of data, the interference always exists, hence
degrading the signal-to-interference ratio (SIR). However in
our system, the SIR is higher, as pulses have low repetition
rates, allowing some CM returns to fall outside the observation
window. We define SIR as the ratio of the desired signal power
to the power of the interference,

E —20éall
SIR2 {f:we }
E { Z Pkeza“lk}
k=2

where expectation is taken over the geographical distribution
of [, and the health status {&;}. SIR is our metric for
monitoring performance.

17)

A. SIR Lower Bound

Using our definition of {px}, we can upper bound the
interference power in the denominator of (18) by replacing 6y,
with 6. By eliminating the sum and taking k = 2 arbitrarily
and using (13) we get the following lower bound given in (19)
on the SIR.

To evaluate the conditional expectation in (19), let p(I)) be
the PDF of [, and assume [; are i.i.d; the PDF is nonzero
over (If,ly + Al 1) where the maximum separation Al[ |
varies with geographical distribution per section IV.D, and
empty brackets are to contain the index of the geographical
distributions (a,b,c,d,e). For the conditional expectation, only
(5 depends on /1. The impact of (, in the denominator is to
modify the limits of the integration in the expectation: (2 is
zero everywhere except an interval with |l — lz| < leop, see
(13). The SIR is then lower bounded as given by (19). This
lower bound is calculated numerically for each geographical
distribution in our simulations.

B. Asymptotic Behavior of SIR Lower Bound for Uniform
Radial PDF

For a uniform radial (UR) distribution the PDF takes non-

zero values of p(z) = All[ : only for z € [0, Allg] where z

denotes the DDF differential length, i.e., [, = z+1. A closed
form, albeit complicated, solution to the integral of (19) can
be found. The SIR has three regions of definition

SIRyr (lcp > Al[e])
SIRyRr Al[e] > lop > Al[e]/Q)
SIRyRr (Al[e]/Q >lop > 0)

(20)

The main difference among these regions is the relative
importance of the interferers. We will content ourselves with
the asymptotic behavior of the SIR lower bound. For the SIR
lower bound in the regions defined in (20) we evaluated the
closed form solutions only for two PON extremes, i.e., low and
high density PONs. A family of multi-wavelength OOC with
(F =Kw(w-1),M,w,\, = A\ = 1) is considered for our
analysis. The required code length F' is calculated by using the
Johnson bound for 1D OOCs with cardinality of K (network
size) [15]. To save space we only report the results.

i) High-Density PON: A large number of customers (i.e.,
K > 1) located in a small zone (i.e., small Al[el), requires
large code lengths (i.e., F' > 1). This results in a large
correlation distance (i.e., locp > Al[e] or the first region in
(20)). The SIRyR in this situation corresponds to

SIRyRr = [M (w— 1)

for lgp > Al[e] 21

Note that this situation can also occur for long transmitted
pulses, i.e., larger T.. Increasing 7. proportionally increases
the correlation distance and so Icp > Al [¢] is more likely.

ii) Low-Density PON: For a low density PON, that is when
clients are sparse, the correlation distance is much smaller
than the customer’s distribution length in the network (i.e.,
lop < Alj), the third region in (20)). Under this condition
the STRy R is approximated by

for lop <€ Al[e]

M(w—1) Al[e]r o)

SIRyRr = { T

Again note that this situation can occur for both very low
network sizes, i.e., K very small, or very short pulse width 7.
In both (21) and (22) we observe the factor M that corresponds
to the number of available wavelengths in the coding system.
For 1D scheme M = 1.

In the worst case scenario when the maximum relative
distance between CMs, i.e., maximum separation length, is
much smaller than CD, i.e., Al[e} < lep, all CMs are close
enough to interfere with the desired one. In this case the SIR
is similar to traditional OCDMA systems, i.e., the situation
described by (21). On the other hand, when lcp < Alf,
only very close CMs are able to interfere with the desired
one. Note that in this situation the SIR is proportional to the
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square of the maximum length Al[,} and inversely proportional
to the square of the correlation distance [-p, see (22).

C. Numerical Results

We observe from the expressions developed previously that
the SIR depends on many parameters that could be grouped
in three sets S; = {K,Al.,, PDF}, Sy = {CF}, and S3 =
{T.}, where CF refers to the selected code family and PDF
is the geographical distribution of clients. The elements of
S are related to the physical, geographical parameters of the
PON: the number of clients (/), the farthest client served by
the network (Al}), and the clients distribution (PDF). Sy is
related to the code design including: code family, code weight,
length and number of wavelengths as well as the correlation
properties. Elements of Sy are interdependent and their values
are subject to the design constraints imposed by S7 and system
requirements. We consider the pulse duration 7 in a separate
set because it is independent of all other parameters.

In Fig.6, we present the SIR versus the network capac-
ity K for both coding types 1D and 2D and for all the
five geographical distributions [a] to [e] using numerical
techniques to calculate (19) by considering a code fam-
ilywith (F=Kw(w—-1)+1,M=w,w=4, A=A =1)
and setting the pulse duration to T, = 1ns. In Fig.6, plots on
the left (respectively right) report results for 1D codes (respec-
tively 2D). Upper plots (respectively lower) have coverage area
of 0.25 km? (respectively 5 km?). We observe that the SIR
curves of the five cases [a]-[e] approach (or converge to) the
same asymptote for large network sizes and deviate for low
network sizes; this observation applies to both 1D and 2D
codes. It is obvious that the 2D scheme performs better than
the 1D due to additional gain in the wavelength dimension,
i.e., M (here equal to 4). In both 1D and 2D cases, as the
coverage area increases, SIR increases due to degradation of
the average interference.

From Fig.6, we clearly observe SIR, < SIR <
SIRg =~ SIRq < SIRp). This does not follow the order
of maximum separation lengths for the different geographical
distribution as mentioned in section IV.D. This illustrates that
AZH is not sufficient to deduce relative SIR; the form of
the PDF plays a key role in the SIR, i.e., the interference
depends on both PDF and Al};. Consequently, for small

1D coding 2D coding -8 [[z]]
5 2 . = 5 2 . -V
501 0.25 km? coverage 504 0.25 km? coverage i
=0
=
o~
% 30 —&—[a]
——0b)
20 [
[d]
—t—e]
10 o+ s 5 10

0 200 400 600 800 200 400

Network Size K Network Size K

(a) ()

600 800 1000

60

1D coding
5 km? coverage

2D coding
5 km? coverage

0 200 100 600

Network Size K

(©)

800 1000 0 200 100 600

Network Size K

(d)

800 1000

Fig. 6.
clients supported K: 1D scheme (first column), 2D scheme (second column)
coverage area 0.25 km? (first row) and 5 km? (second row).

SIR lower bound for five geographical distributions vs. number of

network capacities, the maximum deviation in SIR is around
6 dB. Recall that in each subplot of Fig.6, the pulse width and
coverage area are fixed. Therefore, this deviation comes from
the difference in the geographical distributions (both the PDF
and Alp). For a fixed pulse width 7, and network size K
(i.e., fixed correlation distance [cp), the probability that two
clients are located closer than [cp has the smallest (largest)
value for case [b] (case [a]). Hence, case [a] (case [b]) provides
the smallest (highest) SIR. The UR model (SIRy g, case [e])
shows intermediate performance compared to the worst and
best cases [a] and [b] respectively. The STRy g could be then
used as an approximation of any geographical distribution
with a maximum of 6 dB deviation from results for other
distributions. For K large, the PDF has little impact on the
SIR.
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D. SIR vs. Pulse Duration T,

As mentioned before, the correlation distance is
proportional to the pulse duration. Reducing 7, directly
reduces the CD consequently reducing the interference
probability in (13). In Fig.7, we plot the SIR versus the
transmitted pulse duration for both 1D and 2D schemes for a
UR distribution, case [e]. We plot the SIR for a family of codes
with (F=Kw(w—-1)+1,M=w,w=4,\, = A =1),
three different network sizes, K = 16,128 and 1024, and a
coverage area of 1 km?. From this figure, we observe three
important characteristics.

Firstly, the slope of the SIR is quite independent of the
network size or coding scheme, and equals -20dB/decade. This
relationship can be seen in (22), the asymptotic low density
PON. In dB, (22) gives 20log;o (M (w — 1)Aly/2lcp) =
C — 20log,y T, where C is a constant value determined by
S1 and S. Thus, it can be seen that SIR and pulse duration
are linearly related. Next, the SIR curve reaches a floor where
the correlation distance is equal to the maximum separation
length (i.e., l[cp = Al[,)), corresponding to a pulse width of
T. = 2Alj)/cF. This point moves with the network size as
the code length F' depends on the network size K. Finally,
the floor corresponds to traditional OCDMA-like conditions
where lop > Al[e]; the SIR does not depend on the pulse
width. Note that reducing the pulse width normally reduces
the total launched energy to the network. Monitoring system
should normally use very sensitive high gain APD detectors

[7].

VI. CONCLUSION

We analyzed the performance of optical coding (OC) PON
monitoring. We developed new mathematical models for our
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monitoring system elements and signal processing operations.
We considered the wavelengthxtime (two-dimensional) cod-
ing in addition to the one dimensional coding of [6]. We illus-
trated that the geographical distribution of the clients affects
the interference in our system, by considering five geographi-
cal distributions describing realistic PON systems. We derived
a closed form lower bound for signal-to-interference ratio
(SIR) as the measure of our monitoring system performance.
We showed that the uniform radial (UR) distribution, an
analytically tractable distribution, gives accurate performance
estimation for all the distributions considered. In addition, our
monitoring system suffers less from interference than does
traditional OCDMA. Our results show that SIR is sufficient to
successfully monitor the network. We found that reducing the
pulse width is a good strategy to increase the SIR. We also
derived closed form expressions for the asymptotic behavior
of the SIR in the case of a UR distribution. These expressions
provide a reasonable predictor of SIR with other geographical
distributions.
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