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This thesis presents experimental investigation of different effects/techniques that can be
used to upgrade legacy WDM communication systems. The main issue in upgrading legacy
systems is that the fundamental setup, including components settings such as EDFA gains, does
not need to be altered thus the improvement must be carried out at the network terminal.

A general introduction to optical fibre communications is given at the beginning, including
optical communication components and system impairments. Experimental techniques for
performing laboratory optical transmission experiments are presented before the experimental
work of this thesis. These techniques include optical transmitter and receiver designs as well as
the design and operation of the recirculating loop.

The main experimental work includes three different studies. The first study involves a
development of line monitoring equipment that can be reliably used to monitor the performance
of optically amplified long-haul undersea systems. This equipment can provide instant finding of
the fault locations along the legacy communication link which in turn enables rapid repair
execution to be performed hence upgrading the legacy system. The second study investigates the
effect of changing the number of transmitted 1s and Os on the performance of WDM system. This
effect can, in reality, be seen in some coding systems, e.g. forward-error correction (FEC)
technique, where the proportion of the 1s and Os are changed at the transmitter by adding extra
bits to the original bit sequence. The final study presents transmission results after all-optical
format conversion from NRZ to CSRZ and from RZ to CSRZ using semiconductor optical
amplifier in nonlinear optical loop mirror (SOA-NOLM). This study is mainly based on the fact
that the use of all-optical processing, including format conversion, has become attractive for the
future data networks that are proposed to be all-optical. The feasibility of the SOA-NOLM device
for converting single and WDM signals is described. The optical conversion bandwidth and its
limitations for WDM conversion are also investigated.

All studies of this thesis employ 10Gbit/s single or WDM signals being transmitted over
dispersion managed fibre span in the recirculating loop. The fibre span is composed of single-
mode fibres (SMF) whose losses and dispersion are compensated using erbium-doped fibre
amplifiers (EDFAs) and dispersion compensating fibres (DCFs), respectively. Different
configurations of the fibre span are presented in different parts.
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Chapter 1

Introduction to optical fibre communications

Optical fibre communication systems have been deployed worldwide since 1980 and have
indeed revolutionised the technology behind communications. The main advantage of using
optical fibre channels in data transmission is that the bandwidth is very large, compared to that in
conventional coaxial copper cables used in telephone networks. In addition, the loss in the signal
can be minimised by using a suitable wavelength in the optical source. For instance, today’s
standard single-mode fibre (SMF) has an attenuation of approximately 0.2dB/km at a wavelength
of 1550nm. In fact, optical fibre channels can provide the fundamental backbone of the world’s
communications networks since they can carry high bit-rates of information over tens of
kilometres before amplification is required [1]-[4]. This allows data transmission over point-to-
point lines with several hundreds of kilometres for terrestrial links and several thousands of
kilometres for trans-oceanic links using large spacing between optical repeaters. Such large
spacing can indeed minimise the initial cost of installing the transmission links specially that of
the trans-oceanic systems. Trans-oceanic systems are usually referred to as undersea or
submarine systems because fibre cables were designed for deep-water operation (up to 8km
depth). In addition, these undersea systems can also be referred to as legacy systems as over
600,000km of fibre cables have already been installed across the world’s oceans since 1990. The
first undersea fibre systems were installed across the Atlantic and the Pacific oceans in 1988 and
1989 respectively where the capacity was 280Mbit/s [5]. These systems employed electro-optic
repeaters along the fibre cables where the incoming signal was converted from optical to
electrical, regenerated and then reconverted to optical for transmission. The transmission capacity
was then increased from 280Mbit/s up to 2.5Gbit/s with more repeater spacing by using lasers
with 1550nm wavelength in place of 1300nm. However, utilising the large bandwidth of the
optical fibre was limited in these systems by the capacity of the electronic repeaters. Therefore,
undersea optical fibre systems started to employ optical repeaters in the mid of 1990s where the
demand for large bandwidth increased due to the dramatic growth of the data communication
services, such as the internet, e-mail...etc. Today’s optical repeaters use erbium-doped fibre
amplifiers (EDFAs) whose bandwidth is sufficient to support many optical signals, hence large
capacity. However, transmitting many optical signals through the fibre simultaneously required
multiplexing at the transmitter. Nowadays’ optical fibre communication systems use two

multiplexing techniques: Wavelength-division multiplexing (WDM) and optical time-division
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multiplexing (OTDM). In WDM, different data channels with different wavelengths are
combined in a single stream and transmitted together along the fibre cable [6]-[8]. Therefore for
N channels, the aggregate system is transmitting at N times the individual laser speed, providing a
significant capacity enhancement. The channels are separated at the receiver by demultiplexing
where each channel is sent to its own destination. The spacing between the adjacent channels has
to be large enough to avoid channel overlapping during multiplexing/demultiplexing process. In
OTDM, channels are spaced apart in time domain to form the composite bit stream. Therefore, all
channels are carried by the same optical wavelength but share the time [9]-[10]. This can only be
achieved with return-to-zero format (RZ), which is discussed in the next section.

As this thesis will investigate different techniques to upgrade legacy optical communication
systems, this chapter is designated to give an overview of the main aspects of such systems

including components and system impairments.

1.1 Optical fibre communication system components

Similar to all communication systems, optical fibre communication system consists of three
main components: transmitter, communication channel, which is a fibre cable, and receiver. The
transmitter and receiver are designed to meet all of the needs of optical communications channels.

This section provides general overview on each of the above components individually.

1.1.1 Optical transmitter

The optical transmitter converts the electrical signal into an optical form and then launches
the resulting signal into the transmission fibre. The major component of the transmitter is the
optical source, which is often a semiconductor source such as semiconductor laser or light
emitting diode (LED) [11]. These semiconductor sources have several advantages like: compact
size, high efficiency, long life hence good reliability and small emitting area compatible with the
fibre core size. Semiconductor laser emits light through stimulated emission while LED uses
spontaneous emission. As a result of stimulated emission, the semiconductor lasers can provide
an intense, coherent and quasi-monochromatic source of light [12]. This allows emitting light
with high power (up to 10mW), high coupling efficiency into the fibre and relatively narrow
spectral width. The latter (narrow spectrum) allows operation at high bit-rates with less
significant dispersion (discussed in 1.2) and high spectral efficiency. In general, most of optical
fibre communication systems use semiconductor lasers due to their superior performance
compared with LEDs. The experimental work of this thesis will therefore employ semiconductor
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lasers at transmitters. However, the output wave of the optical source is modulated by applying
electrical data signal either directly to the optical source or indirectly using an external modulator.
Obviously, direct modulation simplifies the transmitter design thus it is cost-effective choice.
Nevertheless, indirect modulation is commonly used with high bit-rates (>10Gbit/s) giving that
the modulator is another major component of the transmitter for those systems operate at high
bit-rates. In fact, intensity modulation is commonly used in optical communications systems,
where there are two types of optical modulators: the electro-absorption modulator (EAM) and
lithium niobate (LiNbO3) Mach-Zehnder modulator. The EAM modulator is a bulk layer device
based on the principle of Franz-Keldysh effect [13] i.e. changing the absorption spectra near the
bandgap of the semiconductor by applying an electric field. This effect is enhanced by using
multi-quantum well structure where the effect is called Stark effect [14]. Such electro-absorption
effect is used to perform intensity modulation where the applied electric field shifts the band-
edge hence increasing the absorption of light. In other words, as the field is reverse-biased, the
absorption edge broadens inducing attenuation or absorption [15]-[19]. An advantage of this
modulator is that it is made from the same semiconductor material that is used for the laser, thus

the two can be integrated on the same chip.

LiNbO5

Electrode

Waveguide

Figure 1.1 LiNbO; Mach-Zehnder modulator.

LiNbO; Mach-Zehnder modulator makes use of the electro-optic LiNbO3 material and
Mach-Zehnder (MZ) interferometer [20]-[25]. Figure 1.1 shows a diagram for this type of
modulators; the MZ interferometer is composed of two arms which are titanium-diffused LiNbO;

waveguides. The input light splits into two parts that propagate through the MZ arms with
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identical phase shift. Thus at the output of the MZ interferometer, the two signals interfere
constructively. A phase shift is introduced in one arm by applying an external voltage that
changes the refractive index of the LiNbO; material thus destroys the constructive interference.
This basically results in reducing the transmitted intensity. For instance, if the phase difference
between the two arms is m, no light will be transmitted. However, if electrical bit stream is
applied to the modulator, it will produce an optical replica of the bit stream. This results in
optical data stream at the modulator output. The performance of the modulator is characterised
through the extinction ratio, which is the on-off ratio, and the modulation bandwidth. Recent
LiNbO3; modulators can provide extinction ratio of more than 20dB and bandwidth of 75GHz
[21]. LiNbO3; modulator has been chosen as amplitude (or intensity) modulator for the
experimental work of this thesis since it provides stable operation over a large range of
temperatures, very low bias-voltage drift rates and very high intrinsic modulation bandwidth [25].

At the modulator it is necessary to decide how the electrical signal would be converted into
an optical bit stream, i.e. which modulation format is required. There are two conventional
modulation formats; return-to-zero (RZ) and non-return-to-zero (NRZ) formats [26]-[27]. In RZ,
the amplitude returns to zero before the bit duration expires. Therefore, the pulse representing bit
1 is shorter than the bit slot [28]. In NRZ, the amplitude does not return to zero between two
successive 1-bits but remains on throughout the bit slot. This causes a variation in the pulse width

depending on the bit pattern whereas it is still the same for all pulses in RZ format.

NRZ

Figure 1.2 Schematic representation of the NRZ and RZ formats.

Example of bit stream using NRZ and RZ is shown in figure 1.2. The advantage of NRZ
format is that it has smaller bandwidth than that of the RZ format basically because the on-off

transitions occur fewer times. However, RZ pulses are used in most optical communication
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systems since they are more tolerant to chromatic dispersion as well as the inter-symbol
interference (ISI). It is found that RZ pulses can be used in the design of high-capacity
communication systems using WDM and OTDM techniques [29]. For these reasons, RZ format
will be used in most of the transmission experiments in this thesis. In general, there are different
factors to be considered in choosing the format such as spectral efficiency, power margin and
tolerance to fibre dispersion and nonlinear effects (the latter are discussed in section 1.2).

As alternatives to RZ and NRZ, several other modulation formats have been proposed such
as chirped return-to-zero (CRZ), carrier-suppressed return-to-zero (CSRZ), single-sideband RZ
(SSB-RZ) and duobinary modulation formats [30]-[38]. CRZ and CSRZ have been evolved from
RZ format. In CRZ the optical pulses in each bit slot are chirped before they are launched into the
optical fibre. Therefore, the signal can propagate through the fibre in presence of dispersion,
nonlinearity and accumulated noise with more tolerance than the original un-chirped RZ. CSRZ
is discussed in chapter 5, where the main carrier component is suppressed and spectral width
narrows thus the system is also more tolerant to dispersion and nonlinearity impairments
compared to the original RZ. In both CRZ and CSRZ, phase modulation is required in addition to
amplitude modulation, which in turn increases the transmitter complexity.

At the output of the modulator, transmitters usually have optical amplifier (referred to as
booster) to ensure sufficient power at the input of the fibre. This power is called launch power
which is an important parameter as it can increase the repeater spacing if it is increased but is also

limited by the nonlinear effects induced during transmission.

1.1.2 Optical fibre

N2 Cladding

N+

l Cladding

Figure 1.3 Schematic diagram of step-index fibre.

Optical communication systems use optical fibre as a communication channel that

transports the optical data from transmitter to receiver. Optical fibres are classified into several
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types according to their refractive index profiles, where the most common type used in
communication systems is called step-index fibre. Figure 1.3 shows the schematic of this type;
the fibre consists of a cylindrical core surrounded by a cladding. Both the core and the cladding
are made form transparent silica glass but the refractive index of the core is greater than that of
the cladding. Therefore, step-index fibre transports the optical signal by using the principle of
total internal refraction, i.e. the incident ray is refracted away from the normal if the incident
angle does not exceed the critical angle [39]. In fibre, the light will be totally internally reflected
when it hits the core sides, and thus is guided along the fibre core. Step-index fibres can support
number of propagation modes determined by a parameter called normalised frequency (V) and

defined as:

V:%”a(n,2 —n, )'"? (1.1)

where a is the core radius, n; and 7, are the refractive indices of the core and cladding
respectively and A is the wavelength of the optical source. If /' < 2.405; the fibre can support only
one propagation mode, which is called fundamental mode of the fibre, and the fibre is referred to
as single-mode fibre (SMF). Otherwise the fibre will support many modes and referred to as
multimode fibre. The approximate number of propagation modes can be given by V? / 2 [11].
Practically, single-mode fibre is designed such that all higher-order modes are cut-off at the
operating wavelength. This is done by choosing a core diameter in the region between 5 and
10pum. Such small core makes it difficult to couple the light into the fibre which adds more
complexity and cost to the system. Nevertheless, single-mode fibre is being used in this thesis
experiments since its loss can be as small as 0.2dB/km if the wavelength is around 1550nm, and

can also reduce the effect of dispersion.

1.1.3 Optical receiver

The optical receiver converts the optical signal received at the output end of the fibre into
the original electrical signal to recover the data transmitted through the system [40]. The main
component of the optical receiver is a photodetector, which detects the light and converts it back
into electricity through the photoelectric effect. Photodetectors usually use semiconductor

photodiodes due to their capability with the whole system. The main advantages of the
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semiconductor photodiodes are that they have high sensitivity, fast response, low noise, low cost,
high reliability and small size compatible with the fibre core size. The most common
semiconductor photodiodes used in optical communication systems are PIN and Avalanche (APD)
photodiodes. PIN photodiodes use the PIN structure where the depletion region of the
semiconductor material is made as large as possible. This is achieved by having a lightly-doped
intrinsic layer between the heavily-doped p-type and n-type materials, thus most of the photons
are absorbed within the depletion region. Each absorbed photon ideally produces one electron-
hole pair i.e. one electron flowing in the external current produced. The detection process within
the PIN photodiode is characterised by quantum efficiency which is the probability that each
photon will generate an electron-hole pair. In APD photodiodes, a few incident photons result in
many carriers being produced and an increased external current. To achieve this, the APD relies
on the phenomenon of avalanche multiplication where each primary electron-hole pair is
accelerated in a strong electric field which can cause the generation of several secondary
electron-hole pairs through the effect of impact-ionisation. This results in amplifying the
produced photocurrent [41]-[42]. In general, the APD photodiodes are faster than the PIN
photodiodes and have higher sensitivity but they are more expensive and require much higher
bias voltage. However, PIN photodiodes are used in the experimental work of this thesis.

The second major component of the receiver is the demodulator which is used to recover
the original data bit sequence. The design of the demodulator depends on the modulation type,
e.g. FSK, PSK ...etc, used at transmitter. As most optical communication systems use intensity
modulation, the whole modulation/demodulation scheme is referred to as intensity modulation
with direct detection (IM/DD). In this scheme, the demodulator has an electric decision circuit
which simply identifies the 1 and 0 bits according to amplitude of the received electrical signal.

After demodulation, the performance of the system can be quantified by the following
parameters: bit-error-rate (BER), O-value or the opening of eye diagram. BER can be defined as
the average probability of incorrect bits detected at the receiver. This means that a BER of 10
corresponds to one error per million bits. Real optical communication systems operate at BER
much lower than 107, where this value is commonly used as a reference level for acceptable
performance. Practically, an advanced digital bit-error-rate tester (BERT) can be used at the
receiver for direct BER measurements.

O-value (also called QO-factor) measures the quality of the received signal and is related to

the BER as [43]:
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BER ~ Q7 ) (1.2)

OVar

Figure 1.4 shows the variation of the BER with the Q-value. The BER improves as Q
increases where BER =107 is corresponding to Q = 6, which thus can be the minimum acceptable

Q-value.
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Figure 1.4 The variation of bit-error-rate with Q-value

Practically, Q is measured from the eye diagram displayed on a sampling scope. The eye
diagram provides a visual way of quantifying the system performance. It is formed by
superposing number of bit sequences in the bit stream on the top of each other. Therefore, the
more eye opening observed; the better performance achieved. Figure 1.5 shows examples of the
eye diagrams for both optical RZ and NRZ signals. Q-value measurement is then performed by
measuring the mean values and standard deviations of the 1 and O levels and by using the

following formula:

- p
o=1"F (1.3)
o, +O"0

where s and s are the mean values of the 1 and O bits respectively, and o and oy are the

standard deviations of the 1 and 0 bits respectively. More details are presented in chapter 2.
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(a) (®)

Figure 1.5 The eye diagram: (a) RZ; (b) NRZ.

The system performance can also be characterised through the optical signal-to-noise ratio
(OSNR) measurement, which is the ratio of the received optical signal power to the noise signal
power. Therefore, OSNR measurement must be performed before demodulation where the signal
is still in the optical domain. Knowledge of the OSNR is important because it provides
information of the received noise that is mostly generated by the optical amplifiers used along the
communication channel. OSNR is also related to the BER in digital communication systems, thus
it can indicate the quality of the overall system. Practically, OSNR can be measured directly on
an optical spectrum analyser (OSA) - details are in chapter 2.

An important parameter associated to receiver performance is the receiver sensitivity,
which is defined as the minimum average received optical power required for BER = 107 or 0 =
6. Receiver sensitivity depends on the received electrical signal-to-noise ration (SNR) which in
turn depends on various noise sources. In addition to the amplifier noise generated during
transmission, other noise sources are imposed by the receiver itself such as quantum noise (or
shot noise) that is introduced by the photodetection process, and thermal noise. The receiver
sensitivity is therefore determined by the accumulative effect of all possible noise mechanisms

that degrade the SNR at the decision circuit of the receiver [43].

1.2 Optical communication system impairments

1.2.1 Fibre loss

Fibre loss is one of the main factors that limit the performance of the optical
communication system. It reduces the average power reaching the receiver, thus decreasing the
OSNR and also limits the maximum repeater spacing along the fibre channel. The loss can be

determined by using the following relation:
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Loss =al = —IOIOg[—};ﬁ‘i) (1.4)

in

where « is the fibre attenuation (or loss) coefficient measured in dB/km, L is the fibre length in
km, P;, and P, are the fibre input and output powers, respectively. If the fibre attenuation
coefficient is known, equation (1.4) can be used to calculate the attenuation limit of the fibre
length (L), hence the amplifier spacing. In fact, fibre loss depends on the wavelength used at the
optical source. Figure 1.6 shows the loss as a function of the wavelength for the conventional

single-mode fibre [43].
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Figure 1.6 Loss spectrum of a single-mode fibre. Curves of several loss mechanisms are shown.

There are several mechanisms that contribute to the overall losses where the most important
two among them are material absorption and Rayleigh scattering [39]. Material absorption can be
divided into two types: intrinsic and extrinsic absorption. In intrinsic absorption, the light is
absorbed by fused silica (the material used to make the fibre) at certain wavelengths. In extrinsic
absorption, the light is absorbed by the impurities of the OH ions within the silica. The

fundamental absorption peak of these OH ions is near 2700nm but its harmonic and combination
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tones with silica produce another absorption peaks at 950, 1240 and 1400nm. Rayleigh scattering
originates from the variation in the glass structure as it is not a uniform structure and has local
fluctuations in density. These fluctuations lead to fluctuations in the refractive index on a scale
shorter than the wavelength of the signal light thus incident light scatters inside the fibre.
Rayleigh scattering is actually proportional to A and dominates at shorter wavelengths. However,
if all of the above mechanisms are incorporated, the overall loss curve, denoted in figure 1.6 as
experimental, can identify three traditional operating widows for optical communications. Each
of these windows is related to different generation of the optical fibre communication systems.
The first window is at 850nm where the loss is ~10dB/km. The second window is at 1300nm
where the loss is 0.5dB/km and dispersion is zero. Finally, the third window, which is used in
most recent communication systems, is at 1550nm where the loss is 0.2dB/km but dispersion is
high (solving dispersion problem is discussed in the next section).

Additional extrinsic losses are introduced from launching light into the fibre, bending the
fibre and splicing fibres together. Bending the fibre changes the angle of the incident ray which in
turn destroys the total internal reflection if it exceeds the critical angle. This results in that the
light will be reflected out of the fibre core, introducing considerable loss. Bending is normally
avoided by surrounding the fibre by a strong layer so that large bending is impossible.
Furthermore, the connectors used between fibres and other components to form the overall fibre
link also introduce additional losses to the system. Fibre losses are basically compensated by the
in-line optical amplifiers using either semiconductor optical amplifiers or EDFAs. EDFAs (which
are discussed in section 1.3) are more commonly used because they are all-optical and bit-rate

independent as apposed to semiconductor optical amplifiers.

1.2.2 Fibre dispersion

Dispersion is another limiting factor in optical communications as it leads to a considerable
broadening of optical pulses after long propagation distance. This broadening will cause the
adjacent data bits to overlap thus corrupting the data signal. There are two main types of
dispersion: intramodal and intermodal dispersion. Intramodal dispersion is also known as
chromatic dispersion since no source is truly monochromatic and is introduced because different
spectral components of the pulse travel at slightly different group velocities. Thus it can also be
referred to as group-velocity dispersion (GVD). Intermodal dispersion is related to the different
mode indices hence group velocities associated with different propagation modes. It can appear

only in multimode fibres since only one mode is guided in a single-mode fibre. This is the main
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advantage of single-mode fibres. However, there are two sources of fibre dispersion: material
dispersion and waveguide dispersion. Material dispersion manifests itself through the frequency
dependence of the refractive index n(@w) of the material. As the propagation velocity is
determined by the refractive index, different frequency components will suffer different delays as
they propagate through the fibre. Waveguide dispersion is the dispersive contribution of the
waveguide structure. It occurs as a result of light distribution between the core and cladding. This
can be realised as not all light propagating in the fibre is confined to the core thus the light
travelling in the cladding will have slightly different velocity due to a slightly different refractive
index. Waveguide dispersion depends on the refractive indices and the dimensions of the core
and cladding. Therefore, by altering these parameters waveguide dispersion can be adjusted thus
improving the resultant dispersion characteristics of the fibre.

As a result, chromatic dispersion can be the total of both material dispersion and waveguide
dispersion. In general, waveguide dispersion is relatively small in comparison with material
dispersion contribution. Therefore, the total dispersion which is expressed by a dispersion

parameter D and measured in ps/(km-nm) can be described in the following equation:

2
p-_24 2’
c dA

(1.5)

where 1 is the source wavelength, c¢ is the speed of light and » 1s the core refractive index which
is wavelength dependent. Figure 1.7 shows the variation of the dispersion parameter D with
wavelength for standard single-mode fibre. It can be seen that D = 0 at a wavelength of 1300nm,
which is the second operating window and is called zero-dispersion wavelength (4zp). At the
third window i.e. 1550nm, the dispersion is approximately 17ps/(km-nm) which is reasonably
high but the loss is at minimum. Therefore, to operate the system at such window, dispersion can
be compensated by adding a new fibre with negative dispersion of 17ps/(km-nm) to the

conventional single-mode fibre. The length of this new fibre can be determined by using:

DL, +D,L, =0 (1.6)

where D; and L, are dispersion and length of the conventional SMF fibre, respectively, and D,
and L, are the same for the additional fibre. Such additional fibre is called dispersion-

compensating fibre and denoted by DCF [44]-[47].
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Figure 1.7 Dispersion versus wavelength for standard single-mode fibre.

In fact, it is possible to design a fibre such that Azp is shifted into the 1550nm region rather
than 1300nm as in the SMF, and such fibre is called dispersion-shifted fibre (DSF). This fibre has
been developed for use of 1550nm without need of the DCFs along the fibre link. Another
solution for dispersion can be implemented by tailoring the waveguide contribution such that the
total dispersion D is relatively small over a wide wavelength range extending from 1300 to
1600nm. Such fibre is referred to as dispersion-flattened fibre [43].

In this thesis, transmission experiments will use SMFs and DCFs due the availability of

these fibres that are used in most legacy systems.

1.2.3 Fibre nonlinearity

Dielectric materials, including optical fibres, suffer from nonlinearity as their response to
light becomes nonlinear for intense electromagnetic fields [48]. Although silica is not highly
nonlinear material, the waveguide geometry that confines light inside a small cross section over
long length of fibre makes nonlinear effects very important to take into account in designing and
operating systems. There are three nonlinear phenomena that are most relevant to optical fibre
communications: stimulated light scattering, nonlinear phase modulation and four-wave mixing.

Stimulated light scattering can be understood as an interaction between the electric field of
the optical signal and the silica molecules of the fibre during propagation. This results in inelastic

scattering effects such as stimulated Raman scattering (SRS) and stimulated Brillion scattering
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(SBS). SRS occurs due to the photons interaction (hence scattering) with the medium while SBS
is due to the interaction between the acoustic properties of photons (called phonons) with the
medium. Both scattering processes result in a loss of power at the incident frequency where the
electric field transfers part of its energy to the medium. Although SRS and SBS are similar in the
origin, a main difference between them is that SRS in optical fibre occurs in both the forward and
backward directions while SBS occurs only in the backward direction. This is related to the
dispersion properties of the optical photons (associated with SRS) and acoustic phonons
(associated with SBS). However, simulated light scattering effects can be negligible at low power
levels but are important at high powers as they lead to a considerable degradation in the system
performance.

Nonlinear phase modulation originates as the refractive index of silica becomes intensity

dependent at high incident powers and can be described as the following [49]:

n(l)=ny, +n,I (1.7)

where ngis the linear refractive index of the core, n; 1s the nonlinear coefficient (~2.6><10'20 m% /W

for silica fibre) and / is the intensity which 1s related to power as [ = P/ A5 (Aey 1s the effective

area of the fibre core ~80um? for SMF and ~50um? for DSF). This intensity dependence of the
refractive index is referred to as Kerr-nonlinearity (or Kerr-effect) which results in induced-phase
shifts in the propagating signal, and hence spectral broadening. This can be understood as the
phase of the optical signal is dependent on the refractive index of the fibre hence the intensity
according to (1.7). As the intensity is time dependent for data signal, the phase will thus be time
dependent, i.e. the optical phase will change with time in exactly the same manner as the intensity
of the signal. Since the frequency is the rate of change of the phase with time, the frequency
spectrum will change as the signal propagates along the fibre, leading to considerable spectral
broadening after long distance. This effect is called self-phase modulation (SPM) where the
phase shift is self-induced i.e. by the optical field of the propagating signal. The nonlinear phase
shift induced by SPM is given by:

¢NL = q])in‘l‘c[f (1.8)
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where y = 2m, / (4,;4) is an important nonlinear parameter measured in W '/km, P, is the

incident power and L.y is called the effective interaction length defined as [1- exp(~al)]/a and
can be approximated as 1/a where aL>>1 in practice [48]. Another type of phase modulation is

called cross-phase modulation (XPM), and occurs when two or more channels are transmitted
simultaneously inside the fibre using the WDM technique. The nonlinear phase shift of each
channel will therefore depend not only on its power but also on the power of other channels [50].

The phase shift for the ith channel is given by [48]:

(Pa)i = }/Lejf(E +22ij (1.9)

mf

where the sum is taken over the number of channels. The factor of 2 indicates that XPM is twice
as effective as SPM for the same amount of power. The total phase shift therefore depends on the
power in all channels and also varies from bit to bit depending on the bit pattern of the adjacent
channels. The worst case is when all channels carry 1-bits simultaneously, assuming equal
channel powers. However, since the nonlinear phase shift proportionally depends on the
nonlinear parameter y which inversely depends on the effective area, nonlinear effects can be
reduced considerably by increasing 4. A new type of fibre known as large effective-area fibre
(LEAF) has been developed for reducing the effect of nonlinearities {51]-[52].

Four-wave mixing (FWM) originates when three optical fields with different carrier
frequencies propagate inside the fibre simultaneously. A fourth field is generated with a new
frequency depending on those three frequencies. If three optical signals have carrier frequencies

w1, w; and w3, the new frequency w4 will be related to the original frequencies as:
0, =0, To, o, (1.10)

Therefore w4 can have several values corresponding to different combinations of pluses and
minuses in (1.10) where the most troublesome combination in practice is @, + w, — @, if the
channel wavelengths are close to zero-dispersion wavelength [48]. Obviously, FWM never
appears in single-channel transmission systems, but it becomes a limiting factor in multiple-

channel systems using WDM technology. The effect can be understood as significant amount of
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channel power transfers to adjacent channels and such an energy transfer can lead to an inter-
channel crosstalk in addition to the power loss results in each individual channel.

However, it is difficult to determine the effect of the XPM and FWM on the performance of
WDM communication systems because the above discussion assumed that they act in isolation
without dispersive effects. Practically, pulses of different channels travel at different speeds due
to the presence of dispersion. The XPM-induced phase shift and FWM effect can occur only
when two pulses overlap in time. For high dispersion i.e. widely separated channels, pulses
overlap for such a short time that XPM and FWM effects are virtually negligible. Modern WDM
systems avoid XPM and FWM by using fibres with high local dispersion such as SMFs and
DCFs. It is found that at least 4ps/nm/km dispersion can be enough to suppress FWM [43].

1.2.4 Fibre birefringence

Single-mode fibre actually supports two orthogonally polarised modes that correspond to
the two orthogonal electrical and magnetic field components of the propagating signal. If the
fibre is ideal, i.e. has perfectly cylindrical core with uniform geometry, these modes must have
the same propagation speeds hence no polarisation dependence. In practice, it is impossible to
manufacture such perfect fibre where real fibres have non-uniform geometry due to unintentional
variation in the fibre core structure and anisotropic stresses along the fibre length. This results in
a difference in the refractive indices for the two modes hence difference in propagation velocities.

This phenomenon is known as birefringence and is defined as:
B=|n —n,| (1.11)

where n, and n, are the indices of the orthogonally polarised fibre modes. In conventional SMF,
birefringence is undesirable because it is not constant along the fibre thus leads to a random
power exchange between the different modes during propagation. Therefore, the linearly
polarised launched light will quickly reach a state of arbitrary polarisation. Moreover,
birefringence leads to dispersion called polarisation-mode dispersion (PMD) where different
frequency components of the pulse acquire different polarisation states. This type of dispersion
becomes a limiting factor for optical communications operate at high bit-rates. In fact,
birefringence problem of the SMF can be minimised by using in-line polarisation controllers in
the system. Furthermore, it is possible to make fibres with nearly constant birefringence over the
length that allows signal to propagate without variation in the polarisation state. These fibres are
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referred to as polarisation-maintaining fibres and can be manufactured by changing the structure
of the fibre core to elliptical shape or by introducing stress into the fibre [43]. Polarisation-
maintaining fibres actually have large degree of birefringence such that small random

birefringence fluctuations do not affect the light polarisation significantly [48].

1.3 Erbium-doped fibre amplifiers (EDFAs)

~1550 nm

_ Amplified
signal

signal

Figure 1.8 Erbium-doped fibre amplifier (EDFA).

Erbium-doped fibre amplifiers (EDFAs) are all-optical repeaters that amplify the optical
signal directly, without opto-electronic and electro-optical conversion. They were first reported in
1987 and the first commercial amplifiers were available in 1990 [53]. The design of EDFA is
simple where it uses a short length of optical fibre doped with the rare-earth element erbium. The
typical configuration of an EDFA can be shown in Figure 1.8; it consists of a laser pump, WDM
coupler and erbium-doped fibre. Amplification is implemented as the laser pump couples light
into the fibre at wavelengths of either 980 or 1480nm. This light excites the atoms in the erbium-
doped section of the fibre hence exciting the electrons into higher energy state so that they can
decay to release photons at different wavelengths. When the incoming signal in the region around
1550nm passes through the fibre, it stimulates the excited erbium atoms thus the electrons emit
photons at the same wavelength of the incoming signal during the transition from high energy

state back to the ground level. As a result, the incoming optical signal is amplified as it
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propagates through the erbium-doped fibre. In fact, using 980nm pump can excite the electrons
into energy state higher than that reached by 1480nm pump, hence provides larger gain. At the
output of the erbium fibre, the amplified signal is usually passed through an optical isolator
which prevents any reflected light from entering the erbium fibre. EDFAs are used in the
experimental work of this thesis since they can have high gain over large optical bandwidth in the
region around 1550nm (the third communication window) [54]-[55]. This region is referred to as
conventional or central wavelength band (C-band) which extends between 1530-1570nm. EDFAs
can also be made to support longer wavelengths from 1570 up to 1610nm which is then referred
to as long wavelength band (L-band). Furthermore, it is possible to design a C+L band amplifier
through the parallel coupling of a C-band EDFA with an L-band EDFA [56]. In this way, the
C+L band amplifier must have an optical demultiplexer at its input port which separates the C-
band from the L-band and feeds each spectral band into the appropriate EDFA. Then, after
passing through the appropriate EDFA, the two multiplex are recombined by an optical
multiplexer and launched into the transmission fibre. In order to avoid crosstalk between the C-
and L-bands during demultiplexing/multiplexing, a mid-point guard band of a few nanometres is
required between the two bands [57]. However, amplification process within the EDFA is
accompanied by a backward noise, which is generated through amplified spontaneous emission
(ASE) [43], [53]. ASE noise originates as not all the erbium atoms are stimulated by the
incoming signal thus they emit light through spontaneous transition from higher to lower energy
states. Since the optical fibre link has a chain of concatenated amplifiers, ASE noise accumulates
over distance and thus limits the performance of long-haul optical communication systems.
Normally, optical filters are used within the system to remove unwanted noise components hence

to minimise the overall ASE noise built up during transmission.

1.4 Thesis overview

Given a general introduction to the optical fibre communications as shown in this chapter,
the next chapters can present the experimental work of this research. Since the research is
experimental in nature, it is necessary to introduce the fundamental techniques that are used in
the laboratory to set up an entire optical fibre communication system. This is done in chapter 2,
which discusses the main components and techniques used in the experiments of this thesis. The
chapter therefore includes experimental methods of setting up an optical transmitter that produces
the optical data including all: single, WDM and OTDM channels. It also presents the components

used in the optical receiver to detect and examine the received signal. The chapter also presents a
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practical method used to simulate long-haul optical fibre link by setting up short fibre span and
using a recirculating loop to multiply the propagation distance. Different measurement techniques
for characterising the system performance are also presented. The actual experimental work is
covered in chapters 3, 4 and 5. These chapters use the techniques shown in chapter 2 to set up
WDM communication systems operating at 10Gbit/s and using dispersion managed SMF-DCF
spans in the recirculating loop. Losses of the fibre spans of the loop are compensated by EDFAs
due to the advantages discussed in section 1.3. The systems use intensity modulation with direct
detection (IM/DD) scheme at their transmitter and receiver.

In specific, chapter 3 is designated to demonstrate an advanced line monitoring technique
that can be used to monitor the signal through the entire long-haul undersea system. The
proposed line monitoring equipment is used to find the fault location along the fibre link by
specifically monitoring the signal at the output of every repeater. This is assuming that the fibre
spans are well-protected so that the only reason for fault is a fail in the optical amplifier. The
proposed monitoring equipment is actually simple, cheap and can provide instant fault finding
which is therefore useful for instant repair or upgrade of a legacy undersea fibre cable.

Chapters 4 and 5 involve different studies as they, respectively, investigate the effects of
changing the shape of the transmitted data pattern and the modulation format on the overall
performance of the optical fibre system. These studies can also be useful for improving the
performance of the legacy systems. However, chapter 4 in particular presents the effect of
changing the number of transmitted 1s and Os in the data sequence. The experiment of this
chapter uses 5x10Gbit/s WDM signals in RZ format driven by random data sequences as long as
2'5.1 and 2°'-1. The effect is investigated for two different regimes: linear where the launched
power is sufficiently low; and nonlinear where the power is reasonably high. The importance of
this study can be thought as a simulation of what is happening in coding systems where some
encoders change the ratio of the 1s by adding extra bits to the original bit sequence. An example
of this is forward-error correcting (FEC) codes that add redundant information to the data for
error detection and correction at the receiver. Chapter 5 presents the effect of changing the
modulation format of the transmitted signal from NRZ to CSRZ and from RZ to CSRZ using all-
optical conversion. The use of all-optical conversion in place of normal electro-optic conversion
is based on that all-optical devices will become the main key factors for the future all-optical
networks. However, the converter uses semiconductor optical amplifier in nonlinear optical loop
mirror (SOA-NOLM) which has already been shown elsewhere for single-channel conversion.

The chapter presents the feasibility of such all-optical device in converting single and WDM

29



signals at 10Gbit/s data rate. It then presents the transmission results of the converted CSRZ
signals against the original un-converted NRZ and RZ signals using long distance through
recirculating loop and short distance through in-line fibre span. In the case of WDM, a back-to-
back conversion is run over the whole C-band in order to explore the optical conversion
bandwidth of the device.

Finally, chapter 6 gives overall conclusions and suggested future work.
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Chapter 2

Experimental techniques for optical fibre communications

2.1 Intensity modulation and optical data signal generation

Modulation is the most important process carried out by the optical transmitter, where the
electrical data is converted into an optical bit stream to be transmitted over the fibre link. The
optical signal can be modulated directly, by applying an electrical signal to the optical source
which can also be called internal modulation, or indirectly, by using an external modulator.
Direct modulation can be cheaper as well as the output spectrum can be broader due to a
frequency chirp imposed on the modulated signal [58]-[59]. At high-bit rates such as 10Gbit/s or
higher, such frequency chirp becomes considerably large resulting in huge chromatic dispersion
induced during transmission. Therefore, an external modulator is commonly used at 10Gbit/s or
more to avoid such broadening penalty [43], [60]. Note that the penalty of direct modulation can
be reduced by reducing the laser current albeit at the expense of the extinction ratio (the on-off
ratio) where the output signal has less power. In high speed transmission systems using indirect
modulation, the laser is biased at a constant current to produce a continuous wave (CW) and the
external optical modulator is placed next to the laser to convert the CW light into a bit stream
with the required modulation format. Such arrangement is used in the experiments of this thesis
as all the transmission systems investigated operate at 10Gbit/s. LiNbO3; Mach-Zehnder
modulators are used as external intensity modulators due to the advantages mentioned in chapter
1. Moreover, LiNbO3; modulators in general have low insertion loss and can provide high electro-

optic effect, i.e. the change in refractive index of the material with an applied electric field.
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Figure 2.1 The output signal power variation with modulator bias-voltage for ImW input power.
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If a light signal passes through LiNbO3 modulator, its output power changes as a function
of the modulator bias-voltage and has a sinusoidal shape, as shown in figure 2.1. The light signal
can be modulated if an electrical signal is applied to the modulator, hence superimposed onto the
bias-voltage of the modulator. If the input electrical signal has sinusoidal shape, the optical
output signal will also be sinusoidal with different frequencies corresponding to different bias-
voltage points. Figure 2.2 compares different output signals obtained for different bias points,

using 10GHz electrical signal.
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Figure 2.2 Optical output modulated signals obtained for: (a) 2.5V; (b) 5V; (c) 8V; (d) 11V; (e) 14V; (f) 16V. (Time
scale: 20ps/div).

It can be seen that the output signal has full-wave shape, i.e. 10GHz frequency, for bias at 5,
11 and 16volts. These points are corresponding to power values seen in the linear range (i.e.
between the maximum and minimum) of the modulator curve shown in figure 2.1. These results
can be understood using figure 2.3. If the bias point is corresponding to the midpoint of the linear
region of the modulator curve and the electrical signal has amplitude of V, the optical output
signal will have the same shape and frequency of the electrical signal. If the amplitude of the
input electrical signal is reduced from V;, the extinction ratio of the output signal will be reduced.
On the other hand, if the amplitude is larger than Vj the modulator is overdriven, hence
distorting the output signal. In contrast, the output signal will have half-wave, i.e. twice as the
frequency of the electrical signal, if the bias points are corresponding to the maximum or

minimum powers of the modulator curve. This is clearly shown in figure 2.2 (a), (c) and (¢).
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Figure 2.3 Electrical signal modulation.

Unfortunately, the performance of the LiNbO3; modulator is polarisation-sensitive, where
any change in the state of polarisation will affect the phase shift between the two Mach-Zehnder
arms (recall figure 1.1). Therefore, the state of the input light must be carefully maintained in
order to maximise the performance. This can be done by either using a polarisation controller (PC)
before the modulator, or using a polarisation-maintaining fibre at the modulator input. Having
considered this, the signal shapes in figure 2.2 (a) and (¢) can be improved as well as the insertion

loss in figure 2.1.

2.1.1 Optical PRBS data signal generation

PRBS, which stands for Pseudo Random Bit Sequence, is commonly used as a random data
pattern and can be useful for experimental purposes. It can be generated electrically by the
pattern generator. Pattern generators can typically produce long bit patterns up to 2°'-1 bits,
where PRBS can produce all possible combinations of ones and zeros for a given pattern length.
For example, a 2°-1 PRBS pattern produces all possible combinations of 9-bit binary numbers
from 000000001 to 111111111 [61]-[62]. Electrical PRBS data signal is converted into optical
through optical modulation, where both NRZ and RZ data signals can be generated. To generate
NRZ data, the modulator is biased in the linear range and the electrical PRBS modulation signal
is applied to the modulator. This can be shown in figure 2.4; since the PRBS data 1s NRZ with
amplitude of V, the optical output signal will be PRBS with NRZ format as well.
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Figure 2.4 NRZ data modulation.

If RZ data is required, it is necessary to have two cascaded optical modulators. A clock
signal is applied to the first modulator to produce an optical carrier at the required frequency, as
shown earlier in figure 2.2, and then the electrical PRBS is applied to the second modulator to
produce the optical RZ data signal [63]. At the first modulator, the clock signal is considered as
an RZ bit pattern with all 1-bits and a bit-rate equals to the clock frequency if biased in the linear
region, and twice as the clock frequency if biased at the maximum or minimum points. The
second modulator must also be biased in the linear region, where the best performance can be
achieved at the midpoint of the linear range.

In this thesis, optical RZ data are preferred in most of the transmission work for the reasons
discussed in section 1.1.1. Figure 2.5 shows the experimental setup used for optical RZ data
generation using two LiNbO; modulators, where NRZ data can be achieved simply by removing
the first modulator. Electrical amplifiers (denoted as RF Amp) are used to amplify the electrical
clock and data signals so that they have amplitudes close to Vy as in figures 2.3 and 2.4. Again, if
the power is too large, i.e. larger than V;, the modulators are overdriven, hence degrading the
output signals. Electrical attenuators are usually used in association with the RF amplifiers to

adjust the electrical signals powers.
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Figure 2.5 The experimental setup for generating optical RZ data.

The resultant optical RZ signal can then pass through erbium-doped fibre amplifier (EDFA)
for pre-amplification before being displayed on the optical sampling scope. Note that the clock
signal produced at the pattern generator is split into two signals; one for modulation at the first
modulator and the other is used for clock recovery (or trigger) at the optical sampling scope.
Figure 2.6 (a) shows the output signal from the first modulator, while (b) shows the eye of the
output RZ data signal from the second modulator. Each modulator was biased at the midpoint of
its linear range. The frequency of the electrical clock used in this experiment was 10GHz

resulting in an RZ optical data signal with 10Gbit/s speed.

(a) (b)

Figure 2.6 Optical output signal: (a) from the 1¥ modulator; (b) from the 2" modulator. (Time scale: 20ps/div).

Optical NRZ and RZ data can also be generated and detected by optical transponder, which
is highly integrated electro-opto-mechanical device, used in optical networking equipment.
Optical transponder, in which both optical transmitter and receiver are packaged within the same
device, can be useful for optical transmission experiments if it is designed so that signal is
generated by transmitter and detected by receiver. In networking equipment, it is designed to be

used as a regenerator where the signal is detected by receiver, amplified and then retransmitted
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[64]-[65]. In this thesis experiments, the two optical modulators shown in figure 2.5 are
sometimes replaced by an optical transponder, whose transmitter section (Tx) consists of two
optical LiNbO; modulators with their drivers and one phase modulator that can be used to control
the chirp on the output signal. The input of each modulator is spliced by polarisation-maintaining
fibre, so polarisation is always maintaned in the device. The receiver section (Rx) is composed of
a PIN photodiode which detects the optical signal and converts it back into an electrical signal,
pre-amplifiers for increasing signal strength, and a clock recovery unit, which extracts the clock
signal and recovers the original data stream. All transmitter and receiver parameters, such as
modulators bias-voltages, receiver decision level ...etc, can be controlled through a software
programme which is accompanied with the transponder module. This in turn makes the optical

transponder easy and more practical to utilise in the laboratory experiments.
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Figure 2.7 The experimental setup for generating narrow optical RZ data pulses.

So far, the laser source used to produce the optical signal is called distributed feedback
(DFB) laser, which was developed in the 1980s and is now used in optical fibre communication
systems operate at more than 2.5Gbit/s and use wavelengths near 1550nm [12], [63], [65]. DFB
lasers are able to produce pulses at width of about 25ps. In some experiments, a very narrow
optical pulses (as narrow as 2ps) are required and this can be achieved by using special optical
sources. One of these sources is referred to as PriTel mode-locked laser, where PriTel is the name
of the manufacturer [66]. PriTel module has an internal mode-locked laser that is normally driven
by an external frequency reference so that it can generate optical pulses at the required repetition
rate and frequency, rather than CW. PriTel laser has the ability to produce extremely narrow
optical pulses that can reach 1.6ps. In fact, this laser is ideal for use in ultra-high-speed optical
fibre communications at bit rates of 2.5, 10, 40, and 160Gbit/s. The output of the PriTel laser can
be used to generate narrow optical RZ data signal if it is modulated by electrical data. Figure 2.7

shows the experimental arrangement used to generate a narrow optical RZ signal at 2.8ps pulse-
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width and 10Gbit/s speed. The RF source produces 10GHz electrical clock signal that is used to
drive both the PriTel laser and the pattern generator. The pattern generator produces a PRBS data
signal, which is used to modulate the PriTel output signal at a LINbO; amplitude modulator. It is
essential to have a phase shifter to match the phase between the PriTel and the pattern generator.
The 2.8ps signal produced by the PriTel laser can be shown in figure 2.8 (a), and the resulting
10Gbit/s RZ signal generated through modulation can be shown in (b). Note that the pulse width
measured directly on the sampling scope is not accurate where it is limited by the sampling scope
resolution, which is rather limited by the speed of the input photodiode. The detected signal can
be synchronised either by triggering the sampling scope with the clock signal used at the RF
source, or by using a built-in clock recovery unit, which is available in the most modern sampling
scopes. The clock recovery unit recovers the frequency of the received signal thus the BERT can
be used to detect errors on the received data using the recovered clock frequency (this is

explained later in this chapter with more details).

(a) (b)

3

Figure 2.8 Optical output signal: (a) from the PriTel laser; (b) from the LINDO; modulator. (Time scale: 20ps/div).

2.1.2 WDM data signal generation

As mentioned before, high-capacity optical communications require transmitting many data
channels over the optical fibre link simultaneously. Therefore, different channels from different
nodes are multiplexed through WDM or OTDM technologies before being transmitted over the
fibre. If WDM is used, different optical sources produce light signals with different wavelengths
and each signal is modulated individually, as different data are carried over different channels.
The modulated signals are then multiplexed by WDM multiplexer to produce the composite
WDM bit stream. Obviously, this requires one modulator for each data channel if NRZ data is

employed and two modulators for each channel if RZ data is used. For instance, it is necessary to
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have eight optical modulators in order to produce 4xWDM data signal using RZ format, which is
too expensive to be setup in the laboratory for test purposes. Having considered this in addition to
the fact that most test experiments use PRBS in all data channels, it is possible to simulate WDM
transmission system as shown in figure 2.9, where four optical signals with different wavelengths
are WDM multiplexed and then modulated by only one clock and data signal using two LiNbO;
modulators to produce RZ data signal. The resulting signal can be transmitted as a 4x10Gbit/s
WDM signal. However, the problem of this configuration is that all the channels have the same
bit stream whereas ideally they would all be different. This results in a potential interaction
between the simultaneous pulses due to the effect of XPM and FWM during transmission. Again,
this effect can be avoided if data signals propagate through fibres with high dispersion so that
pulses of different WDM channels have different group velocities. This causes separation of the
pulses for more than one bit period after short distance hence the interaction is negligible. As this
thesis uses high dispersion fibres, i.e. SMFs and DCFs, the setup shown in figure 2.9 can still be
used for WDM transmission experiments.

At the receiver, the four WDM signals are demultiplexed by using a tunable band-pass
optical filter that enables detecting and testing the individual channels by single receiver. In real
system, channels are demultiplxed by WDM demultiplexer that sends each channel to an
individual receiver, which recovers the original data signal and then allocates it to its destination.
This indeed requires number of receivers equals to the number of channels which can also be
saved in laboratory experiments. The band-pass filter is preferred to be as narrow as possible for

proper separation of the different WDM channels.
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Figure 2.9 The experimental setup for generating and detecting WDM RZ data.
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2.1.3 OTDM data signal generation

The capacity of the fibre link can also be increased by multiplexing different channels
through OTDM, where all channels have the same carrier wavelength but share the time. This
means that the time is divided into time slots where each channel is transmitted within its
allocated time slot. To achieve that, all different data channels are used to modulate one light
signal and pass through an OTDM process where bits belong to different channels are delayed by
different amount of time so that they are transmitted at different times. The adjacent channels are

usually spaced apart by small guard-band to avoid any bit interference.

(a) (b)
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(Fibre Stretcher)

Figure 2.10 (a) Mach-Zehnder OTDM stage. (b) 40Gbit/s output signal (Time scale: 20ps/div).

For experimental purposes, where PRBS data can be used for all channels, OTDM signal
can be generated from single-channel by using Mach-Zehnder OTDM stage as shown in figure
2.10 (a) [67). If light signal is modulated at 10Gbit/s, the time window of the pulse is 100ps. If
this signal is split into two signals; one is delayed by 50ps, using fibre stretcher, and then couples
back with the other signal, the resultant is 20Gbit/s signal. If this stage is repeated with 25ps
delay, the output signal is then 40Gbit/s. In practice, such delays are insufficient for adequate
mixing of bits as they would result in sequential bit repetition within the combined 40Gbit/s
PRBS data. Therefore, larger delays are used instead to avoid this effect. For example, the pulses
are delayed by 100ps (one time window) in addition to the 50ps and 25ps mentioned above.
Polarisation controller is used in one arm of the Mach-Zehnder to ensure that the output bits have
the same polarisation. Figure 2.10 (b) shows the output 40Gbit/s signal using an input 10Gbit/s
signal generated by modulating a PriTel signal as described in figures 2.7 and 2.8. Note that
OTDM cannot be performed unless the input pulses are sufficiently narrow.

At the receiver, an individual 10Gbit/s OTDM channels must be separated from the

40Gbit/s bit stream for error detection. Since each pulse occupies a 25ps window in the 40Gbit/s
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signal, it is required to create a 25ps switching window every 100ps to extract a 10Gbit/s channel.
To achieve this, an electro-absorption modulator (EAM) is used to absorb the unwanted three
channels and leave only one channel in the time window [68]-[70]. Figure 2.11 shows the OTDM
receiver setup. The EAM is initially driven by a 10GHz electrical signal generated by clock
recovery unit (CRU) to enable modulation of the first arrived bits, and then driven through
feedback clock recovery for the next coming bits. The phase of the 10GHz si gnal can be adjusted
using a phase shifter which enables sliding the switching window in the time domain, giving the
ability to select which of the four OTDM channels to be detected. The output 10Gbit/s signal is
isolated and pre-amplified before being detected by the BERT.

Although OTDM will not be used in this thesis work, it was still useful to discuss it here as

part of the context of data signals generation and detection.
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Figure 2.11 OTDM receiver setup.

2.2 Transmission through recirculating loop

Having generated the required optical data signal as discussed so far, an optical fibre link
can be setup for transmission experiment. The fibre link consists of number of fibre spans and
corresponding number of optical amplifiers to compensate for fibre losses in each span. In
general, the fibre spans can have any types of fibres such as DSFs or SMFs accompanied by
DCFs such that the overall dispersion is compensated at the end of the fibre link. However, in
real undersea systems where transmission distance reaches thousands of kilometres, the fibre link
requires large number of fibre spans and optical amplifiers in addition to the other components
such as filters. This indeed costs a lot of money and is impossible to design and setup in the
laboratory for test experiments. In fact, long-haul transmission systems can be simulated by
setting up a recirculating loop, in which optical signal is allowed to propagate many times around

short fibre link. Therefore, recirculating loop can be described as a simplified transmission
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system that consists of few fibre spans and a corresponding number of amplifiers (typically up to
4), and can act as a long distance transmission medium. Obviously, the cost of using recirculating
loop can be a small fraction of that for the whole transmission system exists in reality. In addition,
the loop configuration can be easily changed for another experimental setup due to a limited
number of components exist in the system.

The recirculating loop was first used in 1977 to simulate long transmission system using
electronic repeaters [71]. After the development of all-optical repeaters, e.g. EDFAs,
recirculating loop has become common and is being extensively used in nowadays’ experiments
[72]-[77]. Although the recirculating loop is used to give a prediction of the real in-line system
performance, it is important to know that its performance is different because signal propagates
through the loop components periodically, while in real system it propagates through different
components in each span. Such difference in performance can be minimised by reducing the
periodicity which can be achieved by extending the loop length. This of course requires more

components to be setup in the loop, which increases the complexity, thus adds more cost to the

experiment. As a result, designing a recirculating loop experiment is a compromise between these
effects and it is up to the engineer to decide which effect is to be eliminated.

Since this work investigates different effects in legacy long-haul transmission systems, the
experiments discussed in the following chapters use recirculating loop. The loop has been
configured so it has no more than four spans (or sections) in all experiments, although single span
loop is never used. Details of loop setups are discussed later, while the remaining of this chapter

covers the design and operation of the recirculating loop in general.

2.2.1 Recirculating loop design and operation

Recervey

Trarsmittey

Figure 2.12 Schematic diagram of the recirculating loop.
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The schematic diagram of the recirculating loop system is shown in figure 2.12. This
diagram can be used to explain the main principle of operation for any arbitrary loop setup, which
can be a series of fibre spans and EDFAs in addition to other components such as filters. The
recirculating loop system consists of two switches and 3dB fibre coupler. One switch is placed
outside the loop (as the bottom switch in figure 2.12) to allow a burst of data to pass into the loop,
and can be referred to as input switch (or load switch) [5]. The other switch (the top one in figure
2.12) is placed inside the loop to define the number of the recirculations, which corresponds to
the transmission distance, and can be referred to as loop switch. Data can enter the recirculating
loop as the input switch closes to let the data burst through, while the loop switch is open. At the
fibre coupler, the signal splits into two equal parts: one enters the loop and the other passes
through the output arm. The data that enters the loop can propagate through the fibre spans till it
reaches the loop switch after it has filled the loop length. The input switch must then open to stop
data passing into the loop, while the loop switch closes to allow data to propagate around the loop.
The input and loop switches are controlled by a digital delay generator that tells each switch

when to open and close using timing states as shown in figure 2.13.

) Transrussion Time |

Figure 2.13 Timing states of the recirculating loop.

There are four timing states in the digital delay generator: To-A, A-B, B-C and C-D. Toe-A is
set to define the starting time, which is used to introduce a guard-band between the two

successive cycles. A-B is set to define the fill time of the loop which can be calculated by using:

_nxl @.1)
;

round—trip

where 7 is the refractive-index of the fibre core, / is the total length of the fibres in the loop and ¢
is the speed of light. It is always recommended to set the fill-time at more than one round-trip

time so that the EDFAs in the loop stabilise. B-C is set for transmission or propagation time,
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which can be a multiple of the round-trip time. C-D is the measurement time which sets the
sampling scope and error detector to carry out measurements. In fact, the measurement time has
to be maximised to allow the largest data length in measurement, but should not exceed the
round-trip time. It is also important to note that the measurement time C-D is set to include data
in the last recirculation time, thus B-C time is a multiple of the round-trip time minus the
measurement time, where the actual transmission time can be considered as B-D. For example,
the loop used for the experiment discussed in chapter 4 has 52.8km SMF with n = 1.46. Using the
equation (2.1), the round-trip time is 257us. A-B is set to be 512 s, which is twice as the round-
trip time. For ten recirculations test (528km), B-C is 2.32ms if the measurement time is set at
250ps.

Actually, high extinction is required at the input and loop switches so if a switch is opened
to stop passing data through, there is no leakage at the output of the switch. Suck leakage is
undesirable because it results in an additional noise in the system. To meet this requirement, an
acousto-optic modulator (AOM) is commonly used as a switching device in the recirculating loop
system, as it can provide an extinction of more than 50dB [78]-[79].

The insertion loss of the AOM used in this thesis is around 3dB. So in addition to the 3dB
loss of the fibre coupler, an additional attenuation of 6dB is added to the input signal and another
6dB to the signal recirculating or departing the loop. This requires increasing the power at the
input of the recirculating loop to compensate for the loss of the input signal, and increasing the
amplification in the loop EDFAs to compensate for the loss of the recirculating or departing
signal. Practically, the loop is balanced if the power at point @ shown in figure 2.12 is equal to the
power at point ¢, and the power at b is equal to that at d. This can be understood as the loss on a-
b bath is the same as that on ¢-b and c¢-d path. Normally, an EDFA is used before the input switch
(or input AOM) to increase the loop input power, where this EDFA is referred to as a booster.
This enables the signal to launch into the loop fibre at point b at the required power level. In the
loop, each fibre span is followed by an EDFA to compensate for the loss of the span, and the
final amplifier can compensate for the losses of the loop AOM and the coupler. If a component
such as filter is set up somewhere in the loop, its insertion loss is compensated by the following
amplifier. The AOM is commonly followed by an isolator to avoid impairments caused by

backward reflection.
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2.2.2 Dispersion measurements

Having compensated the losses in the recirculating loop, it is important to measure the total
dispersion of the loop. For transmission experiments, it is necessary to make sure that dispersion
is minimised at the operating wavelength. Dispersion of the individual fibre (in ps/(nm-km)) can
be measured by measuring the exact length of the fibre and its dispersion at a chosen wavelength.
This enables calculating the total dispersion of the combined fibres that are set up in the loop. For
WDM systems, where many channels are transmitted using different wavelengths, it is important
to measure the dispersion slope by measuring the dispersion over a wide range of wavelengths.
Therefore, a method is used to measure both dispersion and dispersion slope of the combined
fibres while they are in the loop. Such method can be referred to as laser cavity method, where
the loop is set up so that it looks like a laser cavity ring and its EDFAs are used to provide a CW

lasing within the loop [80]. This can be shown in figure 2.14.

Figure 2.14 Schematic diagram of the cavity ring used for dispersion measurements of recirculating loop.

The cavity lasing wavelength is defined by a tunable band-pass filter and the frequency
modes generated by the cavity ring can be observed on the electrical spectrum analyser (ESA).
The operating wavelength can also be monitored using an optical spectrum analyser (OSA). The
fundamental mode has a period which is the same as the round-trip time of the loop. If the lasing
wavelength is altered by the tunable band-pass filter, the mode frequency will change thus the
round-trip time will change due to dispersion effect. This change in the frequency can be seen as
a shift in the harmonics observed on the ESA thus the round-trip time variation can be calculated

by using:

AT :_mAv

round —trip 2

v

(2.2)
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where m is the mode number of the observed harmonic, v is the harmonic frequency and Av is the
frequency change. The average dispersion in ps/(nm-km) is then calculated by dividing this time
variation (or delay) by the product of wavelength change and loop length. Plotting the dispersion
measurements versus wavelengths, the dispersion slope is achieved. This method has the
advantage that the dispersion of the entire loop can be measured, including all components not
only that of the transmission fibres. On the other hand, this method assumes that the loop length
remains constant during the whole experiment. Temperature fluctuation results in slight variation
in the loop length while taking measurements thus dispersion values show large fluctuations
between the different measurements. Therefore, dispersion curve can be achieved by taking the

average (or trend-line) of the measured values.
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Figure 2.15 Dispersion measurements of a recirculating loop consists of: (a) two 80km SMF spans; (b) two 80km
SMF spans with two 15km DCF modules; each has negative dispersion of ~ 8 7ps/(nm-km).
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Example of this can be shown in figure 2.15 where (a) presents the results of a loop
consists of two symmetric spans; each has 80km SMF and EDFA. Obviously, the average
dispersion measured at 1550nm is approximately 17ps/(nm-km), which is standard for SMF, and
the dispersion slope can be seen in the equation appears on the right top of the figure. Again, such
high dispersion of the SMFs can be compensated by adding DCFs in the loop. Figure 2.15 (b)
shows the same sort of results obtained after adding a DCF module with negative dispersion of
approximately 87ps/(nm-km) and 15km length in each span. It is seen that dispersion and
dispersion slope are improved, where the average dispersion measures approximately O at around
1550nm. However, the fluctuations in the measurement values due to temperature instability can
be minimised by placing the fibres inside an isolated cupboard and performing measurements as
quickly as possible. Ideally, a straightforward method can be used instead to measure the
dispersion and dispersion slope using network analyser or lightwave component analyser [81].
This equipment has input and output ports which are simply connected to the two ends of the
loop. By running the analyser, the dispersion curve over the whole wavelength range is being
displayed on the screen. Measurement taken by this method is more accurate than that by the

laser cavity method that is used in this thesis work due to unavailability of the network analyser.

2.2.3 -value and BER measurements

As mentioned before, the transmission system performance is characterised through the
measurements of Q-value or BER as a function of transmission distance. () measurement can be
taken from the eye diagram displayed on the sampling scope. Most of the recent sampling scopes
have a function of building up a histogram for sampled points within a chosen time window.
They also have a statistic facility that allows measuring the mean and standard deviation of the 1
and 0 levels directly from the histogram. This indeed enables calculating the (Q-value by using

equation (1.3), which is recalled here as follows:

Hi — Hy

o, t0o,

Example of such measurement is shown in figure 2.16, where the measurement window is set to
measure the mean and standard deviation for the 1 level in (a) and for the 0 level in (b). For
accurate measurement, it is necessary to set the time window around the peak of the pulse and

keep it small so measurements are restricted to the samples within the peak time. It is also
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important to set a decision level in the vertical dimension so all sampled points above this
decision level can be included in the 1 level measurement and those below the decision level are
included in the 0 level measurement. The decision level is ideally chosen as the halfway between
the 1 and O levels. The distribution of the samples used in the measurement is plotted in the
histogram appears on the left of the sampling scope picture. Basically, the displayed mean and
standard deviation values (as circled in (a)) can be directly substituted in the equation (1.3) to
give the O-value measurement. Using the values displayed in figure 2.16 gives a Q-value of 13,
which represents a high quality signal with approximately 107" BER according to equation 1.2.
However, from the definition of the Q-value, it is obvious that any increase in the standard
deviation values due to an ASE noise, timing jitter or amplitude jitter will degrade the Q-value of
the detected signal. Also, any decrease in the mean value of the 1 level due to loss or even

dispersion, where broadening lowers the peak of the signal, will degrade the QO-value.

Figure 2.16 Example of Q-value measurement. (a) The mean and standard deviation measurements for the 1 level.
(b) The same measurements for the 0 level. (Time scale: 20ps/div).

Although the Q-value measurements provide good analysis of the system performance, it is
more practical to evaluate the performance through BER measurements. The main problem in
measuring Q value is that it varies with any small change in the position of the measurement
window as it is based on statistical distribution of the samples contained within the window. This
may require repositioning the measurement window quite frequently as the pulse position
changes in time due to a phase variation caused by transmission. Moreover, most of the sampling
scopes do not have a facility to display the O measurement but only the mean and standard

deviation values which can be used for calculating the Q-value, as done above. This indeed
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disables the engineer from being given an instant performance while playing around with system
parameters or adjusting setup. Using BER measurement can be more practical, since the BERT
displays the instantaneous error-rate which enables making adjustments while the experiment is
running. BER measurement is based on setting a decision level and phase decision either
manually or automatically on the BERT. Automatic setting is normally preferred as it chooses the
optimum position of the decision level and phase decision. To perform the error measurements,
the BERT is directly connected to the data and clock signals that have already been separated at
the clock recovery unit of the receiver. The clock signal provides a time reference for the arriving
bits in the data signal. In the recirculating loop experiment, it is important that both sampling
scope and BERT carry out measurement within the C-D timing state as in figure 2.13, otherwise
the measurement is incorrect. This can be achieved through specific connection between the
sampling scope/BERT and the C-D output of the digital delay generator used with the AOMs. In
this case, the scope/BERT equipment is externally triggered using the so-called gated triggering
mode. This is also required with the optical spectrum analyser measurements discussed in the

next section.

2.2.4 Optical signal-to-noise ratio measurements

Optical signal-to-noise ratio measurement (OSNR) is also important when performing a
recirculating loop experiment. It provides a good optical performance monitoring as it gives the
ratio between the signal power and the ASE noise introduced by EDFAs. In fact, OSNR degrades
as the number of recirculations increases, and that is basically because the ASE noise
accumulates over an increased number of EDFAs. OSNR is normally measured as a function of
propagation distance by using an optical spectrum analyser (OSA). To keep monitoring the
OSNR and spectrum during the experiment, a fibre coupler with 90/10 coupling ratio can be
placed at the output of the recirculating loop. This allows 10% of the signal to be observed on the
OSA, while the remaining 90% can proceed onto the receiver.

OSNR measurement can be related to BER performance where there is a minimum
acceptable OSNR value that corresponds to the BER reference level 10® or Q = 6. This value
depends on the resolution bandwidth of the OSA. For instance, by using 0.1nm resolution
bandwidth which is very common, the minimum acceptable value is ~13dB in logarithmic scale.
In this case, the measurement can have a unit of (dB/0.1nm). Note that it is always more
convenient to use logarithmic scale in the OSNR measurements rather than linear scale.

Practically, the single OSNR measurement is obtained directly from the OSA by setting two
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markers: one to read the level of the signal and the other to read the level of the noise, and then
subtracting the two readings. Actually, the OSA does automatically calculate the difference

between the two markers thus the result is immediately obtained on the screen.
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Figure 2.17 Example of OSA picture and OSNR measurement.

Figure 2.17 shows an example of OSA picture using 0.5nm resolution bandwidth as
displayed on the left bottom of the picture. The OSNR measured on this picture is obviously
9.48(dB/0.5nm). It is important to realise that the marker on the signal reads the total power
including both signal and noise within 0.5nm under the marked wavelength. This results in an
output OSNR measurement as (S+N)-N, where S is the signal power and N is the noise in dBm.
Although this result is acceptable as an OSNR measurement in the most cases, it can be corrected

to the accurate ratio, S-N, by using the following formula:

S — N =10log(10*""° —1) (2.3)
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where X is the measured OSNR. For example, the accurate OSNR measurement of the signal in
figure 2.17 is 8.96(dB/0.5nm). This value can also be converted into a (dB/nm) unit if it is offset
by -3dB, giving an OSNR of 5.96(dB/nm). If this unit is used, the OSNR has to be larger than 0,
at which the receiver starts to count errors on the received signal. In general, the unit of the
OSNR measurement is not a big issue as long as it is the same in all measurements, where the

main objective is to compare the relative performance for different number of recirculations.

2.3 Summary

This chapter started with introducing the principles of generating and detecting different
optical data signals experimentally, including single-channel, WDM and OTDM. It then has
presented the main principles of designing and operating the recirculating loop experiment which
is used to simulate long-haul optical transmission link. This has included the main design issues
in the recirculating loop system such as power and dispersion management. All measurements
techniques and methods used for analysing the performance of the recirculating loop system have
also been demonstrated. The chapter has provided few examples in the different sections for more

clarification.
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Chapter 3
Line monitoring equipment for optically amplified long-haul

undersea systems

3.1 Introduction

Having presented the experimental method used to simulate long-haul optical fibre
communication link as in previous chapter, it is possible to introduce a line monitoring technique
that can be used to diagnose the location of faults along such fibre link [S]. The demand for line
monitoring has greatly increased due to a high capacity and long distances of the current undersea
transmission links. These transmission links require continuous monitoring that should be carried
out at the network terminal. Such remote monitoring enables instantaneous determining of any

degradation along the fibre link which in turn allows rapid maintenance execution to be

performed. In fact, the main problem with monitoring the legacy optically amplified links is that
the system gives limited information about what is happening along the fibre link, which has not
been the case in electrical systems or even regenerative optical systems. Those systems have
much more complex electrical regenerators that carry out huge amount of processing, thus they
can give very detailed monitoring information (e.g. error-rates on individual channels). In general,
regenerative systems typically use information derived at the regenerators to monitor link
performance where these information get multiplexed onto the data stream and can be used at the
network terminal to determine the fault location. On the other hand, the main requirement of the
line monitoring equipment (abbreviated as LME) is that it should have a much lower cost than
the transmission link itself; otherwise it is not a cost-effective solution. To meet such requirement,
several optical line monitoring techniques have been developed, where the most famous
technique was based on the coherent optical time domain reflectometry (COTDR) [82]-[88]. In
this technique, the Rayleigh backscattered light from an optical probe pulse propagating down the
fibre is detected and examined at the transmit terminal. The level of the detected signal is
displayed as a function of fibre distance which, in normal case, shows linear degradation due to
constant fibre loss. If the signal is lost due to a cable fault, it can be seen as a sudden drop in the
signal level. The main advantage of the COTDR is that it can define the fault at any part of the
system rather than just the output from the repeaters as in other techniques. Nevertheless, this
method has a cost problem, since it performs an optical coherent detection, which is relatively

expensive, rather than electrical coherent detection. It also has another drawback that it becomes
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difficult to measure for a very long fibre span as well as in the presence of optical isolators
located in the optical amplifiers, although optical isolators can be bypassed by couplers which
transfer power between fibres [83]. Moreover, COTDR tends to be used out-of-service in the case
of a fibre break because it needs high optical power levels which affects the in-service channels -
the backscattered power is typically 34dB down on the forward signal if integrated over a whole
span length, but the power returned from a fibre segment will of course be far lower, especially
for the backscatter from the remote parts of the fibre. Another line monitoring methods have been
demonstrated in [89]-[91] but the main disadvantage of these methods is that they can only
provide an in-service monitoring, which means that if the link is out-of-service and there is no

signal propagating through, the fault location cannot be determined.

Fibre
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Repeater Repeater 2 Repesater n

Figure 3.1 Schematic diagram of the transmission fibre pair showing the high-loss loopback circuits

Therefore, in addition to the cost requirement, it is important to develop an LME that can be
used in both in-service and out-of-service cases, providing a continuous monitoring of the
transmission fibre link. These requirements have been met since 1996 by designing a relatively
simple, low cost LME which is particularly applicable to undersea optical transmission systems
[92]. This method is based on the fact that the optical transmission system contains at least one
optical fibre pair extending between two terminals. Each fibre has a sequence of fibre spans and
optical repeaters (i.e. EDFAs). Each repeater can have a simple high-loss optical loopback circuit
which provides a connection between the existing two fibres and can be used to define fault
location. The loopback circuit taps off a portion of the optical signal propagating through one of
the fibres, attenuates this portion and then returns it back to the terminal via another tap in the
other fibre. This can be shown in figure 3.1. Obviously, the loopback circuit can be very simple
as it is composed of passive components which are two fibre couplers and two optical attenuators.

All spans are assumed to be identical and the system is assumed to be symmetrical with respect
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to direction of propagation. Fault location can be determined by launching a supervisory signal
into the fibre from one of the terminals, and return the attenuated part of this signal to the
terminal through the loopback circuit used at each repeater. Since the loopback circuit is passive,
the repeaters do not return any information, where all information must be gleaned from the
returned signal levels and delays. Details of this are explained in the following sections. This
method assumes that the main origin of the faults in the fibre link comes from impairments in the
optical repeaters, specifically due to a failure of the pump laser diodes of EDFAs. This of course
assumes that the other components including fibre spans are well-protected against all

degradation factors.

3.2 LME system transmitter and receiver

Data Traffic Tz Data and Supervisory
Modulator l
Laser

t

PRBS g PSK Laser
Generator Modulator b Bias
~2 SMHz

Figure 3.2 Block diagram of the transmitter of the in-band LME system.

LME system is composed of a transmitter, in which a supervisory signal is generated and
transmitted along with the original data signals, and a receiver to detect the returned signals form
the loopback circuits and examine the received supervisory signals. Both transmitter and receiver
are located at the same terminal. This section presents two LME approaches. The first approach
has a transmitter as shown in figure 3.2 [93]. It consists of a laser source, whose output is
modulated at an optical MZ modulator by a single data traffic signal. The laser bias is also
modulated by an RF supervisory signal with a sub-carrier frequency at ~2.5MHz. The
supervisory signal itself is encoded electrically using PSK but the sub-carrier is intensity
modulated. Thus the supervisory signal is a PRBS, whose bit-rate is typically between 10 to
100kbit/s. For instance, if 50kbit/s is used, one supervisory bit occupies a distance of 6km of
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fibre. However, the output from the optical MZ modulator comprises the intensity modulated
data traffic over which is superimposed the supervisory RF amplitude modulation. Therefore, as
the supervisory signal exist within the data signal band it can be referred to as in-band LME

signal, and the whole system can be called in-band LME system.
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Figure 3.3 Block diagram of the receiver of the in-band LME system.

The LME receiver of this system can be shown in figure 3.3 [93]. It detects both the traffic
and the supervisory signals looped back from each repeater. The supervisory modulation is
sufficiently small that the regenerator can recover the data traffic without excessive penalty. The
regenerator output then has essentially no supervisory content. If the input from the transmission
line is not too distorted, then the input and output of the regenerator can be subtracted to yield the
supervisory signals together with any residual noise and distortion. Since the supervisory signal
has a much narrower bandwidth than the traffic, it is not necessary to cancel the signal at all
frequencies. Typically, the cancellation is performed after low-pass filtering to 20MHz. The
output of the canceller passes through an RF amplifier that provides a band-pass filtering in
addition to amplifying the supervisory signal. Since a supervisory signal is returned from every
repeater, a supervisory detector is provided for each repeater. Each of the supervisory detectors
must be able to discriminate between the signals returned from the required repeater and all other
repeaters. This is essentially achieved from knowledge of the round-trip delay for the required
repeater. Each supervisory detector includes a PRBS generator which is identical to that used at
the transmitter, but is delayed by the round-trip time of the ith repeater. The delay of each
detector is adjusted for a specific repeater. The looped back signals are correlated with the local

PRBS signal by multiplying the digital local PRBS sequence with the noisy received PRBS. Note
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that the noise from the unwanted returned signals is normally expected to increase with the
square root of time and hence the OSNR to do the same. However, by integrating the output of
the multiplier in time, the noise contributions average to zero yielding a ramp, i.e. a signal which
increases linearly with time, at the output of the integrator. The output of the integrator divided
by the duration of the ramp gives the returned supervisory signal level. The received supervisory
signal also includes the sequences returned from all the other repeaters. These contributions will
average to zero in a similar manner to the noise. Although the noise sources average to zero, this
is only true after an infinite integration time. However, the average still approaches zero. A
pertinent performance measurement is then the time required to achieve a given degree of
confidence in the output of the integrator. The integrator is reset to zero periodically so that
changes in loopback loss can be recorded. Given these changes for each repeater in the system,
the health of the system can be deduced on a span-by-span basis [93]. In figure 3.3, it is possible
in practice to have an optical pre-amplifier before the PIN photodetector to raise the signal level
well above the noise sources within the receiver.

A key feature of the receiver of the in-band LME system is a cancellation circuit which
subtracts the data signal from the small supervisory signal. In out-of-service case, the cancellation
unit 1s not used. The dominant degradation mechanism after cancelling the signal is beat noise
between the traffic and ASE noise which falls within the supervisory frequency band. The
contributions from the beat noise arise from the whole traffic spectrum, so engineering a notch in
the optical spectrum for the supervisory signal would be ineffective as the traffic spectrum would
be changed little.

As a summary, the production of the supervisory signal is simplified and there is no
command information as a part of the supervisory signal. Degradation of signals through the
optical transmission system is easily detected in a reasonable amount of time at the terminals of
the system via the correlation technique. Therefore, the correlation technique allows identifying
the location of the fault in the transmission line, where basically the degradation in the ith signal
corresponds to impairment in the ith repeater. In this approach, the in-service measurement times
for a typical system were of the order of 3.1 hours [93]. The principal degradation mechanisms
for the returned signal from a given repeater were firstly counter-propagating traffic and secondly
spontaneous-spontaneous beat noise between the traffic signal and ASE noise. Of these, the
counter-propagating traffic can be nulled by a data cancellation scheme, but because the beat
noise occurs before the cancellation circuit i1s affected, the traffic can not be completely

suppressed using this technique.
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In another LME approach, the counter-propagating signal is avoided by utilising a
dedicated supervisory wavelength between traffic wavelengths in a WDM system. The
supervisory signal of this approach can thus be referred to as out-of-band LME signal, and the
whole system can be called out-of-band LME system. In addition, crosstalk can be avoided by
transmitting a pulse which is sufficiently short such that when looped back from each repeater,
there is no overlap. The returned signals are then integrated to obtain the signal level. The
integration of each returned pulse is accounted sequentially so the integration is a serial rather
than a parallel process, thus a set of parallel detectors is not required. Furthermore, the in-service
measurement time of a typical system is reduced from an order of 3 hours to 1 minute [94]. This
system therefore avoids the PRBS generator, the correlators and the data cancellation unit. Given
these advantages, the LME system demonstrated in the following sections will use out-of-band
LME signal. The system will therefore require its own wavelength, a small bandwidth PIN
detector and a tunable optical filter locked to the supervisory signal wavelength at the receiver.
Note that it might be more convenient at this point to refer to the supervisory wavelength as LME

wavelength.
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Figure 3.4 Block diagram of the transmitter of the out-of-band LME system.

The transmitter block diagram of the out-of-band LME system is shown in figure 3.4 [94].
It comprises WDM traffic signals over a given set of wavelengths. An LME wavelength is
coupled into the aggregate traffic signals. The LME wavelength is chosen to be midway between
two adjacent traffic wavelengths of the counter-propagating traffic. No restrictions are placed on

the location of the LME wavelength with respect to co-propagating traffic, but performance is
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improved if it can also be placed between co-propagating traffic wavelengths. The LME channel
comprises a pulsed laser. The pulse duration is chosen to be as long as possible, but sufficiently
short such that returned signals from each repeater do not overlap. Since the duration of a pulse is
greater than the Er’t metastable life-time (7), the pulse must be modulated to prevent attenuation
by a saturated EDFA. This can be achieved using a sub-carrier of the order of IMHz [94]. The
idea is that the EDFA acts like a high-pass filter to the modulation with a cut-off frequency of
about 10kHz. If a CW LME signal is applied with very short rise-time for a duration of 1 second
(for instance) so that the total power increased by 10%, then the output power would increase by
~10% initially (because of the high frequency content of the leading edge) and then decay back to
a value close to the original power level with a time constant of ~1/(10kHz). If the mean input
power of a saturated EDFA increases by 10% the output power would increase by far less than
10%. Over a number of EDFAs, a low speed or DC modulation would be lost. When modulation
is applied at >>10kHz (e.g. 1MHz), the mean output power will stay about the same as it was
before the modulation since the power of all the other channels will tend to reduce. Therefore, the

modulation would not be lost.
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Figure 3.5 Block diagram of the receiver of the out-of-band LME system.

The receiver block diagram of this system can be shown in figure 3.5 [94]. Again, it detects
both the traffic and the LME signals looped back from each repeater. The LME optical band-pass
filter must be as narrow as possible (typically ~0.2nm) to minimise crosstatk from adjacent traffic
channel and to minimise ASE noise incident on the PIN. The filter is locked to the LME signal
wavelength to achieve maximum transmission. The detected signal from the PIN is passed

through a low-pass filter of a few KkHz bandwidth and then integrated. Integration is performed
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sequentially and the output from the ith integrator represents the LME signal level returned from
the ith repeater.

The out-of-band LME can also be referred to as pulsed LME because it uses an LME pulse
on an unused wavelength, while the in-band LME can be referred to as passive LME as a PRBS
signal is superimposed on an existing traffic channel [93], [94]. Again, this chapter will consider

the out-of-band LME system.

3.3 Performance degradation mechanisms
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Figure 3.6 Representation of signal flows.

Data traffic and LME signals have different performance degradation mechanisms;
therefore they are discussed separately. Starting with data traffic signals, it is important to know
first that they have no modulation penalty from the LME signal since it is carried on an
independent wavelength. However, a number of other penalties still persist which are discussed
here. Referring to figure 3.6, the counter-propagating traffic is affected by the proportion of the
co-propagating traffic that is looped back at every repeater. Moreover, the traffic signal power is
attenuated by the tap coupler of every loopback circuit, effectively increasing the span losses.
Additional penalties are caused by the ASE noise, which is added by each repeater and by the
transmitter post amplifier, and the beat noise arises due to the presence of LME wavelength
within the traffic filter band. If the LME signal is outside the traffic optical filter bandwidth, then

this penalty can be avoided. Four-wave mixing between the traffic and LME signals as well as
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the SBS penalties also degrade the data traffic performance. These can be avoided by ensuring
the LME signal power is sufficiently small compared with the traffic signal power, and there is
enough spacing between the LME signal and the adjacent data signals.

From figure 3.6, the returned LME signal can have a set of penalties, which are due to: the
counter-propagating traffic at the skirts of the LME optical filter, the looped-back traffic from
every repeater - can be negligible due to the high-loss in the loopback circuit, counter-
propagating ASE noise and looped back ASE noise. The receiver also generates thermal noise

and the signals are subject to shot noise.

3.4 LME pulse performance analysis

3 h I

Figure 3.7 Signal paths of a launched LME pulse.

Figure 3.7 shows the signal paths of the launched LME pulse. If the distance between

repeaters i —1 and i is /,, then the total loopback distance z, for repeater 1s:

2, =21, ,i=l.n 3.1)

and the path difference Az, between repeaters i1 and 7 is:

Az, =z, -z, =2, (3.2)

i-1 i

The time required for a signal to return from repeater i is:

ypead (3.3)




where n_=1.46, which is the refractive index of the transmission fibre. The difference in

loopback time between adjacent repeaters i —1 and i is then:

A]’: — i i (34)

To prevent the overlap of the returned signal from adjacent repeaters, the LME pulse duration

must be no greater than AT}| , i =1..n, where the min subscript refers to the minimum repeater

min

spacing / ;. . To allow for switching time between returned LME pulses, a guard-band should

also be provided of duration 7} . The pulse duration is then shortened according to:

(3.5)

T,
where [ = 2C ¢ is the proportion of 7, +7;; reserved for the guard-band.
n

After an LME pulse has been launched, a second cannot be transmitted until all the loopback

pulses have arrived. From (3.1) and (3.3), the time for the leading edge of the pulse to return from

the nth repeater is:

=23y (3.6)
C j=1

where Zl ; is the length of the system, excluding the last, (n +1)th, span. The trailing edge of

j=1
the pulse arrives after a time 7, +7, and the pulse repetition time 7}, allowing for the guard-

band, is then:
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Iy=T,+T,+T;

.Y, 3.7
= _2__?'_ lmin + le ( )
C j=1

where T, +7, is substituted from (3.5).

Figure 3.8 illustrates the LME pulse propagation and return times. The guard-band 7;; is the time

between the closest arriving pulses.

7, b

Figure 3.8 Launched and returned pulses

For example, a system with 140 repeaters, whose spacing is 45km and total length is 6345km will
require an LME pulse duration of no greater than 0.45ms. The pulse repetition time is 63.45ms,

which corresponds to a rate of 15.76 pulses/s.

3.4.1 OSNR analysis

cw
in

If the launched power during the LME pulse is S5”, then the received loopback power from

any repeater 1s:

S = A, LS, (3.8)
where 4,, is the total loopback transmittance due to a single repeater and L is the transmission
fibre transmittance. The noise within an optical bandwidth B, incident with the counter-

propagating signal is given by:
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N,, =nFhvB, (3.9)

where N is the received line amplifier noise, n is the number of line amplifiers, F is the noise

figure and v is the carrier frequency. The transmitter and receiver noise have been neglected.

After detection by the PIN, the electrical signal power is given by:

2 ow Y
lom = (RsSoul) 3 (3 10)
and the electrical signal-spontaneous and spontaneous-spontaneous noise powers are:

. 2 cew Be
i, =N,_, =2RS&N = (3.11)

s=sp out* " out

, B, B
ii_ =N =N’ R”—i(l— “)

Sp-sp sp-sp out”"s B 2B
’ ’ (3.12)
B
~ No R} —*
BO
where R_ is the responsivity and it is assumed the electrical bandwidth B, << B, .
The electrical signal-to-noise ratio is then given by:
2
cw B
eSNR = ( "“’) e (3.13)

Noul (ZSCW + NOEH) Be

out

Because the input signal power suffers from high attenuation through the loopback circuit,

therefore S_" << N, and (3.13) can be approximated by:

!

2
B
eSNR =~ (—A}——J 2 = OSNR* —2 (3.14)
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3.4.2 Measurement time

Given a minimum required electrical signal to noise ratio eSNR _ to achieve the desired

req

repeatability, the number of samples required is:

_eSNR,,

' eSNR

(3.15)

If the sample rate is 2B, (which is the Nyquist rate), then the number of samples per pulse is:

ng, =2B,T,

e’ p

and so the number of transmitted pulses required is:

n 1 eSNR

s req

n =
?n, 2B7T, eSNR

sp

Given the pulse repetition rate 1/7, the measurement time 7'is then given by:

.\ B,eSNR

2
1 ” nFhv
T=nT,=|1+——> [, =
o [JW Z’] 20-5) [ALBLSFW]

min =1 in

where (3.5), (3.7), (3.8), (3.9) and (3.17) have been used.

In the case of equal span lengths, / , =/, and (3.18) reduces to:

min

2 . 2
T n (n + l) Fhyv BeSNR
20 )\ 4,,LS;y ‘

(3.16)

(3.17)

(3.18)

(3.19)

The required eSNR for a measurement repeatability (R,) of £0.5dB to within a £ fo confidence

interval is given by [93]:
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r, -1

r, ’
eSNR,,eq:{ ’ } (3.20)

where r, is the linear repeatability and related to the measurement repeatability as
R, =10log,,(r, ).

The measurement time then becomes:

2 . 2 2
T n'(n+l)( ir, j ( Fkij B, 321)
2(1—/8) (’V;J _1) AL[}'LSi;I

From (3.21), it can be seen that the measurement time increases as the cube of the number of
repeaters and inversely as the square of the supervisory signal receiver input powers LS;". For a

typical 100 repeater system, 7 is approximately 1 minute for a measurement repeatability of

0.5dB to within a £3 o confidence interval [94].

3.4.3 Example

Consider a 100 repeater system with a 45dB loopback loss and a pulse launch power of -

7dBm. The parameters of the entire system are given below:

Transmitter

LME signal input power (single pulse) -7 dBm
Wavelength 1558 nm
Frequency 192.55 THz
Quantum efficiency 0.85
Responsivity (R;) 1.07
Guard-band S factor 5%
Line

Span loss 15dB
loss coefficient (a) 0.2 dB/km
Span length 75 km
Tap coupler ratio 10 dB
Tap coupler loss 0.4dB
Tap coupler through loss 0.82 dB
Tap coupler drop loss 10.4 dB
EDFA gain 15.82 dB
EDFA noise figure 5.5dB
Loopback pad loss (4) 25dB
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Total loopback loss (A4.5) 4498 dB
Number of repeaters 100
System length 7575 km
LME receiver

Optical filter bandwidth (B,) 0.25 nm
LME filter bandwidth 30kHz
Sample rate 60.0 kHz
Required repeatability (R,) 0.5 +/-dB
Confidence limits index (¢) 3
Confidence limits 99.8650 +/- %
Confidence level (y) 0.99865
Required eSNR for signal measurement 28.814 dB
pulse duration without guard-band 0.750 ms
(Tp+TG)

pulse duration (7},) 0.713 ms
Guard-band duration (7%) 0.038 ms
Return time from nth repeater (7)) 75.000 ms
pulse repetition time (7%) 75.750 ms
samples per pulse (1)

By using equations (3.8)-(3.21), the

as the following:

Spu (LME pulse)

Nout

Ns—sp

NSP'SP

Thermal noise S LUV.UL UL
Shot noise 160 22 ARm
Total noise (o)

eSNR RIS
Samples required to measure LME pulse 37653

(n5)

Number of pulses required to measure 881
LME level (n,)

Pulse repetition rate (1/7%) 13.20 /s
Time (7) to measure repeater level ] 1.11 mins |

It can be seen that for such 100 repeater system, the receiver needs only 1 minute to measure the

in-service returned LME pulse using the 881 averages of the received LME pulse.
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3.5 LME system prototype

3.5.1 LME transmitter and receiver architecture

As explained before, the method of operation relies on a high-loss loopback path being
available at every repeater. A probe (or supervisory) signal of dedicated wavelength is launched
into the system at low level, and narrow band receiver is used to pick off the weakly returned
signals from each repeater. Due to the high-loss of the loopback path, the returned signal 1s
extremely weak and heavily swamped by amplifier noise of the returned path. Hence the receiver
has to operate well under heavily noise loading. The prototype transmitter and receiver of such
in-band LME system are shown in figure 3.9 [95]. At the transmitter, gated pulses from oscillator
X, are amplified, shaped and applied to the bias PIN of laser diode D. The resulting optical LME

pulse from Dy has a burst duration 7}, repetition rate 7, and modulation frequency f;.

3
i

==

Pulse

Shaping

Network
Lyias

90°
X & <

Figure 3.9 In-band LME transmitter (top section) and receiver (bottom section) architecture.

At the receiver, the returned signal with carrier frequency f; is coupled into detector Dy,
amplified by the RF amplifier and fed to one arm of a mixer. The other arm of the mixer 1s driven
by local oscillator X, at the frequency fi,, generating at the output of the mixer the sum and
difference frequencies fi,+ f;. The difference frequency is selected by the band-pass filters and
amplified by the intermediate frequency (IF) amplifier, as in a conventional heterodyne receiver.
Most of the gain of the receiver is present in this stage. Detection of the carrier envelope is

accomplished through the 1Q demodulator at the output of the IF amplifier. The reference
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frequency for the IQ demodulator is obtained by mixing the local down-conversion oscillator X,
with the transmit carrier oscillator X;, resulting in a DC output at the I and Q ports of the
demodulator. The amplitude of the received carrier is then proportional to J(I* +Q?) . Figure

3.10 shows the transmitted optical pulse in (a) and the corresponding electrical output of the
receiver for a back-to-back measurement with no fibre in the system in (b). The carrier or

modulation frequency is ~2MHz and the optical power into the receiver is approximately -50dBm.
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Figure 3.10 (a) Transmitted optical LME pulse. (b) Receiver output for back-to-back measurement.

3.5.2 High-loss loopback system setup

High-loss loopback system can be simulated in the laboratory as shown in figure 3.11,
which is used to monitor one direction of the fibre pair. As in figure 3.4, a WDM data signals are
coupled with an LME signal that was generated by the LME transmitter described in figure 3.9,
to give the composite forward or co-propagating traffic. The co-propagating path is basically
simulated by using a recirculating loop, in which a single loopback circuit with variable
attenuators is placed to monitor the performance at the output of the last EDFA. This of course
provides one repeater monitoring where further repeaters can be monitored by increasing the
number of recirculations. Therefore, using different number of recirculations enables simulating
different repeater loopback circuits. In fact, the recirculating loop has to be set up such that its
length is larger than the LME pulse-width to ensure full propagation of the LME pulse in the loop.
Also, the loop should have one LME pulse propagating in every recirculation. This can be
achieved by triggering the loop with the LME pulse, and setting the fill-time such that the next

LME pulse appears in the next propagation cycle.
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Figure 3.11 Loopback system setup.

In the counter-propagating direction, by referring back to figure 3.6, the backward path
includes the counter-propagating data traffic signals and ASE noise. This indeed gives the ability
to simulate the backward path by setting up a WDM data source and an ASE noise source, as
appears in figure 3.11. The ASE noise source is composed of a chain of cascaded EDFAs
followed by variable attenuator that is used to match the noise signal level to that in the co-
propagating path. Therefore the noise at point 4 in the figure must be equal to the noise at point a.
The data signals are coupled with the noise signal by fibre coupler to give the composite
backward traffic, which allows simulating the backward path without setting up fibre spans. Even
though the system setup is not identical to a full dual path system, it can still be usable for this
experiment. The key idea is that the returned signal has to be swamped by the noise of a
backward path which is in real system identical to that of the forward path, assuming that the
system is symmetric. Setting up a full dual path system will require two identical recirculating

loops; one for forward direction and the other for backward as discussed later in chapter 6.

3.6 LME experiment

In this section, an LME experiment is demonstrated using the LME system prototype
discussed in previous section. The objective of this experiment is to test the feasibility of an LME

transmitter and receiver on long-haul optical transmission system. This includes the recovery of a
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weak LME pulse that is returned by the high-loss loopback circuit and swamped by the backward
noise. The typical loss of the loopback circuit is 45dB; including all the combined losses of the
attenuator and the two tap couplers [92]. Therefore, the main aim of the experiment is to achieve
an LME detection and recovery after 45dB loopback attenuation and over long distance. The
experiment will start testing the LME pulse recovery at different amounts of loopback attenuation
and transmission distance. It is indeed a big challenge to achieve an LME recovery after long
distance where the backward noise level is expected to be much higher than the returned LME
signal. Therefore, LME recovery will be further examined by investigating different parameters
such as LME signal launch power and optical bandwidth of the filter used prior to the LME
receiver. Having achieved this, it is then possible to look at the effect of the LME signal to the
forward data traffic signals. This includes the effect of the LME power increase as well as the
decrease in spacing between the LME and the adjacent data channel. Furthermore, it is also

important to look at the effect of the forward data signals to the LME signal at different spacing.
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Figure 3.12 The whole LME experimental setup.

The whole setup for this experiment is shown in figure 3.12. In the forward path, an LME
transmitter has been set up as shown in figure 3.9 to produce optical LME pulses with duration
(T,) of 500us, repetition rate (1/T) of 8Hz, and carrier frequency (fs) of 2MHz. The LME signal
is then coupled with two WDM data signals in RZ modulation format and 10Gbit/s bit-rate.
These data signals were generated by using two LiNbO; modulators driven by clock and data
signals of a pattern generator with 10.709GHz frequency and 23'_1 PRBS data. The wavelength
of the data signals A; and A, are 1556.4 and 1557.4nm, respectively, while the LME wavelength is

1558.4nm, using DFB lasers in all channels. The reason for choosing such wavelengths is that the
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maximum backward noise from the noise source (discussed later) was achieved at around
1558.4nm, and the data signals are firstly intended to be Inm apart from the LME signal and
from each other. A variable optical attenuator follows the LME transmitter to adjust the LME
signal level, which is supposed to be much lower than the data signals levels, typically 10dB
lower. The resultant data and LME signals are amplified to the required level and then
propagated through a 200.9km recirculating loop. The experiment starts with low power levels,
which are 0dBm in each data signal and -10dBm in LME signal at the input of the load AOM (or
input AOM). The launch powers into the fibre are hence lower by 6dB due to the insertion losses
of the AOM and coupler. These powers were measured on an Agilent multi-wavelength meter -
model 86120C [96], which reads the power of every wavelength within 10GHz resolution
bandwidth. The total average power can be measured on the power meter (e.g. Newport) that
reads the average of the power over the whole band, including ASE noise. However, starting the
experiment with low LME power enables defining the minimum power that can be used with this
system for LME recovery after 45dB loss in the loopback path. This may perhaps require
increasing the LME power until the 45dB is achieved.

(a) (b)
1000us 50Cus 1000us

500us  E———

Figure 3.13 Recirculating loop timing for LME experiment.

Triggering the recirculating loop by the LME pulse is not straightforward as it is necessary
to make sure that the LME pulse is fully propagated around the loop and there is one LME pulse
in each recirculation. In fact, there are three timing possibilities for triggering the loop as shown
in figure 2.13. (a) shows the normal operation of the recirculating loop, where the fill-time is

twice as the round-trip time of the loop which is 1000us for 200km. The first triggering
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possibility is shown in (b); the loop is triggered by the start time of the LME pulse, thus the
whole LME pulse is not filled within the loop as it is lost by the AOM. This is basically because
the first 1000ps is lost while the second 1000us fills the loop. Another possibility is shown in (c),
where the loop is also triggered by the LME pulse but the fill-time is set to wait for the next LME
pulse. In this case, the next LME pulse will reset the time To and re-start the triggering; giving
that the LME pulse will never propagate around the loop. As a result, the best way to trigger the
loop can be done as shown in (d) by extending the LME pulse from 500ps up to 1000ps at the
LME source, and reducing the fill-time till the next pulse appears in the next cycle. In this way,
the first S00us of the LME pulse is lost by the AOM while the remaining 500ps is propagated
through the loop. Doing this, the LME pulses at the output of the recirculating loop can be
displayed on a real-time oscilloscope as shown in figure 3.14. It is obviously shown that 1000ps
pulse enters the loop but only 500us of it recirculates around the loop. This gives that each pulse

appears in the figure corresponds to one recirculation.
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Figure 3.14 LME pulse propagation in the loop.

The recirculating loop itself consists of two SMF-DCF fibre sections. The first section is
consisting of 82.5km of SMF with 0.2dB/km attenuation coefficient and dispersion of
17ps/mm/km at 1550nm, and 15.2km of DCF with attenuation of 0.5dB/km and a negative
dispersion of 1387ps/nm. The second section is consisting of 86.7km of SMF with the same
attenuation coefficient and dispersion of that in the first section, and 16.5km of DCF with
attenuation of 0.5dB/km and a negative dispersion of 1387ps/nm. The losses of these fibres were
compensated by using two C-band EDFAs in each section. The EDFAs denoted A in the figure

3.12 had a 30dB maximum small signal gain and ~13dBm maximum output saturation power,
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while the EDFAs denoted B had a 40dB maximum small signal gain and ~15dBm maximum
output saturation power. The gain of each amplifier was set to compensate for the loss of the
previous span, except for the last amplifier whose gain was increased to further compensate for
the losses of the loopback tap coupler as well as the loop AOM and following coupler. All
EDFAs had a noise figure of approximately 5. An ASE filter with an insertion loss of 3dB was
used before the last amplifier to remove the accumulated ASE gain peak at 1530nm. This 3dB
loss was compensated by the third amplifier, so power at the input of each fibre is constant. The
reason why the ASE filter is not set up after the last EDFA is basically to reduce the amount of
losses being compensated by that EDFA, thus reducing the gain of the EDFA. This of course
results in the ASE peak at 1530nm of the last EDFA, only in the last recirculation not being
removed, which is alright as long as all the accumulated peaks from the previous amplifiers have
already been removed.

In the backward path, two WDM data signals with wavelengths A3 and A4 of 1559.4 and
1560.4nm, respectively, are generated in the same way of those in the forward direction, using
the same pattern generator but with the inverse clock and data signals. This was due to the
unavailability of another pattern generator. Four cascaded EDFAs; each with noise figure of
approximately 5 are set up to produce the backward noise. The gains of the EDFAs are set at the
maximum where a variable attenuator is used to adjust the noise level corresponding to the
transmission distance used in the forward direction. The noise signal is then coupled with the
backward data signals to give the composite backward traffic that passes through the tap coupler
of the loopback circuit. Remember that the power of the backward traffic must be similar to that
of the forward traffic, i.e. each backward signal has a power of -10dBm after the loopback
coupler. Before the receiver, a tunable band-pass filter with 0.24nm bandwidth and 7dB insertion
loss is used to extract the wanted wavelength to be detected. The filter can then be used as a
demultiplexer for the backward data signals that can be therefore pre-amplified and detected by
the BERT/sampling scope, or to extract the LME signal that can be detected and examined by the
IME receiver. By the way, for examining the forward traffic, the band-pass filter and the pre-
amplifier are also required at the output of the recirculating loop as shown on the top of figure
3.12. However, the LME signal has to pass through an AOM, which is triggered by the C-D time
of the digital delay generator used for the recirculating loop (recall figure 2.13), before being
detected by the LME receiver. This is to ensure that the receiver will detect the LME pulse of the
last recirculation, while the other recirculated pulses are eliminated. This implies that the

different LME pulses that correspond to different repeaters are detected and examined
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individually, not like the real system in which they are detected and displayed serially as shown
in figure 3.8. This is understood as there is only one loopback circuit in the experiment which is
used to monitor one repeater at a time. The LME receiver is similar to that shown in figure 3.9,
where the local frequency (fj,) is 2.455MHz and receiver sensitivity is about -60dBm. The
electrical bandwidth of the receiver (B,) is 6.3kHz, determined by the IF filter bandwidths and the
low-pass filter at the output of the IQ demodulator. The full description of the device used at the
heart of the receiver, which is referred to as a 3 V low power receiver IF subsystem (AD607), can

be found in the datasheet shown in appendix A.

3.6.1 Recirculating loop measurements
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Figure 3.15 Dispersion measurements of the 200km loop.

Before running the LME experiment, it is essential to examine the performance of the
recirculating loop, by performing dispersion measurements as well as BER/Q or OSNR over
transmission distance of the forward data signals. This can all be done as long as the losses of the
fibre spans and components of the loop are compensated by the EDFAs. As mentioned before,
the gains of the EDFASs are set such that the total average power into the input of each fibre span
is constant; giving that the loop is balanced with respect to the losses. However, figure 3.15
shows the dispersion measurements of the loop by using the laser cavity method discussed in
previous chapter. It is seen that the total dispersion measures ~0.5ps/nm/km in the operating

wavelength region giving that the dispersion of the current loop is not properly managed.
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(a)

L

Figure 3.16 Signal shape for the first data signal (3,=1556.4nm) after: (a) 200km; (b) 400km; (c) 600km; (d) 800km.
(Time scale: 20ps/div).

The result would be that the data signals will be considerably broadened after long distance,
but for the LME signal whose pulse duration is 500us, the broadening effect can be negligible.
This would imply that the first part of the experiment, which examines the detection and recovery
of the returned LME signal, can still be performed with such loop configuration. Furthermore, the
BER/Q measurements of the forward data signals cannot be taken at this stage, since the
broadening will distort the signals after few recirculations, as shown in figure 3.16. This requires
that the dispersion must be fully compensated at the next stage which will investigate the effect
of the LME signal to the data signals and vice versa. Certainly, such investigation cannot be
performed without optimising the forward traffic performance. Nevertheless, the OSNR
measurements for the forward signals can still be taken for the current loop as they provide
performance with respect to the noise accumulation and are not affected by the dispersion.
Moreover, noise measurements over distance are important at this stage where they give
indication of how much ASE noise is to be generated in the backward direction. Figure 3.17
presents the OSNR and noise measurements as a function of transmission distance for the
forward data signal (A;=1556.4nm) using OSA resolution bandwidth of 0.5nm. The figure also
shows the results obtained by simulation using VPI*. It can be seen that data signals can
propagate over ~4600km with acceptable OSNR performance. This would imply that the
objective of this stage is to get the LME receiver detecting and recovering the LME signal after
4600km if 45dB loopback attenuation is used.

* All simulation results shown in this chapter have been provided by Dr Wai Wong, Azea Networks. For information

about VPI simulator, see appendix B.
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Figure 3.17 OSNR and noise versus transmission distance for data signal (A, =1556.4nm).
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Figure 3.18 Power versus transmission distance for the data signal (A,=1556.4nm) and the LME signal.

The power evolution of the data and LME signals over transmission distance can be shown
in figure 3.18. Since the power was measured at the output of the loop, it was attenuated by 6dB
through the loop AOM and the coupler. However, it is seen that the power level of both signals
drops down as the distance increases, where it reduces by almost 3dB after 4600km. This can be
understood as the ASE noise builds up while the total average power should remain constant. It is
also noticed that the LME signal becomes below the noise level after ~2600km and cannot be

measured but can be extrapolated as in the simulation curve.
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3.6.2 Backward noise
The level of the backward noise that is generated by the four cascaded EDFAs, as in figure

3.12, must be varied for different number of recirculations according to the noise level in the
forward direction. The amount of the backward noise that is required for a transmission distance
can be therefore obtained from figure 3.17. It is important to remember that these noise
measurements were taken at the output of the recirculating loop, which means that they have
already been attenuated by the losses of the loop AOM and the 3dB coupler. Referring to figure
3.11, since the noise at point » must equal the noise at point a, the noise values of figure 3.17
must be offset by +9dB. This amount includes the 3dB loss of the loopback coupler in the
forward direction in addition to the 6dB of the AOM and its following coupler. Given this, the
backward noise can be simply achieved by setting the four EDFAs at their maximum gain, and
varying the optical attenuator to produce the required amount of noise. It is therefore useful to
define the amount of attenuation in the optical attenuator that is required for each number of
recirculations as shown in figure 3.19. This allowed rapid adjustment of the noise level for
different propagation distance while the experiment is running. Note that the noise level refers to

the level of the ASE noise that is observed at around the LME wavelength on the OSA screen.
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Figure 3.19 Backward noise attenuation required for different number of recirculations.
The maximum noise level from the cascaded EDFAs was achieved at around 1558.4nm as
shown in figure 3.20, which explains the reason behind using such wavelength for the LME

signal. This picture was taken just before the loopback coupler in the backward path, i.e. at point

b in figure 3.11.
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Figure 3.20 ASE noise profile of the backward EDFAs; the marker defines the maximum noise point.

3.6.3 LME pulse recovery after high loopback attenuation

Having set up both forward and backward paths, the first part of the LME experiment can
be performed. As mentioned above, the main aim of this part is to test the feasibility of the LME
receiver in detecting and recovering the attenuated LME pulse that is also overflown by the high
noise of the backward traffic. Before running such experiment, a quick test was performed to
check the ability of the LME receiver to detect a pulse which is swamped by noise. This test was
done using a simple setup as shown in figure 3.21, where an optical LME signal was coupled
with noise signal such that the noise level was much higher than the LME signal. The composite
signal was then sent directly to the LME receiver that must recover the original LME pulse.
Figure 3.22 (a) shows the optical spectra of the LME and noise signals before the receiver, where

the noise signal was set to be higher than the LME signal by almost 11dB. Figure 3.22 (b) shows

the y/(I* + Q*) curve of the received signal, which is proportional to the LME amplitude. Note

that the signal was arbitrarily attenuated before the receiver to prevent photodiode saturation.

However, as long as the y(I7 +Q?) curve is visible on the oscilloscope, it means that the

receiver has been successful in recovering the LME pulse. Otherwise, the LME signal is lost or

the receiver cannot extract it from the noise signals that are received with the LME signal. It can
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be noticed that the LME pulse had 1000us as it was taken straight from the LME source and not
being recirculated around a loop. It is also important to remember that the LME pulse of different
repeater will be displayed with different time (7}) according to the repeater distance. The pulse

displayed in figure 3.22 (b) is therefore corresponding to Oth repeater, i.e. back-to-back.
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Figure 3.21 Setup for LME pulse recovery test.
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Figure 3.22 (a) OSA picture shows an LME signal swamped by a noise signal. (b) The pulse recovered by the LME
receiver.

Back to the LME experiment which has, in summary, a forward and backward traffic. The
forward traffic has two data signals and LME signal propagating around the recirculation loop.
The backward traffic has two data signals, which are analogous to those in the forward direction
but at different wavelengths, coupled with a noise signal that is also matching the noise of the
forward traffic. An LME receiver then receives the returned portion of the forward traffic through
a high-loss loopback circuit as well as the whole backward traffic. The receiver should recover
the LME pulse that can be observed on the oscilloscope. In order to check the LME recovery
after 4600km with 45dB loopback attenuation, the results shown in figure 3.23 were required.
The figure shows a plot of the maximum transmission distance, at which the LME pulse is still

being recovered, versus loopback attenuation. This graph means that, for instance, if the loopback
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attenuation 1s set at 40dB, the LME pulse can still be observed until the propagation distance
reaches 2800km. Beyond this distance, the LME pulse is no longer visible on the oscilloscope.
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Figure 3.23 Maximum transmission distance at which LME signal is being recovered versus loopback attenuation

Obviously, the results are limited by a distance of 4600km which is the maximum
propagation distance for this system. This can be shown in the figure as a straight line of dots for
the loopback attenuation values less than 36dB. This 36dB is an interesting value as it defines the
maximum loopback attenuation that can be achieved for this system. The next value is referred to
as turning point and can be defined as the loopback attenuation value at which the curve starts to
drop below 4600km. Therefore, a big challenge would be that the curve is shifted upward until
the turning point becomes >45dB loopback attenuation. There are different possible ways to do
s0, where one can be using a narrower bandwidth in the optical filter that is located before the
LME receiver. This requires a filter bandwidth which is less than 0.24nm in the operating
wavelength region. Unfortunately, such filter was not available in the laboratory at the time of
this experiment. On the other hand, if the filter bandwidth is larger than 0.24nm, the results are
expected to degrade; hence the turning point will shift downward. This can be proven in figure
3.24, where the 0.24nm filter was replaced by another filter with a bandwidth of 1.1nm. The
turning point was degraded by 4dB. It was largely important to make sure that the insertion loss
of the new filter was similar to that of the original one for correct comparison. The insertion loss
of the original filter was 7dB while the loss for the new filter was 2.5dB. The losses were

equalised by adding an optical attenuator of 4.5dB at the output of the new filter.
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Figure 3.24 Maximum transmission distance versus loopback attenuation, using 1.1nm filter bandwidth.

Back to figure 3.23, while the LME signal had -10dBm entering the load AOM, the power
after the loopback coupler of the forward direction is also -10dBm when the loop is balanced.
This basically gives that the power is -7dBm before the loopback coupler, i.e. at point a in figure
3.11, which will enter the loopback circuit. From the signal evolution measurements presented in
figure 3.18, the LME power drops by approximately 3dB after 4600km. Having attenuated this
signal by 36dB, which is the maximum loopback attenuation achieved for this system, the power
of the looped back LME pulse becomes -46dBm. This weak signal is swamped by the backward
noise signal with -12.4dBm power according to the noise measured at 4500km in figure 3.17,
which was offset by +9dB but then attenuated by the loopback coupler of the backward path.
Therefore, the LME signal that is received is lower than the backward noise signal by ~34dB,
although the composite signal is further attenuated by the band-pass filter and the final AOM. In
addition, the LME signal is also accompanied by a portion of the forward noise signal which is
also higher than the LME signal by about 2dB at 4600km. If the loopback attenuation is
increased by 1dB, the LME pulse cannot be seen on the oscilloscope at 4500km as in figure 3.23.
It is then possible to be seen at a distance that is shorter by almost two recirculations (i.e. 400km).
In fact, this discussion can lead to one other possible way that can also be used to improve the
turning point. This way is simply implemented by increasing the LME power into the system
until the 45dB loopback loss is achieved over 4600km. This would hence allow defining the
minimum acceptable LME power for this system which can be used to obtain the aimed loopback
attenuation. Theoretically, the increase of the loopback attenuation is linearly proportional to the
increase in the LME power. This can practically be proven by plotting the propagation distance
versus the loopback attenuation, similar to that in figure 3.23, for increased LME power levels. It
is always important that the difference between the LME and the data signals is kept constant
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(~10dB), as well as the backward data signals have the same power as in the forward signals.
From the propagation distance versus loopback attenuation graph, the maximum loopback
attenuation versus the LME power can be plotted as shown in figure 3.25. The figure shows
experimental results as well as simulation results obtained by two different simulators. It is
clearly seen that the simulation curves have different slopes hence different improvement of
loopback attenuation with LME power. The Excel curve shows perfectly linear improvement
with slope 1, i.e. 1dB increase in the LME power results in 1dB improvement in the loopback
attenuation. However, the experimental results lie in between the two simulation curves, where

linear improvement with slope 1.15 has been shown.
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Figure 3.25 The loopback attenuation versus LME power over 4600km propagation distance.

As a result, the loopback attenuation of 45dB has been achieved experimentally when the
LME power was increased up to -2dBm at the input to the load AOM. This gives that the LME
power launched into the fibre span of the loop is -8dBm and the data signal powers are 2dBm,
keeping 10dB difference. Typically, the LME power into the fibre is preferred not to exceed -10
dBm, assuming that the data signals operate at around 0dBm. If the LME power is higher than -
10dBm as in this case (-8dBm), the difference between the LME and the data signals will be no
longer 10dB. This might be undesired for the general context of the LME system. To check the
minimum acceptable difference between the LME signal power and the data signals for this
system, it is then important to study the effect of increasing the LME power on the performance

of the data signals if their power is fixed. This will be discussed in section 3.6.5.
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Another possible way to improve the turning point can be thought as if an EDFA is placed
before the LME receiver as a pre-amplifier for the received signal that has already passed through
a band-pass filter and an AOM. In this case, it should be born in mind that this EDFA will
amplify the whole signal including the backward noise and the returned portion of the forward
noise that are received in association with the LME signal. The EDFA will also produce an
additional noise to the entire signal that will be detected. However, the experiment was intended
to be performed without using such EDFA due to the above effects as well as the receiver was
planned to be examined with an extremely low LME signal level.

Another method can also be used, in which the LME signal performance is improved
through averaging which in turn improves the turning point of the loopback attenuation. This

method will be discussed later in 3.6.6.

3.6.4 Electrical signal-to-noise ratio (eSNR)

The received OSNR at the input to the LME receiver will be in the region of -34dB as
obtained in previous section. In this regime, the electrical signal-to-noise ratio (eSNR) is mostly
dictated by the optical noise rather than electrical receiver noise. The eSNR can be theoretically

obtained by using:

(3.22)

where As;g is the amplitude of the LME pulse and ois the standard deviation. Since the received

LME pulse has amplitude proportional to+/(I*> + Q?), the numerator can be achieved through the

eak of the I +Q? curve. The denominator can be achieved through the variance between I and Q.
p g

Therefore, the measurement of the eSNR can be approximately obtained by:

B Ave(I2 + Qz)
~ Var(1,Q)

eSNR (3.23)

where the I* +Q* peak is averaged over a small region around the maximum value, and the I and

Q variance is measured over a wider region in the zero level. This all can be dipected in figure

82




3.26. The measured eSNR out of this method is linear and can be simply converted into

logarithmic by:

eSNR(dB) = IOIOg(CSNR measured ) (324)

Practically, the I, Q and 12 +Q curves are displayed on the oscilloscope and can be converted into
an Excel spreadsheet, which has a function of calculating the average of a curve as well as the
variance between two curves over a chosen measurement region. This indeed makes the eSNR
measurement straightforward once the LME pulse is detected and observed. The change in the
measurement region will definitely change in the eSNR, but can be negligible with small changes.
Thus the eSNR measurements can be useful if the measurement region is fixed for a series of

measurements.
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Figure 3.26 eSNR measurements method.

Using the above method, the eSNR measurements (in dB) versus distance for the received
LME signal of the current system (using -2dBm LME power into the system and 45dB loopback
attenuation) are shown in figure 3.27. The eSNR reduces over distance and becomes ~14dB at
4600km. The eSNR calculated by equation (3.14) for this regime is -1.2dB using OSNR=-34dB,
B,=0.24nm and B,~6300Hz. Actually, the measured value is much better due to the effect of
averaging which will be discussed later in section 3.6.6. This is based on the fact that equation

(3.14) assumes that the number of averages taken for measurements is zero, while the experiment
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used 10,000 averages. Moreover, it can be noticed that the simulation curve had much higher
eSNR values at the start, and that is because the simulator provides perfect performance for the
LME signal at short distance. Any other discrepancy is due to the error between experiment and

simulation.
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Figure 3.27 eSNR measurements versus propagation distance using LME power = -2dBm into the system and 45dB
loopback attenuation.

3.6.5 Studying the effect of the LME signal on the data signals

Referring back to figure 3.6, the co-propagating traffic was expected to be affected by the
amount of the looped back signals and noise of the counter-propagating traffic. In fact, this
amount is no longer affecting the co-propagating traffic if 45dB loopback attenuation is used on
both arms of the loopback circuit. (Recall that the loopback system must be symmetric, i.e. both
arms have 45dB). Moreover, the co-propagating signals also suffer from extra losses through the
loopback couplers along the forward path. These losses have already been compensated by the
loop EDFAs as stated before. As a result, the main degradation mechanisms for the co-
propagating traffic which were listed in section 3.3 have been solved. Nevertheless, these
mechanisms were discussed as if they would affect the whole co-propagating traffic that includes
both LME and data signals. However, since the LME signal is a supervisory si gnal that carries no
information and is accompanied by the data traffic signals, it is important to study the effect of
such LME signal to the co-propagating data signals. This section is therefore dedicated to

investigate the effect of the LME signal if its power increases or its wavelength shifts towards the
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neighbouring data signals. The later is important as it defines the minimum acceptable spacing
between the LME signal and the adjacent data signals.

To study the effect of the LME signal on the data signals, the performance of the forward
data traffic must be optimised. This can basically achieved by improving the recirculating loop
behaviour. The main problem of the recirculating loop so far is that the dispersion is not fully
compensated, where the total dispersion is ~0.5ps/nm/km in the operating wavelength region.
This requires more dispersion management to be implemented on the loop. Theoretically, the
0.5ps/nm/km, i.e. 100ps/nm in every recirculation, can be reduced down to zero if the total length
of the SMFs in the loop is shortened by ~6km. This can simply be worked out where the SMF
has approximately 17ps/nm/km, giving that removing 6km will save up to 100ps/nm dispersion.
Practically, the last SMF span was replaced by another span which is shorter by 6km, thus the
total length of the loop has become 194.9km. The dispersion measurement over wavelength has
been performed for the new loop using the ring cavity method discussed earlier. The results are
shown in figure 3.28. It can be seen that the overall dispersion measures approximately
Ops/nm/km over wide spectrum including the operating wavelengths, giving that the dispersion is

now fully compensated.
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Figure 3.28 Dispersion measurements of the 194km loop.

Having achieved that, the forward traffic performance test can be performed. The
performance can be characterised through the BER or O-value measurements as a function of
transmission distance. Due to unavailability of bit-error-rate tester (BERT) at the time of this
stage, the performance was examined by the (-value measurements. The experiment started with

using an LME power of -4dBm at the input to the system while the data signals are 10dB higher.
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This gives that the data signals had 0dBm power launching the SMF in the loop and the LME
signal had -10dBm at the same point. The reason for choosing such values is that the data signals
were intended to be at around 0dBm at the input to the fibre with keeping 10dB difference to the
LME signal. This was also good choice since the minimum LME signal power for 45dB
loopback attenuation was obtained at -8dBm into the fibre, giving the ability to test the effect of
the LME power increase from -10dBm up to -8dBm and higher. The total average power
measured on a Newport power meter was ~6.2dBm. Therefore, the EDFAs of the loop need to set
such that 6.2dBm is ensured at the input of each fibre. However, the performance of the forward
data traffic can be examined on the data signal that is adjacent to the LME signal (i.e. A;
=1557.4nm in this system). This is due to the fact that the adjacent signal in particular is most
affected by the change in the LME signal. Therefore, the Q-value versus distance for this data

signal has been measured as shown in figure 3.29.
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Figure 3.29 Q-value versus distance for the SMF-DCF configuration.

The disagreement between the experimental and simulation results for distances less than
1000km came from the difference in the way of measuring Q. Again, in simulation, signal was
assumed to be extremely perfect at the start, so O measured infinity at Okm. This is absolutely
impossible to be obtained in experiment. However, the results are still useful where both curves

agreed that the performance was limited to a transmission distance of only 1800km, after which

O started to drop below 6.
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Figure 3.30 Eye diagram after 194km and 1940km: (a) experimental results (Time scale: 20ps/div); (b) VPI
simulation results.

Figure 3.30 shows the eye diagram after 1 recirculation and 10 recirculations respectively;
it is clear that the signal shape is distorted after 10 recirculations. This kind of distortion is
normally induced by the self-phase modulation (SPM) within the propagating signal. SPM, which
was discussed in chapter 1, usually appears after long propagation if the launch power is high.
Since the launch power into the SMFs is not too high, i.e. power is not sufficient to show large
SPM over such distance for SMF, there should be another reason for this effect. In fact, SPM-
induced pulse distortion can also appear if there is large accumulative dispersion along the fibre
span. This can apply to the current loop, where a relatively long SMF span (~80km) with large
local dispersion is followed by another large dispersion DCF module but in the opposite sign, so
that the overall dispersion in the section is approximately zero. Figure 3.31 (a) shows the
dispersion profile for this loop configuration as applies to 1550nm. The signal has large positive
dispersion accumulation over the SMF span - reaches 1400ps/nm - and then large negative
dispersion over the DCF length to compensate for such 1400ps/nm in each section. This gives
that the zero-dispersion point (that is corresponding to zero-chirp) is reached only twice in each
recirculation. To improve this, the SPM-induced pulse distortion can be minimised by reducing
the accumulative dispersion over the fibre spans [57], [97]. This can be achieved by changing the
dispersion map from SMF-DCF in each section into SMF-DCF-SMF map, while the total length
remains constant. This means that each SMF span in the current loop is divided into two shorter

spans where the DCF is placed in the middle.
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Figure 3.31 Dispersion accumulation over distance for: (a) SMF-DCF configuration, (b) SMF-DCF-SMF
configuration.

The dispersion profile of this configuration can be shown in figure 3.31 (b). In this way, the
dispersion accumulates over the first SMF and reaches 690ps/nm, which is half of that reached in
previous configuration, and then reduced down to -690ps/nm over the DCF, crossing the zero-
dispersion point. It then accumulates over the second SMF until reaching the zero-dispersion
level again. As this is repeated again over the second section, the zero-dispersion can be reached
four times in each recirculation. With such configuration, the system can be referred to as
symmetric dispersion-managed system, while with the previous configuration it can be referred to

as periodic dispersion-managed system [97].
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Figure 3.32 The new loop setup based on symmetric dispersion management.

The new loop configuration is shown in figure 3.32. It has in the first section: 40.7km SMF
followed by 16.5km with -1383ps/nm DCF, which is then followed by another SMF with 41.8km.
In the second section, it has 42.9km SMF followed by 15.2km DCF with -1387ps/nm, and then
38km SMF. The EDFAs denotes A and B are similar to those in previous setup. This setup
obviously requires adjusting the EDFAs gains as the lengths of the fibre sections have changed.
Moreover, it can be noticed that the DCFs are no longer placed after EDFAs in this setup, which

means that the power into the DCFs has reduced due to the attenuation in previous SMF. This
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power decrease should further reduce the effect of SPM which can also arise due to high power
being launched into the DCF that has very small effective area (typically ~30pum?).

Figure 3.33 shows the new Q-value measurements versus propagation distance for the same
data signal (A;). Obviously, the performance has been reasonably improved where the maximum
transmission distance that is corresponding to Q = 6 is now ~3300km.

The effect of the LME signal can be tested at this stage by simply increasing the power of
the LME signal and observing the effect on the O-value of the data signal. This must be
performed while data signal power is fixed as well as the propagating distance. The data signals
power is fixed at 0dBm and the propagation distance is at maximum, i.e. 3300km. Note that
increasing the LME power will increase the total average power launched into the fibre, which

needs re-adjusting the gains of the loop EDFAs for each measurement.
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Figure 3.33 Q-value versus distance for the SMF-DCF-SMF configuration.

Figure 3.34 presents the Q-value as a function of the LME power measured at the input to
the first fibre. It can be seen that the forward data signal is only affected if the LME signal’s
power becomes higher than the data signal by 4dB. This can simply be obtained from the turning
point of both experimental and simulation curves in the figure. This can be realised as the inter-
channel interaction between the data and the LME signals appears when the LME signal exceeds
the adjacent data signal by 4dB or more. However, this case should never occur as the LME
signal is intended to be much lower than the data signals. In addition, this can be a good news, as
the data traffic will not be affected by the increase in the LME power even when its power
becomes comparable to the data signals power. Moreover, the same kind of results has been
achieved for different position of the LME signal, i.e. LME signal being placed in the middle of

the two forward data signals, keeping 1nm spacing between the adjacent signals. It was found
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that both signals were affected in the same way, where the turning point for each signal was still

around 4dBm.
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Figure 3.34 Q-value of the forward data signal versus LME power at the input to the loop fibre, measured
with the maximum distance ~3300km.

The above results were all obtained with Inm (125GHz) spacing between the LME and
data signals. Therefore, the performance for different spacing must be presented by plotting the
LME power at which the data signals start to be affected (i.e. the turning point of figure 3.34)
versus spacing. The experimental results of this can be shown in figure 3.35. The turning point
degrades as the LME signal gets closer to the data signals, but the LME signal still requires high

power (-2dBm) to start affecting the data traffic performance.
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Figure 3.35 LME power turning point versus spacing between the LME signal and adjacent data
signals.
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As a result, the LME signal will have no considerable effect to the accompanied data
signals as in practice its power is always much lower than that of the data signals. This obviously
allows using higher LME power if necessary to achieve higher loopback attenuation, as done
earlier, in which the LME power increased from -16 up to -8dBm at the input to the loop fibre.
This can also be done with smaller spacing, e.g. 0.4nm, thus the LME signal can be placed in the
halfway between any data signals that are spaced apart by 0.8nm. This is all true assuming that
there is no effect from the data signals themselves to the LME signal, i.e. on the other way around.
Figure 3.36 shows the eSNR measurement of the returned LME signal versus spacing to the
adjacent data signals when the LME was on the side, and when it was in the middle. It can be
seen that the penalty on the LME signal performance becomes most considerable at 0.4nm in
both cases. It is thus recommended to use any spacing > 0.6nm for acceptable performance
penalty. Moreover, the eSNR measurements for the LME in the middle are worse, and that is
basically due to the double-side interaction from the data signals. (Note that simulation results

have not been provided since figures 3.35 to the end of the chapter).
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Figure 3.36 eSNR of the LME signal versus spacing between the LME signal and adjacent data signals.

3.6.6 Studying the effect of averaging

The quality of the eSNR measurement of the LME pulse is proportionally dependent on the
number of samples taken for the measurement. This implies that the performance of the LME
signal can be improved by increasing the number of samples; hence the turning point of the
loopback attenuation of figure 3.23 can also be improved. The eSNR improvement is given by

(3.15)-(3.17):
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eSNR ,,, =n,eSNR
(3.25)

where n,, is the number of averages. Practically, the number of averages can be set directly on the
measuring equipment (i.e. oscilloscope) which therefore takes the average of n, samples of the
received LME signal. The effect of averaging on a back-to-back LME pulse can be shown in
figure 3.37, where (a) shows the received signal with no averaging and (b) shows the received
signal after 4096 averages. It is obvious that the pulse is not discernible by eye until averaging is

applied, where with 4096 averages; the noise amplitude is reduced by roughly two orders of

magnitude.
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Figure 3.37 Received LME pulse with: (a) no averaging; (b) 4096 averages.
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Figure 3.38 VPI simulation results of eSNR versus number of averages for received OSNR = -34dB.
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To better quantify the signal improvement through averaging, the eSNR must be plotted as
a function of the number of averages, where linear improvement is expected. Figure 3.38 shows
the simulation results of the resulting eSNR improvement for the regime discussed in section
3.6.3 and 3.6.4 where the received OSNR was ~-34dB. The gradient of the trend-line of the
eSNR curve is 1 if [20xlog(eSNRLinear)] is used on the y-axis, giving that equation (3.25) holds
for this receiver. Moreover, according to equation (3.14), the calculated eSNR at the output of the
receiver before averaging is -1.2dB using B,=0.24nm and B,~6300Hz. If this value is doubled (i..
becomes in [20xlog] scale) it will be in a reasonable agreement with the eéSNR shown in figure
3.38 for O averages.

This section is actually dedicated to prove the above improvement practically. The number
of averages used in all previous work was fixed at 10,000 averages. It is therefore essential to run
the experiment with more averages in the oscilloscope and examine the performance of the
received LME signal. In fact, the system was intended to be optimised at this stage for another
experiment which will be covered in the next chapter. Optimisation was encouraged as a new
gain-flattening filter (GFF) had become available, as well as the BERT. This allowed using an
optimised system for the rest of this chapter. However, the GFF is used to provides an in line
compensation of the spectral gain profile of cascaded EDFAs. In other words, since EDFAs have
a wavelength-dependent gain; i.e., some wavelengths are amplified more than others, the GFF
restores all wavelengths to approximately the same intensity. The GFF has several advantages
like: wide operating wavelength range, low insertion loss, flat spectral gain and high stability and
reliability. Furthermore, the GFF has variable extinction as well tunable wavelength. In fact, the
less extinction; the wider flattening range achieved, which can be useful for systems with large
number of channels. In the current experiment, where the number of channels is small, i.e. two
data channels and one LME channel, the extinction is preferred to be set at high over the
operating wavelength region. This in addition to the ASE filter of the loop results in high
amplification in the operating region, so the ASE accumulation outside this region is minimised.
This can be understood from figure 3.39, which shows the spectral evolution of 5-WDM channels
(space by 0.8nm) with different number of recirculations. This test was performed on the current
194.9km recirculating loop for the experiment covered in the next chapter, using a GFF after the
second EDFA (EDFA ‘B’ in the first section). Thus the insertion loss of the GFF which is 2dB
must be compensated by this particular EDFA so the total input power to the following fibre
remains the same. The extinction of the GFF was set at maximum and centred at the middle of

the data signals; hence most of the amplification is carried out in the data signals region. This is
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realised as the data wavelengths suck the power of the ASE wavelengths outside the operating

band.
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Figure 3.39 Spectrum of 5-WDM channels after: (a) 0 recirculation; (b) I recirculation; (c) 3 recirculations; (d) 10
recirculations; if GFF is used in the recirculating loop.

As a result, the majority of the total average power measured on the power meter exists
within the data signals region, giving that large amount of ASE power has been saved. Moreover,
the peaks of the data signals increase over the first few recirculations then start to drop as in the
normal case, i.e. without GFF. In the normal case, the peak of the signal is expected to drop in
distance due to the ASE accumulation where the total average power is constant. With the GFF,
as the amplification builds up over short wavelength region compared to the overall C-band, the
power within the signal band builds up more, resulting in more amplification within the signals
band. After few recirculations, the overall amplification of the loop reaches saturation, where the
peak of the signal starts to drop while ASE noise keeps accumulating over the operating band.

Having used the GFF for LME experiment, a new set of results can be obtained. For
optimisation purpose, in addition to the GFF being set up in the loop, the system was intended to

operate at the optimum data signal power as well as optimum LME power. The optimum data
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signal power can be achieved by plotting the performance of the loop versus the data signal
power. The optimum LME power is referred to as the power used in previous work to achieve
45dB loopback attenuation, i.e. -8dBm into the loop fibre. Figure 3.40 shows the maximum
distance achieved with error = 10” as a function of the data signal power measured at the input of
the first loop fibre. It can be seen that the optimum power is found at around -1dBm, where the
maximum propagation distance reached ~5400km. The distance is obviously reduced by almost
four recirculations and became 4600km at OdBm power. As a result, the GFF improved the
propagation distance by more than 1000km, and the optimum power further improved the

performance by almost 800km.
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Figure 3.40 Maximum transmission distance with error = 107 versus data signal launch power.
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Figure 3.41 LME signal power evolution with distance for loop setup with GFF and without GFF. (RBW=0.5nm).
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The GFF improvement can be justified by figure 3.41 which shows a comparison between
the LME power evolution for the setup with GFF and that without GFF. In the case of no GFF,
the power drops down in distance where it becomes lower by more than 3dB after 4500km. With
GFF, the power increases and becomes higher by almost 3dB at 3000km; it then fluctuates and
then starts to drop very slowly after 4000km. The result is that the power is still reasonably high
after 4500km, and have a huge difference to that measured without GFF (>5dB). This will
absolutely result in an improvement in the eSNR of the returned LME pulse, examined later.

However, the backward noise has been set in the same way used for the old setup, so it
matches the forward noise at different number of recirculations. The noise measurements for the
new setup are shown in figure 3.42 using the optimum power. It can be seen that the noise curve

is higher than previous by almost 2dB.
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Figure 3.42 Noise versus distance for the setup with GFF (RBW=0.5nm).
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Figure 3.43 LME signal eSNR versus distance using 10,000 averages.
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As a result of running the new experiment, the LME receiver has been successful in
detecting and recovering the returned LME signal after 5400km with 45dB loopback attenuation.
The eSNR measurements for the LME signal as a function of propagation distance are shown in
figure 3.43, using 10,000 averages. It is seen that the LME signal can still be recovered till
~6000km distance. Moreover, these results must be compared to the experimental curve in figure
3.27. The comparison shows that the LME performance has considerably improved due to the
several changes that have been made to the system. These changes can be summarised as: the
dispersion of the loop has been optimised by reducing the lengths of the fibre, the SPM effect has
been avoided by changing the loop configuration and finally the GFF has been set up in the loop.
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Figure 3.44 eSNR as a function of the number of averages.

The effect of averaging can be examined by measuring the eSNR of the received LME
pulse for different number of averages at fixed propagation distance, i.e. in the similar way of
figure 3.38. Figure 3.44 shows the results for 3000km and 6000km. Obviously, the measurements
have shown linear improvements in the eSNR as a function of the number of averages, where the
slope was always close to 1. This behaviour can match that obtained by simulation in figure 3.38,
although the system has been modified. This gives that the LME pulse can be considerably
improved by using large number of averages at the receiver. Otherwise, the LME pulse may not
be visible on the oscilloscope. This can be realised in the case of 6000km in figure 3.44, where
the eSNR could not be measured for number of averages less than 500. However, from equation

(3.25), the eSNR,,. required for such number of averages is ~20dB using eSNR = -6.68 for no
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averages (obtained from the y-intercept of the curve). This calculated value does agree with the
measured value shown on the curve for 500 averages. Moreover, the time required by the
oscilloscope to recover the LME signal is also proportional to the number of averages. Figure
3.45 shows the measurement time required for different number of averages. This time was
measured manually. It can be seen that the measured time is in good agreement with that
described in equation (3.18). For example, the time required for 8000 averages is 1000 seconds
using equation (3.18), which is almost the same in the figure. It is also seen that the receiver
needs 40 minutes to recover LME signal if 20,000 averages are used. This time will basically
double with 40,000 averages, giving that a balance between the time and performance is required.
Note that the minimum time required for good quality measurement after 6000km was

corresponding to 500 averages which was still in the order of 1 minute in our measurements.
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Figure 3.45 Measurement time versus number of averages.

However, the OSNR for the returned LME signal can be approximately worked out for the
above system. The LME had -2dBm into the load AOM which implies that it had ~1dBm before
the loopback coupler if the loop is balanced. From figure 3.41, the LME power improved over
distance where it increased by roughly 2dB after 5400km (the maximum distance). The resulting
LME signal with 3dBm was then attenuated by 45dB through the loopback circuit and became -
42dBm. This signal was swamped by the backward noise of -9.8dBm (-15.8 at the loop output
after 5400km, offset by +9 and attenuated by 3 of the backward loopback coupler). The received
OSNR was therefore ~-32dB. In fact, it was shown earlier that the LME receiver had the ability
to detect and recover the LME pulse in the region of -34dB. This implies that the power used for
the LME signal (-2dBm into the system) might not be the minimum power to achieve 45dB in
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this system. This of course requires defining the minimum power for the system, by simply
reducing the LME power and checking whether the LME pulse is visible on the oscilloscope or
not. There is a chance to increase the number of averages if the LME signal is not recovered with
low power. Defining the minimum power is actually important although it has been proven that
the LME signal would have no effect to the co-propagating data signals using high power. In fact,
a difference of 10dB between the data signals and the LME is still desired in the main context of
the LME system. In the above experiment, the LME signal was lower than data signals by 7dB.
Having run the experiment with lower LME power, it was found that the LME signal can still be
recovered if its power dropped by 1 and 2dB, i.e. difference became 8 and 9 respectively. This
was actually obtained by using 10,000 averages or more. If the LME signal dropped by 3dB, i.e.
the difference becomes 10dB; it was found that it could not be seen on the oscilloscope unless the
number of averages is >20,000.

As a conclusion, the number of averages has reasonably improved the eSNR performance
of the LME signal. This has led to an LME signal recovery after the maximum propagation
distance (5400km) using 45dB loopback attenuation and LME signal power lower than the
optimum data signal power by 10dB.

3.7 Summary

This chapter has demonstrated a line monitoring equipment (LME) suitable for optically
amplified long-haul undersea systems. It is based on setting up a simple, passive, low cost high-
loss optical loopback circuit at each repeater. This loopback circuit provides a connection
between the existing two undersea fibres and can be used to define fault location. Fault location
can be defined by transmitting a supervisory signal (referred to as LME signal) along with the
WDM data signals where a portion of the overall signal is attenuated and returned to the transmit
terminal by the loopback circuit. An LME receiver must then extract the weakly returned LME
signal and display it on the oscilloscope. The oscilloscope will then show different LME pulses
which correspond to different optical repeaters. Therefore, the degradation in any repeater will
appear on its corresponding LME signal level.

The chapter started by giving examples of other line monitoring techniques that have
already been demonstrated. It has also discussed the advantages of the proposed high-loss
loopback LME system in comparison with the other techniques. Then, the chapter has presented
two different approaches for the high-loss loopback LME system; in-band and out-of-band LME

systems where it has concentrated on the second approach i.e. the out-of-band LME systems.
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This system, which was also referred to as “pulsed high-loss loopback LME system”, has actually
been chosen for the LME experiment demonstrated in the chapter. The performance analysis of
this LME system has then been presented. After that, the chapter has demonstrated the LME
system prototype, including the LME transmitter and receiver architecture as well as the setup of
the high-loss loopback circuit in the laboratory. Then the whole LME experiment has been
demonstrated. It began with defining the experimental transmitter, fibre link (which was a
recirculating loop) and receiver. The recirculating loop measurements, such as dispersion and
OSNR performance have been presented. It was found that the dispersion of the loop was not
fully managed, but it was still usable for the LME signal recovery experiment. The objective of
the LME signal recovery experiment was to test the feasibility of the LME receiver in recovering
the LME signal after 45dB attenuation over the loopback circuit and after long transmission
distance. The experiment started with low LME power that was then increased until the aimed
45dB loopback attenuation was achieved. The effect of the optical notch filter bandwidth to the
LME performance has also been presented. Then the eSNR measurements of the recovered LME
signal have been shown. After this, the chapter has shown a study of the effect of the LME signal
to the co-propagating data signals. This stage included optimising the recirculating loop by fully
compensating the dispersion and minimising the SPM effect on the propagating signals. It was
found that the LME signal would have no considerable effect on the adjacent data signals even
when its power is comparable to the data signals power. It was also important to present the
opposite effect, i.e. the effect of the data signals to the accompanied LME signal. It was found
that a considerable effect would appear if the spacing is less than 75GHz. The chapter has then
ended by studying the effect of averaging on the eSNR performance of the returned LME signal.
This stage has included further optimisation on the system where a gain-flattening filter (GFF)
has been added to the recirculating loop. It has been proven that the LME signal performance
improved linearly as the number of averages increased at the receiver.

As an overall conclusion, the proposed high-loss LME system has been successful in
providing a supervisory signal recovery after long distance, i.e. ~5400km, if it was attenuated by
high-loss, i.e. ~45dB, in the loopback circuit that connects between the two undersea fibres. This
has all been achieved while the supervisory signal was much lower than the WDM data signals

(by ~10dB).
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Chapter 4

WDM transmission performance using different proportions

of 1s and 0s in random data

4.1 Introduction

The previous chapter has presented a line monitoring method that can be used to monitor
legacy optical fibre links. In particular, the scheme can find the location of a fault along the
optical fibre link which in turn can be useful for maintaining and upgrading the existing WDM
communication systems. This chapter presents another study that can also be used to upgrade
legacy optical fibre systems. It investigates the effect of the data pattern on the performance of
the WDM system, specifically the effect of the number of 1s and Os in the transmitted data.
However, from information theoretic perspectives, the transmitted data is simply a combination
of 1s and 0s. This implies that if the bit sequence has all 1s or all Os, there is no information
transmitted. Therefore, the maximum information can be achieved by the largest possible
combination, i.e. if the bit sequence has half 1s and half Os. This, in fact, can be the ideal
proportion of 1s and Os in transmission as well [98]. However, it has already been shown that in
some systems particular bit sequences can result in a worse performance than others due to some
effects such as ISI and nonlinearities [99]. It has been found that patterning effects that occur in
high bit-rate dispersion managed systems, resulting from bit overlapping, can increase the
probability of errors. This may lead to saying that the 50% 1s and Os can be ideal selection for
systems operate in linear regime, assuming that the system performance is dominated by noise in
the electrical receiver which simply adds equally to the 1s and Os. Thus the probability of errors
in the received 1 and 0 bits is almost the same, which indeed makes the receiver design simple as
the threshold can be set at half the average power. In practice, in optically amplified transmission
systems, the noise contributions for the 1 and O bits are different where the 1 is dominated by
signal-spontaneous beat noise while the 0 is dominated by the spontaneous-spontaneous beat
noise [54], [65]. The signal-spontaneous beat noise that is induced on the 1-bit has larger
contribution than the spontaneous-spontaneous beat noise of the 0O-bit. Thus the probability of
errors in the 1 is larger than that of the 0. In this case, the BER for the received data is expected
to be affected by the proportion of 1s. The usual approach in this case is to bias the receiver

threshold so that the error-rate for the 1s is equal to the error-rate for the Os. Figure 4.1 shows
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example of two systems; the first assumes equal error probability distributions of the 1s and Os
where the threshold can be set in the midpoint between the 1 and 0 amplitudes. The second
assumes larger error probability distribution for the 1s thus the threshold must be set below 1/2 so

that errors in the received 1s are avoided.
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Figure 4.1 Receiver threshold bias for: (a) System with equal error probabilities for the 1s and Os; (b) System with
unequal error probabilities.

What about those systems operate in nonlinear regime? Actually, systems operating in the
nonlinear regime are often limited by nonlinear interactions, where the noise effect can be
neglected. Since the nonlinear effect is induced only on the 1-bit, where there is a pulse
(assuming RZ modulation), the probability of errors for the 1-bit is much larger than that of the 0-
bit. Thus the BER performance of the system can be a function of the proportion of 1s. This
actually can be understood as in real systems, where all amplifiers operate at saturation, the
amplifiers output powers are always constant giving that changing the number of 1s at transmitter
will keep the average power constant at the input of each fibre span. In this case, the change in
the proportion of 1s at the transmitter will only change the individual pulse energy at the input of
the fibre spans. This consequently can affect the whole system performance. For instance, if the
number of 1s increases, the pulse energy decreases which in turn can reduce impairments induced
by nonlinearity, with the net effect being an improvement in the performance. This enables
reliable communication at reduced energy levels, where this margin in power can be spent to
improve the bit-rate distance product, i.e. by allowing the signal to propagate for longer distance

with acceptable BER [5], [43]. In contrast, if the number of 1s decreases, the pulse energy will
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increase and therefore the nonlinear effect will increase thus the performance degrades. This is all
assuming that the system allows for high nonlinearity i.e. the power is far higher than the
optimum power. In other words, the system performance, in general, is anticipated to show BER
drop as power increases from zero and then increases as we enter the nonlinear regime.
Therefore, the performance can go both ways, better and worse, even in the nonlinear regime,
where the effect of changing the proportions of 1s and Os depends on where on that BER curve
we set the optimum condition and how far we operate the system from that point. However, if the
pulse energy is kept constant, i.e. average launch power varies; the performance will therefore
depend on the optical signal-to-noise ratio (OSNR) of the signal. For instance, if the number of 1s
increases, the signal power increases and, therefore, the system performance is expected to
improve due to an improvement in the OSNR. Note that in order to implement this; the gain of
each amplifier on the fibre link needs to be set for different proportion of 1s such that the output
pulse energy is at required level. This cannot actually be the case in investigating legacy system
where the amplifier gains are constant. Thus it can only be performed in experiment for
comparison purposes.

The above argument leads to carefully studying the effect of patterning with respect to the
proportion of 1s and Os to the performance of WDM communication systems working in both
linear and nonlinear regimes. Again, since the receiver can be biased to equalise the probabilities
of the received 1s and Os in the linear system, the effect is not expected to be as strong as that for
the nonlinear, in which the total BER is a more complicated function of the proportion. However,
any improvement of the system performance achieved by such effect can be useful for the

application discussed in the next section.

4.1.1 Forward error correcting codes

Studying the effect of different proportions or fractions of 1s and Os in the transmitted data
can be useful for some applications related to coding. Forward error correction (FEC) codes can
be good examples to consider in this study. FEC is a technique used in communication systems
by which redundant information is transmitted along with the data that can be exploited by the
receiver to correct errors incurred during transmission [100]-[102]. Recently, FEC has been
deployed in communication systems using WDM fibre-optic channels [5], [65]. Since new bits
are added to the original bit stream, which are referred to as overhead, the bit-rate of the data
changes. For instance, if the FEC adds 20% overhead to a 10Gbit/s data, the bit-rate becomes
12Gbit/s after the FEC encoder. In addition, if the data is originally balanced, i.e. has the ideal
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50% 1s and Os, the data at the output of the FEC encoder is no longer balanced depending on the
ratio of the 1s in the overhead. In fact, the FEC encoder is conventionally followed by a
scrambler which is used to rebalance the data, i.e. to ensure a proportion of 50% before
transmission. This is traditionally based on the assumption that the system operates in the linear
regime and the error probability for the 1s and 0 is almost equal. The scrambler operates on the
input data using a primitive polynomial and is implemented using XORs and shift registers [103].
The original intention of the scrambler was basically to remove long sequences of 1s or Os, which
would make timing extraction difficult, so that the decision circuits at the receiver could function
properly. The scrambler does not actually add any overhead, and an identical polynomial is used
at the receiver to descramble. In fact, the probability of having 1s and Os is equal at the output of
the scrambler when averaged over many bits. The maximum length of a sequence of 1s or Os is

given by the order of the polynomial.
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Figure 4.2 FEC encoder and the following scrambler.

Figure 4.2 shows a simple diagram of the FEC system used at the transmitter. It shows an
example of balanced 10Gbit/s data that is encoded by the FEC encoder with 20% overhead. The
resulting 12Gbit/s data stream is unbalanced where the encoder adds more 1s to the data such that
the output fraction of 1s is 54%. The scrambler basically brings the fraction back to 50% for
transmission. A comparison can be therefore implemented between the balanced and unbalanced
data in the way discussed in previous section. Theoretically, the more Is in the data; the better
BER performance if the system operates in the nonlinear regime. If such effect has been proven
practically with considerable improvement, FEC systems can be operated without requiring the
additional scrambler. This would consequently save electronic component from the system,
where the improvement is achieved simply by operating at high power. This is true as long as the
transmitted data has larger number of 1s, hence lower individual pulse energy. On the other hand,
if the encoder adds more Os so the resulting data stream has less 1s, the performance is
theoretically expected to degrade. This allows using the inverse of the overhead bits, or even the
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inverse of the whole data stream, which can be inversed back at the receiver. In this case the
fraction of 1s would be large over the transmission fibre so nonlinear effects are avoided. This

would also enable saving the scrambler.

The following sections investigate the above patterning effect on a 5x10Gbit/s WDM
transmission system. The work is divided into two parts; low power operation which simulates
Jinear system, and high power operation to simulate nonlinear system. The experiments will
simulate the effect by simply changing the fraction of the 1s and Os in a PRBS data using a
function on the pattern generator. The experiments will use a recirculating loop for long-haul

transmission.

4.2 Low-power operation
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Figure 4.3 Experimental setup.

This section examines the effect of changing the fraction of 1s and 0Os on a system operating
in linear regime. This means that the power of the individual data signals is relatively low so that
the pulse energy is sufficiently small. The experimental setup for this system can be shown in
figure 4.3. The system uses five lasers; four wavelengths are WDM multiplexed and coupled with
the fifth wavelength through a 3dB fibre coupler. The whole WDM signals are then modulated
indirectly via two LiNbO; modulators that are driven by a pattern generator of 10.7GHz
frequency and PRBS data pattern with 2°'-1 word length, respectively. The resulting 5x10Gbit/s
WDM signals that have RZ modulation format are then amplified to the required launch power
and enter a 52km recirculating loop. The wavelengths used are: 1553-1557nm with an even
separation of 125GHz. Each channel has -7dBm launch power (measured on the multi-
wavelength meter) at the input of the fibres in the recirculating loop.

The recirculating loop consists of two SMF spans; each has 21km length with ~0.2dB/km

attenuation coefficient and ~17ps/nm/km dispersion at 1550nm. The whole dispersion is
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compensated by using one 9.8km DCF unit, with a negative dispersion of 685ps/nm at 1550nm
and 4dB insertion loss, between the SMF spans. Thus the loop has symmetric dispersion
configuration. Two C-band EDFAs, each with 5dB noise figure and 30dB maximum small signal
gain, are used to compensate for losses of the loop as shown in the figure. The maximum output
saturation power of each EDFA is ~12dBm. Although the length of the loop fibre is short, two
amplifiers are used because the total loss over the whole recirculating loop system, including the
AOM’s, the 3dB coupler and an ASE filter, is large that cannot be compensated by a single
amplifier. An ASE filter with 5dB loss is used at the end of the loop to remove the ASE noise
that would build up at 1530nm. At the receiver, a narrowband optical band-pass filter with
0.24nm bandwidth and 7dB insertion loss is used to demultiplex the WDM channels, which are

then pre-amplified and detected by the receiver.

4.2.1 Recirculating loop performance

As mentioned before, it is necessary to make sure that the recirculating loop is fully
compensated with respect to loss and dispersion before running the experiment. The losses are
assumed to have been compensated by the loop EDFAs, where the total average power at the
input to the input AOM is equal to that at the input to the loop AOM, or the power at the output
of the loop is equal to that at the input to the first fibre span in the loop. Again, the dispersion of
the loop can be examined using the ring cavity method discussed earlier. Remember that this
measurement method can tell if the dispersion and dispersion slope of the system are fully

compensated or another dispersion management is required.
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Figure 4.4 Dispersion measurements for the 52km recirculating loop.
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Figure 4.4 shows the dispersion measurements of the current 52km recirculating loop. It

can be seen that the dispersion is almost around zero over the operating wavelength region

(around 1555nm), thus no more dispersion management is required on the system.
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Figure 4.5 Spectrum after (a) 0 recirculations; (b) 2 recirculations; (c) 6 recirculations; (d) 10 recirculations.

The 5x10Gbit/s WDM transmission experiment can be described now. Since the system
uses multiple signals that are separated by relatively large spacing (1nm), it is necessary to ensure
equal gain over the whole WDM signals after long distance. Figure 4.5 shows the spectral
evolution of the signals with the number of recirculations. The signal peaks are equalised at the
transmitter, while each has ~-7dBm into the fibre. In transmission, the signals are getting un-
equalised as the distance increases, where longer wavelengths have larger gain. This is due to the
overall gain profile of the loop which depends on the individual gain profile of each EDFA in the
loop. However, this will result in large difference in the OSNR at the receiver, hence different
BER performance for the different channels. Such effect is of course undesired in WDM systems

where all signals are supposed to have almost the same quality when received after long distance.
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The system therefore requires gain equalisation which can be attained by gain equalisers, such as
the gain-flattening filter (GFF) that was discussed in previous chapter. In fact, such filter was not
available at the time of this experiment; therefore another method must be used to solve the
problem. Commonly, the signals are pre-emphasised [104] at the transmitter, i.e. they have
different peaks, such that the resulting OSNR after long distance is almost the same for all signals.
For this system, for instance, this means that the peaks of the signals must have a slope at the
opposite of the gain slope. Therefore, the first channel (from left) must have the largest peak and
the last channel must have the lowest peak at the transmitter. Pre-emphasis can also be done
where all the WDM signals are shifted upward and become around the maximum gain peak,
which is observed at 1557.5nm in this system. In this case, the lowest peak must be on the central

channel while the highest must be on the two side channels. This can be shown in figure 4.6.
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Figure 4.6 Spectrum after (a) 0 recirculations; (b) 2 recirculations; (c) 6 recirculations; (d) 10 recirculations, using
pre-emphasis at the transmitter.

The wavelengths of the signals are now: 1555.5-1559.5nm. The launch power is no longer -

7dBm in all channels, but the total average power is measured at around 1dBm. As a result, it is
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seen that the OSNR of the WDM signals is nearly equalised after long transmission distance,
hence the BER/Q performance must not have considerable difference. The OSNR and Q-value
measurements versus transmission distance for the central channel (A3=1557.5nm) are shown in
figure 4.7 (note that BERT was not available here). The system performance is obviously limited
by the noise where the OSNR becomes considerably small after long distance as shown in (a).
This is expectable as the system operates at low power that the noise effect is dominant. This
gives that the maximum propagation distance with acceptable Q for this system is achieved at
around 1300km as appears in (b). Actually, it was found that the performance of the whole WDM
signals is almost equalised after 1300km, where all other channels have acceptable O-value at
that particular distance. Figure 4.8 shows a comparison between the eye diagram of the central
signal at back-to-back and after 1300km. Apparently, the eye is much more closed at 1300km due

to the noise accumulation, while the shape of the signal is not distorted.
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Figure 4.7 (a) OSNR (using 0.2nm RBW); (b) Q-value versus transmission distance for the central channel
(A=1557.5nm).
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(a) (b)

Figure 4.8 Eye diagram for the central signal after (a) Okm; (b) 1300km. (Time scale: 20ps/div).

4.2.2 Results of different fractions

The performance shown in previous section is based on using PRBS data with the ideal
fraction of the 1s and 0s, i.e. 50% (note that a PRBS does not always have exactly 50%, even a
maximal length sequence has a very slight bias of 1s over 0s). This fraction can now be varied
directly from the pattern generator in order to simulate the effect of unbalancing the data. In fact,
the fraction is initially intended to be widely varied, ie. by +25%, for simulating highly
unbalanced data. Such high unbalancing may not happen in FEC coding process as the length of
the overhead is usually a small fraction of the data word length, e.g. 20%. However, examining
the performance with large variation in the fraction can provide the extremist effects that can be
considered as boundaries or limits for this study. This means that smaller variation effects that
can occur in coding process should not exceed these limits. In practice, the fraction of the 1s at
the pattern generator used here can only be changed from 50% by £25 or £37.5, other fractions
can be set by loading an external pattern into the pattern generator. However, changing the
fraction by £37.5 will not be used in this experiment as the fraction would be extremely
unbalanced (i.e. data would have 12.5% 1s or Os) that we believe is not significant for this study.
The experiment will therefore compare the performance of the system using 25% and 75% 1s
with that shown in previous section for the more ideal 50%.

Again, the total average power must remain constant at the input to the fibres in the loop
while using different fractions assuming that the EDFAs operate in saturation where their output
power is always constant. Practically, the gain of the EDFAs are set such that they work in
saturation region where each EDFA is followed by a variable optical attenuator (VOA) that can

be initially used to adjust the power level into the fibre. This implies that changing the fraction of
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1s at the pattern generator will keep the total average power fixed at the fibre inputs. This in fact

results in a change in the pulse energy of the 1-bits in the data stream.

(b) (©)

Figure 4.9 Back-to-back eye diagram for (a) 25%; (b) 50%; (c) 75% of 1s in the data. (Time scale: 20ps/div).

Figure 4.9 shows the pulse shape for different fractions of 1s in the data. These pictures
were actually taken at back-to-back for the central channel. Note that all signals were equally
attenuated by arbitrary value before being displayed to avoid photodiode saturation or damage. It
is clearly seen that the pulse energy increases with 25% and becomes almost twice as that of the

50%, and reduces with 75%.

Table 4.1: OSNR and Q-value after 1300km for different fractions.

Central signal Right-side signal
A=1557.5nm A=1559.5nm
Fraction (%) ( d](;/%)glr?m) Q-value ( d]g)f?gl:m) Q-value
25 8.8 5.3 9 5.5
50 9.1 5.9 9.5 6.2
75 9.6 6.3 10.1 6.7

Table 4.1 shows the results obtained after long distance for the different fractions of 1s and
0s. The table shows the OSNR and Q-value after 1300km distance. Results for the central
channel and the right-side channel (As=1559.5nm) are compared here. It is seen that the OSNR is
better for more 1ls in the data; hence the Q-value is also better. This can be understood as the
second modulator at the transmitter receives more electrical power from the pattern generator for
more 1s which seems to improve the OSNR at the output of the transmitter, hence after

transmission. It is however noticed that the improvement in performance is small for high
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unbalancing, which gives that the effect would be negligible in systems use FEC codes, where
the unbalancing is much smaller. This would imply that for such linear system, the ideal fraction
of the 1s and Os can still be around 50%.

For comparison purposes, the above experiment can be run where the pulse energy is fixed.
In this case, the total average power will increase for more 1s and decrease for more 0s. To work
out how much power is required in the channel for each fraction, the pulse energy needs to be

calculated by using the following formula:

£, (")

v X fraction

E(J)= (4.1)

where P, is the channel power and v is the frequency which is 10.7GHz here. For example, the
pulse energy of the central channel that uses -8dBm (0.000158W) is 2.96x10™"J for 50% 1s.
From this value, the channel power for the other fractions can be calculated for this particular

channel by using:
P,(W)=Exvx fraction 4.2)

This gives that the power required in the central channel for 25% is 0.000079W, i.e. -11dBm,
which is basically half the power of 50%. This in fact must be done for all other channels, so that
the amplifier gains can be adjusted to give the required power for each channel at different
fraction. Simply, the total average power must be offset by -3dB if the fraction decreased to 25%
and offset by +1.8 if the fraction increased up to 75%. This can be achieved through adjusting the
VOAs that follow the EDFAs. Having performed this, the results of different fractions of 1s for
the central signal can be shown in figures 4.10. It is seen from (a) that the OSNR improves with
more 1s and degrades with more Os. This is realised as the signal power, hence the total power
increases for more 1s and reduces for less 1s, where the system is dominated by the noise
impairments. This in turn affects the quality of the signal which shows better behaviour for more
1s and worse behaviour for more Os. As a result, the maximum transmission distance increases
from 1300km up to ~1600km with 75% and reduces down to ~800km with 25%.

As a summary, it was found that different performance can be obtained by transmitting

different fractions of 1s and Os in the data. If the launch power is small i.e. not sufficient to hit a
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nonlinear interaction (as in the above experiment), the effect of different fractions can be
negligible in the case of FEC coding assuming that the total average power is constant along the
fibre link and the encoder does not produce highly unbalanced data. This consequently means
that 50% can be the ideal proportion for the 1s and Os in linear operation. For comparison, if the
power does not remain constant over the fibre link, the performance improves with more 1s and
degrades with more Os. This is due to the fact that the signal has larger average power with more

1s hence larger OSNR, and smaller power with more Os hence smaller OSNR.
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Figure 4.10 (a) OSNR (using 0.2nm RBW); (b) Q-value versus transmission distance for the central channel
(A=1557.5nm) using fixed pulse energy.
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4.3 High-power operation

In this section we now investigate the effect of changing the fraction of the 1s and Os on a
system operating in the nonlinear regime. The main difference in the results would be that the
performance must be affected by the variation of the pulse energy when the fraction changes,
while the power is still constant over the fibre link. Theoretically, the nonlinear effects are
proportionally dependant on the pulse energy of the signal rather than the total average power.
Practically, if the total average power increases with constant fraction of 1s, the pulse energy for
each 1-bit increases as well. By keep increasing the power, hence the pulse energy, the
performance of the system will increase until the pulse energy becomes sufficient to introduce
nonlinear interaction. At that point, the system performance will stop improving and then starts to
degrade proportionally with the increase of the pulse energy. This point in fact can be defined as
the optimum power for the system, i.e. the maximum power at which the nonlinear interaction
has not yet started to degrade the performance. Simply, the optimum power is the power value
that corresponds to the minimum BER or maximum Q-value after long propagation distance.
However, the system can be referred to as nonlinear system if the operating power is larger than
the optimum power, where in linear system the operating power is smaller than the optimum
power. The optimum power can be defined as the total average power that is normally measured
on the power meter or the individual signal power that is measured on the multi-wavelength
power meter. For large number of channels, the individual signal power is commonly defined by
dividing the total average power over the number of channels. This is based on that the signals
are distributed over wide wavelength band, i.e. the majority of the power over the band is used by
the signals. Although this method gives an approximate value, it can still be valid specifically for
comparison purposes.

To run a nonlinear system, the same loop setup that was used for linear system (figure 4.3)
can be used but the power launched into the fibres must be increased. This in fact requires
defining the optimum power of the system by plotting the QO-value performance versus launch
power after long distance. The system must then operate at a power larger than the obtained
optimum power. In fact, the nonlinear operation experiment discussed here was performed after
the 194.9km loop that was used for LME experiment and shown in figure 3.32 became available.
That setup in addition to a GFF that was also available at the time of this experiment was used to
improve the 5x10Gbit/s WDM system performance. Figure 4.11 shows the whole new

experimental arrangement of this experiment.
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Recertver

Figure 4.11 Experimental setup.

The system uses the same transmitter as that in the linear experiment which again has five
WDM wavelengths modulated via two LiNbO3; modulators that are driven by a pattern generator
of 10.7GHz frequency and PRBS data pattern with 2°'.1 word length, respectively. The resulting
5x10Gbit/s WDM signals with RZ modulation format are then amplified to the required launch
power and enter the 194.9km recirculating loop. The system actually uses wavelengths between
1553.9-1557.1nm with the standard separation of 100GHz rather than 125GHz.

The recirculating loop consists of two fibre sections; the first section has 40.7km SMF,
16.5km with -1383ps/nm DCF, and then another SMF with 41.8km. In the second section, it has
42.9km, 15.2km DCF with -1387ps/nm, and then 38km SMF. The attenuation coefficients of the
SMFs and the DCFs are 0.2dB/km and 0.5dB/km, respectively. These losses are compensated by
using two C-band EDFAs in each section. The EDFA denoted A in the figure has a 30dB
maximum small signal gain and ~13dBm maximum output saturation power; while the EDFA
denoted B has a 40dB maximum small signal gain and ~15dBm maximum output saturation
power. The gain of the EDFAs is set to operate in saturation where each EDFA is followed by a
VOA, as in linear experiment, to adjust the power into the next fibre span. All EDFAs have a
noise figure of approximately 5. A GFF with 2dB insertion loss is setup after the second EDFA,
and an ASE filter with an insertion loss of 3dB is used before the last EDFA to remove the
accumulated ASE gain peak at 1530nm. Each loss of these filters is compensated by the previous
EDFA so that the power into each fibre is constant.

The receiver is similar to that used in the linear experiment, where a narrowband optical
band-pass filter with 0.24nm bandwidth and 7dB insertion loss is used to demultiplex the WDM

channels. The individual channels are then pre-amplified and detected by the receiver.
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4.3.1 Recirculating loop performance

The dispersion measurements of the current loop have already been shown in figure 3.28
which has shown approximately zero dispersion over the 1550nm region. Figure 3.31 (b) has also
shown how the dispersion evolves with distance for the 1550nm wavelength using such
symmetric dispersion configuration. Before presenting the OSNR and Q/BER performance of the
loop, the optimum power of the system is defined. Again, the optimum power can be either the
total average power or the individual signal power. For signal power, the performance must be
plotted as a function of the signal power measured on the multi-wavelength meter. Actually,
although the number of channels is not large in this experiment, the power per channel can still
be obtained by dividing the total average power over the number of channels. This can be
understood by referring back to figure 3.39. The figure tells that in addition to having an ASE
filter, if the extinction of the GFF is set at maximum and centred in the middle of the data signals,
the majority of the total average power will exist within the data signals band. For this
experiment where there are five channels, the total power measured on power meter can be
therefore divided by 5 to give an approximate power per channel. Figure 4.12 shows the BER
measured for the central channel (1555.5nm) versus the total power after 23 recirculations
(~4500km). Since the measurements were performed in dB, the power values must be subtracted
by 7 to give the power per channel. (Note that since the BERT is available here, there is no need

to measure Q-value as done in the linear experiment).
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Figure 4.12 BER (measured for the central channel) versus total power after 4500km.

From figure 4.12, it is shown that the optimum total power is around 8dBm, i.e. 1dBm per

channel. This basically means that if this system operates at power less than 8dBm, it is classified
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as linear regime, and if it operates at power larger than 8dBm it is then classified as nonlinear
regime. Ideally, systems are intended to operate at the optimum power where the BER is at
minimum. In fact, the signals are initially pre-emphasised at the transmitter although the loop has
a GFF. This is important as the GFF is not perfectly flat so some wavelengths have more gain
than others. Figure 4.13 shows the pre-emphasised signals at the back-to-back in (a) and how
they look after 4000km in (b). The signals are shown almost equalised with respect to the OSNR
after long distance thus the demultiplexed channels can have almost the same BER performance

at the receiver.
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Figure 4.13 Spectrum (a) at back-to-back; (b) after 4000km, using 0.2nm RBW.
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Figure 4.14 OSNR versus transmission distance for the central channel using 0.2nm RBW.

The OSNR measurements for the central channel versus transmission distance using the
optimum power are shown in figure 4.14. It can be seen that the signal can propagate over
~6000km with an acceptable OSNR. Nevertheless, it is not necessary that the signal has

acceptable BER after such distance, where nonlinear effects may appear. Therefore, it is useful to
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present the BER performance as a function of transmission distance for the optimum power as
shown in figure 4.15. The curve shows the performance for the whole five WDM signals; the
maximum distance achieved with BER = 107 is around 4600km for most of the channels. This

basically gives that the nonlinear effects limit the performance of the system to a distance of

4600km.
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Figure 4.15 BER versus transmission distance for the whole WDM signals. (Chl: 1553.9nm, Ch2: 1554.7nm,
Ch3: 1555.5nm, Ch4: 1556.3nm and ChS: 1557.1nm).

4.3.2 Results of different fractions

If the system is allowed to operate at optimum power, unbalancing the fraction of the 1s
and Os will however degrade the system performance. This is basically because the optimum
power is corresponding to the optimum pulse energy of the 1-bits that will be changed by
changing the fraction. This implies that the ideal fraction of the 1s and Os is 50% for optical
transmission systems that work near the optimum power. This in turn requires that the encoder
that i1s used for FEC must be followed by the scrambler to ensure the 50% fraction before
transmission. What if the system operates in the nonlinear regime? In fact, operating in the
nonlinear regime means that the launch power is larger than the optimum power, hence larger
pulse energy. Since the nonlinear penalty is proportional to the pulse energy, the main problem
with nonlinear operation would be that the system is limited to a distance which is shorter than

that obtained with the optimum power according to [48]:
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Ly, =—; 4.3

vy (43)

y=2 (4.4)
cAy

where Ly, is the maximum distance limited by nonlinearity (called nonlinear length), Py is the
peak power (related to pulse energy), y is called nonlinear parameter measured in (m*/W), n, is
the nonlinear coefficient of the fibre which is ~ 2.6 x 102° m%*/W for silica fibres, wy is the signal
frequency, and Ay is the effective area of the fibre, which is 80um® for the SMFs of this
experiment. Theoretically, the nonlinear length Ly; can be increased by reducing the pulse energy,
which can be achieved through increasing the fraction of the 1s in the data. This is again based on
that the power remains constant over the fibre link where the EDFAs operate in saturation. As
mentioned before, if the above is proven practically, it can be useful for systems use FEC, where
unbalancing the fraction through coding process can be an advantage if the encoder adds more 1s
to the data. In other words, the system with FEC can operate at high power where the nonlinear
penalty can be compensated through the existing coding process adding more 1s, thus an
additional scrambler may not be required.

This section investigates the effect of unbalancing the fraction of the 1s and Os on the
system shown in figure 4.11 by allowing nonlinear operation. Again, the system can operate in
nonlinear regime if the total launch power is larger than 8dBm according to figure 4.12. The
launch power used here is 3dB higher, i.e. 11dBm in total or 4dBm per channel, to allow for high
nonlinearities. Having run the experiment, the BER results versus transmission distance for the

whole five channels are shown in figure 4.16.
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Figure 4.16 BER versus transmission distance for the whole WDM signals using: (a) 50% Is; (b) 25% 1s; (c) 75%
1s. (Chl: 1553.9nm, Ch2: 1554.7nm, Ch3: 1555.5nm, Ch4: 1556.3nm and Ch5: 1557.1nm).

In (a), when the data comprises of 50% 1s, the maximum transmission distance achieved
with 1x10” BER is around 3500km. This distance can be compared to that obtained with the
optimum power, giving that the nonlinear length has reduced with large power. In (b), when the
fraction of Is is reduced to 25%, the pulse energy increased in the 1-bits (recall figure 4.9),
introducing greater nonlinear interaction thus the whole performance degraded. In this case, the
maximum distance with BER of 1x107 is shifted down by nearly five recirculations, i.e. 1000km.
In (c), when the fraction of 1s is increased up to 75%, the pulse energy reduced; hence the
nonlinear interaction decreases thus the overall performance improved. A propagation distance of
~4000km with BER of 1x107 is attained in this case. Obviously, the performance of the system

is limited by the nonlinear impairment rather than noise. However, since the loop uses fibres with
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high local dispersion, e.g. SMF (D ~ 17ps/km/nm at 1550nm), and relatively large channel
separation, both cross-phase modulation (XPM) and four-wave mixing (FWM) would not have a
large contribution to the overall nonlinear impairment. This is again because the bits of different
signals have different group velocities when propagate through the fibre. Thus they will be
separating from each other and after short distance they will have a time separation larger than
one bit period. This results in that the interaction between them can be very small during
transmission. As a result, the most contribution to the nonlinear effect in this experiment can be
the self-phase modulation (SPM) in addition to SBS. Moreover, the overall nonlinear interaction
is further increased due to using amplifiers at the chirp-free points, i.e. after the second and the
fourth SMFs, where the dispersion is compensated hence the peak power is at a maximum.

Back to figure 4.16 (c), it can be seen that the 75% has improved the propagation distance
of the nonlinear regime up to ~4000km, while figure 4.14 has shown that the ideal 50% had
~4600km at the optimum power. This can be more realised by working out the pulse energy of
each case using equation (4.1). The equation gives that the pulse energy for 75% using 4dBm/ch
is 3.13x10°"*J, while for 50% using the optimum power (1dBm/ch) the pulse energy is 2.35% 10"
J. This theoretically implies that the pulse energy of the 75% must be reduced to 2.35x10™" to
achieve 4600km distance. This in fact can be attained by reducing the power of the channel,
where the exact power can be calculated by (4.2) that gives 2.8dBm/ch. This means that the
system can work in nonlinear regime using 2.8dBm/ch or 9.8dBm total average power and 75%
I's to achieve similar performance to that operating at optimum power with standard 50% Is.

As assumed before, the FEC codes cannot reach 75% 1s where the overhead is small
fraction of the total length of the data sequence. This assumption in addition to the results
obtained here, which show that large variation in the fractions causes considerable effect in the

nonlinear system, can lead to investigating the effect with small variations as presented below.

4.3.3 Small variation results

To better simulate the effect of unbalancing data by the FEC codes, it 1s necessary to use
small variation in the fraction, e.g. 47%, 53%. Since the pattern generator used in this experiment
does not have a function of producing data with such fractions, it is necessary to load external
data patterns to the pattern generator. The external patterns are generated by a software

programme (based on Excel) and transferred to the pattern generator by using a Labview code*.

* The Excel and Labview codes have been provided by Dr Paul Harper, Photonics Research Group, Aston University.
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Note that the same pattern should be loaded on the BERT for error detection. Although the
software code used here is able to generate PRBS data with a pattern length of up to 2°1-1, the
pattern generator/BERT have a limit of 2'3.1 bits for user programmable data. This implies that
the system described here can use data words with length of 251 at maximum instead of 2°'-1.
The experiment must be performed in the same way presented in previous section. Initially,
the optimum power and the maximum propagation distance for the system must be defined for
50% 1s. As a result, it was found that the optimum power did not change from previous results
(with longer data word), where it is still at around 1dBm per channel. The signals can still
propagate to a transmission distance of 4600km with acceptable BER. Again, if the system is
allowed to operate in the nonlinear regime at an average power of 4dBm/ch, the results for the
new fractions can be shown as in figure 4.17. The figure shows the BER performance versus
transmission distance for the central channel using different fractions as appear on the bottom of

the graph.
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Figure 4.17 BER versus transmission distance for the central channel using different fractions of Is.

For comparison purposes we performed a separate experiment in which the input was a
single-channel using 1555.5nm and 4dBm power. Figure 4.18 shows the maximum transmission
distance achieved with error = 10” for different fractions. The figure has the results of both
WDM and single-channel transmission, where the WDM results can be obtained from figure 4.17.
It is seen that the performance of the system has improved for more 1s and degraded for more Os
in both cases. This can prove that the majority of the nonlinear impairment comes from the SPM
induced on every signal rather than inter-channel interaction.
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Figure 4.18 Maximum propagation distance with error = 107 versus fraction for the central channel.
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Figure 4.19 Eye diagram for the central channel after 22 recirculations (~4200km) using fractions: (a) 25%; (b) 35%;
() 44%; (d) 50%; () 56%; (f) 65%; (g) 75%. (Time scale: 20ps/div).
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Figure 4.19 shows the eye diagram of the central channel in WDM operation after 22
recirculations (~4200km) for different fractions. It shows that the SPM distorts the signal with
lower fraction due to the increase in the pulse energy. Working backward from 75%, the signal
starts to have considerable distortion at 56% (in (e)), thus the receiver counts considerable
number of errors as shown earlier in the BER curve of figure 4.17. This kind of distortion that
arises due to nonlinear effects, specifically SPM, causes an induced spectral broadening in the
signal. Figure 4.20 shows the spectral shape of the central channel after 22 recirculations for
different fractions. It can be clearly seen that more 1s in the data results in narrower spectrum.
Note that the spectrum is asymmetric in all cases where this asymmetry is caused by modulation
at the transmitter. The pulse broadening versus fraction is shown in figure 4.21 for the central
channel in both WDM and single-channel transmission, measured at -10dB bandwidth point on

the OSA.

dBm

30 :-' —4 : ! ; !
1555.2 1555.4 1655.6 1655.8 1556

Wavelength (nm)

Figure 4.20 Spectral shape of the central channel after 22 recirculations (~4200km) for different fractions, using
0.07nm RBW.
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Figure 4.21 Spectral-width versus fraction after 22 recirculations for the central channel.

Back to figure 4.18, it is shown that the propagation distance of the fraction 50% is
improved by increasing the fraction of the 1s. For instance, the 56% has improved the distance of
the 50% by two recirculations, i.e. ~400km. The pulse energy of the 1-bits in 56% can be
calculated from (4.1) which gives 4.19x10™%J using 4dBm/ch power. Remember that the
optimum pulse energy for 50% is 2.35x10™"*J using 1dBm/ch. This implies that the pulse energy
of the 56% must be reduced to 2.35x10™" to achieve the optimum performance of this system.
Therefore, the power required for 56% to attain such pulse energy is 1.49dBm/ch from equation
(4.2). This means that the system can work in nonlinear regime using 1.49dBm/ch or 8.49dBm in
total if the encoder output has 56% 1s, where the performance can be similar to that of the ideal
50% operating at optimum power. Again, this gives the ability of saving the additional

electronics required by the scrambler to rebalance the fraction.

Table 4.2: Power required per channel for different fractions to achieve optimum pulse energy in the 1-bits.

Fraction Power
(%) (dBm/ch)
50 1.00
52 1.16
53 1.25
56 1.49
65 2.13
75 2.76
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Table 4.2 shows the power per channel that is required for different fractions to achieve the
optimum pulse energy in the 1-bits, hence the maximum transmission distance.

If the encoder adds less 1s, hence the overall fraction of 1s in the bit sequence is less than
50%, the inverse of the bit sequence can be transmitted which is then re-inversed at the receiver.
This is based on the fact that less Is in the data results in worse performance in nonlinear
operation due to higher pulse energy. In fact, it is possible to reduce the pulse energy by
decreasing the launch power where the power required to achieve optimal pulse energy can be
worked out in the same way used in table 4.2. For instance, the power required per channel for
fraction 44% to achieve 2.35x107°J is 0.44dBm. This power can actually be used if the encoder’s
output is around 44% so that the system can still propagate for long distance. But it is important
to notice here that the OSNR will reduce where the power is less than the optimum power
(1dBm/ch), thus the performance cannot be similar to that of the optimum case.

In general, if the output fraction of a specific code is known by the engineer, the system can
be allowed to operate at the required power level for optimum pulse energy as done above. This
requires that the EDFAs gains or their associated VOAs are set to provide that power level at the
input of each fibre.

For comparison, the nonlinear system is also allowed to operate with fixed pulse energy as
done in linear system. Therefore, the pulse energy is fixed at sufficiently high to ensure nonlinear
operation with all fractions. Actually, the system uses launch power of 4dBm/ch which gives
pulse energy of 4.7x10™"*] in the case of 50%. All other fractions should then use this pulse
energy where the required power for the different fractions can be obtained by using (4.2).
Theoretically, the required power will increase with more number of 1s, thus the performance
will improve as the OSNR improves while the pulse energy is constant. Figure 4.22 shows the
maximum transmission distance achieved with error = 10" versus fraction for the central channel
in both WDM and single-channel transmission. The figure also shows the OSNR versus fraction
for the central channel in WDM transmission after 4000km. It can be seen that the propagation
distance improves with more 1s for the fractions less than 65%. The distance improvement is
almost proportional to the OSNR improvement. At high fraction, i.e. 65% and more, the
performance degrades as the fraction of 1s increases, and that can be understood as the number of
successive 1s increases thus the interaction between pulses increases as well. This is based on
that the pulse energy of the 1-bits was sufficiently high, i.e. 4.7x10™°J. Figure 4.23 shows the eye
diagram of the central channel after 3000km for different fractions. It is clear that the signal

distorts with large fractions as noticed in the 65% and 75% cases.
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Figure 4.22 Maximum distance with error=10" versus fraction for the central channel in both WDM and single-
channel transmission; and OSNR versus fraction after 4000km for the central channel in WDM transmission.
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Figure 4.23 Eye diagram for the central channel after 3000km using fractions: (a) 25%; (b) 35%; (c) 50%; (d) 65%;
(e) 75%, and constant pulse energy. (Time scale: 20ps/div).

So as a summary of the above, if the pulse energy is constant, the performance changes

with unbalancing the fraction of the 1s in the data. With smaller fractions; the OSNR is worse
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after long distance, but there is no distortion noticed on the signal. With larger fractions; the
OSNR is better after long distance, but signal distorts due to more interaction between 1s,
Furthermore, the single-channel seems to perform similar to WDM channels, giving that the
majority of the distortion for large number of 1s comes from the pulse interaction rather than
WDM interaction. This is because the channels were spaced by 100GHz. If the spacing is

reduced to allow more inter-channel interaction, different results will be expected.

4.4 Summary

This chapter has investigated the effect of varying the fraction of the 1s and Os in random
data on the performance of a WDM communication system. The chapter started by giving an
introduction that was important to understand the reason for this study. It was all based on a
discussion about the probability of errors in the 1 and 0 bits in both linear and nonlinear optical
transmission systems. The introduction also had a general discussion about the forward error
correction (FEC) as an application that can use the advantage of this study. After the introduction,
the experimental work has been demonstrated. In fact, the work was divided into two parts; low
power (linear) operation and high power (nonlinear) operation, where each part was presented
separately. Both experiments used 5x10Gbit/s WDM signals propagating through SMFs and
DCFs in a recirculating loop.

The first experiment which was designated for linear operation used 52km fibres in the
recirculating loop. The total average power was sufficiently low to ensure linear operation. The
performance of this loop, i.e. the dispersion, OSNR and Q-value, have been first presented using
50% 1s. After that, the system was examined with the fraction being varied by +25% from the
pattern generator. The total power was kept constant over the loop since loop EDFAs operated at
saturation. This means that the pulse energy of the 1-bits decreases for more 1s and increases for
less 1s. As a result, it has been found that the performance of the system changed little with such
high unbalancing. This gave that in FEC coding, where the unbalancing is small, there would be
no considerable effect to the system performance, and thus the ideal fraction can be 50%. For
comparison, the system was allowed to operate while the pulse energy was constant. This means
that the total average power is larger for more 1s and smaller for less Is. It has been found that
the transmission distance improved for more 1s due to an improvement in the OSNR hence Q-
value, and degrades for less 1s due to a degradation in the OSNR.

For nonlinear operation, the loop used 194.9km fibres in the recirculating loop. The

experiment started by defining the optimum power of the system, thus the nonlinear region was
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defined. The OSNR and BER performance of the loop have been presented using 50% ls and
optimum power. Then, the system was allowed to operate at high power, 3dB higher than the
optimum power, to ensure high nonlinearity. The performance was then compared: for 50% and
504+25% fractions where the total power is constant over the loop. It has been shown that the
performance considerably improved for 75% 1s due to a decrease in the pulse energy hence less
nonlinear interaction, and degrades for 25% 1s due to an increase in the pulse energy hence more
nonlinear impairments. This has actually led to investigating the effect of small unbalancing, e.g.
+3%, +5%, which can better simulate the effect of the FEC encoder unbalancing. The experiment
was run with different small-unbalanced fractions and the transmission distance performance was
compared. The signal shape as well as the spectrum has been compared for different fractions
after long distance; it has been shown that the signal distorted and the spectrum broadened with
reducing the fraction of ls. As a result, it has been advised that the scrambler which
conventionally follows the FEC encoder to rebalance the data can be saved if the encoder adds
more 1s to the data while the system operates at high power. If the encoder adds more Os, the
inverse of the data can be transmitted and then inversed back to its original sequence at the
receiver. This would still allow saving the additional scrambler in the FEC system. The system
was also allowed to operate at fixed pulse energy for comparison; it has been shown that the
performance improved with the fraction increase due to an OSNR improvement until 65%, at
which the performance started to degrade although the OSNR keeps improving. This was because

the interaction between the 1s in the signal increased due to having more successive 1s in the data

signal.
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Chapter 5

Single and WDM transmission after all-optical NRZ to
CSRZ and RZ to CSRZ format conversion using an SOA-
NOLM

5.1 Introduction

As the previous chapter has investigated patterning effect whose advantages can be used in
improving the performance of legacy WDM communication system, this chapter presents another
possible way to improve the performance of such optical system. This technique is actually based
on choosing an appropriate modulation format for the transmitted signal. However, it has already
been found that the performance of the optical fibre communication system largely depends on
the modulation format [26]-[28], [105]-[107]. In fact, the best modulation format is dictated by
many system parameters such as system length, fibre type, dispersion management and the
optical bandwidth [5]. In general, the carrier-suppressed return-to-zero (CSRZ) modulation
format, which has been proposed in recent years, can deliver excellent transmission performance
due to its high tolerance to nonlinear effects and chromatic dispersion compared to that of the
conventional non-return-to-zero (NRZ) and return-to-zero (RZ) formats [3]. The CSRZ reduces
the main carrier component of the signal, which carries most of the power in the NRZ and RZ
formats but contains no useful information. This results in that the input power into the fibre is
reduced, allowing the use of optical amplifiers in transmission with lower nonlinear effects.
Furthermore, the CSRZ also narrows the optical spectrum, thus the signal becomes more tolerant
to chromatic dispersion with higher spectral efficiency [108]. For WDM applications, CSRZ
offers better performance because it is less sensitive to four-wave-mixing (FWM) caused by the
WDM channels interaction [109]. However, CSRZ signal generation is more complex than the
conventional NRZ and RZ since at least one additional modulator is required [110]. This
modulator can be a LiNbO; MZ modulator which is an electro-optic device. Recently, electro-
optic devices have been thought to be replaced by all-optical devices which have been considered
to be of key importance in future all-optical networks where the signal remains in the optical
domain all over the network without being converted to electronics [111]. This indeed can
increase the cost effectiveness of the WDM network. As a result of this, all-optical signal

processing including switching, demultiplexing, signal regeneration and format conversion have
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received much interest in the recent research, where this chapter will consider the all-optical
format conversion from NRZ and RZ to CSRZ due to the advantages mentioned above. The
chapter is actually designated to examine the transmission performance of'a CSRZ signal after
all-optical format conversion. The performance must be compared with that of the unconverted
NRZ and RZ signals, so any improvement resulted on the converted CSRZ may encourage using
the all-optical converters in place of the conventional electro-optic modulators that exist in the
current WDM communication systems.

The work of this chapter has been done as a collaborative work with Mohammad Halim
Wahid who is one of the Aston Photonics Research Group members, doing research in all-optical
devices and applications. He was therefore responsible for the converter while I was responsible

for the transmission work.

5.1.1 All-optical format conversion

The conversion from NRZ and RZ to CSRZ is conventionally implemented as shown in
figure 5.1 [112], where the electro-optic MZ modulator i1s biased at the minimum power
transmission point. An electrical clock with half the data frequency is inserted into the modulator
to modulate the input NRZ or RZ optical data. As a result, the optical field changes the polarity
for every other pulse, i.e. the phase alternates systematically between 0 and n from pulse to pulse.
Therefore, the time-averaged optical field is zero, and the spectrum shows no carrier where the
two characteristic frequency components will be at +v; since v is half the frequency of the data

[105], [112].
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Figure 5.1 CSRZ conversion principle.
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The all-optical conversion from NRZ and RZ to CSRZ was first shown in [113] using a
semiconductor optical amplifier based nonlinear optical loop mirror (SOA-NOLM) or sometimes
referred to as SLALOM: semiconductor laser amplifier in a loop mirror [114]. The all-optical
conversion is implemented as shown in figure 5.2, which applies to 10Gbit/s data. The SOA-
NOLM is biased at around 2m, i.e. the phase difference between the clockwise and counter-
clockwise signals is 2m. A control pulse, which is a sinusoidal optical clock at half the data
channel clock frequency i.e. 5GHz, is injected to saturate the SOA hence modulates the refractive
index of the SOA’s active region periodically. At the output of the loop mirror, when the
clockwise and the counter clockwise signals are recombined, their phase modulation is converted
into amplitude modulation. Thus, the output data is alternating between 0 and 7 at adjacent bits;
hence the input NRZ or RZ data signal is converted into CSRZ format. Paper [113] has also
shown the conversion of a CSRZ back to the original NRZ and RZ by following the same
principle. However, if the control pulse is absent, the clockwise and counter-clockwise signals
will destructively interfere at the output of the loop mirror. If the phase difference is adjusted
from 27 to 7, the interference will be constructive, thus the input NRZ or RZ signal is switched

out of the SOA-NOLM without changing its modulation format [115].
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Figure 5.2 (a) SOA-NOLM converter. (b) All-optical conversion.

This chapter investigates the feasibility of such SOA-NOLM device in converting single-
channel (as in [113]) and 4x10Gbit/s WDM channels. For single-channel, the new contribution
would be that the BER performance over long transmission distance for the converted CSRZ

signal against its original NRZ and RZ counterparts is presented. For WDM, which has totally
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not been shown elsewhere, the available optical conversion bandwidth for this device and its
limitations are explored. Moreover, the BER performance for the converted WDM signals. is

compared with that of the original unconverted signals after short transmission distance,

5.2 Single-channel experiment

5.2.1 Conversion results

SOA-NOLM

Figure 5.3 Experimental setup for the SOA-NOLM converter.

Figure 5.3 shows the experimental setup for the SOA-NOLM converter for single-channel.

The optical data signal is generated in the same way discussed in previous chapters, where a CW

laser source at 1555.2nm 1is applied with a 2" PRBS via one LiNbO3; modulator for the NRZ
format, and two LiNbO; modulators for the RZ format. The data signal therefore has a much

longer bit sequence than that used in paper [113] which was 27—1. Again, the pulse pattern
generator generating the PRBS sequence is driven by an external clock reference of 10.7GHz,
where no forward error correction is applied. The resultant data stream is amplified and launched
into the converter. The SOA-NOLM comprises of a 50/50 coupler with polarisation controllers
(PCs) on each arm, a 50/50 coupler on the clockwise path and an SOA being offset from the
centre by a 140ps on counter-clockwise direction using variable optical delay line on the
clockwise arm. The SOA provides a peak fibre-to-fibre gain of 20dB, and a saturation output
power of 3.85dBm when biased at 200mA. For the control pulse, a CW DFB laser with a
wavelength of 1542.3nm is modulated at 5.35GHz, delayed and coupled via a 50/50 coupler into
the SOA-NOLM at a power of 3.2dBm. A variable optical delay line, to adjust the control pulse

arrival time relative to the data, controls the phase seen by the clockwise and counter clockwise
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data at the SOA. On the output of the SOA-NOLM a tunable grating band-pass filter with a
0.24nm 3dB bandwidth and a 7dB insertion loss is used to pass the data traffic signal while the
1542.3nm control wavelength is filtered out. Two circulators are used within the system; one
before the SOA-NOLM to prevent its reflected signal from interfering with the incoming data,
and one after the SOA-NOLM to prevent any reflected light from re-entering the loop mirror that
can change the whole characteristics of the device.

Having propagated NRZ and RZ signals through the converter, the results can be shown in
figure 5.4. The figure shows the spectrum and corresponding eye diagram for the original NRZ
signal at (a) and its converted CSRZ signal at (b), and the original RZ signal at (c) and its
converted CSRZ signal at (d). It can be clearly seen that the main component of the NRZ and RZ
signal is suppressed after conversion, where the main two characteristic components are at
~+0.04 (+5GHz) from the central wavelength component. It is also seen that the spectrum of both
signals slightly narrows after conversion, where the new signal is narrower by almost 0.015nm in
both cases if measured at -40dBm which is just above the noise floor (note that this value

depends on the resolution bandwidth of the OSA).
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Figure 5.4 Spectrum (OSA resolution bandwidth: 0.06nm) and corresponding eye diagram. (a) NRZ signal;
(b) CSRZ signal converted from NRZ; (c) RZ signal; (d) CSRZ signal converted from RZ.
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Figure 5.5 shows the BER measurements for the converted CSRZ signal at the output of the
SOA-NOLM for different input RZ signal power. The dynamic range of the input RZ signal for
RZ to CSRZ format conversion with acceptable BER is found between -18 and -14dBm for this
converter. The optimum input power for RZ signal can be between -16 and -15dBm, where the
BER is at 10"°. Similar results have been achieved with input NRZ signal for NRZ to CSRZ

CONVErsion.
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Figure 5.5 BER measurements for the CSRZ at different input RZ signal power.

5.2.2 Transmission results

Having achieved the all-optical conversion from NRZ and RZ to CSRZ, a transmission
experiment can be performed to examine the performance of the converted signal in comparison
with that of the original signals. The whole experimental setup for this test can be shown in figure
5.6. The figure depicts both the transmitter, including the data source and the SOA-NOLM

converter, the transmission link which is a 194.9km recirculating loop and the receiver.
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Figure 5.6 Experimental setup, depicting the SOA-NOLM converter and 194.9km recirculating loop.
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The converted CSRZ signal that has passed through the band-pass filter is amplified by a
booster to reach the required level which is here 6.4dBm at the input to the fibre spans. This:
power has been chosen to allow nonlinear operation that can be useful in comparing the tolerance
of the converted and unconverted signals towards nonlinear effects. The optimum power for the
system was found at around 2dBm, giving that the launched power used here is approximately
4dB higher than the optimum. This should lead to significant nonlinearity which will have a
considerable affect on the system performance. The amplified signal is then propagated through a
194 .9km recirculating loop, which is similar to that used in chapter 3 and shown in figure 3.32.
Again, the loop consists of two nearly symmetric fibre sections; the first consisting of 40.7km of
SMF, 16.5km of DCF with -1383ps/nm and 41.8km of SMF. The second section has 42.9km
SMF, 15.2km DCF with -1387ps/nm and 38km SMF. The SMFs have 0.2dB/km attenuation
coefficient and dispersion of 17ps/nm/km at 1550nm. The losses are compensated using two C-
band erbium-doped fibre amplifier (EDFA) repeaters in each span. The EDFA denoted A in the
figure has a 30dB maximum small signal gain and the EDFA denoted B has a 40dB maximum
small signal gain. The noise figure is ~5dB for each EDFA, where no GFF is used here. A
tunable band-pass filter with a 1.4nm 3dB bandwidth and an insertion loss of 2.5dB is used in
place of the ASE filter to remove the whole accumulative ASE noise outside the signal band
including the gain peak at 1530nm. At the receiver, the data signal is pre-amplified and then

isolated by a 10GHz clock recovery unit for error detection at the BERT.
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Figure 5.7 BER versus transmission distance for all formats.
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Having run the experiment for back-to-back, it was found that the CSRZ always has large
penalty compared to the original NRZ/RZ formats, thus worse performance would be expected
after transmission. This is basically because the SOA-NOLM deteriorates the quality of the
converted signal due to the ASE and other noise introduced by the SOA in addition to some other
undesired nonlinear effects, i.e. cross-gain modulation and four-wave mixing, existing in the
SOA. These effects all together cause some instability and distortion on the output signal.
Therefore, for consistency, the comparisons were all performed with the loop mirror, i.e. all
signals pass through the SOA-NOLM thus they have the same environmental condition where
any impairment introduced by the loop mirror is common to all measurements. This means that in
the case of unconverted NRZ/RZ signal, the signal is passed through the SOA-NOLM, with
absence of the control pulse and bias at m, before being transmitted over the fibre in the
recirculating loop. The SOA-NOLM switches the input NRZ or RZ signal out without changing
its modulation format as explained earlier.

Doing this, the BER performance versus transmission distance for the converted CSRZ
signals against their original NRZ/RZ formats can be shown in figure 5.7. Obviously, the SOA-
NOLM limits the transmission distance in all formats due to the SOA effects mentioned above.
Considering this in addition to the other limiting factors that appear during transmission, i.e.
dispersion, noise and self-phase modulation (SPM), the maximum distance achieved with 10”°
BER 1is ~1800km for NRZ and ~2300km for its converted CSRZ, and ~2800km for RZ and
~3000km for its converted CSRZ. This means in other words that the converted CSRZ signal
shows less BER for given transmission distance in both cases. Nevertheless, it is still necessary to
ensure that the improvement is only caused due to the signal being converted to CSRZ. Note that
the OSNR and extinction ratio were nearly equalised for all formats before transmission. The
other possible reason for the improvement can be that either the converted or unconverted signal
is being chirped somewhere within the loop mirror, while the other signal is not being affected. It
also could be that the signals are chirped differently thus they have different performance after
transmission. To examine this, the SOA-NOLM output signals have been passed through three
lengths of SMF, where the broadening of signal is compared as shown in figure 5.8. The figure
shows the results for RZ and its converted CSRZ. In fact, if one signal is positively chirped, it
will broaden more rapidly than the other during propagation thus its performance is worse. In
contrast, if it is negatively chirped, it will see negative dispersion at the beginning of transmission
until its pre-chirp and the dispersion-induced chirp along the fibre cancel each other. This results

in that the signal starts broadening later than the un-chirped signal [43] hence better performance
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is expected. Figure 5.8 shows similar broadening evolution for the converted CSRZ and
unconverted RZ pulse, giving that there is no improvement caused by chirp. The converted CSRZ

pulse is shown slightly narrower than its unconverted RZ which has also been seen ealier in

figure 5.4.
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Figure 5.8 Pulse-width versus distance for the RZ and its converted CSRZ after three different fibre
lengths: 11km, 17.6km and 24.2km, respectively.

5.3 WDM experiment

5.3.1 Conversion results
This section investigates the feasibility of the SOA-NOLM converter in converting
4x10Gbit/s WDM signals from NRZ/RZ to CSRZ formats. The experimental setup for such

investigation is shown in figure 5.9.

W]

504-HOLM

Figure 5.9 Experimental setup for the WDM conversion.
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The SOA-NOLM setup is exactly the same as that used for single-channel conversion. The

data source has four CW laser sources, starting at 1554.7nm with an even separation of 100GHz.

Again, these wavelengths are applied with a 231—1 PRBS via one LiNbO3 modulator for the NRZ
format, and two LiNbOs; modulators for the RZ format as done for single-channel. The pattern
generator is also driven by an external clock reference of 10.7GHz. The resultant 4x10Gbit/s
WDM data stream is amplified and launched into the converter. On the output of the SOA-
NOLM a WDM coupler, whose characteristics are shown in figure 5.10, is used to extract the
1542.3nm control wavelength whilst allowing the WDM data to propagate along the fibre. It is
seen from figure 5.10 that the control signal can be suppressed by approximately 37dB through
the WDM coupler while the whole WDM data pass without considerable attenuation.
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Figure 5.10 WDM coupler spectrum, depicting transmitted and extracted wavelengths.

Figure 5.11 shows the spectra and corresponding eye diagrams for the whole WDM signals
before and after conversion in both NRZ and RZ cases. The suppression of the carrier frequency
component is clearly shown and the difference between the new main components in the
converted CSRZ is 0.08nm (10GHz) in all signals. It can also be seen that the converted signals
are slightly broadened and distorted compared to the original signals and that again can be due to
the ASE noise and some other undesired nonlinear effects such as cross-gain modulation and

FWM exist in the SOA, which are more of consideration in WDM conversion.
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Figure 5.11 Spectra (OSA resolution bandwidth: 0.06nm) and corresponding eye diagrams for WDM signals.
(a) NRZ; (b) CSRZ converted from NRZ; (¢) RZ; (d) CSRZ converted from RZ.
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Figure 5.12 Spectrum of the fibre Bragg grating.

Having achieved a conversion for the WDM signals, it is necessary to explore the
maximum bandwidth of such converter. This enables determining the maximum number of
WDM channels that can be converted via this device without considerable penalty. For this
experiment, the WDM coupler was replaced by a fibre Bragg grating (FBG) with 3dB a
bandwidth of ~1.1nm and isolation of ~19.8dB as shown in figure 5.12 to reflect the control
wavelength at 1542.3nm. The reason for using the FBG is that the transmission bandwidth of the

WDM coupler used before is a small fraction of that for the whole C-band wavelength region.
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This basically allows some wavelengths to pass through which in turn disables finding the entire
conversion bandwidth. Again, the reflected signal from the FBG is prevented from re-entering the
SOA-NOLM by the second circulator. Figure 5.13 depicts the spectral outputs taken after the
SOA-NOLM for four arbitrary wavelengths spanning the available conversion bandwidth of the

converter for RZ to CSRZ conversion.
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Figure 5.13 The spectral outputs taken after the SOA-NOLM for four arbitrary wavelengths spanning the available
conversion bandwidth of the converter for RZ to CSRZ conversion.

The lowest and the highest wavelengths at which the signal is fully converted to CSRZ with
BER <107 are 1531.4 nm and 1562.2 nm, respectively. This means that the signal will be either
unconverted fully or converted with considerable error-rate (>10'9) outside this region. In fact,
this bandwidth is limited by the active region of the SOA as well as the wavelength of the control
pulse used to saturate the SOA in the SOA-NOLM. So even with the 19.8dB isolation provided
by the fibre Bragg grating, a peak 2dB above the noise floor at 1542.3nm can be clearly seen in
the spectrum. This partial suppression of the switching signal reduces the conversion region by
approximately Inm either side of the control signal resulting in a total available bandwidth of
28.8nm (depicted as a lined block in figure 5.13). However, the WDM coupler which was used in
place of the fibre FBG earlier can increase the suppression of the control pulse by an additional
17.2dB albeit at the expense of available bandwidth, as the 3dB cut-off for the transmission port

on the WDM is at 155Inm. Ideally a device with the suppression performance of the WDM
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coupler but with the bandwidth of the fibre Bragg grating could be used to increase the
bandwidth of the SOA-NOLM converter by at least 2nm.

5.3.2 Transmission results

A Rx | BER|

BPF

Figure 5.14 Experimental setup for WDM transmission, depicting the SOA-NOLM converter and 194.9km
fibre link.

After conversion, the WDM data signals propagate along a 194.9km in-line fibre span as
shown in figure 5.14. The fibre span is the same as that used in the recirculating loop for single-
channel transmission. It therefore consists of two dispersion-managed sections of SMF-DCF-
SMF. All parameters of the fibres and corresponding EDFAs have already been mentioned with
single-channel experiment. The main difference to single-channel setup is that there is no
recirculating loop, thus no additional components such as AOMs and coupler. This means that
the EDFA operating conditions, specifically of the first and the last amplifiers, are different
because the system saves approximately 9dB of loss compared to I-recirculation in the
recirculating loop system. The other change is that an ASE filter is used again after the last fibre
span in place of the band-pass filter that was locked to the single-channel wavelength. Therefore,
the fibre link becomes again similar to that used in the recirculating loop of figure 3.32. At the

receiver, the WDM signals are demultiplexed by a tunable band-pass grating filter with a 0.24nm
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3dB bandwidth and a 7dB insertion loss. The individual channels are then isolated by a 10GHz
clock recovery unit and detected by the BERT.
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Figure 5.15 BER versus received power after 194.9km transmission for: (a) NRZ (Solid) and its converted
CSRZ (Dashed); (b) RZ (Solid) and its converted CSRZ (Dashed).

The experiment uses 4.6dBm per channel, to ensure nonlinear effects during transmission.
Figure 5.15 shows the BER performance versus received power after transmission over the
194.9km span for the four WDM channels in both NRZ and its converted CSRZ (top graph), and
RZ and its converted CSRZ (bottom graph). Again, the original NRZ and RZ signals are passed
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through the SOA-NOLM, without a control pulse and bias at 7, before being transmitted over the
fibre span. This is to keep the same transmitter impairments in all formats for comparison
purpose. As a result, a received power of -17.9dBm per channel is required to achieve a BER of
10™ for the NRZ format, whereas the converted format required a lower power of -18.8dBm to
attain the same error-rate. For the RZ case, the received power required for 10° BER is -22dBm,
while for the converted format it is -22.5dBm. The slope of the BER-power curve for both
converted carrier-suppressed formats decays slower than that of their original counterparts.
Therefore, at a BER of 107, the improvement in required received power can increase from
0.9dB to 1.2dB for NRZ case and from 0.5dB to 0.9dB for RZ. This would imply that the
receiver sensitivity improvement at 10° BER could be further increased if forward error
correction (FEC) is used to correct errors at 10” error-rate. However, the larger improvement in
the NRZ case was due to the entire change of data format, i.e. NRZ to RZ with the carrier being
suppressed. In RZ to CSRZ case, the signal is still return-to-zero after conversion but its carrier
was suppressed. This implies that in NRZ case, part of the improvement was attained before
transmission just because the NRZ has become CSRZ. In fact, the receiver sensitivities at the
output of the SOA-NOLM were measured (by Mohammad Halim Wahid) without transmission
for all formats using single-channel at 1555.2 nm. It was found that in the case of NRZ to CSRZ,
the received power required for the converted CSRZ for 10” BER was less than that for the
unconverted NRZ by 0.5 dB. In the case of RZ to CSRZ, the converted and unconverted formats
had almost the same required power for 10° BER. This implies that the transmission improved
the sensitivity of the CSRZ format by 0.4 dB in the case of NRZ, and 0.5 dB in the case of RZ
format.

Although the impairments of the SOA-NOLM converter limits the performance of all
formats, the results can still be useful as relative comparisons for the converted and unconverted
signals in transmission. Further work must therefore involve optimising the performance of the
loop mirror by using better SOA. However, as this particular system configuration presented
194.9km strongly dispersion-managed fibre link with ~40km maximum accumulated dispersion
and 100GHz channel spacing; it did not present huge transmission penalties for the formats
studied. This can be understood as the majority of the nonlinear contribution comes from self-
phase modulation (SPM) of the individual signals. More considerable improvement would be
expected if the transmission configuration is modified to demonstrate significant four-wave
mixing (FWM) by using lower local dispersion, e.g. DSF, or higher inter-channel crosstalk by

using lower channel spacing.
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5.4 Summary

This chapter has presented one possible technique that can be used to enhance the
performance of the single and WDM transmission system through choosing a suitable modulation
format. The chapter has particularly considered the CSRZ format that, in general, is expected to
deliver excellent performance due to its high tolerance to nonlinear effects and chromatic
dispersion compared to the conventional NRZ and RZ formats. More specifically, the chapter
has intended to examine the performance of a CSRZ format after all-optical conversion from
NRZ and RZ formats using a semiconductor laser amplifier based nonlinear optical loop mirror
(SOA-NOLM). This is because of the recent interest that has been received by the all-optical
devices which are considered to be of key importance in future all-optical networks. The chapter
started by discussing the main principle of the conversion from NRZ/RZ to CSRZ format using a
conventional electro-optic modulator. It then explained the principle of the all-optical format
conversion using an SOA-NOLM. After that, the experimental work of this chapter has been
presented. It was divided into two parts: single-channel and WDM channels, where both parts
have presented conversion and transmission results.

For single-channel, the SOA-NOLM converter setup and conversion results have been
shown for a 10Gbit/s signal being converted from both NRZ and RZ to CSRZ. The optimum
power range of the input RZ signal for good conversion to CSRZ format has been shown. Then, a
transmission results for the converted CSRZ and original NRZ/RZ signals over long distance has
been demonstrated using a recirculating loop. The BER performance versus distance for the
converted signal was compared with that for the original signals. The comparisons were all
performed with the loop mirror in place so that any signal or noise degradation introduced by the
SOA-NOLM was common to all measurements. The CSRZ signal has shown superiority to the
unconverted signals during transmission using relatively high launch power. The SOA-NOLM
has shown no chirp introduced to any input signal that can be the reason for such improvement in
one format than the other.

For WDM channels, the SOA-NOLM converter setup and conversion results have been
shown for 4x10Gbit/s WDM signals with 100GHz spacing. The optical conversion bandwidth
and limitations for the all-optical converter device have also been presented. Then, a transmission
results over a 194.9km in-line fibre span for the all-optical converted CSRZ signal and its
original NRZ/RZ have been demonstrated. The receiver sensitivity for the converted four
wavelengths was compared with the sensitivity for the original NRZ and RZ counterparts. It has

been shown that the power required for 10”7 BER is less for the converted CSRZ format in all
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signals. More significant improvement should be expected if the system uses fibres with low
local dispersion, or less channel spacing so more inter-channel interaction is induced.

In general, the SOA-NOLM converter limits the performance of all formats in both single
and WDM experiments, but the results can still be used to show relative performance for the
converted and unconverted signals in transmission. This would imply that further work must be
performed on optimising the performance of the loop mirror by using better characteristics in the
SOA. Having achieved an all-optical converter with the same quality of the normal electro-optic
converters (which has never been shown in any all-optical application due to the instability
problem), the WDM networks can replace the existing electro-optic converters with the all-

optical ones so the networks can save a lot of electronics hence become more cost-effective.
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Chapter 6

Conclusions and future work

This thesis has investigated WDM communication systems as applied to legacy
communication links. The research has presented a development of line monitoring technique
that can be used to monitor the WDM communication link. It has also compared different
techniques involving: transmitter designs, bit patterning and modulation formats. All these
studies can be used for upgrading the legacy optical fibre communication systems that now exist.

The first chapter has given an introduction to optical fibre communications presenting the
main features of using optical fibres in the systems. It has also discussed the main system
components which involved the design of the transmitter, fibre link and receiver. The chapter has
then presented the main problems that limit the performance of the optical fibre communication
system and their solutions. The problems involved the fibre loss, dispersion, nonlinear effects
(that arise at high launch power) and birefringence. The solutions included discussions about
optical amplifiers (particularly EDFAs) that compensate for the fibre losses, and dispersion-
compensating fibres (DCFs) that compensate for the dispersion of single-mode fibres (SMFs).

The second chapter has demonstrated the basic experimental techniques that can be used in
laboratories to simulate the real optical fibre communication systems. It included the main
principles of generating and detecting different optical data signals involving single-channel,
WDM and OTDM signals. Results of generating 10Gbit/s data using single and WDM channels
have been presented as well as 40Gbit/s data using OTDM. After that, the main principles of
designing and operating the recirculating loop which is used to simulate long-haul optical
transmission link have been presented. This has included the main design issues such as power
and dispersion management of the loop. All measurements techniques that are used for
characterising the performance of the recirculating loop system have been demonstrated.
Experimental results for dispersion, Q-value and OSNR measurements have been presented.

The first experimental investigation of this thesis has demonstrated a line monitoring
equipment (LME) that can be suitable for monitoring the optically amplified long-haul undersea
systems. The technique is based on setting up a simple, passive, low cost high-loss optical
loopback circuit after each amplifier. This loopback circuit provides a connection between the
existing two undersea fibres and can be used to find fault location. Fault location is defined by
transmitting a low power supervisory signal (referred to as LME signal) along with the WDM

data signals where a portion of the overall light is attenuated and returned to the transmit terminal
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by the loopback circuit. An LME receiver extracts the weakly returned LME signal and analyse
it. An oscilloscope can show different LME pulses corresponding to different optical amplifiers,
where the degradation in any amplifier will be observed on its corresponding LME signal. The
chapter started by comparing the proposed high-loss loopback LME system with other line
monitoring techniques, specifically the OTDR. It has said that the OTDR method is relatively
expensive as it is based on optical coherent detection rather than electrical coherent detection. It
also tends to be used out-of-service in the case of a fibre break because it requires high optical
power levels which can badly affect the in-service signals performance. The proposed LME
technique therefore has low cost as well as it can be performed in-service and out-of-service. The
chapter has then presented two different approaches for the proposed high-loss loopback LME
system. The first approach uses an in-band LME signal where the supervisory signal is a
modulated signal that is superimposed by the data traffic signals, and the second approach uses
an out-of-band LME signal, where the supervisory signal has its own wavelength. The LME
experiment has employed the out-of-band LME signal and the system can be referred to as “out-
of-band LME system” or “pulsed LME system”. The performance analysis of this LME system,
including OSNR and measurement time of the received LME signal, has been presented. It has
been found that the measurement time for the out-of-band LME signal is reduced from an order
of 3 hours as in the in-band LME signal to 1 minute. The system prototype for the out-of-band
LME has been demonstrated, including the architecture of the LME transmitter and receiver as
well as the basic setup of the high-loss loopback circuit that connects between forward and
backward paths. The forward path used a recirculating loop for long-haul transmission while the
backward path used only noise source and backward data traffic. This of course allowed
examining the LME over single direction through the forward path. The whole LME
experimental setup based on such prototype has then been demonstrated using two WDM data
signals plus the LME signal in the forward path, and two similar WDM data signals in the
backward path. The forward and backward data signals had different wavelengths where the
separation between the adjacent signals including the LME was Inm. The forward direction
recirculating loop had 200km dispersion-managed fibre spans using SMF-DCF configuration.
The experiment started by measuring the performance of the recirculating loop including
dispersion and OSNR. It was found that the dispersion of the loop was not fully managed where
it had a total dispersion of 0.5ps/nm/km at 1550nm. Nevertheless, this loop setup was still usable
for the first experimental part which was designated to test the feasibility of the proposed LME

receiver in recovering the LME signal after 45dB loopback attenuation and after long
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transmission distance. This decision was based on that the LME pulse was wide enough (500ps)
so that the dispersion effect can be negligible. The experiment had low LME power at the start so
the receiver was able to detect the LME signal after 36dB loopback attenuation at most. The
LME power was increased until the receiver became able to recover the LME signal after the
aimed 45dB loopback attenuation. The effect of the optical notch filter bandwidth to the LME
performance has also been presented, showing that the narrower the bandwidth; the more
loopback attenuation can be used. The recovered LME signal has been analysed through the
clectrical signal-to-noise ratio (€SNR) measurements. The chapter has then shown a study of the
effect of the LME signal to the co-propagating data traffic signals. For this investigation, the
recirculating loop had further dispersion management such that the overall dispersion became
around Ops/nm/km in the operating wavelength region. Moreover, the performance of the loop
was further improved by changing the loop configuration from periodic dispersion map to
symmetric dispersion map thus an additional SPM effect has been avoided. As a result, it was
shown that the LME signal would have no considerable effect to the adjacent data signals even
when its power becomes comparable to the data signals power. The opposite effect has also been
studied i.e. the effect of the data signals to the co-propagating LME signal. It was found that a
considerable degradation in the LME eSNR would appear if the spacing between the LME signal
and its adjacent signals is less than 0.6nm, although the LME signal was still being detected until
0.4nm spacing. The last investigation for the LME has involved studying the effect of the
receiver averaging to the eSNR performance of the LME signal. A gain-flattening filter (GFF)
has been added to the recirculating loop at the time of this stage so the system performance has
been further improved. This part has proven that the performance of the LME signal improves
linearly as the number of the receiver averages increases. This enabled a recovery of the LME
signal after ~5400km distance and ~45dB attenuation in the loopback circuit while the LME
signal was lower than the WDM data signals by ~10dB. Future work on the LME can involve
examining the LME performance over a full dual-path system by setting two symmetric
recirculating loops as shown in figure 6.1. This will require that the two loops are triggered by
single digital delay generator, so that both paths have the same distance at one experimental run.
This will of course increase the similarity between the experiment and the real system where the
LME can be tested on each path individually. Having provided two LME sets, i.e. LME
transmitter and receiver, the system can monitor both directions simultaneously where one LME

signal will be transmitted over each path. Furthermore, the LME experiment can be performed
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using larger number of WDM data traffic signals, e.g. 5x10Gbit/s WDM signal or more, so the

experiment simulates systems of larger capacity.
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Figure 6.1 Dual-path LME system.

Chapter 4 has investigated a patterning effect, specifically by changing the number of the
1s and Os in random data, to the performance of a WDM communication system. This study was
based on one concept of the information theory which says that the probability of errors in the 1
and 0O bits is different for linear and nonlinear optical transmission systems. In linear system, if
the noise is additive at the receiver the probability of errors in the 1 and O bits is almost the same.
This gives that the ideal proportion of the 1s and Os in linear transmission can be 50%, which is
indeed good selection as it represent the maximum possible information transmitted and
simplifies the receiver design. In practice, the probability of errors in the 1 is larger than that of
the 0 during transmission due to a larger ASE contribution on the 1, which is known as signal-
spontaneous beat noise. This means that 50% is not necessarily the best selection for linear
transmission if the difference in the probabilities is too large. In nonlinear system, the 1-bits have
much larger probability of errors due to nonlinear interaction while the noise effect is negligible,

giving that 50% (theoretically) cannot be ideal for nonlinear transmission. For instance, if the
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number of 1s increases at the transmitter, the pulse energy at the input to fibre spans will decrease
because the amplifiers’ output power is constant. This will reduce the nonlinear impairments
during transmission thus the system performance improves. In contrast, if the number of 1s
decreases, opposite results would be expected as the pulse energy will increase i.e. more
nonlinearities will be introduced. However, forward error correction (FEC) technique has been
given as an example for the applications that can use this study. In FEC, additional information
are transmitted along with the original data which can be used at the receiver to correct errors
occurred during transmission. Therefore, if the input data to the FEC encoder was balanced i.e.
had approximately 50% 1s, the extra bits would increase the bit-rate of the data and unbalance
fraction of the 1s and Os. This is usually solved by adding a digital scrambler which re-balances
the data back to 50% before transmission. This can be useful for systems operating near the linear
regime and there is no strong difference in the noise contribution between the 1s and Os. The
main investigation was therefore performed to prove that such additional scrambler would not be
required if the system operates in the nonlinear regime in case that the output of the FEC encoder
has more than 50% of 1s. The experiment of this chapter has actually been split into two parts;
linear and nonlinear experiments. For linear experiment, the objective was to show if the 50%
fraction is the ideal selection or considerable improvement can be attained with different fractions
of 1s and Os due to different error probabilities. Both linear and nonlinear experiments used
5x10Gbit/s WDM signals propagating through SMFs and DCFs in a recirculating loop. The
linear experiment used 52km recirculating loop, including SMFs and DCFs, with sufficiently low
launch power to ensure linear operation. The OSNR and Q-value performance of the loop have
been presented for 50% 1s. Then, this performance has been compared with that for highly
unbalanced data, i.e. 25% and 75, where the results have shown little change in the system
performance. Since the unbalancing in FEC coding is much smaller than the fractions presented,
no considerable effect would be expected in the overall system performance. Again, the above
results were all assuming constant power over the fibre link. Therefore, for comparison,
experimental results have been presented if the pulse energy was kept constant, i.e. the total
average power was larger for more Is and smaller for more Os. The results have shown better
performance for more ls due to an improvement in the OSNR hence Q-value, and worse
performance for less 1s due to a degradation in the OSNR. For nonlinear experiment, the loop
used 194.9km recirculating loop, using SMFs and DCFs as well. The optimum power has been
measured to define the nonlinear power region. The OSNR and BER performance of the system

have been presented for 50% 1s with the optimum power. The launch power was then increased
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by 3dB to ensure high nonlinearities during transmission. The performance has been shown for
50%, 25% and 75% 1s using constant power into the loop fibres. The results have shown
considerable improvement for more 1s due to the decrease in the pulse energy hence less
nonlinear interaction, and considerable degradation for more Os due to the increase in the pulse
energy hence more nonlinear interaction. Because of that, the experiment was run with small
changes of the fraction, e.g. 47%, 53%, to simulate the FEC coding effect. It has been shown that
the performance improved almost linearly with more 1s and degraded with more Os. This was due
to an increase and decrease in the nonlinear interaction, respectively. It has been shown that the
signals had distortion and spectral broadening with less 1s i.e. higher pulse energy. The majority
of this nonlinear effect can be from SPM because the system used high local dispersion fibres and
large channel spacing, thus the XPM and FWM contribution can be negligible. As a result, the
above results can be used in FEC encoders that adds more 1s to the data, thus the additional
scrambler can be saved if the system is using high power. This is basically because the more Is in
the transmitted data; the better performance, thus there is no need for re-balancing the data back
to 50%. If the encoder adds more Os, the data can be inversed for transmission and then re-
inversed back to the original bit stream at the receiver, thus the scrambler is also saved. Again,
for comparison purpose, the transmission results have been shown where the pulse energy was
fixed at the input to the fibres. The performance has improved as the fraction increases until 65%.
Although the OSNR keeps increasing, the large fractions had interaction between the pulses
because they had more successive 1s in the data. Future work on this chapter can involve using
fibres with low local dispersion, e.g. DSF, or less channel spacing (as applied to DWDM systems)
to allow more inter-channel interaction such as FWM. In this case, the above patterning effect
would be more considerable. Furthermore, the same work can be performed with using more bit-
rates i.e. 40Gbit/s data. Other patterning effects can also be examined such as using specific data
patterns rather than random data. An example of this has already been shown in [99] where the
data has used different triplets i.e. 101, 110, 001. Experimental results of this would be expected
to show different performance for different triplets due to inter-symbol interference (ISI) and
nonlinear effects. For example, the pattern 101 would, in principle, have larger error contribution
to the 0-bits due to the overlap between the 1s during transmission. This effect will be significant
if the system uses high bit-rate such as 40Gbit/s or more.

Chapter 5 has presented single and WDM transmission results after all-optical format
conversion between NRZ and RZ to CSRZ using semiconductor optical amplifier in nonlinear

optical loop mirror (SOA-NOLM). The reason for using CSRZ format was that the signal can be

152



more tolerant to nonlinear effects and chromatic dispersion than the conventional NRZ and RZ
signals. This is basically because the main frequency component is suppressed thus the power is
reduced into the fibre which in tumn reduces nonlinearities during transmission. Chromatic
dispersion can be avoided where the CSRZ has narrower spectrum than that of the NRZ and RZ
formats. This of course increases the spectral efficiency of the transmission along the fibre. The
chapter has particularly considered all-optical converter due to the recent attention that has been
given to the all-optical devices that will be the fundamental components for the future all-optical
networks. The main principle of the NRZ and RZ format conversion to CSRZ has been discussed
based on the conventional electro-optic LiINbO3 MZ modulator. Then the principle for the same
conversion using all-optical converter i.e. SOA-NOLM has been shown. The experiment of this
chapter has firstly demonstrated the all-optical conversion results for single-channel using
10Gbit/s PRBS data with 2°'-1 length. The dynamic range of the input RZ signal for RZ to CSRZ
format conversion with BER < 107 has been defined. The transmission results for the converted
CSRZ and its original NRZ/RZ signals over long distance have then been presented using
194.9km dispersion managed fibre in a recirculating loop. Since the converted signal had large
penalty due to the SOA-NOLM impairments such as ASE noise of the SOA and some other
factors, all signals were allowed to pass through the NOLM before being transmitted around the
loop. This was in order to ensure the same environment for all measurements. Having considered
this, the BER performance versus propagation distance for the converted CSRZ signal has been
compared with that for the original NRZ/RZ signals, using relatively high launch power in all
formats. The CSRZ signals have been able to propagate for further distance with acceptable
error-rate compared to the unconverted signals. This can be realised as a more tolerance to
nonlinear effects induced by the signal itself through SPM where the system used single-channel.
It has been shown that the converted and unconverted signals passed through the NOLM had
similar broadening behaviour, giving that there was no chirp introduced to one format which
could have been the reason for improvement. The WDM experiment has then been demonstrated
using 4x10Gbit/s signals with an even separation of 100GHz. The SOA-NOLM converter has
shown ability to convert the whole WDM signals with acceptable performance, 1.e. BER < 107
The converter has also shown good conversion over wide-band, i.e. ~29nm. This optical
bandwidth for the converter was mainly limited by the SOA active region. It was also limited by
additional 2dBs around the control wavelength due to incomplete removal of the control signal
by the available fibre Bragg grating. The transmission results for the whole WDM signals have

been demonstrated through BER versus received power after a 194.9km distance. The receiver
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sensitivity for the converted four wavelengths was therefore compared with the sensitivity of the
original NRZ and RZ signals. It has been shown that the CSRZ had sensitivity improvement of
about 0.9dB if converted from NRZ, and 0.5 if converted from RZ format. Future work on this
part must therefore involve minimising the penalty of the converter so that the output CSRZ can
be compared with NRZ/RZ signals generated directly from the source rather than switched out of
the loop mirror. This can be achieved by using an SOA with better characteristics, hence more
stability on the output signal. Furthermore, for more significant evaluation of the converter
performance, the same experiment must be performed using fibres with low local dispersion and
small channel spacing, so that more significant nonlinear interactions, e.g. FWM, can be
demonstrated. Moreover, the different formats of the WDM signals can be examined over long
distance through a recirculating loop as done for single-channel. This was disabled in this chapter
due to the high instability caused by the ASE noise and the nonlinear effects in the SOA such as
cross-gain modulation and FWM, which were much more considerable in WDM operation.

As an overall conclusion, the performance of legacy WDM communication systems can be
enhanced using different techniques such as the techniques discussed in this thesis. These
techniques are mainly based on changing the transmitter design or transmitted signals parameters,
but nothing to do with the legacy transmission link itself. This was clearly seen in chapters 4 and
5 while changing the patterns and modulation formats of the transmitted data. It was also seen in
the LME work, where a supervisory transmitter/receiver were set up at the original WDM
transmit terminal. Although the LME requires a high-loss loopback circuit being set up at every
repeater of the transmission link, it should not change the fundamental configuration of the
legacy fibre link. In addition, since the loopback circuits have passive components, they are
expected to last for very long time assuming good protection. This implies that no more
installation is required after the initial set up unless in the event of fault where instant upgrading
is required. Other techniques can be used to upgrade legacy systems using the same principle (i.e.
changes are only made at the terminals) such as using different filters at the transmitter or
receiver.

In principle, the techniques discussed here can all be mixed up for further improving the
legacy system. For instance, the transmitter can employ FEC technique using the advantage of
the patterning effect discussed here as well as a CSRZ modulation format for more
nonlinearity/dispersion tolerance. Line monitoring can also be used in association with the other
techniques so that the system is being provided with continuous monitoring during operation.

However, using all-optical CSRZ generation can be employed only if the all-optical device is
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perfectly stable, which has not been achieved here nor elsewhere. This gives that the legacy
systems cannot employ such a device but can sill use electro-optic modulators for generating
CSRZ signal or any other suitable format. This in fact can apply to the other all-optical
processing such as demultiplexing or signal regeneration where the conventional electro-optic
devices can still be used. However, other modulation formats such as CRZ or duobinary can also
be used in upgrading legacy WDM systems depending on the system parameters such as system

length, fibre type and capacity.
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ANALOG
DEVICES

Low Power Mixer
3 V Receiver IF Subsystem

AD607

FEATURES
Complete Receiver-on-a-Chip: Monoceiver® Mixer
-15 dBm 1 dB Compression Point
-8 dBm Input Third Order Intercept
500 MHz RF and LO Bandwidths
Linear IF Amplifier
Linear-in-dB Gain Control
Manual Gain Control
Quadrature Demodulator
On-Board Phase-Locked Quadrature Oscillator
Demodulates IFs from 400 kHz to 12 MHz
Can Also Demodulate AM, CW, SSB
Low Power
25 mWat3V
CMOS Compatible Power-Down
Interfaces to AD7013 and AD7015 Baseband Converters

APPLICATIONS

GSM, CDMA, TDMA, and TETRA Receivers
Satellite Terminals

Battery-Powered Communications Receivers

GENERAL DESCRIPTION

The AD607 is a 3 V low power receiver IF subsystem for opera-
tion at input frequencies as high as 500 MHz and IFs from
400 kHz to 12 MHz. It consists of a mixer, IF amplifiers, | and
Q demodulators, a phase-locked quadrature oscillator, and a
biasing system with external power-down.

The AD607’s low noise, high intercept mixer is a doubly
balanced Gilbert cell type. It has a nominal ~15 dBm input
referred 1 dB compression point and a -8 dBm input referred
third order intercept. The mixer section of the AD607 also
includes a local oscillator (LO) preamplifier, which lowers the
required LO drive to -16 dBm.

In MGC operation, the AD607 accepts an external gain-control
voltage input from an external AGC detector or a DAC.

Monoceiver is a registered trademark of Analog Devices, Inc.

REV.C

Information furnished by Analog Devices is believed to be accurate and
reliable. However, no responsibility is assumed by Analog Devices for its
use, nor for any infringements of patents or other rights of third parties that
may result from its use. No license is granted by implication or otherwise
under any patent or patent rights of Analog Devices.

PIN CONFIGURATION

20-Lead SSOP

(RS Suffix)
ron[1]e 2] vps1
com [2] 9] FLTR
pRUP [3] 18] 10uT
Low [4] 17] aout
rreo[5| ADG07  [16] ves2

TOP VIEW
RFHI E {Not to Scale) 1—_5] DmIp

aReF [7] 14] IFop

mxop [8] [13] com2

vmip [9] 12} GaIN
iFHt [10 1] iFLo

The I and Q demodulators provide in-phase and quadrature
baseband outputs to interface with Analog Devices’ AD7013
(1S54, TETRA, MSAT) and AD7015 (GSM) baseband con-
verters. A quadrature VCO phase-locked to the IF drives the I
and Q demodulators. The I and Q demodulators can also
demodulate AM; when the AD607’s quadrature VCO is phase-
locked to the received signal, the in-phase demodulator becomes
a synchronous product detector for AM. The VCO can also be
phase-locked to an external beat-frequency oscillator (BFO),
and the demodulator serves as a product detector for CW or
SSB reception. Finally, the AD607 can be used to demodulate
BPSK using an external Costas Loop for carrier recovery.

One Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A.
Tel: 781/329-4700 www.analog.com
Fax: 781/326-8703 © Analog Devices, Inc., 2002



ADBU 7"'SPEC I FI CATI U NS (@ T, = 25°C, Supply = 3.0V, IF = 10.7 MHz, unless otherwise noted.)

ADG07ARS
Model Conditions Min Typ Max Unit
DYNAMIC PERFORMANCE
MIXER
Maximum RF and LO Frequency Range | For Conversion Gain > 20 dB 500 MHz
Maximum Mizer Input Voltage For Linear Operation; Between RFHI and RFLO +54 mV
Input 1 dB Compression Point RF Input Terminated in 50 Q -15 dBm
Input Third-Order Intercept RF Input Terminated in 50 Q -5 dBm
Noise Figure Matched Input, Max Gain, f = 83 MHz, IF = 10.7 MHz 14 dB
Matched Input, Max Gain, f = 144 MHz, IF = 10.7 MHz 12 dB
Maximum Output Voltage at MXOP Zr = 165 Q, at Input Compression +1.3 \Y
Mixer Output Bandwidth at MXOP -3dB, Z=165Q 45 MH:z
LO Drive Level Mixer LO Input Terminated in 50 Q -16 dBm
LO Input Impedance LOIP to VMID 1 kQ
Isolation, RF to IF RF = 240 MHz, IF = 10.7 MHz, LO = 229.3 MHz 30 dB
Isolation, LO to IF RF =240 MHz, IF = 10.7 MHz, LO = 229.3 MHz 20 dB
Isolation, LO to RF RF =240 MHz, IF = 10.7 MHz, LO = 229.3 MHz 40 dB
Isolation, IF to RF RF = 240 MHz, IF = 10.7 MHz, LO = 229.3 MHz 70 dB
IF AMPLIFIERS
Noise Figure Max Gain, f= 10.7 MHz 17 dB
Input I dB Compression Point IF = 10.7 MHz -15 dBm
Output Third-Order Intercept IF = 10.7 MHz 18 dBm
Maximum IF Output Voltage at IFOP Zy= 600 Q 1560 mV
Output Resistance at [FOP From IFOP to VMID 15 Q
Bandwidth -3 dB at IFOP, Max Gain 45 MHz
GAIN CONTROL (See Figures 23 and 24)
Gain Control Range Mixer + IF Section, GREFto 1.5V 90 dB
Gain Scaling GREFt0 1.5V 20 mV/dB
GREF to General Reference Voltage Vi 75/Vy dB/vV
Gain Scaling Accuracy GREF to0 1.5 V, 80 dB Span t1! dB
Bias Current at GAIN 5 LA
Bias Current at GREF 1 LA
Input Resistance at GAIN, GREF 1 MQ
I AND Q DEMODULATORS
Required DC Bias at DMIP VPOS/2 Vdc
Input Resistance at DMIP From DMIP to VMID 50 kQ
Input Bias Current at DMIP 2 LA
Maximum Input Voltage IF > 3 MHz 150 mV
IF <3 MHz 75 mV
Amplitude Balance IF = 10.7 MHz, Outputs at 600 mV p-p, F = 100 kHz 10.2 dB
Quadrature Error IF = 10.7 MHz, Ourputs at 600 mV p-p, F = 100 kHz -1.2 Degrees
Phase Noise in Degrees IF =10.7 MHz, F = 10 kHz -100 dBc/Hz
Demodulation Gain Sine Wave Input, Baseband Output 18 dB
Maximum Output Voltage Ry 220kQ +1.23 \
Output Offset Voltage Measured from Ipyr, Qour to VMID ~150 +10 +150 mV
Output Bandwidth Sine Wave Input, Baseband Output 1.5 MHz
PLL
Required DC Bias at FDIN VPOS/2 Vdc
Input Resistance at FDIN From FDIN to VMID 50 kQ
Input Bias Current at FDIN 200 nA
Frequency Range 0.41012 MHz
Required Input Drive Level Sine Wave Inpurt at Pin 1 400 mV
Acquisition Time to £3° IF = 10.7 MHz 16.5 s
POWER-DOWN INTERFACE
Logical Threshold For Power Up on Logical High 2 Vdc
Input Current for Logical High 75 LA
Turn-On Response Time To PLL Locked 16.5 us
Standby Current 550 HA
POWER SUPPLY
Supply Range 2.92 5.5 \Y
Supply Current Midgain, IF = 10.7 MHz 8.5 mA
OPERATING TEMPERATURE
Tammn 1o Tamax Operation to 2.92 V Minimum Supply Voltage -25 +85 °C
Operation to 4.5 V Minimum Supply Voltage -40 +85 °C
Specifications subject to change without notice.
o REV. C



ADGO7

ABSOLUTE MAXIMUM RATINGS!

Supply Voltage VPS1, VPS2 to COM1, COM2 ....... 55V

Internal Power Dissipation® ... ................. 600 mW

2.92V to 5.5 V Operating Temperature Range
.................................. -25°C 1o +85°C

.................................. -40°C 1o +85°C

Storage Temperature Range ............ -65°C 10 +150°C
Lead Temperature Range (Soldering 60sec) ......... 300°C
NOTES

! Stresses above those listed under Absolute Maximum Rating may cause perma-
nent damage to the device. This is a stress rating only; functional operation of the
device at these or any other conditions above those indicated in the operational
section of this specification is not implied. Exposure to absolute maximum rating
conditions for extended periods may affect device reliability.

2 Thermal Characteristics: 20-lead SSOP Package: Bja = 126°C/W.

CAUTION

ORDERING GUIDE

Temperature Package Package
Model Range Description Option
ADG607ARS | -25°C to +85°C 20-Lead Plastic | RS-20

for2.92Viw55V
Operation; —~40°C

to +85°C for 4.5V
to 5.5 V Operation

SSOP

ESD (electrostatic discharge) sensitive device. Electrostatic charges as high as 4000 V readily
accumulate on the human body and test equipment and can discharge without detection, Although the
ADG607 features proprietary ESD protection circuitry, permanent damage may occur on devices
subjected to high energy electrostatic discharges. Therefore, proper ESD precautions are recommended

to avoid performance degradation or loss of functionality.
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PIN FUNCTION DESCRIPTIONS

Pin | Mnemonic Reads Function

1 FDIN Frequency Detector Input PLL Input for I/Q Demodulator Quadrature Oscillator, £400 mV
Drive Required from External Oscillator. Must be biased at Vp/2.

2 COM1 Common #1 Supply Common for RF Front End and Main Bias

3 PRUP Power-Up Input 3 V/5 V CMOS compatible power-up control; logical high =
powered-up; max input level = VPS1 = VPS2.

4 LOIP Local Oscillator Input LO input, ac-coupled £54 mV LO input is required (-16 dBm for
50 Q input termination).

5 RFLO RF “Low” Input Usually Connected to AC Ground

6 RFHI RF “High” Input AC-Coupled, £56 mV, Max RF Input for Linear Operation

7 GREF Gain Reference Input High Impedance Input, typically 1.5 V, sets gain scaling.

8 MXOP Mixer Output High Impedance, Single-Sided Current Output, £1.3 V Max
Voltage Output (6 mA Max Current Output)

9 VMID Midsupply Bias Voltage Output of the Midsupply Bias Generator (VMID = VPOS/2)

10 IFHI IF “High” Input AC-Coupled IF Input, 56 mV Max Input for Linear Operation

11 IFLO IF “Low” Input Reference Node for IF Input; Auto-Offset Null

12 GAIN Gain Control Input High Impedance Input, 0 V-2 V Using 3 V Supply, Max Gain at
V=0

13 COM2 Common #2 Supply Common for IF Stages and Demodulator

14 IFOP IF Output Low Impedance, Single-Sided Voltage Output, 5 dBm
(560 mV) Max

15 DMIP Demodulator Input Signal input to I and Q demodulators has a +150 mV max input
at IF > 3 MHz for linear operation; 75 mV max input at IF < 3 MHz
for linear operation. Must be biased at Vp/2.

16 VPS2 VPOS Supply #2 Supply to High Level IF, PLL, and Demodulators

17 QouT Quadrature Output Low Impedance Q Baseband Output; £1.23 V Full Scale in 20 kQ
Min Load; AC-Coupled

18 10UT In-Phase Output Low Impedance I Baseband Output; £1.23 V Full Scale in 20 kQ
Min Load; AC-Coupled

19 FLTR PLL Loop Filter Series RC PLL Loop Filter, Connected to Ground

20 VPS1 VPOS Supply #1 Supply to Mixer, Low Level IF, PLL, and Gain Control

PIN CONNECTION
20-Lead SSOP (RS-20)

Foin[1] @ 20 vps1
com1[2] 1] FLTR
PRUP E 15] ouTt

cor [4] 7] aout
ArLo[5] ADG07  [16] ves2

RFHI E (NTo?foVS‘E:l’e) E DMiP
GReF[7 1] iFop
mxop [ 8] [13] comz
vmio [8] 12] Gamn

i1 [10] 1] iFLo
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Typical Performance Characteristics—AD607
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TPC 8. PLL Acquisition Time T=25°C, VPOS =3V, IF=10.7 MHz
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BASE = 500us/DIV DELAY = 40.2377ms

MEMORY t = 100.0mV/DIV OFFSET = 154.0mV
TIMEBASE = 5.00ps/DIV DELAY = 40.2377ms
MEMORY 2 = 60.00mV/DiV OFFSEY = 209.0mV
TIMEBASE = 5.00ps/DiV DELAY = 40.2377ms
DELTAT = 15.7990ps

START = 40.2327ms sTOP = 40.2485ms

TRIGGER ON EXTERNAL AT POS. EDGE AT 40.0mV

TPC 18. Power-Up Response Time to PLL Stable
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TPC 18. Power Supply Current vs. Gain Control Voltage,
GREF =15V

PRODUCT OVERVIEW

The AD607 provides most of the active circuitry required to
realize a complete low power, single-conversion superhetero-
dyne receiver, or most of a double-conversion receiver, at input
frequencies up to 500 MHz, and an IF from 400 kHz to 12 MHz.
The internal I/Q demodulators and their associated phase-
locked loop, which can provide carrier recovery from the IF,
support a wide variety of modulation modes, including
n-PSK, n-QAM, and AM. A single positive supply voltage of 3 V
is required (2.92 V minimum, 5.5 V maximum) at a typical
supply current of 8.5 mA at midgain. In the following discus-
sion, Vp will be used to denote the power supply voltage, which
will be assumed to be 3 V.

Figure 13 shows the main sections of the AD607. It consists of a
variable gain UHF mixer and linear four-stage IF strip, which
together provide a voltage controlled gain range of more than

90 dB; dual demodulators, each comprising a multiplier fol-
lowed by a two-pole, 2 MHz low-pass filter; and a phase-locked
loop providing the inphase and quadrature clocks. A biasing
system with CMOS compatible power-down completes the
AD607.

Mixer

The UHF mixer is an improved Gilbert cell design, and can
operate from low frequencies (it is internally dc-coupled) up to
an RF input of 500 MHz. The dynamic range at the input of the
mixer is determined at the upper end by the maximum input
signal level of 56 mV between RFHI and RFLO up to which the
mixer remains linear, and at the lower end by the noise level, It is
customary to define the linearity of a mixer in terms of the 1 dB
gain-compression point and third order intercept, which for the
ADG607 are -15 dBm and -8 dBm, respectively, in a 50 Q system.

P
{ BPF}

4 < BPF OR
b
> b LPF
~/
VMID %
MIDPOINT =
BIAS
GENERATOR
? ?4 ’IGAIN
VPS1
BIAS 1 PTAT GREF
vPS2 GENERATOR VOLTAGE AD607
PRUP
COM1 COM2

Figure 13. Functional Block Diagram
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The mixer’s RF input port is differential, that is, pin RFLO is
functionally identical to RFHI, and these nodes are internally
biased; we will generally assume that RFLO is decoupled to ac
ground. The RF port can be modeled as a parallel RC circuit as
shown in Figure 14.

AD607

¢ c2 RFH!
g CiNn SRiN
L RFLO %
C1,C2, L1: OPTIONAL MATCHING CIRCUIT
C3: COUPLES RFLO TO AC GROUND

Figure 14. Mixer Port Modeled as a Parallel RC Network;
an Optional Matching Network Is also Shown

The local oscillator (LO) input is internally biased at Vp/2 via a
nominal 1000 Q resistor internally connected from pin LOIP to
VMID. The LO interface includes a preamplifier that minimizes
the drive requirements, thus simplifying the oscillator design
and reducing LO leakage from the RF port. Internally, this
single-sided input is actually differential; the noninverting input
is referenced to Pin VMID. The LO requires a single-sided
drive of £50 mV, or =16 dBm in a 50  system.

The mixer’s output passes through both a low-pass filter and a
buffer, which provides an internal differential to single-ended
signal conversion with a bandwidth of approximately 45 MHz.
Its output at Pin MXOP is in the form of a single-ended cur-
rent. This approach eliminates the 6 dB voltage loss of the usual
series termination by replacing it with shunt terminations at
both the input and the output of the filter. The nominal conver-
sion gain is specified for operation into a total IF band-pass
filter (BPF) load of 165 Q, that is, a 330 Q filter doubly-termi-
nated as shown in Figure 14. Note that these loads are con-
nected to bias point VMID, which is always at the midpoint of
the supply (that is, Vp/2).

The conversion gain is measured between the mixer input and
the input of this filter, and varies between 1.5 dB and 26.5 dB
for a 165 Q load impedance. Using filters of higher impedance,
the conversion gain can always be maintained at its specified
value or made even higher; for filters of lower impedance, of say
Zo, the conversion gain will be lowered by 10 log,,(165/Z).
Thus, the use of a 50 Q filter will result in a conversion gain that
is 5.2 dB lower. Figure 15 shows filter matching networks and
Table I lists resistor values.

0} IFHI

1) IFLO

Figure 15. Suggested IF Filter Matching Network. The
Values of R1 and R2 Are Selected to Keep the Impedance
at Pin MXOP at 165 Q

Table I. Filter Termination Resistor Values for

Common IFs

Filter Filter Termination Resistor
IF Impedance Values* for 24 dB of Mixer Gain
R1 R2 R3
450 kHz 1500 Q 174 Q 1330 Q 1500 Q
455 kHz 1500 Q 174 Q 1330 Q 1500 Q
6.5 MHz |1000Q 215 Q 787 Q 1000 Q
10.7 MHz |330Q 330 Q 0Q 330 Q

*Resistor values were calculated such that R1+ R2 = Z ) 1y and

R (R2 + Zyqper) = 165 Q.

The maximum permissible signal level at MXOP is determined
by both voltage and current limitations. Using a 3 V supply and
VMID at 1.5 V, the maximum swing is about 1.3 V. To attain
a voltage swing of £ 1 V in the standard IF filter load of 165 Q
requires a peak drive current of about £6 mA, which is well
within the linear capability of the mixer. However, these upper
limits for voltage and current should not be confused with issues
related to the mixer gain, already discussed. In an operational
system, the AGC voltage will determine the mixer gain, and
hence the signal level at the IF input Pin IFHI; it will always be
less than £56 mV (15 dBm into 50 Q), which is the limit of the
IF amplifier’s linear range.

IF Amplifier

Most of the gain in the AD607 arises in the IF amplifier strip,
which comprises four stages. The first three are fully differential
and each has a gain span of 25 dB for the nominal AGC voltage
range. Thus, in conjunction with the mixer’s variable gain, the
total gain exceeds 90 dB. The final IF stage has a fixed gain of
20 dB, and it also provides differential to single-ended conversion.

The IF input is differential, at IFHI (noninverting relative to the
output IFOP) and IFLO (inverting). Figure 16 shows a simpli-
fied schematic of the IF interface. The offset voltage of this
stage would cause a large dc output error at high gain, so it is
nulled by a low pass feedback path from the IF output, also
shown in TPC 13. Unlike the mixer output, the signal at IFOP
is a Jow-impedance single-sided voltage, centered at Vp/2 by the
dc feedback loop. 1t may be loaded by a resistance as low as

50 Q, which will normally be connected to VMID.

{IFOP

% OFFSET FEEDBACK

Figure 16. Simplified Schematic of the IF Interface
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The IF’s small-signal bandwidth is approximately 45 MHz from
IFHI and IFLO through IFOP. The peak output at IFOP is
+560 mV at Vp = 3 V and £400 mV at the minimum Vp of
2.92 V. This allows some headroom at the demodulator inputs
(Pin DMIP), which accept a maximum input of £150 mV for
IFs > 3 MHz and +75 mV for IFs £ 3 MHz (at IFs £ 3 MHz,
the drive to the demodulators must be reduced to avoid saturat-
ing the output amplifiers with higher order mixing products that
are no longer removed by the on-board low pass filters).

Since there is no band-limiting in the IF strip, the output-
referred noise can be quite high; in a typical application and
at a gain of 75 dB, it is about 100 mV rms, making post-IF filtenng
desirable. IFOP may be also used as an IF output for driving
an A/D converter, external demodulator, or external AGC
detector. Figure 17 shows methods of matching the optional
second IF filter.

a. Biasing DMIP from Power Supply (Assumes BPF
AC-Coupled Internally)

b. Biasing DMIP from VMID (Assumes BPF AC-Coupled
Internally)

Figure 17. Input and Output Matching of the Optional
Second IF Filter

Gain Scaling and RSSI

The AD607’s overall gain, expressed in decibels, is linear-in-dB
with respect to the AGC voltage Vg at Pin GAIN. The gain of
all sections is maximum when Vg is zero, and reduces progres-
sively up to Vg = 2.2 V (for Vp = 3 V; in general, up to a limit
Vp- 0.8 V). The gain of all stages changes in parallel. The AD607
features temperature compensation of the gain scaling. The gain
control scaling is proportional to the reference voltage applied to
the Pin GREF. When this pin is tied to the midpoint of the
supply (VMID), the scale is nominally 20 mV/dB (50 dB/V) for
Vp =3 V. Under these conditions, the lower 80 dB of gain range
(mixer plus IF) corresponds to a contro] voltage of 0.4 V <
Vg € 2.0 V. The final centering of this 1.6 V range depends on
the insertion losses of the IF filters used. More generally, the gain
scaling using these connections is Vp/150 (volts per dB), so scale
becomes 33.3 mV/dB (30 dB/V) using a 5 V supply, with a
proportional change in the AGC range, to 0.33 VS V5<3 V.,

~16-

Table II lists gain control voltages and scale factors for power
supply voltages from 2.92 Vto 5.5V

Alternatively, Pin GREF can be tied to an external voltage
reference (Vg) from, for example, an AD1582.(2.5 V) or
AD1580 (1.21 V) voltage reference, to provide supply-
independent gain scaling of Vg/75 (volts per dB). When using
the Analog Devices’ AD7013 and AD7015 baseband converters,
the external reference may also be provided by the reference
output of the baseband converter (Figure 18). For example, the
AD7015 baseband converter provides a Vi of 1.23 V; when
connected to GREEF, the gain scaling is 16.4 mV/dB (60 dB/V).
An auxiliary DAC in the AD7015 can be used to generate the
MGC voltage. Since it uses the same reference voltage, the
numerical input to this DAC provides an accurate RSSI value
in digital form, no longer requiring the reference voltage to have
high absolute accuracy.

AD607 AD7013 OR
R AD7015
ouT Q IADC
Qour Q QADC
VMID O TABT
O GADC
GREF( O REFOUT(AD7015)
BYPASS{AD7013)

Figure 18. Interfacing the AD607 to the AD7013 or AD7015
Baseband Converters

I/Q Demodulators

Both demodulators (I and Q) receive their inputs at Pin DMIP.
Internally, this single-sided input is actually differential; the
noninverting input is referenced to Pin VMID. Each demodula-
tor comprises a full-wave synchronous detector followed by a

2 MHz, two-pole low-pass filter, producing single-sided outputs
at pins JOUT and QOUT. Using the I and Q demodulators for
IFs above 12 MHz is precluded by the 400 kHz to 12 MHz
response of the PLL used in the demodulator section. Pin DMIP
requires an external bias source at Vp/2; Figure 19 shows
suggested methods.

Outputs IOUT and QOUT are centered at Vp/2 and can swing
up to £1.23 V even at the low supply voltage of 2.92 V. They can
therefore directly drive the RX ADCs in the AD7015 baseband
converter, which require an amplitude of 1.23 V to fully load
them when driven by a single-sided signal. The conversion gain of
the I and Q demodulators is 18 dB (X8), requiring a maxi-
mum input amplitude at DMIP of £150 mV for IFs > 3 MHz.
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a. Biasing DMIP from Power Supply (Assumes BPF
AC-Coupled Internally)

Rt

AAA,
VW

écsvnss

b. Biasing DMIP from VMID (Assumes BPF
AC-Coupled Internally}

Figure 19. Suggested Methods for Biasing Pin DMIP
at VP/2

For IFs < 3 MHz, the on-chip low-pass filters (2 MHz cutoff)
do not attenuate the IF or feedthrough products. Thus, the
maximum input voltage at DMIP must be limited to £75 mV
to allow sufficient headroom at the I and Q outputs for not only
the desired baseband signal, but also the unattenuated higher-
order demodulation products. These products can be removed
by an external low-pass filter. In the case of IS54 applications
using a 455 kHz IF and the AD7013 baseband converter, a simple
one-pole RC filter with its corner above the modulation band-
width is sufficient to attenuate undesired outputs.

Phase-Locked Loop

The demodulators are driven by quadrature signals that are
provided by a variable frequency quadrature oscillator (VFQO),
phase-locked to a reference signal applied to Pin FDIN. When
this signal is at the IF, in-phase and quadrature baseband outputs

are generated at IOUT and QOUT, respectively. The quadra-
ture accuracy of this VFQO is typically —1.2°C at 10.7 MHz. The
PLL uses a sequential-phase detector that comprises low power
emitter-coupled logic and a charge pump (Figure 20).

1-CLOCK
F LeisequenTiaL VARIABLE- Inlinl
PHASE FREQUENCY
DETECTOR QUADRATURE| i !90.,
OSCILLATOR ,,m
1

Sn

REFERENCE CARRIER
(FDIN AFTER LIMITING)

Q-CLOCK
(ECL OUTPUTS)

Figure 20. Simplified Schematic of the PLL and
Quadrature VCO

The reference signal may be provided from an external source
in the form of a high level clock, typically a low level signal
(£400 mV) since there is an input amplifier between FDIN and
the loop’s phase detector. For example, the IF output itself can
be used by connecting DMIP to FDIN, which will then provide
automatic carrier recover for synchronous AM detection and
take advantage of any post-IF filtering. Pin FDIN must be
biased at Vp/2; Figure 22 shows suggested methods.

The VFQO operates from 400 kHz to 12 MHz and is controlled
by the voltage between VPOS and FLTR. In normal operation,
a series RC network forming the PLL loop filter is connected
from FLTR to ground. The use of an integral sample-hold
system ensures that the frequency-control voltage on Pin FLTR
remains held during power-down, so reacquisition of the carrier
typically occurs in 16.5 ps.

In practice, the probability of a phase mismatch at power-up is
high, so the worst-case linear settling period to full lock needs

to be considered in making filter choices. This is typically 16.5 us
at an IF of 10.7 MHz for a £ 100 mV signal at DMIP and FDIN.

Table II. AD607 Gain and Manual Gain Control Voltage vs. Power Supply Voltage

Power Supply GREF Gain Control
Voltage (= VMID) Scale Factor | Scale Factor Voltage Input Range
%) ) (dBIV) (mVI/dB) v)

3.0 1.5 50.00 20.00 0.400-2.000

3.5 1.75 42.86 23.33 0.467-2.333

4.0 2.0 37.50 26.67 0.533-2.667

4.5 2.25 33.33 30.00 0.600-3.000

5.0 2.5 30.00 33.33 0.667-3.333

5.5 2.75 27.27 36.67 0.733-3.667

Maximum gain occurs for gain controf voltage = 0 V.
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Bias System

The AD607 operates from a single supply, Vp, usually of 3 V, at
a typical supply current of 8.5 mA at midgain and T = 27°C,
corresponding to a power consumption of 25 mW. Any voltage
from 2.92 V to 5.5 V may be used.

The bias system includes a fast-acting active-high CMOS-
compatible power-up switch, allowing the part to idle at 550 pA
when disabled. Biasing is proportional-to-absolute temperature
(PTAT) to ensure stable gain with temperature.

An independent regulator generates a voltage at the midpoint
of the supply (Vp/2) that appears at the VMID pin at a low
impedance. This voltage does not shut down, ensuring that the
major signal interfaces (e.g., mixer-to-IF and IF-to-demodulators)
remain biased at all times, thus minimizing transient disturbances
at power-up and allowing the use of substantial decoupling
capacitors on this node. The quiescent consumption of this
regulator is included in the idling current.

VPOS
AD607
§50k!l
<) FDIN
EXTERNAL
FREQUENCY 50k
REFERENCE

a. Biasing FDIN from Supply when Using
External Frequency Reference

EXTERNAL
FREQUENCY
REFERENCE

b. Biasing FDIN from VMID when Using
External Frequency Reference

Figure 21. Suggested Methods for Biasing Pin FDIN at Vw2

+1.3V +=54mv
MAX QUTPUT  MAX iNPUT,

{FHI[}

+54mV
MAX INPUT

[ ] MxoP

+*560mV
MAX QUTPUT MAX INPUT

USING THE ADé607

In this section, we will focus on a few areas of special impor-
tance and include a few general application tips. As is true of
any wideband high gain component, great care is needed in PC
board layout. The location of the particular grounding points
must be considered with due regard to the possibility of unwanted
signal coupling, particularly from IFOP to RFHI or IFHI or both.

The high sensitivity of the AD607 leads to the possibility that
unwanted local EM signals may have an effect on the perfor-
mance. During system development, carefully-shielded test
assemblies should be used. The best solution is to use a fully-
enclosed box enclosing all components, with the minimum
number of needed signal connectors (RF, LO, I, and Q outputs)
in miniature coax form.

The I and Q output leads can include small series resistors
(about 100 Q) inside the shielded box without significant loss
of performance, provided the external loading during testing
is light (that is, a resistive load of more than 20 kQ and capaci-
tances of a few picofarads). These help to keep unwanted RF
emanations out of the interior.

The power supply should be connected via a through-hole
capacitor with a ferrite bead on both inside and outside leads.
Close to the IC pins, two capacitors of different value should be
used to decouple the main supply (Vp) and the midpoint supply
pin, VMID. Guidance on these matters is also generally included
in applications schematics.

Gain Distribution

As in all receivers, the most critical decisions in effectively using
the AD607 relate to the partitioning of gain between the various
subsections (Mixer, IF Amplifier, Demodulators) and the place-
ment of filters so as to achieve the highest overall signal-to-noise
ratio and lowest intermodulation distortion.

Figure 22 shows the main RF/IF signal path at maximum and
minimum signal levels.

+1.23V
MAX OUTPUT

$154mVv

(VMID)
CONSTANT
—16dBm ‘
(£50mV) (TYPICAL (LOCATION QF QPTIONAL
IMPEDANCE) SECQND IF FILTER)

Figure 22. Signal Levels for Minimum and Maximum Gain
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As noted earlier, the gain in dB is reduced linearly with the voltage
V¢ on the GAIN pin. Figure 23 shows how the mixer and IF strip
gains vary with Vg when GREF is connected to VMID (1.5 V) and
a supply voltage of 3 V is used. Figure 24 shows how these vary
when GREF is connected to a 1.23 V reference.

IF GAIN

— (21.5dB)

BTN N S N SO S S W |

20dB
| MIXER GAIN
t
10dB : ~ {7.5dB)
008 =y =(1.5d8)
0 0.4V 1w 18V oy 22V

~#— NORMAL OPERATING RANGE—~ Vg—d=

Figure 23. Gain Distribution for GREF = 1.5 V

90dB 7
80dB
70dB -
60dB -
50dB -
: IF GAIN
40dB -
30dB
] —(21.50B)
20dB ] MIXER GAIN
h i
10dB : — (7.508)
! — — (1.5dB)
0dB T T T T T T T e
0 0.328V 1V 1.64V 2V
~- NORMAL OPERATING RANGE - Vg —o

Figure 24. Gain Distribution for GREF = 1.23 V

Using the AD607 with a Fast PRUP Control Signal

If the AD607 is used in a system in which the PRUP signal

(Pin 3) is applied with a rise time less than 35 ps, anomalous
behavior occasionally occurs. The problem is intermittent, so it
will not occur every time the part is powered up under these
conditions. It does not occur for any other normal operating condi-
tons when the PRUP signal has a rise time slower than 35 ps.
Symptoms of operation with too fast a PRUP signal include low
gain, oscillations at the I or Q outputs of the device, or no valid
data occurring at the outpur of the AD607. The problem causes
no permanent damage to the AD607, so it will often operate
normally when reset.

REV. C

Fortunately, there is a very simple solution to the fast PRUP
problem. If the PRUP signal (Pin 3) is slowed down so that
the rise time of the signal edge is greater than 35 is, the
anomalous behavior will not occur. This can be realized by a
simple RC circuit connected to the PRUP pin, where R = 4.7 kQ
and C = 1.5 nF. This circuit is shown in Figure 25.

FROM PRUP
CONTROL SIGNAL
AD607
4.7k}
3) PRUP
1.5nF

i

Figure 25. Proper Configuration of AD607 PRUP Signal
All designs incorporating the AD607 should include this circuitry,

Note that connecting the PRUP pin to the supply voltage will
not eliminate the problem, since the supply voltage may have a
rise time faster than 35 ps. With this configuration, the 4.7 kQ
series R and 1.5 nF shunt C should be placed between the
supply and the PRUP pin as shown in Figure 25.

AD607 EVALUATION BOARD

The AD607 evaluation board (Figures 26 and 27) consists of an
AD607, ground plane, I/O connectors, and a 10.7 MHz band-
pass filter. The RF and LO ports are terminated in 50 Q to
provide a broadband match to external signal generators to
allow a choice of RF and LO input frequencies. The IF filter is
at 10.7 MHz and has 330 Q input and output terminations; the
board is laid out to allow the user to substitute other filters for
other IFs.

The board provides SMA connectors for the RF and LO port
inputs, the demodulated 1 and Q outputs, the manual gain con-
trol (MGC) input, the PLL input, and the power-up input. In
addition, the IF output is also available at an SMA connector;
this may be connected to the PLL input for carrier recovery to
realize synchronous AM and FM detection via the I and Q
demodulators, respectively. Table 111 lists the AD607 Evalua-
tion Board’s I/0O Connectors and their functions.
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Figure 26. Evaluation Board
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Figure 27a. Evaluation Board Layout, Topside
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Figure 27b. Evaluation Board Layout, Bottom Side

Table III. AD607 Evaluation Board Input and Output Connections

Reference Connector Approximate
Designation Type Description Coupling | Signal Level Comments
n SMA Frequency DC 1400 mV This pin needs to be biased at VMID
Detector Input and ac-coupled when driven by an
external signal generator.
J2 SMA Power-Up DC CMOS Logic Tied to Positive Supply by Jumper J10
Level Input
J3 SMA LO Input AC -16 dBm Input is terminated in 50 Q.
(x50 mV)
J4 SMA RF Input AC -15 dBm max Input is terminated in 50 Q.
(£54 mV)
J5 SMA MGC Input DC 04Vwo20V Jumper is set for manual gain control
(3 V Supply) input; see Table I for control voltage
(GREF = VMID) | values.
J6 SMA IF Output AC NA This signal level depends on the
AD607’s gain setting.
J7 SMA Q Output AC NA This signal level depends on the
AD607’s gain setting.
J8 SMA I Output AC NA This signal level depends on the
AD607’s gain setting.
J9 Jumper Ties GREF NA NA Sets gain-control scale factor (SF);
to VMID SF = 75/VMID in dB/V, where
VMID = VPOS/2.
J10 Jumper Ties Power-Up NA NA Remove to test power-up/~-down.
to Positive
Supply
T1 Terminal Pin | Power Supply DC DC 292Vto55V
Positive Input Draws 8.5 mA at midgain connection.
(VPS1, VPS2)
T2 Terminal Pin | Power Supply DC ov
Return (GND)
REV. C -21-
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In operation (Figure 28), the AD607 evaluation board draws
about 8.5 mA at midgain (59 dB). Use high impedance probes
to monitor signals from the demodulated I and Q outputs and
the IF output. The MGC voltage should be set such that the

signal level at DMIP does not exceed 150 mV; signal levels

HP 6632A HP 3326
PROGRAMMABLE SYNTHESIZED
POWER SUPPLY SIGNAL GENERATOR
2.92V-6V 10.710MHz
FLUKE 6082A
SYNTHESIZED
SIGNAL GENERATOR
240MHz VPOS FDIN
1 OUTPUT TEKTRONIX
MCL AD607 11402A
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Figure 28. Evaluation Board Test Setup
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above this will overload the I and Q demodulators. The insertion
loss between IFOP and DMIP is typically 3 dB if a simple low-pass
filter (R8 and C2) is used, and higher if a reverse-terminated
band-pass filter is used.
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VPI Transmission Maker

VPI Transmission Maker has been developed for modelling all types of photonics systems
and networks, from single-channel TDM systems, to several-hundred channel WDM systems.
The graphical user interface (GUI) allows the user to create new or open an existing schematic
diagram, place icons representing modules, link the modules together, run the simulation, and
display results. A typical view of the simulator is shown in figure BI.
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Figure B1 VPI Transmission Maker.

There are many levels of abstraction that can be used for each type of component. At one
extreme, each component could be represented by a detailed physical model based on material
and structural parameters of the device. This would require intensive computation. Alternatively,
the user could choose to represent the component by a Black-Box model, where the parameters
are derived solely from external measurements on that device. This is useful at a systems level of
modelling. The different levels of abstraction available are shown in figure B2.

VPI Transmission Maker offers a wide range of powerful signal representations. A mixture
of these signal representation is used to give a balance between computation speed and accuracy.
Block mode signals are used to cover the spectral region where large interactions occur between
channels, and where it is necessary to analyze optical data in modulated optical carriers.
Parameterised signals represent only the powers of signals, and Noise Binds represent wide-band
noise in a system using a coarse frequency grid. The signal representations available are shown in
figure B3.
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Figure B2 Different levels of abstraction.
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Figure B3 Different signal representations — Block Mode and Parameterised signals.

In the LME simulations, the LME pulse is represented in block mode while the ASE is
represented by Noise Bins. The transmitter is modulated by a PRBS generator with a CW laser
source as the optical carrier. The signal is then propagated into the fibre modules, which are
based on the split-step Fourier method. The split-step Fourier method divides the fiber into




alternate sections of two types. The first type represents the dispersion in the frequency domain,
the second represents the nonlinearity in the time domain, The choice of step-size is crucial in
achieving a balance between computation time and accuracy. The EDFA module simulates a
system-level amplifier with a wavelength-independent gain and Noise Figure. By parameter
selection the module may act in a (a) gain-controlled, (b) output power-controlled, or (c)
saturation (uncontrolled) mode. In the simulations, the EDFA is operated in saturation mode
where the gain characteristics is shown in figure B4. The Saturation Power Py, specifies the
optical power at the 3 dB-optical-gain-compression. At the receiver end, the signal is optically
filtered, detected, clock-recovered, and analysed by visualiser modules such as BER estimators,
sampling scopes and optical spectrum analysers.

sat

Figure B4 Gain characteristics of an EDFA.




