Performance analysis of burst-mode receivers with clock phase
alignment and forward error correction for GPON

Bhavin J. Shastri F Julien Faucher £ Noha Kheder £
Ming Zeng k Nicholas Zicha k David V. Plant

Received: 15 December 2007 /Revised: 20 August 2008/ Accepted: 20 August 2008/ Published online: 11 October 2008
Springer Science+Business Media, LLC 2008

Abstract We experimentally demonstrate the perfor-
mance analysis of burst-mode receivers (BMRXx) in a
622 Mb/s 20-km gigabit-capable passive optical network
(GPON) uplink. Our receiver features automatic phase
acquisition using a clock phase aligner (CPA), and for-
ward-error correction using (255, 239) Reed-Solomon (RS)
codes. The BMRx provides instantaneous (0 preamble bit)
phase acquisition and a packet-loss ratio (PLR) \. 10° for
any phase step (*2p rads) between consecutive packets,



(P2MP); using time division multiple access (TDMA),
multiple ONUs transmit bursty data in the 1310-nm win-
dow to the OLT in the central office (CO). To use the
shared medium effectively, the ONUs require a burst-mode
transmitter with a short turn-on/off delay [7]. Because of
optical path differences in the upstream path, packets can
vary in phase and amplitude. To deal with these variations,
the OLT requires a burst-mode receiver (BMRx). The
BMRXx is responsible for amplitude and phase recovery,
which must be achieved at the beginning of every packet.
At the front-end of the BMRX is a burst-mode limiting
amplifier (BM-LA) responsible for amplitude recovery.
Then, clock-and-data recovery (CDR) is performed with
phase acquisition by a clock phase aligner (CPA). The most



a longer physical reach or support more splits per single
PON tree. Our BMRx meets the GPON PMD layer spec-
ifications as specified in the G.984.2 standard [9].

We also study the impact of MPN in the uplink in terms
of the effective BER and PLR coding gain. We investigate
the PLR performance of the system and quantify it as a
function of the phase step between consecutive packets,
received signal power, consecutive identical digits (CIDs)
immunity, and BER. We also assess the tradeoffs in pre-
amble length, power penalty, and pattern correlator error
resistance. In addition, we demonstrate how the CPA and
the RS(255, 239) codes can be used in conjunction to
account for dynamic burst-error correction giving reliable
BERs in bursty channels. These results will help refine
theoretical models of BMRx and PONSs, and provide input
for establishing realistic power budgets.

The rest of the paper is organized as follows. In Sect. 2,
we present the GPON experimental setup. The design and
implementation of the BMRx is described in Sect. 3.
Section 4 is devoted to the presentation and analysis of the
experimental results. Finally, the paper is summarized and
concluded in Sect. 5.

2 GPON experimental setup

A block diagram of the GPON uplink experimental setup is
shown in Fig. 2. A 1310-nm laser is modulated with
upstream PON traffic using an electro-optic modulator
(EOM). The modulated signal is then sent through 20 km
of uplink single-mode fiber (SMF-28). The desired infor-
mation rate is 622 Mb/s. As the RS(255, 239) code
introduces *<15/14 overhead, we use an aggregate bit rate
of 666.43 Mb/s. A variable optical attenuator (VOA)
serves to control the received power level. The optical to
electrical conversion is performed by a photodetector. The
electrical signal is then low-pass filtered (LPF) by a fourth-
order Bessel-Thomson filter whose —3-dB cutoff fre-
quency is 0.79 bit rate, or 467 MHz. Such a filter has an
optimum bandwidth to filter out noise while keeping inter-
symbol interference (ISI) to a minimum [14].

A typical bursty signal that complies with PON stan-
dards is used as a test signal in our experiments and is
depicted in Fig. 3. Packet 1 serves as a dummy packet to
force the burst-mode CDR to lock to a certain phase /,
before the arrival of packet 2 with phase /,. The BER
and PLR measurements are performed on packet 2 only.
Packet 2 consists of 16 guard bits, 0-28 (I) preamble bits,
20 delimiter bits, 2'°> — 1 payload bits, and 48 comma
bits. The guard, preamble, and delimiter bits correspond
to the physical-layer upstream burst-mode overhead of
8 bytes at 622 Mb/s as specified by the G.984.2 standard
[9]. The guard bits provide distance between two con-
secutive packets to avoid collisions. The preamble is split
into two fields, a threshold determination field (TDF) for
amplitude recovery and a CPA field for clock-phase
recovery. The delimiter is a unique pattern indicating the
start of the packet to perform byte synchronization.
Likewise, the comma is a unique pattern to indicate the
end of the payload. The payload is simply a non-return-
to-zero (NRZ) 2'° — 1 pseudorandom binary sequence
(PRBS). The PLR and the BER are measured on the
payload bits only. We define the lock acquisition time
corresponding to the number of bits (I) needed in front of
the delimiter in order to get error-free operation, that is, a
zero PLR for over 3 min of operation at 622 Mb/s (J[10°
packets received, i.e., PLR\.107°%), a BER\.107°, and
for any phase step (-2p
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the payload of the packets. The BERT compares the
incoming data with an internally generated 2'° — 1 PRBS.
Note that, while a conventional BERT can be used to make
the BER measurements, PLR measurements on discontin-
uous, bursty data, is not supported. This is because
conventional BERTS require a continuous alignment
between the incoming pattern and the reference pattern,
and milliseconds to acquire synchronization. The phase
step response of the burst-mode CDR can make conven-
tional BERTS lose pattern synchronization at the beginning
of every packet while the sampling clock is being recov-
ered by the CDR. The custom BERT does not require fixed
synchronization between the incoming pattern and the
reference pattern of the error detector. Synchronization
happens instantaneously at the beginning of every packet,
therefore enabling PLR measurements on discontinuous,
bursty data.

4 Experimental results and discussions

In this section, we experimentally study the effect of channel
impairments on the performance of BMRXx in the GPON
uplink. The BMRx performance is quantified in terms of the
BER and PLR measurements. More specifically, the fol-
lowing measurements are taken: BER versus signal power,
PLR versus phase step, signal power, CID immunity, and
BER. We also assess various tradeoffs and penalties in the
preamble length, power budget, and pattern correlator error
resistance. In addition, we investigate the impact of MPN in
the uplink in terms of the effective PLR and BER coding
gain. Where appropriate, comparisons between theoretical
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and t is the symbol error correcting capability of the code.
Note that' x represents the largest integer not to exceed x.
Again, assﬂning a memoryless channel and since we are
using orthogonal signaling (on—orr keying), the lower
bound of the BER after FEC pEE®, can be calculated as

FEC

prec > B (s

We plot the purely random and memoryless channel
prediction of the BER after FEC pEF®, and our
experimental results in Fig. 5. The BER performance is a
function of intrinsic* and extrinsic? effects of the channel
[16]. Thus, the presence of random and deterministic errors
will affect the error correcting capability of the FEC code.
It can be observed that the experimental and the theoretical
results are in close agreement for BER [ 10™*. This is
because for lower signal power, random errors dominate
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Fig. 7 (a) Effective coding
gain and MPN penalty after
FEC versus mean square
variance of MPN. (b)
Theoretical determination of
effective coding gain with the
worst-case MPN assuming only
random errors in GPON uplink

phase of the incoming packet. To understand how the CPA
works, consider the case when there is no phase step
(Du = 0 rad); path O correctly samples the incoming
pattern (see toqq in Fig. 8(g)). For phase step Du = p/2
(400 ps) rads, path E will sample the bits on or close to the
transitions after the phase step (see teven in Fig. 8(h)). In
this situation, the byte synchronizer of path E will likely
not detect the delimiter at the beginning of the packet. On
the other hand, the byte synchronizer of path O will have
no problems detecting the delimiter (see toqq in Fig. 8(h)).
The phase picker controller monitors the state of the two
byte synchronizers and selects the correct path accordingly
(path O in this particular case). Once the selection is made,
it cannot be overwritten until the comma is detected,
indicating the end of the packet. This process repeats itself
at the beginning of every packet. The result is that the CPA
achieves instantaneous phase acquisition (0-bit) for any
phase step (£2p rads), that is, no preamble bits at the
beginning of the packet are necessary. We further discuss
these results in the next section.

Fig. 8 (a—c) Bursty traffic (a)
(packets with different phases)
input signal to the receiver with
phase steps: Du = 0 rad (0 ps),
Du = p/2 rads (400 ps), and
Du = p rads (800 ps). (d-f)
Response of the CDR to bursty
traffic. (g—i) Response of the 29
oversampling CDR to bursty
traffic and the depiction of the
odd and even samples resulting
from togq and teven Sampling
instants

Ap=0rz

@ Springer

4.4 Packet-loss ratio versus phase step

In this section, we investigate the PLR performance of the
GPON uplink as a function of the phase step between
consecutive packets. Let us first consider the case for a
back-to-back configuration (without the 20-km of uplink
fiber). Figure 9(a) shows PLR versus phase step perfor-
mance, with only the CDR and the CPA turned off. We
have restricted the horizontal axis to values from
0 B Du B 1600 ps, corresponding to 0 B Du B 2p rads
phase difference at the desired bit rate (622 Mb/s). Also,
note that the results are symmetrical about O rad from
—2p B Du B 0 rads. We observe a bell-shaped curve
centered at 800 ps because this represents the half bit
period corresponding to the worst-case phase step at
Du = p rads, and therefore, the CDR is sampling exactly
at the edge of the data eye. Jitter would have led to the
worst case phase (p rad) being displaced from 800 ps.
Hence, we conclude that jitter is not significant in our
measurements. At relatively small phase shifts (near 0 or




2p rad), we can easily achieve zero PLR with the CPA
module disabled because the CDR is almost sampling at
the middle of each bit (refer to Fig. 8(a)).

Preamble bits (“1010



with, the PLR performance of the CDR is then comparable
to the PLR performance obtained by the BMRx which does
not require any preamble bits. Hence, there is a tradeoff
between the power penalty with the BMRx oversampling
when Du = 0rad and the number of preamble bits
required without the BMRx when D
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Fig. 13 PLR versus signal power for different MPN mean square
variances in GPON uplink

resistance to z = 2 bits, we obtain improvement in the PLR
performance by eight orders of magnitude.

In Sect. 4.2, we studied the effect of MPN on the uplink
in terms of the BER performance of the system. It is also
interesting to see the effect that MPN has on the PLR
performance of the system. In Fig. 13, we plot the PLR for
various values of the mean square variance of MPN .
As expected, the system performance degrades with an
increase in rmpn. Recall that the maximum MPN that can
be tolerated in the uplink giving an effective coding gain of
zero, is when rpy,, = 0.14. At this value of MPN, there is
a deterioration of more than two orders of magnitude in the
PLR for signal power C —13 dBm. However, by increas-
ing the pattern correlator error resistance to z = 2 bits, we
observe a coding gain of *2 dB at a PLR = 10~° which
can be used to compensate for the MPN penalty and also
the 1-dB burst-mode penalty (see Fig. 10(a)).

4.8 Dynamic burst-error correction

A burst-error is defined as an n-bit sequence that contains
clustered bit errors. Two erroneous bits always mark the

Fig. 14 BER and PLR

first and last bits of the sequence, and there can be any
number of errors, up to (n — 2), in between them [21].
Burst-errors inherently arise in GPON uplink because of
the phase acquisition process by CDRs for bursty data. This
makes the BER measurements unreliable and unpredict-
able, and therefore not a true representation of BER. There
are two comments on this. First, at a particular signal
power, the BER may not converge because of the presence
of burst-errors from packet to packet. Thus, the BER can
change from measurement to measurement for the same
signal power. Second, the BER will also vary for packets
with different phases at the same signal power. This is
because the phase acquisition time of the CDR is a function
of the relative phase difference between two packets.

RS codes can be useful for burst-error correction pro-
vided that the burst length is less than the codes’ error
correcting capability 0. However, there is no such guar-
antee in a GPON uplink because the signal power and the
phase difference between packets vary in burst-mode
reception from packet to packet. Burst-error correcting
codes have been demonstrated for bursty channels [22-26],
but these codes introduce complexity at the circuit level
implementation. On the other hand, RS codes are relatively
simple. Our technique of employing FEC with RS codes in
a BMRx with fast phase acquisition provides a simple
solution to correct for burst-errors in a GPON uplink.

In Fig. 14, the BER and the PLR performance of the
system is monitored as function of packet reception. Let us
first consider the case with the CPA and FEC turned off (see
Fig. 14(a)), and the signal power is such that the
BER = 10~ Starting with no phase difference between the
consecutive packets Du = 0 rad and switching the FEC on,
the RS(255, 239) codes help obtain a BER = 107*° as
expected. However, with a phase step Du = 0 rad intro-
duced in the uplink, the following can happen: first, the
phase difference can result in a poor PLR with almost all the
packets being lost as shown in Fig. 14(b). Note that BER
measurements can only be made on packets that are received.
This means that with almost all packets lost, the BER
obtained will be unreliable. A packet lost may be

(a)

performance versus number of
received packets in GPON
uplink
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retransmitted. However, despite any number of retransmis-
sions, there is no guarantee that the packets will be received
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