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Abstract

Future access technologies require higher bandwidth than today’s technologies. A prom-

ising candidate to full-fill this requirement is wavelength division multiplexing (WDM)-

passive optical network (PON). This work describes how the usage of pilot tones enables

the development a low-cost WDM-PON.

In this thesis, a new pilot tone generation method, which is based on a modified 8B/10B

encoder, is introduced. The new generation scheme is experimentally demonstrated using

a field programmable gate array (FPGA), and its performance is compared to existing

generation methods.

Then, a centralised network wavelength control using individual pilot tones is presen-

ted which allows a optical network unit (ONU) to tune itself to its target channel. The

centralised network wavelength control allows to remove the wavelength reference

(etalon) from all ONUs and thus to reduce the overall costs.

Further cost savings on the ONU side can be gained by omitting the thermoelectric

cooler (TEC) and reducing the calibration effort. Instead, generic equations and/or

interpolation of the calibration data can be used. The work explains how the two concepts

can be applied to two different laser types: Digital supermode - distributed Bragg reflector

(DS-DBR) lasers and sampled grating Y-branch (SG-Y) lasers. Both concepts can also

be used with the former introduced centralised network wavelength control and will

subsequently also be experimentally demonstrated jointly.

Finally, a new method incorporating a second wavelength reference (etalon) is intro-

duced. The new method provides a large lock-in range of an arbitrary target channel

frequency. The theory of the new method is explained, and its usage will be demonstrated.

This grid-less wavelength locking is not limited to access networks can be used in several

application, e.g. flexgrid with a very small channel spacing.
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1 Introduction

1.1 Passive optical networks

Today, telecommunications networks can be roughly divided into three main parts: core,

metro and access networks. In the core network, also called backbone, the high-speed

wavelength division multiplexing (WDM) equipment is used. Then, towards the end user,

metro systems are used to aggregate the traffic from different locations for transmission

in the core network. Finally, within the access part, end-user connectivity is established.

Passive optical networks (PONs) are used as residential access technology to provide

this end-user connectivity. PONs are seen as a future replacement for xDSL variants, e.g.,

asymmetric digital subscriber line (ADSL) and very-high-bit-rate digital subscriber line

(VDSL), and also as a replacement coaxial television (TV) cable networks., e.g., Data Over

Cable Service Interface Specification (DOCSIS).

1.1.1 Basic terminology

In a passive optical network, several users are connected to a central point via a single

fibre. This point-to-multi-point (P2MP) architecture allows service providers to share a

part of the fibre plant between various users. The shared part is called feeder fibre, and

the part running to each user is called drop-line or distribution fibre. Finally, in the remote

node (RN), the two parts are connected together, see Figure 1.1a. Together, feeder fibre,

distribution fibre and the remote node, are called optical distribution network (ODN). The

terminus passive in PON means that no active powered equipment is used in the outside

plant between the central office (CO) and the optical network units (ONUs). ONUs are

also called customer premises equipment (CPE). According to ITU G.983.1, see [1], the

term optical network termination (ONT) is only used when the optical network part is

terminated on the costumer premises (FTTH) and the term ONU is used when the device

provides (directly or remotely) a user-side interface of the ODN. Within this work the

term ONU will refer to both ONTs and ONUs. Depending on how far the fibre reaches

into the network, different names, which all follow the naming scheme "fibre-to-the-X",

can be used:

1



1 Introduction

• Fibre-to-the-business / building (FTTB)

• Fibre-to-the-curb (FTTC)

• Fibre-to-the-cabinet (FTTCab)

• Fibre-to-the-home (FTTH)

• Fibre-to-the-node / neighbourhood (FTTN)

• Fibre-to-the-premises, includes FTTH and FTTB (FTTP).

Figure 1.1b shows FTTCab, FTTC, FTTB and FTTH. For FTTCab and FTTC, the last mile

to the costumer is realised via a copper line, with technologies like xDSL or hybrid fibre

coax (HFC). In these two cases, it is common that multiple network terminations (NT)

are connected to a single ONU. In FTTH and FTTB, however, the fibre runs to costumer

home. Either the ONU sits in the basement (FTTB), or the distribution fibre is running

directly to the room where the end device is located. Note that no exact separation as

when to use which FTTX naming variant exists. The same deployment can have different

names for different operators.

ONU OLT 

ONU 

ONU remote node 

feeder 
fiber 

drop 
fibers 

ODN 

(a) Basic PON architecture

NT 

ONU NT 

NT 

ONT 

ONU 

OLT 

ONU 

copper 

fiber 

(b) FTTX in the access part of a network
from top to bottom:
FTTCab, FTTC, FTTB, FTTH

Figure 1.1: Basic PON architecture and FTTX in the access part

1.1.2 Bandwidth demand

Residential access bandwidth has been increasing in the past for 30 years. This effect of

continuous bandwidth growth has been described by Nielson [2], who made a prediction

that residential access speeds will grow by 50% per year. This prediction is often compared

2



1.2 PON systems

to Moore’s law for the number of transistors on integrated circuits. The exponential

growth can be seen from Figure 1.2 and was true from the late 1980s until now. Also

today, no change of this growth in demand can be seen as future services can easily

fill bandwidths in excess of 100 Mb/s. One of today’s key bandwidth drivers is high-

definition video streaming, see [3]. Therefore, it can be foreseen that also currently

deployed systems will reach their limits and won’t be capable of delivering the future

services.

1988 1992 1996 2000 2004 2008 2012 2016

year of deployment

100

1 k

10 k

100 k

1 M

10 M

100 M

1 G

10 G

[b
it

s/
se

c]

Modem

ISDN

ADSL

ADSL2
VDSL
GPON

XG-PON

WDM-PON

per user access speeds

Figure 1.2: Nielsen’s Law of Internet Bandwidth [2] growth with technologies enabling
these speeds (uncontended bandwidth) and showing a growth of 50% per
year

1.2 PON systems

In the literature, many different PON systems have been proposed: optical code divi-

sion multiple access (OCDMA)-PON [4], orthogonal frequency-division multiple access

(OFDMA)-PON [5], space division multiplexing (SDM)-PON [6], frequency division

multiplexing (FDM)-PON [6], WDM-PON [7], and finally many variants of the stand-

ardized time division multiple access (TDMA)-PON. Figure 1.3 gives an overview of
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1 Introduction

the most relevant variants which use a passive fibre infrastructure, structured by remote

node design, technology and realisation. Currently, three approaches are commercially

pursued: TDM-, WDM- and Hybrid-PONs. Therefore, these three main variants for a

next generation optical access (NGOA) network are described hereinafter and marked

with a bold frame in Figure 1.3.

Power Splitter

WDM-PON

TDM-PON

40G-TDM

WDM Filter

Stacked
TDM

4-8 λ w/ 
XG-PON1/2

Hybrid (Filter + Splitter)

DWDM

UDWDM

WDM+XXM 
Hybrid

WDM+
SCM

Passive Architecture

Technology

OFDM 
PON

Optical 
OFDM

Electr. 
OFDM

CDM 
PON

WDM+
OFDM

Remote Node 
(RN) Design

Realization CWDM

DDCoh.

E-CDM

Coh.

SFP

Seeded
Reflective

Tunable ONU
Arrayed OLT

HFC

Self 
seeded

λ
Reuse

GPON EPON

10G-EPON

XG-PON1

XG-PON2
O-CDM

WDM+
TDM

WDM+
CDM

Figure 1.3: System concepts NGOA networks with passive fibre infrastructure, based on
[8].

1.2.1 TDMA systems

Today, mainly Ethernet PON (EPON) [9] and Gigabit PON (GPON) [10] systems are

deployed, see [11]. Both systems are based on TDMA, use a power splitter in the remote

node and are single fibre working (SFW) systems. In order to distinguish the traffic

between different ONUs in downstream direction, the OLT always sends packet contain-

ing information to which ONU the packet is addressed. Every downstream packets is

received by all ONUs, but only the ONU with the matching target address processes

the packets. In upstream direction, the ONUs cannot send continuously because simul-

taneous transmission of two or more ONUs would result in uncorrectable errors at the

OLT. Instead, the OLT attributes time slots for each ONU when it is allowed to send. The

rest of the time, the ONU laser has to be turned off. See Figure 1.4a for the attribution

of time slots to different ONUs. For a complete explication of the media access protocol

for GPON, see [10], [12]. The power splitter in the remote node can have splitting ratios

up 1:128. Alternatively, topologies with two stages are possible, e.g. in the first stage

4



1.2 PON systems

a 1:8 splitter followed by 8 power splitters each again having 1:8 split. This two-stage

topology then allows to aggregate a total of 64 ONUs on one feeder fibre. Depending

on the splitting ratio and the fibre length, the optical line budget from the OLT to the

ONUs is different. A higher system budget results in higher component costs. In order

not to use over-dimensioned and thus too expensive components for deployments with a

low system budget, different reach classes have been defined. For GPON, ODN losses

between 28 and 32 dB have been standardized in ITU G.984.2, see [10].

ONUOLT

ONU

ONU
power 
splitter

1 2 … … N

1 2 … … N

1 2 … … N

1 2 … … N

Time slots

(a) Power split TDMA-PON

ONUOLT

ONU

ONU

AWG λ1

λ2

λN

1
2

…
N

λ

(b) WDMA-PON with an AWG in the RN

ONUOLT

ONU

ONU

AWG λ1

λ2

λN

1
2

…
N

λ 1 2 … … N

Time slots

(c) Hybrid WDM-TDMA-PON with an AWG in the RN

Figure 1.4: PON systems: a) TDMA-PON, b) WDMA-PON, c) WDM-TDMA-PON
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The OLT sends packets at a specific line rate (physical layer gross bit rate). Table 1.1

shows the line rates of various standardized PON systems. An ONU continuously

receives all packets from the OLT and only processes the packets addressed to itself.

In TDMA systems, as in all shared media systems, the maximal downstream (DS) and

upstream (US) data transfer rate (commonly known as bit rate) is available for every

ONU, however not at the same time. In the highest demand case, in which all ONUs

want to have the maximal data transfer rate, the resulting data transfer rate for one ONU

is the line rate divided by the numbers of ONUs connected to the same OLT. Note the

final throughput payload data rate an ONU can obtain is lower then the data transfer rate

due to the overhead data in the frames. All standardised TDMA systems have a complex

protocol frame with a, compared to standard Ethernet, large overhead.

The average data transfer rate, also called bandwidth, for a single ONU is subject

to bandwidth allocation and fairness rules which are implemented in the OLT. Using

prioritisation and scheduling, the available bandwidth can be attributed dynamically

between different ONUs, which is an advantage for lower line rates (up to 10 Gbit/s).

However the burst property is not desirable when increasing the total throughput rate,

e.g., to 40 Gbit/s, as all ONUs need to be running at this speed, which implies high cost.

standard max. downstream line rate max. upstream line rate [Gbit/s]

Gbit/s normal alternative

BPON [1] 0.622 0.155
1G-EPON [9] 1.25 1.25
GPON [10] 2.5 1.25 2.5
XG-PON [13] 9.95 2.5 5.0
10G-EPON [14] 10.31 10.31 1.0

Table 1.1: Parameters of TDMA-PON standards

1.2.2 WDM-PON

In a WDM-PON, the ONUs are addressed by different wavelengths. In most config-

urations, an arrayed waveguide grating (AWG) is installed in the RN, see Figure 1.4b,

however, it also possible to design a system with a power splitter in the RN. If an AWG is

used, the system is called wavelength routed (WR)-WDM-PON and if a power splitter

is used, it is called a wavelength selected (WS)-WDM-PON. In a WR-WDM-PON, the

wavelengths in downstream direction are separated by the AWG, see Figure 1.5. Each

ONU then only receives one wavelength. In a WS-WDM-PON, every ONU receives

the complete spectrum and must filter out the attributed channel. This can be done

6



1.2 PON systems

either by a tunable filter, see [15], or by coherent detection, see [16]. In the following,

mainly WR-WDM-PONs will be considered because of the lower insertion loss (IL) of the

AWG and the immaturity of low-cost tunable filter techniques. The lower insertion loss

is achieved because the AWG demultiplexes the different downstream channels in the

wavelength domain. Today’s 40-port modules have IL <∼6 dB as compared to 32-port

power splitters with ∼16-17 dB. Due to this lower IL, a WR-WDM-PON allows longer

distances, or the same distances can be achieved by components with less demanding

requirements which lead to cheaper components.

Athermal AWG

As described before, the RN with the AWG is normally placed in the outside plant where

no energy supply is available or wanted, and thus no temperature control can be provided.

Therefore it is important that the AWG can work properly within a temperature range for

outdoor components, e.g., -40...+85◦C for the so-called "extended industrial range". There

are also other temperature ranges depending on the application, e.g., "commercial grade"

is -20...+55◦C and "military grade" is -55...+125 ◦C. Athermalization can be achieved by

different methods, see [17] for an overview.

The spectral distance of two refractive orders of an AWG filter is described by the free

spectral range (FSR). In different orders of the AWG, the channel spacing isn’t equal

and normally the C-Band is fixed to 100 GHz. The other refractive orders have slightly

larger / smaller channel spacings which are not "on grid" any more with respect to the

nominal 100-GHz ITU-T wavelength grid, which is defined in [18]. This offset to the

ITU-T wavelength grid is depending on the technology and the design parameters of the

AWG and can be expressed by

grid(n)

grid(n + 1)
=

f0

f0 + FSR
(1.1)

with the grid being defined in Hz and f0 the frequency in the C-band.

In order to have a common grid between different vendors ITU-T recently approved

ITU-T G.698.3, see [19], which defines a channel grid of 100 GHz in the C-band and

97.15 GHz in the L-Band. Table 1.2 shows the low measured insertion loss of several

refractive orders, and Table 1.3 shows the athermalization. Both measurements have been

done with commercially available AWGs. It can be seen from the measurements that up

to 10 orders can be used with low insertion loss, and also that the temperature range is

large. This enables use of further orders for additional services which is called multi-band

usage. It should also be noted that the extension of the AWG from 40 ports at 100 GHz to

7
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80 ports at 50 GHz will only add small additional insertion loss (∼1 dB additional).

Order Band Channel grid [GHz] Wavelength [nm] Typ. IL [dB]

−2 U 94.7 1616 - 1642 4.01
−1 L 97.3 1574 - 1599 4.01

0 C 100 1533 - 1558 4.24
1 S 102.5 1494 - 1519 4.27
...
7 O 118 1299 - 1320 4.02

Table 1.2: Measurement results of a 32-port athermalized AWG incl. connectors

Temperature Insertion Loss [dB]
Min. Max. variation

−40 4.072 4.862 0.789
0 3.873 4.369 0.495

40 3.773 4.291 0.518
80 4.276 4.818 0.541

Table 1.3: Measurement results of a 40-port athermalized AWG according to ITU-T G.698.3
[19] over all ports in C-Band (195.9 - 192.0 THz) incl. connectors

WDM-PON with reflective transmitters

In a wavelength-seeded reflective WDM-PON, the upstream optical carrier for all ONUs

is generated at the OLT and sent toward the ONU, where the carrier is modulated by a

reflective optical device. For this task, either a reflective semiconductor optical amplifier

(RSOA), a reflective electro-absorption modulator (REAM) or an injection-locked Fabry-

Perot laser diode (IL-FPLD) can be used. It also possible to have mixed devices, e.g. a

REAM-semiconductor optical amplifier (SOA)

In order to completely remove the downstream modulation from the upstream traffic,

the reflective device must be operated in the saturation regime [20], which leads to power

budget limitations. Several publications propose solutions to overcome this limitation:

reducing the downstream modulation-index [21], alternating continuous wave (CW) light

with modulated data slot [22], broadband light source seeding from the OLT [23], and

also applying a special optical line coding for down- and upstream [24]–[26]. Various

technology options are available as a seed source: broadband light sources (BLSs) like a

light emitting diode (LED) or an erbium doped fibre amplifier (EDFA) can be used, which

8



1.2 PON systems

input fiber output fibers

λd1 λd2 λdN

λu1 λu2 λuN

λd1 λu1
λd2 λ u2

λdN λ uN

star couplers

waveguide array

substrate

Figure 1.5: Arrayed Waveguide Grating (AWG) schematic functionality

are then spectrally sliced by the AWG in the RN. Alternatively, a multi-frequency laser

(MFL) can be used which directly generates the desired wavelengths.

Apart from using the downstream signal, self-seeding systems have been proposed,

see [27], in which however the optical link budget has to be small to function properly.

WDM-PON with tunable laser

In this WDM-PON variant, the upstream optical carrier is generated by a laser in the ONU.

In theory it would be possible to use lasers with different fixed wavelengths at each ONU.

But this so-called coloured approach implies high effort for operational issues (especially

for planning and provisioning and spare-parts keeping) and is therefore not favoured

by network operators. Instead, it becomes necessary that each ONU is equipped with a

full band tunable laser that is capable of tuning to any wavelength within the upstream

range. Such lasers are widely deployed in today’s core WDM systems. Although being

commercially available, it is not possible to use these tunable laser technology in a

PON context because of their high price. In order to meet the price requirement of the

residential market, ways of lowering the cost of the whole tunable transceiver have to be

found, which will be described in Chapter 4.

1.2.3 Hybrid WDM/TDMA-PON

The combination of the WDM and TDMA approaches is the so-called Hybrid WDM/

TDMA-PON, which is also called TWDM. Its standardisation is currently (mid-2013)

discussed in FSAN and ITU SG15 Q2 under NG-PON2 and will be published as the

G.989.x recommendation. The system is seen as a smooth migration step from existing

9



1 Introduction

TDMA towards higher capacity systems which aggregate more clients on a single feeder

fibre. A solution for not using tunable filters at the ONU is the usage of an ODN

consisting of two stages, see [28]. In the first-stage RN, an AWG is used to demultiplex

the wavelength, and in the second stage a (already installed) power splitter is then used

to enable the TDMA of various ONUs, see Figure 1.4c. Alternatively, when using tunable

filters at the ONU, also pure power splitter based topologies are possible. In a hybrid

system, the insertion loss for seeded-reflected technologies is too high, and therefore

tunable lasers at the ONUs need to be used.

1.2.4 Evolution of PON standards

First trials of PONs were done in the late 1970s, see [29] for a historical review. Since

the late 1990s, mass deployments of commercialised systems were rolled out. Most

of these installations so far have been done in Asia-Pacific and in North America. In

Europe, up to now active optical network (AON) has a larger market share than PONs,

but this is expected to change as nearly all big European network operators have started

deploying GPON. All important standards were published by two standards bodies:

International Telecommunication Union (ITU) and Institute of Electrical and Electronics

Engineers (IEEE). In addition, the full service access network (FSAN) has to be mentioned

as pre-standardisation body as its findings are later used in ITU. For a timeline of PON

standards, see Figure 1.6. Up to now, all standardized PON systems are power splitter

1994
1996

1998
2000

2002
2004

2006
2008

2010
2012

2014

FSAN & ITU

IEEE

FSAN
founded

1G-EPON 10G-EPON

BPON G-PON XG-PON NG-PON2

PON standards

Figure 1.6: Evolution of PON standards: from beginning of study group to first public-
ation of standard; including the targeted standardisation date of NG-PON2
[30]
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1.2 PON systems

based. For GPON, 10-Gigabit-capable passive optical network generation 1 (XG-PON1),

upstream/downstream wavelength bands have been defined in order to achieve coexist-

ence between the different versions. Compatibility between GPON and XG-PON1 for

example can be achieved by installing a WDM splitter in the downstream at the CO and

a wavelength blocking filter (WBF) at the ONU to optically multiplex or demultiplex

wavelength bands for the different versions. Figure 1.7 shows that it is possible to migrate

from one system to another without changing the ODN. Additionally, to facilitate the

later migration, G.984.5 recommends to preinstall low-cost WBF at the GPON ONUs.

EPON and GPON cannot coexist in the same ODN as their wavelength plans overlap.

Both systems define the 1490 nm for downstream and 1310 nm upstream. For future

systems, it is possibly allowed to break with the coexistence with older systems as

otherwise the available spectrum would be very small, if all coexistence requirements

need to be fulfilled. Apart from the coexistence, it may also be allowed at a given point to

replace the power splitter in the RN by an AWG.

Power splitter deployed for Giga PON 
(no replacement / no addition) 

Splitter for NGA3 
(power splitter or  
something new) 

G-PON  

GE-PON 

Co-existence  arrows mean to allow gradual 
migration  in the same ODN. 

NGA3 or NG-PON3 
E.g. Higher-rate TDM 

DWDM 
Co-UD-WDM. 

NGA1 incl. long-
reach option 

C
ap

a
ci

ty
 

XG-PON1 
(Down: 10G  

Up: 2.5G or 5G ) 

2005 2010 2013-14 

NGA2 

NG-PON2: 
1x -16x  stacked  

XG-PON1 

2016 

Figure 1.7: Migration to, and coexistence with current and future PON standards, based
on [31, Figure 4]
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1.3 PON Monitoring & Control for WDM-PON

For a practical WDM-PON deployment, it becomes necessary to detect and preferably

also localize failures during installation and operation. In today’s backbone network,

many monitoring functions are already used and can possibly also be used in WR-WDM-

PONs. However, many approaches cannot be applied directly to a WR-WDM-PON

as their costs are too high or some other PON requirements are not met, e.g. power

budget and operation wavelength. In general, the monitoring and control methods can

be differentiated into the following three categories:

• fibre fault monitoring and localization

• optical performance monitoring (OPM)

• operations, administration and maintenance (OAM)

1.3.1 Fault monitoring and localization

In WR-WDM-PON, an operator needs to detect and localize fibre failures, e.g., fibre

cuts or breaks. Fibre cuts can occur in all parts of the passive infrastructure of the WR-

WDM-PON. In backbone WDM-systems, optical time-domain reflectometers (OTDRs)

are used for fault detection and localization, see [32]. These commercially available

OTDRs are not suitable for WDM-PONs as they operate on a single or on several select-

able wavelengths and thus cannot detect fibre failures after the RN’s AWG where the

downstream wavelengths are demultiplexed.

Several solutions have been proposed to overcome this problem. A direct approach is to

replace the fixed wavelength laser in the OTDR with a tunable one, see [33]–[35]. Instead

of a tunable laser, [36] proposed the combination of a wavelength-locked Fabry-Perot

laser and an optical bandpass filter for the generation of the OTDR pulses on different

wavelengths. Further, solutions which re-use existing light sources have been proposed.

[37] localizes fibre failures by reusing the downstream lasers for the generation of OTDR

pulses. The OTDR pulses are used instead of the normal data traffic and are only used

when an upstream channel is affected by a failure.

Instead of the generation of a dedicated wavelength at the OLT, the wavelength se-

lectivity for monitoring different channels can also be achieved by using the spectral

slicing property of the RN’s AWG. At the OLT, a BLS generates a signal with covers

the spectrum of all channels. This broadband signal is then spectrally sliced in the RN,

reflected at the ONUs and received at the OLT. The reflectors are located near the ONU

location and are passive components that reflect the light in the monitoring band, see [38].
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1.3 PON Monitoring & Control for WDM-PON

Different implementations to spectral slicing methods were proposed by [39], [40]. Note

that optical reflectors can also be used in combination with an OTDR to facilitate fault

recognition and to achieve better measurements.

A completely different approach is to install additional fibres for monitoring purposes,

see [41]. This however makes a massive change to the outside fibre plant necessary and

is very cost intensive. An overview and also additional (less relevant) methods can be

found in [12], [42].

1.3.2 Optical performance monitoring

The OTDR-variants are rather expensive, require a long measurement time, and depend-

ing on the implementation are service interrupting. Therefore it is essential to be capable

to monitor optical parameters like the wavelengths and optical powers of WDM signals

during operation.

Optical power

In general, monitoring of optical power is easy to achieve. It can, for example, be

achieved via a tap-coupler and narrow-band with photo diode (PD). In WDM-PON,

where different wavelengths are multiplexed, the optical power monitoring could be

achieved by an arrayed monitor, as proposed by [43]. This, however, adds an additional

complex component to the system.

In all optical systems, the measurement of the received optical power can be done in-line

by monitoring the received signal strength indicator (RSSI) port of the transimpedance

amplifier (TIA) in the OLT, see [44]. At the OLT in a WDM-PON, all channels are optically

separated by the demux AWG and electrically processed. There, it is possible to monitor

the optical per channel power via the RSSI ports of the TIAs.

For a TDM-PON, the signal strength of all ONUs can be measured at the RSSI port at

the OLT. The measurement must be synchronised with the media access control (MAC)

for mapping of signal strength to ONU. However, the measurement time of one burst

transmission may not be sufficient to achieve high accuracy. [45] proposed therefore to

average the measurement over several bursts from the same ONU.

In a WDM-PON, depending on the channel count, a multitude of electrical signal has

to be terminated and digitized which may not be the preferred choice for space and

complexity reasons.

Previously, [46] proposed that the optical powers of WDM signals can also be monitored

by using pilot tones, which enable the usage of a single PD for monitoring all WDM

channels. The optical power can then be estimated by multiplying the detected amplitude

13



1 Introduction

of its pilot tone by the optical modulation index, see Section 2.1 for more details on pilot

tones.

Wavelength

To monitor the operating wavelengths of WDM signals, [47], [48] proposed methods

mostly utilising tunable filters such as acousto-optic tunable filters. Here, a small-band

filter is swept over the complete spectrum and measures the optical spectrum. The optical

frequency resolution is determined by the filter bandwidth. Again, pilot tones can be

used to identify the channel under consideration within an optical multiplexed signal.

Another approach for the wavelength measurement is to use a temperature-tunable

etalon filter. Here, the resonance peaks of the periodic etalon filter, which are matching the

channel grid, are used to calculate an optical frequency offset value, see [49]. Section 3.3.1

will explain the principle operation of etalons and the calculation in detail. The usage of

an etalon in combination with pilot tones for WDM multiplexed signals was first reported

by [50] and again by the same author in [51]. The principle and its application within a

WR-WDM-PON will be explained in Chapter 3.

Other parameters

Other parameters of the optical signal can be monitored as well. [52] gives a complete

overview of the monitoring of transmission parameters. The list includes:

• effects of self-phase modulation [52]

• polarization-mode dispersion [52]

• optical path and channel identification [52]

• timing misalignment [52]

• chromatic dispersion (CD) [52], [53]

• wavelength registration [53]

• signal-to-noise ratio (SNR) [52], [53].

These parameters are however not as important during operation as power and wave-

length for WR-WDM-PONs. For example, the chromatic dispersion influence is negligible

for typical PON distance up to 40 km and modulation speeds of ∼1 GHz. The other

parameters require expensive equipment to be measured precisely, which contradict the

low-cost idea of PON systems.
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1.3.3 Operations, Administration and Maintenance

For completeness, also monitoring and control functionality, which are used in higher

layers, are mentioned. The OAM functionality designed for PON systems must be aware

of PON specific properties and able to coexist with other management solutions. Most

of the functionality is derived from older protocols like synchronous optical network

(SONET) and asynchronous transfer mode (ATM). OAM refers in general to the tools

and utilities to install, monitor and troubleshoot a network. The information can be

embedded into the header of a data frame or be transmitted as separate OAM frames.

The functionality can include:

• frame loss ratio

• frame delay

• frame delay variation

• network discovery

• link monitoring

• remote fault detection

• remote loopback.

For example, in GPON systems, dedicated physical layer OAM (PLOAM) frames are

used to synchronise the timing between different ONUs to ensure error free functioning.

In this work, the focus of control and monitoring will be on efficient wavelength and

power monitoring, which is a done on the physical layer.

1.4 Outline of chapters

This section gives a short overview over the following chapters. First, Chapter 2 will give

an overview of the generation and reception of pilot tones. In Chapter 3, these pilot tones

will be used in a WR-WDM-PON concept to monitor and control the wavelength and the

received optical power of the ONUs, including the usage of a centralised etalon.

Chapter 4 will then evaluate the possibilities of the usage of (partly) uncooled tunable

lasers in PON systems. Chapter 5 will show how to lock the lasing frequency to an

arbitrary frequency, which exists in a grid-less system or in an unequal spaced grid.

Finally, Chapter 6 will summarize the work and give an outlook on possible future fields

of investigation.
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2 Pilot tone generation & detection

Pilot tones are widely used in optical telecommunications. Mostly, pilot tones are used

to provide additional low bit-rate information on a high-speed modulation channel.

This additional information can be used to provide low complexity optical performance

monitoring, see [54] for examples, and simple OAM services. The advantage is that in

order to retrieve the low-speed information, no complete demodulation of the optical

high-speed data has to be done. Reception of the pilot tone data can be done by a low-

speed photo diode, which is less complex and thus more cost-effective. E.g., a receiver

with bandwidth of 2 MHz is much cheaper than a receiver with 10 GHz. For a general

description of pilot tone applications and generation schemes, see [54]. In the following,

different pilot tone generation and detection methods and their impact on the transmitted

high-speed signal will be described.

2.1 General description and definitions

The typical eye opening of an optical signal with pilot tones is shown in Figure 2.1.

Depending on the implementation, either only the 1-level P1, see Figure 2.1a, or both

the 1- and 0-level P0 are broadened, see Figure 2.1b. This widening of the levels is the

modulation index of the pilot tone and is given in percentage. Here and in the following,

the definition for the pilot tone modulation index m will be used as:

m =
∆P

P1 − P0
=

∆P

Peye
(2.1)

according to Figure 2.1a, where Peye is the eye opening of the signal. Note that the pilot

tone power amplitude ∆P is defined as the amplitude of the sine and not the peak-to-peak

value and is expressed in %. The optical power of the sinusoidal pilot tone can then be

expressed by:

Popt(t) = Pavg (1 + m sin (ωt)) (2.2)
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2 Pilot tone generation & detection

with Pavg being the average optical power of the signal without a pilot tone and ω the

frequency of the tone. Equation (2.2) can also be written like

Popt(t) = Pavg + ∆P sin (ωt) (2.3)

where ∆P expresses the power amplitude of the sinusoidal tone.

P0

P1

Peye

ΔP

(a) Eye opening and amplitude defini-
tions with only 1-level modulation

(b) Eye opening with 1 and 0-level mod-
ulation

Figure 2.1: Pilot tone and eye diagram openings

2.1.1 Degradation of data signal

In the following subsection, the influence of the pilot-tone on the high-speed data will be

investigated.

Theory

As the data-signal levels are no longer strict "1" or "0", degradation of the transmitted

data is seen. Assuming that both levels have a mean value of µ0 and µ1 and are Gaussian

distributed with a standard deviation of σ, their distribution f can be expressed as

f (x; µ, σ2) =
1

σ
√

2π
e−

1
2(

x−µ
σ )

2

. (2.4)

The bit error rate (BER) can be calculated via the integral of falsely detected "1" and "0".

As seen from Figure 2.2, both integrals range from ±∞ to the decision threshold s, the

BER is then expressed by

BER(s, µ0, µ1) =
1

2

∫ s

−∞
f (x; µ1, σ2) dx

︸ ︷︷ ︸

1 detected as 0

+
1

2

∫ ∞

s
f (x; µ0, σ2) dx

︸ ︷︷ ︸

0 detected as 1

(2.5)
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Using the Gaussian error function erf, see [55],

erf(x) =
2√
π

∫ x

0
e−t2

dt, (2.6)

Equation (2.5) can be expressed as follows:

BER(s, µ0, µ1) =
1

2
+

1

4

[

erf

(
s − µ1

σ
√

2

)

− erf

(
s − µ0

σ
√

2

) ]

. (2.7)

Assuming the case shown in Figure 2.1a, where only the 1-level is modulated with a

sinusoidal signal cos(φ) centred around the average power µ1 and the 0-level constant

zero, one gets:

µ1(φ) = µ1 + ai cos(φ) (2.8)

Then, the average BER can be calculated as:

BER(s, µ0, µ1) =
1

2π

∫ 2π

0
BER(s, µ0, µ1(φ)) dφ. (2.9)

The second case, as shown in Figure 2.1b, shows a worse performance as the eye opening

is further decreased because of the widening of both levels. As it provides no notable

advantage over modulating only the 1-level, it is therefore not further considered.

µ0 µ1

1 detected as 0 0 detected as 1

decision
threshold

Figure 2.2: Probability of 1 and 0-level
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Numerical simulation

It must be mentioned that Equation (2.9) does not consider the frequency of the pilot tone.

Smaller frequencies ≤ 30 kHz are corrected in real implementations by the receiver’s

automatic gain control in the limiting amplifier (LA), e.g., [56] specifies a low frequency

cut-off of 30 kHz. This rejection is necessary to filter out baseline wander. To reflect this

in the simulation, two different detection algorithms of the threshold value have been

implemented: hard and optimum threshold. The hard decision threshold shard is set to

shard =
µ0 + µ1

2
. (2.10)

This means that the receiver does ignore the low-frequency pilot tone and sets its threshold

to the average received power. In the second case, the receiver is capable of following the

power variation introduced by the pilot tone and sets the decision threshold sopt always

to the optimum point which is

sopt =
µ0 + µ1(φ)

2
. (2.11)

Figure 2.3 shows the numerical simulations with the values of Table 2.1. It can be seen

that a modulation index of 0.1 has only a small influence on the BER. The influence can

be quantized by calculation of the Q-factor. The equivalent Q-factor of a BER can be

calculated from the BER Equation (2.9) by using

BER =
1

2
erfc

(
Qlin√

2

)

. (2.12)

with the erfc, the complementary error function, defined as

erfc(x) = 1 − erf(x). (2.13)

The Q-factor is expressed in logarithmic scale

QdB = 20 log Qlin. (2.14)

The Q-factor penalty is the difference between the amplitude index 0 and the simulated

value. As seen from Figure 2.4, in the hard-threshold worst case, the highest Q penalty is

1.0 dB for a modulation index of 0.1. This penalty is acceptable in many scenarios, where

it can be compensated by the available system budget. The results are well aligned with

[57].
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parameter value

noise variance σ2
th

(
3.87 × 10−8

)2
W = 1.497 × 10−15 W

average 0-level µ0 0 mW
average 1-level µ1 −33 dBm
PD responsivity R 0.8 A/W

Table 2.1: Simulation parameters
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Figure 2.3: BER for different modulation index using the parameters from Table 2.1
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Figure 2.4: Q factor penalty for different modulation index using the parameters from
Table 2.1
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2.2 Implementation options for pilot tone generation

In this section, standard methods how to generate a pilot tone will be described. Then,

a new method for generation of a pilot tone by changing the encoding scheme of the

transmitted data will be described. At the end, a comparison of the performance of the

presented methods and their functionality on system level will be done.

2.2.1 Standard methods

Several methods for pilot-tone generation are known, e.g., [54]. Hereinafter, the two

most commonly used methods are described: bias modulation of the laser diode and

optical modulation using an external variable optical attenuator (VOA). In most cases,

the pilot tone is generated by adding a pilot tone current to the laser bias current. As the

schematic in Figure 2.5a shows, the modulation is normally done via a bias tee in the

electrical domain before the laser diode. Due to the integration of sub-components, this

functionality is often integrated in the laser driver, e.g. [58]. This enables the application

of the pilot tone (in the laser driver) to the high-speed data signal at 1-level only. The

resulting output eye can be seen in Figure 2.1a. By only modulating the 1-level, the

eye degradation caused by jitter and extinction-ratio variations of the data signal are

minimized as compared to the method where both 0 and 1-level are modulated.

An alternative method for the generation of pilot-tones is the usage of an external VOA. In

the VOA, an incoming optical signal is attenuated by electrically controllable attenuation.

By replacing the static electrical signal with the desired pilot-tone signal both, the optical

0 and 1-levels are modulated. When placing the VOA directly after the laser, the eye

diagram shows only the broadening of the 1-level. The broadening of the 0-level cannot

be measured, as the signal at this point still has a high extinction ratio, with a very low

absolute 0-level. As calculated in the former subsection, the superposition of the data

Data LD + 

~ 

(a) Pilot tone modulation at the laser
bias

LD VOA 

~ 

Data 

(b) Pilot tone modulation with an ex-
ternal VOA

Figure 2.5: Standard pilot tone generation methods

and pilot-tone results in a closure of the eye opening at the receiver. This can be seen

in Figure 2.6 which shows a measurement using an external VOA. The exactly same

eye-diagram can be measured, if the bias generation method is used.
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Figure 2.6: Eye opening at the receiver with a pilot tone modulated on the 1-level using
the external VOA method
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2.2.2 Data disparity modulation

In many applications, the digital data is encoded or scrambled prior to transmission. This

is done in order to achieve DC-balance, bounded disparity, and to generate bit transitions,

which allow the clock recovery to work properly. Examples include encoding which

avoids long sequences of ones or zeros. One implementation is the so-called 8B/10B

coding. This method is well-known and used in several protocols like Gigabit Ethernet

(GbE), Fibre Channel (up to 8G-FC), Serial Digital Interface (SDI) video, and InfiniBand

(up to quad data rate, QDR). 8B/10B encoding was first proposed by [59] in 1983 and

first standardized in ANSI X3.230-1994 [60]. Note that 8B/10B implementation in the

Ethernet protocol (IEEE 802.3z as defined in [61]) is the most common one. Newer, higher-

speed versions of the Ethernet protocols (≥ 10 Gbit/s), mostly use 64B/66B encoding for

enhanced bandwidth efficiency.

In 8B/10B line coding, an 8-bit data word is encoded into a 10-bit transmission word

which has a minimum of 4 “ones” and a maximum of 6 “ones”. The deviation from the

ideal average of 5 “ones” of a single 10-bit transmission word is equalized by encoding the

following 8-bit data word in the proper 10-bit transmission word, resulting in a maximum

running disparity (RD) of +/- 1. The RD is the value which reflects if the former data

word was encoded with a positive (RD+) or negative (RD-) disparity. The following 10-bit

data word is then encoded using the opposite disparity. Table 2.2 shows a part of the

RD- and RD+ mapping. The 10-bit data words are generated by a combination of two

5B/6B NRZ-codes and one 3B/4B NRZ-code. When the pilot tone is used for optical

Code Group Name 8-bit data word RD– RD+

D0.0 000 00000 100111 0100 011000 1011
D1.0 000 00001 011101 0100 100010 1011
D2.0 000 00010 101101 0100 010010 1011
D3.0 000 00011 110001 1011 110001 0100
D4.0 000 00100 110101 0100 001010 1011
...
D1.1 001 00001 011101 1001 100010 1001
D2.1 001 00010 101101 1001 010010 1001
D3.1 001 00011 110001 1001 110001 1001
...

Table 2.2: Part of 8B/10B encoding table

path monitoring or low speed overhead data transport, the optical signal is detected

by a low-bandwidth photo diode. The average power of the data signal has to vary so

that after filtering with an electrical low-pass filter (LPF) the pilot tone can be detected.
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Following this principle, the 8B/10B encoder was changed so that the distribution of ones

and zeros in the data stream modifies the average power and therefore also varies the

optical signal. The method works by selecting the 10-bit code words from the proper

8B/10B encoding table.

For instance, if the target power is at 0.55 relative to the peak signal power, all 10B-

words in a frame of several (e.g., 16) words are taken from the RD- table, resulting in all

10-bit code words having 5 or 6 “ones”. If the average power value to be achieved is at

0.45, the 10B-code words are taken from the RD+ table, such that all 10-bit words have 4

or 5 “ones”. Values between 0.45 and 0.55 are achieved by using fixed (RD- or RD+) tables

for a fraction of the frames, while the remaining fraction is encoded using the standard

8B/10B encoding process. By using this method, nearly arbitrary short-time evolution of

the average power can be impressed onto the optical signal, for instance sinusoidal tones.

At the receiver, the 8B/10B encoded words can be decoded using standard 8B/10B

decoding tables. While disparity errors will occur, the resulting 8-bit data word is still

correct. This new method can be applied using standard optical transceivers (e.g., small

form factor pluggable (SFP), 10 Gigabit Small Form Factor Pluggable (XFP)). As the

pilot tone is generated in the line encoder logic, no changes to the optical hardware are

required. Figure 2.7 shows the implementation of the 8B/10B pilot-tone scheme with an

external modulator.

8B/10B Data LD 

Figure 2.7: Pilot tone modulation of the encoding disparity

Implementation

In order to experimentally validate the performance of the new generation method, an

algorithm was implemented on a field programmable gate array (FPGA). A Xilinx Kintex

7 FPGA was programmed to generate a sinusoidal pilot tone in the range between 0.1 and

1.1 MHz. The incoming high-speed (1.0 Gbit/s) Gigabit Ethernet stream is segmented into

slots of 16 8B-words, which are encoded to yield a sample point of the tone signal to be

generated. The equivalent sample rate of the tone signal is therefore 1 GHz
16·8 = ∼7.8 MHz.

For each of the slots, the 8B/10B encoding algorithm selects the encoding table such

that the accumulated disparity in the slot corresponds to the target value of the sampled

sinusoidal tone signal, meaning that the amount of 10B words taken from the RD- / RD+

table was then calculated on the fly to approximate the desired value. As the incoming

data are random, the target disparities cannot always be achieved within the slots. This

26



2.2 Implementation options for pilot tone generation

can result in a higher noise level of the tone signal, however, the algorithm tries to

achieve the target value as fast as possible and then switch back to the normal encoding

scheme. This resulted in a good overall performance, although not every slot can be

encoded with its target value. The implementation can generate arbitrary patterns up

to a frequency of 3.9 MHz. The core implementation very high speed integrated circuit

hardware description (VHDL) code does not contain any Xilinx-specific parts which

would prevent the code to be ported to any other FGPA vendor’s hardware. The only

vendor specific part is the code for addressing the multi-Gigabit transceivers (MGTs)

which needs to be adapted for every FPGA model anyhow, see Figure 2.8 for a detailed

schematic view of the FPGA.

Xilinx Kintex 7 FPGA 

MGT0 

RecClk1 

Disparity 
Modulator 

Gigabit Ethernet 
data with 

tone modulated 
8B/10B 

Decoder 
8B/10B 

Encoder 

Gigabit Ethernet 
data  

MGT1 

Rx 

Tx 

Tx 

Rx 
Disparity 
Corrector 

8B/10B 
Encoder 

8B/10B 
Decoder 

Figure 2.8: Schematic view of the FPGA with the modified 8B/10B encoder in TX direction
(MGT0 → MGT1) and the according disparity correction in RX (MGT1 →
MGT0)

Performance

Different to the standard pilot tone generation methods, the disparity modulation does

not lower the eye opening of the signal. This can be made clear when looking at the laser

output power vs. injection current (P-I) curve, see Figure 2.9. When operating the data

modulation under normal conditions (I0 > Ith) the extension ratio over time does not

change. However, the average transmitted power slightly changes. This, however, cannot

be seen in the eye-diagram, Figure 2.11. Only after the signal is low-pass filtered, the pilot

tone can be detected, see Figure 2.10.
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Figure 2.9: P-I laser curve with the disparity modulation

Figure 2.10: Disparity-generated sinusoidal tone with a frequency of 100 kHz at optical
level of −28.5 dBm, additionally low pass filtered
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Figure 2.11: Eye opening with disparity modulation
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2 Pilot tone generation & detection

2.2.3 Experimental comparison of pilot tone generation methods

The newly implemented method was experimentally compared to the conventional

bias-modulation and external-VOA methods. With the setup shown in Figure 2.12, all

methods could be realized to compare the results under similar conditions. A data stream

(compliant random pattern (CRPAT)) was generated by an Ethernet protocol tester and

sent to the FPGA board. To demonstrate the new pilot modulation scheme, the modified

8B/10B encoding was applied, while for the other two modulation schemes, standard

8B/10B encoding was performed in the FPGA. The output of the FPGA was used to drive

a Mach-Zehnder modulator (MZM).
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Figure 2.12: Experimental setup

Alternatively, instead of the modified 8B/10B encoding, either the bias of the transmitter

laser was modulated or the VOA input was driven using a Function Waveform Generator.

The VOA was a single-channel silicon VOA from Kotura (SVOA100). A fraction of the

modulated optical signal was received by a low-bandwidth photo diode and observed on

an electrical spectrum analyser. The optical signal was attenuated, received in a standard

Gigabit Ethernet SFP receiver and sent to the FPGA, where the modified 8B/10B encoding

was removed to meet the standard input expectation of the protocol tester. This step

was needed as the Ethernet protocol tester (Finisar Xgig-C021) would interpret disparity

errors as bit errors. For all cases, a pilot tone with a constant modulation index of 10% was

generated over a range of 0.1 to 1.1 MHz. For completeness, also a reference measurement

without a pilot tone was done. The laser used in the experiment was a tunable sampled

Y-branch laser, see Section 4.2.2.

As seen from Figure 2.13, the bias-modulation shows the typical pilot tone penalty

which can also be see in Figure 2.3. The performance of the VOA method shows an even

higher penalty than the bias modulation method, due to the non-linear tone distortions

which led to higher harmonics of the tone signal modulation onto the high-speed data. As
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Figure 2.13: Experimental results; 10% of modulation index

expected, the FPGA method shows a similar performance as the case without modulation.

Also the suppression of the harmonics was measured, which were generated by the

different methods, in order to quantify the error in the presence of multiple tones.

Additionally to the BER, the electrical spectrum was measured to derive a quality

measure for the generated tone. The laser bias and the VOA methods show a constant

suppression ratio over all tone frequencies. For both methods, the second harmonic was

the most significant with a suppression of ∼50 dB (bias) and ∼28 dB (VOA). However

in the disparity-modulation case, the second harmonic was very low (suppression ratio

> 40 dB), while the third harmonic became the most significant one. It is well known

that rectangular signals only have components of odd-integer harmonic frequencies. As

shown in Figure 2.14, the suppression ratio of the third harmonic changes with frequency

and is only 12.6 dB for a tone frequency of 1.1 MHz (3 f0 = 3.3 MHz). However, as only

tone frequencies up to 1.1 MHz are considered, third harmonics of tone frequencies over

366 kHz would not fall into the tone frequency spectral range and will be filtered out at

the receiver.
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Figure 2.14: Third harmonic (3 f0) suppression ratio of the FPGA method

2.3 Comparison of the generation methods on system level

In the section above, different methods how to generate pilot tones were described. In this

section, the focus is on the system / application side. The focus lies on the transmission

of a low bit-rate service channel which is imprinted onto a high bit-rate data (or payload)

channel from one network node to another. The reception of such a service channel adds

small cost as the pilot tone data can be received by a low-bandwidth and thus low-cost

photo diode. The information contained in the service channel could be any property

of the optical signal under consideration, e.g. wavelength, the high-speed modulation

format. The objective is that the information contained in the pilot tone helps to make

the receiving side more "intelligent". Example usages of these OAM services are fault

detection, status exchange and verification of the network during the installation which

are operation and maintenance

The data of the service channel is modulated onto the pilot tone. All known modulation

schemes could be implemented: frequency, amplitude and phase modulation. Through-

out the thesis, only phase modulation will be considered, in particular, binary phase shift

keying (BPSK). Several facts favour the use of BPSK: First, the modulation format is well

known and easy to implement. Second, the amplitude can be made constant by applying

phase transition with constant amplitude. A constant amplitude results in a constant
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2.3 Comparison of the generation methods on system level

eye degradation. Using amplitude modulation results in time-dependent high-speed

data bit-rate error changes caused by the varying pilot-tone amplitude. Third, in a WDM

system with more than one channel and simultaneous reception of all pilot tones, the

pilot-tones do not overlap spectrally, if the multiplexed signal is monitored. Fourth, BPSK

has a 3 dB better SNR tolerance than on-off keying (OOK). Summing up all the arguments,

a system with the parameters in Table 2.3 is used in the following. Finally, Section 3.5

shows how a fixed-amplitude pilot tone can be used for laser wavelength control.

Parameter Value Note

Modulation format BPSK
Modulation depth 2 - 10% Peak power variations (i.e., sub carrier amp-

litude) divided by average power w/o mod-
ulation

Data rate 1125 Bit/s
Channel spacing 10 kHz
Frequency range 100 - 1100 kHz resulting in 101 frequencies
Frequency stability ± 300 Hz

Table 2.3: General pilot-tone system specification

2.3.1 Bias modulation

As described, the generation of the bias modulation has to be done electrically. Thus, the

mechanism for pilot-tone generation must be located in front of the laser driver and laser

diode. Both components are physically located in the transceiver (e.g., SFP, XFP) of a

node. Therefore, both the transceiver and the node must have this capability to transmit /

receive a pilot tone (and pilot tone data). This must already be considered during system

design as later changes are most likely impossible. Figure 2.15 shows a complete system

with pilot tones in both direction (A->B and B->A). It is also possible that under certain

conditions unidirectional functionality is sufficient so that the hardware effort could be

reduced.

2.3.2 VOA modulation

VOA modulation is done in the optical domain. Therefore, the VOA can be located at

node A or anywhere along the fibre between node A and node B, see Figure 2.16 for a set-

up where the VOA is between node A and B. Here, node A can use a standard transceiver

without any pilot tone capability. By the usage of a VOA, an existing system can be

upgraded without the change of existing transmitter hardware. The main drawback of
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Figure 2.15: Bias pilot tone system view with generation and reception at nodes A and B

the VOA modulation is the insertion loss. For a higher modulation depth, the working

point needs to be at lower base attenuation. In the set-up, the working point for 10%

modulation index was a base attenuation of ∼4 dB. Another issue of the VOA is the

negative effect on the overall availability as a problem caused by the VOA can be service

affecting on the high-speed data transmission signal.
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Figure 2.16: VOA pilot tone system view with generation between nodes A and B and
reception at node B
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2.3.3 Disparity modulation

The comparison results show that disparity modulation has no penalty on the high-speed

data signal. This advantage, however, comes at a drawback, as a non-standard Ethernet

stream is generated. This has two impacts: a special line encoder has to be implemented,

and the receiver must be aware that the received stream will contain disparity errors. A

possible workaround is to change the receiver such that it ignores disparity errors. One

major advantage, however, is that no change in the pluggable transceiver needs to be

implemented, see Figure 2.17. This means that in a node with a disparity line encoder a

pluggable optical transceiver with standard electrics and optics can be used.
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Figure 2.17: Disparity pilot tone system view with generation and reception at nodes A
and B

2.3.4 Comparison conclusion

Each of the three methods presented has advantages and disadvantages. The bias method

may be chosen, if the system can be designed from scratch so that all pilot-tone function-

ality can be integrated. The VOA method is preferable for upgrades of existing systems

or where the pilot tone must be introduced between two nodes. Finally, the disparity

modulation has advantages when standard optical transceivers are used. There is no

general recommendation, and the usage of any method must be chosen within the system

context, therefore, Table 2.4 can be used to select the most appropriate method.

In addition to the described scenarios, a pilot tone can also be received at a monitor

location. This monitor location is common to all system methods as only pilot-tone data

is analysed, and the high-speed data is not demodulated.
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2 Pilot tone generation & detection

Method Advantages & disadvantages

Bias

+ Can be integrated in the node
- Requires changes to node and transceiver design
- Eye opening penalty increase

VOA

+ Allows addition of pilot tone between nodes
+ Can be added as an upgrade to an existing system
- Lowers fibre plant availability, if implemented "in between" two

nodes
- Adds additional loss
- Eye opening penalty increase

Disparity

+ Standard transceivers can be used
+ No penalty on eye opening
- Requires 8B/10B encoded data
- Low suppression of third harmonic for higher pilot tone frequen-

cies
- Data stream gets invalid with regard to standard Ethernet protocol

Table 2.4: Pilot tone comparison
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2.4 Multi-tone detection

2.4 Multi-tone detection

Until now, in this chapter only systems with one pilot tone have been described. In this

section, a WDM system in which several pilot tones are transmitted over a single fibre

will be described.

2.4.1 Optical signal properties

For the following simulation, a WDM system with the following properties will be

assumed: On a single fibre, N optical channels each with an optical power of Pi are

multiplexed. To each optical channel, a unique pilot tone with a known modulation

index and thus a known power amplitude ∆Pi is applied. Figure 2.18 shows a set-up of

the system under consideration. Furthermore, the correspondence between the optical

channel and the pilot tone frequency ωi is known. Then, the multiplexed pilot tone

signal Pmux, which can be seen after taping out a small part of the multiplexed signal and

low-pass filtering, can be expressed by

Pmux(t) =
N

∑
i=0

Popt,i(t) =
N

∑
i=0

Pavg,i + ∆Pi sin (ωit) . (2.15)

with Popt,i as defined in Equation (2.3). The splitting factor of the tap is depending on the

system design because a trade-off has to be done. When a high percentage (> 15%) of

the incoming signal is coupled out, the pilot tones can be more easily received but also

the signal is lowered by this high percentage. Vice-versa, if only a small percentage is

coupled out, the data signal has only small loss but the reception of the pilot tones is

more challenging. A typically ratio for wavelength and power monitoring are couplers

with small percentage, e.g. 90%/10% or 95%/5%.

The low-pass filter cut-off frequency must be chosen higher than ωN and preferably as

low as possible to avoid noise from the data transmission spectrum. The optical power Pi

of each channel can now be calculated by detecting the amplitude ∆Pi of the spectrum

at each pilot tone frequency ωi and multiplying it with the modulation index m. This

means that by calculation of the amplitude spectrum of the low-pass filtered signal the

amplitude of all optical channels can be calculated in one step.

Note that this principle will be used for the tuning algorithms explained in the next

chapter. There, the power-amplitude dependency will be used to detect whether an

optical transceiver is correctly tuned to its target channel. In this section, the accuracy of

different amplitude spectrum calculation methods will be evaluated.
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Figure 2.18: Simulated system to monitor optical channel powers of an optical WDM
signal

2.4.2 Signal parameter estimation

Estimating parameters (amplitude, phase and frequency) of sinusoids in the presence of

noise is a basic problem in signal processing and has been the object of many publications,

e.g. [62]. Especially, the detection and estimation of small amplitudes near to large ones

in the spectrum is a challenging task as the high amplitudes effect the exact estimation

of the lower amplitudes. This translates to an optical channel with a high optical power

next to an optical channel with a very low power. A classic approach is applying a

window function, e.g. [63], to the incoming signal and to calculate the digital Fourier

transformation (DFT), preferably via the fast Fourier transformation (FFT). However, the

early published window functions were not suitable for a higher dynamic ranges and

only useful for amplitude detection and not for amplitude estimation. The dynamic range

is the ratio between the largest and smallest values of the signal. In [64] and [65], new

windows were presented, which solve these weaknesses. Figure 2.19 shows the transfer

functions of the 4 windows used in the simulations:

• Nuttall3a and Nuttall4c [64]

• high dynamic range flattop (HFT) windows: HFT116D and HFT248D [65] .

In the following, numerical simulations were done to determine the SNR tolerance for

different window types and finding the optimal algorithm dimensions.

2.4.3 Simulation details

For the numerical simulation, the simulated input signal consists of 96 sinusoids with

frequencies from 100 kHz to 1050 kHz with a channel spacing of 100 kHz which match the

range defined in Table 2.3. The frequency deviation is assumed to be random uniformly

distributed with a maximal deviation of ±300 Hz. The sinusoid phases are assumed
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Figure 2.19: Transfer function of the window functions in the frequency domain

random and uniformly distributed. However, as the simulation results reveal, the distri-

bution of the phases has no detectable influence on the amplitude estimation. Neither

the likewise added limited analog-to-digital converter (ADC) resolution to 16 bit adds a

mentionable additional error if the noise is within a reasonable level and the dynamic

range of the input signal is ≤ 20 dB. In the following, two cases for the power amplitude

distribution will be considered. The first case is the most challenging with an alternating

series of minimal and maximal amplitudes (worst case). For the second case an uniformly

distributed random distribution of amplitudes is assumed (random case).

Dynamic range and amplitude resolution

A window function has a certain dynamic range up to which it can be used reasonably.

The dynamic range is limited by the scalloping loss of the FFT. Therefore, the rejection of

the side lobes is the dominant factor in dynamic range simulations. Figure 2.20 shows the

maximum amplitude error for the 4 window functions over a dynamic range of the input

signal from 0 dB to 35 dB without noise. For a dynamic range below 25 dB, all windows

show an amplitude error < 0.5 dB. As seen from Figure 2.20 the HFT windows perform

way better than the Nuttall windows (0.001 dB vs 0.15 dB). The rapid raise of the amp-

litude error over 25 dB dynamic range is caused by the limited amplitude resolution and
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Figure 2.20: Simulation results varying the dynamic range of the input signal with the 4
window types; simulation without noise

not by the side lobes of the windows. Simulations with unlimited amplitude resolution

in the time domain show that the side lobe caused error starts to become higher for a

dynamic range above 35 dB. In the following simulations, the dynamic range will always

be kept constant at 15 dB and therefore 10 dB under the margin.

SNR sensitivity

One of the most important factors for evaluation of a window function is the performance

of the window in presence of noise. Therefore the parameters of Table 2.5 were used for

simulation.

The simulation for each window was repeated 100 times, with white Gaussian noise

and random frequency offset. Figure 2.21 shows the results for both cases: worst amp-

litude distribution case is shown in Figure 2.21a and random amplitude distribution in

Figure 2.21b. It can be seen in the worst case that for a low SNR the Nuttall windows

have better results than the HFT windows. For a high SNR however, the HFT windows

are more suitable, as their maximal amplitude error is lower. This behaviour can be

explained by looking at the spectral domain of the two window types, see Figure 2.19.

The Nuttall windows have a smaller main lobe, so they "collect" less noise, but their side

lobe suppression ratio is lower than HFT windows, and therefore the best achievable

performance is worse. Even with higher SNR and without noise the Nuttall windows

have an error of ∼0.5 dB. The results for the random amplitude distribution show a
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similar performance of the windows, see Figure 2.21b, of course the error values are

smaller. Additional to the maximum amplitude error also the average amplitude error

over all tones has been calculated. Figure 2.22 shows the results for both cases. The big

difference between maximum and average error is caused by the fact that mainly the

small amplitudes get affected by noise and leakage. The error for the big amplitudes is

negligible. The difference between the worst and the random cases originates mainly

from the fact that the worst case has more small amplitudes, which are affected by noise.

parameter value

FFT Length 212 = 4096
sample rate 4096 kHz
dynamic range 15 dB
ADC resolution 16 bit

Table 2.5: ECC frame content from OLT to ONU
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Figure 2.21: Maximum amplitude error over varying SNR of the input signal with 4
window types
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Figure 2.22: Average amplitude error over varying SNR of the input signal with 4 window
types
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2.4.4 Averaging vs longer DFT

For obtaining better results, more sample points can be taken. In general, two methods

are known to take an advantage of these additional samples. Either the FFT length

can be made longer or several short FFT calculations can be averaged. Looking at the

computational effort, the longer FFT increases by n log(n), while the averaging method

has a linear increase in complexity.

The averaging method can be enhanced by overlapping several FFTs as otherwise

the information in the first and last samples would be lost as the window functions

are normally zero or close to zero. [65] gives the optimal overlapping factors for each

window. This factor has to be added to the computational effort. The simulations results

with longer FFT lengths can be seen in Figure 2.23a, and the averaging results with

optimal overlap for each window in Figure 2.23b. Both methods can reduce the error

but especially for low SNR the average method is performing better and is additionally

cheaper in terms of computation. The average error is not plotted, but behaves in a similar

way.

2.4.5 Window conclusion

The simulation results show that Nutall windows only show a better performance than

the HFT windows, if no averaging is used and the signal has a low SNR of < 15 dB. In

all other cases, the HFT windows HFT116D and HFT248D show better performance,

especially, if a signal has a high SNR. Independently of the window used, averaging over

several calculations lowers the estimated amplitude error significantly. Summarizing the

numerical results, it can be concluded that for a high precision detection of amplitudes,

the HFT248D window with a averaging over several FFTs has the best performance.

2.4.6 Further considerations

The results shown here cover only a part of the possible parameter space for dimensioning

the signal processing for the detection of pilot tone amplitudes. All considerations were

done with the sample frequency of 4096 kHz. There is a lower bound for the sample

frequency of 2200 kHz given by the Nyquist criterion. The upper bound for the sample

frequency is 40 960 kHz due to the necessary frequency resolution of 1 FFT bin to be

maximal 10 kHz. Within this interval, the simulations show that, given a fixed FFT length,

a lower sample frequency and so a less accurate frequency resolution leads to better

results. This effect is mainly seen in the average error. It is caused by the fact that less

noise is going to be seen by the actual bin. Every window shown here, actually every
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(a) Results of 1 large FFT with length N of a input signal with L=N samples
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(b) Averaging the results of input signal with L samples over the several overlapping FFTs of
length 4096

Figure 2.23: Improving the results with the usage of more samples with the HFT248D
window
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window except the rectangular, has a normalized equivalent noise bandwidth (NENBW)

higher than one. So for inaccurate resolutions there is a scalloping effect of the main peak.

2.5 Chapter conclusion

In this chapter, existing pilot tone generation methods were compared to a new method

which uses a modified 8B/10B encoder to generate a pilot tone. A real implementation in

an FPGA of the new method was used to compare its performance with the existing one.

As the results reveal, the new method shows the same performance as a signal without

pilot tone and can be used with standard optical transceivers. Table 2.4 summarizes the

findings and can be used as a decision finder. Secondly, a method which estimates the

power levels of a wavelength-multiplexed signal with unique pilot tones was presented.

Therefore, it is necessary to calculate the pilot tone amplitude spectrum of the low-pass

filtered signal. Numerical simulations were done to determine the accuracy of different

signal processing methods with regard to different SNR levels. With the usage of a

window function and an FFT, all pilot tone amplitudes and thus the optical power levels

of the multiplexed signal can be determined in one step. With the HFT windows, an

average amplitude error of < 0.1 dB can be achieved. This accurate pilot tone amplitude

detection enables to accurately estimate the optical power level of the optical signal. This

enables the usage for different monitoring applications, such as wavelength control.

The findings of this chapter will be used in the following chapters, where pilot tones

and their amplitudes are used to remotely control the lasing frequency of a tunable

transceiver.
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3.1 Chapter preface

In this chapter, a standard tunable transceiver used in today’s WDM systems will be

described. The hardware design, including the components, of such a transceiver is not

suitable for the cost sensitive mass market of residential access. Therefore, it is necessary

to understand what the main cost drivers are and how their cost can be lowered or

completely avoided by changing the system design. Different methods of lowering the

costs are described in this chapter. Finally, implementations of these methods will be

reported and their experimental results will be discussed.

3.2 Full band tunable transceivers

In older core WDM networks, only fixed wavelength, so-called coloured, transceivers

have been used due to the lack of tunable lasers. With the availability of tunable laser

sources, operators have begun to replace the fixed wavelength modules by variants with

tunable lasers. The replacement with tunable wavelength modules is mainly driven by

the savings in the operational complexity. It is easier to handle one item in purchase,

replacement and installation than a multitude of similar items only differing in wave-

length. While fixed wavelength modules may be controllable for backhaul systems, in

mass-deployments, like WDM-PONs, the operators strictly forbid the usage of fixed wave-

length interfaces. Therefore, it is important to understand the functionality of current

tunable transceiver.

An optical transceiver normally contains the following parts:

• Receive direction

– Photo diode: avalanche photo diode (APD) or positive intrinsic negative diode

(PIN)

– TIA to convert current to voltage and increase the impedance

– Limiting amplifier (LA) to normalize the voltage to predefined ’0’ and ’1’

voltage levels
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3 Wavelength control in WR-WDM-PONs

– Clock and data recovery (CDR) (only XFP) to minimize jitter

• Transmit direction

– CDR (only XFP) to minimize jitter

– Laser driver to convert the voltages into injection currents and to adapt the

impedance

– Laser diode with monitor PD to control the output power

• General

– Micro controller (µC) for monitor and control functionality

– Etalon filter for wavelength control (in a tunable transceiver only)

– Thermoelectric cooler (TEC) to regulate the operating temperature of the laser

chip

– Receiver (RX) and transmitter (TX) optical little connectors (LCs)

These parts can be either integrated into a pluggable module (SFP [66] / XFP [67]) or be

mounted on a line card. Figure 3.1 shows a functional block diagram of the components.
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Figure 3.1: Optical transceiver block diagram

3.3 Local wavelength control

In a tunable transceiver, the lasing wavelength has to be monitored to ensure correct

operation. The calibration of the laser currents is done so that the laser can be turned on

within ±15 GHz of the target grid frequency. Ageing and external effects can however

effect the laser frequency. Therefore, it is necessary to have a frequency reference which

allows to operate the laser within a smaller area around the target grid frequency, e.g.

±2.5 GHz. This frequency reference is realised by coupling out a part from the transmitted

laser light and filtering it using an etalon filter.
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3.3 Local wavelength control

3.3.1 Etalon filter

The etalon filter or Fabry–Pérot interferometer is an optical periodic filter in which the

light is reflected several times between two surfaces, see Figure 3.2. The phase difference

T1 

T2 

T3 

R0 

R1 

R2 

l 

θ 

Figure 3.2: Etalon cross section

δ on each round trip, e.g. between T1 and T2, is given by:

δ =
4πnl cos θ

λ
(3.1)

where n is the index of refraction within the etalon, l is thickness of the etalon, θ is the

angle of incidence and λ is wavelength of the light, see also [68, pp. 160–164]. Assuming

the same reflectance R for both surfaces and F as coefficient for the finesse the transfer

function can be calculated by:

T(δ) =
(1 − R)2

1 + R2 − 2R cos δ
=

1

1 + F sin2(δ/2)
(3.2)

F(R) =
4R

(1 − R)2
(3.3)

The spacing of two periodic maxima is called free spectral range (FSR) and is normally

chosen to be same as the WDM channel spacing, e.g. 50 GHz or 100 GHz. In order to

locate the maxima δm, the derivative with respect to λ of the transfer function must be set

to 0:

T′(δ) =
−F sin(δ/2) cos(δ/2)
(
1 + F sin2(δ/2)

)2

!
= 0 (3.4)

sin(δ/2) cos(δ/2) = 0 (3.5)

δm = 2mπ, m ∈ N or δn = (2n − 1)
π

2
, n ∈ N (3.6)
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The FSR can thus be calculated with the usage of Equation (3.1) (analogue for δn):

λm =
2nlcosθ

m
(3.7)

υm =
c

2nlcosθ
m (3.8)

FSR = υm+1 − υm =
c

2nlcosθ
(3.9)

Finally, the transfer function as a function of f and FSR can be noted as:

T( f ) =
1

1 + F sin2( π
FSR f )

(3.10)

Figure 3.3 shows the etalon transfer functions for different finesses and an FSR of 100 GHz.
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Figure 3.3: Etalon transmission transfer function for etalon with an FSR of 100 GHz and
different values of finesse F
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3.3.2 Control loop

The etalon and its transfer function are now used within a control loop. Within the

transceiver a small part, e.g. 1 % to 5 % of the transmitted light is coupled out via a

beam splitter and the transmitted and reflected light of the etalon are detected by two

slow running photo diodes. Figure 3.4 shows a variant where the light is coupled

out between the laser chip and the output fibre, and Figure 3.5 shows a variant with

an external component. This external component including the photo diode is called

wavelength locker or wavelocker. The following calculations, however, are the same

for both component types as the reference PD signal can be calculated by the following

equation

PDreference = PDtransmission + PDreflection. (3.11)

After the signal reception, the mean power of both PDs is taken and the ratio rabs is

calculated:

rabs =
PDtransmission

PDreflection
(3.12)

Using this ratio, it can be detected whether the current frequency is too low or too high.

With this information the lasing frequency can then be changed accordingly to approach

the target grid frequency. As this ratio is ambiguous the etalon needs to have an FSR at

least the size of the WDM channel spacing, and the laser has to be pre-calibrated so that it

will start lasing within the lock-in range (∆υlr) of the desired channel.

towards fiber 

Etalon 

Beamsplitter 

photo diode  
reflectance 

photo diode 
transmission 

light from laser 

Figure 3.4: Local control detection. The reflected light into the laser is not drawn, as the
laser is normally protected by an optical isolator.
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Figure 3.5: Wavelength locker device with etalon

Lock-in range

The lock-in range ∆υlr is defined as the frequency range where a frequency error can be

calculated correctly in order to reach the target frequency ft. The frequency range is then

given by

∆υlr = fa − fb. (3.13)

Figure 3.6 shows a graphical representation of the lock-in range. If the frequency is

0 50 100 150 200

frequency

0.0

0.2

0.4

0.6

0.8

1.0

tr
an

sm
is

si
o

n

fa ft fb

left lock-in range

right lock-in range

Figure 3.6: Etalon lock-in range with F = 5

outside the lock-in range it will be detected as belonging to the next lock-in range and

the correction information will be calculated towards another locking point flock =

ft + nFSR, n ∈ Z. Therefore the left ( ft − fa) and right ( fb − ft) side lock-in ranges should

be as large and as symmetric as possible. This symmetric lock-in range (∆υlr,sym) can be
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3.3 Local wavelength control

defined as:

∆υlr,sym = min { fa − ft, ft − fb} (3.14)

and is expressed by:

fmod = f mod
FSR

2
(3.15)

∆υlr,sym( fmod) =

{
FSR

2 − 2 fmod if fmod ≤ FSR
4

2 fmod if FSR
4 < fmod ≤ FSR

2

(3.16)

As it can be calculated from Equation (3.16) and also be seen from Figure 3.7 the largest

value for ∆υlr,sym is reached at f = FSR
4 and f = 3FSR

4 . One point lies on the rising and the

other on the falling edge of the etalon transfer function. At these points, the left and the

right hand lock-in range are equal. The maximal symmetrical lock-in range for a given

FSR is

∆υlr,sym,max =
FSR

2
. (3.17)

The frequency offset of the etalon transfer function should thus be chosen that this

maximal symmetrical lock-in range is reached at the target frequency. In the case where

the FSR is equal to the channel spacing this will then automatically fit for all the other

channels.

Finesse

Additionally to a high symmetrical lock-in range, it is desirable to have a high slope

at this locking point, as a higher slope results in a higher sensitivity. The finesse with

the maximum slope at the point with the maximum lock-in range ( f = FSR
4 ) can be

determined by calculating the maxima of the slope function T′(F).

T′′(F, f =
FSR

4
)

!
= 0 (3.18)

πF

FSR
(

1
2 F + 1

)3
− π

FSR
(

1
2 F + 1

)2
= 0 (3.19)

F = 2 (3.20)

As seen from the equation, a finesse of 2 has the highest slope at the point with maximum

lock-in range. Most etalons designed for wavelength locking have low finesse (< 5).
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Figure 3.7: Single lock-in range, FSR = 100 GHz, the grid frequency is at f = 0

However, not obligatory a finesse of 2 as the finesse is dependent on the reflectance, see

Equation (3.3), and the reflectance may not always be chosen freely as also other design

criteria have to be met.

Applications

For most wavelength locking applications the rising edge is used as here a smaller ratio

is equivalent to a lower (smaller) frequency. Alternatively, another application is the

use of both the falling and the rising edge. Then the FSR is twice the WDM channel

spacing. This reduces the maximal lock-in range by a factor of 2. Mostly, this principle is

used when the system capacity is doubled from an existing WDM channel spacing, i.e.

40x 100 GHz channels to 80x 50 GHz channels). Then the already installed etalons do not

need to be changed.

It can be summarized that the etalons used in the tunable transceivers and external

wavelength lockers have to be designed with the following properties: The absolute

frequency offset has to be set so that the point with maximum lock-in range is on the grid

frequency. The FSR needs to be equal to the channel spacing as then all lock-in points are

on the target grid. Finally, the finesse of F = 2 has the highest slope and thus the highest

sensitivity at the lock-in point.
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3.4 Lowering cost of a tunable laser assembly

3.4 Lowering cost of a tunable laser assembly

As mentioned before, tunable transceiver products cannot be used in PON applications

mainly due to their high price, but also due to their high energy consumption. The

total cost of any optical component consists of material and manufacturing costs. The

manufacturing costs are the major contributor for tunable laser assemblies to the overall

cost and can be separated into two steps: assembly with packaging and calibration with

function testing. For one full C-band tunable laser the calibration with function testing

can take up to 2 hours.

One part of the material costs is the etalon filter which provides a wavelength reference

for wavelength control. See Section 3.3.1 for a detailed explanation on the usage of the

etalon filter as a wavelength reference. However, it is possible that the local wavelength

control in the ONU can be omitted and be replaced by a centralised one. By leaving out

the etalon not only the component costs can be reduced but also lower manufacturing

costs are achieved as less components need to be assembled. In Section 3.5 this possibility

will be explained in detail and also be validated experimentally.

The next component that adds major costs to the transceiver is the tunable laser chip.

The main problem is not the laser chip itself which can be produced cheaply on a wafer

scale. However, each laser chip needs a full calibration of the injection currents due to

imperfectness during the production process of the wafer. This calibration is done during

manufacturing and is needed to ensure a stable and fast operation of the wavelength

tuning. A possible approach for lowering the manufacturing costs is to drastically reduce

or omit the calibration process. Instead, the laser is tuned by general equations of the

injection currents which are device independent. It is clear that these equations cannot

offer such a high-end performance as calibrated lasers, but it can be shown that their

performance is still enough for PON applications.

To furthermore reduce the cost, but mainly for reducing the energy consumption, an

option is to remove the temperature controller, i.e. TEC, from the module. The laser then

has to operate in an environment with changing temperature which affects its lasing

frequency. This can also be compensated by generic temperature dependent equations.

The calibration-free and also TEC-less operation of the ONU laser are both optional and

can be implemented independently from a network wavelength control. Therefore, these

two approaches are discussed separately in the next chapter, in particular see Section 4.3.1

for detailed explanations on calibration-free and TEC-less operation of tunable lasers.
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3.5 Network wavelength control for WR-WDM-PON

As discussed before, one way of lowering the cost of the tunable ONU transceiver in a

WR-WDM-PON system is to centralize the wavelength control. This centralised approach

enables the sharing of component costs. Figure 3.8 shows a complete WR-WDM-PON

system including the centralised network control. The figure shows that the C-band is

used for upstream and the L-band for downstream communication. In the OLT two arrays

for the multiplexing and demultiplexing of the optical channels are used. Upstream and

downstream directions are coupled to the feeder fibre with a C/L band splitter (combiner).

The splitter has a low insertion loss (< 2 dB) at the operating wavelength range, and the

gap between the bands is wide. At the RN the channels are separated and transmitted

via the drop fibers to the ONUs. The same C/L band splitter as in the OLT is also used in

the ONUs. In transmit direction the C-band port of the band splitter is connected to the

tunable laser and the receive direction (L-band) to a PD.

For centralising the wavelength control in a WR-WDM-PON, any transmission para-

meter which is dependent on the frequency offset to the target frequency can be used. For

ease of the usage it should be possible to measure this frequency offset without special,

meaning expensive, equipment. For example [69] showed a system using the back reflec-

ted signal from the remote node’s AWG. For detailed overview of more variants, see the

author’s paper [70].

All wavelength control loops can be differentiated into open and closed loop schemes.

In an open loop system, the ONU tries to set the parameters without any feedback from

the OLT. The disadvantage of this scheme is clear: In case of any unpredictable error

the ONU is wrongly tuned without knowing it and the service may not work. A better

performance is therefore achieved by using a closed loop. Here, a tuning information is

sent back to the ONU, so that it can continuously optimize its tuning parameters. This

back signalling is done from the OLT to each ONU separately via a dedicated embedded

communication channel (ECC). The ECC from the OLT to the ONU is indicated in

Figure 3.8 by the red dashed lines. This ECC can either be embedded within the data

stream or encoded in a low bit rate pilot tone communication channel, e.g. with the

parameters described in Section 2.3.

3.5.1 Optical power based method

An advantage of a WR-WDM-PON is the easy detection of the power per channel at the

OLT. After the demux AWG the power can be either measured by a low-speed photo

diode or by using the RSSI output port of the TIA or LA, see the array of channels at point
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Figure 3.8: Centralised network wavelength control in a WR-WDM-PON using a shared
wavelength locker in OLT and showing the dedicated ECCs

A in Figure 3.8. In the simplest feedback loop, the OLT measures the received upstream

optical power in the channel under consideration. The OLT then signals the tuning

information back to the ONU via the ECC. The ONU is hence tuned by maximizing the

received power at the OLT whose value is received via the ECC. This scheme preferably

uses AWGs (in the RN and OLT) with Gaussian passband characteristics since then a hill-

climbing algorithm can be used to find the passband optimum. This scheme will result

in rather low tuning accuracy when used with a flat-top shaped AWG passband as here

the maximisation of the power is not evident. Figure 3.9 shows both passband shapes:

Gaussian and flat-top, demonstrating the clear transfer maximum for Gaussian form,

while the flat-top has a flat range, for which no clear maximum can be determined, such

that the exact grid wavelength cannot be determined. In general, the optical power based

tuning is easy to realise and a good performance can be achieved, see [71]. However,

certain applications may contradict the usage of Gaussian-shaped AWGs and also their

availability may not be given. Especially, if a large operation temperature range has to be

met the AWGs are mostly flat-top so that a temperature introduced shift of the passband

does not change the insertion loss.

3.5.2 Pilot-tone based method

More sophisticated, yet low-cost capable tuning methods make use of individual per-

wavelength pilot tones. These tones are used to identify the correct wavelength under
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Figure 3.9: Passband shapes of AWGs

consideration and provide the information which is required for correct tuning. In an

optical multiplexed signal also the pilot tone frequencies are added up spectrally. If the

ONUs now use unique pilot tones, it is still possible to determine the optical channel

under consideration by its pilot tone frequency.

Power estimation using pilot tones

One application of these pilot tones is the measurement of optical powers via the pilot

tone amplitudes in the optical multiplexed signal. Therefore a small part is coupled out

from the multiplexed signal and detected by a low bandwidth PD. This is equal to the

reference PD at point B in Figure 3.8.

For every channel the optical power can be estimated by detecting its pilot tone amp-

litude and dividing it by its optical modulation index. Figure 3.10 shows a measurement

where the optical input power to the wavelength locker was varied and the pilot tone

amplitude was calculated. The measurement for each optical input level was repeated 20

times, and also the error bars are given. The measurement shows the linear dependency,

and it is possible to use this principle down to ∼ −40 dBm until the error caused by the

noise gets too high, see Figure 3.11.

The advantage of the calculation of the received optical power at the reference PD is

that the optical power can be calculated in parallel for all optical channels, and it is not
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necessary to get the values from N different electrical lines.
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Figure 3.10: Mean pilot tone amplitude vs. optical input power; including error bars of
20 measurement repetitions

Wavelength locker ratio

As the optical wavelength can be identified by their pilot tones it is also possible to place

a shared centralized etalon filter in the OLT - instead of individual wavelength lockers in

each ONU. The centralized locker is located after a tap-coupler and is shown in Figure 3.8

at point B. The component was already shown in Figure 3.5.

The reference and the etalon PD can be slow running as they only need to detect the

AM tones applied by the ONUs. The tuning information is then calculated on the same

principle as with the local etalon as described in Section 3.3.2. The principle is changed so

that instead of the average signal ratio, the pilot amplitude ratio is calculated. The ONU

then tries to change its lasing frequency until a target ratio is found.
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Figure 3.11: Pilot tone amplitude mean standard deviation vs. optical input power; 20
measurement repetitions
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3.5.3 Proposed & implemented combined tuning method

By using individual pilot tones for each ONU and the application of the power estimation

and wavelength locker calculation method, a fast and precise network wavelength control

scheme can be realised. The proposed solution is also cost-effective as the centralised

wavelength locker is shared between all ONUs. The OLT measures and continuously

sends back the optical power and the etalon ratio offset for each optical channel. This can

be done in parallel for each ONU on their downstream wavelength using an ECC. The

ECC is divided into frames each containing the wavelength tuning information from the

last measurement.

Normalised wavelength locker ratio λerr

To make the ratio etalon independent, it is preferable to first normalize the obtained

ratio and then send back its value to the ONU. Instead of the actual calculated ratio, a

wavelength error λerr is calculated. Using Equation (3.12), the wavelength error λerr,i for

the optical channel i can be calculated to

λerr,i = cedge(rabs − rtarget,i) (3.21)

with rtarget,i being the target ratio for the selected channel on the specific etalon transfer

function. cedge is either 1 or -1 depending on whether the operation point is on the raising

or falling edge of the etalon transmission curve.

λerr is a parameter which is 0 when the laser frequency is exactly on the target frequency

and negative (positive) if the frequency is too low (too high). Figure 3.12 shows a

measurement of λerr as a function of the lasing frequency using a pilot tone with 200 kHz.

The figure shows three 100 GHz channels with their lock-in points and lock-in ranges

(double arrow). The λerr in the figure is symmetric as the finesse of the used etalon was

∼1.2.

Note that the wavelength error λerr still has ambiguity of the channel and only provides

a valid information, if the current frequency lies within the lock-in range.

OLT ECC frame generation

With the usage of wavelength error the following information can now be sent to each

ONU after each measurement. One ECC frame consists of: target optical channel (λ-ID),

target pilot tone frequency (PT-ID), received optical power (OP-RX) and wavelength

error (λ-error). Table 3.1 summarizes the parameters and explains how the values can be
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Figure 3.12: Lambda error measurement for a 100 GHz etalon including the lock-in point
and range of different optical channels

calculated. Either λ-ID or PT-ID could be omitted, if a fixed allocation between the pilot

tone frequency and the optical wavelength is used.

name abbreviation note / calculation method

optical channel number λ-ID unique value for each channel
upstream pilot tone fre-
quency

PT-ID unique value for each channel

received optical power OP-RX calculation via the pilot amplitude of the
reference PD

normalized pilot tone ratio λ-error calculation via the pilot tone ratio between
etalon and reference PD

Table 3.1: ECC frame content from OLT to ONU

Figure 3.13 shows the flow chart of the described process at the OLT. First, the signal

from the reference and etalon PD is captured. Then, both pilot tone amplitude spectra

are calculated. See Section 2.4 for amplitude spectrum computation methods. With the

pilot tone amplitude spectra, the optical power and the wavelength error are estimated.

Finally, the ECC frames for all ONUs are assembled and sent out to the respective ones.
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Figure 3.13: Simplified OLT flow chart for a network wavelength control
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ONU initialisation phase

After connecting or powering on, the ONU starts with the initialisation phase. After the

first reception of an ECC frame, the ONU knows which optical target frequency it needs

to reach and which pilot tone to use. The ONU now tries to maximise the optical power

seen at the OLT and communicated via the ECC frame. Depending on the implementation

and the knowledge of the tunable laser module the ONU can either directly select the

injection currents for the target channel or do a blind search. The blind search can be

either in the full C-band, e.g. by stepping from the lowest to highest optical frequency.

This for example could be done without calibration data. Alternately, in the case that a

partial calibration was done, the search can also be done within a sub-band. In any case,

the new ONU doesn’t disturb the other already existing channels even when setting a

wrong frequency because the AWG in the remote node suppresses the cross talk from

adjacent channels by at least 35 dB.

After the received optical power is higher than a predefined threshold value the

initialisation phase is finished. The threshold depends on the system design and should

be set ∼10 dB higher than the noise level observed when the laser is tuned outside of the

passband of the AWG. After the threshold is reached, the optical frequency lies within

the passband of the target channel. Then phase two for continuous tuning can start.

ONU operation phase

Additional to the received power, the ECC frame also contains the normalised λ-error.

As already mentioned, this information is only valid, if the frequency lies within the

symmetrical lock-in range ∆υlr,sym of the etalon, see Section 3.3.2. In a WDM-PON with

channel spacing of 100 GHz the lock-in range is ±50 GHz from the target channel which

is larger than the typical AWG passband width of < ±20 GHz to 35 GHz, see Figure 3.9.

Therefore, it is now safe to use the pilot λ-error information as the frequency lies within

the lock-in range. The λ-error is then evaluated, and the laser is continuously fine-tuned

with small tuning steps.

Figure 3.14 shows the flow chart of the described ONU process including the two

phases. For a better overview, abort conditions are not included in the figure. E.g., if

the optical power drops for several received frames under a loss of signal (LOS) level, a

restart of the channel search needs to be triggered.
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Figure 3.14: Simplified ONU flow chart for a network wavelength control
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3 Wavelength control in WR-WDM-PONs

3.6 Experimental validation over a single fibre

The described combined network control was demonstrated in a full set-up, see Fig-

ure 3.15 and [72]. In the shown configuration the C-band was used for upstream and

the L-band for downstream communication. The validation included initial tuning of

a laser, as well as laser wavelength control in operation with stable ONU temperatures.

Experiments within changing temperatures have also been deducted and will be presen-

ted in Section 4.2.2. In all configurations, the same control loops on OLT and ONU were

used. Between OLT and ONU a 50 km standard single-mode optical fibre (SSMF) was

installed to emulate realistic transmission distances. The generation of the pilot tone was

done using an external function generator. In the experiment, the setting of the pilot tone

frequency was done manually by setting the received pilot tone. However, in a fully

integrated system this step can be done automatically, e.g. using a direct digital synthesis

(DDS) chip.
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Figure 3.15: Network control experimental set-up

The ECC was transmitted back to the ONU on the fibre in the L-band. The optical

downstream carrier was modulated with an 8B/10B encoded 1-Gb/s pseudo-random bit

stream (PRBS) data stream and in addition with a 100 kHz tone, carrying the wavelength

control information via 1-kb/s BPSK modulation. The parameters of Table 2.3 were used,

and the modulation index was set to 10 %. In the experiment, the tone was modulated

via a modification of the 8B/10B encoding, as described in Section 2.3.3. Including header

and CRC data a frame rate of maximal 12.5 frames/s can theoretically be achieved. This

rate was not reached in the experiment as the processing on the OLT side was done
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3.6 Experimental validation over a single fibre

on a standard personal computer (PC), on which the processing is slow with the used

implementation. An effective frame rate containing tuning information of ∼1 frames/s

was reached, while the remaining frames contained idle signals.

For each information field of the ECC frame, as described in Table 3.1, 1 byte was used.

This resulted in only 4 bytes for the complete wavelength tuning information. Table 3.2

shows the data format of the 4 fields. Due to the limitation of 8 bit per information field

the real transmitted values were rounded, clipped and truncated. Both the ONU and

OLT were programmed to have the behaviour as shown in Figure 3.14 for the ONU and

Figure 3.13 for the OLT. This resulted in frequency stepping as shown in Figure 3.16.

In this experiment, a sampled grating Y-branch (SG-Y) laser was used whose injection

current curves were generalized in order to facilitate the operation and to reduce the

number of calibration points needed for characterization. Section 4.7.5 will explain the

tuning principle of the laser in detail. For the result discussed here, the laser can be

assumed to be continuously tunable in wavelength without any mode jumps.

byte name abbreviation note

0 target optical channel λ-ID 192 THz + 100 GHz · λ-ID
1 target pilot tone frequency PT-ID 100 kHz · PT-ID
2 received optical power OP-RX signed value in dBm
3 normalised pilot tone ratio λ-error signed value with 0 meaning grid

frequency

Table 3.2: Downstream pilot tone ECC data

power threshold

AWG Filter

steps

Figure 3.16: Frequency sweep on power-up

Initial phase

After the reception of the first ECC-frame the target optical channel is known to the ONU.

Then the injection currents for a frequency, which is ∼ 400 GHz lower than the target
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3 Wavelength control in WR-WDM-PONs

channel, were selected. From this point onward, the injection currents were changed step-

wise. The frequency was increased with a step-size of ∼25 GHz until the received optical

power at the OLT was higher than a pre-set threshold level, here −25 dBm. Figure 3.17a

shows the measured lasing frequency during the turn-up and Figure 3.17b the optical

received power. The optical power before the channel fell into the AWG target passband

slot was actually lower than −40 dBm, however, the feedback value was truncated within

the range from −40 to 0. As seen from Figure 3.17a, the target frequency is reached within

∼18 s. This tuning time was achieved regardless of the target channel and is due to fact

that a pre-calibrated data of the ONU laser was used and the initial offset was always set

to ∼ 400 GHz.

Operation phase

After the initial phase the operation phase was started and the fine tuning of the laser was

done. Figure 3.18 shows the achieved wavelength accuracy of a long-term measurement

over 15 hours. As the figure shows, the wavelength was kept within a ±3 GHz range

during the whole time. The wavelength locker used in the experiment had a small

polarisation dependence in one branch, resulting in a change of the measured ratio with

polarisation, which was in turn compensated for by a wavelength change. It is expected

that the PD effects can be reduced by using a different or optimized wavelength locker.
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Figure 3.17: Measurement results during turn on process
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Figure 3.18: Long term frequency evolution at fixed laser temperature during the opera-
tion phase
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3.7 Network wavelength control summary

In this chapter, first a standard tunable laser and its local wavelength control were

described. Then, a network wavelength control was described which uses a centralised

wavelength locker and individual pilot tones. This approach is very cost-effective as

instead of N etalons for N ONUs, only 1 etalon at the OLT is needed. The OLT is

estimating the optical power and pilot tone for each optical channel individually by

measuring its pilot tone amplitude. This information is then transmitted to the ONUs via

an ECC and evaluated at the ONUs within two phases: Initial phase and operation phase.

During the initial phase, only the estimated optical power is considered until the level is

high enough and thus the upstream channel is found. In the second phase, the operation

phase, the ONU tries to minimize the wavelength error λerr, which gives an information

on the tuning direction.

The tuning principle was introduced in detail and also implemented. The experimental

set-up was chosen to demonstrate the tuning of a full-band C-band tunable over a

single fibre working set-up with 50 km SSMF. The experimental results showed that the

target optical channel was found within ∼18 s independent of its position in the C-band.

Additionally, a long-term experiment showed that by evaluation of the wavelength error

λerr a frequency stability of ±3 GHz over several hours was achieved.

In the next chapter, optional approaches to lower the cost further are discussed: un-

cooled or partly uncooled tunable lasers with reduced or none calibration. This approach

complements the centralized network control and allows the highest cost savings.
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4 Tunable laser technologies

4.1 Chapter preface

Currently, several tunable laser technologies are commercially available and being used

in tunable transceivers. For a complete overview on tunable laser technologies see [7],

[73]. Common to all, here mentioned, tunable lasers is their tuning range over the

entire C-band. Among these laser technologies, the following laser types could suit the

requirements for PON usage:

• micro-electromechanical systems (MEMS)-tunable vertical-cavity surface-emitting

laser (VCSEL) [74]

• multi-section distributed Bragg reflector (DBR) laser

– digital supermode - distributed Bragg reflector (DS-DBR) laser [75]

– sampled grating - distributed Bragg reflector (SG-DBR) laser [76]

• lasers with an external Bragg-Grating [77]

• sampled grating Y-branch (SG-Y) laser [78] .

In this chapter, the tuning principles of the DS-DBR and the SG-Y laser will be explained

in detail. In the following, both concepts for lowering the cost will be evaluated exper-

imentally for both laser types: reduction or omission of laser chip calibration and the

operation without a TEC.

4.2 Operation principle

4.2.1 DS-DBR

The DS-DBR laser, commercially available from Oclaro Inc., is a fully monolithic integ-

rated 5 section laser. The 5 sections are rear multi-peak reflector, phase section, multi-

quantum well (MQW) gain, several Bragg front reflectors and a SOA. At both ends the
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4 Tunable laser technologies

laser is anti-reflection coated. Figure 4.1a shows a schematic cross section of the laser, and

Figure 4.1b shows a picture from the top of the laser chip itself. The wide tuning range

SOA Front Phase Rear Gain 

AR 
Substrate 

(a) Cross section - schematic view, based on [79]

Phase Rear grating Gain Front Gratings SOA 

(b) Laser chip - top view, based on [80]

Figure 4.1: DS-DBR laser

of 1548 nm to 1563 nm, see [75], is achieved by a combination between the rear section

and the selection of one front section. The rear section has a comb-shaped reflectivity

spectrum with 7 main peaks. The injection current in one pair of 8 adjacent front grating

contacts selects one of the 7 main peaks and suppresses all other peaks. Now the lasing

frequency is within the selected sub-band of the front grating pair. Tuning within a

sub-band can be achieved by aligning the rear grating and front grating.

Figure 4.2 shows the steps for selecting a lasing wavelength of ∼1 548 nm (∼ 193.664

THz). Starting point is the untuned state as shown in Figure 4.2a. In this state no front

section pair is selected and the rear section is unaligned to the target lasing frequency.

For selecting a lasing frequency, first, the matching front section for the target lasing

frequency is selected by injecting a current into the corresponding front section pair, see

Figure 4.2b. At this point the laser is lasing within the sub-band of the front section. The

lasing frequency is marked by a triangle, and the sub-band is marked with a rectangle in

the spectrum in Figure 4.2b. Finally, the injection current into the rear section is changed

so that it also aligns with the front reflector at the target frequency, see Figure 4.2c

Additional to front and rear section, the phase and gain currents can be used to fine
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4.3 Laser calibration

tune the laser frequency within a small range. These two currents are mainly used to

achieve high side-mode suppression ratio (SMSR) and to avoid mode jumps around

operation points. Finally, the output power is equalized in the SOA section. For lower

data rates, i.e. < 10 Gbit/s, this section can be modulated directly, otherwise an external

modulator, i.e. a MZM, has to be used.

4.2.2 SG-Y branch

Another tunable laser is the sampled grating Y-branch (SG-Y) laser. The SG-Y laser is also

called modulated grating Y-branch (MG-Y) laser, see [81], [82]. The laser was originally

developed by Syntune AB and is today commercially available from Finisar Corporation.

The laser consists of the following sections: 2 reflector sections (branches) with different

periods, multi-mode interferometer (MMI), phase section, gain section. Figure 4.3 shows

the cross section of the laser.

The wide tuning range of the SG-Y laser is based on the Vernier effect between the two

rear grating reflectors which each have a comb-shaped reflectivity spectrum. For selecting

a specific lasing frequency both reflectors have to be tuned via their injection currents to

align one of their peaks at the target frequency. As the rear reflectors have both a slightly

different peak spacing, only the aligned combination of the peaks stimulates a mode and

the other far-modes are suppressed. Figure 4.4 shows the schematic output spectrum

of the tuning principle. The target frequency is marked with dotted circles. Figure 4.4a

shows the alignment of one peak of reflector 1 with the target frequency. Reflector 2 is

not aligned to the target frequency. Figure 4.4b then shows both reflectors aligned at

the target frequency. This alignment produces a high power output and suppresses the

other reflectors. Finally, the gain and phase section can be used to fine-tune the lasing

frequency.

4.3 Laser calibration

As mentioned in section 3.4, the main cost driver for the tunable laser is not the laser

chip itself, but rather the calibration step which takes a lot of time. The calibration step is

very time consuming because all injection currents need to be calibrated for each optical

channel at the operating temperature. The criteria for the calibration are, apart from the

obvious lasing frequency, constant high output power, mode jump free tuning and high

SMSR. For applications in the long haul area, a typical value for SMSR is > 35 dB.

The result of the calibration step is the calibration table. The calibration table is sorted

by optical channel and contains the values of all the injection currents. This laser chip
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(a) No front pair selected - rear section unaligned

(b) Front pair selected and aligned - rear section unaligned

(c) Front pair selected and aligned - rear section aligned

Figure 4.2: Schematic tuning principle of the DS-DBR laser, taken from [79]
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Figure 4.3: SG Y-branch cross section, based on [78]
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Figure 4.4: Tuning principle of SG-Y laser
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specific calibration table is then saved in the microprocessor controlling the injection

currents.

Apart from the long time to measure all optical channels also the calibration equipment

is very expensive, e.g. optical spectrum analyser (OSA) and thus the process cannot be

parallelised at low cost. In general, there are two possibilities to lower the effort: reducing

or omitting the laser calibration.

4.3.1 Reducing calibration

In the reduced calibration approach, the calibration time is reduced by only measuring

some key points in the laser tuning map instead of all optical channels. Then, the rest of

the tuning map is interpolated. For this method, the reduction of the effort is dependent

on the number of key points needed for a good interpolation. Section 4.7.5 describes one

possible implementation for the SG-Y laser.

4.3.2 Omitting calibration

One step further is to omit the calibration step during manufacturing and therefore

apply generic tuning functions. The application of generic tuning functions can lead

to unsatisfactory performance as all laser chips differ somehow due to variations in

production. This loss of performance can be (partly) compensated by a centralised

wavelength control which provides a feedback signal for each ONU. The feedback signal

can then be used to adjust the generic equations to yield better optical performance and

also to improve the accuracy of the wavelength. This approach offers the highest saving

potential but also the highest technical challenge to work properly. This approach will be

discussed in Section 4.6.3 for the DS-DBR laser and in Section 4.7.4 for the SG-Y laser.

4.4 Athermal operation

Complimentary to the calibration free operation is the TEC-free operation to save power.

Depending on the targeted environment, the temperature specification can be very

challenging, e.g. −40 ◦C to 80 ◦C for industrial range. Operating a laser without a

thermoelectric cooler directly affects the lasing frequency of the laser. The external

temperature change leads to a temperature change of the laser chip. This temperature

change leads to a change of the refractive index of the material. The change of refractive

index subsequently changes the lasing frequency of the laser. A typical value for this

frequency drift is ∼12 GHz/◦C.
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As the laser temperature increases, its threshold current increases and its slope efficiency

decreases. Both effects decrease the laser output power. For lower temperature this can

be compensated by increasing the injection currents. However, for higher temperatures

(> ∼60 ◦C) the output power of the laser drops under a usable level. The problem of the

power drop, however, can then only be solved with the usage of different materials, e.g.

aluminium quaternary (AlQ), which have lower temperature dependent coefficient. The

usage of a different material means a complete redesign of the laser. This is outside of the

scope of this work and also results in high upfront cost for the new wafer masks.

It is thinkable to calibrate the laser at different temperatures to enable an athermal

behaviour. The athermal calibration, however, increases the calibration time and thus the

component cost. Instead of a temperature calibration step, the temperature introduced

wavelength changes can also be compensated by using generic equations. The thermal

generic equations are the same as the calibration-less generic equations. A temperature

shift is translated to a wavelength shift and then the currents are changed accordingly.

Section 4.6.3 discusses the thermal behaviour of the DS-DBR laser and Section 4.7.2 for

the SG-Y laser.

4.5 General remarks on tunable lasers

4.5.1 Characterisation

The calibration effort can be omitted by using generic injection current equations instead.

These generic equations can be extracted from a fully detailed characterisation and can

be applied to different laser chips. Laser chips have small differences from chip to chip

due to imperfect manufacturing techniques. Even though these differences exist the

generic equations are still very similar and can be compensated via a network control

loop. For the generation of the generic equation of the sub-band tuning a complete laser

characterisation with all injection current combinations was done. Therefore all injection

currents were swept in small steps and the output optical frequency and output power

were monitored using a mlti-wavelength meter. The set-up is shown in Figure 4.5.

 T-LD MWM 10 dB 

Temp 
control 

injection 
currents 

Figure 4.5: Experimental set-up for a tunable laser characterisation
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4.5.2 Mode jumps

Thermal changes cause that different sections of the laser become mismatched and thus

mode jumps will occur. A mode jump causes a short burst of error in the data transmission.

In the residential access context, these error bursts can be regarded acceptable as the

duration of the error burst is less than one Ethernet frame and will be auto corrected by

the used higher layer (e.g. Layer-4 (TCP/IP) corrective actions). Additionally, it would

be possible to stop the data transmission before a mode jump, which was triggered by a

generic equation. While the mode jump occurs the data is cached in a memory and no

data error is produced. After the mode jump, the data from the memory is transmitted as

before the mode jump.

4.6 Digital Supermode-distributed Bragg reflector

4.6.1 Characterisation

The results of the characterisation for varying front and rear section currents are shown

in Figure 4.6 and are called tuning-map. The figure shows the 7 front section settings,

which are used to select one of the rear peaks. A particular combination is called a super-

mode. The solid arrows mark the evolution of front and rear currents for a continuously

increasing lasing frequency and was approximated by a generic equation. If the rear

injection current reaches its maximum of ∼88 mA another super-mode has to be used to

further increase the lasing frequency. This super-mode jump is marked in the figure by a

dashed line. See Appendix B for a details on the generic equations of the DS-DBR.

4.6.2 Thermal behaviour

The same method of extracting equations from a full characterisation can also be used to

get temperature-dependent equations. Contrary to the former general tuning map, the

objective is not to use the equations for a continuously increasing the lasing frequency

but for keeping the lasing frequency stable at different temperatures. Figure 4.7 shows

the temperature tuning map for the phase section. This tuning map was generated with

the set-up from Figure 4.5 and using the internal TEC to change the laser temperature.

During the measurement, only the phase injection current was changed, all other injection

currents where kept stable. The solid line in Figure 4.7 marks a constant lasing frequency

for different temperatures. The approximation is the following two-degree polynomial

for all three modes

Iphase = 0.179ϑ2 − 5.709ϑ + 46.62 (4.1)
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4.6 Digital Supermode-distributed Bragg reflector

Figure 4.6: Output wavelengths at different front and rear currents at 25 ◦C; the x-axis is
injection current [mA] into the front section selecting front pair 1 to 7

with Iphase being the phase injection current in mA and ϑ the temperature in ◦C. As

seen within the range from 15 ◦C to 42 ◦C three cavity longitudinal mode jumps (dashed

lines) occur. A mode jump is unwanted as it produces a burst of bit errors. The mode

jump temperature range can be extended by parallel tuning of other sections. [83]

demonstrated that, by parallel tuning of the gain section, the number of mode jumps

within a temperature range from 15 ◦C to 70 ◦C can be reduced to two mode jumps for

most channels.

Characterisation of the DS-DBR laser for different temperatures and also the extraction

of mode-jump optimised injection current equations have been published in the author’s

paper [84] and in much more detail in [71], [80], [83]. It can be shown that by only using

the generic equations the laser can be operated in an open loop control with acceptable

results. [83] showed that a frequency stability of ±15 GHz can be achieved over a large

temperature range.

4.6.3 Generic equations - experimental results

The experimental validation of the tuning algorithms was done with the former described

centralised network control for WR-WDM-PON using a shared wavelength locker, as

shown in Figure 3.8 and explained in Section 3.5.3. The ECC from the OLT to the ONU

was not implemented as an optical in-data channel but rather an electrical Ethernet

connection which is comparable to the final usage but easier to implement as it requires

less hardware. The ECC only contained the four bytes for wavelength tuning as listed

in Table 3.2. Further on, the pilot tone frequency and 1.25 GBit/s Ethernet data were
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Figure 4.7: Temperature tuning map of the phase section
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4.6 Digital Supermode-distributed Bragg reflector

both applied to a MZM within the ONU. Figure 4.8 shows the complete experimental

set-up for the ONU. For a realistic set-up a 40 km SSMF was installed between OLT and

ONU. Note that in this experiment no TEC was used and the laser chip temperature was

following the temperature in the laboratory.
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ECC deframing

DS-DBR tuning

Temp

SOAMZM

Ethernet Frame
from OLT

AM Tone

1.25 GbE

Figure 4.8: ONU sub-system diagram and control flow

Initial phase

After the turn-on of the laser and reception of the first ECC-frame the laser was tuned

to the lowest optical channel. Then from the lowest channel the laser’s frequency was

increased step by step. The frequency increase was achieved by tuning the rear and the

front sections in parallel. The values of the injection currents were calculated by using

the extracted equations from Figure 4.6 and temperature-shifted ones. For covering the

whole C-band the algorithm also needs to take care of super mode jumps. If the end of

one super mode is reached, the injection currents for the next super-mode have to be set.

It is however not possible, when using generic equations, to make a super mode jump

maintaining the exact lasing frequency, if both super modes are not exactly calibrated

and coordinated to interwork. A higher frequency in the next mode however contradicts

the requirement to increase the frequency steadily. Therefore, a defined decrease in

frequency for all the super mode jumps was implemented. This frequency overlap is also

useful to provide some hysteresis for avoiding unnecessary mode jumps with changing

temperatures.

During the initial tuning phase the gain current is fixed at 150 mA and the phase current

was fixed at 0 mA. The step width of the lasing frequency has to be chosen so that it

is ensured that the pass-band of the target WDM channel will always be found. In the

experiment a step width ∼0.3 nm was used, which is about the accuracy of the tuning
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map over a temperature range of 15 ◦C to 60 ◦C. This enables the laser to continuously

increase the frequency even when the temperature changes and ensures that the lasers

steps through the whole C-band and subsequently finds its target channel.

Figure 4.9 shows the measured results of the lasing frequency offset to the target

frequency and the received optical power, both measured at the OLT. The tune-up time is

dominated by the delay in the control loop. After each setting of new injection currents

the ONU has to wait until it receives a new ECC-frame from the OLT. As seen from

Figure 4.9, the initial tuning speed is roughly 2 THz/min and the selected target channel

is found within 1 min. The entire C-band, which is used for upstream transmission, has

a width of approximately 4 THz. Therefore, the initial tuning for all channels can be

finished in less than 2 min. The main time factor in set-up was the processing of the pilot

tones and the generation of the ECC-frames on the OLT side where a standard PC was

used. It is expected that a speed-up of >10 can be achieved when using an FPGA.

After the target channel was found the optical power was maximised, and then the

continuous phase was started.

Operation phase

In this phase, only the λ-error calculated from the etalon ratio was used to tune the

laser, compare Table 3.1. In order to achieve a fine adjustment of the lasing frequency all

sections where tuned using generic equations. With these equations and with the active

feedback control a long term measurement was done. Figure 4.10 shows the measured

result for the frequency offset and the λ-error. During all the time a frequency accuracy of

< ±4 GHz is observed. During this test the laser chip temperature was left uncontrolled

and changed arbitrarily between 28.5 ◦C and 33.2 ◦C. A bit error measurement with a

standard Ethernet signal of 1.25 Gbit/s was done. The BER measured was < 1 × 10−9.

Finally, some error detection functions have also been implemented, e.g. monitoring

the local output power to ensure that the injection currents are set properly. Another error

detection function is to monitor the received optical power during this tuning phase. If

the optical power is several ECC frames below a threshold, it can be assumed that for

whatever reason (wrong injection currents, fast temperature change) the lasing frequency

is no longer within the AWG passband. If this error is detected, a re-sweep within the

neighbouring channels is done in order to find the correct optical channel again. In case

that the optical power stays low and thus the AWG passband is not found, a complete

restart of the tuning process with the initial phase is done.
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Figure 4.9: Initial wavelength search after power-up of the ONU
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Figure 4.10: Long-term frequency stability
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4.7 Sampled grating Y-branch laser

4.7.1 Characterisation

Similar to the DS-DBR laser, the SG-Y laser can be characterised by a tuning map. At

a fixed temperature, both the injection currents to the reflectors were independently

increased from 0 mA to their maximal allowed value. The maximal value of ∼20 mA was

set so that the gratings are not damaged. The set-up used to generate the tuning map was

the same as shown in Figure 4.5. Figure 4.11 shows the generated tuning map of the SG

Y-branch laser. The regions of the same colour represent one super-mode. A super-mode

can be defined as the frequency range where the same combination of rear reflector peaks

is used. In the total spectrum, from blue to red, 8 super-modes are seen. The lower right

and upper left areas are repetitions and don’t allow stable operation. The white spots in

Figure 4.11 are combinations of injections currents where the measured output power

was > 10 dB lower than the normally observed 13 dBm, which normally appear at the

transition between two super modes. At the transition between two super modes, the

available power is shared between the modes as the laser shows a multi mode behaviour.

Furthermore, it can be seen that the SG Y-branch laser covers the entire C-band.

4.7.2 Thermal behaviour

As mentioned before, the lasing wavelength changes with the environment temperature.

In order to quantize the wavelength shift, the wavelength was measured, again using

the same set-up as shown in Figure 4.5. The injection currents to all sections were kept

constant and only the TEC set point of the laser was changed. Figure 4.12 shows the

measured lasing frequency shift of a SG Y-branch laser with static injection currents

over changing temperature. As seen from the figure at ∼33.6 ◦C a mode jump to the

next longitudinal mode occurs. Additionally, the temperature coefficient mentioned in

Section 4.4 of ∼12 GHz/◦C can be observed.

4.7.3 Athermal operation with generic equations

Again, the basic idea of the athermal operation is to counteract any wavelength shift

introduced by a temperature change by adapting the injection currents, see the author’s

publication [85]. Therefore, the frequency change of the rear combs as a function of the

injection currents was measured. The red curve in Figure 4.13 shows the lasing frequency

as a function of the injection current into one rear reflector. As a generic equation, the

measurement curve was approximated by a square root function (blue curve) with the
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Figure 4.12: Temperature drift with fixed injection currents, at a temperature of ∼33.6 ◦C
a mode jump to the next cavity longitudinal mode occurs

following parameters:

∆ f =
√

46519.21
√

Irear. (4.2)

When operating within one super-mode (combination of the same two reflectance

peaks of the rear grating), the frequency can be tuned continuously by tuning the two

reflectors simultaneously from a given lasing position until a longitudinal mode jump

occurs. The mode jump is a phase mismatch which occurs between the sections. Therefore,

it is possible to simultaneously tune the phase section so that ideally the effect of the

wavelength jumps is fully compensated. However, perfect compensation cannot be

achieved for all longitudinal mode jumps. Figure 4.14 shows an exemplary measurement

of the longitudinal mode jump compensation using a linear decreasing phase injection

current. The upper subfigure of Figure 4.14 shows the resulting lasing frequency with two

mode jumps. The first jump has a phase mismatch of ∼6 GHz and the second ∼9 GHz,

which leads to acceptable jumps compared to the 50 GHz as seen in Figure 4.12.

This parallel shifting method can be used until one injection current needs to be set to

a value outside of the boundaries of the approximation (0 mA to 18 mA). If this occurs,

a new super mode has to be found and used. A possible solution is to use generic

equations based on the full-band tuning map. However, by using the discussed method a

temperature change > 10 ◦C can be compensated.
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Figure 4.13: Wavelength shift over injection current; the approximation with a square root
function

4.7.4 Generic equations - experimental results

Again, for experimental demonstration of the tuning concept the same setup as shown

in Figure 3.8 was used, which represents the basic WDM-PON set-up. For reducing the

hardware effort, the loop-back from the OLT to the ONU was omitted and done locally by

the control PC. However, exactly the same could be done via a real loop-back as described

in Section 3.5. Again, both the received optical power (OP-RX) and wavelength error

(λ-error) were used to control the ONU wavelengths. The experiment is again split up

into the two phases.

Initial phase

First, after the turn-on of the laser, a sweep over the entire C-band is started. This sweep

was achieved by doing a blind search in all possible combinations of the two reflector

sections. Basically, Figure 4.11 is searched for the current combination for the target

wavelength, determined by a transparent path between ONU and OLT. This blind search

could be accelerated, if the knowledge of the target channel wavelength was taken into

account. This however was not implemented. The blind search is done until the received

optical power at the OLT raises, which signifies that the target channel is reached. The

whole tuning process for the initial phase takes ∼55 s, which is however only limited
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by the speed that the control board is capable of changing the injection currents. With a

specially designed control board a factor 10 in speed-up can be expected.

Continuous phase

In the second phase, after the initial tuning the temperature of the laser chip was changed

slowly. This was done by changing the TEC set-point of the module and has the same

effect as a changing environmental temperature. The temperature was changed from

26 ◦C to 38 ◦C within 15 minutes. This corresponds to a temperature change rate of

∼0.8 ◦C/min. Even higher temperatures can only be achieved by disabling the TEC and

applying external temperature control to the module (i.e. temperature chamber). The

temperature change rate was limited by two factors: As mentioned before the speed of

driver electronics and also the monitoring of the result parameter. Especially the multi-

wavelength meter, which is measuring the frequency offset from the channel nominal

value, takes ∼2 s to complete one measurement.

Results

Figure 4.15a shows that after the first ∼10 s of initial tuning using the feedback loop the

wavelength can always be kept within ±5 GHz of the target wavelength. Additionally,

Figure 4.15b shows the received optical power and the ratio of the pilot tone at the

wavelength locker. This value is normalized, meaning that a ratio of 1.0 represents the

target wavelength. As it can be seen from Figure 4.15b two drops of the power are

observed (at 180 s and 560 s). These two drops are the former mentioned longitudinal

mode jumps. In the first event (180 s), the mode jump could be compensated directly

after it occurred and thus the slower wavelength measurement did not capture the event.

In the second event (560 s), the correction takes longer and is accordingly captured by

the wavelength measurement. The experiment has been repeated with similar results for

different channels over the C-band, and the jump offset was normally < ±10 GHz and

the target wavelength re-locked within < 5 s after the mode jump.
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Figure 4.15: Result of the tuning using generic equations
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4.7.5 Athermal operation with interpolated calibration data

In order to achieve single-mode behaviour and a high SMSR, the commercially available

laser is characterized around each alignment of two reflectivity peaks which are approx-

imately 50 GHz apart. This characterization is done using three values: two rear reflector

currents and a phase injection current under a stable temperature of 25.0 ◦C. High SMSR

is normally achieved around ±20 GHz of a peak combination.

Differently to the former explained variant of generic injection current equations, it is

possible to interpolate this calibration data and to use it to counteract thermal changes.

This approach was applied to rear and phase sections. To facilitate the operation of the

laser and to reduce the number of calibration points needed for characterization, the

curves were approximated. For the rear reflectors linear equations ∆ f = ar Irear + br and

for the phase section a quadratic equation ∆ f = ap I2
rear + bp Irear + cp was used. The

parameters were different for each alignment. In order to achieve continuous frequency

tuning, the approximations have been extended so that overlapping frequency sections

exist between two adjacent alignments. Figure 4.16 shows the resulting wavelength

tuning versus the frequency set-point for different temperatures. It demonstrates that the

lasing frequency can be kept constant by modifying the set-point, when the temperature

evolves.
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Figure 4.16: Lasing frequency of the laser for different temperatures using the interpolated
equations. Each continuous line is a single alignment (mode)

The approximation was then used to operate the laser within changing environment
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4.7 Sampled grating Y-branch laser

temperatures. A temperature change results in the change of the refractive index of the

waveguide, which is proportional to the change in emission frequency. With increasing

temperature, the laser frequency is shifted towards lower frequencies, which are com-

pensated by lower injection currents within the limits of a single alignment. Upon further

temperature increase, another alignment has to be used and therefore a mode-jump will

occur. An advantage of this method is that the required time to reach the target channel

is reduced as its injection current values can be calculated using the interpolation curves.

4.7.6 Interpolated calibration data - Experimental results

Again, the experiments were performed within a WR-WDM-PON with a network wave-

length control including the initial and the operation phase. In all configurations, the

same control loops on ONU and OLT were used. Between OLT and ONU a 50 km SSMF

was installed to emulate realistic transmission distances. Figure 4.17 shows the complete

optical set-up. On the OLT-side a standard PC was used to calculate the ECC data, and

then an FPGA was used to generate the ECC frames. On the ONU-side, the ECC was

received with an FPGA board and transmitted to a PC, which controlled the integrated

tunable laser assembly (iTLA) including the laser and the TEC.

ONUOLT

iTLA

RN 

A
W

G 50 
km

FPGA 
ECC deframing

SG-Y tuning

Temp

SOA

AM Tone

ONU PC

C/L
C/L

OLT PC
Wave
locker

FPGA + 
ECC generation

ONU RX

Figure 4.17: Test set-up for the SG-Y laser testing

Initial phase

After turn-on, the ONU waits for the first reception of the downstream ECC-frame. As

the frame contains the target optical channel and the upstream pilot tone frequency, it

is possible for the ONU to initialize its settings accordingly, compare also Section 3.5.3.

The generation of the pilot tone was done with an external function generator and

was adjusted manually, however in a fully integrated system this step will be done
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automatically. Then the injection currents for a mode, which is ∼ 400 GHz lower than

the target channel, were selected. From this point onward, the injection currents were

changed so that the frequency was increased until the received optical power at the head

end was higher than a pre-set level. At this point, the lasing frequency lies within the

pass-band of the RN’s AWG, which has a 3-dB bandwidth of ∼60 GHz. The turn-up

process is the same measurement as already described in Section 3.6. Figure 3.17 shows

the transmit wavelength evolution during this tuning phase. As the lasing frequency

now lies within the lock-in range of the wavelength locker, it is possible for the ONU to

evaluate the values of the frequency up-or-down information received in the ECC-frame.

During the continuous tuning process, only this information is used to tune the laser until

the received optical power drops under a pre-set value and the start-up cycle is repeated.

Operation phase

For the operation phase two measurements were done: With stable and changing temper-

ature. The results with stable temperature were already described in Section 3.6. It was

shown that the wavelength was kept within a range of ±3 GHz.

In a second experiment, the laser temperature was randomly varied between 20.0 ◦C

and 30.0 ◦C, see Figure 4.18, upper part. Here, the lasing frequency is kept within ±5 GHz

of the target. The peaks in Figure 4.18, lower part, are due to mode jumps, which occur

when a new pair of injection currents is chosen. Directly after any mode jump, the

±3 GHz range was reached and kept until the next mode jump became necessary.
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Figure 4.18: Long term frequency evolution with varying temperature
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4.8 Low cost tunable lasers - summary

In this chapter it was was reported, how uncooled (or at least partly uncooled) DS-

DBR and SG-Y lasers in ONUs can be wavelength-stabilized in a WR-WDM-PON system

context against ambient temperature drift. This is achieved by a combination of measuring

the laser chip temperature and using the wavelength tuning information provided by the

OLT. With these two process variables the injection currents can be changed in order to

maintain the wavelength. Two approaches for the setting of the injection currents were

presented: using generic equations and the interpolation of calibration data. Both concepts

have been demonstrated successfully in conjunction with the network wavelength control,

which was presented in Chapter 3.

Whilst the usage of generic equations does not require any per device calibration, its

performance is not as good as the interpolation concept. Both variants are aware of mode

jumps, and it has also been shown how mode jumps can be controlled and resulting

effects be minimised.

As proven, the combination of the network wavelength control together with the tuning

concepts for TEC-less and calibration-free laser modules allows to build low-cost ONU

transceivers.
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5 Grid-less wavelength locking

5.1 Motivation

In a WR-WDM-PON a RN is used to separate upstream and downstream wavelengths in

different bands. As seen from Table 1.2, only the channel spacing in C-band is equal to a

ITU standard 100 GHz grid. Other bands have a slightly higher or lower channel spacing.

If an etalon for the usage in another band is needed, it becomes necessary to design an

etalon with a FSR matching this channel spacing. An etalon to lock the channels L-band,

for an AWG as measured in Table 1.2, would then need to have an FSR of 97.3 GHz.

Other applications, like flexible grids (FlexGrid), no longer use fixed channel spacings

or use very small spacings. This is done for better bandwidth utilisation of the optical

spectrum. [86] defines channels with either 12.5 GHz, 25 GHz, 50 GHz, or 100 GHz optical

width. For a gapless operation the channel center frequencies then need to have a

granularity of 6.25 GHz.

An etalon, designed for such a FlexGrid transceiver, would need to have an FSR of

6.25 GHz. This FSR leads to a symmetrical lock-in range of only 3.125 GHz. Such a

small lock-in range is practically unusable with inaccurately characterized lasers, if not

unusable at all.

In the following, a method incorporating a second etalon will be presented. The new

method is capable of locking a laser to an arbitrary frequency while maintaining the

symmetrical lock-in range of 1
2 FSR of the etalons.

5.2 Simple combination of two etalons

As described in Section 3.3.2, every etalon has a certain symmetric lock-in range which

is depending on the FSR. As seen from Equation (3.16) and Figure 3.7, the lock-in range

is only maximal at 2 points, which are at 1
4 FSR and 3

4 FSR. Their absolute positions

dependent on the absolute frequency offset.

The basic idea, see also [87], is to add a second etalon with another offset, which is

used when the first etalon has a small lock-in range. For the ease of use the second
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etalon has the same parameters as the first one. Only its frequency is shifted by 1
4 FSR

or 3
4 FSR so that it has its maximal symmetrical lock-in range where the first etalon has

its minimum. Figure 5.1 shows the lock-in ranges for 2 etalons on a 100 GHz channel

grid and a frequency offset of 25 GHz between the etalons. Now, at the frequency of

25 GHz only the ratio from etalon 1 is evaluated and at 50 GHz only the ratio from etalon

2. This simple method results in a minimal overall symmetrical lock-in range of 1
4 FSR,

here 25 GHz.
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Figure 5.1: Lock-in range of two etalons

5.3 Weighting of two etalons

5.3.1 Theory

Additional lock-in range can be gained by applying a weighting function to both etalon

transfer functions. The etalon transfer function was already defined in Equation (3.10).
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Here, a slightly modified definition will be used

Ti,∆( f ) =
1

1 + F sin2
(

π
FSR( f − ∆)

) . (5.1)

where i is the number of the etalon and ∆ the frequency offset. E.g., T1,FSR/2 is the transfer

function of etalon 1 shifted by 1
2 FSR. Using this definition a combined transfer function

Tc( f ) can be calculated

Tc( f ) = a1( f )T1,∆1( f ) + a2( f )T2,∆2( f ) (5.2)

with ∆1 and ∆2 being the frequency offsets of the two etalons. The values of the weighting

factors a1( f ) and a2( f ) are calculated, so that Tc( f ) will get periodic with FSR
2 and thus

have a maximal symmetrical lock-in range of FSR
2 over all target frequencies.

Tc( f )
!
= Tc

(

f +
1

2
FSR

)

(5.3)

With the assumption that both etalons have the same FSR, Tc( f ) of Equation (5.3) can be

simplified to

a1( f )T1,0( f ) + a2( f )T2,0( f ) = a1( f )T1,FSR/2( f ) + a2( f )T2,FSR/2( f ). (5.4)

Solving the equation for a1( f ) leads to

a1( f ) = a2( f )
T2,FSR/2( f )− T2,0( f )

T1,0( f )− T1,FSR/2( f )
︸ ︷︷ ︸

Z( f )

(5.5)

a1( f ) = a2( f )Z( f ). (5.6)

where Z( f ) is an auxiliary variable. Note that Z( f ) only depends on the following design

parameters of the etalons: finesse F, FSR and the frequency offset between the etalons

∆1,2.

Assuming that the etalons have the same FSR, at the lock-in point with the maximal

lock-in range of etalon 1, etalon 2 can be weighted with 0 as it cannot enlarge the overall

lock-in range. At this point the etalon 1 can be weighted with 1. The same condition is

also true for the maximal lock-in range point of etalon 2. This can be generalised to yield

a condition for all frequencies:

a1( f ) + a2( f ) = 1. (5.7)
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Applying this condition, the weighting factors can be calculated to

a1( f ) =
Z( f )

1 + Z( f )
and a2( f ) =

1

1 + Z( f )
(5.8)

and thus the combined transfer function Tc( f ) results in

Tc( f ) =
1

1 + Z( f )
(Z( f )T1( f ) + T2( f )) . (5.9)

Given that the two etalon transfer functions don’t have their maxima at the same point,

and that both etalons have the same FSR, Z( f ) and thus also Tc( f ) are periodic with FSR.

This means that for any frequency difference, Tc( f ) has a symmetrical lock-in range of
1
2 FSR for all target frequencies.

5.3.2 Numerical evaluation

In order to compare the weighting method to the simple combination, the same frequency

offset of 1
4 FSR was assumed. Given the same finesse F, Z( f ) can then be reduced to

Z( f ) =
F2 cos

(
6 π f
FSR

)

+
(
3 F2 + 16 F + 16

)
cos

(
2 π f
FSR

)

F2 sin
(

6 π f
FSR

)

+ (−3 F2 − 16 F − 16) sin
(

2 π f
FSR

) . (5.10)

Using Equation (5.6), the weighting factors a1( f ) and a2( f ) are calculated. Figure 5.2a

shows the plot for the calculated parameters a1( f ) and a2( f ). As seen from the figure the

value approach infinity for certain frequencies, e.g.

lim
f→ 1

8 FSR
a1( f ) = ∞. (5.11)

An infinitely big factor is unwanted for a practical implementation. To avoid this, the

factors can be scaled and piecewisely defined so that their values are always between -1

and 1. These scaled factors as1( f ) and as2( f ) are defined as:

as1( f ) =

{
a1
a2

= −Z( f ), if a2 > a1

1 else
(5.12)

as2( f ) =

{
a2
a1

= −1
Z( f )

, if a1 > a2

1 else
(5.13)
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The graphical representation of the piecewisely defined scaled factors as1( f ) and as2( f )

can be seen in Figure 5.2b.

Figure 5.3 shows the result of the numeric simulation of the symmetric lock-in range of

two etalons with a frequency offset of 1
4 FSR, here 25 GHz. The figure confirms the theory

that the maximum symmetrical lock-in range of 1
2 FSR, here 50 GHz, is reached for all

target frequencies.

5.4 Experimental validation

5.4.1 Setup

For experimental demonstration of the symmetrical lock-in range of 1
2 FSR two etalons and

a tunable laser were used. Figure 5.4 shows the optical set-up with the two wavelength

lockers used in parallel. The etalons are two devices from the same series. It is possible

to shift their transfer function in frequency by changing their operation temperature

using the integrated TEC. The frequency offset between the two etalons and also their

individual offset were chosen randomly by setting the TEC set points randomly within the

allowed temperature range. Table 5.1 summarizes the parameters and Figure 5.5 shows

the two measured transfer functions. Complementary, also a curve fit was performed

which is also plotted.

In the following, first, the weighting factor method will be applied to a sample target

frequency, and the calculations will be described in detail. Then, the same method will be

applied to a fine target frequency grid to demonstrate the lock-in range for all frequencies

within on period.

Device FSR [GHz] Finesse peak offset [GHz] relative offset [GHz]

A 100 ∼ 1.18 58.31
28.69

B 100 ∼ 1.10 29.65

Table 5.1: Parameters of the etalons (Santec OWL-30) used in the experiment
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Figure 5.2: Etalon factor - scaled and unscaled
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Figure 5.4: Experimental set-up for flex grid locking
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5.4.2 Sample target frequency

The first step is to calculate the combined transfer function Tc( f ). Therefore the weighting

factors a1( f ) and a2( f ), as defined in Equations (5.12) and (5.13), are calculated. For a

sample target frequency of ft = 12.5 GHz the combined transfer function Tc( f ), results in

Tc( f ) = 0.486T1( f ) + 1.0T2( f ). (5.14)

Figure 5.6 shows the measured and simulated combined transfer function. The figure

shows the periodicity of Tc( f ) which is equal to the FSR, here 100 GHz. The vertical line

at 12.5 GHz marks the target frequency, and the vertical lines at −37.5 GHz and 62.5 GHz

mark the lock-in range boundaries. It can be seen from the figure that the following

equation, which is necessary for providing information, is valid:

Tc( f ) < Tc( ft) if ft −
1

2
FSR < f < ft (5.15)

Tc( f ) > Tc( ft) if ft < f < ft +
1

2
FSR. (5.16)

For providing the tuning information (λ-error), it is useful to normalize the combined

transfer function. This can be done in the same way, as it was done for a single etalon, see

Equation (3.21).
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5 Grid-less wavelength locking

Experimental validation of the tuning

To demonstrate the lock-in range, the laser tuning process was done twice. Once the laser

started with a frequency close to the lower boundary of lock-in range ( ft − 1
2 FSR) and

once close to the upper boundary ( ft +
1
2 FSR). In both cases the λ-error was continuously

evaluated to change the laser frequency. Figure 5.7 shows the tuning process over time

for both tests. The dotted lines mark the lock-in range boundaries. The blue curve marks

the case where the start was near the lower boundary (−37.5 GHz) and the green curve

the start near upper boundary (62.5 GHz). It can been seen that from both starting points

the target frequency of 12.5 GHz is reached. The discontinuities at time steps 4 and 9 are

longitudinal mode jumps, which were not compensated gaplessly, see Section 4.7.4 for an

explanation of mode jumps.
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Figure 5.7: Tuning result of two runs for a target frequency of 192.6125 THz, discontinuit-
ies at time steps 5 and 9 are longitudinal mode jumps

5.4.3 Multiple channels

The same experiment, as for the sample channel, was repeated with several target fre-

quencies each 1 GHz apart. Figure 5.8 shows the measured frequency offset to each target

channel over time. The colour for each target channel is different and its value can be

determined from the colour bar at the bottom of the figure. The figure shows that for

every target channel a large lockin-range is achieved. For most target frequencies a lock-in
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range from −45 GHz to 45 GHz, which is close to the theoretical possible −50 GHz to

50 GHz, was achieved. The tuning accuracy, for all channels measured after 25 time

steps was −3 GHz to 2 GHz, which is in the same range as the single channel variant,

demonstrated in Section 3.6.
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Figure 5.8: Flexgrid measurement for several channels, each 1 GHz apart

5.4.4 Conclusion

In this chapter, a new method for providing a large lock-in range of an arbitrary target

channel frequency was introduced. It was theoretically shown that by using a second

etalon with the same FSR, a combined transfer function for all target frequencies can be

calculated which has a lock-in range of 1
2 FSR. The new proposed method was successfully

demonstrated and can be used in several applications like Flexgrid.
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6 General discussion, conclusion and

outlook

6.1 Discussion and conclusion

First, Chapter 1 gives a broad introduction and history on PON systems. Then, a literature

overview of commonly used monitoring and control functionality for WDM-PON was

given.

In Chapter 2, a new pilot tone generation method based on a modified 8B/10B encoder

has been introduced. The new modulation scheme was explained in theory and was

also experimentally demonstrated in an FPGA. This new modulation method was then

compared to the most commonly used existing ones. The results showed, that the new

method has a better performance than the existing ones and shows the same perform-

ance as a signal without pilot tone. Additionally, it can be used with standard optical

transceivers as no change in the optical components is needed.

With the usage of a pilot tone, it is possible to estimate the (average) optical power of the

high speed data signal. Therefore it is necessary to estimate the pilot tone amplitude. With

the usage of an HFT window function and an FFT, it is possible to estimate the amplitude

and thus the optical power with an error of < 0.1 dB. Such an accurate estimation enables

the usage of pilot tones for wavelength control.

Chapter 3 then showed how a centralised network wavelength control uses pilot tones

to lower the overall cost of a WR-WDM-PON. The cost reduction is achieved by removing

the local etalon filter for wavelength control from each ONU. Instead of a local etalon,

only one etalon is installed at the OLT and each ONU applies a unique pilot tone. The

OLT then estimates the optical power and the wavelength error (λ-error) for each ONU.

This tuning information is then sent back to the ONU via an ECC and allows the ONU

to tune itself to its target channel in two tuning phases: Initial phase and operation

phase. First, during the initial phase only the optical power is optimized until the target

channel is found. Then in second phase, the operation phase, only the wavelength error

is evaluated. Despite being a very low cost approach, the two tuning phases allow the

ONU to tune fast and very accurately. The complete system for demonstration of the
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tuning of a full-band C-band tunable transceiver within a WR-WDM-PON concept was

experimentally validated. The set-up over a single fibre with 50 km SSMF proofed that

the target optical channel was found within ∼18 s. Also the long-term stability was tested,

and it could be shown that the lasing frequency could be held within ±3 GHz of the

target frequency over several hours.

Chapter 4 then showed how the cost of tunable transceivers can be further reduced

by omitting the temperature controller and reducing the calibration effort. A laser

without a TEC then has to operate within varying temperatures. The lasing frequency

of the laser can be kept stable by measuring the laser chip temperature and using the

wavelength tuning information provided by the OLT. Upon these two indications the

laser injection currents can be changed according to generic equations or by interpolation

of the calibration data. Both approaches can be applied to different laser types and

have been successfully demonstrated for 2 laser types: the DS-DBR and SG-Y laser.

The usage of generic equations also enables to completely omit the step of calibration

during manufacturing but also has the lowest optical performance. The interpolation

of calibration data requires some degree of calibration but provides a better overall

performance.

In the last chapter, Chapter 5, a method for extending the lock-in range has been

presented. The method incorporates a second etalon, and it was shown that by choosing

the same FSR and an arbitrary frequency offset, a tuning information can be calculated to

lock the frequency to any frequency within one period. The advantage of this method is

that all frequencies have the the lock-in range of 1
2 FSR. Two main applications for this

new method are seen. First, when a system has unequally spaced channels, e.g. 97.15 GHz

as defined in ITU-T G.698.3, and only etalons of 100 GHz are available. Second, when

flexible grid transceivers with a very small channel spacing of e.g. 6.25 GHz are used, the

lock-in range becomes unusably small (3.125 GHz). In both cases the new, described and

also experimentally demonstrated, method overcomes the shortcomings and is a reliable

solution.

6.1.1 Limitations

The research shown here is a step towards a low-cost WR-WDM-PON. There are several

more steps needed to have a commercial low-cost tunable laser product. One point of

further research is the super-mode jump behaviour of different laser types. Further work

is needed to reliably predict super mode jump without detailed calibration. Also the

optical and electrical integration of OLT components has to be studied further and was

not discussed in this work.
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6.2 Outlook

Many approaches here use the commercially available laser types. However, when new

laser types, like MEMS-VCSEL or the same laser types with other material, become

commercially available the requirements for a low-cost tunable receiver may be met

without the need for temperature compensation methods. Additionally, the findings of

this work can also be used to lower the cost of tunable transceivers in other areas. One

area of particular interest are the mobile backhaul/fronthaul passive systems. Here, the

data from several antenna sites is processed at a central point. The used architecture is

very similar to the WR-WDM-PON architecture, however, in the mobile backhaul market

the price pressure is not as high as in access networks. Therefore, the backhaul market

could be the first market for low-cost tunable transceivers and network-based wavelength

control.
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B Generic equations of the DS-DBR laser

In the following the generic equations used in Section 4.6 will be described.

B.1 Front section

Figure B.1 shows the measurement result for all 7 front section pairs. As seen from the

figure, the front section pairs have very similar behaviour for the relative wavelength

shift. In order to show this in detail, the same measurement result is plotted in Figure B.2,

however, relative to the wavelength at injection current of 0 mA.

For the usage in generic equations, it is better to have the relative wavelength change

as an input variable. Figure B.2 shows the same data as Figure B.2 with changed x- and

y-axis. Additionally, an approximation of third degree is plotted. The resulting equation

is

∆λ = −0.182I3
front +−0.990I2

front +−4.822Ifront + 1.814 (B.1)

with Ifront being the injection current into the front section pair and ∆λ the relative

wavelength change in nm.

B.2 Rear section

The same measurement, as for the front section, is done for rear section. Figure B.4

shows relative wavelength change versus the injection current into the rear section. The

approximation for the rear current injection is then:

∆λ = 0.194I3
rear +−1.053I2

rear + 4.385Irear +−0.675 (B.2)

with Irear being the injection current into the rear section pair and ∆λ the relative wave-
length change in nm.
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Figure B.1: Front grating behaviour showing the complete tuning range
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Figure B.2: Front grating relative behaviour
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B.2 Rear section
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Figure B.3: Front grating relative behaviour (with changed axis and with approximation)
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Acronyms

µC micro controller

ADC analog-to-digital converter
ADSL asymmetric digital subscriber line
AlQ aluminium quaternary
AM amplitude modulation
AON active optical network
APD avalanche photo diode
AR anti reflection
ATM asynchronous transfer mode
AWG arrayed waveguide grating

BER bit error rate
BLS broadband light source
BPSK binary phase shift keying

CD chromatic dispersion
CDM code division multiplexing
CDR clock and data recovery
CO central office
CPE customer premises equipment
CRPAT compliant random pattern
CW continuous wave
CWDM coarse WDM

DAC digital-to-analog converter
DBR distributed Bragg reflector
DD direct detection
DDS direct digital synthesis
DeMUX demultiplexer
DFT digital Fourier transformation
DOCSIS Data Over Cable Service Interface Specification
DS downstream
DS-DBR digital supermode - distributed Bragg reflector
DSP digital signal processor / processing

ECC embedded communication channel
EDFA erbium doped fibre amplifier
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Acronyms

EPON Ethernet PON

FDM frequency division multiplexing
FFT fast Fourier transformation
FPGA field programmable gate array
FSAN full service access network
FSR free spectral range
FTTB fibre-to-the-business / building
FTTC fibre-to-the-curb
FTTCab fibre-to-the-cabinet
FTTH fibre-to-the-home
FTTN fibre-to-the-node / neighbourhood
FTTP fibre-to-the-premises, includes FTTH and FTTB

GbE Gigabit Ethernet
GPON Gigabit PON

HFC hybrid fibre coax
HFT high dynamic range flattop

IEEE Institute of Electrical and Electronics Engineers
IL insertion loss
IL-FPLD injection-locked Fabry-Perot laser diode
ISDN integrated services digital network
iTLA integrated tunable laser assembly
ITU International Telecommunication Union

LA limiting amplifier
LC little connector
LD laser diode
LED light emitting diode
LOS loss of signal
LPF low-pass filter

MAC media access control
MEMS micro-electromechanical systems
MFL multi-frequency laser
MG-Y modulated grating Y-branch
MGT multi-Gigabit transceiver
MMI multi-mode interferometer
MQW multi-quantum well
MUX multiplexer
MZM Mach-Zehnder modulator

NENBW normalized equivalent noise bandwidth
NGA next-generation access
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Acronyms

NGOA next generation optical access

OAM operations, administration and maintenance
OCDMA optical code division multiple access
ODN optical distribution network
OFDMA orthogonal frequency-division multiple access
ONT optical network termination
ONU optical network unit
OOK on-off keying
OPM optical performance monitoring
OSA optical spectrum analyser
OTDR optical time-domain reflectometer

P-I output power vs. injection current
P2MP point-to-multi-point
PC personal computer
PD photo diode
PIN positive intrinsic negative diode
PLOAM physical layer OAM
PON passive optical network
PRBS pseudo-random bit stream

RD running disparity
REAM reflective electro-absorption modulator
RN remote node
ROSA receiver optical sub-assembly
RSOA reflective semiconductor optical amplifier
RSSI received signal strength indicator
RX receiver

SCM subcarrier multiplexing
SDM space division multiplexing
SFP small form factor pluggable
SFW single fibre working
SG-DBR sampled grating - distributed Bragg reflector
SG-Y sampled grating Y-branch
SMSR side-mode suppression ratio
SNR signal-to-noise ratio
SOA semiconductor optical amplifier
SONET synchronous optical network
SSMF standard single-mode optical fibre

TDMA time division multiple access
TEC thermoelectric cooler
TIA transimpedance amplifier
TOSA transmitter optical sub-assembly
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Acronyms

TV television
TWDM time and wavelength division multiplexing
TX transmitter

UDWDM ultra dense WDM
US upstream

VCSEL vertical-cavity surface-emitting laser
VDSL very-high-bit-rate digital subscriber line
VHDL very high speed integrated circuit hardware description
VOA variable optical attenuator

WBF wavelength blocking filter
WDM wavelength division multiplexing
WR wavelength routed
WS wavelength selected

XFP 10 Gigabit Small Form Factor Pluggable
XG-PON1 10-Gigabit-capable passive optical network generation 1
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