4. DC Block Filtering of Homodyne
Crosstalk
Thus far, mitigation of RB noise has been accomplished through frequency
discrimination between interfering channels. In general, it has been demonstrated that
RB can be sufficiently reduced by the simultaneous separation of counter-propagating
beyond the bit rate and implementation of unconventionally narrow optical
demultiplexing filters. Unfortunately, there exist a multitude of scenarios where it is
inconvenient (and even impossible) to produce frequency separation between the
signal and RB light. In these cases, severe coherent crosstalk penalties will occur. As
it was concluded in Chapter 3, receiver optimization through conventional filtering
approaches in the presence of coherent RB crosstalk does not yield appreciable
penalty reduction because the signal and RB fields a perfectly overlapped in the
frequency domain.
When coherent linear crosstalk is unavoidable, many countermeasures have
been proposed [1-6]. Whether the crosstalk is caused by a discrete or distributed
number of interferers, the general approach for noise reduction is to artificially
broaden the signal and interferer(s) in the optical domain. In doing so, the frequency
content of the beat noise generated by coherent crosstalk is sufficiently broadened
such that a larger portion of the noise is eliminated by the finite bandwidth of the
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receiver. In many situations, however, popular broadening techniques such as
transmitter chirping and phase dithering introduce additional hardware and chromatic
dispersion penalties [7].
The PON is a network topology which is severely limited by coherent linear
crosstalk, particularly when CLS is employed [8, 9]. As the leading network topology
for “last mile” and fiber to premises applications [10], the PON is particularly costsensitive.

In general, the design goal of a PON is to offer a simple, robust,

bidirectional fiber optic communication channel which does not necessitate expensive
optoelectronic hardware. For this reason, it is advantageous to investigate low-cost
techniques which can reduce coherent crosstalk penalties without incurring undo stress
on the PON infrastructure.
In this chapter, a novel technique using AC-coupled receivers is proposed
which provides a low-cost solution for coherent crosstalk mitigation. It is shown that
appropriately designed DC blocking filters improve power margin in PONs without
the need for additional expensive hardware. The technique is shown to be viable for
both discrete and distributed linear crosstalk and issues regarding critical design
parameters such as modulation format, extinction ratio and laser linewidth are
elucidated. Finally, a generalized RB noise model is introduced which calculates the
ultimate performance of a CLS-PON when optimal DC blocking is used. It is shown
that a careful analysis of the unique noise properties in CLS-PON reveals that reach
can be extended up to 53% through proper use of high and low frequency electronic
filtering.

3

4.1 AC-Coupled Receivers and DC Blocking
In general, AC-coupled receivers are preferred in digital communications
systems because they avoid penalties from DC offset fluctuations, promote clock
recovery and allow for independent biasing of post-detection electronics. For these
reasons, conventional IM-DD links use AC-coupled receivers. The optimal design of
an AC-coupled receiver relates to the proper choice of blocking capacitor in the
receiver electronics. The low frequency cutoff (LFC) of the receiver is given by the
simple relation

f LFC

1
2 ( RS

RL )C

.

(4.1)

In (4.1), C is the value of the series blocking capacitor and RS and RL are the source
and load resistance, respectively. In a 50

matched systems, a capacitance of 1.57

F gives a LFC of about 1 MHz.
The best choice of LFC depends on the data rate, line code and modulation
format of the transmission so as to ensure that the low frequency signal content is not
distorted through highpass filtering effects known as baseline wander [11].

In

conventional systems, gigabit capable AC-coupled receivers have low frequency
response times on the order of s (i.e. LPC ~ 10-100 kHz) [1, 12]. However, as it will
be shown later, optimal LFC values can vary by orders of magnitude in links degraded
by coherent crosstalk. The impact of DC blocking on the reduction of coherent
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Fig. 4.1. DC blocking of IC for a transmitted laser with linewidth
. The figure below the schematic shows the pre (purple) and
post (yellow) DC block electrical noise spectrum. The DC block
removes significant low frequency PM-to-AM induced beat noise.

crosstalk has been heretofore ignored in the literature and is described here for the first
time.
Coherent crosstalk reduction via DC blocking is possible because optical
crosstalk is highly colored in the frequency domain, particularly at low frequencies.
For example, when a non-carrier suppressed modulation formats like NRZ is
employed, a significant amount of energy is present in the DC carrier tone (>50%
depending on exact pulse shapes and ER). Upon detection in the presence of coherent
crosstalk, PM-to-AM transfer of the laser phase noise will generate a large portion of
the photocurrent fluctuations near DC (see Fig. 4.1). Assuming the interfering fields
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are phase uncorrelated, co-polarized and spectrally overlapped, the low frequency beat
noise after square-law detection will occupy a single sided bandwidth equal to the
linewidth (

) of the transmitter laser [13].

Conveniently, the low frequency

information content of the signal is often restricted via line coding in order to facilitate
clock recovery and permit AC-coupling in the receiver electronics [1]. Hence, the
deleterious low frequency noise energy lies in a frequency range devoid of information
content and can therefore be filtered with a suitable DC block (shaded region in Fig.
4.1). The optimal choice of DC block ultimately depends on the tradeoff between low
frequency noise rejection and filter-induced baseline wander penalties caused by long
spans of consecutive identical bits (CIB) [14].

4.2 DC Blocking of RB Noise
4.2.1 Theory: Beat Noise Spectral Characteristics
It is easiest to describe the impact of DC blocking by calculating the noise
variance in the frequency domain. Since distributed RB in a fiber can be treated as a
Optical Domain
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Fig. 4.2. Frequency content of coherent RB beat noise. Beat noise
has a two-sided spectrum spanning twice the original bandwidth
with a maximum at DC.
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WSS, ccg random process, it is possible to express the signal-RB beat noise (

2

sig-RB)

generated during square-law detection by converting (2.6) to the frequency domain.
The result is [8]
2
sig RB

R D2

2

pol

(4.2)

H ( f ) S sig ( f ) S RB ( f ) S RB ( f ) S sig ( f ) df

where H(f) is the frequency response of the electrical filter and Ssig(f) and SRB(f) are
the optically filtered PSDs of the signal and RB, respectively. Since signal-RB beat
noise is the dominant noise source for sufficiently large OSNRRB, the beat noise
spectrum is given by a filtered version of the cross-correlation of the signal and RB
fields.
When the signal and RB PSD are identical and perfectly overlapped in the
optical domain (a.k.a. in-band coherent RB noise), auto-correlation properties specify
that the unfiltered frequency content of the signal-RB beat noise will be maximized at
DC and cover twice the bandwidth of the original signal (see Fig. 4.2).

For

modulation formats like NRZ and RZ, this low frequency noise will be large owing to
the strong DC tones of the optical PSD. The actual amount of low frequency RB noise
depends on factors like modulation format, extinction ratio (ER) and

. Consider the

PSDs of a random sequence of NRZ and RZ (50% duty cycle) square pulses:
S NRZ ( f )

S RZ ( f )

P1TB sin( fTB )
4
fTB

P1TB sin( fTB / 2)
16
fTB / 2

2

2

(1

)1

(1

)

1
TB

1
TB

(f
n

(4.3)

(f)

n
)
TB

4
TB

(f)

Here TB is the bit period and is the ratio of the power in the zeros (spaces) to the

(4.4)
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Fig. 4.3. Theoretical plot of total signal-RB noise within a given
bandwidth for different values of
. ER = infinity. (a) 10 Gb/s
NRZ. (b) 10 Gb/s RZ.
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Fig. 4.4. Theoretical plot of total signal-RB noise within a given
bandwidth for different values of ER.
= 3 MHz.. (a) 10 Gb/s
NRZ. (b) 10 Gb/s RZ.

power in the ones (marks) (i.e.

= P0/P1 = 1/ER). By inspection, it is clear that NRZ

and RZ possess strong DC tones which grow in strength as ER degrades. Phase noise
fluctuations from the source further broaden the signal PSD with the resultant field
PSD, Sactual(f), given by the convolution of the modulation PSD with the source PSD

S actual( f ) S NRZ / RZ ( f )

S ( f ).

(4.5)

Typically, a DFB laser used in telecom application will possess a Lorentzian
broadened lineshape with a PSD given by
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S (f)

2

f

.

(4.6)

2

2

The impact of source linewidth and ER on the removal of RB beat noise via DC
blocking is shown in Fig. 4.3 and Fig. 4.4. The percentage of signal-RB noise falling
within a specified receiver bandwidth for various Lorentzian shaped laser linewidths
in shown in Fig. 4.3. The results indicate that roughly 25% of the total coherent RB
crosstalk exists within a bandwidth of about 3*
total noise energy lies within 3*

for NRZ. For RZ, 12.5% of the

. The cumulative noise near DC increases further

as ER degrades as shown in Fig. 4.4. Because the DC terms of (4.3) and (4.4) increase
with smaller ER, it is clear from Fig. 4.4 that both NRZ and RZ formats generate
significant low frequency signal-RB beat noise for realistic ER (< 15 dB).
realistic system conditions (i.e.

For

<< R ER ~ 8-14 dB), Fig. 4.3 and Fig. 4.4 show

that DC blocking may be an effective means of RB noise suppression.

4.2.2 Experimental Results
4.2.2.1 Experimental Setup
The experimental setup shown in Fig. 4.5 was used to study DC blocking of
RB noise. For this experiment, a standard 3 MHz full width half max (FWHM)
distributed feedback laser (DFB) is used as the source. To facilitate the study of
variable linewidths, a phase modulator (PM) driven with a 223-1 PRBS pattern was
placed after the laser to broaden the laser line. The inset of Fig. 4.5 shows the
broadening effect of the lineshape before (purple) and after (yellow) the PM.
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Fig. 4.5. Experimental setup to measure impact of DC blocking on
coherent RB noise. Inset shows the line broadening effect of the
PRBS modulated PM.

The signal is split into a signal arm and a RB noise generating arm containing a VOA.
The polarizations of the two arms and their relative powers are controlled using
POLCs, a PBS, an OSA and a power meter. OSNRRB is monitored at the input to the
preamplified receiver and the noise sensitivity is recorded using a BER measurement
with optimal sampling phase and decision threshold.
The setup shown in Fig. 4.5 is for measurements taken with a preamplifier.
Additional measurements were taken to measure the power penalty as well. To
measure power penalty, the preamplifier and OBPF were removed and replaced by a
VOA. The power penalty measurement studies the electronics noise limited
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Fig. 4.6. BER plots for different LFC values and a source laser with
= 3MHz. (a) 10 Gb/s NRZ, ER = 13.6 dB. (b) 10 Gb/s RZ, ER =
14.6 dB. (c) 10 Gb/s NRZ, ER = 10 dB. (d) 10 Gb/s RZ, ER = 10
dB.

performance of the receiver for various OSNRRB while the preamplified measurement
studies the RB dominated performance. Both measurements are considered acceptable
noise characterization techniques and, as it will be shown, results corroborate well.
4.2.2.2 Preamplified Receiver Results
The impact of DC blocking is studied by placing DC blocks of varying LFC at
the receive port of the BERT and taking BER curves as shown in Fig. 4.6. In Fig. 4.6a
and Fig. 4.6c, DC blocking results are shown for ER of 13.6 dB and 14.6 dB for NRZ
and RZ, respectively. Results indicate that both modulation formats have negligible
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Fig. 4.7. 10 Gb/s NRZ eye diagrams with (a) 100 kHz DC block, (b)
8 MHz DC block and (c) 16 MHz DC block. OSNRRB = 22 dB.

8 MHz
16 MHz

Fig. 4.8. Impact of laser linewidth on the effectively of DC blocking
of coherent RB. When
> LFC, negligible BER enhanced is
measured. When
is on the order of the data rate, BER
improved is caused by PSD broadening which causes high
frequency beat noise.
sensitivity improvement with increasing LPF at a BER of 10-9. This is explained by
the fact that higher ER signals contain less DC energy. Therefore, the benefits of
eliminating low frequency noise are offset by the eye closure penalty owing to
baseline wander when BER is very small (<10-9).

Interestingly, sensitivity

improvements of 2 dB and 1 dB are gained for a BER of 10-3 for NRZ and RZ,
respectively. The performance enhancement at lower BER is explained by the fact
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that at higher noise levels, it is advantageous to induce slightly larger filtering
penalties in favor of enhanced noise removal. This tradeoff causes the more strongly
filtered BER curves to have shallower slopes as shown in Fig. 4.6 and indicates that
DC blocking of RB noise may be ideal when used in conjunction with links employing
FEC [15].
At moderate ER (10 dB), DC blocking yields a marked improvement for both
NRZ (Fig. 4.6b) and RZ (Fig. 4.6d).

With the increased concentration of low

frequency noise for an ER of 10 dB, it is clear that optimal DC filtering at the receiver
can yield sensitivity improvements of 2 dB for a BER of 10 -9 and 3 dB for a BER of
10-3. As is consistent with Fig. 4.3 and Fig. 4.4, the optimal LFC ranges from about 8
to 10 MHz (i.e. ~3*

). This optimal point around 3*

represents an important

tradeoff: below this value, more noise passes to the decision circuit causing bit errors,
above this value, high pass filtering penalties from baseline wander result in excessive
eye closure. The eye diagrams for NRZ in Fig. 4.7 support this point. With a LFC of
100 kHz, the majority of the RB beat noise passes through to the detector as shown in
Fig. 7a. When the LFC is increased to 8 MHz (Fig. 7b), the low frequency RB beat
noise is filtered substantially without causing unnecessary baseline wander. When the
LFC is 16 MHz (Fig. 7c), excessive filter-induced eye closure causes sub-optimal
BER, particularly with moderate noise levels yielding errorless (<10-9) performance.
To verify the impact of laser linewidth on the DC blocking of RB, the PM in
the experimental setup was driven with a variable clock PRBS pattern. By changing
the data rate of the PRBS, arbitrary linewidth broadening was achieved. The results
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8 MHz
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8 MHz

Fig. 4.9. Power penalty curves for NRZ.

are illustrated in Fig. 4.8 for an OSNRRB of 15.9 dB. As would be expected, as the
linewidth is broadened beyond the LFC of the DC block, the noise mitigation reduces
drastically. It is interesting to note in Fig. 4.8 that as the linewidth is broadened far
beyond

the BER begins to improve slightly. This effect is caused by the fact that

the larger effective signal spectrum generates higher frequency beat noise which
begins to fall outside the bandwidth of the receiver. This effect has been noted
previously [2] as an alternative method of crosstalk mitigation but introduces an
additional chromatic dispersion penalty.
4.2.2.3 Power Penalty Results
Power penalty measurements confirm the results obtained in the previous
section. The measurement of power penalty is straightforward: BER versus input
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8 MHz

Fig. 4.10. Impact of ER on achievable BER. OSNRRB is fixed at
18.6 dB.

power curves are taken with and without RB present. Optical powers required to
maintain BER of 10-3 and 10-9 are recorded. The difference in power required to
maintain the same BER with and without RB noise is defined as the power penalty.
By convention, power penalty helps indicate how much optical noise is acceptable so
as not to contribute to receiver sensitivity degradation.
The power penalty results for NRZ are shown in Fig. 4.9 for various BER
levels and ERs.

As was determined during the preamplifier measurements, DC

blocking is best used with moderate ER (< 10 dB) and low BER (10-3). In the worst
case, when ER is 13.6 dB and BER is 10-9, it is clear that DC blocking on the order of
8 MHz causes an additional sensitivity penalty of 2.5 dB for a fixed power penalty of
2 dB. In the best case, when ER is 10 dB and BER is 10-3, optimal DC blocking yields
a 4.5 dB sensitivity improvement for a fixed power penalty of 1 dB. A conclusion that
can be made based on these results is that appropriate DC blocking is intimately
related to the ER of the transmitted signal. In 10 Gb/s systems where excellent ERs (>
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13 dB) are obtained, it is desirable to have very small LFCs (< 1 MHz) in order to
minimize baseline wander penalties.

However, in applications where transmitter

performance is traded for cost, such as in PONs, DC blocking remains a robust
method for RB mitigation.
The impact of ER on BER is demonstrated in Fig. 4.10 for a fixed OSNRRB of
18.6 dB. As is consistent with the theoretical arguments of Fig. 4.4, experimental
results show that decreasing ER results in increased amounts of low frequency noise.
This noise, in turn, can be greatly reduced by implementing DC blocks with LFCs
several times larger than

. As the ER increases above 10 dB however, the BER

curve for larger LFCs tends to flatten to a constant BER while the smaller LFCs
continue to improve in BER performance.

4.3 DC Blocking of Discrete Crosstalk
Discrete coherent crosstalk, also known as in-band IC, is recognized as a
limitation in many types of fiber owptic links including PONs and optically switched
networks [2, 3, 7, 16-18]. Whether it is caused by fiber facet reflections or insufficient
isolation between ports in an optical add-drop multiplexer (OADM), IC between a
weak interferer and a signal results in transmission penalties due to excess beat noise
during square-law detection. In order to assuage penalties caused by IC, several
countermeasures have been proposed including transmitter chirping [17], phase
modulation [3], phase scrambling [2] and the use of low coherence optical sources
[18]. Although all of these techniques are effective in reducing IC penalties, they all
come with various drawbacks such as increased complexity, need for additional
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optoelectronic hardware and introduction of additional chromatic dispersion penalties
[7].
In this section, electrical DC blocking is shown to reduce the low frequency
beat noise generated during photodetection. Although the underlying statistics vary
compared to that of RB (especially in terms of there underlying PDFs [19, 20]), it is
experimentally demonstrated that the colored nature of IC noise can also be taken
advantage of to reduce noise penalties via DC blocking. Results for 1 and 4 interferers
are obtained and sensitivity improvements as large as 6.5 dB are obtained.

4.3.1 Experimental Setup
The experimental setup shown in Fig. 4.11 was used to verify the DC blocking
technique for IC reduction. The setup is nearly identical to the previous section except
that the interference comes for discrete paths in the system. The noise path was split
up to four times to study the impact of 1 and 4 total interferes. A span of fiber much
longer than the coherence length of the laser was used in all four noise paths to
decorrelate the signal and interferer(s) data and to ensure incoherent addition of the
fields. The signal and noise paths were then recombined and detected. The optical
receiver was identical to that in Section 4.2.

4.3.2 Power Penalty Results
By changing the signal to crosstalk ratio (OSNRXT) and the overall power into
the receiver, the power penalty (relative to the no crosstalk sensitivity) caused by IC
for LFCs of 100 kHz, 5 MHz and 8 MHz was measured. Fig. 4.12 plots the power
penalty versus crosstalk level for 14 dB and 10 dB ER for a bit error rate (BER) of
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Fig. 4.11. Experimental setup to measure the impact of DC
blocking on the reduction of discrete coherernt crosstalk.
10-9 and a BER of 10-3. Similar to results for RB, the results when the ER is high and
BER is 10-9, excessive DC blocking causes an additional power penalty owing to
increased eye distortion caused by baseline wander [11]. However, under conditions
where either the ER is reduced to 10 dB and/or the tolerable BER is relaxed to 10-3,
optimal DC blocking yields an improved power penalty. The improvement is again
explained by the fact that when the ER is reduced, the optical DC component of the
NRZ signal produces a greater percentage of IC within

after square-law detection.

The explanation for the larger improvement at BER = 10-3 is further explained by the
fact that for large amounts of crosstalk (OSNRXT < 20 dB), the eye closure penalty
caused by pattern dependent baseline wander is considerably smaller than the eye
closure penalty caused by the increased noise variance. Thus, at low BER and high
crosstalk levels, bit errors caused by filtering effects have a smaller impact than errors
caused by low frequency noise fluctuations, which are greatly suppressed by properly
designed DC blocks. As is shown in Fig. 4.12d, when ER = 10 dB and BER = 10 -3,
the impact of IC can be reduced by as much as 6.5 dB for a 1 dB power penalty. In
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Fig. 4.12. Power penalty curves for IC (4 interferers).

Fig. 4.13. Power penalty curves for IC (1 interferer).
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No Block

8 MHz

16 MHz

Fig. 4.14. Eye diagrams for various LFC values in the absence (top
row) and presence (bottom row) of a single interferer.

comparing Fig. 4.12 and Fig. 4.13 it is evident that results for 1 and 4 interferers are
qualitatively similar. The quantitative differences in performance are explained by the
fact that the underlying PDFs change as a function of number of crosstalk components
[7]. Although an exact calculation of the expected performance is beyond the scope of
this study, the rigorous treatment in [16]can be extended to include the effects of DC
filtering on IC noise.
Finally, the eye diagrams with and without IC are shown in Fig. 4.14. When
there is no IC, the most open eye is achieved with the lowest (100 kHz) LFC.
Likewise, the most distorted eye is measured for the largest (8 MHz) LFC. However,
when IC is present, the larger LFC cancels a more significant portion of the noise
resulting in superior BER performance.
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4.4 Discussion of Experimental Results
It is clear from the experimental results that optimized DC blocking can have a
significant impact on the reduction of coherent crosstalk. Table 4.1 summarized the
power penalty results for 1, 4 and infinite interferers. For the majority of cases, net
positive power penalty improvement is measured for larger than normal LFCs. Results
show that as much as 6.5 dB sensitivity improvement is gained by use of an optimal
LFC in the AC-coupled receiver. In general, smaller ERs and lower BER optimize for
higher frequency LFCs.

Also, theoretical considerations suggest that the majority of

the low frequency beat noise is eliminated with LFC several times larger than the laser
linewidth. The experimental results clearly show that the 8 and 10 MHz DC blocks
yielded the best noise reduction/baseline wander tradeoff, regardless of the number of
interferers. Ultimately, the optimal choice of LFC in the receiver ultimately depends
on the type of optical link in question.
Links degraded by coherent crosstalk which employ forward error correction
(FEC) would achieve higher system margin because of the ability to correct BERs on
the order of 10-3. It has already been shown that FEC can correct RB noise [15] and
IC [21]. These preliminary results indicate that DC blocking may further enhance the
effectiveness of FEC for correction of coherent crosstalk. It is interesting point out is
that it was determined in [15] that a caveat of using FEC in the presence of RB is that
the source coherence must be controlled as to avoid coherent fading effects.
Considering the fact that DC blocking eliminates noise content which correlates up to
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Table 4.1.
Summary of Power Penalty Improvement
BER = 10-9
# of Interferers
1 Interferer

BER = 10-3

ER (dB)

1 dB Penalty

2 dB Penalty

1 dB Penalty

2 dB Penalty

10

1.75

3

6.5

6.75

14

< -5

-0.7

2

2.25

10

-2.5

1.5

5.25

4

14

-5.25

-0.4

2

2.75

∞ Interferers

10

-5

0.3

4.25

>3

(Rayleigh)

13.6

-7.5

-2.5

2.6

>2

4 Interferers

several s (i.e. MHz), it can be reasoned that DC blocking may be an alternative to
coherence control in links which use FEC to correct RB noise.
Local area networks (LAN) would also potentially benefit from optimized DC
blocking due to the requirement for low cost hardware. As an example, DC blocking
of IC would potentially improve 10 Gb/s Ethernet which must operate error free for
ER = 3 dB with return loss on the order of 12 dB [22]. Based on the results of Fig.
4.4, it can be surmised that proper DC blocking of coherent crosstalk would result in
the elimination of more than 60% of the beat noise energy. Considering the costsensitivity of Ethernet applications, it is obvious that the simple implementation of the
appropriately sized DC blocking capacitor would be extremely advantageous.
Finally, it is important to emphasize that baseline wander and optimal LFC are
related to the line coding of the transmitted data.

Although line coding is not

explicitly addressed in this paper, the DC blocking technique would be further
enhanced with the implementation of DC balanced line codes like Manchester coding
or 8B10B code [1]. In our experiments, we used PRBS test pattern of length 231-1
which contains 31 CIB. This large CIB causes a pessimistic baseline wander scenario
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Fig. 4.15. Example of a CLS-PON topology. Two types of RB noise
exist: one caused by backreflection of the CW light and the other
by the backreflection and re-modulation of the light launched from
the ONU.

and thus yields a conservative estimate for the merits of DC blocking of RB. If DC
balanced line codes are implemented, it is expected that DC blocking of RB would be
feasible for larger linewidths and/or lower data rates.

4.5 CLS-PON Noise Model
The CLS-PON is a popular topology for communication between a network
provider (CO) and many close-proximity customers (ONU) as shown in Fig. 4.15. The
key feature of the CLS-PON is that the CO supplies the light source for the upstream
transmission. The advantage of placing the optical source at the CO is that it
minimizes the number of optical components at the ONU and allows for easier
network maintenance and wavelength allocation. Unfortunately, the bidirectionality of
the CLS-PON causes RB noise penalties. It is the appropriate treatment of the RB in
the CLS-PON which determines the maximum link budget and reach [9, 23].
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In this section, the true value of prudent DC blocking will be demonstrated in
the CLS-PON topology through the derivation of a novel, generalized noise model. It
will be shown that the ultimate performance of a CLS-PON must be calculated by
accounting for the rigorous frequency characteristics of the RB, the optical gain at the
ONU site, the laser linewidth, extinction ratio, modulation format and corresponding
high frequency and low frequency cutoff of the receiver electronics. By accounting
for these critical parameters, it is shown that a 53% improvement in reach is attainable
over previous conventional models.

4.5.1 Approach and Assumptions
To accurately predict the performance of a CLS-PON, the coloredness of the
RB noise components and the receiver characteristics must be considered. The
following assumptions are used to generate the noise model:
1. Signal-RB beat noise is the dominant noise process in the system.
Therefore, ASE and electrical noise will be ignored. This assumption is
valid as long as the detected power at the CO is above the sensitivity limit
of the CO receiver. Typical span losses will not exceed 15 dB justifying
this point, especially if avalanche photodiodes are used. ASE will be small
since only one optical amplifier will be used.
2. ISI is negligible (both filter induced and chromatic dispersion induced).
3. The frequency response of the modulator at the ONU is flat. For
example, complications associated with DC filtering in gain clamped
RSOAs will be ignored [23].
4. The downstream CW light will be un-modulated. Alternative CLS-PON
topologies have demonstrated duplex communication on the same carrier
via orthogonal modulation formats [24] but will be ignored in this
analysis.
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The approach to calculate the performance of a CLS-PON in the presence of RB will
be to maximize the Q-factor as a function of electrical filtering,

, ER, ONU gain,

span loss and modulation format. After developing the general noise model, examples
with NRZ and RZ will be discussed to illustrate performance under the most common
operating conditions.

4.5.2 CLS-PON Topology: Type 1 and Type 2 RB Noise
A careful analysis of the CLS-PON link reveals that two RB noise types exist;
deemed Type 1 RB (RB1) and Type 2 RB (RB2) in Fig. 4.15 and 4.16 [8]. Type 1 RB
is generated from the un-modulated, singly backscattered CW light launched from the
CO location. Since Type 1 RB never reaches the ONU, its frequency content is
caused only by the PM-AM conversion of the laser phase fluctuations.
Type 2 RB, on the other hand, is additionally broadened by the ONU
modulation. Figure 4.16 describes the path of Type 2 RB showing the stages in both
the time and frequency domain. Type 2 RB is generated by the upstream data which is
backscattered in the fiber back towards the CO (in gray). The downstream RB noise
becomes Type 2 RB noise when it is then re-modulated, amplified and transmitted
back to the CO, synchronously along with the desired signal light. The fact that Type
2 RB is intensity modulated by the ONU modulator implies that Type 2 RB is a nonstationary random process and must be treated carefully. Since the signal and Type 2
RB are synchronous in terms of their intensity modulation, it is known a priori that the
noise will be maximum over a mark period and the noise will be minimum over the
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Fig. 4.16. Time/Frequency domain representation for the signal
and RB in a CLS-PON.

space period, with the ratio given by the ER of the ONU modulator. Hence, the signalRB beat noise must be calculated separately for marks and for spaces.
Another important clarification is that it is only necessary to quantify the
impact of signal-RB2 beating over the middle of the bit period since this will lead to
intensity noise at the sampling instant and hence bit errors. Therefore, the additional
spectral broadening caused by re-modulation will not affect the beat noise frequency
characteristics of the marks and spaces over the middle of the bit period since the remodulation process only contributes to excess noise broadening on the rising and
falling edges of the bit period. Based on this physical reasoning, signal-RB2 beat noise
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will be calculated assuming a PSD proportional to the singly broadened signal
spectrum.

4.5.3 Electronic Filtering and RB Reduction
As was first shown in (4.2), knowledge of the RB noise PSD allows one to
calculate the total noise within a certain receiver bandwidth. For this analysis, it is
assumed that the signal and noise pass undistorted through the optical demux (i.e. Bs
<< Bo). Therefore, calculation of the total signal-RB noise variance is computed by
knowing the frequency response of the receiver, H(f). To simplify matters, it is
assumed that H(f)

Fig. 4.17. Cumulative noise as a function of fLFC (see (4.8)). RB can
be determined from cumulative noise curve. LFC is the cumulative
noise below fLFC. For example, LFC = 0.42 for Type 1 RB when fLFC
= 10 MHz. HFC is the amount of cumulative noise lying outside
fHFC. Thus, if fHFC = 10 GHz, HFC = 1 - 0.96 = 0.04 for Type 1 RB.
Therefore, RB = 0.42 + 0.04 = 0.46 for Type 1 RB with fLFC = 10
MHz and fHFC = 10 GHz.
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has an ideal response such that H(f) = 1 in the pass band and H(f) = 0 in the stop band.
With this, and assuming a symmetric PSD, (4.2) simplifies to
f HFC
2
sig RB

2 RD2

S sig ( f ) S RB ( f ) S RB ( f ) S sig ( f ) df

pol

(4.7)

f LFC

Here fLFC is the DC block cutoff frequency and fHFC is the receiver low pass cutoff.
Physically, the application of finite limits on the variance integral implies that some
percentage of the total signal-RB beating will be rejected by the receiver electronics.
This ratio of noise rejection to total available noise can be defined by a scaling
coefficient

such that
f LFC

S sig ( f ) S RB ( f )df

S sig ( f ) S RB ( f )df

f HFC

0
RB

LFC

HFC

S sig ( f ) S RB ( f )df
0

(4.8a)

S sig ( f ) S RB ( f )df
0

f HFC

S sig ( f ) S RB ( f )df
RB

1

f LFC

(4.8b)

S sig ( f ) S RB ( f )df
0

Here, the scalar terms

LFC

and

HFC

represent the percentage of noise rejected by the

DC block and receiver low pass filter, respectively. A graphical interpretation of the
calculation of (4.8) is shown in Fig. 4.17 for infinite ER NRZ for Type 1, Type 2 and
coherent RB.
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4.5.4 Q-Factor Optimization
The Q-factor is now computed by calculating the individual powers of the
signal and RB components. By tracing the roundtrip path of the signal, the average
and peak power of the signal is given by
PS

PL L2G

Average/ Peak

Pˆs

PL L2G .

(4.9)

where <> represents time average and ^ represents peak. Here, P L is the launch power
at the CO, L is the single span loss, G is the ONU gain and

is the ratio of the peak

mark power to the average power of the modulation. Written in its most general form,

Pave
Ppk

pm d

1
pm 1 d
ER

1 pm .

(4.10)

Here, pm is the average mark probability (i.e. mark density, typically pm = 0.5) and d is
the duty cycle of the modulation (e.g. d = 1 for NRZ and d = 0.5 for 50% RZ). The
expression for

in (4.10) is applicable to any intensity modulated optical signal,

regardless of ER, mark density or duty cycle. (The previous analysis using (4.3) and
(4.4) was a special case of (4.10) and assumed 50% mark density and 100% and 50%
duty cycle for NRZ and RZ, respectively.)
The average and peak power from Type 1 RB will be
PRB1

PL S RB

Average/ Peak

PˆRB1

PL S RB .

(4.11)

Owing to the wide-sense stationarity of the Type 1 RB noise process, the average and
peak power will equate. Thus, Type 1 RB need not be treated differently for mark and
spaces. The average and peak power of Type 2 RB is
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PL L2G 2

PRB2

2

PˆRB2

Average/ Peak

S RB

PL L2G 2 S RB .

(4.12)

The expression in (4.12) specifically refers to the peak power of a mark. The peak
power of Type 2 RB over spaces is scaled by 1/ER.
Combining the average powers of the signal (4.9) and noise terms (4.11) and
(4.12) gives the OSNRRB in a CLS-PON
OSNRRB

S RB

L2G
S RB L2G 2

.

(4.13)

Physically, OSNRRB will be the careful balancing between total span loss, ONU gain,
and ER (through ). By inspection, one finds that while the signal power will grows
linearly with ONU gain, Type 2 RB will grow quadratically with gain implying that G
must be chosen carefully to avoid excess penalties from the faster growing Type 2 RB.
To calculate Q, the mark and space peak power and variance must be
determined. By following the signal path, the peak mark and space power are
1

0

PL L2G .

(4.14)

PL L2G
.
ER

(4.15)

Using (4.9), (4.11) and (4.12) and assuming signal-RB dominated performance, the
variances become
2
1

2

RD 2
2

RD 2

RB1

RB1 1

1

RB1
RB1

Pˆs PˆRB1 2

PL2 L2GS RB 2

RB2
RB2

1
1

RB2
RB2

Pˆs PˆRB2
PL2 L4G 3 S RB

.

(4.16)
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2
0

2

RD2
where

RB1

and

2

RD2

RB1

1

RB1

Pˆs PˆRB1

2

RB2

1

ER
RB1 1

RB1

RB2
2

ER

PL2 L2GS RB

2

RB2

1

component (1/3 <

.
RB2

(4.17)

PL2 L4G 3 S RB

ER 2

ER
RB2

Pˆs PˆRB2

correspond to the copolarization of the signal with the RB noise

RB

< 2/3). The term (1- ) is the total un-rejected signal-RB beat

noise and represents the reduction of the RB noise caused by DC blocking and low
pass filtering.
Plugging (4.14)-(4.17) into (2.24) yields
L G
1
1
ER
2 S RB

Q
RB1 1
ER

RB1

RB2

1

RB2

L2G 2
RB1

ER 2

. (4.18)
1

RB1

RB2

1

RB2

L2G 2

This is the generalized expression for the Q-factor of an intensity modulated signal in
a CLS-PON corrupted by beating between the signal and Type 1 and Type 2 RB. All
relevant network parameters are accounted for including span loss, ONU gain, ER,
Rayleigh return loss, degree of polarization and RB noise rejection in the receiver
electronics (due to DC blocking and low pass filtering).
The optimal gain, Gopt, which maximizes the Q can be found by taking the first
derivative of (4.18) with respect to G. That is

0

dQ
dG

d
dG

L G
1
1
ER
2 S RB
RB1 1
ER

RB1

RB2

1

RB2

ER 2

L2G 2
RB1

.(4.19)
1

RB1

RB2

1

RB2

L2G 2
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Fig. 4.18. Optimal gain at the ONU, Gopt, as a function of filtering
of Type 1 and Type2 RB for infinite ER NRZ.

In general, Gopt cannot be solved in closed form. However, if ER is assumed to be
large (i.e. ER > 10 dB), the impact of signal-RB beating on zeros becomes
exceedingly small and can thus be ignored. In the limit that ER→∞, (4.19) can be
solved to be
Gopt

1

RB1

L

RB2

1
1

RB1

.

(4.20)

RB2

Equation (4.20) shows that the optimal gain can be determined simply by knowing the
span loss, peak to average power ratio of the modulation, the ratio of the
copolarization of Type 1 and Type 2 RB and the ratio of the relative rejection of the
signal-RB1 beat noise and the signal-RB2 beat in the receiver. In Fig. 4.18, a contour
plot shows Gopt*L (in dB) as a function of
NRZ where it is assumed that

RB1

=

RB1

RB2.

and

RB2

for infinite ER (i.e.

= 0.5)

The positive contours indicate that the

ONU gain optimizes when Gopt > 1/L while negative values indicate Gopt < 1/L. In [9]
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Fujiwara et al.calculated the special case for Gopt in which receiver filtering (both low
and high frequency), degree of polarization, duty cycle and ER were neglected and
showed that Gopt = L + 1.5 dB. This special case result is confirmed by plugging these
values into (4.20). As a general trend, as

RB1

increases, Gopt decreases. This trend is

physically explained by the fact that as Type 1 RB decreases in its impact on the Qfactor, Type 2 RB begins to totally dominate reception. Since Type 2 RB grows with
G2, Gopt will tend to optimize for smaller values. In the limit that ER→∞ and
Gopt→0 and

1→0.

RB1→1,

This extreme case, however, is unphysical since the resulting Q-

factor appears optimize for extremely lossy ONU blocks (i.e. G<<1). In reality, if
G<<1, electrical noise terms from the receiver will begin to become dominate the Qfactor since the CO receiver will be detecting very low power levels on the order of
the receiver sensitivity. Under normal operating conditions, such extreme cases do not
occur because

RB1

and

RB2 tend

to be similar in magnitude. Nevertheless, (4.20) and

Fig. 4.18 provide important insight into the various forces governing the optimal
design of CLS-PON under a multitude of operating conditions.

4.5.5 Example 1: Optimal NRZ Performance
With results in Section 4.5.4, it is possible to design the link for optimal
performance. In order to narrow the design space, it will be assumed that R = 10 Gb/s,
fLFC = 10 MHz and fHFC = 7.5 GHz. These values are justified empirically based on
previous experimental results. Since the effects of line coding are beyond the scope of
this model, they will be ignored. Suffice it to say that if line coding is implemented,
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Fig. 4.19. Q performance in a CLS-PON as a function of ONU gain
and span loss. (a) ER = infinity. (b) ER = 10 dB.

baseline wander effects caused by the DC block will become negligible thereby
reinforcing assumption #2 in Section 4.5.1.
First, infinite ER NRZ is studied for a CW laser linewidth of 3 MHz.
Calculation of (4.8) gives

RB1=

0.46 and

RB2

= 0.27. Plugging these values into

(4.18) and calculating Q as a function of G and L, the contour plot in Fig. 4.19a is
obtained. As can be seen, the solid load line plotted using (4.20) coincides with the
numerically determined optimal gain, thus validating (4.20) for ER→∞. From Fig.
4.19a, a RB dominated CLS-PON can extend to a reach of approximately 77 km for a
Q = 15.5 dB (i.e. BER = 10-9). If receiver filtering effects had not been accounted for
(i.e.

= 0), RB limited distance is calculated to be about 65 km.
When realistic ER is included, PON performance degrades. Finite ER affects

CLS-PON link design in two significant ways. First, a reduction in the ER reduces the
distance between average mark and average space level thus reducing Q. More
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Fig. 4.20. Maximum reach and optimal ONU gain of a CLS-PON
for NRZ as a function of ER. Target BER = 10-9.

covertly, however, is that as the ER changes, so does the PSD of the signal and Type 2
RB as witnessed through (4.3) and (4.19). Considering the fact that ONU budgeting is
often constrained such that optimal performance is traded for reduced cost, the impact
of finite ER modulation is a fundamental concern.
The effect of finite ER on maximum CLS-PON reach is demonstrated in Fig.
4.19b and Fig. 4.20. By inspecting the load lines in Fig. 4.19b, it is shown that use of
(4.20) to predict Gopt for non-ideal ER deviates only slightly (< 1 dB) from the
numerically determined optimal gain. This is reasonable since the contribution of
space variance to the optimal gain calculation is quite small, even for finite ER. It was
independently verified that even if ER = 3 dB, the error between the exact and
approximate calculation of Gopt is less than 1 dB confirming use of (4.20) for all
relevant cases, regardless of ER.
In analyzing Fig. 4.19b it is evident that optimal reach extends to about 66 km.
If the effects of DC blocking and low pass filtering of RB at the receiver are not
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Fig. 4.21. Maximum reach and optimal ONU gain of a CLS-PON
for RZ as a function of ER. Target BER = 10-9.

included in the calculation, optimal reach is limited to about 54 km. This results in a
22% penalty if the rigorous frequency characteristics of RB are not neglected. This
error in the calculation when filtering effects are ignored increases further such that
below an ER of 6 dB, error exceeds 40%!

4.5.6 Example 2: Optimal 50% RZ Performance
A common theme throughout Chapter 2, 3 and 4 has been that broader
modulation formats tend to outperform spectrally narrow formats when corrupted by
in-band optical crosstalk since more beat noise lies outside the cutoff of the low pass
receiver electronics. Therefore, one can properly conclude that in a CLS-PON, RZ
should outperform NRZ modulation. Since the noise model described in this section
generalizes to include the impact of duty cycle in the noise modeling, the performance
50% RZ is now calculated.
The maximum transmittable distance for a CLS-PON with RZ modulation is
plotted in Fig. 4.21 versus ER. Just as with NRZ, ER has a strong influence both on
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achievable distance and on the optimal gain at the ONU. In this case one finds that
neglecting the impact of receiver filtering has a much greater impact on the achievable
distance. When the effect of beat noise filtering is not included in the calculation,
maximum distance is limited to about 73 km for very large ER. When filtering effects
are included, CLS-PON distance exceeds 93 km representing an improvement of 27%.
As ER reduces to non-ideal levels, this discrepancy increases. For example, at 10 dB,
the error is 36%. Below 6 dB ER, error exceeds 53%!

4.6 Conclusion
In summary, it has been demonstrated both experimentally and theoretically
than the low frequency characteristics of the receiver can have a strong influence on
the ability to mitigate penalties from in-band RB crosstalk. It was demonstrated
experimentally that coherent crosstalk penalties can be reduced several dB using
properly implemented DC blocks; both for NRZ and RZ modulation. These sensitivity
improvements were then applied in the context of a generalized noise model for the
CLS-PON corrupted by Type 1 and Type 2 RB. By accounting for all the critical
system parameters including ONU gain, span loss, ER, duty cycle, mark density,

,

fLFC, fHFC and co-polarization factor, it was demonstrated that a rigorous treatment of
RB characteristics is necessary to predict the ultimate performance in a CLS-PON.
Depending on exact system parameters, it was shown that errors exceeding 53% in
predicted PON length will be expected if receiver filtering (both DC and high
frequency) is neglected. However, it was also demonstrated that if the CLS-PON is
designed properly, single span length can reach up to 80 km for 10 dB ER RZ using a
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proper combination of ONU gain and receiver filtering. Most importantly, no
additional expensive hardware or processing is needed to accomplish this reach thus
satisfying the stringent economic limitations of PON design.
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