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Abstract—We probe the limits, both experimentally and analyt-
ically, of passive optical network (PON) monitoring using peri-
odic coding technology. The experimental demonstration focuses
on a 16 customer PON with a 20 km feeder fiber followed by ei-
ther a single cluster or a tiered hierarchy. A directly modulated
laser modulated at 1 GHz was used to generate the monitoring
probe signals. The measured data from the experimental setup was
fed to a reduced complexity maximum likelihood sequence estima-
tion (RC-MLSE) algorithm to detect and localize the customers.
Three different PON deployments were tested. We demonstrate
improved monitoring robustness when using a variable threshold
for networks with a tiered geographic distribution. While only a
16 customer PON was tested, our experimental setup had 18 dB
margin in the total loss budget corresponding to splitting losses for
64 customers. We investigate analytically the total permissible loss
budget of the monitoring system operating in the 1650 nm wave-
band as a function of receiver specifications. We examine the effect
of resolution in the analog-to-digital conversion on the correlation
peaks that form sufficient statistics for the RC-MLSE algorithm.
Resolution affects both the RC-MLSE algorithm and the use of
signal averaging to improve signal-to-noise ratio. We find that the
monitoring system is able to monitor current PON standards with
inexpensive, commercially available electronics.

Index Terms—Analog-to-digital converter (ADC), loss budget,
maximum likelihood sequence estimation (MLSE), network moni-
toring, optical coding (OC), periodic code, passive optical network
(PON).

I. INTRODUCTION

C ODING has been proposed for monitoring of passive op-
tical networks (PONs) [1]–[4]. Faulty fiber lines are iden-

tified by the absence of their coded return signals. Most impor-
tantly, such systems are self-configuring: they blindly identify
the position of all network subscribers based solely on knowl-
edge of the codes, and without knowledge or control of the
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installed fiber lengths. The self-configuration (and subsequent
fault identification) must be achieved in a reasonable time pe-
riod (seconds to minutes) to be of practical interest. Our pre-
vious studies have quantified via simulation how the geograph-
ical topology of the network impacts the processing time for the
monitoring system [2], [5]. We present experimental validations
of those predictions and demonstrate robust self-configuration
in the case of tiered PONs.

Our previous analysis identified two factors impacting per-
formance: 1) the complexity of the self-configuration; and 2)
technological challenges. These two factors were sometimes in-
terdependent. In particular, two scenarios could lead to exces-
sive computation for self-configuration: extremely dense PONs
and extremely distributed PONs. On the technology side, when
PONs were excessively far flung, the monitoring signal exhib-
ited large extremes in pulse heights from different subscribers.
The more distant subscribers required more sensitivity at the re-
ceiver. Increased sensitivity makes self-configuration conceiv-
able, but may be impossible to achieve due to high complexity.
In this paper, we examine to what extent these limitations are
likely to impact PON monitoring performance; this examina-
tion includes: 1) experimentation; 2) simulation; and 3) power
budget analysis.

The experimental validation of the monitoring of extremely
dense PONs was reported in [2] and [5], but suffered from se-
vere technology challenges. The monitoring probe signal was
generated by external modulation of a spectrally sliced broad-
band source leading to severe relative-intensity noise (RIN) as
well as dispersion. External modulation also imposes significant
insertion loss and poor extinction ratios. In this paper, we adopt
direct modulation of a laser for better extinction ratio and less
loss, improving the total system loss budget. With a coherent
source both dispersion and RIN are negligible for PON moni-
toring. With these improvements, we examine a larger, more re-
alistic yet geographically dense PON (16 customers versus four
customers in the [2], [5] experiment). We also examine experi-
mentally extremely disperse PONs for the first time.

Whether using incoherent or coherent sources, detection
noises such as relative intensity, beat, and shot noises can be
reduced by the averaging technique commonly used in optical
time-domain reflectometer (OTDR) systems [2], [5]. The re-
ceived signal can be considered virtually free of these noise
sources, as we shall demonstrate. Interference from simulta-
neous returns from multiple customers is the primary source
of noise. This interference is the source of extreme complexity
in deciphering some PON topographies. From a technological
point of view, the extremely low noise (other than interference)
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does not guarantee the receiver is capable of discerning all
returns. The receiver sensitivity is still limited by the postdetec-
tion circuits, i.e., the transimpedance amplifier (TIA) gain and
the resolution of analog-to-digital converter (ADC). The ADC
resolution is considered to be the final system bottleneck. We
will illustrate how the ADC resolution and the TIA gain play
important roles in the maximum allowable loss budget of the
network.

In Section II, we briefly introduce fiber link monitoring of
a PON using periodic coding technology. In Section III, we
review quantitative measures of the acceptable complexity in
network self-configuration, and how various PON topographies
could lead to excessive complexity. We focus on three topo-
graphical regions of interest for our experimental efforts. In
Section IV, the experimental setup is described and results are
presented. In Section V, we study theoretically the maximum
allowable loss budget of our PON monitoring system based on
current and future technologies.

II. PON MONITORING WITH PERIODIC CODING

Coding can be used to distinguish individual returns that
would normally be superimposed and indistinguishable [1].
For PONs, this allows a single ping to the network to provide
information on all tributary paths. Cost and complexity pose
formidable obstacles, especially for the hardware (encoders)
that must be deployed to every subscriber. For this reason, peri-
odic codes were developed as they are both simple to fabricate
and provide easily distinguishable returns. Their properties are
described more fully in [4].

As mentioned in Section I, the performance of coding for
monitoring is influenced by two critical factors: 1) the den-
sity of the network (the extent to which subscriber returns are
closely packed); and 2) network geographical area (determining
the greatest attenuation of returns). Implicit in these two factors
is the number of subscribers; for example, a large number of
subscribers in a small coverage area will clearly lead to dense
returns. Let be the number of customers served, and be the
maximum relative distance (separation) between the customers
in the network in meters. We can say that the size of the network
(taking into account both customers served and geographical
coverage parameterized by ) determines to what extent the
self-configuration is challenging.

We proposed a reduced complexity maximum likelihood se-
quence estimation (RC-MLSE) to configure the network, i.e.,
to ascertain the positions of all subscribers by identifying each
unique code return in the cacophony of superimposed codes
returned by the network [2], [5]. Given sufficient processing
time, any network could be configured with sufficient averaging
to significantly improve signal-to-noise ratio (SNR); RIN, beat
noise, thermal noise, and shot noise are essentially eliminated
leaving only interference, dark current, and quantization noise.
For a sufficiently sensitive receiver, detection would be error
free given sufficient processing time. Some network topologies,
however, will present interference that causes the processing
time to exceed a practical bound. In order to assess the robust-
ness of our algorithm, in [5], we completed Monte Carlo simu-
lations to quantify processing time required for a statistical dis-
tribution of network topologies.

In [5], we examined via simulation a wide range of network
sizes (geographic and clientele supported), identifying combi-
nations of coverage area and customer number that led to timing
out in the reduced complexity receiver. We also proposed the
use of a variable threshold for tiered deployments to reduce
the time-out occurrence, although this was not investigated in
that work. A detailed study of the efficiency of the proposed
RC-MLSE algorithm can be found in [5]. In this paper, we focus
on network sizes that can be studied experimentally, and yet
also clearly exhibit interference limited and threshold limited
regions. To wit, we selected 8 and 16 customer networks.

We first simulate the 8 and 16 customer network time-out
probability. We fixed the acceptable processing delay to 2 min
when using a MATLAB implementation of our algorithm on
a 2.3 GHz dual core Pentium. The code was not optimized,
and runtime could undoubtedly be improved. However, our goal
was simply to quantify a reasonable limit on complexity that
could be handled by the algorithm. Our pulsewidth was one
nanosecond and we assumed Nyquist sampling at Gs/s.

We swept through geographical coverage parameterized by
. We assumed that the network topology followed a uniform

radial distribution over an area of . For each of the cus-
tomers, we randomly generated a position within the circular
coverage area and assigned each a periodic code. The response
of this network to a ns pulse was generated and fed to
our reduced complexity MLSE to identify the network configu-
ration. Those configurations where processing delay would have
exceeded 2 min were noted. Statistics were generated giving
the time-out probability (probability that the RC-MLSE
could not handle the topology in 2 min), or equivalently, the
percentage of networks that caused a time-out to occur. The re-
sults are presented in Fig. 1.

In Fig. 1, we see that for customer PON, is
high only for very large , ( km). For is
high for both very small and very large ; for moderate values
of is minimal. We have identified two regions of in-
terest: to the left an interference-dominated region exists, while
to the right a region we call threshold limited. As expected, very
small coverage areas leads to code returns that are highly super-
imposed (high interference) and causing the MLSE algorithm
to consider an excessively large number of possible network
configurations. Note that the interference limited region is ac-
tually so dense that it would exclude single family home de-
ployments [5].

The second (upper) x axis gives the maximum relative loss,
i.e., the difference in received powers of weakest and strongest
returns assuming fiber attenuation of 0.3 dB/km in each direc-
tion when using the U-band [6]. For a large coverage area, the
upper axis shows how the loss increases, forcing the threshold
to be set lower to detect the weakest code returns. The lower
threshold leads to false “positive hits” in the RC-MLSE algo-
rithm; nominally empty portions of the return are considered
possible codes, leading to time-outs. While periodic codes have
a limited number of dominant return pulses, secondary returns
are causing the false positives. In practical PON deployments,
customers are typically distributed in different geographical
tiers [7]. Each tier supports a local grouping of subscribers. For
tiered deployments, we can greatly reduce by exploiting
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Fig. 1. Monte Carlo simulation for time-out probability versus maximum separation length�� for 8 and 16 customer PON using periodic codes.

Fig. 2. Experimental setup for PON monitoring using periodic coding technology.

information on the distance between tiers. The threshold can be
adjusted for these clustered returns, avoiding false positives [5].

III. EXPERIMENTAL DEMONSTRATION

We selected three network configurations for experimental
validation; as marked in Fig. 2, one in each of the three regions
of operation. In the interference free region (eight-user tier B)
and the middle region (eight-user tier A and eight-user tier B),
the network configuration chosen did not result in a time-out. In
the third case, the configuration (tier B at the same distance, but
tier A located at a greater distance) led to a threshold with an
excessive time-out.

For our experimental demonstration, we fabricated
periodic encoders. Each encoder consists of two gratings:
the first is partially reflective (38%) while the second acts
like a mirror (100% reflectivity). Each grating has a rejection
bandwidth of nm with center wavelength of 1550
nm [2]. For effective code weight and maximum
cross-correlation , we produced codes with periodicity

[4]. We excluded the code with periodicity of one due to diffi-
culty in fabrication. The periodicity determines the required
patchcord length to make periodic encoders. Given a pulsewidth

ns, we constructed the appropriate length patch cord
between each grating pair to make the periodic encoders [2].

A. Experimental Setup

The experimental setup is shown in Fig. 2. The central office
generates pulses and processes the return signal. The network
is a km feeder followed by passive splitting and fiber
drops; each of the (up to) sixteen subscribers has a distinct peri-
odic encoder. A directly modulated laser with center wavelength
of nm and extinction ratio dB gen-
erates the monitoring pulses. The laser is driven at a repetition
interval of s ( kHz). The modulated signal
is preamplified by an erbium-doped fiber amplifier (EDFA). Op-
tical filter ( nm) is used after the EDFA to suppress the
amplified spontaneous emission (ASE) noise. The received data
are also postamplified at the CO. The postamplification is more
critical as the received pulses are very weak. More importantly,
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because the subscribers are located at different distances, the re-
ceived pulse intensities vary. Recall that the encoded sequence
coming from a specific coding mirror also has pulses with dif-
ferent amplitudes [4]. Therefore, a clamping circuit is necessary
to keep the EDFA at an optimal operating point so as all the re-
ceived pulses observe the same amplification gain; hence min-
imizing the distortion and nonlinear effects. The virtual lasing
circuit (at the clamping segment) operating at 1559.85 nm uses
the ASE of the post-EDFA to keep the total input power con-
stant (see Fig. 2).

Due to equipment availability, we are operating at the 1550
nm window instead of 1650 nm window [2]. The monitoring
pulse is sent to the network using a circulator (with 3 dB total
insertion loss). The 1 2 coupler serves as the first remote node
(RN). Due to the round trip of the monitoring pulse through the
network, the total insertion losses of passive components are
doubled, i.e., 2 4 dB for 1 2 splitter, 2 10 dB for 1 8
splitter and 2 20 0.2 dB for 20 km feeder fiber. A real-time
oscilloscope sampling at 10 Gs/s was used to capture the mea-
sured trace. The oscilloscope provides both sampling and aver-
aging (up to 4096).

B. Simulation Results

We demonstrated three different geographical deployments:
1) customer within m; 2) customers
within m; and 3) customers within
km; the physical distances were selected randomly and then
fixed for the experiment. The measured data from our experi-
mental setup in Fig. 2 were fed into our algorithm to determine
the network configuration [2]. For with and

with m, the customers are easily identified
(error free and within a few centimeters resolution [2]); hence
no time-out. Note that is very small for these regions of

, i.e., less than one per realizations per Fig. 1.
For with km (this exaggerated distance

was used to assure we encountered a time-out), we realized a
PON deployment consisting of two tiers, namely A and B (sep-
arated by km), each of which supports eight sub-
scribers per Fig. 2. The measured data fed into the RC-MLSE
algorithm caused the algorithm to experience a time-out, i.e., the
processing delay is larger than 2 min. The threshold was lowered
to avoid missing a weak return, causing an excessive number of
false positives to be searched. When using a priori information
about the deployment, the time-out was eliminated.

The return signal was split into two returns to be processed
separately: a return from before the fiber separation, and a
return from the more distant tier. The low threshold was not used
on the strong return from the closer tier, but only on the more
distant return. Once again, we achieved error-free performance
with resolution of each customer fiber length to within a few
centimeters.

Most reasonably sized networks will not experience time-out
(statistics shown in Fig. 1). They will fall in the white zone of
Fig. 1. The interference limited region is so dense as to exclude
single family home deployments. In multiple home dwellings,
tiering of clients could be used to move from the interference
limited zone to the white zone. The small percentage of deploy-
ments that are threshold limited (zone to right in Fig. 1) must

employ side information. In this experiment, we validated the
use of side information in the form of separation of clients in a
tiered deployment. Other types of side information can be em-
ployed. For instance, for a strictly cluster deployment a sliding
threshold could be used where the threshold diminished linearly,
with slope determined by the level of attenuation with distance
of the deployed fiber.

C. Loss Budget

We studied the loss budget of our monitoring system for fu-
ture capacity expansion and/or longer reach PONs [6], [8]. For
this purpose, a variable optical attenuator (VOA) is added to
the setup in Fig. 2 followed by a km fiber feeder. In
each step, the insertion loss of the VOA is increased and the
postamplification circuit is adjusted to properly detect the mon-
itoring pulses. Our setup provides 9 dB margin (total of 18 dB
for the round-trip path) for the loss budget; hence, the capacity
can be scaled up by factor four via 1 4 splitter. Our experi-
mental setup could therefore support a 64 customer PON with
20 km feeder fiber corresponding to current GPON standards
[6]. Note that the sensitivity of the receiver is limited by the
minimum detectable dc power at the receiver. The sensitivity of
our monitoring system can be improved by using detectors with
higher gains [15].

IV. FUNDAMENTAL LIMITS OF LOSS BUDGET

Due to the round-trip path of the monitoring pulses, the inser-
tion loss of passive elements is doubled, imposing strict limita-
tions on the total loss budget of our monitoring system. We as-
sume that a higher number of customers leads directly to higher
splitting ratios at the RN and a more critical power/loss budget.
Our experiments were carried out in the 1550 nm band for ex-
perimental convenience where amplification is straightforward.
When deployed, a monitoring system will use the U-band where
no amplifier exists, hence no pre- and postamplification such as
that in Fig. 2 is possible. Therefore, the loss budget of our mon-
itoring approach is a serious concern. In this section, we explain
how averaging can help to improve the loss budget for the mon-
itoring system. We also address the requirements for postdetec-
tion circuits to efficiently perform averaging. We then formulate
the loss budget limit as a function of the corresponding circuit
specifications.

A. Importance of Averaging

Increasing the transmitted power of the monitoring signal to
mitigate the loss budget increases nonlinear effects, and cannot
be employed without restraint. Indeed, to avoid nonlinear im-
pairments, the launched power should be kept smaller than ap-
proximately 10 dBm for single mode fiber [8]. Our strategy
for improved loss budgets relies on signal averaging. By aver-
aging over many traces, i.e., repeating the measurement many
times, we reduce noise and increase our SNR [8]. Hence, sim-
ilar to standard OTDR techniques, the dynamic range and sen-
sitivity of the monitoring receiver increases significantly. As-
suming independent measurements, the noise power is re-
duced proportionally by the number of measurements averaged

, i.e., . For a very large number of independent traces,
tends to zero.
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Fig. 3. Importance of averaging to improve the quality of the received monitoring sequences; traces averaged are � � �� �� ��.

Fig. 4. Typical optical receiver using TIA and ADC.

A moderate delay for averaging and processing (milliseconds
to seconds) is acceptable for our application; the temporal over-
head for averaging is not burdensome. For example, consider a
PON with 20 km reach length and a delay tolerance of 100 ms.
In this case, the repetition rate should be smaller than the
total round-trip time for monitoring pulses, kHz. A
total of 500 traces can be averaged in 100 ms, for a 27 dB SNR
enhancement [8].

Fig. 3 shows the response to a 1 ns probe pulse to the peri-
odic encoder with ns, as measured using the setup in
Fig. 2 and averaging over different number of traces (dif-
ferent rows). The right column shows the same measurements
but with an additional 6 dB loss due to a 1 2 coupler in the
round-trip path; this illustrates the effect of degradation in the
loss budget. In both columns, we see that increasing the number
of traces being averaged improves the quality of the trace. In par-
ticular, for higher losses (right column), the noise is completely
removed from the trace by averaging (a 20 dB SNR
improvement). Hence, error-free performance is achievable by
the RC-MLSE algorithm [2], [5].

Signal averaging allows detection of very weak signals, how-
ever, receiver sensitivity is limited by postdetection circuits. Dig-
ital signal processing in the reduced complexity MLSE algorithm
requires the monitoring signal be quantized. The quantization ul-
timately limits the amount of loss that can be sustained at the
receiver without impairing the algorithm. As seen in Fig. 3, the
small third pulse is virtually noise free, however, quantization
must be sufficient to detect this small signal.

A typical postdetection circuit is illustrated in Fig. 4. The
transimpedance or shunt amplifier (TIA) generates a voltage
signal from the current produced by the photodiode [9],
[10]. The TIA acts as a current to voltage converter with some
amplification, and is widely used as a preamplifier in optical
receivers. Typically, the TIA should have low noise and high
dynamic range. Our application is insensitive to TIA noise due
to averaging, thus relaxing this requirement. The TIA output
is further amplified by a limiting amplifier that assures the
output signal reaches the proper voltage range for the ADC.
The total effective gain of all stages shown in Fig. 4 varies
from 30 to 70 dB depending on the application [11], [12]. The
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Fig. 5. Trace for periodic code with � � � ns in a 16 customer network with a 20 km of fiber feeder; different levels of quantification (left 8 bits, right 3 bits)
are shown for traces before and after � � ��� averaging.

Fig. 6. Percentage of the error in estimating the autocorrelation peak as a func-
tion the number of quantization bits.

number of bits of resolution in the ADC is a design parameter.
In Section IV-B, we illustrate how the ADC resolution affects
the averaging process. The importance of is addressed in
Section IV-C.

B. Quantification Effects

To illustrate the impact of ADC resolution, in Fig. 5, we ex-
amine the effect of averaging over 100 traces for two different
ADCs. The trace to the left in Fig. 5 is captured by an Agi-
lent Infinium 54845A real-time oscilloscope with bits of
resolution. The captured data are then requantified for a limited
number of bits ; on the right in Fig. 5, we see the roughly
quantized data and the averaged signal.

In order to ascertain the sensitivity of our detection algo-
rithm to quantification levels, we focus our attention on code
correlation. Correlation of the incoming monitoring signal with
each code in turn generates the test statistics used for detec-
tion [2], [5]. Starting from the 8 bit digital signal captured from
the real-time oscilloscope (shown in the left in Fig. 5), we re-
duced the number of bits progressively. For each resolution, the
measured data from oscilloscope were quantized for

traces. We then averaged the quantized traces and calculated the
degradation in the peak level of the correlation. The percentage
of the error in estimating the autocorrelation peak as a function
the number of quantization bits is shown in Fig. 6. For ,
we can see that averaging is ineffective and error is very high.
For , the error is less than one percent. A good compro-
mise to reduce cost of the receiver and digital signal processing
is where error is below ten percent. In Fig. 5, we can see
that both levels of quantization yield good SNR improvement
due to averaging1.

C. Sensitivity of the Monitoring Receiver

The sensitivity of the receiver depends on both the TIA gain
and the number of ADC quantization bits . We have

two requirements for error-free performance: 1) the averaging
should reduce noise effectively; and 2) the first four pulses from
each periodic encoder should be distinguishable following
ADC. As explained in Section IV-B, a minimum of
bits assures SNR improvement with averaging. For the second
requirement, recall that peak heights differing by less than

are indistinguishable, where corresponds to the
voltage of the least significant bit (LSB) [13]. For an ADC with

quantization bits, we have where is the
reference voltage [16].

For the periodic encoded sequence, more than 95% of the en-
ergy is concentrated in the first four pulses; thus it is sufficient to
discern these four pulses [4]. The code characteristics are such
that discerning the fourth pulse assures all four pulses are distin-
guishable. Thus, we require that the difference in the peak power
between the fourth pulse and the remaining (weaker) pulses be
greater than . These pulses are dominated by the fifth pulse;
the amplitudes of the fourth and fifth pulses (with respect to the
unit height first two pulses) are 0.146 and 0.056 [4].

Now consider a monitoring system with a transmitted peak
power of , total insertion loss of , and a U-band detector
with responsivity . Based on these discussions, we should have

(1)

1Simulations show that for additive Gaussian noise, � � � is sufficient to
estimate the mean with less than one percent error.
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Fig. 7. Maximum loss budget as a function of the number of quantization bits
and for different resistors.

where the left side of (1) gives the voltage difference between
the fourth and the fifth pulses of the periodic sequence at
the ADC input. The total loss budget that can be tolerated
is

(2)

Thus, the lower bound (maximum acceptable) of is inversely
proportional to and the detector responsivity . It also
depends on the peak of the launched power .

Fig. 7 shows the minimum loss budget versus the number
of quantization bits for different values of . For our nu-
merical results, we consider dBm, and
volts [12], [13]. The highlighted region corresponds to the cur-
rent commercial TIAs and ADCs working at 2 Gs/s. Note that by
employing high-gain avalanche photodetectors, the loss budget
can be further improved [14], [15].

The total loss budget is determined by the component
losses as (in decibels)

(3)

where is the network size (total splitting size) and is the
fiber reach (sum of fiber feeder and longest drop fiber). A 0.3
dB/km of fiber loss is considered for U-band signals. The factor

is considered for the losses due to encoding, splicing, con-
nectors, etc. An ideal periodic encoder imposes dB loss [4].
A total value of 5 dB is assumed for other losses (mainly the
connectors and splicings). Thus, the total loss is dB.
Fig. 8 shows the trade-off between the fiber reach in km and
the splitter size at the RN for different and (corresponding
to the filled circles and squares in Fig. 7). The optical coding
(OC) monitoring system is able to support the current PON stan-
dards [6], [7] such as a GPON with 64 customers and 20 km fiber
reach.

Fig. 8. Trade-off between the fiber reach and the splitter size at the RN for
different values of the number of quantization bits and postamplification gain.

V. CONCLUSION

We experimentally demonstrated fiber link quality moni-
toring of a PON using periodic codes for up to 16 customers.
We demonstrated more robust monitoring for networks with a
tiered geographic distribution by exploiting information about
the distance separating clusters. Our experimental setup allows
a capacity scale up for 64 customer PON. We also studied the
final loss budget limitation of OC monitoring system as a func-
tion of the postdetection circuit specifications. We showed that
the transimpedance gain and the number of ADC quantization
bits play important roles in the total permissible loss budget.
In addition, our numerical studies shows that OC monitoring
technology is able to support the current PON standards.
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