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EXECUTIVE SUMMARY

The work performed in Sub-Project E (SPE) of MUSE “GPON and XL-PON scenarios”
investigates new access technologies implementations, based on optical fibre, which are
able to support high-speed broadband internet services. The importance of these scenarios
is the simplification of the access network by reducing the number of equipment, and
consequently, the cost of the entire network.

The scope of the present Deliverable “D E2.4 Burst Mode Receivers for Access GPON/XL-
PON Networks: Development of an Alternative Prototype” is to identify new alternative
technique implementations for the design of burst detectors in the upstream direction of a
Passive Optical Network.

Most of the current conventional techniques show fundamental limitations that decrease the
performance of the receiver. It is the reason why this document begins with some study of
the techniques used at this moment, proving its feasibilities and restraints. A study of an
alternative techniqgue — Edge-Detection - demonstrates the overcoming of these limitations
existing in the conventional techniques. The use of the edge-detection technique decreases
the requirement of guard bands in between bursts and removes the base line drift occurred
in the AC coupling technique. Furthermore, the recovery of the clock can be realised in an
easier manner by the use of phase-locked loop devices.

Analytical investigations as well as modelling results are used to confirm the present
research in order to analyze basic limitations, possible improvements and future
developments on the design. From the modelling results, the constraints of the DC coupling
technique are summarized and evaluated.

Experimental laboratory results back up the analytical and modelling investigations. Simple
as well as optimized methods are used to develop hardware implementations to show the
feasibility of the concept proposed. Two kinds of edge-detection techniques are used in the
laboratory: the differentiator and the discriminator techniques. One of the advantages of the
differentiator is its simple hardware implementation. On the other hand, with the
discriminator technique, the recovery of the signal is not dependent on the RC constant. The
results prove that a 17dB dynamic range is possible using the differentiator technique at
2.5Gbps. Furthermore, clock recovery of the differentiated signal is verified with the use of a
high-speed PLL. The feasibility of the discriminator technique is shown with clear opened
eye diagrams at 12.5GHz.

Finally, it is important to say that this alternative fits in the MUSE Phase |l SPE objectives of
the system proposed due to its interoperability with any PON system, which require a high-bit
rate upstream bandwidth and a long-reach operation. The subsystem proposed will be able
to cope with high-speed upstream data rate transmissions (2.5Gbps — 10 Gbps),
interconnecting a high number of users (more than 100). Additional research is being carried
out to demonstrate the use of discriminator and also DPSK techniques in the BMR. These results
will be added to this document at a later stage.
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ABBREVIATIONS

AC Alternating Current
AWGN | Additive White Gaussian Noise
BER Bit Error Rate
BMR Burst Mode Receivers
BMT Burst Mode Transmitter
CPU Central Processing Unit
dB Decibel
DC Direct Current
DPSK Differential Phase Shift Keying
DFB Distributed Feed-Back
EDFA Erbium Doped Fiber Amplifier
GPON Gigabyte Passive Optical Networks
IM Intensity Modulator
LR-PON | Long-Reach Passive Optical Networks
MLEPW | Minimum Latch Enable Pulse Width
MZ Mach-Zehnder
OLT Optical Line Terminator
ONU Optical Network Unit
OSNR Optical Signal-to-Noise Ratio
PLL Phase-Locked Loop
PPG Pulse Pattern Generator
PRBS Pseudo Random Binary Sequence
RC Resistor-Capacitor
SNR Signal to Noise Ratio
TDM Time Division Multiplex
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1 INTRODUCTION

Within the MUSE Phase |l project, one of the objectives of Subproject E (SPE) is to
consolidate a GPON/XL-PON node. One particular activity is to design the appropriate
receiver within the OLT (Optical Line Terminal). Burst mode receivers (BMRs), which are the
major component in OLT, are critical components required for burst-mode, fibre-rich
networks. These receivers have caught considerable attention as they present severe
design challenges at gigabit data-rates.

The current document presents the results of modelling and lab trials of the following
aspects:
- Concept of Burst-Mode Receiver
- Analytical comparison among BMR and conventional receivers
- Modelling of the DC coupling technique proving its limitations for burst-mode
receiving
- Analytical and modelling results of the edge detection technique with a
differentiator approach
- Experimental results on the edge detection-differentiator technique
- Analytical and modelling of the edge detection technique with a discriminator

(delay-line) approach

- Experimental results on the clock extraction by using an edge detection technique

D E2.4 - BMRs for Access GPON/XL-PON 11/74 Public
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2 BMR IN GPON AND LR-PON

Gigabit/s Passive Optical Networks (GPON) and Long-Reach Passive Optical Networks (LR-
PON) are network architectures being increasingly studied at the present time due to their
high bandwidth and large split extended-reach optical configurations. MUSE Phase Il is not
the exception in the analysis of this kind of networks and the proposition of different aspects
of the network are being considered within the SPE. For GPON, standardisation exist [7,8]
establishing a maximum of 2.5Gbps upstream transmission. The reach for a LR-PON is still
on experimental tests and is proposed to be of at least 100 Km.

The key issues in the design of optical network unit (ONU) and the optical line terminal (OLT)
are variation in packet amplitude (loud-soft ratio; typically 20dB), extinction ratio and packet
arrival time. The most critical module is the OLT, which requires a purpose-designed Burst
Mode Receiver. Packet amplitude and arrival time variations originate predominantly from
the differing path lengths in the PON. To address these challenges, the design of the BMR
needs to capture widely varying packet amplitudes with low latency, show minimal baseline
variation, and provide near-instantaneous clock signal recovery on packet arrival. Current
methods for mitigating these problems include variable gain transimpedance amplifiers,
dynamic threshold control, preset minimum guard times between consecutive packets, and a
timing—alignment preamble in front of each packet

D E2.4 - BMRs for Access GPON/XL-PON 12/74 Public
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3 TECHNIQUES FOR BURST MODE RECEIVERS (BMR)

The development of methods for designing BMRs has been extensively studied. The most
common techniques used are DC and AC coupling [9]. These techniques are discussed in
the next subsections.

3.1 BURST MODE VS CONVENTIONAL RECEIVERS

In Conventional receivers, a fixed threshold level is used for decision. Probability of incorrect
decision (Qo,Q,) for a threshold, S is shown in Figure 1.

Po (X) P, (%)
A

v

d, S s d,
Q= | R(x).dx Q= R(x).dx

Figure 1: the probability distribution of a mark/zero bit to be received incorrectly

Given that
P0=P1=0.5 @

the bit error probability then can be calculated as

¥ S S

R=RQ+RQ =t p(Ydx+: p(Ydx=t+ [2p(X-2p( Fdx @
s &Y ¥
1- ) Po (X)dx

¥

According to (1) and assuming that

pN (' X) = pN(X) (3)
d +d
we get S=-"2- (4)
2
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Equation (2) then becomes,

1, ° °
B, ZE 1+ p(X)dx- py(X)dx
-¥ -¥
(5)
p.(X) dx=" py(X-d,;)dx
-¥ -¥ (6)
By substituting  x-d1=x for
X = S: QOLdl
2 @)
o do +cy _ = dp—d
2 2 ®)
s se- 0 dedy d-dy
2 2
p()dx = py(xOdxt1y "p (edxe=L. p, (xdxe
-¥ -¥ 2 0 2 0 (9)
s d- dy
2
By the same logic ~ p, (x)dx= % + o py(x)dx (10)
-y 0
It follows from equations (9) and (10)
di- d
1 2

R, =§ 1- 2 p,(x)dx

0

(11)
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For the special case where the noise distribution is Gaussian:

Fl 7 x .
1 24T 1 2 B
puln)=———e ™ o B=—l1-——=—[e " dx
2moy, Pzl Aamay
12)
No Closed Solution
1 d, -d
P = —erfc .
o 2fzs
(13)
where erfc is the error function complement defined as
2 X _lx,z
erﬂx):—_[e dx’ erfc(x)=1—erf{x )
N7y
(14)
d> E
Assuming that SNR= for antipodal signal (d;=+d, do=-d)

sﬁ matchedN /2

1 d-d 1 SN 1 E
P==erfc 2—2 =Zerfc —— =Zerfc } / P =Zerfc |—=
b 2 2\/§SN 2 \/— b 2 N0

(15)
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Figure 2 shows the simulation result for the BER performance of antipodal signal in presence
of Gaussian noise and compares the simulation result with the theoretical calculations.
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Figure 2: Bit error rate performance of antipodal signalling in presence of Gaussian noise for a
conventional receiver.

3.2 BURST MODE RECEIVERS

In a burst mode receiver, the level of the received signals varies from a burst to another
burst. Therefore, there is a need to adjust the decision threshold level and the clock setting
for each burst of data. Figure 3 shows the architecture of a PON network in which Burst
Mode Receivers play critical role as the level of incoming data bursts may vary.

Upstream direction
OLT Passive slphttcra’
combiner

-

|BMR.\{- =

Fiber fecder

Downstream direction

L ETP i'chiCﬁwd fiber

connections

Figure 3: the architecture of a PON network
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There are different approaches for implementing a burst mode receiver. In this report, the DC
method is explained and analyzed. In contrast with AC coupled receivers that reject the
burst-to-burst level shifts, a DC coupled receiver measures the power level for each burst
and adjusts its threshold level accordingly. Figure 4 shows the adaptive variation of threshold
level.

received data threshold of burst-mode Rx

siasa {_...‘_._;

Figure 4: The threshold variation of a burst-mode receiver

As shown in figure 4, the performance of a burst mode receiver depends on how efficiently it
can recover the optimum threshold of the incoming bursts. Figure 5 shows the effect of
threshold offset on the overall BER performance. This demonstrates the importance of the
threshold recovery process.
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Figure 5: The effect of the threshold offset on a conventional receiver
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The next part of the report explains a typical architecture for DC coupled burst mode
receivers and examines the effect of each parameter on the overall performance of the
receiver.

3.3 DC COUPLED BURST MODE RECEIVERS

Burst-mode receivers can be classified according to their structures into two categories: 1)
feedback type and 2) feed forward type. Fig. 6 shows examples of these receivers. Feedback
type (type 1) uses a differential input/output trans-impedance amplifier with a peak detection
circuit forming a feedback loop. The peak detector circuit determines the instantaneous
detection threshold for the incoming signal. The output of the preamplifier is dc-coupled to a
differential postamplifier for further amplification. In this scheme, the signal’'s amplitude is
recovered in the pre-amplifier. In feedforward (type 2) receivers, a conventional dc-coupled
pre-amplifier can be used. The received signal is amplified by the preamplifier before being
split into two branches. The first branch of the output from the pre-amplifier is dc-coupled to a
differential amplifier. The second branch is feedforward into a peak detection circuitry to
extract the amplitude information of received packets. From the output of the peak detector,
the proper threshold level can be set adaptively in front of the differential amplifier. At the
output of the differential amplifier, the amplitude-recovered data packet is ready for further
processing. It should be noted that the analysis presented in this report is independent of the
burst-mode receiver’s configurations, i.e., both types 1 and 2 are applicable. [1]

As far as the hardware implementation is concerned, the operation for type 1 is more stable
than type 2, since a feedback loop enables the receiver to work more reliably, but a
differential input/output preamplifier is needed. In type 2, a conventional dc-coupled
preamplifier can be used in the receiver; however, the circuitry needs to be carefully
designed to prevent oscillation in the receiver.
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Figure 6: Two types for the operation of optical burst-mode receiver. (a) A feedback type burst-mode
receiver. (b) A feedforward type burst-mode receiver. (c) A peak detection circuitry. (Picture are
reconstructed from [1])

3.3.1 THRESHOLD RECOVERY

As already explained, the major difference between burst-mode and conventional receiver is
that the threshold detection in burst-mode receiver must adapt to the incoming signal in a
very short time frame, thus the threshold is susceptible to corruption by noise. There are
mainly two types of threshold recovery algorithms. In some burst mode receivers the
threshold is extracted only by considering the preamble field [4], [5]. However, there are
other kinds of burst-mode receivers [6] where the detection threshold is adaptively changed
according to the incoming signal.

In this part, an expression will be derived for the instantaneous threshold as a function of the
rising time and holding time constants. For the burst-mode receivers that use adaptive
threshold determination (Fig. 4), the detected threshold in the data field can be represented
by a Markov process [1]:

Vip[m- 1 Tlexp(-t/t,) a(m=0
Vin[m,t] =

Volm- 171+ (V, - Vi [m- LT][L- exp(-t/r )] a(m) =1 6
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where Vy[m,t] is the threshold at time t in the mth bit-interval, t is measured with respect to
the start of each bit-interval, i.e. O£t £ T, T is the bit-interval, a(m) is the data symbol (“0” or
“1”) for the mth bit, V. is the optimal threshold if the signal is received by a conventional
receiver, and ,and ¢are the rising and holding time constant for the peak detection circuitry

as shown in Fig. 6. We have taken the “0” level to be zero for simplicity. Figure 7 shows how
the threshold is adaptively changing in accordance with the input signal.
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Figure 7: The threshold variation of a burst-mode receiver: T=1, =0.5, =15, Vc=0.5

Figure 8 shows the data structure in a data packet:

Packet #k G.uard Packet #k+1
time

Dynamic range of
input power

Preamble | Header || RPayload

i Sie
< . 2N
- Preliminary data Primary data

Figure 8: the data structure in a data packet. (Diagram reconstructed from [7])
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As it is shown in Figure 8, the guard time is used so that the receiver can reset its threshold

value, then, ideally, the receiver should be able to adjust its new threshold level during the
preamble bits.

Recalling the fact that in most implementations ¢ is much larger than ,,we can say that in a
burst mode receiver, there are two main possible scenarios where errors may occur:

1. When the guard time is not sufficient for the receiver to reset its threshold value. In
fact, since ¢is usually considered to be large (to prevent threshold decay in case of
consecutive 0s in the input data) it takes time for the threshold value to be reset. (l.e.
it takes times for the capacitor to be discharged through Ry). It is apparent that the
error rate depends also on the dynamic range of the input signal as well: simply, the
larger dynamic range requires greater guard time. Figure 9 shows the worst case that
may occur during the transmission; that is the lowest level burst comes right after the
highest level burst.

Packet node i

PO )

Pmax

Packet node j

Gap time |— |_|— LPmin

N
t~

Figure 9: The worst case for threshold shifting of a burst-mode receiver. (Reconstructed from [1])

Figure 10 shows an example when the guard time is not sufficient for the threshold to
be reset.
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Figure 10: An example of when the guard time is not enough for the threshold to be reset;
the first 10 bits of the second burst are more prone to the error due to the threshold offset.

Simulation parameters: T=1, r=0.5, f=15, guard time=5.

2. Within a data burst: Even within a burst of data, the threshold value may decay due to
the consecutive zeros in the input signal. This will be more significant if ¢is not large
enough. This shows that the value of :should be selected very carefully as a very
large ¢may require a long guard time (high capacity penalty) and a very small value
of ¢ may cause a large decays of threshold in case of consecutive zeros. It might be
interesting to notice to the fact that even in case of (= 20.T, a single bit of zero will
cause 4.8% decay in the threshold while with two consecutive bits of zero the

threshold decay will be 9.52% and finally three consecutive bits of zeros causes
13.93% decay in the threshold. To see how severely the performance of the receiver

may suffer from the threshold offset, please refer to figure 5.

In order to examine the BER penalty of a burst mode receiver due to the threshold
deviations, first we need to study the effect of threshold variations with more details:

Considering a scenario similar to figure 11, where the threshold is placed at S.
Now recall

2
snr=

N ma\tchedNO /2

Es

if s, =1 SNR=d?/2 (7
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Where d is the distance between the optimal threshold and each constellation point. (l.e.
the distance between d;-do=2d).

py(x) p,(x)
A

| 1 >
du S d1
Figure 11: An example when the threshold is not placed at the optimum point [(d;-do)/2].

P(e) =% 1- %erf (2a.d)- %erf (2.(1- a).d) (18)

In Figure 12, verifies the equation (18) by means of simulation. As expected, since
P(0)=P(1)=1/2, the BER is minimized when =0.5. Simulations have been done using
MATLAB and a stream of 5° 10° bits was used for each simulation case.
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Figure 12: The effect of threshold variation on BER for different values of SNR
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Figure 13 shows the 3D graph of the Bit Error Rate versus the normalized threshold and the
Signal to Noise Ratio:

0s
Threshold position

5 SNR(dB)

Figure 13: The 3D graph of Bit Error Rate versus normalized threshold and Signal to Noise Ratio

Figure 14 compares the performance of a conventional and a burst mode receiver: the
simulation parameters are set so that the receiver does not suffer from the errors that occur
in transition between the bursts (due to the short guard time like the case shown in figure
10). The burst mode penalty is mainly due to the threshold variations.
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Figure 14: Comparison between a conventional and a burst mode receive. The bit error penalty is due
to threshold variations in steady state operation of the receiver (and not during the bursts transition).
The simulation parameters: assuming T as the bit duration then: r/T=0.5, f/T=20, guard time=90T,

No of Preamble bits=5, burst size= 1000 bits , Vmax/Vmin=100.

Not only zero bits but also the “1” bits can also cause variations in the threshold value. The
reason is simply the highly dynamic structure of the threshold recovery process. Assuming
an input bit stream, the value of the threshold is updated bit by bit; in this way the receiver
can adapt itself easily when the level of the bits changes (i.e. new burst of bits arrives).

As mentioned above, the rise time is usually much shorter than the holding time ( r << f), in
one sense this is good as the receiver can shortly adapt itself to the new burst level without
requiring so many preamble bits. However this makes the receiver more sensitive to the
noise that affects the “1” bits. When a bit is received (which can belongs to a new burst or
one of the current one), the receiver tries to adapt its threshold value to half of the amplitude
of the received signal (optimum threshold), if this value is less than the current threshold, it
takes long time to adapt (see figure 9 for the worst case scenario).
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However, if the new threshold value is larger than the current one, then the receiver will
shortly adapt itself. After passing through the AWGN channel, depending on the SNR of the
channel, it is very common to have some “1” bits that have amplitude much larger than their
initial amplitude when they are sent to the channel (i.e. half of their amplitude is larger than
the optimal threshold level). In this case the receiver shortly adapts itself to this higher value

(which clearly is not the optimum level) and since r<< f, it takes a long time for the receiver
to be able to come back to it’s optimum level. Figure 15 illustrates this situation clearly.
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Figure 15: Plot of threshold variations due to the input peaks. With a small rising parameter, the
receiver can easily track the peaks but because of the large holding parameter, it takes time so that
the threshold returns to its initial value.

The effect of threshold variations due to these peaks is more noticeable for low values of the
channel SNR as these peaks more frequently (and with higher amplitudes) occur. In addition,

this effect strongly depends on the value of the “ r/T” (known as rising parameter). The
higher raising parameter implies the fact that the receiver is more sensitive to the variations
of the “1” bits’ signal amplitude changes (see figurel5) as the receiver can more easily track
the peaks.

In contrast, the effect of the threshold decays due to the zero bits is independent of the SNR.
This means that for the low SNR values and high values of rising parameter, the effect of
threshold variations due to “1” bits is dominant; i.e. the average threshold is higher than the
optimal threshold level.
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Figure 16 shows the simulation results: when the SNR increases, as explained above, the
mean value of the normalized threshold decreases. Moreover, increasing the value of the
rising parameter makes the system more stable against the peak variations. However, when
designing the receiver, care must be taken so that the value of rising parameter is chosen so
that it can adapt the threshold value of the receiver in accordance to the new bursts during
the preamble bits. Also, note that the lower values of rising parameter implies the longer time
needed to recover from the threshold decays due to zero bits.

0.65 T T T T T T
| | | —o0— TIT=05 |
; ; ; o Tr/T=1 :
0.6~ —1-——-———1 - —o0— THT=15  h---———
|
|
|
|
@

Mean Normalized Threshold

SNR (dB)

Figure 16: Threshold variations versus the channel SNR for different values of rising parameter: the
effect of threshold variations due to “1” bits is dominant for lower SNR and smaller values of rising
parameter. However the threshold decays due to zero bits are more noticeable for larger values of
rising parameter. Simulation parameters: assuming T as the bit duration: f/T=20, guard time = 90T,
No of Preamble bits=10, burst size= 1000 bits , Vmax/Vmin=100.

When the value of the threshold is higher than the optimal threshold, the number of “1” bits
that are received in error are much more than the number zero bits that are received in error
(I.e. the total error is mainly due to “1” bits). Figure 17 shows the simulation results where the
ratio of “1” bits that have been received in error to the total number of erroneous bits versus
SNR is plotted for different values of raising parameter.

The result of figure 17 might be surprising as it shows that even for the case where the
average of the normalized threshold level is higher than 0.5, the number of zero bits that are
received in error is higher than the number of “1” bits that are received in error. Other
example is when the average of the normalized threshold is only 4-5 % below 0.5, the
difference between the number of erroneous “one” bits and “zero” bits is much more than
5%.

D E2.4 - BMRs for Access GPON/XL-PON 28/74 Public
Networks: Development of an Alternative
Prototype



IST - 6th FP
Mu 2 Project Deliverable Contract N°026442

In fact, the average of the threshold is not a good indication to judge the behaviour of the
receiver. In particular, we should recall the fact that the BER is not changing linearly with the
variations of the threshold. For example, considering an input bits-stream, the BER of a
receiver in which the normalized position of the threshold is .5 (optimal position) for the 50%
of the input bits and is 0.2 for the rest 50% of the input bits is much higher than the BER of
receiver in which the normalized position of the threshold is 0.35. However, both receives
have the same average normalized threshold!! In other words, the variations of BER are
much more noticeable for the large values of threshold deviation.
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Figure 17: Ratio of the erroneous “one” bits versus the channel SNR for different values of rising
parameter .Simulation parameters: assuming T as the bit duration: f/T=20, guard time = 90T, No of
Preamble bits=10, burst size= 1000 bits , Vmax/Vmin=100.

Figure 18 shows the derivative of the BER with respect to the threshold deviations for SNR
=8 dB. The figure clearly verifies the above discussions.
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Derivative of the Bit Error Rate in respect whit the normalized threshold
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Figure 18: Plot showing the derivative of the BER with respect to the threshold deviations.(SNR=8
dB). The BER variation is much more for the larger values of threshold deviations.

Now recall the fact that the holding parameter ( /T) is much larger than the rising parameter.
This means that as soon the threshold rises up [due to a peak input signal] (see figure 15), it
takes more time for it to again settle down to its initial value and although the deviation might
not be very much, still during these settling time the threshold level stands high. In contrast,
independent of SNR, consecutive zeros can cause sever variations in the threshold (e.g.
even for the case where holding parameter =15, three consecutive zeros can cause 18.13 %
decay in the value of the threshold). However because of the high value of rising parameter
soon after a “one” bit is received, the decay will be mostly recovered. Therefore, the average
value of the normalized threshold is not a good indication of BER. (Recall the above
example).

Now considering figure 18, it is clear that why most of the errors are from “0” bits in
simulation figure 17.
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Figure 19: Distribution of the normalized threshold position for rising parameter= 1, holding parameter
=20 and SNR=9 dB: The distribution is not symmetric around .5 and therefore the number of “0” bits
that are received in error is more than the number of “1” bits that are received in error. Histogram step
size: 0.005.

As the figure 19 shows, the distribution is not symmetric around 0.5. (The left side continues
up to near 0.2 but the right barely exceeds 0.65). Although the value of the density function is
very small between 0.25 and 0.4, but according to graph 18, graph 13 and graphl2, the
contribution to the total BER is considerable. To make this clear let us calculate BER:

Recall that we have calculated the Bit Error Rate formula for a given value of SNR and the
normalized threshold position. Now, having the probability density function of the normalized
threshold position, for a given SNR, we can calculate the BER density function by simply
multiplying the density function of the normalized threshold position with the BER graph of
figure 13. In order to get an accurate result, the simulation was run for 5° 10" bits and the
histogram was calculated with steps of 0.001. Figure 20 shows the calculated BER
distribution.
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Figure 20: BER distribution for the simulation scenario described in figure 18 the main part of the
density function is concentrated where the normalized threshold value is bellow .5. Histogram
steps=0.001

As the figure shows, the main part of the density function is concentrated where the
normalized threshold value is below 0.5. Particularly we can see that 34.67 % of the total
BER is generated while the normalized threshold level is less than 0.4 (while according to
figure 18, the probability of the normalized threshold to be less than 0.4 is only 4.61%.). This
again verifies the fact shown by figure 18.

For the high values of SNR, the main performance degradation of a burst mode receiver is

because the threshold decays due to zero bits. Is line coding a solution?
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3.3.2 4BS5SB LINE CODING

Line coding can be used to prevent occurring consecutive zero bits in the input bit stream.
For example 4B5B (4 input bits/out putt 5) is a form of data communications line code which
works by mapping groups of four bits onto groups of 5 bits. Since there are 32 possible
combinations of 5 bits and only 16 combinations of 4 bits, the 16 groups of 5 bits with the
most transitions in are used in order to provide as many transitions as possible. 4B/5B
guarantees at least one transition per block. Unfortunately, the use of 5 bits to represent 4
bits means that the bandwidth needed to transmit the data is increased by 25%.

Figure 21 shows the simulation results when 4B5B is in used. The following mapping
scheme was used in order to convert the source data in to 4B5B coded input:

Name | 4b 5b | Description

0 |0000 |11110 hex dataO
0001 01001 |hex data 1
0010 10100 |hex data 2
0011 10101 |hex data 3
0100 (01010 |hex data 4
0101 01011 jhex data 5
0110 |01110 |hex data 6
0111 |01111 hex data 7
1000 (10010 hex data 8
1001 10011 hex data 9
1010 (10110 hex data A
1011 10111 |hex data B
1100 |11010 hex data C
1101 11011 hex data D
1110 (11100 hex data E
1111 11101 hex data F

MmO O W > © 0o N g Ml W N

Tablel: The mapping scheme used to convert the input data to a 4B5B coded bit-stream

As the table shows there is no possibility of having more than 3 consecutive zeros in the bit
stream [and the possibility of 3 consecutive zeros [E1, E4, E5, E6, E7] is only 5/256=0.0195
while this is (1/2)%= 0.125 in case of un-coded data].
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Figure 21: 4B5B line coding can improve the performance of the receiver by avoiding consecutive
zero bits. Simulation parameter (both coded and un-coded): assuming T as the bit duration: f/T=20, :
r/T=1 ,guard time = 90T, No of Preamble bits=5, burst size= 1000 bits , Vmax/Vmin=100.

The results are interesting as they show improvement in BER for higher values of SNR but
no improvement is seen for the lower SNR values. The reason is the fact that for the lower
SNR values, the effect of threshold deviation due to “1” bits are dominant (please see figure
17) and by using the 4B5B line coding (according to table 1) we are actually increasing the
number of “1” bits in the bit stream. In fact by using the mapping scheme listed in tablel, P(1)
increases to 0.5625 from 0.5. This even degrade the performance of the receiver for very low
SNR values where the effect of “1” bits is totally dominant.

The efficiency of the 4B5B line coding also depends on the value of the rising parameter:
The larger rising parameter does mean that the effect of threshold deviations due to “1” bits
is less and this implies a better performance of the 4B5B coding in where the number of “1”
bits are more than the zero bits. Figure 22 show the effect of the rising parameter on the
performance of a 4B5B line coded BMR.
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Please note that in most simulations, the number of preamble bits is set in such a way that
the receiver can adapt it self to the new data burst during the preamble bits (Burst mode
penalty is due to threshold variations during data bursts rather than the burst transition).
However, the scenario where the short number preamble bits (or guard time) may cause
errors during the burst transitions is also discussed in the next part of the report.
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Figure 22: The efficiency of the 4B5B line coding depends on the rising parameter: The larger rising
parameter implies a more stable threshold against peak noise signals. Because of the threshold
variations there is upper limit for performance of BMR receivers (even whit line coding schemes).
Simulation: assuming T as the bit duration: f/T=20, guard time = 90T, No of Preamble bits=10, burst
size= 1000 bits , Vmax/Vmin=100.

Figure 23 shows the probability density function of the threshold position for a burst mode
receiver when the input signal is 4B5B coded.
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Figure 23: Distribution of the normalized threshold position for rising parameter= 1, holding parameter
=20 and SNR=8 dB for a 4B5B line coded input (according to table 1): using the line coding eliminates
the chance of more than 3 consecutive zeros in the input bit-stream. Histogram Step size=0.00.

Now considering the distribution function of figure 23, we can calculate the Bit Error Rate
distribution. However, we should note that for a 4B5B line coded signal (assuming a mapping
similar to tablel1), P(0) no longer equals to P(1) [ P(0)=0.4375 and P(1)=0.5625]. Considering
this modification, figure 24 shows the bit error distribution:
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Figure 24: BER distribution for the simulation scenario described in figure 23: Using the 4B5B line
coding, now the number “1” bits that are received in error is more than those of “zero” bits. (Compare
with figure 20). Histogram steps= 0.001.

According to figure 24, using the mentioned line coding, now only 38.82 % of the total errors
are due to zero bits. As the threshold decays are mostly prevented.

3.3.3 THE RECEIVER’S HOLDING PARAMETER

As already discussed, the performance of a receiver deeply depends on the value of the
holding parameter. Therefore, care must be taken when designing a receiver. With a very
large holding parameter, the receiver may not be able to adapt to the new burst levels (or
may need longer guard time, which is a bandwidth overhead) and in case of small holding
parameter, the receiver suffers from the threshold decays due to zero bits. However, with
small values of holding parameters, the receiver can recover faster from the threshold
deviation due to “1” bits peaks. Figure 25 shows the graph of the total BER versus the
holding parameter for the mentioned simulation scenario:
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Figure 25: The BER versus the holding parameter: there is a clear trade off between the fast
adaptively and the stability of the threshold. Simulation parameter: assuming T as the bit duration:
r/T=0.5, guard time = 40T, No of Preamble bits=5, burst size= 1000 bits , Vmax/Vmin=100 and
SNR=7 dB.

When designing the receiver the average burst size (if it is known or can be approximated)
should also be considered. For long bursts, the effect of the threshold decay due to zero bits
is dominant while if the size of the input bursts is relatively small, with a large holding
parameter, errors due to burst transitions are more significant. Figure 26 shows the 3D graph
of the BER versus the holding parameter and the size of the bursts. As it illustrated in figure
26, the optimum holding parameter is changing with respect to the burst size.
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Figure 26: The BER versus the holding parameter and the burst size: the optimum holding parameter
is changing in respect to the burst size. Simulation parameter: assuming T as the bit duration:
r/T=0.5, guard time = 40T, No of Preamble bits=5, Vmax/Vmin=100 and SNR=7 dB.

The optimum value of the holding parameter also depends on the value of the rising
parameter (as already discussed). In fact with a small rising parameter (where the effect of
the threshold deviations is more considerable), a tiny holding parameter is needed so that
the receiver can quickly recover from the threshold deviations due to peaks. However, when
the rising parameter is large, there is no need for a small holding parameter and in fact, in
this case, a small holding parameter causes more errors due to the threshold decays. Figure
27 shows the graph of the BER versus the rising and holding parameters. As the figure
shows, the error has its maximum value when the holding parameter is small and the rising
parameter is large and also when the holding parameter is small and the rising parameter is
high.
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Figure 27: The BER versus the holding and rising parameters: there should be balance between
holding and rising parameter. Simulation parameter: assuming T as the bit duration: Burst size=400
Bits, guard time = 40T, No of Preamble bits=5, Vmax/Vmin=100 and SNR=4 dB. Note that the holding
parameter starts from 5.

Figure 27 shows the simulation results for a low value of SNR (where the effects of the
threshold deviations due to “1" bit peaks is considerable), however, for the higher SNR
values, the effect of threshold deviations due to input peaks is negligible but the threshold
decays due to zero bits still exists. This means that for the higher SNR values, the effect of
rising parameter is less sensible compare to the case where the SNR is low. Figure 28
shows the graph of the BER versus the rising and holding parameters for SNR=10 dB.
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Figure 28: The BER versus the holding and rising parameters: there for the higher values of SNR, the

effect of rising parameter is less sensible. Simulation parameter: assuming T as the bit duration: Burst

size=400 Bits, guard time = 40T, No of Preamble bits=5, Vmax/Vmin=100 and SNR=10 dB. Note that
the holding parameter starts from 5.

3.3.4 THE RISING PARAMETER

The rising parameter is also a crucial factor and needs to be chosen carefully. The choice of
the rising parameter may affect the receiver's performance in three ways: first, with a large
rising parameter the receiver may not be able to adapt itself to new burst levels during the
preamble bits. More important, with a large rising parameter it takes longer time so that the
receiver can recover threshold decays due to zero bits. On the other hand, with a very small
rising parameter, the effect of the threshold deviations due to the input peaks (“1” bits)
becomes more significant. This is true especially for low SNR values.

Among the above mentioned situations, the behaviour of the receiver is absolutely
predictable in the first scenario: if the operating range of the receiver is known, for a given
number of preamble bits, one can easily calculate the maximum value of the rising time
which with that the receiver can adapt it self to the new level. However, since for a given
rising parameter, the shortage of the preamble bits may only affect the beginning bits of each
burst. The effect may not be very sensible when the total BER is calculated. Clearly, with

shorter bursts, this effect might become more noticeable. Figure 29 shows the simulation
results.
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Figure 29: The BER versus the rising parameter: the effect of the short preamble is more noticeable
for short bursts as this only affect the very beginning bits of each burst. Simulation parameters:
assuming T to be the bit duration: guard time = 60T, Vmax/Vmin=100 , SNR=6 dB and holding

parameter =30.

The above results are interesting as it explains the behaviour of the receiver: From the zero
to the two values of the rising parameter, it can be observed that an increase in rising
parameter shows an improvement in BER performance. That is because of the fact that even
with the slight increase in rising parameter, the receiver still is able to adapt itself to the new
burst levels during the preamble bits and in addition, because of the increase of the rising
time, now the effect of the threshold variations due to peaks is compensated. After that point,
any increase in the rising parameter results in performance degradation because of two main
reasons: first, the receiver may not be able to adjust itself to new bursts’ level during the
preamble bits. Secondly, with a large rising parameter, it takes more time to recover from
threshold decays due to zero bits.

With a larger holding parameter the effect of threshold decay due to zero bits is more
compensated and therefore the overall performance is improved (this is true if the guard time
is long enough for the receiver so that it can discharge during the bursts’ intervals). Figure 30
shows the graph of the BER versus the rising parameter for different values of holding
parameter.
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Figure 30: The BER versus the rising parameter: the optimum value of the rising time moves in with
the changes in holding parameter. Simulation parameters: assuming T to be the bit duration: guard
time = 60T, Vmax/Vmin=100, SNR=6 dB, No of preamble bits = 5, and burst size=400 bits .

Figure 30 shows that the optimum value of the rising parameter is moving with the changes
in the value of the holding parameter. The reason is that when the holding parameter
increases, as explained before, the effect of threshold decay due to zero bits becomes less
significant as well. This means that the receiver does not need to be accurate about the
threshold recovery so any increase in the rising parameter directly compensates the effect of
the threshold variations due the input peaks. This continues until the receiver reaches to the
point where the adaptation becomes a problem. Therefore, the optimum value of the rising
parameter increases with respect to the holding parameter (Fig 30).

3.3.5 OPERATING RANGE

In most applications (e.g. PON), it is desired that the burst mode receiver can operate over a
wide range of the input voltage. However, the larger the operating range, the more number of
preamble bits required (or smaller rising parameter). Clearly, an increase in the number of
preamble bits introduces a capacity penalty and a very small rising parameter will make the
receiver more sensitive to the input peaks. (We should consider implementation limitations
as well). Figure 31, shows the graph of the BER versus the input level range.
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Figure 31: The BER versus the rising parameter: the optimum operating range. Simulation
parameters: assuming T to be the bit duration: guard time = 20T, SNR=6 dB, Holding parameter=20,
No of preamble bits = 2, burst size=200 bits and rising parameter=2.

Also, note that the wider operating range requires the longer guard times between the bursts
(which again means capacity penalty).
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3.3.6 GUARD TIME

The guard time is needed so that the receiver can reset its threshold level during the bursts’
intervals. Since the receiver is discharged with the time constant equals to the holding time
parameter, the process is lengthy. Without a proper discharge the receiver may not be able
to adapt it self to the next coming burst. Figure 32 shows the simulation results.
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Figure 32: The BER versus the normalized guard time: Simulation parameters: assuming T to be the
bit duration: guard time = 20T, SNR=7 dB, Holding parameter=20, No of preamble bits = 5, burst
size=100 bits, Vmax/Vmin=100 and rising parameter=0.5.

Figure 32 shows that a guard time equals to 70 bits in sufficient for the receiver to be fully
discharged.
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3.4 EDGE DETECTION

As it was observed above, the performance of both AC- and DC-coupled receivers deeply
depends on the input data pattern. Specifically the consecutive bits can severely degrade the
performance. One solution to combat this problem is to use line-coding schemes such as
16B18B or 4B5B which clearly introduces a bandwidth penalty. Edge detecting technique is
another alternative. The basic idea is to detect the bit changes and change the output bit
accordingly. This is simply because of the fact that a train of impulses corresponding to the
bit changes contains the entire entropy of the data information and therefore can be used to
extract the data. The performance depends on the data pattern, for example, in case of an
erroneous bit detection, if there is not a bit change, the bit after will be received in error as
well and this continues until a bit change is detected. However, we analytically (also
approved by simulation) show that this penalty is very minor and can not exceed the
maximum of 3-dB in BER.

Lemma:

For an Edge Detecting Receiver, with maximum possible number of N consecutive bits, the
BER penalty introduced due to the data pattern (i.e. impact of consecutive bits) is given by

N .
Penalty=  i.A' = A/(1- A)2[1- (N +1).AY + N.AV]

i=0

For A=0.5
Proof:
N N N Y NH

X -x x =1-x"" 21 x @)
i=0 i=0 i=0 -
AN o d I Y s (N DX 0+ A Y
dx dx  1-x =0 (1- x)?

N X

ix' = ~[1- (N +2).x™ + N.x""]
i=0 @- x)

The maximum penalty limit can be easily found:

N X

X' =———, for x=05 Max Penalty=2 (3 dB)
N®Y¥ i=0 (1' X)
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Figure 33: BER Penalty VS M.

Figure 34 shows the BER performance of the PRBS sequence and compares it with the case
where no consecutive bits exist in the bit-stream. The result satisfactorily verifies the above
analytical discussions. Note that the sequence of repeating one’s and zero’s is an extreme
case where there are no successive 0 or 1 bits, and still the performance is not very far from
the PRBS sequence. In contrast, this is a major problem both in AC- and DC-coupled
receivers.
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Figure 34: BER versus SNR for a pseudo-random sequence and a sequence of “0101...”
Edge detection using a RC differentiator

The basic principle of hysteretic edge detection is shown below in figures 35a-c. Figure 35a
highlights the base-line variation inherent in conventional AC-coupled BMRs. It is clear that
long sequences of 1's and/or 0's will remove the decision reference threshold. If the ac-
coupling time constant is reduced to below 20% of the bit duration, then inter-pulse
influences are reduced asymptotically to zero as shown in fig. 35b. The information
contained in the original data sequence may be recovered completely by noting that the short
time-constant differentiation process will eventually produce delta functions of alternating
polarity at the start and finish of a bit. Standard signal theory shows that an integrator will
then remove the differentiation. It was found that this functionality was contained in a latest-
generation SiGe comparator (Analog Devices ADCMP580 series). As shown in figure 35c, a
positive impulse will set the comparator output high and this condition will persist indefinitely
until a negative impulse resets the output low. By this means, an exact regenerated copy of
the input pulse stream will be produced.

D E2.4 - BMRs for Access GPON/XL-PON
Networks: Development of an Alternative
Prototype

48/74

Public



IST - 6th FP
Mu 2 Project Deliverable Contract N°026442

\Y

15 1 A out

Y

05 0. I Y

o

s
01 2 3 4 5 8 7 8 8 10 1112 13 14 1 2 3 4 5 8 7 8 8 10 11 12 13 14

<1F

1.5 1.
1 1
0.5 o
o

as 5 R i i 4
-1
-1.5

m

r 3

O 1 2 3 4 5 8 7 8 8 10 11 12 13 14 o1z a 4 5 8 7 8 8 1011 12 13 14

(a) (b) (c)

Figure 35: a) differentiated pulse with very large RC time constant, b) differentiated pulse with small
RC time constant, i.e. differentiation action, c) hysteretic response of the comparator.

Ideally, the smaller value of differentiator RC time constant should result in a better
performance by avoiding the effect of baseline drift. In other words, the capacitor can
discharge fast enough to recover the base-line between bits, thus avoiding drift. However the
acquisition time of any comparator puts a lower limit on the differentiator RC time constant. In
other words, a small RC time constant results in short pulses which the comparator may not
recognize. The minimum latch enable pulse width (MLEPW) is the time required to acquire a
given input signal. If the signal level decays below the threshold level before this holding time
passes, then the comparator could miss the pulse. This will have a strong effect on BER
performance, since if a pulse is missed, providing that the bit coming after has the same
value (i.e. no bit change), the subsequent bit will also be in error, until a corrective edge is
detected. The MLEPW value is usually provided in the manufacturer’s datasheet. As shown
in figure 36, increasing MLEPW values have a progressively deleterious effect on BER.
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Figure 36: Graph of BER versus the electrical SNR for different values of MLEPW.

Figure 37 aims to clarify the role of MLEPW. In figure 37(a) the distribution of the
differentiated signal level immediately after the beginning of each bit is illustrated with 5V
input signal level assumed for all bursts. The mass distribution function is calculated over
20,000 samples, and the RC time constant of the differentiator was set to 10% of the bit
duration. Figure 35(b) shows the result of another simulation run with the same setting, but
the distribution function is plotted for the differentiated signal level when a time slot equal to
the MLEPW is passed after the start of each bit. The value of MLEPW was exaggeratedly set
to 5% of the bit duration.
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Figure 37: a) Mass distribution function of differentiated signal level sampled immediately after the
start of each bit, b) mass distribution function of differentiated signal level sampled after passing
MLEPW(set to 5% of bit duration) after the start of each bit. Electrical SNR for both scenarios was set
to 9 dB.

In Figure 37, the first graph can be interpreted as the ideal case where MLEPW=0, this
evidently shows the impact of MLEPW as the distribution in figure 37(b) is more concentrated
at the centre, which is because changes are missed. It is clear that this will result in a worse

BER performance.
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Figure 38: Mass distribution function of differentiated signal level sampled immediately after the start
of each bit. SNR= 7 dB.

The effect of AWGN noise on the distribution of differentiated signal level after the start of each bit is
illustrated in figure 38, which shows that by decreasing the channel SNR the identical peaks become
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more difficult to distinguish. Figure 39 shows a 3D graph of the BER versus the RC time constant and
the MLEPW. For larger values of MLEPW, a higher RC constant is required so that the receiver does

not overlook differentiated pulses.
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Figure 39: BER versus the normalized RC time constant and normalised MLEPW with SNR
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4 EXPERIMENTAL RESULTS
4.1 OBJECTIVE

An experimental test bed has been developed to prove the edge-detecting technique with the
reception of bursts from different sources. For a detailed description of the scheme, the
reader is referred to the publications ([10,11]).

The objective of the experiment is to test and demonstrate the possibility of edge-detecting
an optical pattern in a GPON/LR-PON configuration and be able to recover it with enhanced
features. The research targets of the demonstration are:

- Transmission of an upstream burst at 2.5 Gbps.

- Optical edge-detection of the bursts patterns

- Pattern recovery of the bursts

- Dynamic range measurements of the system configuration

- Clock recovery

- Transmission of an upstream data at 12.5Gbps

- Fast recovery of the data at 12.5Gbps

- Spectrum analysis for clock recovery

4.2 EDGE DETECTION WITH DIFFERENTIATOR

4.2.1 System Overview for Preliminary Results

To prove the concept of edge detection, the experimental setup of figure 40 was established
(for further details the reader is referred to the publication [10]).
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Modulator |> EDFA Photodetector [} P

Figure 40: Experimental setup for Edge Detector Burst Mode Receiver.

The demonstrator consists of a BMT and a BMR, connected via a 32-Km fibre and an EDFA.
The BMT includes a DFB laser, polarization controller, Mach-Zehnder Modulator and two
pulse pattern generators. The BMR incorporates a 2.5 GHz photodetector, a differentiator
and a high-speed comparator. This high speed comparator is from Analog Devices, model
ADCMP580.
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4.2.1.1 Operation of the Edge Detection Experimental Setup

In the burst mode transmitter (BMT), a laser diode at | 1=1550nm is NRZ encoded by a
LiINbO3 Mach-Zehnder modulator, driven by two 3G pattern generators. Two 640 bit long
patterns are used one after the other. These forms data bursts of 256ns duration that are
repeated every 640ns. These bursts duration were chosen to fit with the G.984 standard.
These patterns (bursts) are amplified by an EDFA and transmitted through 32 km. of fibre.
At the burst mode receiver, a photodetector converts the optical signal into electrical. The
electrical signal feeds a differentiator. After the differentiator, a comparator is in charge of
recovering the signal.

4.2.1.2 Edge Detection/Differentiator Preliminary Experimental Results

Figure 41 shows the optical performance of the edge detection demonstrator. A dynamic
range of 5 dB optical (20dB electrical) was obtained.
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Figure 41: Optical output of soft and loud recovered bursts with differentiator output.

4.2.2 System Overview for Large Dynamic Range

The previous system was improved in order to achieve a higher dynamic range. In its
current hardware implementation, the system includes two burst-mode optical transmitters,
which are combined to generate a TDM transmission and a burst mode receiver (see figure
42).
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In the burst mode transmitter side, two burst mode transmitters (BMTs) were constructed
separately. Each BMT is capable of adjusting the amplitude level by modulating a 2.5 Gb/s
data source (pulse pattern generator) using a LINbO3 Mach-Zehnder modulator. However,
to achieve a higher dynamic range, one of the BMT’s was connected to an EDFA and a 12.5
GHz optical bandpass output filter to produce two bursts that differ greatly in amplitude.
Consecutive sequences of 640 bit patterns were used in each BMT, forming 256ns data
bursts repeating every 640ns. The two outputs of each BMT were combined in a 90:10 ratio
coupler, which was connected to 32 km of single-mode optical fibre.

N dx I
Z# dt -
PO DIFFERENTIATOR L ] COMPARATOR
CLOCK
RECOVERY
4
BMT-Burst Mede Transmitter PD-Photodetector IM-intensity Modulator LD-Laser Diode BPF-Band Pass

Filter
BMT-Burst Mode Receiver  PPG-Pulse Pattern ~ PC-Polarization Controller EDFA-Erbium Doped

Generator Fibre Amplifier

Figure 42: Burst mode system for data and clock recovery.

At the BMR end, an off-the-shelf 2.5 Gb/s photoreceiver was AC coupled to produce a 50ps
time-constant differentiator. This value was empirically optimized and found to be close to the
optimum predicted in figure 37 of the previous part ( part 3). The output of the differentiator
was passed to a clock recovery system and a high-speed SiGe comparator (ADCMP580).
The characteristics of the burst mode receiver are summarized in table 1.

Parameter Value
Comparator Propagation Delay 180 ps
Comparator overdrive and slew rate | 25 ps

dispersion

Comparator typical output rise/fall 37 ps
Photoreceiver Dynamic Range -22dBm to +4dBm
Photoreceiver Data Rate 2.5 Gb/s

RC time constant 50 ps

Dynamic Range @2.5Gb/s 17 dB optical
Power Supply +5V

Table 2. Burst Mode Receiver Features.
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4.2.3 Dynamic Range

Figure 43 shows the recovered eye diagrams for loud and soft packet bursts after the
comparator. These eye diagrams remain opened and hence error-free over an optical
dynamic range of 17dB, from +4dBm and -13dBm. Outside this range, the signal abruptly
deteriorates. Higher input power levels may be possible, but it was found in practice that the
necessarily small area photodiode of the 2.5 Gb/s receiver soon become saturated and
limited the overall dynamic range.

8/div T 1@ ps/div
Ig.‘? w/div 50.00 aV/div

(a) (b)

Figure 43: Eye Diagram of a) loud (+4dBm), and b) soft (-13dBm) PRBS signal.

Experiments were then carried out to verify the error-free characteristics of the BMR. For
convenience, a 2*°-1 PRBS test sequence was used so the error detector would remain
synchronized to the extracted clock signal. The signal level was then varied between +4dBm
and -13dBm. A 12dB optical signal-to-noise ratio (OSNR) at the transmitter showed error-
free (<10™° bit-error-ratio) till -13 dBm as shown in figure 43. Reduction in the OSNR (by
lowering the EDFA input power whilst maintaining output level) initially eroded the soft-signal
performance pro-rata (as might be expected) with further reduction to 9dB preventing error-
free operation at any power level.
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Figure 44: 2.5 Gb/s Loud-soft ratio BER measurements.
4.2.4 Differentiator Edge Detector Clock Recovery

Clock recovery remains a major issue for BMRs in multi-access networks [11]. The technique
deployed here was based on a 2.5 GHz, second-order, lag-lead, phase-locked loop (PLL).
To our knowledge, clock recovery has not been addressed in conjunction with the edge-
detection technique (for more details, the reader is referred to the publications [11]). Spectral
analysis of the differentiated signal after the photodiode reveals a well-defined timing
component that is directly related to the data rate of the system. In consequence, a 1%
bandwidth PLL with free-run frequency set to 2.5GHz showed clock.

Synchronization within 2-3 bit periods, thus conforming to G.984.32 108 bit preamble
requirements [7], as shown in figure 45 below. These spectral components are present for
both the burst data (Fig. 46a.) and PRBS data (Fig. 46b) and so any clock recovery scheme
that utilized these peaks would be largely independent of data pattern. As shown in Fig.
46(a) & (b) the 2.5GHz peaks are at least 20dB higher than the immediately surrounding
spectra.
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Figure 45: Pattern of optical signal and clock recovery from the same signal.
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Figure 46: Spectra of differentiated signal in (a) burst mode, and b) from a 2"** PRBS.

The good performance of the clock extraction system is based on two GPON precepts and
the >20dB clock signal SNR produced by the RC edge detection scheme as shown in figure
above. Firstly, the GPON system clock is held to traceable standard accuracy, so the PLL
voltage—controlled oscillator was dielectrically stabilized to 2.5 GHz. This mitigates the
frequency acquisition problem. Secondly, it is not generally noted in the clock-extraction
context that the GPON frame structure is repetitive with bit-level defined, inter-packet
spacing. Thus the PLL only has to acquire phase at system start-up during ONU ranging and
then has to deal with slow, thermally related drifts. The inter packet spacing in figure 45 was
960 bits which is a severe test. Overall, the “flywheel” action used here fits well in this
application with the further advantage of low phase noise.
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4.3 EDGE DETECTION WITH DISCRIMINATOR
4.3.1 System Overview

In its current hardware implementation, the system is capable of transmitting a PRBS signal
with variable bit rate from 2.5Gbps to 11.5 Gbps. A schematic of the setup for the electrical
configuration is shown in figure 47. The system consists of a pulse pattern generator (PPG)
an electrical delay-line, a 3 dB combiner and a high-speed comparator.

Output after the
delay-line
discriminator

ADCMP
580

Figure 47: System setup for delay-line “discriminator”.

4.3.2 Delay-Line Edge Detection Preliminary Results

With the current implementation, a detection of a PRBS signal at 2.5 Gbps has been proved,
in the electrical domain and with the ADCMP580 comparator. Figures 48 and 49 show the
graphs from the sampling oscilloscope after the delay-line discriminator.
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Figure 48: Output after the delay-line discriminator.

The delay line was designed to be 50% (200ps) for this discriminator technique. As it can be
seen from figure 48, there are pulses just at the edges where there were supposed to be the
edges of the original signal. In between these small pulses, almost a straight horizontal line
can be observed. Therefore, the noise insertion in the electrical part can be almost
negligible.

Figure 49 shows the eye diagram of this three level discriminated signal. A clear opened eye

is observed with fast rising and falling edges. The pulse width is around 200ps, according to
the delay of 50%.

wertical  Timek (23 g=1 o is Litilities Help

Figure 49: Eye diagram of the output after the delay-line discriminator.
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The eye diagram of the recovered signal after the comparator is shown in the figure 50. A
clear eye-opened is shown with little jittering on the edges due to the response of the
comparator.

File- Wertical Timebase Trigger Display Cursors Measure Math Analysis  Uilities Help

Figure 50: Eye diagram of the output after the ADCMP580 comparator.

The previous experimental results provide evidence of the feasibility of the system for
detection at 2.5Gbps with the delay-line discriminator technique. However, the technology
used for detection has its limitations regarding to the data speed that has to be identified.

This limitation is due to internal components within the comparator. Figure 51 shows the eye
diagram of the edge-detected signal after the comparator at 5.7 Gbps. It is clear that the
recovery with this comparator can not go further. Besides, the comparator specification
illustrates how a signal higher than 7.5 Gbps is highly degraded even with only a NRZ
baseband signal [14].
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Figure 51: Output of the ADCMP580 Comparator at 5.7Gbps
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4.3.3 Experimental Setup for Delay-Line Edge-Detect ion at 10gbps and
Beyond

To upgrade the system with the delay-line edge-detection technique, the system setup of
Figure 52 was built.

Off-the-shelf
Comparator It
Qutput )
Temination Clock input
Input 1
inverted
Electrical
Delay Line

S8 Blocking
o
combiner

Figure 52: Experimental Setup for Edge-Detecting at 10 Gbps and beyond.

An important component of the set up is the high-speed comparator. This off-the-shelf
comparator (Inphi 25707CP series) supports clock rates up to 25 GHz. Additionally, the
setup includes a 50% delay line, a combiner, blocking capacitor, electrical delay line and
terminations. The operation of the high speed delay-line discriminator can be explained as
follows: at input 1 of the system (see figure 52) the original signal is inserted.
Simultaneously, an inverted signal is connected to a 50ps (50%) delay line to create a
discriminated signal at the output of the combiner. A subsequent blocking capacitor is used
to eliminate possible dc components within the discriminated signal. At the same time, an
input signal clock to the comparator is finely delayed by an electrical delay line to adjust the
clock trigger of the comparator. The detected and reconstructed signal will exit the
comparator at the output port. The system connection is shown in Figure 53.

D E2.4 - BMRs for Access GPON/XL-PON 63/74 Public
Networks: Development of an Alternative
Prototype



IST - 6th FP
Mu 2 Project Deliverable Contract N°026442

Clear opened
eye @10GHz
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Pulse Pattern
Generator

Figure 53: Experimental Connection Setup for Edge-Detecting at 10 Gbps and beyond.
4.3.4 Experimental Results of the Delay-Line Edge D  etector

Figure 54 shows the three-level eye diagram after the combination of the original signal and
the inverted/delayed version of the original signal. The bit rate is 10 Gbps.

W= 233286ns  AXs 1002ps
W2= 234290 ns 1MAKs 9598 GHz

Figure 54: Eye diagram at the output after the delay-line discriminator.

Figure 55 illustrates the eye diagram of the detected 10 Gbps signal after the high-speed
comparator.
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Figure 55: Eye diagram of the comparator output at 10Gbps.

The equipment used in the laboratory demonstrator is shown in figures 56 and 57. In Figure
56 the edge detector system is connected to a 12.5GHz pattern generator. The output of the
system is connected to a 50GHz bandwidth sampling oscilloscope and a 26GHz spectrum
analyser. The pattern generator is clocked by an external signal. This signal is originated by

a 65GHz Network Analyser, which is shown in figure 57.

50 GHz
Sampling
Oscilloscope

Figure 56: Experimental Setup.
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125 GHz
Pulse Pattern
Generator
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Figure 57: Experimental Setup with Network Analyser.
Figure 58 show discriminator output at this bit rate.
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Figure 58: Discriminator output at 12.5Gbps.

The eye diagram of the three-level discriminator output is shown in figure 59.
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Figure 59: Eye Diagram of the Discriminator output at 12.5Gbps.

After the detection of the discriminated signal, the output of the comparator is presented in

Figure 60.

Figure 60: Delay-Line Edge Detected signal after the comparator.

The eye diagram of the output of the comparator is shown in figure 61.
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Figure 61: Eye Diagram of Delay-Line Edge Detected signal after the comparator.

From the eye diagram and the pattern, it can be observed an acceptable detection of the
discriminated signal at 12.5 Gbps using off-the-shelf components. The delay of 50ps (50%)
ensures that the comparator will react effectively to the rising and falling edges. A further
study could be to measure the bit error rate for different power input levels to identify the
dynamic range of the system. In Figure 62 the schematic of the system is presented with the
proper allocation of the eye diagrams.

Figure 62: Schematic of the system with eye diagrams.
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4.3.5 Delay-Line Discriminator Clock Recovery

The delay-line discriminator technique has been confirmed as an efficient technique for clock
recovery [15]. The spectra of the “differentiated” signal shows peaks at periodical intervals of
the pattern bit rate. In general, these peaks can be detected and locked to a phase-locked
loop (PLL) design. In Figure 63, the spectra of a 2.5 Gbps delay-line discriminated signal is
shown. A clear peak can be identified showing the possibility of using a PLL.

Figure 63: Spectra of the 2.5 Gb ps delay-line discriminated signal.

Figure 64 is a zoom of the spectra presented in Figure 63.
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Figure 64: Zoom of the spectra presented in figure 63.

Furthermore, the peak becomes clearer if the bit rates increases. Figure 65 shows the
spectra of a delay-line discriminated signal at 12.5 Gbps.

Figure 65: Spectra of a delay-line discriminated signal at 12.5 Gbps.
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From the spectrum of a 2** PRBS signal at 12.5GHz it is clear that a PLL can be used to
recover the clock. The use of a discriminator technique (delay-line) at 12.5GHz does not
affect the spectra for clock recovery.
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5 CONCLUSION

The need for reliable and dynamic components in PON access networks is becoming more
acute. The comparison of a conventional BMR with a threshold adaptation one,
demonstrates the differences in performance (BER) by adjusting the threshold. Detailed
system modelling is presented in this document concerned to the AC and DC coupling BMR
techniques.

Experimental results have been presented which show complete functionality of an edge-
detecting burst mode receiver and clock extraction system. Optical loud-soft dynamic range
is presently 17dB at 2.5 Gb/s with the differentiator technique. With this technique, no inter-
burst guard band is required, and there is no significant performance degradation due to
consecutive identical digits. However, the limitation exists when the data rate is increased to
higher bit rates (> 5Gbps). This is due to the fact of smaller RC constants which are
unrealistic in practice.

With the delay-line (discriminator) technique, higher bit rates are possible due to the absence
of an RC constant. This technique allows an increment of bit rates from 2.5 Gbps to 10 Gbps
which can be used in GPON and LR-PON networks. The further investigation of this method
is required to find its limitations.

The use of the differentiating and discriminated photo-detector not only provides a solution to
rapid error-free acquisition of burst data, but also provides a strong clock signal. A standard
narrowband PLL solution allows near instantaneous (2-3 bits) synchronization of clock and
data for both PRBS and burst sequences at a data rate of 2.5Gb/s. Future work will be
concerned with up-scaling the techniques presented here to 10 Gb/s applications. Within the
MUSE project is possible to achieve a burst-mode detector for 10 Gbps without the clock-
recovery component (PLL). However, the spectral components will provide sufficient
evidence of the PLL technique for retrieving 10Gbps data bursts.
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