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Abstract We experimentally demonstrate the perfor-

mance analysis of burst-mode receivers (BMRx) 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) \ 10-6 for

any phase step (±2p rads) between consecutive packets,

while also supporting more than 600 consecutive identical

digits (CIDs). The receiver also accomplishes a 3-dB

coding gain at a bit-error rate (BER) of 10-10. The CPA

makes use of a phase picking algorithm and an oversam-

pling clock-and-data recovery circuit operated at 29 the bit

rate. The receiver meets the GPON physical media

dependent layer specifications defined in the ITU-T rec-

ommendation G.984.2 standard. We investigate the PLR

performance of the system and quantify it as a function of

the phase step between consecutive packets, received sig-

nal power, CID immunity, and BER, while also assessing

the tradeoffs in preamble length, power penalty, and pat-

tern correlator error resistance. We also study the impact of

mode-partition noise in the GPON uplink in terms of the

effective PLR and BER coding gain performance of the

system. In addition, we demonstrate how the CPA and the

RS(255, 239) codes can be used in tandem for dynamic

burst-error correction giving reliable BERs in bursty

channels.
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1 Introduction

Passive optical networks (PONs) are an emerging optical

multi-access network technology based on all-optical core.

PONs are expected to solve the so-called ‘‘first and last

mile problem’’ that remains a bottleneck between the

backbone network and high-speed local area networks

(LANs) [1–4]. PONs provide a low-cost solution, with a

guaranteed quality of service (QoS) of deploying fiber-to-

the-premises/cabinet/building/home/user (FTTx) [5]. FTTx

is an effective solution to enable new multimedia services

such as interactive video, voice, image, audio, and fast

Internet [6].

Figure 1 shows an example of a gigabit-capable PON

(GPON) network. In the downstream direction, the network

is point-to-point (P2P). Continuous data are broadcast from

the optical line terminal (OLT) to the optical network units

(ONUs) using time division multiplexing (TDM) in the

1480–1550-nm wavelength band. The transmit side of the

OLT and the receive side of the ONUs can therefore use

continuous mode ICs. The challenge in the design of a chip

set for PONs comes from the upstream data path. In the

upstream direction, the network is point-to-multipoint
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(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

BMRx 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

important characteristic of the CPA is its phase acquisition

time which must be as short as possible. This paper focuses

on the CPA aspect of the BMRx.

Current PON systems employ Fabry-Perot (FP) lasers, a

multi-longitudinal mode (MLM) device, at the ONU to

minimize the cost per subscriber. FP lasers provide the

most cost effective solution for meeting the PON require-

ments, by having the optimum optical power required for a

20-km reach in the 1310–1550-nm range. However, the bit-

error rate (BER) and the packet-loss ratio (PLR) perfor-

mance of the optical system may be severely impaired by

the mode-partition noise (MPN) of the FP laser coupled

with the chromatic dispersion that exists in the transmis-

sion fiber [8]. Thus, MPN introduces a limitation on the

length of the optical link. Consequently, the GPON phys-

ical media dependent (PMD) layer specifications defined in

the International Telecommunication Union (ITU-T) rec-

ommendation G.984.2 standard [9], proposes the use of

error-correcting codes (ECC) to reduce the associated

penalty.

Another problem which inherently arises in a GPON

uplink is that of burst-errors (clustered bit errors) due to the

phase acquisition process by CDRs for bursty and packet-

mode data. This makes BER measurements unreliable and

unpredictable. In particular, a sudden phase step between

consecutive packets can induce a severely errored burst,

making the BER convergence difficult. Thus, the BER can

change from measurement to measurement for the same

signal-to-noise ratio (SNR) depending on the relative phase

difference between consecutive packets.

Recently, we demonstrated standalone receivers for

PON applications [10, 11]. However, the results presented

were based on an emulated PON electrical test-bed.

Although, useful in validating the proof-of-concept, these

results do not give an insight on the performance of these

receivers in a realistic PON test-bed.

In this paper, we experimentally investigate the effect of

channel impairments on the performance of a BMRx in a

622 Mb/s 20-km GPON uplink. The receiver features

automatic phase acquisition using a CPA, and forward-

error correction (FEC). The CPA and the FEC improve the

PLR performance and the BER performance of the system,

respectively. More specifically, the BMRx provides

instantaneous (0-bit) phase acquisition for any phase step

(±2p rads) between consecutive packets with PLR \ 10-6

and BER \ 10-10. The receiver also accomplishes a 3-dB

coding gain at a BER = 10-10. The CPA makes use of a

phase picking algorithm and an oversampling CDR oper-

ated at 29 the bit rate. FEC is employed by using (255,

239) Reed-Solomon (RS) codes.

The instantaneous phase acquisition reduces the burst-

mode sensitivity penalty of the receiver [12, 13], and also

increases the effective throughput of the system by

increasing the information rate. The coding gain can be

used to reduce the minimum and maximum transmitter

power, or increase the minimum receiver sensitivity by the

same amount. Alternatively, the effective coding gain can

be used to reduce the penalty due to MPN, and thus achieve

Fig. 1 Generic GPON network for FTTx showing our work on

BMRx in context (OLT: optical line terminal; LT: line terminator;

DSP: digital signal processing; DES: deserializer; BMRx: burst-mode

receiver; CPA: clock phase aligner; BM-LA: burst-mode limiting

amplifier; APD: avalanche photodiode; TIA: transimpedance ampli-

fier; TDM: time division multiplexing; TDMA: time division multiple

access; ONU: optical network unit)
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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 PONs, 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 /1

before the arrival of packet 2 with phase /2. The BER

and PLR measurements are performed on packet 2 only.

Packet 2 consists of 16 guard bits, 0–28 (l) preamble bits,

20 delimiter bits, 215 - 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) 215 - 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 (l) 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 ([106

packets received, i.e., PLR \ 10-6), a BER \ 10-10, and

for any phase step (-2p B Du B ?2p rads) between

consecutive packets. The GPON compliant OLT requires

a preamble length of no more than 28 bits. We will

demonstrate that even at l = 0 (no preamble bits), we

achieve error-free operation, allowing for instantaneous

phase acquisition.

This bursty upstream PON traffic is generated by

adjusting the phase between alternating packets from two

programmable ports of an HP80000 pattern generator,

which are then concatenated via a radio frequency (RF)

power combiner (PC), and used to drive the EOM (see

Fig. 2). A silence period Ts, consisting of a phase step

|Du| B 2p rads, and an all-zero sequence of m CIDs can be

inserted between the packets. The silence period can be

expressed as

Fig. 2 Experimental setup for a

GPON uplink (CLK: clock; PC:

power combiner; EOM: electro-

optic modulator; SMF: single-

mode fiber; VOA: variable

optical attenuator; LPF low-pass

filter; ONU: optical network

unit; OLT: optical line terminal;

OSC: oscilloscope)
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Ts ¼ mþ Du
2p

� �
T ð1Þ

where T is the bit period. The phase step between the

consecutive packets can be set anywhere between ±2 ns

with a 2-ps resolution, corresponding to a ±1.25 unit

interval (UI) at *622 Mb/s. Note that 1 UI corresponds to

a 1-bit period. Eye diagrams of the bursty traffic input to

the BMRx are shown in Fig. 2 with different phases:

Du = 0 rad (0 ps), Du = p/2 rads (400 ps), and Du = p
rads (800 ps).

3 GPON burst-mode receiver

3.1 Building blocks

The main building blocks of the GPON BMRx we designed

are illustrated in Fig. 4. The receiver includes a multi-rate

SONET CDR from Analog Devices (Part #ADN2819), a 1:8

deserializer from Maxim-IC (Part #MAX3885), and a CPA

module and an FEC RS(255, 239) decoder implemented on a

Virtex II Pro field-programmable gate array (FPGA) from

Xilinx. The multirate CDR recovers the clock and data from

the incoming signal. The CDR supports the following fre-

quencies of interest: 622 Mb/s (without FEC), 666.43 Mb/s

(with FEC), and 1.25 Gb/s. The latter frequency provides

29 oversampling. Oversampling, together with the phase

picking algorithm that will be described later, provide the

core of the burst-mode CDR. The CDR is followed by a 1:8

deserializer (Des) that reduces the frequency of the recov-

ered clock and data to a frequency that can be processed by

the digital logic. The lower rate parallel data is then sent to

the FPGA for further processing. Thereafter, a framer, a

comma detector, the CPA (including byte synchronizers and

a phase picker), phase-locked loops (PLLs), and the RS(255,

239) decoder are implemented on the FPGA alongside a

custom BER tester (BERT). A computer is used to control

the output of the pattern generator and to communicate with

the FPGA on the receiver (see Fig. 2). Automatic detection

of the payload is implemented on the FPGA through a fra-

mer and a comma detector, which are responsible for

detecting the beginning (delimiter bits) and the end (comma

bits) of the packet, respectively. The CPA makes use of a

phase picking algorithm in [10] and the CDR operating at

29 oversampling. The CPA is turned ON for the PLR mea-

surements with phase acquisition for burst-mode reception

when Du = 0 rad; otherwise, it can be bypassed for con-

tinuous-mode reception when Du = 0 rad. The CPA is then

followed by the RS decoder and the FPGA-based BERT.

3.2 Burst-mode receiver functionalities

The idea behind the CPA is based on a simple, fast, and

effective algorithm. Since the CDR samples the data twice

per bit, the odd samples and even samples (O and E,

respectively, in Fig. 4), sampled on the alternate (odd and

even) clock rising edges (todd and teven in Fig. 8) are

identical. The odd samples are forwarded to path O and the

even samples are forwarded to path E. The byte synchro-

nizer is responsible for detecting the delimiter. It makes use

of a payload detection algorithm to look for a prepro-

grammed delimiter. The idea behind the phase picking

algorithm is to replicate the byte synchronizer twice in an

attempt to detect the delimiter on either the odd and/or

even samples of the data, respectively. That is, regardless

of the phase step between two consecutive packets

(-2p B Du B ?2p rads), there will be at least one clock

edge (either todd or teven) that will yield an accurate sample.

The phase picker then uses feedback from the byte

synchronizers to select the right path from the two possi-

bilities. For further illustration, we refer the reader to the

discussion in Sect. 4.3.

The realigned data are then sent to the RS(255, 239)

decoder which is turned ON for the BER measurements with

FEC; otherwise, it is bypassed (see Fig. 4). The RS decoder

is an IP core from the Xilinx LogiCORE portfolio. The

FPGA-based BERT designed in [10] is implemented to

selectively perform BER and PLR measurements on only

TDF CPA field Delimiter
(20 bits)

···

Payload
(215-1 PRBS)

Guard time
(16 bits)

Comma
(48 bits)

Amplitude
 recovery

Phase
 recovery

Byte sync
+

Phase pick
+

Error count 
enable

Packet 
count

+
Error count 

disable

Preamble (28 bits)

Physical layer burst-mode overhead (64 bits @ 622.08 Mb/s)

Packet ‘2'
(phase = f2 )

Guard time
(16 bits)

Packet ‘1’
(phase = f1 )

Phase step
introducedw.r.t. 

packet 2

By the end of 
packet 1, the 
CDR is phase 
locked to f 1 

‘1010’ pattern
(215-1 bits)

···

Fig. 3 Typical burst-mode

uplink test signal and

specification at 622 Mb/s (TDF:

threshold determination field;

CPA: clock phase alignment;

PRBS: pseudorandom binary

sequence)
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the payload of the packets. The BERT compares the

incoming data with an internally generated 215 - 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 BMRx 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

predictions and experimental results have been provided

validating the analysis of the system. Finally, we present the

results on dynamic burst-error correction.

4.1 Bit-error rate versus signal power

Current PON systems employ FP lasers at the ONU to

minimize the cost per subscriber. However, the BER and

PLR performance of the system may be severely impaired

by the MPN of the FP laser. Thus, the G.984.2 standard [9]

proposes the use of an 8-byte error-correcting FEC RS(255,

239) code to reduce the associated penalty. RS codes are a

nonbinary subclass of multiple-error-correcting BCH codes

[15]. The symbols of RS codes are elements of a Galois

field GF(q), where q is a power of some prime number.

Both encoding and decoding of RS codes are performed at

the symbol level and are based on Galois field arithmetic.

Since elements in GF(2m) can easily be represented as

binary vectors, in practice, RS codes defined over GF(2m)

are generally used. A primitive RS(n, k) code over GF(2m)

has a block length of n = 2m – 1, k of which are infor-

mation symbols (k \ n). A RS(n, k) has a minimum

distance d = n – k ? 1 and thus it is called a maximum-

distance-separable (MDS) code [15]. The MDS property

and symbol-level encoding and decoding of RS codes

make it an excellent candidate when both random and

burst-error-correcting capabilities are required.

To study the impact of FEC on the optical link budget of

the GPON uplink, we plot the BER performance with and

without FEC, as a function of the received signal power as

shown in Fig. 5. Note that the abscissa is the useful power,

that is, the optical power contributed at the photodiode. We

observe a coding gain of *3 dB (measured at a

BER = 10-10). Note, according to the G.984.2 standard,

coding gain is defined as the difference in input power at

the receiver with and without FEC at a BER = 10-10.

A comparison between the experimental and theoretical

BER with FEC is shown in Fig. 5. Let pe be the measured

BER without FEC. Organizing the bits in symbols of m bits

yields an equivalent symbol error rate pS, under the

assumption of purely random bit errors, as

pS ¼ 1� 1� peð Þm ð2Þ

The RS(n, k) = RS(255, 239) block-based FEC code

divides a codeword of n symbols into 8-bit symbols and k

data (uncoded) symbols, yielding in a memoryless channel,

a symbol error rate after FEC pS
FEC, of [15]

pFEC
S � 1

2m � 1

X2m�1

j¼tþ1

j
2m � 1

j

 !
pj

S 1� pSð Þ2
m�1�j ð3Þ

where

Fig. 4 Block diagram of the

GPON OLT burst-mode

receiver (CDR: clock-and-data

recovery; Des: deserializer;

CPA: clock phase aligner; PLL:

phase-locked loop; BERT: bit-

error rate tester)
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t ¼ n� k

2

� �
ð4Þ

and t is the symbol error correcting capability of the code.

Note that xb c represents the largest integer not to exceed x.

Again, assuming a memoryless channel and since we are

using orthogonal signaling (ON–OFF keying), the lower

bound of the BER after FEC pe
FEC, can be calculated as

pFEC
e � pFEC

S

m
ð5Þ

We plot the purely random and memoryless channel

prediction of the BER after FEC pe
FEC, and our

experimental results in Fig. 5. The BER performance is a

function of intrinsic1 and extrinsic2 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 [ 10-4. This is

because for lower signal power, random errors dominate

over deterministic errors in the system. However, for

BER \ 10-4, we observe *0.5 dB of power penalty

between the experimental and the theoretical results; our

predictions are too optimistic. Since (2), (3), and (5)

assume purely random bit errors and a memoryless

channel, pe
FEC is overestimated for BER \ 10-4. This is

attributed to the fact that as the received power is

increased, the presence of random errors is attenuated

relative to the presence of deterministic errors. This is more

likely due to the memory added in the channel through

intensity noise, deterministic jitter, CDR, and other

components, making the errors statistically dependent in

a GPON uplink. An interleaver may be used to arrange the

data in a non-contiguous way such that the codeword bits

are interleaved before being transmitted. Thus, in the

presence of deterministic jitter, only a correctable number

of bits in each codeword will be affected. However, this

increases latency.

4.2 Mode-partition noise analysis

MPN has been studied extensively in [17]. MPN is a

phenomenon occurring because of an anti-correlation

among pairs of longitudinal modes, that is, even though the

total intensity of the modes remains relatively constant,

various longitudinal modes fluctuate in such a way that

individual modes exhibit large intensity fluctuations [8].

This leads to the different modes becoming unsynchro-

nized because of group-velocity dispersion (GVD) as they

travel at slightly different speeds inside the fiber. Thus, the

SNR at the decision circuit becomes worse than that

expected in the absence of MPN. Consequently, a power

penalty must be paid to improve the SNR to the same value

that is necessary to achieve the required BER. The power

penalty caused by MPN existing in 1330 nm lightwave

systems has been analyzed in [18].

Suppose the time average spectrum of the laser source is

assumed to be Gaussian and the half spectrum width is rk,

then the mean square variance of MPN rmpn, is determined

by [18]

rmpn ¼
kffiffiffi
2
p 1� exp �b2

� �� 	
ð6Þ

where

b ¼ pBDLrk ð7Þ

and k is the mode-partition coefficient, B is the bit rate, D is

the fiber delay dispersion per unit length per unit

wavelength, and L is the length of the fiber. If MPN did

not exist in the system, the signal power So which is

required to achieve a given BER would be [19].

1

Q2
¼ ro

So

� �2

ð8Þ

where ro is the total receiver power and Q is determined by

the BER pe, as

pe ¼
1

2
erfc

Qffiffiffi
2
p
� �

ð9Þ

where

Fig. 5 BER versus signal power performance of the GPON uplink

with and without FEC, and comparison to theoretical BER with FEC

1 Intrinsic noise is unwanted random energy fluctuations of the signal

electrons or photons caused by temperature, by the nonlinearity and

gradient nonlinearity of the transmission medium, or by containments

in the matrix of the medium; such noise is thermal, shot noise, and

flicker or 1/f noise.
2 Extrinsic noise is unwanted frequencies superimposed on the signal

from external sources, such as electromagnetic interference, amplifier

noise (ASE), cross talk, four-wave mixing, or detector noise.
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erfc xð Þ ¼ 2ffiffiffi
p
p
Z1

x

exp �x2
� �

dx ð10Þ

The required signal power Sm to achieve the same BER

when MPN is added to the receiver noise becomes [19]

1

Q2
¼ ro

Sm

� �2

þr2
mpn ð11Þ

and the resulting power penalty caused by MPN dmpn, is

then [17]

dmpn ¼ 10 log
Sm

So

� �
¼ �5 log 1� Q2r2

mpn


 �
ð12Þ

The coding gain G (when rmpn = 0) obtained by

employing FEC will then also have to compensate for the

power penalty dmpn, giving an MPN power penalty after

FEC dmpn
FEC. Consequently, the effective coding gain Geff

(when rmpn = 0) of the system will decrease with an

increase in MPN, giving a limitation on how much MPN

can be tolerated in the GPON uplink. It can be expressed as

Geff jrmpn 6¼0 ¼ Gjrmpn¼0 � dFEC
mpn ð13Þ

The relationship between G, Geff, dmpn, and dmpn
FEC, is

depicted in Fig. 6(a).

When the central wavelength of the laser used is within

the zero dispersion window of the fiber (1302–1322 nm),

in practice, no notable MPN penalty is observed even with

the 20-km of uplink fiber [20]. However, we have per-

formed simulations to account for the worst case scenario

in the GPON uplink. Note that according to the G.984.2

standard [9], the ONU transmitter operating wavelength is

specified in the 1260–1360-nm range.

In Fig. 6(b), we plot the BER with FEC and without FEC,

for various values of the mean square variance of MPN rmpn.

As expected, the system performance degrades with an

increase in rmpn. More specifically, from Fig. 7(a) we

observe that as the rmpn in the system increases, the coding

gain penalty increases exponentially, while the effective

coding gain decreases very rapidly. The maximum MPN that

can be tolerated in the uplink giving an effective coding gain

of zero, is when rmpn * 0.14.

Let us assume that the GPON uplink is a memoryless

channel and that the presence of deterministic errors is

negligible. According to the statistical analysis of MPN

presented in [17, 18], MPN penalty in nearly single-mode

lasers will lead to independent (random) errors. We can

then use (2), (3), and (5) to estimate the theoretical bound

when RS(255, 239) codes are employed to correct for the

power penalty introduced by the MPN in the channel. In

Fig. 7(b), we plot the BER performance of the system with

and without FEC, and also the theoretical bound obtained

for the worst case MPN when rmpn = 0.14. The effective

coding gain is observed to be *3 dB. However, note that

for rmpn = 0.14, we obtained an effective coding gain of

zero from Fig. 7(a). This means that the ‘extra’ power

penalty that we observed must be due to deterministic

errors present in the GPON uplink.

4.3 Clock phase aligner discussion

The burst-mode functionality of the receiver is obtained by

employing the CPA module. The CPA makes use of an

oversampling CDR operating at 29 the bit rate and a phase

picking algorithm. With the aid of some eye diagrams, we

review the idea behind the phase picking algorithm in [10].

Figure 8 shows the response of the CDR to bursty traffic,

as well as the 29 oversampling mode of the CDR and the

CPA operation. Three specific phase differences between

packets are considered: (a) no phase difference Du = 0 rad

(0 ps); (b) Du = p/2 rads (400 ps); and Du = p rads

(800 ps). Note, whereas Du = p rads (800 ps) represents a

worst case phase step for the CDR operated at the bit rate

(see Fig. 8(f)), Du = p/2 rads (400 ps) phase step is the

worst case scenario for the oversampling CDR at 29 the

bit rate (see Fig. 8(h)).

The 29 oversampling mode produces two samples per

bit, which helps the CPA algorithm to lock at the correct

Fig. 6 (a) Graphical depiction

of the relationships between

coding gain, effective coding

gain, and MPN penalty before

and after FEC. (b) BER versus

signal power for various MPN

mean square variances in GPON

uplink
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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 todd 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 todd 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.

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 0 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

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

Fig. 8 (a–c) Bursty traffic

(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 todd and teven sampling

instants

64 Analog Integr Circ Sig Process (2009) 60:57–70

123



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…’’ pattern) can be inserted at the

beginning of the packets to help the CDR settle down and

acquire lock. As the preamble length is increased, there is an

improvement in the PLR. After 32 preamble bits, we observe

error-free operation (PLR \ 10-6) for any phase step. There

are two comments on this. First, the use of the preamble

reduces the effective throughput and increases delay. Sec-

ond, this preamble length of 32 bits does not satisfy the 28-bit

requirement specified in the G.984.2 standard [9]. Moreover,

assuming 2 bytes of the preamble are reserved for amplitude

recovery, this leaves only 12 bits for phase recovery [6].

With the introduction of a 20-km communication fiber

link, there is a degradation in the PLR performance as the

worst-case PLR spans a wider range of phase steps as

depicted in Fig. 9(b). However, by switching on the burst-

mode functionality of the receiver with the CPA, we

observe error-free operation in both configurations for any

phase step (0 B Du B 2p rads) with no preamble bits,

allowing for instantaneous phase acquisition. This is well

below the maximum preamble length of 28 bits specified in

the GPON standard. We note that a sensitivity penalty

results from the quick extraction of the decision threshold

and clock phase from a short preamble at the start of each

packet [12, 13]. However, by reducing the length of the

CPA field, as demonstrated in this work, more bits are left

for amplitude recovery, thus reducing the burst-mode

sensitivity penalty. Alternatively, with the reduced number

of preamble bits, more bits can be left for the payload,

thereby increasing the information rate.

4.5 Packet-loss ratio versus signal power

The PLR performance of the GPON uplink as a function of

the received signal power is shown in Fig. 10. Again, note

that the abscissa is the useful power, that is, the optical

power contributed at the photodiode. To determine the burst-

mode penalty of the receiver, consider the plot in Fig. 10(a).

The PLR performance of the CDR sampling continuous data

at the bit rate with no phase difference (Du = 0 rad), is

compared to the PLR performance of the BMRx (with CPA)

sampling bursty data with the worst-case phase difference

(Du = p/2 rads). Both measurements are made for a 0-bit

preamble. We observe a penalty of less than 1 dB, due to the

29 oversampling (faster electronics) and the phase picking

algorithm. The respective eye diagrams at the input of the

BMRx are shown as insets.

If there is a worst-case phase difference between con-

secutive packets in the GPON uplink, the CDR will not be

able to recover any packets, regardless of the signal power,

resulting in a PLR * 1 as shown in Fig. 10(b). However,

if the GPON standard of a 28-bit preamble is complied

Fig. 9 PLR versus phase step

performance of GPON uplink.

(a) Back-to-back configuration

with CDR for different

preamble lengths. (b)

Comparison between 20 km

GPON and back-to-back

configurations with and without

BMRx for no preamble

Fig. 10 PLR versus signal

power performance of GPON

uplink. (a) Burst-mode penalty

by comparing continuous-mode

and burst-mode reception by

CDR and BMRx, respectively.

(b) Preamble length penalty

comparing BMRx with 0-bit

preamble and CDR with 0-bit

and 28-bit preambles
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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 = 0 rad and the number of preamble bits

required without the BMRx when Du = 0 rad. Since

phase steps between consecutive packets in the GPON

uplink are inevitable, the 1-dB power penalty may be a

small price to pay than not receiving any packets at all.

4.6 Packet-loss ratio versus CID immunity

We measure the CID immunity of the BMRx by zeroing

bits at the end of packet 1 until error-free operation

(PLR \ 10-6 and BER \ 10-10) can no longer be main-

tained on packet 2. The phase step and the preamble length

are both set to zero for this measurement. The CID

immunity of the receiver is depicted in Fig. 11. It can be

seen that the receiver can support *600 CIDs with error-

free operation. This is eight times more than the minimum

allowed number of CIDs specified in G.984.2, which is

72 bits [9].

4.7 Packet-loss ratio versus bit-error rate and mode-

partition noise

A delimiter of a packet that cannot be detected correctly

will lead to the packet being lost, and thus contribute to the

PLR. The error resistance of the delimiter depends not only

on its length, but also on the exact implementation of the

pattern correlator. Let PLRz represent the PLR obtained at

a given BER of pe with a pattern correlator having an error

resistance of z bits in a d-bit delimiter. The PLRz can then

be estimated as

PLRz�
Xd

j¼zþ1

PðjÞ � Pðzþ 1Þ for pe � 1 ð14Þ

where

PðxÞ ¼
d

x

 !
px

e 1� peð Þd�x ð15Þ

P(x) gives the probability of finding x errors out of a d-bit

delimiter given that the probability of finding a bit error is

pe. In Fig. 12(a), we compare experimentally and theoret-

ically, the PLR performance of the GPON uplink as a

function of the received signal power. Our experimental

results and the theoretical predictions are in very close

agreement albeit a negligible penalty of *0.1 dB. This

penalty may be explained by the assumptions that (14) is

based on, which include: (1) the errors in the delimiter of

the packet follow a binomial distribution, and (2) the

probability of these errors is given by the BER of the

system. The latter is only true in the case of purely random

errors, which clearly, may not be the case.

The complexity of the pattern correlator depends on an

acceptable error resistance of the delimiter. Consider the

plot in Fig. 12(b) which shows the PLR performance as a

function of the BER for various pattern correlator error

resistance values of the delimiter. Even with a simple

pattern correlator having z = 1 bit error resistance, we

obtain error-free operation: PLR \ 10-9 at BER = 10-10.

Furthermore, by increasing the pattern correlator error

Fig. 11 PLR versus CID immunity performance in GPON uplink

Fig. 12 (a) Comparison

between theoretical and

measured PLR versus signal

power. (b) PLR versus BER

performance with a pattern

correlator having different error

resistance values in a delimiter
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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 rmpn.

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 rmpn * 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 = 10-6 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

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 = 10-4. 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 = 10-10 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

Fig. 13 PLR versus signal power for different MPN mean square

variances in GPON uplink

Fig. 14 BER and PLR

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

as the PLR * 1. Second, even if the packet is received, that

is the delimiter can be detected, the introduction of the phase

step, will induce a severely errored burst whose length is

much larger than the error correcting capability of the RS

codes. As depicted in Fig. 12(b), for PLR * 1, the

BER [ 10-1 regardless of the error resistance of the pattern

correlator on the delimiter. As long as the burst length is not

more than the error correcting capability of the RS code

(BER \ 10-4), the errors can be corrected. Clearly this is not

the case here.

We perform similar tests on the BMRx with the CPA

and FEC turned on. It can be observed from Fig. 14 that

regardless of a phase step introduced in the uplink, no

packets are lost because of the ability of the CPA to

instantaneously acquire the phase. Thus, the BER does not

vary for packets with different phase and no burst of errors

are introduced, making the task of the RS(255, 239) codes

easy to bring down the BER \ 10-10, leading to reliable

and predictable BER measurements.

5 Summary and conclusion

We experimentally investigated the effect of channel

impairments on the performance of a BMRx in a 622 Mb/s

20-km GPON uplink, and quantified the results in terms of

the BER and PLR performance of the system. Our receiver

features a CPA for automatic phase acquisition, and an RS

(255, 239) decoder for FEC. The CPA makes use of a

phase picking algorithm and an oversampling CDR oper-

ated at 29 the bit rate.

This BMRx provides instantaneous (0 preamble bit)

phase acquisition with PLR \ 10-6 and BER \ 10-10 for

any phase step (±2p rads) between consecutive packets,

clearly meeting the 28-bit preamble specification of GPON.

The receiver also supports more than 600 CIDs, which is

eight times more than the minimum 72-bit GPON specifi-

cation. By reducing the length of the CPA field, more bits

are left for amplitude recovery, thus, reducing the burst-

mode sensitivity penalty. Alternatively, with the reduced

number of preamble bits, more bits can be left for the

payload, thereby increasing the information rate, and thus,

the effective system throughput. The price to pay, a 1-dB

power penalty, to obtain instantaneous phase acquisition is

faster electronics. On the other hand, our solution leverages

the design of components for long-haul transport networks.

These components are typically a generation ahead of the

components for multi-access networks. Thus, our solution

will scale with the scaling for long-haul networks. It should

be noted here that off-the-shelf components for RS codes

are available for throughput below 1 Gb/s. However, with

the scaling of GPON data rates as they reach 10 Gb/s and

beyond, the power consumption and complexity of these

FEC devices will be the main barrier to integrate them into

optical communication systems at low cost [27]. The

622 Mb/s BMRx inherits the low jitter transfer bandwidth

(1 MHz) and the low jitter peaking (0.1 dB) of the over-

sampling CDR at 1.25 Gb/s. Hence, this receiver could

also find applications in burst/packet switched networks,

which may require a cascade of BMRx that each consumes

some of the overall jitter budget of the system.

The receiver also accomplishes a 3-dB coding gain at

BER = 10-10. The coding gain can be used to reduce the

minimum and maximum transmitter power, or increase the

minimum receiver sensitivity by the same amount. Alter-

natively, the effective coding gain can be used to reduce

the penalty due to MPN, and thus achieve a longer physical

reach or support more splits per single PON tree. We

observed a power penalty of 0.5 dB between the experi-

mental and the theoretical BER results with FEC. The

penalty is due to the memory added in the channel and

the presence of deterministic burst-errors. As stated earlier,

the theoretical analysis assumes purely random bit errors

and a memoryless channel.

We also studied the impact of MPN in the GPON uplink

in terms of the BER and the PLR performance of the

system. As the MPN in the system increases, the coding

gain penalty increases exponentially, while the effective

coding gain decreases very rapidly. The maximum MPN

that can be tolerated in the uplink giving an effective

coding gain of zero, is when rmpn = 0.14. At this value,

there is a deterioration of more than two orders of mag-

nitude in the PLR for signal power C -13 dBm.

We showed that the experimental results and the theo-

retical PLR performance of the system are in good

agreement. Furthermore, we analyzed the PLR perfor-

mance as a function of the BER and the pattern correlator

error resistance of the delimiter. A BMRx with a simple

pattern correlator having a 1-bit error resistance obtains

error-free operation with PLR \ 10-9 at BER = 10-10. By

increasing the pattern correlator error resistance to 2 bits,

the PLR performance can be improved by eight orders of

magnitude. In addition, we observed a coding gain of

*2 dB at a PLR = 10-6 which can be used to compensate

for the penalty introduced by the MPN, and also the 1-dB

burst-mode penalty.

Finally, we addressed the problem of monitoring BERs

in bursty GPON uplink. We demonstrated how the CPA

and the RS(255, 239) codes can be used in tandem for

dynamic burst-error correction, giving reliable BERs in

bursty channels.
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(FCAR). He was also awarded a Richard H. Tomlinson Doctoral

Fellowship from McGill University.

Noha Kheder was born in

Cairo, Egypt. She received the B.

Eng. degree (with distinction) in

Electrical Engineering from

McGill University, Montreal,

QC, Canada, in 2006, where she

is currently working toward the

M.Eng. degree in Electrical

Engineering. Her research inter-

ests include passive optical

networks and burst-mode

receivers for passive optical net-

works. Ms. Kheder is the

recipient of a Master’s research

scholarship from Le Fonds Que-

becois de la Recherche sur la Nature et les Technologies (FQRNT). She

is the current Vice President of the IEEE McGill Student Branch.

Ming Zeng was born in Wuhan,

China in 1983. She received the

B. Eng. honors degree in Elec-

trical Engineering from McGill

University, Montreal, QC, Can-

ada in 2007, where she is

working toward the M.Eng.

degree in Electrical Engineering.

Since 2006, she has been work-

ing with the Photonic Systems

Group, Department of Electrical

and Computer Engineering,

McGill University, where she

completed her undergraduate

thesis on burst-mode receiver for

passive optical network. She is the current President of IEEE McGill

Student Branch.

Nicholas Zicha was born in

Montreal, Canada in 1981. He

received his Honors B. Eng (with

distinction) in Electrical Engi-

neering from McGill University,

Montreal, Canada in 2004. After

working in industry as a digital

hardware designer, he is currently

pursuing his M. Eng. degree in

Electrical Engineering at McGill

University. His research interests

include high-speed burst-mode

optical receivers, high-speed

inter-chip communications, and

optoelectronic-VLSI systems.

David V. Plant received the

Ph.D. degree in Electrical

Engineering from Brown Uni-

versity, Providence, RI, in 1989.

From 1989 to 1993, he was

a Research Engineer at the

Department of Electrical and

Computer Engineering, Univer-

sity of California at Los Angeles

(UCLA). He has been a Profes-

sor and Member of the Photonic

Systems Group, the Department

of Electrical and Computer

Engineering, McGill University,

Montreal, QC, Canada, since

1993, and Chair of the Department since 2006. He is the Director and

Principal Investigator of the Centre for Advanced Systems and

Technologies Communications at McGill University. During the

2000–2001 academic years, he took a leave of absence from McGill

University to become the Director of Optical Integration at Accelight

Networks, Pittsburgh, PA. His research interests include optoelec-

tronic-VLSI, analog circuits for communications, electro-optic

switching devices, and optical network design including OCDMA,

radio-over-fiber, and agile packet switched networks. Dr. Plant has

received five teaching awards from McGill University, including most

recently the Principal’s Prize for Teaching Excellence in 2006. He is a

James McGill Professor and an IEEE LEOS Distinguished Lecturer.

He was the recipient of the R.A. Fessenden Medal and the Out-

standing Educator Award, both from IEEE Canada, and received a

NSERC Synergy Award for Innovation. He is a member of Sigma Xi,

a Fellow of Optical Society of America, and a Fellow of the IEEE.

70 Analog Integr Circ Sig Process (2009) 60:57–70

123


	Performance analysis of burst-mode receivers with clock phase alignment and forward error correction for GPON
	Abstract
	Introduction
	GPON experimental setup
	GPON burst-mode receiver
	Building blocks
	Burst-mode receiver functionalities

	Experimental results and discussions
	Bit-error rate versus signal power
	Mode-partition noise analysis
	Clock phase aligner discussion
	Packet-loss ratio versus phase step
	Packet-loss ratio versus signal power
	Packet-loss ratio versus CID immunity
	Packet-loss ratio versus bit-error rate and mode-partition noise
	Dynamic burst-error correction

	Summary and conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


