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Abstract

As high bandwidth applications continue to emerge, investigation in technologies that

will increase transmission capacity become necessary. Of these technologies, Optical

Time Division Multiplexing (OTDM) has been presented as a possible solution, sup-

porting a next generation bit rate of 160 Gbit/s. To perform the demultiplexing task,

the use of tandem electro-absorption modulators (EAMs) has been widely studied,

and due to its benefits was chosen as the topology of this thesis.

To create an effective model of an OTDM system, the vector based mathematical

simulation tool MatLab is used. Care was taken to create an accurate representa-

tion of an OTDM system, including: the development of a realistic pulse shape, the

development of a true pseudo-random bit sequence in all transmitted channels, the

optimization of the gating function, and the representation of system penalty.

While posing impressive bit rates, various sources of system performance degra-

dation pose issues in an OTDM system, owning to its ultra-narrow pulse widths.

The presence of dispersion, timing jitter, polarization mode dispersion, and nonlinear

effects, can sufficiently degrade the quality of the received data. This thesis gives a

clear guideline to the tolerance an OTDM system exhibits to each of the aforemen-

tioned sources of system penalty. The theory behind each impairment is thoroughly

discussed and simulated using MatLab. From the simulated results, a finite degree
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of sensitivity to each source of system penalty is realized. These contributions are of

particular importance when attempting to implement an OTDM system in either the

laboratory, or the field.
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Chapter 1

Introduction

1.1 Problem Statement

The telecommunications industry has flourished in recent years as the requirements

demanded by an ever growing list of high-bandwidth services continues to grow.

Of these applications, most prominent is clearly the Internet and the services that

are provided to users through its infrastructure. Once used most frequently for the

transmission of conventional web sites, software, data and email, the evolving digital

world has given it new purposes: downloading music, streaming video, and recently,

telephone conversations through internet based phone companies. It has become clear

to both researchers and investors alike that due to this increase there is a requirement

for new technologies capable of supporting these demands[1].

Several technologies have been investigated in recent years to satisfy this in-

creased demand in bandwidth. The most popular of these are wavelength divi-

sion multiplexing (WDM), and 40 Gbit/s infrastructures, while optical time division

1
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multiplexing (OTDM) techniques have not been as widely developed. In WDM, sev-

eral optical signals are transmitted over a single fiber utilizing different wavelengths.

By 2001, transmissions of up to 10 Tbit/s using 256 channels were demonstrated over

distances of 200 km[2]. In 2008, a bit-rate of 25.6 Tbit/s was achieved over three

80 km spans of single-mode fiber (SMF) and 160 WDM channels[3]. The ultimate

capacity of WDM systems is dependant upon how closely channels may be spaced

within the wavelength domain[2]. Limiting factors of WDM performance include the

stability and tunability of distributed feedback (DFB) lasers, signal degradation due

to nonlinear effects, and various sources of interchannel crosstalk[2]. WDM has had

a great degree of success in laboratories and is widely deployed commercially.

With WDM engaged in the frequency domain, OTDM focuses on increasing trans-

mission capacity by multiplexing tributary optical signals in the time domain. A

representation of how OTDM signals are constructed is shown in Figure 1.1. Several

tributary signals are interleaved together by time-shifting very low duty-cycle pulses,

and superimposing them on top of each other, forming the composite signal. Each

channel is shifted by an amount of (n-1)/NB, for n=1,...,N, where N denotes the

number of tributary signals and B is the tributary bit rate[2]. The resulting OTDM

bit rate is simply the product of N and B. It is clear that the duty cycle of the

tributary signals should be chosen such that each bit would occupy one bit period

of the desired OTDM bit rate (NB). Before reaching their respective destinations,

each tributary signal must be demultiplexed from the OTDM signal and converted

back to its tributary bit rate. Due to the high bandwidth demands of an OTDM

system, the return-to-zero (RZ) format must be used. The spacing between neigh-

bouring bits of the OTDM signal is often chosen to four times the full width at half
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S1

S2

S3

SN

Tributary Optical Signals
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. . .

.

.

.

Figure 1.1: Graphical representation of the generation of OTDM signals.

maximum (FWHM) of the optical pulse at the desired bit rate[2]. Due to the high

bandwidth nature of OTDM, inter-symbol interference (ISI) would occur for very

short lengths of fiber as a result of dispersion. Transmission is only possible when the

optical fiber is coupled with some method of dispersion compensation.

Although the methodology of OTDM may sound similar to that of electrical time

division multiplexing (ETDM), it poses a different set of problems that must be thor-

oughly investigated to be effective. At such high bit rates, fiber dispersion becomes

a limiting factor and must be mitigated. Other limiting factors include polariza-

tion mode dispersion (PMD), fiber non-linearity, and jitter associated with both the

demultiplexing and clock recovery units.

A commonly investigated OTDM bit rate is 160 Gbit/s, as it is considered to

be the next generation bit rate in optical communications[1]. In this thesis, the 160

Gbit/s data will be comprised of 16 very low duty cycle (≈2.2%) tributary signals

at 10 Gbit/s. This combination of signals has been widely studied using various

technologies capable of demultiplexing the OTDM signal. It is also possible to achieve

160 Gbit/s by using 4 OTDM channels at a tributary rate of 40 Gbit/s. This may be
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more common in recent studies as 40 Gbit/s has become increasingly the standard.

Of the demultiplexing techniques, five will be discussed in this chapter, outlining their

methodology, topology, as well as advantages and disadvantages of each. Clearly a

reduced number of components is of great interest as it reduces both the cost and

complexity of the resulting system[4]. To achieve this high bandwidth transmission,

the synchronization of the clock with the data is essential. This is true in all OTDM

demultiplexing technologies as it ultimately determines how well the tributary 10

Gbit/s optical signals are extracted from the multiplexed data.

From the forthcoming discussion of the various OTDM demultiplexing technolo-

gies, a clear choice based on advantages in terms of ease of integration (how well can

the technology be integrated with existing networks), cost (in terms of complexity

or number of components), and performance will be made. The remainder of this

document will comprise of testing OTDM demultiplexing against various sources of

system impairment. The research that leads to these conclusions is being done in an

effort to provide a better blueprint and guideline as to the performance of the tech-

nology in question. This investigation is necessary because of the fine constraints of

an OTDM system, as well as various installation and environmental difficulties that

may arise in a commercial deployment.

1.2 Available Technologies

1.2.1 Introduction

With the large amount of OTDM research being performed, several different methods

have been proposed to achieve the performance required of such a system. For these
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various techniques, important considerations are performance, complexity, and degree

of control. Each method essentially performs the same task using a different set of

tools, resulting in different consequences. They must gate the appropriate bits from

a high speed OTDM signal such that one of the tributary signals becomes incident

on the receiver.

Five of these available technologies will be discussed in the subsections below.

Each methodology will be described in detail, and its principle of operation explained.

The advantages and disadvantages of each will also be noted so that a clear decision

can be made as to which technique may be most suitable for implementation with

existing networks.

1.2.2 Four-Wave Mixing in Semi-Conductor Optical Ampli-

fiers

The method described in this technique is particularly unique in comparison to oth-

ers that will be discussed. The majority of the technologies being investigated by

researchers, as well as those presented here, do not demultiplex all OTDM chan-

nels in parallel[5]. The use of four wave mixing (FWM) in a semi-conductor optical

amplifier (SOA) lends itself to an integrated approach when used with planar light-

wave circuit (PLC) technology. This in turn keeps the device size small and provides

more functionality than other techniques that may only demultiplex one OTDM chan-

nel. Figure 1.2 shows the physical representation of this topology. Dashed lines are

used to clearly distinguish the various paths traversed by the OTDM signal.

The demultiplexing apparatus utilizes two input ports, one is used as the optical

input for the 160 Gbit/s OTDM data (𝜆 = 1554 nm), and the other for an optical



CHAPTER 1. INTRODUCTION 6

CW Signal, 1535 nm

Control Pulses
20 Gbit/s, 1548 nm

OTDM Signal
160 Gbit/s, 1554 nm

PLC

MMI Coupler WDM Coupler SOA OBPF

PORT 1

PORT 2

Channels 1 - 8
Optical Demutiplexed Signal

each at 20 Gbit/s

Figure 1.2: Schematic of PLC used to perform demultiplexing by utilizing FWM

in SOAs.

control pulse train operating at a frequency of 20 GHz (𝜆 = 1548 nm), and a contin-

uous waveform (CW) source (𝜆 = 1535 nm)[5]. The duty cycle of the control pulses

were chosen such that the width of each bit was equal to the width of the OTDM

signal’s bit period. Both input ports lead to individual multi-mode-interface (MMI)

couplers where they are separated with a 1:8 ratio. Each waveguide exiting a MMI

coupler is traversed along a path of different length to inflict the correct amount of

delay on the corresponding signal. These delays are then matched to the specific

control pulses which have also experience their own delay for use in channel selection.

The PLC then uses 8 WDM couplers to effectively combine the signal and control

pulse, followed by 8 SOAs in which the FWM process would occur. When FWM

occurs, a new signal is created alongside the existing data and control pulses. More

specifically, FWM generates a new signal at a frequency[2],

𝜔𝑖𝑗𝑘 = 𝜔𝑖 + 𝜔𝑗 − 𝜔𝑘, (1.1)

when waves at frequencies 𝜔𝑖, 𝜔𝑗, and 𝜔𝑘 co-propagate in an optical medium. In this
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Figure 1.3: Spectrum resulting after FWM product is generated (before OBPF).

case, 𝜔𝑖 = 𝜔𝑂𝑇𝐷𝑀 , 𝜔𝑗 = 𝜔𝐶𝑊 , and 𝜔𝑘 = 𝜔𝑐𝑜𝑛𝑡𝑟𝑜𝑙, resulting in the FWM product at

𝜆 = 1541 nm. This result is shown graphically in Figure 1.3. SOAs were used to

generate this response because their fast response to nonlinear effects, and ability

to produce gain, result in a high conversion efficiency. The demultiplexed data was

filtered out of each channel by means of an optical bandpass filter (OBPF)[5].

A clear advantage to this technique is not only the reduced size of the device

(135mm x 40mm), but also that several OTDM channels are demultiplexed in parallel.

Even more impressive however, is that this technique operates all optically without

the use of any high speed microwave components. This is advantageous because

microwave components may generate crosstalk during signal extraction as well as

limit the overall speed of the demuliplexer[5].

There are several drawbacks associated with this technique as well. Firstly, the

integrated PLC demultiplexer only separates the 160 Gbit/s into 8 20 Gbit/s op-

tical signals. To fully demultiplex the data to the tributary rate of 10 Gbit/s, an
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external lithium niobate demultiplexer is used on each of the 8 channels. This adds

additional complexity as 8 recovered clock signals are also necessary. The 20 Gbit/s

control pulses must also be matched to the repetition rate of the OTDM modula-

tion frequency. Secondly, a power penalty of 2 to 4.5 dB is observed among fully

demultiplexed channels (10 Gbit/s each) mainly due to thermal crosstalk between

the 8 SOAs[5]. SOAs provide an extra source of penalty due to their generation of

amplified spontaneous emission (ASE) noise, and waveform distortions on account

of their slow carrier recovery. Lastly, received power differences of approximately

2.5 dB are observed between the 16 tributary signals, and are believed to be caused

by the FWM efficiency difference of the SOAs, as well as peak power differences in the

OTDM signal[5]. Differences in these efficiencies may be brought about by slightly

different values of gain and coupling losses between neighbouring SOAs.

1.2.3 Semi-Conductor Optical Amplifier based Symmetric

Mach-Zehnder Switch

The configuration presented in this subsection demonstrates simultaneous demulti-

plexing and clock recovery from a 160 Gbit/s OTDM signal to a 10 Gbit/s sig-

nal, using a single symmetric Mach-Zehnder (SMZ) switch and a mode-locked laser

diode (MLLD) in an electro-optic loop oscillator configuration[6].

The apparatus consists of the following components: a SMZ, two OBPFs, a polar-

ization controller (PC), two optical delay lines 𝜙1 and 𝜙2, a MLLD, two attenuators,

an electrical delay line 𝐸𝜙, and an electrical high-Q filter and amplifier. The MLLD

acts as a local oscillator emitting a 10 GHz signal and enabled the demultiplexing

operation by generating synchronous control pulses[6]. The electrical spectrum of
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Figure 1.4: Schematic representing the utilization of a SMZ for use in demulti-

plexing OTDM signals.

the MLLD was monitored, and by adjusting 𝐸𝜙, mode-locking was established and

the noise level minimized[6]. Further adjustment to 𝐸𝜙 was performed by observing

the bit-error rate (BER) at the receiver. The 160 Gbit/s signal enters port 2 of the

device. Ports 1 and 3 contain control signals generated via the MLLD. The input

control pulses directed to port 3 are only affected by an attenuator and 𝜙1, which

was used to select the correct channel for demultiplexing[6]. The input to port 1,

however, is affected by both 𝜙1 and 𝜙2, which was noted to adjust the width of the

gate used during switching[6]. Upon exiting the SMZ, the 10 Gbit/s signal enters

the receiver, which is followed by clock extraction via a phase-locked loop (PLL) and

BER analysis.

The most dominant advantage to this technique is that there is no need for ultra-

fast optical gate switches or high-speed electronic components. This is possible be-

cause the SMZ performed as a phase comparator as well as a demultiplexing unit[6].

A discussion of some numeric results reveals various disadvantages. The OTDM

signal entering the demultiplexing unit was chosen to have a pseudo-random bit
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sequence (PRBS) of 215 − 1 as to avoid a pattern-length dependency of the SMZ[6].

This may result in an unrealistic data stream as the demultiplexed data will not hold

a similar pattern[7]. Furthermore, the use of a SMZ in itself gave way to a 1-dB power

penalty because of its polarization dependent loss (PDL) characteristics[6].

1.2.4 Gain Transparent Nonlinear Optical Interferometer

With the majority of experiments testing the feasibility of OTDM taking place in

a laboratory, the following researched method is more realistic and has been tested

over 116 km of field-installed SMF[1]. The information presented pertaining to the

setup is quite detailed and informative in comparison to other experiments. Care was

also taken with the shape of the input pulse, the maintenance of a PRBS, and opti-

mization of the switching window. As this method has been documented in greater

detail when comparing other techniques, it has also been more widely adopted by re-

searchers investigating OTDM relevant technologies. Such technologies independent

of the demultiplexing action can include: tunable dispersion compensators and clock

recovery methods.

The optical demultiplexer described was a gain transparent ultrafast-nonlinear

interferometer (GT-UNI), and demultiplexes the input pulses from 160 Gbit/s to

40 Gbit/s. It consists of an erbium-doped fiber amplifier (EDFA), a polarization

beam splitter (PBS), a highly birefringent (hibi) fiber, a circulator, and a SOA. After

the data is amplified by the EDFA, it was injected into a PBS and exits via port

3. The state of polarization of the input OTDM signal was controlled during its

construction. Each channel was adjusted such that the final OTDM signal was in a

single state of polarization. At launch, the optical signal was split into orthogonally
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Figure 1.5: GT-UNI used in demultiplexing 160 Gbit/s OTDM signals.

polarized components of equal amplitude[1]. This was done by launching the signal

with the appropriate polarization with respect to the principle axis of the hibi fiber[1].

Upon exiting the hibi fiber, the polarization components were delayed in time with

respect to one another. This delay is determined by the PMD characteristics and

length of the hibi fiber. After passing through the circulator, a 40 GHz control pulse

was combined with the signal for channel selection, and both were launched into a

polarization insensitive multiple quantum well (MQW) SOA, which is chosen for its

nonlinear properties. The pulses were then sent in a backward direction through the

same hibi fiber via the circulator. The polarization of the data being sent backward

was chosen such that the delay between the two pulses is now reversed and they

recombine after the length of the fiber.

The authors of the paper improved the performance of the ultrafast-nonlinear

interferometer (UNI) by making two changes to the setup first proposed in [8, 9].

Their first change was to implement a folded geometry, as opposed to a linear setup,

to increase the device stability. The second improvement was the addition of a gain
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transparent scheme, which improved the linearity of the switch and also reduced noise

during transmission. Gain transparency occurs because the control pulses propagate

inside the SOAs gain region and result in a refractive index change outside the gain

region at the data wavelength[10]. They note that the gain transparent scheme also

guarantees that ISI is negligible. As with most OTDM demultiplexers, this method-

ology extracts only one tributary channel of the OTDM signal. To demultiplex all

16 channels simultaneously, 4 instances of the apparatus shown in Figure 1.5 must

be used. Channel selection was achieved by changing the relative delay between the

control pulses and the data signal.

The method in which the selected channel leaves the demultiplexer is effective yet

not intuitive. The polarization of the recombined pulse (after travelling backwards

through the hibi fiber), depends on the phase shift that trailing pulse is subjected to

in the loop containing the MQW-SOA. If the pulses encountered an equal shift, then

their polarization is the same as the input pulse, and data passes through to port 1 of

the PBS, leaving no data to exit the demultiplexer. However, when the control pulse

is injected between the polarization separated pulses, the trailing component will be

subjected to an additional non-linear phase shift in the SOA loop. This will result

in the pulse, after recombination, having a different polarization, and in turn, that

pulse will exit via port 4 of the PBS.

In the optimization of their switching window, a 20 dB extinction ratio was

achieved. However, they achieved this when demultiplexing to an optical base rate of

40 Gbit/s. When attempting to demultiplex to a tributary rate of 10 Gbit/s a 6 dB

penalty incurred in the extinction ratio attributed to smaller nonlinear phase changes

at a higher repetition rate of control pulses. A 14 dB degradation of the extinction
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ratio would be detrimental to system performance as described in [11]. To avoid such

penalties, an electrical demultiplexer was implemented to bring the 40 Gbit/s signal

to a final rate of 10 Gbit/s.

To achieve synchronization of the data, a 10 GHz sinusoid was transmitted at a

wavelength of 1548 nm, and was extracted by a series of bandpass filters (BPFs). The

extracted clock was then used to synchronize a MLLD which generated the 40 GHz

control pulses at 1300 nm.

Upon measurement of the 160 Gbit/s signal, receiver sensitivities were -22.4 dBm

and -20.7 dBm for tributary rates of 10 Gbit/s and 40 Gbit/s at a BER of 10−9.

The authors attributed this loss to the fact that their ETDM receiver was not opti-

mized for RZ signals. Furthermore, they state the importance of the compensation

of both chromatic dispersion (CD) and dispersion slope (S) for high single channel

data rates and achieved tolerances of ± 50 m for SMF fiber lengths, and ± 9 m in

dispersion compensating fiber (DCF) lengths (as used in a dispersion compensating

scheme). Also made clear was that PMD is to be considered a limiting factor in

OTDM transmission.

While adequate performance was achieved with this technique, there are draw-

backs that can be noted through the above discussion. Of them, the complexity of

such an implementation can be noted as the use of hibi fiber, two electrical multi-

plexing/demultiplexing units, PBSs, and amplifiers per channel, make this a highly

involved solution for practical real world implementation. Another consequence of

this technique is the great amount of polarization control needed to achieve the noted

performance, especially at a data rate of 160 Gbit/s. As stated above, the poor

extinction ratio will also result in unwanted penalties.
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1.2.5 Travelling-Wave Electro-Absorption Modulator

The proposed method of using a travelling wave electro-absorption modulator (TW-

EAM) has come about relatively recently in comparison to other available technolo-

gies. It does, however, provide another alternative to existing methods used for

demultiplexing OTDM signals with competitive results. A reduced system cost and

simultaneous operation of clock recovery and demultiplexing was achieved by taking

special care to reduce the number of components needed during operation[4]. Like

many techniques, the use of a PLL was implemented for clock recovery as it has

been thoroughly investigated in both electronic and optoelectronic applications[4].

TW-EAMs may also be implemented in WDM systems, performing both wavelength

conversion, and regeneration[12].

The experimental setup to demultiplex 40 Gbit/s to a base rate of 10 Gbit/s

consists of one TW-EAM, an amplifier, an OBPF, and a PLL for clock extraction.

Shown in Figure 1.6, the TW-EAM has two optical ports, and two electrical ports.

The top and right side ports were designated for outputs, and the bottom and left

side port were used as inputs. A 40 Gbit/s signal at 𝜆1 was injected into the left side

input port along with a CW signal at a separate wavelength 𝜆2. Exiting the upper

port is a 40 GHz tone from the photocurrent, as well as the 10 GHz clock which is

applied to the bottom input port. The 10 GHz clock was removed at the input of the

clock recovery unit by a BPF. The 40 GHz tone was needed by the clock recovery

unit to generate a 10 GHz sinusoid used for the demultiplexing operation. The 3-dB

bandwidth of the TW-EAM is 12 GHz, which results in a 10 Gbit/s signal exiting

via the right side output port at a wavelength of 𝜆1. At the wavelength designated

by 𝜆2, an optical clock also exits and was separated via OBPFs. This optical clock
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Figure 1.6: Schematic representation of demultiplexing from 40 Gbit/s to 10

Gbit/s using a TW-EAM.

was generated by the injected CW signal on the left input port. The recovered clock

exiting the PLL is directed back into the lower port of the TW-EAM, with a proper

phase delay, to achieve demultiplexing of a desired channel. Good performance was

achieved with this technique as it shows a root-mean-square (RMS) timing jitter on

the clock of only 223 fs (typical of PLL based clock recovery units), and a receiver

sensitivity of approximately -36.5 dBm for a BER of 10−9.

To extend this method to 160 Gbit/s the addition of a second TW-EAM was

implemented with a special standing-wave enhanced design. The setup is similar

to that described above, except that the upper output port of the second additional

TW-EAM (TW-EAM2) was terminated and extended to optimize the 40 GHz electro-

optic (E-O) response. The only other additional components necessary are another

amplifier and a multiplier to generate a 40 GHz clock, which was to be applied to

TW-EAM2 as shown in Figure 1.7. The addition of an EDFA and optical filter

between TW-EAM1 and TW-EAM2 was utilized to compensate for the added losses
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Figure 1.7: Schematic representation of demultiplexing from 160 Gbit/s to 10

Gbit/s using two TW-EAMs.

that incurred.

Disadvantages of this technology, in demultiplexing 160 Gbit/s OTDM signals,

comes with the addition of TW-EAM2. Firstly, a standing-wave enhanced design is

required to optimize the 40 GHz E-O response at the upper port. TW-EAM2 gives rise

to additional penalty by the addition of a polarization dependance of approximately

10 dB. The authors note that this can be reduced by properly compensating the

strain in the quantum wells. The tails of the pulses exiting the ring laser (used in pulse

generation) are compressed nonlinearly and result in a longer tail to the pulses exiting

this type of demultiplexer as well. Due to the resulting ISI, the 160 Gbit/s signal

was multiplexed using opposite states of polarization; a process in which adjacent

channels carry opposite states of polarization. This was done to accommodate the

higher loss of TM polarized channels, which in turn reduces the effects of the incurring

ISI. However, the complexity of the system will be increased at both the transmitter

and receiver to accomplish this task. TW-EAM2 was also determined to be sensitive
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Figure 1.8: Configuration of a concatenated EAM scheme to demultiplex 160

Gbit/s OTDM Signals.

to input power, therefore further restricting performance. While achievable, it seems

clear that demultiplexing the data rate of interest (160 Gbit/s) by the addition of

TW-EAM2, results in many sources of additional system penalty.

1.2.6 Electro-Absorption Modulator and Phase Lock Loop

The use of electro-absorption modulators (EAMs) has become a widely accepted

method of performing both demultiplexing and clock recovery of high speed OTDM

signals. Advantages of using these devices include their stability, compactness, low

driving voltages and good switching window characteristics[13, 14]. Due to their avail-

ability and the scalability of the technique, much research has gone into developing

this method as a viable solution to high speed demultiplexing and clock recovery with

the aid of a PLL.

There have been several variations to the experimental setup proposed in Fig-

ure 1.8, however, the use of two concatenated devices seems to dominate the cur-

rently published literature. The driving waveform and number of EAMs used have

been altered in other attempts, such as in [14], [15], and [16]. The methods outlined
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in [14] and [15] exhibit techniques in which a 40 GHz sinusoid causes the EAM to

gate the OTDM signal in 100 ps intervals (resulting in a 10 Gbit/s tributary signal).

Using Figure 1.9 as an example, the OTDM signal entering an EAM driven by this

sinusoid will be passed through the gate every 100 ps as the reverse bias approaches

-2 V. In [16], a self-cascaded EAM scheme is implemented, however, the duration of

the switching window is not suitable for 160 Gbit/s demultiplexing (15.2 ps). In a

standard concatenated EAM scheme, a 160 Gbit/s signal enters the first EAM which

is driven by a 20 GHz sinusoid (limited by the EAM). Upon exit, the data is now

at 20 Gbit/s as bits not selected by the EAM gate have been absorbed by the EAM

itself. Similarly, the 20 Gbit/s signal exits the second EAM at a bit rate of 10 Gbit/s

due to the 10 GHz driving waveform (the tributary rate). The data can then be used

to keep the clock and data synchronized via a PLL, or passed to a receiver for the

purpose of signal detection.

To demultiplex all 16 channels of a 160 Gbit/s OTDM signal, the aforementioned

topology must appear in a receiver 16 times. This is similar to the other methods in-

vestigated, except that of the PLC topology presented in Section 1.2.2. The switching

window produced a suppression ratio of 23 dB over a 4 ps duration[13]. Timing jitter

on the recovered clock is said to be below 230 ps which decreases with an increase in

input power[13]. An example of the data rate scalability of this technique is shown in

[17]. By simply driving the first EAM at 40 GHz as opposed to 20 GHz, researchers

were able to successfully demultiplex and recover a clock from a 320 Gbit/s signal us-

ing a nearly identical technique based on EAMs. A scheme using 40 GHz and 10 GHz

to drive the first and second EAMs may also be used to demultiplex a 160 Gbit/s
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OTDM signal. In this case, the neighbouring bits are far more suppressed. This re-

sults in a 40 Gbit/s optical signal exiting the first EAM as opposed to the 20 Gbit/s

mentioned above. To avoid waveform distortions, a 40 GHz EAM must be used.

One might argue that due to the use of microwave components, the choice of

EAMs may not be favourable. Despite any opinion, EAMs hold much promise in the

future of ultra high speed optical signal processing providing good performance with

minimal complexity, and relatively simple control.

1.3 EAMs for Practical Implementation

Of all the technologies discussed above, the use of EAMs to demultiplex a high bit rate

OTDM signal has been the most widely accepted and studied. Reasons for acceptance

of EAMs for demultiplexing include system complexity considerations, and ability to

be easily integrated into existing networks. Furthermore, the implementation of this

technique requires only the use of commercially available components, producing

an immediate and effective solution to performing OTDM[14]. EAMs can also be

monolithically integrated with SOAs, resulting in the potential to decrease cost. They

also exhibit low driving voltages, a high modulation efficiency, and a low polarization

dependance[18].

In a real world implementation, the tandem EAM topology also fairs well com-

pared to other techniques mainly due to the insensitivity EAMs exhibit towards

changes of the input signal state of polarization. While other methods greatly depend

on fine adjustment of polarization controllers or specialized proprietary component

designs, the use of EAMs with a PLL will guarantee that the electrical clock signal

tracks the data signal over the designed loop bandwidth. Channel selection is then
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performed by changing the driving waveforms’ relative phase by an amount equivalent

to N bit periods to select the N 𝑡ℎ channel.

Due to all the benefits that are present with the use of EAMs in high speed

optical demultiplexing and clock recovery, it was decided that the research presented

in this thesis investigate the performance trade-offs associated with their use. In

Chapter 2 a description of the system performance measures will be presented. They

will be used to characterize this technique in a way that would be consistent with

resulting eye-diagrams. Also presented in Chapter 2 is a blueprint of the topology

used during mathematical system simulation. In Chapter 3, the major sources of

system penalty in performing OTDM transmission will be described. The method in

which these impairments are simulated will also be outlined. Chapter 4 will provide

numerical and graphical results that represent the limitations posed by each of the

aforementioned impairments. Resulting trade-offs will be evaluated and discussed.

Finally, Chapter 5 will provide a comprehensive summary of the findings presented in

this research, as well as any future considerations that may be foreseen due to these

findings, such as the importance of OTDM in pushing to even higher bandwidths

through the use of WDM[5].

This thesis presents contributions in both the knowledge of implementing such

an OTDM system, as well as understanding the system performance trade-offs in-

curred by various sources of penalty. The necessary implementation procedures of

mathematically simulating an EAM based OTDM system are given and explained

(including pulse shape importance and maintenance of a PRBS signal). Clear system

performance concerns in regards to dispersion, dispersion slope, timing jitter, PMD,

and non-linearities are explained and quantified. The tolerances calculated in this
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thesis are of value when attempting to assemble and/or simulate such an OTDM

system; in the laboratory, or in the field.



Chapter 2

Simulated System Architecture

2.1 Introduction

To evaluate the use of electro-absorption modulators (EAMs) as a suitable choice for

demultiplexing optical time division multiplexing (OTDM) signals, a mathematical

simulation capability was developed using MatLab. The following sections will first

describe how the system performance is specified through the simulation. It will also

show, for purposes of accuracy, that the three measures defined can actually be used

interchangeably showing good agreement that the results to be presented in Chapter 4

are accurate. Finally, the system itself will be described, outlining both the physical

components that are illustrated mathematically, as well as the various tasks that

were necessary to provide an accurate representation of a real world implementation.

MatLab was also used to verify that optimal conditions were met while performing

these simulations. Details of the optimization are presented with respect to driving

conditions of the EAMs.

23
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2.2 Measures of System Performance

2.2.1 Introduction

In order to discuss how changes in various transmission impairments affect the overall

system performance, it is important to define how these changes will be measured, as

well as the system they are acting on. To perform these measurements, the electrical

eye-diagram that results at the receiver was analyzed using three different methods:

eye-opening factor penalty (EOFP), eye-opening penalty (EOP), and power penalty

(PP).

In order to examine the amount of penalty incurred during simulation, a back-

to-back (B2B) scenario was first realized to provide a basis for comparison. A B2B

simulation represents a transmitted signal that has not undergone any signal distor-

tions and is essentially error free. The penalty may be calculated by using a power

ratio,

𝑃 (𝑑𝐵) = 10𝑙𝑜𝑔10

(
𝑀𝐵2𝐵

𝑀𝐷

)
(2.1)

or a voltage ratio,

𝑃 (𝑑𝐵) = 20𝑙𝑜𝑔10

(
𝑀𝑉,𝐵2𝐵

𝑀𝑉,𝐷

)
(2.2)

and is then represented in units of decibels (dB). In Eq. (2.1)𝑀𝐵2𝐵 and𝑀𝐷 represent

the B2B and distorted power measurements of the eye-diagram. Similarly in Eq. (2.2),

𝑀𝑉,𝐵2𝐵 and 𝑀𝑉,𝐷 represent the B2B and distorted voltage measurements.

2.2.2 Eye-Opening Factor Penalty

The figure of merit known as eye-opening factor (EOF) is recognized in a technical

brief by Tektronix as an accurate way to determine system performance based on
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the measurements of an optical eye-diagram. The origin of the measurement came

about as many optical systems were migrating to the return-to-zero (RZ) format

and new techniques and tools were needed to provide a more accurate performance

evaluation[19]. The RZ format was adopted as bandwidth demands continued to

increase and it became more cost effective to change existing systems, rather than

try to compensate for the limitations that non-return-to-zero (NRZ) bit patterns

were inflicting[19]. Advantages of the RZ signal format compared to that of the

NRZ format are predominant when implementing high bit rate, long-haul systems.

Due to the shorter duration of the pulses, the data traverses the optical fiber with

less distortion due to nonlinear effects (such as self phase modulation (SPM)) while

transmitting at a lower average power[19]. However, this results in a larger bandwidth

making RZ signals less tolerant to dispersive effects. Good dispersion compensating

techniques can, and have been proven to help mitigate these effects. The result is

a longer transmission distance containing more channels, thereby more effectively

meeting the demands of increasing bit rates.

The measurement of EOF relies on the mean value of the marks and spaces (𝜇1,

𝜇0), as well as their respective standard deviations (𝜎1, 𝜎0). For these vertical mea-

surements, 5% of the opening of the eye-diagram, centered at the maximum, was used

to give the same statistical significance as an NRZ measurement[19]. The smaller

time interval (NRZ requires 20% of the eye opening), is reflective of the smaller pulse

width possessed by the RZ modulation format[19]. However, Tektronix was quick to

note that because of this, four times the amount of data is also needed during data

collection; thereby, taking four times as long in a physical experiment[19].

The EOF is defined as the ratio of the height of the eye-diagram opening, within
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Figure 2.1: Visual depiction of how the EOF is determined.



CHAPTER 2. SIMULATED SYSTEM ARCHITECTURE 27

Time (ps)

A
m

p
li
tu

d
e

(a
.u

.)

5% Eye Aperture

V1

V0

Figure 2.2: Visual depiction of how the EOP is determined.

one standard deviation of the amplitude[19]. Therefore, the equation defining EOF

becomes,

𝐸𝑂𝐹 =
(𝜇1 − 𝜎1)− (𝜇0 + 𝜎0)

𝜇1 − 𝜇0

. (2.3)

The EOF parameters are related to an eye-diagram by Figure 2.1. The resulting

measurement will give a fraction as to how open the eye-diagram is at the receiver.

A completely open eye-diagram would be defined by an EOF of 1. Eq. (2.1) can then

used to produce a measurement of EOFP.
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2.2.3 Eye-Opening Penalty

The definition of EOP extends from that of the eye-opening (EO) which is synony-

mous with eye-closure (EC). Figure 2.2 and Eq. (2.4) show that the EO for an

eye-diagram is simply 𝑉1 − 𝑉0[20]. During simulation, the values of 𝑉1 and 𝑉0 were

taken as the minimum of the marks and the maximum of the spaces in the 5% window

discussed above. The EOP is then defined as the ratio of an undistorted measure-

ment of EO, to that of one containing distortions[20]. The critical aspect of this

measurement is that both the distorted and undistorted signals must be under the

same average power[20]. This was done in simulation by normalizing the signals to

the same average power before conducting any further calculations. It should also be

noted that because the noise is subtracted in the numerator for EOF, the result is a

ratio less than 1. Alternatively with EOP, the noise in the denominator causes the

ratio to be larger than 1.

𝐸𝑂 = 𝑉1 − 𝑉0 (2.4)

𝐸𝑂𝑃 =
𝑉1,𝑢 − 𝑉0,𝑢

𝑉1,𝑑 − 𝑉0,𝑑

(2.5)

An explicit definition of EOP is shown in Eq. (2.5) where the subscript u and d

signify the undistorted and distorted signals. As with the EOFP, Eq. (2.1) is used

where the B2B case is the same as the undistorted case. Therefore, EOP can be

expressed in a dB value by Eq. (2.6).

𝐸𝑂𝑃 (𝑑𝐵) = 10𝑙𝑜𝑔10(𝐸𝑂𝑃 ) (2.6)

As Eq. (2.5) is an electrical quantity, and given the relationship of optical power P

and electrical field 𝐸 (𝑃 ∝ ∣𝐸∣2), Eq. (2.6) may also be calculated by means displayed
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in Eq. (2.7) using a voltage ratio (as described in Eq. (2.2)).

𝐸𝑂𝑃 (𝑑𝐵) = 10𝑙𝑜𝑔10

( ∣𝐸𝐵2𝐵∣2
∣𝐸𝑀 ∣2

)

= 20𝑙𝑜𝑔10

( ∣𝐸𝐵2𝐵∣
∣𝐸𝑀 ∣

)
(2.7)

The subscripts 𝐵2𝐵 and M represent the B2B and measured values of the electric

field.

2.2.4 Power Penalty

The power penalty, regarding system performance, is governed by both the receiver

sensitivity and the bit-error rate (BER). A receiver is considered more sensitive if it

can achieve the same performance with less optical power incident upon it[2]. There-

fore, the receiver sensitivity is defined in optical communications as the minimum

average received power that is required to operate the system at a given BER (for

example, 10−9)[2].

To calculate the receiver sensitivity during the MatLab simulation, we must first

examine the opening of the received electrical eye-diagram. If the minimum value

of the marks is greater than the maximum value of the spaces, the eye-diagram is

referred to as open. If the opposite is true, the eye-diagram is closed and cannot be

used for evaluation. As we are only interested in obtaining the best performance,

the entire eye-diagram need not be examined. Instead, only sample times near the

pulse center are considered. This is shown qualitatively in Figure 2.3. The number

of sampling times used near the center of the pulse may be adjusted to ensure the

simulator does not conclude that an endpoint is optimal. For each instance in time

within this window, the values of marks and spaces are separated along with the signal
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Figure 2.3: Visual aid of how the receiver sensitivity is calculated.
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Figure 2.4: Visual depiction of separating the inner sampled data of the eye-

diagram.

dependant noise contributions and placed in a vector for subsequent BER calculations.

As we are only interested in the inner rails of the eye-diagram in determining possible

sampling times, these values are collected when determining if the eye-diagram is to

be considered open. Shown in Figure 2.4 is a visual depiction of that described above;

the sampled data of interest is highlighted in bold.

The calculation of BER is dependant on the sampling time and the threshold level

in the eye-diagram (including all values of marks and spaces, not just the inner rails).

For each sampling time, 𝜏 , the BER is calculated using an optimal threshold level.

An approximation as to what optical attenuation is needed to maintain a BER of
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10−9 is calculated for each sampling time,

𝑂𝐴𝜏,𝑖 = 𝑄
2
√
𝑁𝑆𝐼𝑆2

1 − 2𝑁𝑆𝐼𝑆0𝑆1 +𝑁𝑆𝐼𝑆2
0 +𝑁1𝑁0𝑄2 +𝑁0𝑄+𝑁1𝑄

𝑆2
0 + 𝑆2

1 − 2𝑆0𝑆1

, (2.8)

where 𝑁1 and 𝑁0 represent the noise value where the 1 is a minimum and the 0 is at a

maximum. Similarly, 𝑆1 and 𝑆0 represent the signal value where the 1 is a minimum

and the 0 is a maximum. These values are determined when examining all values of

marks and spaces near the pulse center. The signal independent noise contribution

is denoted by 𝑁𝑆𝐼 and Q-factor by 𝑄. Eq. (2.8) is the expression for 𝑄(𝑂𝐴𝜏,𝑖) solved

for 𝑂𝐴𝜏,𝑖. The actual optical attenuation (𝑂𝐴𝜏 ) needed to obtain the target BER of

10−9 is calculated by the optimization routine denoted fzero which solves,

0 = 𝑙𝑜𝑔10(𝐵𝐸𝑅𝑎(𝑂𝐴𝜏 ))− 𝑙𝑜𝑔10(𝐵𝐸𝑅𝑡) (2.9)

where 𝐵𝐸𝑅𝑎 and 𝐵𝐸𝑅𝑡 represent the actual and target BERs. 𝑂𝐴𝜏,𝑖 from Eq. (2.8)

is used by fzero as an initial guess to reduce computation time.

As fzero will vary the optical attenuation about the initial guess, 𝑂𝐴𝜏,𝑐 will rep-

resent the current attenuation being investigated in the minimization. To determine

what value of 𝑂𝐴𝜏 will solve Eq. (2.9), a second minimization routine denoted fminbnd

determines the optimal sampling threshold for 𝑂𝐴𝜏,𝑐. Defining the optimal sampling

threshold as 𝐼𝐷, fminbnd calculates the BER for for values of 𝐼𝐷 between the max-

imum of the spaces and minimum of the marks. The current threshold level being

investigated by fminbnd is denoted as 𝐼𝐷,𝑐. The BER is calculated for the values of

𝑂𝐴𝜏,𝑐 and 𝐼𝐷,𝑐 using S𝑒1, S𝑒0, N𝑒1, and N𝑒0 which represent all values of marks and

spaces (both signal and noise respectively), evaluated to be close to the center of the

eye-diagram. The length of the above vectors is 𝐿, and each hold data for an instance

of 𝜏 from 𝜏1 to 𝜏𝐿. The BER is defined as one half of the probability of detecting a
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zero when a one is received, plus one half of the probability of detecting a one when

a zero is received[2]. Defining 𝐵𝐸𝑅1,𝜏 and 𝐵𝐸𝑅0,𝜏 as,

𝐵𝐸𝑅1,𝜏 = 𝑄𝑔𝑎𝑢𝑠𝑠

⎛
⎝ 𝑂𝐴𝜏,𝑐(𝑆𝑒1,𝜏 − 𝐼𝐷,𝑐)√

(𝑂𝐴𝜏,𝑐𝑁𝑒1,𝜏 ) +𝑁𝑆𝐼

⎞
⎠ (2.10)

𝐵𝐸𝑅0,𝜏 = 𝑄𝑔𝑎𝑢𝑠𝑠

⎛
⎝ 𝑂𝐴𝜏,𝑐(𝐼𝐷,𝑐 − 𝑆𝑒0,𝜏 )√

(𝑂𝐴𝜏,𝑐𝑁𝑒0,𝜏 ) +𝑁𝑆𝐼

⎞
⎠ (2.11)

where[21],

𝑄𝑔𝑎𝑢𝑠𝑠(𝑥) =
1√
2𝜋

∫ ∞
𝑥

exp
(
−𝑢

2

)
𝑑𝑢

=
1

2
𝑒𝑟𝑓𝑐

(
𝑥√
2

)
(2.12)

the BER may be determined numerically by use of Eq. (2.13).

𝐵𝐸𝑅 =
1

2
[𝑃 (0∣1) + 𝑃 (1∣0)]

=
1

2

[∑𝜏𝐿
𝜏=𝜏1

𝐵𝐸𝑅1,𝜏

𝑁𝑈𝑀1

+

∑𝜏𝐿
𝜏=𝜏1

𝐵𝐸𝑅0,𝜏

𝑁𝑈𝑀0

]
(2.13)

The values 𝑁𝑈𝑀1 and 𝑁𝑈𝑀0 are the number of samples which represent a 1 and 0

respectively. Values 𝐼1 and 𝐼0 represent the mean values of the ones and zeros respec-

tively, while 𝜎1 and 𝜎0 represent their variance. The function 𝑄𝑔𝑎𝑢𝑠𝑠(𝑥) calculates the

probability that a normal random variable obtains a value larger than 𝑥. Using this

method of determining the BER dictates the underlying assumption that both the

signal and noise follow a gaussian distribution.

By the methods described above, a threshold value that minimizes the BER is

determined by fminbnd for the 𝑂𝐴𝜏,𝑐 under investigation by fzero. Experimentally,

the above described method is equivalent to an optical attenuator adjusted in a lab

setting to measure a system’s performance. The optical attenuation for a particular
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sample point (𝜏) can then be expressed as,

𝑂𝐴𝑑𝐵(𝜏) = 10𝑙𝑜𝑔10𝑂𝐴𝜏 , (2.14)

resulting in a receiver sensitivity (𝑅𝑆𝑑𝐵𝑚(𝜏)) of,

𝑅𝑆𝑑𝐵𝑚(𝜏) = 10𝑙𝑜𝑔10(𝑅𝑂𝑃 ) + 30 +𝑂𝐴𝑑𝐵(𝜏), (2.15)

where 𝑅𝑂𝑃 is the received optical power. The value of 30 is used to convert the value

of 𝑅𝑂𝑃𝑑𝐵 into units of dBm.

This process of calculating 𝑂𝐴𝑑𝐵(𝜏) and 𝑅𝑆𝑑𝐵𝑚(𝜏) is performed for each sample

point in the effective eye-diagram. The sampling time that has yielded the best (or

minimum) 𝑅𝑆𝑑𝐵𝑚(𝜏) is selected as the optimal sampling time. The optimal sampling

threshold (𝐼𝐷) that corresponds to the optimal sampling time, 𝑂𝐴𝑑𝐵, and 𝑅𝑆𝑑𝐵𝑚 are

then passed back to the simulator as determined values.

The PP associated with this data is calculated in reference to a B2B case. As

receiver sensitivity is reported in values of dBm, the resulting PP is simply the dif-

ference between these two cases as shown in Eq. (2.16). The value 𝑅𝑆𝐷 represents

the receiver sensitivity of the measured, distorted eye-diagram.

𝑃𝑃 (𝑑𝐵) = 𝑅𝑆𝐷(𝑑𝐵𝑚)−𝑅𝑆𝐵2𝐵(𝑑𝐵𝑚) (2.16)

2.3 Transmitter Design

2.3.1 Introduction

While the research presented here is mostly centered around OTDM receiver perfor-

mance, there still lies importance in the design of the transmitter, as well as the bit
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pattern used in experimentation. The use of a mode-locked laser diode (MLLD) is

typically necessary to produce a stream of ultra-narrow pulses, while a Mach Zehnder

modulator (MZM) or EAM is used to produce a realistic data stream or pseudo-

random bit sequence (PRBS). To interleave several data streams, fiber delay lines or

planar lightwave circuits (PLCs) are also needed. Other pulse sources include: mode-

locked fiber ring lasers, continuous waveform (CW) lasers modulated by a MZM or

EAM, and supercontinumm pulse generators[22]. However, these methods require

the addition of complex methods to control the shape of the pulse where the use

of a MLLD is a straight forward, stable, and compact solution[22]. For example,

externally modulated CW sources generate insufficiently narrow pulse widths and

extinction ratio characteristics. As a result, additional pulse compression and regen-

eration techniques are necessary.

For simulation purposes, it is not necessary to simulate the transmitter exactly as

it would appear in a laboratory experiment, but only account for details that would

change the pulse shape and bit pattern. Section 2.3.2 will describe the physical

components that are modelled at the transmitter, as well as the different details

which were granted special attention in an effort to generate an authentic OTDM

signal.

2.3.2 Simulated Implementation

The physical representation of the transmitter used during simulations is quite straight

forward. Instead of modulating a CW signal via a MZM, a constant stream of marks,

in the shape of a hyperbolic secant, was produced at a frequency of 160 GHz. A MZM

was implemented to gate this succession of marks into a 128-bit PRBS, which results
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Figure 2.5: Schematic of simulated transmitter design.

in a pulse shape reflecting the output of a MLLD and not the MZM. If CW light was

used the pulse shape would have been limited to the extinction characteristics of the

modulator.

A schematic of the simulated transmitter is shown in Figure 2.5. The output of

the MZM is governed by,

𝑆𝑜𝑢𝑡(𝑡) = [𝑐𝑜𝑠(𝜃𝑑) + 𝑗𝑀𝑍𝛿𝑠𝑖𝑛(𝜃𝑑)]𝑒
𝑗𝜃𝑠
√
2𝑆𝑀 (2.17)

where 𝜃𝑑 and 𝜃𝑠 are the difference and sum of the phase retardations of the optical

signal in each arm, 𝑀𝑍𝛿 is the asymmetry parameter, and 𝑆𝑀 is defined as a constant

stream of marks. The asymmetry parameter 𝑀𝑍𝛿 is a number larger than zero

when the splitting ratio of the couplers is not equal, and/or there is some physical

asymmetry between the two arms of the MZM. For the system being described in this

research, 𝑀𝑍𝛿 = 0. The effects of temperature change and polarization dependencies

are neglected.
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Figure 2.6: Hyperbolic secant and gaussian pulse shape comparison.

2.3.3 Generating an OTDM Signal

To generate a realistic signal for the purpose of testing OTDM performance, special

care was taken in the pulse shape, as well as the maintenance of the PRBS through

the course of multiplexing the 16 channels. Researchers have generated pulses with a

full width at half maximum (FWHM) as narrow as 1.2 ps using a MLLD followed by

a MZM[1]. To effectively mimic this output, a hyperbolic secant function was chosen

as the pulse shape. The hyperbolic secant pulse exhibits a heavier tail to its shape

than a gaussian pulse, resulting in the need for a reduced duty cycle[11].

The shape of the pulse is dictated by,

𝑆(𝑡) = 𝑃 ⋅ 𝑠𝑒𝑐ℎ2

(
𝑡− 𝑡0
𝑇0

)
𝑒
−𝑖𝐶𝑡2

2𝑇2
0 (2.18)

where P is the peak intensity, 𝑡0 is the center of the pulse, C is the chirp parameter
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and,

𝑇0 =
𝐹𝑊𝐻𝑀

2𝑐𝑜𝑠ℎ−1(
√
2)
. (2.19)

The FWHM was set to 1.2 ps to imitate the results shown in the literature. The

resulting pulse shape is shown in contrast to a gaussian pulse in Figure 2.6, each set

with a FWHM of 1.2 ps and a normalized peak intensity of 1. The chirp parameter,

C, and pulse center, 𝑡0, were set to 0. The chirp parameter was set to 0 as to

avoid an additional variable when reporting system performance results. A positive

or negative chirp parameter would affect the degree of pulse broadening that occurs

during transmission. Therefore, a non-zero chirp parameter would skew the results

from the expected. Clearly visible is the heavier tail associated with the hyperbolic

secant pulse shape. Eq. (2.18) gives a more accurate representation of the pulse shape

that exits a MLLD, rather than assuming a gaussian shape, and therefore gives more

accurate results in simulating this OTDM system.

To interleave a 27-1 bit sequence while maintaining a PRBS data stream, the data

is copied and shifted against itself by[1, 23],

27 − 1
n

𝑏𝑖𝑡𝑠, n = 2, 4, 8, 16 (2.20)

for each value of n. The value n is equal to 2𝑁 , where N is the number of original

sequences being interleaved. The original 128-bit sequence used is a 27−1 PRBS with
an extra 0 added into the sequence where there exists 6 zeros in a row. This is also

referred to as a de Bruijn sequence. While seemingly trivial, simulating this technique

requires more attention than mentioned in literature. The concealed detail is that

the MatLab routine must first seek out where there lies 7 successive zeros and remove

one of them. After interleaving the bit sequence 4 times, the result is a 27 − 1 bit

sequence repeated 16 times. On completion of the final stage, the extra 16 zeros may
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Figure 2.7: Diagram of resulting bit-sequence after interleaving 16 tributary sigals.
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Figure 2.8: Graphical representation of using 4:1 multiplexors to bit-interleave

and maintain a PRBS signal.

then be reinserted where there exists 6 zeros in each of these 16, 27− 1 bit sequences,
resulting in a 2048-bit bit de Bruijn sequence. This was done to maintain an array

size which was a power of 2, thereby reducing the complexity and computation time

of the simulator. The resulting 2048-bit sequence can be seen in Figure 2.7 where

every 16th bit in the sequence forms a PRBS (ie. W1(1) + W2(1) + ... + W128(1)

where the number in parentheses represents the position of the bit in each 16-bit

word).
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signal delays maintain a PRBS signal.

For readers interested in simulating this technique, there are two methods in which

it is possible. A parallel combination of 4:1 multiplexors may be used as in Figure 2.8

with delays defined by Eq. (2.20). Values 𝑆1 through 𝑆16 are 16 2
7-1 PRBSs which

have identical bit patterns. Alternatively, a series of 2:1 multiplexors as shown in

Figure 2.9 can also produce a correct PRBS using the delays specified in the diagram

by 𝜏 . In the simulations conducted for this work, the latter of the two methods is

used.

2.4 Fiber Model

2.4.1 Introduction

With the limited amount of funds available to create new networks, emerging tech-

nologies should be designed to use existing hardware already set in place. The use

and incorporation of OTDM into these networks should use existing fiber spans, along
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with various methods of compensation, to effectively transmit error free signals over

significant distances. In reality, without compensation, the distance that may be

traversed is relatively small in comparison to existing 10 Gbit/s systems. This is

due to the increased sensitivity that ultra-narrow pulses have to pulse broadening

impairments such as dispersion.

To compensate these distortions, the use of dispersion compensating fiber (DCF)

is often used, and will be implemented in the simulations presented in this document.

Chapter 3 will discuss these techniques in detail, while the following subsection defines

the mathematical model that dictates how the signal is affected while traversing an

optical fiber.

2.4.2 Simulated Fiber Spans

The equation which represents basic propagation through a single-mode fiber (SMF)

is[2],

Ẽ(𝑥, 𝑦, 𝑧, 𝜔) = x̂𝐹 (𝑥, 𝑦)𝐵̃(0, 𝜔) exp(𝑖𝛽𝑧) (2.21)

where x̂ is the polarization unit vector, F(x,y) is the field distribution of the funda-

mental fiber mode, 𝐵̃(0, 𝜔) is the Fourier transform of the initial amplitude 𝐵(0, 𝑡),

and 𝛽 is the propagation constant. Eq. (2.21) only applies if non-linear effects are ne-

glected. Furthermore, Eq. (2.21) does not account for fiber losses as the attenuation

coefficient is not included.

The pulse broadening that occurs during fiber transmission is associated with the

frequency dependance of 𝛽[2]. As an approximation 𝛽 may be written as[2],

𝛽(𝜔) ≈ 𝛽0 + 𝛽1(Δ𝜔) +
𝛽2
2
(Δ𝜔)2 +

𝛽3
6
(Δ𝜔)3 (2.22)
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where 𝛽𝑚 = (𝑑𝑚𝛽/𝑑𝜔𝑚)𝜔=𝜔0 , and Δ𝜔 = 𝜔 − 𝜔0 where 𝜔0 is the carrier frequency.

The value of 𝛽0 may be neglected as it does not change with respect to 𝜔. The 𝛽1

term may also be omitted as the pulse does not change shape in the absence of 𝛽2

and 𝛽3. The resulting transfer function reflecting the changes in pulse shape due to

broadening can be expressed as,

𝐻(𝑧, 𝜔)𝛽 = exp

(
− 𝑖𝛽2
2
𝑧(Δ𝜔)2 − 𝑖𝛽3

6
𝑧(Δ𝜔)3

)
. (2.23)

The attenuation coefficient, 𝛼, is used to describe the amount of power lost through

an optical fiber.

𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛 exp [−𝛼𝑧] (2.24)

Eq. (2.24) can be used while taking into account,

𝑃 = ∣I∣2 (2.25)

to form the attenuation transfer function,

𝐻(𝑧)𝛼 = exp
(
−𝛼

2
𝑧
)
. (2.26)

The total transfer function through an optical fiber, neglecting nonlinearities,

consists of the above loss due to attenuation, and the pulse broadening effects due to

first and second order dispersion effects.

𝐻𝐿(𝑧, 𝜔) = 𝐻(𝑧)𝛼 ⋅𝐻(𝑧, 𝜔)𝛽
=

[
exp

(
−𝛼

2
𝑧
)]

⋅
[
exp

(
− 𝑖𝛽2
2
𝑧(Δ𝜔)2 − 𝑖𝛽3

6
𝑧(Δ𝜔)3

)]
(2.27)

Eq. (2.21) may be re-written combining x̂, F(x,y), and 𝐵̃(0, 𝜔) as the input optical

field Ẽ𝑖𝑛(𝑥, 𝑦, 𝑧, 𝜔). The resulting field exiting the optical fiber may then be calculated
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by,

Ẽ𝑜𝑢𝑡(𝑥, 𝑦, 𝑧, 𝜔) = x̂𝐹 (𝑥, 𝑦)𝐵̃(0, 𝜔) ⋅𝐻𝐿(𝑧, 𝜔)

= Ẽ𝑖𝑛(𝑥, 𝑦, 𝑧, 𝜔) ⋅𝐻𝐿(𝑧, 𝜔)

= Ẽ𝑖𝑛(𝑥, 𝑦, 𝑧, 𝜔) exp

[
𝑧

(
−𝛼

2
− 𝑖

𝛽2
2
(Δ𝜔)2 − 𝑖

𝛽3
6
(Δ𝜔)3

)]
(2.28)

where Ẽ𝑜𝑢𝑡(𝑥, 𝑦, 𝑧, 𝜔) and Ẽ𝑖𝑛(𝑥, 𝑦, 𝑧, 𝜔) are the Fourier transforms (FTs) of the time

domain fiber output and input signals, respectively.

The values of 𝛼, 𝛽2 and 𝛽3 are calculated by supplying the fiber variables of

attenuation per meter (𝛼𝐿), zero dispersion wavelength (𝜆𝑍𝐷), and values of reference

dispersion (𝐷𝑟𝑒𝑓 ), dispersion slope (𝑆𝑟𝑒𝑓 ) at a specific wavelength (𝜆𝑟𝑒𝑓 ). During

simulation, the values of 𝐷𝑟𝑒𝑓 and 𝑆𝑟𝑒𝑓 vary according to the amount of residual

dispersion, and residual dispersion slope present at 𝜆𝑟𝑒𝑓 . The value 𝜆 is the wavelength

of the OTDM signal, and 𝜆𝑟𝑒𝑓 is the wavelength at which 𝐷𝑟𝑒𝑓 and 𝑆𝑟𝑒𝑓 are known

(typically 1550 nm).

𝛼 = 𝛼𝐿
ln 10

10
(2.29)

𝛽2 =
−𝐷𝜆2

2𝜋𝑐
(2.30)

𝐷 = 𝐷𝑟𝑒𝑓

⎛
⎝ 1/𝜆

𝜆𝑍𝐷

1/𝜆𝑟𝑒𝑓

𝜆𝑍𝐷

⎞
⎠ (2.31)

𝛽3 =
(2𝐷 + 𝜆𝑆𝑟𝑒𝑓 )𝜆

3

(2𝜋𝑐)2
(2.32)

A common technique used to calculate non-linear effects occurring in optical trans-

mission links is the split-step Fourier method[2, 20, 24]. Figure 2.10 shows the optical

fiber being split into N sections of equal length. This is more commonly referred as

the Fixed-Step-Size split-step Fourier method. The optical field first propagates the

distance h/2 with only dispersion and fiber loss acting upon it. At z + h/2 (the
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Nonlinear Calculation

z=0

𝑋𝑁𝑋3𝑋2𝑋1

h z=z𝐿

Figure 2.10: Visual aid in describing the split-step Fourier method.

section midpoint), the effect of non-linearities over the whole section length h are

calculated by multiplying the field by a non-linear term. For the remaining distance

h/2, only the linear impairments are considered. During calculation of the split-

step Fourier method, the nonlinear effects are assumed lumped at the midpoint of

each section[25]. The accuracy of a Fixed-Step-Size approach is improved upon by

increasing the number of sections in the fiber[26].

During MatLab simulation, the number of sections is defined as 𝑛𝑙, and the length

of each section is ℎ = 𝑧𝐿/𝑛𝑙 (where 𝑧𝐿 represents the total length of fiber). For each

section, the linear propagation effects are calculated in the frequency domain, as

shown in Eq. (2.28) and the non-linear effects in the time domain. The non-linear

effect (NL) is calculated for each section and is defined as,

𝑁𝐿(𝑧, 𝑡) = 𝛾ℎ∣𝑆𝑖𝑛(𝑧, 𝑡)∣2 (2.33)

𝛾 =
2𝑛2𝜋

𝜆𝐴𝑒𝑓𝑓

(2.34)

where 𝐴𝑒𝑓𝑓 is the effective area of the transmission fiber, 𝑛2 is the non-linear coeffi-

cient, h is the length of each section, and 𝑆𝑖𝑛(𝑧, 𝑡) is the input signal represented in
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the time-domain. Defining the non-linear transfer function as 𝐻𝑁𝐿(𝑧, 𝑡),

𝐻𝑁𝐿(𝑧, 𝑡) = exp[−𝑖𝑁𝐿(𝑧, 𝑡)]

= exp
[
−𝑖𝛾ℎ∣𝑆𝑖𝑛(𝑧, 𝑡)∣2

]
(2.35)

the output to each section of fiber with length ℎ may be calculated in three steps.

For values of 𝑧, from 𝑧𝑁 to ℎ/2 (where 𝑧𝑁 represents the the position along the fiber

at the input to section 𝑋𝑁 in Figure 2.10),

Ẽ𝑜𝑢𝑡(𝑥, 𝑦, 𝑧, 𝜔)1 = Ẽ𝑖𝑛(𝑥, 𝑦, 𝑧, 𝜔) exp

[
𝑧

(
−𝛼

2
− 𝑖

𝛽2
2
(Δ𝜔)2 − 𝑖

𝛽3
6
(Δ𝜔)3

)]
. (2.36)

At 𝑧 = ℎ/2, the non-linear effects are calculated assuming their effect over the total

section length ℎ,

Ẽ𝑜𝑢𝑡(𝑥, 𝑦, 𝑧, 𝜔)2 = ℱ
{
𝑆𝑖𝑛(𝑧, 𝑡)1 exp

[
−𝑖𝛾ℎ∣𝑆𝑖𝑛(𝑧, 𝑡)1∣2

]}
(2.37)

where 𝑆𝑖𝑛(𝑧, 𝑡)1 is the inverse Fourier transform of Ẽ𝑜𝑢𝑡(𝑥, 𝑦, 𝑧, 𝜔)1 from Eq. (2.36).

Finally, for values of 𝑧 from 𝑧𝑁 + ℎ/2 to 𝑧𝑁 + ℎ,

Ẽ𝑜𝑢𝑡(𝑥, 𝑦, 𝑧, 𝜔)3 = Ẽ𝑜𝑢𝑡(𝑥, 𝑦, 𝑧, 𝜔)2 exp

[
𝑧

(
−𝛼

2
− 𝑖

𝛽2
2
(Δ𝜔)2 − 𝑖

𝛽3
6
(Δ𝜔)3

)]
. (2.38)

The addition of non-linearities to fiber transmission results in self phase modulation

(SPM) of the OTDM signal. The performance of the system will then be further lim-

ited as the signal is subjected to additional pulse broadening[2]. The effect of SPM

and other non-linearities will be discussed further in Chapters 3 and 4. The effect of

this non-linearity is best subsided by reducing the average power of the transmitted

signal which would sufficiently reduce the effect of 𝛾 on the propagation constant[2]

𝛽′ = 𝛽 + 𝛾𝑃𝑎𝑣𝑔. (2.39)
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Figure 2.11: Schematic for driving EAMs with different frequencies.

As the average power (𝑃𝑎𝑣𝑔) increases, the effect 𝛾 has on pulse broadening also

increases. In Eq. (2.39), 𝛽′ is the change in phase the signal experiences caused by

the signal power (ie. SPM); 𝛾 is the proportionality constant.

2.5 Demultiplexer Design

2.5.1 Introduction

The demultiplexer used during simulation is based on the concatenated EAM scheme

suggested for clock recovery and demultiplexing in [13]. Two methods of driving the

EAMs were initially tested. The first being the use of two sinusoidal signals with

different frequencies (40 GHz and 10 GHz), and the second, a combination of the

two. The latter method is similar to that presented in [15]. Recall Figure 1.9 from

Section 1.2.6.

Figure 2.11 and Figure 2.12 show these two methods schematically. While both

techniques demultiplex the incoming bit sequence, the advantage to using two sepa-

rate frequencies becomes apparent when optimizing the variables and observing the

amount of power exiting the last EAM. When using the apparatus described by
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Figure 2.12: Schematic for driving EAMs with a sum of frequencies.

Figure 2.12 to demultiplex the OTDM signal, the shape of the driving waveform as

well as the need for effective absorption of neighbouring bits, left the target channel

26.14 dB more absorbed, than when driving the EAMs with separate frequencies. It

was then discarded as an effective solution to demultiplex OTDM signals as additional

amplifiers may be necessary, further increasing the cost and complexity of the system

while lowering the signal-to-noise ratio (SNR).

2.5.2 EAM Gate Model

The selection of EAMs for use in OTDM is dependant on both their frequency

response as well as extinction ratio characteristics. Generally, multiple quantum

well (MQW) devices are chosen as they exhibit larger extinction characteristics than

bulk devices[27]. The frequency response of EAMs is limited by the device capacitance

and inductance[27]. These values are determined by the device fabrication and design

which may be represented by a lumped element circuit model outlining their state

of origin[27]. Recent advances in microwave technology have made high frequency

EAMs, such as that from OKI Electronics, available that show insertion losses of 9

dB for a 40 GHz device. The insertion loss of a lower frequency 10 GHz EAM may
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be made to be as low as 4 dB[28]. Being commercially available, the use of a 40 GHz

EAM is presented in this research as opposed to the 20 GHz EAM implemented in

[13].

To observe the characteristics of the EAMs, and how effectively they would per-

form the task of demultiplexing OTDM signals, their absorption curves were first

entered into MatLab at various points via a data sheet. A polynomial fit was then

applied for subsequent calculations. The data sheets were provided by OKI Electric

Industry Co., a leading manufacturer of high bit rate EAMs. Using this technique,

various values of extinction along the curve could be used to effectively transmit or

absorb the simulated OTDM signal passing through the EAMs.

Figure 2.13(a) and Figure 2.13(b) show the absorption curve for both the 40 GHz

and 10 GHz EAMs respectively. As the tandem EAMs are intended to gate the

OTDM signal, and pass only one channel, the waveforms driving them should be

operating in the right side of these curves when the target channel bits are passing

through them. Alternatively, the combination of the EAMs should be driven on the

left side of the curves to absorb neighbouring channels. It can be shown that various

sinusoids will provide different amounts of absorption and different switching window

characteristics based on their driving amplitude, phase and bias. These waveforms

are characterized as,

𝐷1(𝑡) = 𝐴1𝑠𝑖𝑛(2𝜋𝑓1𝑡+ 𝜙1)− 𝐵1 (2.40)

𝐷2(𝑡) = 𝐴2𝑠𝑖𝑛(2𝜋𝑓2𝑡+ 𝜙2)− 𝐵2 (2.41)

where 𝑓1 is 40 GHz and 𝑓2 is 10 GHz, 𝐴1, 𝐴2, 𝜙1, 𝜙2, 𝐵1, and 𝐵2 are the respective

amplitude, phase and bias for each driving sinusoid. The intensity of the light exiting

the modulators is dependant upon the interaction of these driving waveforms on their
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Figure 2.13: Absorption characteristics for: (a) 40 GHz EAM (b) 10 GHz EAM.
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Figure 2.14: Back-to-back OTDM Signal, 40 GHz and 10 GHz EAM optimal

switching windows.

respective absorption curves. Taking into account the gain (G) of the amplifiers from

Figure 2.11, the intensity transfer function can be defined as

𝐼𝑜𝑢𝑡(𝑡) = 𝐼𝑖𝑛(𝑡) ⋅ 10
𝐺−𝛼(𝑡)

10 (2.42)

where 𝛼(𝑡) represents the value of extinction that occurs when 𝐷1(𝑡) or 𝐷2(𝑡) are

applied to the appropriate EAM absorption curve.

To illustrate the effect Eq. (2.40) and (2.41) have on the resulting performance,

a simulation was constructed which allowed 𝐴1, 𝐴2, 𝐵1, and 𝐵2 to vary while their

respective phases 𝜙1 and 𝜙2 were kept at their optimum values of 0.2806 and 1.1984

radians. Section 2.5.3 goes into further detail concerning the calculations and methods

used to obtain these optimal values. A time-domain plot of the OTDM signal, and

switching windows is shown in Figure 2.14 in a B2B case. Note how several bits are
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Figure 2.15: (a) Penalty (EOFP) that arises from varying 𝐴1 and 𝐵1 with 𝐷2(𝑡)

set with optimal values. (b) Example of change in 40 GHz EAM switching window

(Peak Voltage = 0.6 V, Reverse Bias = 1.7 V). (c) Electrical eye-diagram.
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Figure 2.16: (a) Penalty (EOFP) that arises from varying 𝐴2 and 𝐵2 with 𝐷1(𝑡)

set with optimal values. (b) Example of change in 10 GHz EAM switching window

(Peak Voltage = 0.7 V, Reverse Bias = 1.45 V). (c) Electrical eye-diagram.
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passed by the 40 GHz EAM only to be absorbed by the 10 GHz EAM.

When characterizing the 40 GHz EAM, 𝐴1 was varied between 0.4 V and 1.35

V, and 𝐵1 from 1.7 V to 2.2 V. The values of 𝐴2 and 𝐵2 remained optimally fixed

at 1.1052 V and 2.8948 V. The system performance was measured for each combina-

tion of 𝐴1 and 𝐵1 and their penalties recorded in terms of EOFP. The simulation

results are shown in Figure 2.15(a), and show improved performance as 𝐴1 and 𝐵1

become larger. Measures were taken during simulation to avoid combinations of 𝐴1

and 𝐵1 that result in a 𝐷1(𝑡) which lies outside the constraints of Figure 2.13(a).

Figure 2.15(b) shows a time-domain representation of the OTDM signal and the re-

sulting switching windows acting upon it. The peak voltage was set to 0.6 V and the

reverse bias to 1.7 V in this example. The received electrical eye-diagram is shown

in Figure 2.15(c) to more clearly show the effects a non-optimal 40 GHz switching

window can have on the demultiplexed signal.

Similarly for the 10 GHz EAM, 𝐴2 and 𝐵2 are varied while𝐷1(𝑡) remains optimally

fixed. The values of 𝐴2 vary from 0.4 V to 1.1 V, and 𝐵2 from 1.45 V to 2.6 V. As

with the 40 GHz EAM, the values of 𝐴2 and 𝐵2 are varied, and the resulting penalty

is recorded in terms of EOFP. The results are shown in Figure 2.16. It is clear that

as the switching window characteristics change, unwanted bits will become partially

passed by the tandem EAM gates, resulting in inter-symbol interference (ISI). Note

that to exclude other sources of system penalty, these simulations were performed in

a B2B manner over 10 m of optical fiber, artificially set to have negligible dispersion

and dispersion slope contributions. All penalties above are relative to the optimal

B2B eye-diagram as defined by the EAM driving waveforms outlined in Section 2.5.3.
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2.5.3 Optimization of Gates

In an effort to make certain that the selection of amplitude, phase, and bias of each

driving waveform is correct, an optimization routine was written for the demultiplex-

ing setup described in Figures 2.11 and 2.12. The routine uses code which describes

the transmission system along with the function fmincon supplied by MatLab, to find

a minimum of a scalar multi-variable function. The EOF of the received electrical

signal was selected as the function to minimize, and was simply negated to achieve

proper execution. In supplying an initial estimate with an upper and lower bound

for all 6 variables in question, the optimization function performs a linear search for

those that generate the best performance.

To test validity of the optimization, a separate routine was created to generate

contour plots in an effort to visualize a maximum. Due to the nature of the plot,

two sets of variables from the driving waveforms must remain fixed and are set to

the global optimized values, while the variable pair in question is swung about the

calculated optimum value. The result is a two dimensional contour revealing that the

optimization in fact did produce an accurate result. The resulting plots are shown

in Figures 2.17, 2.18, and 2.19 where the optimal values found in the optimization

routine are 𝐴1 = 1.1307 V, 𝐴2 = 1.1052 V, 𝜙1 = 0.2806 radians, 𝜙2 = 1.1984 radians,

𝐵1 = 2.8633 V, and 𝐵2 = 2.8948 V (as designated on the plots by the black dot).

The EOF recorded with this optimal set of variables is 0.9943 (or 99.43%) and is

indicated by a black dot on each of the contour plots. To increase clarity, the number

of contours shown in each plot was reduced as the optimal EOF was rounded to a

value of 1.0. Note that it is numerically impossible to achieve an EOF greater than

1.0. This total loss through the EAM gates of 0.02 dB. From the resulting plots it
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Figure 2.17: Effect on EOF by varying driving waveform amplitude.
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Figure 2.18: Effect on EOF by varying driving waveform phase.
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Figure 2.19: Effect on EOF by varying driving waveform bias.

is evident that the phase of the driving waveforms is most sensitive and would result

in the largest amount of penalty if altered from its optimum value. In contrast, the

amplitude of the waveforms is the least sensitive, followed closely by the bias.

2.6 Receiver Design

2.6.1 Introduction

The design of the receiver is of great importance when determining the performance

a system can attain. A widely used method to increase the performance of such

a receiver is to optically pre-amplify the data stream using an erbium-doped fiber

amplifier (EDFA) placed before the photodetector. In performing a large preamplifi-

cation, the amplified spontaneous emission (ASE) noise generated by the EDFA can
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Figure 2.20: Schematic of simulated receiver design.

be made to dominate the thermal noise and the sensitivity may be improved by up

to 20 dB[2]. Due to the large increase available in system performance, the pream-

plified approach was used during the work presented in this thesis. This section will

describe in detail how such a receiver is simulated in MatLab, and what tradeoffs

may be associated with changes in the topology presented.

2.6.2 System Implementation

The MatLab routine that simulates the receiver is described in Figure 2.20 and shows

clearly how the system simulation takes place. After demultiplexing the OTDM

signal, the channel in question becomes incident on a photodiode with a responsivity

(R) of 1 A/W. The detected signal is quantified as,

𝑆𝑒𝑅𝑋(𝑡) = 𝑅∣𝑆𝑜𝐷𝐸𝑀𝑈𝑋(𝑡)∣2 (2.43)

where the subscripts of e and o signify electrical and optical signals. The received

electrical data is then passed through a filtering algorithm specifying a 4th order bessel

filter with a 3-dB bandwidth of 7.5 GHz. This low bandwidth filter will increase the

pulse width of the low duty-cycle 10 Gbit/s signal available after the demultiplexer.

The use of the EDFA will cause not only signal amplification but also the addition

of ASE noise. The EDFA calculations are done after the signal passes through the
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photodiode and filter. The spectrum of the ASE noise is adjusted to account for the

ASE noise from the in-line amplifier. Calculated at this point are: the received signal,

now affected by the gain of the EDFA, as well as the signal-dependent and signal-

independent noise associated with the gain. The signal-dependent noise is defined as

the sum of the signal-spontaneous beat noise and shot noise due to the signal,

𝑆𝐷,𝑛(𝑡) = 𝑆𝑆𝑝𝐵,𝑛(𝑡) + 𝑆𝑆𝐻𝑂𝑇,𝑛(𝑡)

=
[
2𝑅𝐺𝐸𝐷𝐹𝐴 ⋅ 𝐶𝐿𝑖𝑛 ⋅ 𝐶𝐿2

𝑜𝑢𝑡 ⋅𝑁𝑂 ⋅ 𝑆𝑛(𝑡)
]

+ [𝐺𝐸𝐷𝐹𝐴 ⋅ 𝑞 ⋅ 𝐶𝐿𝑖𝑛 ⋅ 𝐶𝐿𝑜𝑢𝑡 ⋅ 𝑆𝑛(𝑡)] (2.44)

where R is the responsivity, 𝐺𝐸𝐷𝐹𝐴 is the gain of the EDFA, 𝐶𝐿𝑖𝑛 and 𝐶𝐿𝑜𝑢𝑡 are

the input and output coupling losses of the preamplifier, NO is the noise power over

the ASE noise bandwidth, 𝑆𝑛(𝑡) is a time sampled noise signal, and q is the value

of electron charge. The signal-independent noise consists of the sum of the thermal

noise, shot noise due to the ASE, the spontaneous-spontaneous beat noise, and the

dark current,

𝑆𝐼,𝑛 = 𝑆𝑇𝐻𝐸𝑅𝑀,𝑛 + 𝑆𝑆𝐻𝑂𝑇,𝐴𝑆𝐸 + 𝑆𝑆𝑝−𝑆𝑝,𝑛 + 𝑆𝐷𝐴𝑅𝐾,𝑛

= [𝑃𝑆𝐷 ⋅ 𝐵𝑊𝑛] + [4𝑅𝑞𝐶𝐿𝑜𝑢𝑡𝑁𝑂 ⋅𝐵𝑊𝑂𝐹 ⋅ 𝐵𝑊𝑛]

+
[
4(𝑅 ⋅ 𝐶𝐿𝑜𝑢𝑡𝑁𝑂)2 ⋅ 2𝐵𝑊𝑂𝐹𝐵𝑊𝑛,𝑖

]
+ [2𝑞𝐼𝐷𝐴𝑅𝐾𝐵𝑊𝑛] (2.45)

where PSD is the power spectral density of the input noise current, 𝐵𝑊𝑛 is the

equivalent noise bandwidth of the receiver filter, 𝐵𝑊𝑂𝐹 is the optical filter bandwidth,

𝐵𝑊𝑛,𝑖 is the noise bandwidth integral, and 𝐼𝐷𝐴𝑅𝐾 is the photodiode dark current.

Finally, the electrical signal output is calculated by,

𝑆𝑒,𝑜𝑢𝑡(𝑡) = 𝐺𝐸𝐷𝐹𝐴𝐶𝐿𝑖𝑛𝐶𝐿𝑜𝑢𝑡𝑆𝑒,𝑖𝑛(𝑡) (2.46)
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Parameter Value Units

Fiber length 50 km

Residual Dispersion -2.5 – +2.5 ps/nm

Residual Dispersion slope 0.05 ps/nm2

Table 2.1: Simulation configuration in measuring penalty due to dispersion for

EOP, EOFP, and PP.

where the electrical signal present after the photodiode and low-pass filter is denoted

by 𝑆𝑒,𝑖𝑛(𝑡). The signal-dependent and signal-independent noise calculations are then

passed to the receiver sensitivity calculation routine which consists of the measure-

ments and calculations described in Section 2.2.4.

2.7 Defining System Performance

Due to the fact that there are different measures that may be used for system per-

formance evaluation, it is important to see how closely each represents the effects of

changes that might be associated with different sources of penalty. Even though the

definition of each of the measures described above differ, they should accurately give

some representation as to what penalties may be incurred, and show agreement with

their results.

To test these results, artificial amounts of dispersion and dispersion slope were

applied to the optimized system. Table 2.1 and 2.2 outline the operating conditions in

simulating dispersion and dispersion slope as sources of penalty. All non-linear effects
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Parameter Value Units

Fiber length 50 km

Residual Dispersion 0.005 ps/nm

Residual Dispersion slope -5.5 – +5.5 ps/nm2

Table 2.2: Simulation configuration in measuring penalty due to dispersion slope

for EOP, EOFP, and PP.
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Figure 2.21: Penalty agreement when measuring residual dispersion.
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Figure 2.22: Penalty agreement when measuring dispersion slope.

are neglected in performing these simulations. Tables 4.1 - 4.4 of Chapter 4 show all

other system variables used in generating these results. In Figure 2.21, the residual

dispersion was varied from -2.5 to 2.5 ps/nm over a 50 km span while neglecting

dispersion slope. Similarly in Figure 2.22, the residual dispersion is neglected while

the dispersion slope is varied from -5.5 to 5.51 ps/nm2 over 50 km of optical fiber. The

result is that these three measures of system performance closely track one another,

especially below the 3 dB penalty point. Generally, values of penalty that exceed 3-dB

are of little interest as systems are not designed to operate within those conditions.

Furthermore, the agreement between these measures of system penalty may not have

been obvious as EOFP and EOP do not include noise considerations, where the

calculation of PP does. The similar results shown may be explained as the penalty

becomes dominated by the pulse broadening effects of dispersion and dispersion slope.
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Such an effect is expected in performing transmission at 160 Gbit/s.

As these measurements are performed on the electrical eye-diagram that results

at a 10 Gbit/s receiver, they should also show good agreement when measuring the

system performance that results by various other system performance impairments.

From the discussion above, it is clear that no single measurement of system perfor-

mance gives an advantage over the other, and that since their differences are insignif-

icant, any one of them may be used. The remainder of this document will refer to

measured impacts of system performance as penalty, and will be reported in units of

decibels, as a result of the above findings. EOP will be used throughout Chapter 4

in reporting results related to various sources of system penalty.



Chapter 3

Transmission Impairments

3.1 Introduction

In this chapter we examine the effects of the various system impairments which are

of greatest consequence during the transmission of optical time division multiplexing

(OTDM) signals. For each impairment, an introduction to the cause and background

theory will first be explained, along with the method of compensation and/or sim-

ulation structure. The impairments included are: attenuation, chromatic disper-

sion, dispersion slope, timing jitter, polarization mode dispersion (PMD), and non-

linearities[22].

63
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3.2 Dispersion

3.2.1 Background

As a pulse traverses an optical fiber, the group velocities that each spectral component

experiences differ by small amounts. The effect of these differing group velocities is

known as dispersion, and is comprised of two influences, material dispersion and

waveguide dispersion[2],

𝐷 = 𝐷𝑀 +𝐷𝑊 . (3.1)

Material dispersion is associated with the dependency of silica’s refractive index on

optical frequency[2]. The waveguide dispersion however is greatly dependent upon

fiber parameters such as core radius and refractive index profile, making it possible

to alter the design of the fiber and control its contribution[2].

Fiber dispersion impacts the system performance by causing optical pulses to

broaden. This effect is attributed to different spectral components of an optical pulse

arriving at the receiver at different times, as a consequence of their individual group

velocities[2]. The group velocity is defined as[2],

𝑣𝑔 = (𝑑𝛽/𝑑𝜔)
−1 (3.2)

where 𝛽 is the propagation constant. The relationship between the group velocity

and the dispersion parameter D is[2],

𝐷 =
𝑑

𝑑𝜆
(
1

𝑣𝑔
) = −2𝜋𝑐

𝜆2
𝛽2 (3.3)

where 𝛽2 is the second derivative of the propagation constant with respect to optical

frequency. The amount of pulse broadening that will occur during propagation is

determined by the value of 𝛽2[2].
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Figure 3.1: The effect of SMF dispersion slope on the optical signal spectrum of

160 Gbit/s and 10 Gbit/s bit rates.

While the discussion above has been limited to the effects of 𝛽2, it is important

discuss the effects of 𝛽3, and dispersion slope 𝑆[29]. Due to the high bit rate, and

hence, large bandwidth of typical OTDM signals the dispersion slope can play a

pivotal role. While launching a 10 Gbit/s signal near the zero dispersion wavelength

𝜆𝑍𝐷, the effect of the dispersion slope may be considered negligible. Figure 3.1 is a

representation of the effect dispersion slope has over larger bit rate optical signals.

Clearly the dispersion at various frequencies of 160 Gbit/s signal spectrum will differ,

regardless of whether or not the signal was launched near 𝜆𝑍𝐷. As a result, additional

pulse broadening will occur for various values of dispersion slope. There has also been

suggestion that tunable dispersion slope compensation may be necessary as the bit

rate of systems continues to increase[29].
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Additional pulse broadening may also be brought about by non-linear effects such

as self phase modulation (SPM). Even more troubling is that the effects of SPM

are more prominent inside dispersion compensating fibers (DCFs) where the effective

area is close to 20 𝜇𝑚2[2]. The impact of non-linearities, brought on by an increased

launch power, will be investigated more thoroughly in Chapter 4.

The effect of the mechanisms described above requires that compensation tech-

niques be implemented to subside them. If inadequately compensated, the pulse

broadening brought about by the dispersive properties of the fiber will lead to chan-

nel crosstalk (in the form of inter-symbol interference (ISI)) as neighbouring bits begin

to overlap their designated bit periods[11]. A large amount of research has gone into

quantifying these impairments as OTDM signals are considered dispersion limited if

improperly compensated.

3.2.2 Compensation Methodology

As mentioned above, the total effective dispersion acting on a transmitted signal is

dependant on both material and waveguide dispersion, the latter of which may be

controlled through fiber design. More specifically, the waveguide dispersion of a fiber

may be designed to be largely negative, thereby negating the effects of the material

dispersion. This technique is realized in the design of DCFs, where the waveguide dis-

persion is designed such that the overall dispersion of the DCF is sufficiently negative.

DCFs provide an all optical technique that can provide complete compensation with

both dispersion and dispersion slope matched. This is possible only when non-linear

factors brought about by large optical peak powers remain negligible[2].

In order to understand how this compensation occurs, it is important to observe
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how an optical pulse will travel through a combination of single-mode fiber (SMF)

and DCF. We know from Chapter 2 that the first order dispersion parameter is,

𝛽2 =
−𝐷𝜆2

2𝜋𝑐
(3.4)

and the second order dispersion parameter is,

𝛽3 =
𝜆3

(2𝜋𝑐)2

[
𝜆
𝑑𝐷

𝑑𝜆
+ 2𝐷

]
(3.5)

by solving for 𝛽3 in the equation defining dispersion slope[2],

𝑆 =
(
2𝜋𝑐

𝜆2

)2

𝛽3 +
(
4𝜋𝑐

𝜆3

)
𝛽2. (3.6)

The transfer function of an optical fiber can then be written from the basic propaga-

tion equation,

𝐻(Δ𝑓) = exp [𝑗𝛽𝐿]

= exp

[
𝑗

(
𝛽2
2
Δ𝜔2 +

𝛽3
6
Δ𝜔3

)
𝐿

]

= exp

[
𝑗

(
𝜋𝜆2𝐷𝐿

𝑐
Δ𝑓 2

(
1− 𝜆

3𝑐

(
2 +

𝜆𝑆

𝐷

)
Δ𝑓

))]

= exp
[
𝑗(𝑎Δ𝑓 2 + 𝑏Δ𝑓 3)

]
(3.7)

neglecting loss and non-linear effects (Δ𝜔 = 2𝜋Δ𝑓). In order to compensate the

accumulated dispersion along the fiber link, a DCF may be used at the end of a

transmission length. When combining the effects of both fibers (SMF and DCF) the

transfer function becomes,

𝐻1(Δ𝑓)𝐻2(Δ𝑓) = exp
[
𝑗
(
(𝑎1 + 𝑎2)Δ𝑓

2 + (𝑏1 + 𝑏2)Δ𝑓
3
)]

(3.8)

where,

𝑎1 + 𝑎2 =
𝜋𝜆2

𝑐
[𝐷1𝐿1 +𝐷2𝐿2] Δ𝑓

2 (3.9)
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and,

𝑏1 + 𝑏2 =
𝜋𝜆3

3𝑐2
[2 (𝐷1𝐿1 +𝐷2𝐿2) + 𝜆 (𝑆1𝐿1 + 𝑆2𝐿2)]Δ𝑓

3. (3.10)

In order for the dispersive effects to be negated and the originally launched signal to

exit the DCF, the terms 𝑎1+𝑎2 and 𝑏1+𝑏2 must equal zero. From the above explana-

tion it is clear that for this to occur Eq. (3.11) and Eq. (3.12) must be satisfied[2, 24].

𝐷1𝐿1 +𝐷2𝐿2 = 0 (3.11)

𝑆1𝐿1 + 𝑆2𝐿2 = 0 (3.12)

To achieve both dispersion and dispersion slope compensation, typically the length of

the SMF is fixed and known, while the length of the DCF may be altered according to

its own parameters to achieve compensation. SMF (G.655) has a dispersion param-

eter of 17.5 ps/(km-nm) at a wavelength of 1550 nm, and a dispersion slope of 0.09

ps/(km-nm2). The DCF used during simulation was modelled by observing the pa-

rameters of the OFS RightWave EHSDK-C Dispersion Compensating Module. From

the OFS data sheet we can conclude that the dispersion parameter of the DCF is -60

ps/(km-nm) resulting in a 14.583 km length needed to achieve perfect compensation

after 50 km of SMF. To achieve perfect dispersion slope compensation Eq. (3.12) is

similarly used resulting in a DCF dispersion slope of -0.308 ps/(km-nm2).

𝑅𝐷𝑆𝐷𝐶𝐹 =
𝑆𝐷𝐶𝐹

𝐷𝐷𝐶𝐹

=
𝑆𝑆𝑀𝐹

𝐷𝑆𝑀𝐹

. (3.13)

Combining these results and therefore perfectly compensating both first and second

order dispersion results in a relative dispersion slope (RDS) of 0.0051 nm−1 which is

similar to that of the dispersion compensating modules (DCMs) available commer-

cially. The OFS DCF shows a RDS of 0.01 nm−1. Figure 3.2 shows schematically
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SMF DCF

D = 17.5 ps/km-nm
S = 0.09 ps/km-nm2

L = 50 km

D = -60 ps/km-nm
S = -0.308 ps/km-nm2

L = 14.583 km

Figure 3.2: Visual representation and values for perfect dispersion and dispersion

slope compensation.

the transmission link, outlining the parameters discovered above. For Eq. (3.11) and

(3.12) to be simultaneously satisfied, the SMF and DCF must have the same RDS.

3.3 Jitter

3.3.1 Background

Recalling the discussion in Chapter 2 regarding the calculation of receiver sensitivity,

and therefore system penalty, an optimal sampling time was chosen that resulted in

the best performance. In practical systems the sampling time is often not optimal

as a result of a fluctuations in the received signal. These fluctuations are known as

timing jitter and are an additional source of penalty in OTDM systems[2].

It becomes further important to quantify jitter in an OTDM system as its effect

increases proportionally with bit rate[30]. Furthermore, it has been shown that the

tolerance an optical system can withstand decreases with a decreasing return-to-

zero (RZ) pulse duty cycle[31]. With OTDM signals possessing both large bit rates

and narrow pulse widths, fluctuations in a recovered clock will undoubtedly be a

significant source of penalty.
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The source of jitter may result from various components within a transmission link.

The total effect of the resulting jitter can be divided into two contributions: random

jitter (RJ) and deterministic jitter (DJ)[30, 31]. The accumulation of RJ results from

random processes such as thermal and shot noise, and is assumed to follow a gaussian

distribution[30]. The penalties associated with DJ can arise from asymmetries in the

recovered clock, periodic electromagnetic effects from power supplies, and ISI from

data dependant effects and dispersion[30]. The total jitter acting on a recovered

clock (𝐶(𝑡)) is represented as a fluctuating phase noise (𝜙𝑇 (𝑡)) and its impact is

shown mathematically in Eq. (3.14).

𝐶(𝑡) = 𝑠𝑖𝑛(2𝜋𝑓𝑡+ 𝜙𝑇 (𝑡)) (3.14)

This resulting phase noise not only affects the optimal sampling time of the receiver,

but also the switching window used to demultiplex a specific OTDM channel. The

impacted driving waveforms for the electro-absorption modulators (EAMs) can now

be expressed as,

𝐷𝑥(𝑡) = 𝐴𝑥 ⋅ 𝑠𝑖𝑛(2𝜋𝑓𝑥𝑡+ 𝜙𝑥 + 𝜙𝑇 (𝑡))−𝐵𝑥, (3.15)

where 𝐴𝑥, 𝜙𝑥, and 𝐵𝑥 are the amplitude, phase, and bias for EAM driving waveform

𝐷𝑥(𝑡) (where x=1,2). The total phase noise is expressed as the sum of both the

random and deterministic contributions[31]:

𝜙𝑇 (𝑡) = 𝜙𝑅(𝑡) + 𝜙𝐷(𝑡). (3.16)

As timing jitter is often measured as units of time shifted away from an optimal value,

the total jitter may be expressed as[31],

𝑡𝑗(𝑡) = 𝑡𝑗𝑅(𝑡) + 𝑡𝑗𝐷(𝑡) (3.17)
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where,

𝑡𝑗(𝑡) =
𝜙𝑇 (𝑡)

2𝜋𝑓𝑥
. (3.18)

This may be expressed in terms of a root mean squared value as[31],

𝑡𝑗𝑅𝑀𝑆 =
√
𝐸[𝑡𝑗(𝑡)2] (3.19)

where 𝐸[𝑡𝑗(𝑡)
2] is the expectation of 𝑡𝑗(𝑡)

2. As the total jitter is assumed to be a

random process following a gaussian distribution, Eq. (3.19) may be described as[31],

𝑡2𝑗𝑅𝑀𝑆 = 𝜇2

𝑗 + 𝜎2

𝑗 (3.20)

where 𝜇𝑗 and 𝜎𝑗 represent the mean and standard deviation. Furthermore, as a non-

zero mean corresponds to a fixed delay in time, the total RMS timing jitter may be

simplified to,

𝑡𝑗𝑅𝑀𝑆 = 𝜎𝑗. (3.21)

𝑡𝑗𝑅𝑀𝑆 most accurately describes jitter, as it is quantified in terms of the gaussian

probability density function and is expressed in units of time[31].

For the purposes of quantifying system performance degradation due to jitter, it

becomes less important as to its causes or origin and more dependant on how its

presence affects the bit-error rate (BER). The use of a phase-locked loop (PLL) as

a clock recovery unit is well documented, as is its analysis of contributors to timing

jitter which may be explored in [32]. In Chapter 4, a method of adjusting the sampling

time will be presented and simulated to document the effect of timing jitter on OTDM

signal transmission.
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3.4 Polarization Mode Dispersion

3.4.1 Background

The importance of studying polarization effects on OTDM signals is caused by the

extremely narrow pulses transmitted. Both an increase in signal bit rate and fiber

transmission lengths have brought about its thorough characterization[33]. Random

perturbations that occur in the fiber will have an effect on the travelling mode and

gives way to additional pulse broadening. Due to its dispersive qualities acting on

the pulse/mode, PMD is an additional source of system penalty.

As an optical signal traverses an imperfect, or field installed, optical fiber it

will encounter random perturbations which give way to birefringence. Birefringence

can thereafter lead to periodic power exchanges between the two principle states of

polarization[2]. The birefringence is defined by[33],

Δ𝑛𝑒𝑓𝑓 = 𝑛𝑠 − 𝑛𝑓 (3.22)

where 𝑛𝑠 and 𝑛𝑓 represent the effective indices of refractive index of the slow and fast

moving HE11 modes.

The perturbations that lend to additional birefringence are characterized as either

intrinsic or extrinsic. Intrinsic perturbations include noncircular core and nonsym-

metrical stress fields in the glass surrounding the core region[33]. Extrinsic perturba-

tions typically result as the fiber is subjected to external forces during the handling

and installation processes[33]. Such stresses that may occur included lateral stresses,

bending of the cable, or twisting[33]. Variations of 1% from a circular core due to

these stresses can lead to noticeable performance degradation in optical systems[33].

The method in which PMD should be treated is dependant upon the length of
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transmission being pursued. When using short optical fibers, it is assumed that any

perturbations acting on the fiber are constant over its length[33]. During transmission

the two orthogonally polarized modes will experience a phase slippage resulting in a

cyclic evolution from linear to various elliptical states. After a distance denoted by 𝐿𝐵,

the beat length, the modes will return to their original linear states of polarization.

The beat length is inversely proportional to the birefringence by[33],

𝐿𝐵 =
𝜆

Δ𝑛𝑒𝑓𝑓
. (3.23)

The beat length is defined as the period in which the two orthogonally polarized

modes will exchange power[2]. Typically Δ𝑛𝑒𝑓𝑓 ≈ 10−7, therefore at 𝜆 = 1557 nm,

the beat length is approximately 15.57 m. In short fibers, the PMD is typically

reported in units of picoseconds per kilometer. This is attributed to the assumption

that for short fibers, the birefringence is assumed to be uniform[33]. This assumption

would lead to very large penalties as the fiber length increases.

For large fiber lengths, the effects of PMD do not accumulate linearly through

transmission[33]. One may consider a long fiber as several instances of short fibers,

each providing a different effect on the optical field due to their own set of pertur-

bations. This leads to a random and statistical approach to PMD and a square root

length dependence[33]. For this reason, PMD research is typically performed using

mathematical simulations of stochastic processes in an attempt to accurately charac-

terize its effects. In general, the PMD inflicted upon a transmitted signal is link and

application dependant.

To determine whether a specific span of fiber should be treated as short or long,

the parameter 𝑙𝑐, the correlation length, must be considered. It is defined as the

length of fiber at which the average power in the orthogonally polarization mode,
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𝑃⊥, is within 1/𝑒
2 of that in the starting mode, 𝑃∣∣[33]. The explicit mathematical

definition is given in Eq. (3.24).

⟨𝑃∣∣(𝑙𝑐)⟩ − ⟨𝑃⊥(𝑙𝑐)⟩
𝑃𝑡𝑜𝑡𝑎𝑙

=
1

𝑒2
(3.24)

3.5 Non-Linear Effects

3.5.1 Background

Non-linear transmission effects occur in optical fibers simply because silica is a dielec-

tric. It is well known that dielectrics respond in a non-linear fashion when exposed

to intense electromagnetic fields of light[2]. The phenomena associated with losses

due to non-linear behaviour include: stimulated Raman scattering (SRS), four wave

mixing (FWM), stimulated Brillouin scattering (SBS), and non-linear phase modu-

lation. In SRS, large input powers cause the lightwave to be scattered by the silica

molecules; SBS occurs due to the compression of silica in the presence of a large

electromagnetic field[2]. Non-linear phase modulation in OTDM signals results from

SPM and intra-channel cross-phase modulation (XPM). SPM occurs when the optical

signal beats against itself causing non-linear frequency chirping. In contrast, XPM

results when two of more optical channels are transmitted within close spectral prox-

imity of one another[2]. These phase modulations lead to further signal degradation

through the effect of dispersion, resulting in further pulse broadening.

Non-linear phase modulation results as the refractive index of silica is dependant

upon the non-linear coefficient. The resulting refractive index may be expressed as[2],

𝑛′𝑗 = 𝑛𝑗 + 𝑛2

(
𝑃

𝐴𝑒𝑓𝑓

)
. (3.25)
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As shown in Eq. (3.25), both the optical power and effective area of the transmission

fiber will vary the amount of non-linearity associated with transmission. It should be

clear to the reader that as the effective area of the fiber becomes smaller, such as in

DCFs, the effect of a large optical power on the non-linear coefficient will increase.

The onset of SPM brings about additional pulse broadening as the propagation

constant becomes power dependant and may now be expressed as[2],

𝛽′ = 𝛽 + 𝛾𝑃 (3.26)

where 𝛾 was defined earlier in Eq. (2.34), and is related to both the non-linear coeffi-

cient, and effective area. As the optical phase increases linearly during transmission,

a non-linear phase shift is then generated by 𝛾. This phase shift can be quantified

as[2],

Φ𝑁𝐿 = 𝛾𝑃𝑖𝑛𝐿𝑒𝑓𝑓 (3.27)

where 𝐿𝑒𝑓𝑓 is the effective interaction length and is given by[2],

𝐿𝑒𝑓𝑓 =
1− 𝑒−𝛼𝐿

𝛼
. (3.28)

The system performance degradation associated with SPM is the most dominant

non-linear effect associated with single wavelength transmission[2].

Secondary non-linear effects on OTDM pulse propagation are that of FWM and

XPM. While all pulses transmitted in an OTDM system share the same wavelength,

new and unwanted pulses (referred to as ghost pulses) may be generated in the time

domain. The term intra-channel FWM is used as an analogy to FWM which creates

new waves in the spectral domain[2]. Alternatively, intra-channel XPM affects only

the phase of the pulses. However, as phase is time dependant, the resulting frequency

chirp leads to timing jitter through dispersion[2]. While these effects are possible
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sources of additional system performance degradation, for single channel optical sys-

tems, the dominant non-linear effect that limits system performance is SPM[2]. As

a result, intra-channel effects on system performance was not accounted for during

MatLab simulations.

The additional pulse broadening brought about by non-linearities is further am-

plified in the presence of residual dispersion and dispersion slope. As OTDM systems

are considered dispersion limited, it becomes extremely important to quantify this

combinations of effects. Chapter 4 will provide more detail on how the system perfor-

mance is altered in the presence of both non-linearities and the dispersive properties

of SMF.



Chapter 4

Simulation Results & Discussion

4.1 Introduction

Utilizing the system outlined in Chapter 2 to simulate the impairments described in

Chapter 3, this chapter aims to give a clear assessment of the system tolerance. In

performing these simulations, we are able to quantify the system sensitivity in relation

to dispersion, dispersion slope, timing jitter, polarization mode dispersion (PMD),

and nonlinear effects. System sensitivity to these transmission impairments must be

quantified if such a system were to be implemented in the field. For each simulation,

a complete disclosure of the operating conditions will be given, followed by graphical

and numerical results, and discussion of the findings.

4.2 Global Operating Conditions

Within all simulations performed, there exists several variables that remain fixed.

The simulations are broken down into systems/functions of: transmitter (TX), fiber,

77
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demultiplexer, and receiver (RX). These values are presented in Tables 4.1 to 4.4.

The demultiplexer used is that which was presented in Figure 2.11.

Back-to-back (B2B) simulations are performed over 10 m of single-mode fiber

(SMF) with an average power of 10 dBm. Measurements of penalty relative to the

B2B performance, are calculated in terms eye-opening penalty (EOP).

4.3 Dispersion

4.3.1 Introduction

The tolerances a 160 Gbit/s optical time division multiplexing (OTDM) system ex-

hibits towards both first and second order dispersion are less than that of lower bit

rate systems. The ultra-narrow pulses of a 160 Gbit/s OTDM signal are far more

sensitive to changes in group delay, limiting the system performance considerably. To

thoroughly investigate the system response to group delay, several different scenarios

were constructed in MatLab and their results presented graphically in terms of system

penalty.

4.3.2 System Tolerance

In the first set of simulations performed, the optical signal was launched into an

equivalent fiber given by Eq. (3.8) in which the residual dispersion was altered through

each pass of the fiber. This equivalent fiber is effective in simulating the combination

of SMF and dispersion compensating fiber (DCF) given that the optical power is kept

sufficiently low, such that non-linear effects may be neglected. The dispersion was

set to a maximum of ±0.06 ps/(km-nm). This was done to avoid large amounts of
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Device Parameter Value Units

Transmitter Bit rate 160 Gbit/s

Samples per bit (160 Gbit/s) 32

Samples per bit (10 Gbit/s) 512

PRBS 128 bits

Tranmission wavelength 1557 nm

Electrical signal rise-time 0.25 ps

Electrical signal fall-time 0.25 ps

Duty cycle 25 %

MZM Bias Voltage 0.5 V

Relative modulation voltage, arm 1 -0.5 V

Relative modulation voltage, arm 2 0.5 V

TX Filter Filter type Bessel

3-dB bandwidth 130 GHz

Filter order 8

Table 4.1: Globally defined TX operating conditions.
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Device Parameter Value Units

SMF Attenuation 0.22 dB/km

Non-linear coefficient 2.31 x 10−20 m2/W

Effective area 80 𝜇m2

Zero dispersion wavelength (𝜆𝑍𝐷) 1312 nm

DCF Attenuation 0.33 dB/km

Non-linear coefficient 2.31 x 10−20 m2/W

Effective area 20 𝜇m2

Zero dispersion wavelength (𝜆𝑍𝐷) 1312 nm

Table 4.2: Globally defined fiber operating conditions.

Device Parameter Value Units

EAM Drive 1 Amplitude (A1) 1.1307 V

Phase (𝜙1) 0.2806 radians

Bias (B1) 2.8633 V

Frequency (f1) 40 GHz

EAM Drive 2 Amplitude (A2) 1.1052 V

Phase (𝜙2) 1.1984 radians

Bias (B2) 2.8948 V

Frequency (f2) 10 GHz

Integrated Amplifiers Gain 10 dB

Table 4.3: Globally defined demultiplexer operating conditions.
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Device Parameter Value Units

EDFA Gain 30 dB

Noise figure 3.4 dB

3-dB saturation power 15 dBm

Optical filter bandwidth 400 GHz

Input coupling loss 0 dB

Output coupling loss 0 dB

Photodiode Responsivity 1 A/W

Dark current 10 nA

Input noise current density 3.4 x 10−22 W/Hz

RX Filter Filter type Bessel

3-dB bandwidth 7.5 GHz

Filter order 4

Table 4.4: Globally defined RX operating conditions.
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Parameter Value Units

Fiber length 50 km

Residual Dispersion -3.0 – +3.0 ps/nm

Residual Dispersion slope 0.05 ps/nm2

Table 4.5: Simulation configuration in measuring penalty due to dispersion over

an equivalent fiber.

eye-opening penalty (>3 dB). The non-linear term of the fiber propagation equation

was also neglected to isolate linear transmission performance.

The B2B electrical eye-diagram can be seen in Figure 4.1. A circle is used to

designate where the eye-opening lies as its location may become questionable due

to the large amount of pulse broadening resulting from residual dispersion. The

resulting eye-opening penalties are shown in Figure 4.2. The evolution of the electrical

eye-diagram is shown in Figure 4.3 for the varying values of dispersion outlined in

Table 4.5. The dispersion tolerance of a system is defined as the residual dispersion

range (Δ𝐷) that will cause less than 1 dB of penalty[34]. Using this definition and

the data collected from Figure 4.2, it can be concluded that a change of smaller than

±1.7 ps/nm in residual dispersion defines the system tolerance.

The varying amplitudes seen in Figure 4.3 can be explained by examining the

optical eye-diagrams before and after the demultiplexer, and their respective electri-

cally received eye-diagrams. Figure 4.4 shows this evolution for Figures 4.3(a), 4.3(b),

and 4.3(c). For reference, a B2B case is ploted in Figure 4.5. As the residual dis-

persion increases, and the optical pulse broadens, neighbouring pulses will begin to
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Figure 4.1: Back-to-back eye-diagram.
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Figure 4.2: Penalty (EOP) due to changes of residual dispersion.
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Figure 4.3: Electrical eye-diagram evolution with an equivalent residual dispersion

of: (a) 0.86 ps/nm, (b) 1.29 ps/nm, (c) 1.71 ps/nm, (d) 2.14 ps/nm, (e) 2.57

ps/nm, and (f) 3.0 ps/nm.
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Figure 4.4: From left to right: optical eye-diagrams taken before the demul-

tiplexer, after the demultiplexer, followed by the electrical eye-diagram, for a

residual dispersion of: (a) 0.86 ps/nm , (b) 1.29 ps/nm, and (c) 1.71 ps/nm.
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Figure 4.5: From left to right: B2B optical eye-diagrams taken before the demul-

tiplexer, after the demultiplexer, followed by the electrical B2B eye-diagram.

overlap, resulting in inter-symbol interference (ISI). The onset of this effect is seen

in Figure 4.4(a). With the additional rise of residual dispersion in Figure 4.4(b),

the cause of the distinct amplitude variations at the receiver becomes evident. The

increased amount of pulse broadening has spread the neighbouring optical bits within

the switching window of the electro-absorption modulator (EAM) gates. Figure 4.4(c)

shows a more dramatic example of the above effect. The electrically received eye-

diagrams have been filtered at 7.5 GHz, thereby broadening the pulses, while remov-

ing unwanted spectral components. The varying amplitudes in the optical domain

are therefore translated into the electrical domain. Figure 4.6 shows the varying

amplitudes in the time domain.

The optical eye-diagrams taken after the demultiplexer also show a distortion in

the zeros. This can be explained by recalling that the optimization of the gating

variables, in Section 2.5.3, is performed on the electrical eye-diagram. While the

channel to be demultiplexed may be completely passed by the first EAM gate, it may

be absorbed (fully or partially) by the second EAM gate. These partially absorbed

unwanted bits come through the demultiplexer as distortion in the spaces. Figure 4.7
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Figure 4.6: From left to right: optical time-domain OTDM signal taken before

and after the demultiplexer, for a residual dispersion of: (a) 0.86 ps/nm , (b) 1.29

ps/nm, and (c) 1.71 ps/nm.
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Figure 4.7: Time domain 160 Gbit/s OTDM signal, and both EAM switching

windows.

shows a time domain representation of a 160 Gbit/s signal, as well as the switching

windows acting upon it due to the EAM gates. As this effect is related to the gates, it

will appear in all eye-diagrams which are taken after the demultiplexer. The variation

in the amplitude of both marks and spaces can be clearly seen to be due to both ISI

and the EAM gates.

The system dispersion slope tolerance can be similarly defined by simulating for

various values of slope. The operating conditions of this simulation are found in

Table 4.6. The evolution of the electrical eye-diagram is shown in Figure 4.8.

In performing these calculations, we find that the system can withstand a residual

dispersion slope of approximately ± 2.2 ps/nm2 to produce under 1 dB of penalty.
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Figure 4.8: Electrical eye-diagram evolution with an equivalent dispersion slope

length product of: (a) 1.43 ps/nm2, (b) 2.14 ps/nm2, (c) 2.86 ps/nm2, (d) 3.57

ps/nm2, (e) 4.29 ps/nm2, and (f) 5.00 ps/nm2.
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Parameter Value Units

Fiber length 50 km

Average power 10 dBm

Residual Dispersion 0.005 ps/nm

Residual Dispersion slope -5.0 – +5.0 ps/nm2

Table 4.6: Simulation configuration in measuring penalty due to dispersion slope

over an equivalent fiber.
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Figure 4.9: Penalty (EOP) due to increased residual dispersion slope.
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Figure 4.10: From left to right: optical eye-diagrams taken before the demul-

tiplexer, after the demultiplexer, followed by the electrical eye-diagram, for a

dispersion slope length product of: (a) 2.14 ps/nm2, (b) 2.86 ps/nm2, (c) 3.57

ps/nm2.
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Figure 4.11: From left to right: optical time-domain OTDM signal taken before

and after the demultiplexer, for a dispersion slope length product of: (a) 2.14

ps/nm2, (b) 2.86 ps/nm2, (c) 3.57 ps/nm2.
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The results, in terms of system penalty measured by EOP, are presented in Fig-

ure 4.9. The optical eye-diagrams in relation to Figures 4.8(b), 4.8(c), and 4.8(d), are

presented in Figure 4.10, to aid in the explanation of the greater variance associated

with the marks when analyzing the effects of dispersion slope. In applying varying

amounts of dispersion slope, the optical waveform has become highly distorted before

the demultiplexer. This can be seen clearly by examining the differences between Fig-

ure 4.4 and Figure 4.10. When passing through the receiver, the optical signal gets

shaped by the filter. Similarly to the residual dispersion case, Figure 4.11 shows the

time domain representation of the optical signal before and after the demultiplexer. A

greater amplitude variance in the electrical domain can be attributed to the shaping

of the amplitude distortions in the optical domain. The amplitude variations are due

mostly to the distortions caused by an increased dispersion slope, and less so due to

the EAM gating function.

When concerned with the design of a system and how adequately it would com-

pensate for dispersive effects, a more practical approach must be investigated. To

accomplish this, a length of standard SMF was simulated followed by a length of

DCF. In such a system, the length of the SMF is typically fixed as the fiber may

already be installed. For this reason, varying the length of the DCF and noting the

penalty that arises is a more sensible method to determine the system tolerance. The

DCF used during these simulations is that which was discussed and calculated in

Section 3.2.2, outlining the compensation methodology.

To verify the calculations performed to achieve compensation, the resulting dis-

persion coefficients were multiplied by the respective fiber lengths, and plotted in
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Figure 4.12: Visual representation of perfectly compensated dispersion curve.

Lengths of SMF and DCF are 50 km and 14.583 km respectively.
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Figure 4.13: Electrical eye-diagrams for: (a) uncompensated signal after 50 km

of SMF, and (b) fully dispersion compensated received electrical signal.
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Parameter Value Units

SMF fiber length 50 km

SMF dispersion 17.5 ps/(km-nm)

SMF dispersion slope 0.09 ps/(km-nm2)

DCF fiber length 14.54 – 14.63 km

DCF dispersion -60.0 ps/(km-nm)

DCF dispersion slope -0.308 ps/(km-nm2)

Average power 10 dBm

Table 4.7: Simulation configuration in measuring penalty due to a variation in the

optimum DCF length for perfect dispersion and dispersion slope compensation

Figure 4.12. The SMF and DCF are designated by the positive and negative slop-

ing curves respectively, while the horizontal line is their resulting sum. The repre-

sentation of the received electrical eye-diagrams are shown in Figure 4.13 for both

uncompensated and full compensation. Figure 4.13(a) has the appearance of a return-

to-zero (RZ) eye-diagram due to the gating function performed by the EAMs.

When varying the length of the DCF away from the optimal value, increasing

amounts of penalty will incur as Eq. (3.11) and Eq. (3.12) are no longer satisfied.

This way we effectively introduce a mismatch in both dispersion and dispersion slope

compensation. This can also arise in wavelength division multiplexing (WDM) sys-

tems as perfect slope matching between the fiber span and DCF does not occur across

all channels. The operating conditions used in varying the DCF length are presented

in Table 4.7 and the setup is described in Figure 3.2. The values of penalty associated
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Figure 4.14: Penalty (EOP) due to change in length of DCF.

with varying the length of DCF are displayed in Figure 4.14 and show that to obtain

less than 1 dB of penalty there is a 28 meter constraint. Therefore, if compensation

is to be performed using commercially available DCF on previously installed SMF

spans, the length of the DCF must be cut to within 28 m of the optimal calculated

value for this system. The requirement may then be quantified by noting that the

length of DCF used to compensate for accumulated dispersion along a SMF, must be

within 0.2% of the perfect compensation length.

Inspecting Figures 4.2 and 4.14 reveals that the results stated above are in good

agreement. When multiplying the dispersion of the DCF by the length calculated to

obtain 1 dB of penalty, the result is a dispersion tolerance of -1.68 (ps/nm)

𝐷(𝑝𝑠/𝑛𝑚) = 𝐿(𝑘𝑚) ⋅𝐷
(

𝑝𝑠

𝑘𝑚− 𝑛𝑚

)

= −1.68(𝑝𝑠/𝑛𝑚)
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≈ −1.7(𝑝𝑠/𝑛𝑚). (4.1)

This result is in good agreement with the dispersion tolerance of ± 1.7 (ps/nm) from

Figure 4.2.

4.4 Jitter

4.4.1 Introduction

The combined timing jitter in this OTDM system may be expressed as a combination

of its effects at both the receiver and the demultiplexing unit. At the receiver, shifting

the sampling time away from the optimal condition can effectively mimic the effects

of the signal itself shifting. In fact, doing so is analogous to keeping the sampling

time stationary while the signal experiences timing jitter.

The penalty incurred on account of timing jitter acting on the OTDM demul-

tiplexing unit is due to the impact jitter of the recovered clock signal has on the

alignment of the gating window with the input signal. This may occur with or with-

out the evidence of timing jitter on the received electrical signal. For this reason,

both effects should be simulated separately. While jitter of the received signal may

occur in any system, the impact of jitter in this system is that which occurs at the

demultiplexer.

The aim of this section is to quantify these combined effects and clearly state

which causes the largest system performance degradation.
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4.4.2 System Tolerance

The effect of a shifting waveform was characterized in MatLab by noting changes in

system performance that are associated with an imperfect sampling time. Figure 4.15

shows graphically how the sampling time was shifted at the receiver. As the system

collects data at a rate of 512 samples per bit (using the 10 Gbit/s electrical signal),

the resulting time per sample (T𝑠) is 0.195 ps, as per the 100 ps bit period of the

received electrical 10 Gbit/s signal. The value of T𝑠 remains at 0.195 ps in the optical

domain as well. This is possible as there are only 32 samples per bit in the 6.25 ps,

160 Gbit/s OTDM bit period. Eq. (4.2) shows how the sampling time is changed

during simulation where s𝑡,𝑛𝑒𝑤 is the new adjusted sampling time, s𝑡 is the optimal

sampling time, and mT𝑠 is an integer multiple of T𝑠. Figure 4.16, shows the EOP due

to sampling the received electrical eye-diagram at several instances of time away from

the optimal sampling time. Table 4.8 outlines the operating conditions in performing

the above simulation. As the received electrical eye-diagram is not altered during each

shift of the sampling time, it remains quantitatively the same as a B2B eye-diagram.

𝑠𝑡,𝑛𝑒𝑤 = 𝑠𝑡 −𝑚𝑇𝑠 (4.2)

Characterizing the effect of timing jitter on the EAM gates requires an applied

phase offset to their driving waveforms. The phase offset (given by increments of

T𝑠) was added to each EAM driving waveform. This effectively mimics the effects

of the jitter on the recovered clock. Eq. (4.3) shows how each driving waveform is

altered by increments of T𝑠. Table 4.9 outlines the operating conditions for subsequent

simulations. Figure 4.17 shows the evolution of the received electrical eye-diagram as
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Figure 4.15: Jitter is simulated by altering the sampling time of the decision

threshold.

Parameter Value Units

Fiber length 10 m

Average power 10 dBm

Dispersion 17.5 ps/(km-nm)

Dispersion slope 0.09 ps/(km-nm2)

Jitter -25 – 18.75 ps

Table 4.8: Simulation configuration in measuring penalty due to timing jitter of

the received electrical signal.
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Figure 4.16: Penalty (EOP) due to sampling the eye-diagram at various times.

the demultiplexed optical signal changes due to imperfect channel selection.

𝐷𝑥(𝑡− 𝑇𝑠) = 𝐴𝑥 ⋅ 𝑠𝑖𝑛(2𝜋𝑓𝑥(𝑡− 𝑇𝑠) + 𝜙𝑥)−𝐵𝑥 (4.3)

To more clearly illustrate how these changes take place, several instances of the

optical eye-diagram are plotted along with the corresponding electrical eye-diagrams

in Figure 4.18. As the switching window becomes increasingly displaced from the

target channel, there is a two fold effect. Firstly, the marks of the target OTDM

channel will be clipped by the gates, which will in turn, decrease the pulse amplitude.

Secondly, the neighbouring OTDM channels will begin to appear in the eye-diagrams

as they become partially passed by the EAM gates. This can be seen clearly in the

optical eye-diagrams taken after the demultiplexer of Figure 4.18. Asymmetry in

the eye-diagram will increase as the EAM gates fail to fully absorb unwanted bits.
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Figure 4.17: Electrical eye-diagram evolution with T𝑠 in the amount of: (a) 0.781

ps, (b) 1.172 ps, (c) 1.562 ps, (d) 1.758 ps, (e) 1.953 ps, and (f) 2.148 ps.
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Figure 4.18: From left to right: optical eye-diagrams taken before the demul-

tiplexer, after the demultiplexer, followed by the electrical eye-diagram, for T𝑠

equal to: (a) 1.562 ps, (b) 1.758 ps, (c) 1.953 ps.
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Figure 4.19: From left to right: optical time-domain OTDM signal taken before

and after the demultiplexer, for T𝑠 equal to: (a) 1.562 ps, (b) 1.758 ps, (c) 1.953

ps.
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Parameter Value Units

Fiber length 10 m

Average power 10 dBm

Dispersion 17.5 ps/(km-nm)

Dispersion slope 0.09 ps/(km-nm2)

Jitter -2.539 – 2.148 ps

Table 4.9: Simulation configuration in measuring penalty due to timing jitter of

the recovered clock signal.

After filtering is performed at the receiver, the unwanted bits appearing in the optical

eye-diagrams are translated to amplitude distortions in the electrical eye-diagram, as

the target and adjacent pulses overlap in the time domain. As the peaks of these

two pulses are separated by 6.25 ps in the optical eye-diagrams, evidence of the same

separation can be seen in the electrical eye-diagrams. As the pulses are broadened by

the filter in the receiver, the placement in time of their peaks will remain unchanged.

Both of the above effects lead to a decrease in system performance. Figure 4.19

shows the time-domain representation of the values simulated in Figure 4.18, and

shows graphically the effects explained above.

The jitter tolerance (JT) is defined as the amount of jitter that can be withstood

by the clock-and-data recovery (CDR) circuit, while achieving a specified amount of

penalty[35]. Keeping with the other definitions of performance presented in this work,

it was decided that a 1 dB penalty may be allotted as a maximum. The results of these

simulations are displayed in Figure 4.20 according to Table 4.9. The results show that
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Figure 4.20: Penalty (EOP) due to change in T𝑠 on the demultiplexing EAM

gates.
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in order to operate below 1-dB of system penalty, the effects of timing jitter on the

demultiplexer must result in mT𝑠 between -2.192 ps to 1.772 ps. The differences in

these reported values are due to the shape the pulse takes, as well as the location of the

optimal sampling time. The value of s𝑡,𝑛𝑒𝑤 will be unique to each amount of penalty

seen at the receiver as the optimal sampling time s𝑡 will also change. In comparing

Figures 4.16 and 4.20, it can be concluded that the sensitivity the EAM gates exhibit,

clearly dominate the system performance concerns with respect to timing jitter.

4.5 Polarization Mode Dispersion

4.5.1 Introduction

To effectively model the effects on OTDM system performance brought about by

PMD, the principle states model was adopted. The optical pulse is split into two

pulses, each arriving at the output of the fiber at different times[33]. This results in

the optical energy of the pulse at the input becoming dispersed in time as it arrives

at the ouput[33]. The model assumes that the differential group delay (DGD) caused

by PMD is small in comparison to the bit period[33].

4.5.2 System Tolerance

To recreate the effect of pulse broadening due to PMD in MatLab, two signals were

propagated through an optical fiber, representing both the perpendicular and parallel

polarized modes. To mimic the delay associated with the fast and slow moving

components, an artificial amount of delay between the two was inserted by shifting

the array that defines the OTDM signal in the perpendicular mode. In combining
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Parameter Value Units

Fiber length 10 m

Average power 10 dBm

Dispersion 17.5 ps/(km-nm)

Dispersion slope 0.09 ps/(km-nm2)

Delay in 𝐸⊥ 0 – 3.52 ps

Table 4.10: Simulation configuration in measuring penalty due to PMD.

Δτ

t

Figure 4.21: Illustration showing the delay in arrival time associated with PMD.

the two modes at the output of the fiber by,

𝐸𝑜𝑢𝑡 = 𝑥̂𝐸∣∣ + 𝑦𝐸⊥ (4.4)

it is assumed that over the course of transmission the periodic exchange of power has

rendered the average power in both states equal[33]. As Eq. (4.4) will intuitively lead

to pulse broadening brought about by this artificial PMD (shown in Figure 4.21), the

resulting bit stream was passed on to the error detection and penalty measurement

routine. Table 4.10 outlines the operating conditions for the following MatLab simu-

lations. Performing this simulation over 10 m of SMF renders the results effectively

free of distortions due to dispersion and/or dispersion slope.



CHAPTER 4. SIMULATION RESULTS & DISCUSSION 108

0.0 0.5 1.0 1.5 2.0 2.5
Time Shift between Perpendicular and Parallel Modes (ps)

0.0

0.5

1.0

1.5

2.0

P
en

al
ty

 (d
B

)

Figure 4.22: Penalty (EOP) due to increased amount of PMD.

To relate the amount of penalty associated with a shift in orthogonally polarized

modes, we must first define a benchmark which would be tolerable by the system. The

maximum amount of penalty allowable is defined as 1 dB for a fraction of time of 30

minutes per year[33]. As the time domain optical signal is represented by 32 samples

per bit, a shift of one sample corresponds to a 0.195 ps shift within the bit period (6.25

ps). To achieve less than 1 dB of penalty a maximum shift of approximately 2.15 ps is

permitted. The results of this simulation may be observed in Figure 4.22. Figure 4.23

shows the electrical eye-diagram evolution in performing the above simulation.

The eye-diagrams taken before and after the demultiplexer show an interesting

result. Figure 4.24 shows that upon exiting the fiber, the two modes have recombined

to create what appears to be two pulses within the same bit period. This can also be

seen when observing the time-domain plots of Figure 4.25. This effect is translated
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Figure 4.23: Electrical eye-diagrams, taken after the receiver, for a shift of the

perpendicularly travelling mode by: (a) 0.39 ps, (b) 0.78 ps, (c) 1.17 ps, (d) 1.56

ps, (e) 1.95 ps, and (f) 2.73 ps.
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Figure 4.24: From left to right: optical eye-diagrams taken before the demulti-

plexer, after the demultiplexer, followed by the electrical eye-diagram, for a shift

of the perpendicularly travelling mode by: (a) 0.78 ps, (b) 1.95 ps, (c) 2.73 ps.
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Figure 4.25: From left to right: optical time-domain OTDM signal taken before

and after the demultiplexer, for a shift of the perpendicularly travelling mode by:

(a) 0.78 ps, (b) 1.95 ps, (c) 2.73 ps.
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into an amplitude distortion in the electrical domain after being filtered through the

pre-amplified receiver. A larger shift of the orthogonal modes would eventually lead

to eye-closure. This is due to the alignment of the EAM gates relative to the OTDM

signal. Each EAM gate is aligned to the split pulses in the same manner as if they

had not been split through PMD. The peak (where bits are totally passed) of each

EAM gate lies directly in between the resulting split pulses.

4.6 Non-Linear Effects

4.6.1 Introduction

The method used to simulate the effects of non-linear responses in an optical fiber

were previously discussed in Chapter 2. It was also stated, and shown by the above

discussion, that by effectively reducing the optical pulse power, the effects of such non-

linearities (i.e. self phase modulation (SPM)) may be minimized. However, typical

optical systems, especially long-haul networks, contain periodically placed optical

amplifiers that will increase the transmitted power at the input of each span. This

is done to compensate for fiber losses. While increasing the optical power through

amplifiers does not always lead to the necessity of characterizing non-linear effects,

the effects from non-linearities limit the amount of power that should be chosen as

an input to an optical fiber.

4.6.2 System Tolerance

During simulation, a step size length of 500 m was determined by running the simu-

lator for multiple step sizes. Recall that the accuracy of the fixed step size method
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is only improved upon by decreasing this value. The distance of 500 m was settled

upon when the change in EOP was negligible after reducing it further. Reducing

the step size further posed a trade-off between marginally improved accuracy and

computation time in the simulator.

During previous simulations, an input power of 10 dBm was used and the non-

linear term of the propagation equation neglected. The effect and onset of non-

linearities, such as SPM, may cause system performance to behave unfavourably; es-

pecially in the presence of dispersion. In the absence of dispersion, the effects of intra-

channel four wave mixing (FWM) and intra-channel cross-phase modulation (XPM)

may also contribute negatively to system performance. In the following discussion

and simulation, these effects are neglected.

The effect that non-linearities impose on the resulting dispersion tolerance are of

importance, as OTDM signals are considered dispersion limited. Large transmission

powers that may arise due to the periodic placement of amplifiers can result in elevated

levels of degradation. This is especially true when traversing DCFs as their effective

areas are substantially smaller than those of SMFs. Recall from Eq. (3.25) the inverse

proportionality effective area has to change in refractive index; a smaller value of 𝐴𝑒𝑓𝑓

will result in a larger change. This effect is typically subsided due to the lower power

realized at the input to the DCF (neglecting any amplification).

In a practical field implementation, the periodic amplifiers mentioned above would

be placed between the SMF and DCF spans as shown in Figure 4.26. However, in

considering the penalties brought on by non-linear behaviour within the optical fiber,

there exists a limit as to how much gain may be applied without degrading the system

performance substantially. To adequately show these effects, a simulation was devised
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SMF DCF

D = 17.5 ps/km-nm
S = 0.09 ps/km-nm2

L = 50 km

D = -60 ps/km-nm
S = -0.308 ps/km-nm2

L = 14.583 km

G2G1

P𝑖𝑛,𝑆𝑀𝐹 P𝑖𝑛,𝐷𝐶𝐹 P𝑜𝑢𝑡

Figure 4.26: Diagram outlining the placement of amplifiers in a typical fiber

transmission link.

in which an amplifier was placed both between the SMF and DCF, and after the DCF.

Typically, the values of G1 and G2 are chosen such that P𝑖𝑛,𝑆𝑀𝐹=P𝑜𝑢𝑡.

Table 4.11 outlines the operating conditions in performing the above described

simulation. The input powers to both the SMF and DCF were chosen as to avoid

possible negative values of G1 and G2.

As SMF and DCF have known attenuation coefficients of 0.22 dB/km and 0.33 dB/km,

G1 may be described as,

𝐺1(𝑑𝐵) = 𝑃𝑖𝑛,𝐷𝐶𝐹 − 𝑃𝑖𝑛,𝑆𝑀𝐹 +

(
0.22

𝑑𝐵

𝑘𝑚

)
𝐿𝑆𝑀𝐹 (4.5)

and G2 as,

𝐺2(𝑑𝐵) = 𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛,𝐷𝐶𝐹 +

(
0.33

𝑑𝐵

𝑘𝑚

)
𝐿𝐷𝐶𝐹 (4.6)

to satisfy the P𝑖𝑛,𝑆𝑀𝐹=P𝑜𝑢𝑡 condition, where 𝐿𝑆𝑀𝐹 and 𝐿𝐷𝐶𝐹 are the respective fiber

lengths. Contour plots were constructed in Figure 4.27 and Figure 4.28 to show

what values of G1 and G2 are necessary to achieve the desired fiber input and output

powers. From Eq. (4.5) and Eq. (4.6), it can be shown that,

𝐺1 +𝐺2 =

(
0.22

𝑑𝐵

𝑘𝑚

)
𝐿𝑆𝑀𝐹 +

(
0.33

𝑑𝐵

𝑘𝑚

)
𝐿𝐷𝐶𝐹 (4.7)

which is conveyed by Figures 4.27 and 4.28.
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Parameter Value Units

SMF fiber length 50 km

SMF dispersion 17.5 ps/(km-nm)

SMF dispersion slope 0.09 ps/(km-nm2)

SMF input power 7.6 – 15.1 dBm

DCF fiber length 14.583 km

DCF dispersion -60.0 ps/(km-nm)

DCF dispersion slope -0.308 ps/(km-nm2)

DCF input power 5.0 – 12.5 dB

Step Size 500 m

Table 4.11: Simulation configuration in measuring penalty resulting from imper-

fect dispersion and dispersion slope compensation due to non-linear effects.
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Figure 4.27: Resulting values of G1 due to changes of P𝑖𝑛,𝑆𝑀𝐹 and P𝑖𝑛,𝐷𝐶𝐹 .
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Figure 4.28: Resulting values of G2 due to changes of P𝑖𝑛,𝑆𝑀𝐹 and P𝑖𝑛,𝐷𝐶𝐹 .
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From the above described simulation, the resulting contour plot may be seen in

Figure 4.29. The results show that while the input power is kept low (system is in

linear operation), there is a slow changing penalty relative to a B2B eye-diagram.

Due to the results of Section 4.3.2, it should be clear that without the presence of

G1 and G2, the resulting EOP would be zero as the values listed in Table 4.11 for

the SMF and DCF result in perfect compensation. Note that in the presence of the

aforementioned intra-channel effects, additional penalty may result. The contour also

shows that as the input power to either the SMF or DCF increases, dispersion and

dispersion slope compensation are no longer fully realized. In defining the system

tolerance toward non-linear effects, the values of G1 and G2 should be chosen such

that the EOP does no exceed 1 dB. Additionally, typical systems are designed to

maximize the input power to the transmission fiber (SMF), and not to that of the

compensating fiber (DCF). Under these conditions, the input power to the SMF and

DCF should be chosen at 15.1 dBm and 8.16 dBm respectively. The resulting values

of G1 and G2 are 4.1 dB and 11.75 dB.

The above result is important in designing OTDM systems as researchers are

interested in compensating for fiber losses as much as possible through the use of

amplifiers such as erbium-doped fiber amplifiers (EDFAs). While dispersive effects

may be imperfectly compensated, EDFAs placed between the SMF and DCF spans

would give the desired effect. This results in a trade-off between compensating for

said losses, and signal degradation by non-linear effects such as SPM. Furthermore,

these results are also applicable to WDM systems. However, further degradation

would occur for lower input powers due to XPM. The penalty would also increase

more rapidly compared to the single channel case.
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Figure 4.29: Penalty (EOP) due to changes in both SMF and DCF input powers.



Chapter 5

Conclusions

5.1 Thesis Contributions

The material outlined in this thesis has contributed to an understanding of the gov-

erning tolerances associated with optical time division multiplexing (OTDM) signal

transmission. An extraordinary amount of care was taken to effectively model the

system, from transmission through to reception, including: the generation of optimal

pulse shape, the maintenance of a pseudo-random bit sequence (PRBS), the opti-

mization of the gating devices, and penalty measurement accuracy. The simulations

performed concluded the tolerance an OTDM signal exhibits towards: first and second

order dispersion, timing jitter, polarization mode dispersion (PMD), and non-linear

effects. These values are of particular importance in OTDM system design as they

are the major contributors to system performance degradation.

It has been shown that the dispersion tolerance of such as system is ± 1.7 ps/nm,

and the slope tolerance is ± 2.2 ps/nm2 over 50 km of fiber when neglecting non-

linear effects. In the design of dispersion compensating systems by means of dispersion

119
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compensating fiber (DCF), it was shown the DCF must be within 0.2% of the optimal

calculated value to avoid unreasonable values of penalty. In regards to timing jitter,

it was concluded that the effect on the electro-absorption modulator (EAM) gates

would be a limiting factor in transmission. An offset of the switching window between

-2.192 ps to 1.772 ps has been determined to be tolerable. PMD simulations have

shown that a maximum shift of 2.15 ps between parallel and perpendicularly travelling

modes is allowable to maintain less than 1 dB of penalty. Lastly, the effects of

fiber non-linearities were simulated outlining their effects as an additional source of

pulse broadening; especially in the presence of dispersion and dispersion slope. Using

typical amplifier placement within a optical fiber span, it was determined that the gain

resulting from the amplifier located after the single-mode fiber (SMF) span should

be chosen to be 4.1 dB. Coincidentally, the gain resulting from the amplifier placed

after the DCF should be chosen to be 11.75 dB. These values were determined by

maximizing the launch power into the transmission fiber while maintaining less than

1-dB of eye-opening penalty (EOP).

With the knowledge of these defining sources of system penalty, the design of a

physical system implementation may be achieved with greater ease and understand-

ing. Furthermore, the sources of penalties that may be observed can be related to

the causes presented in this document through the use of eye-diagrams and their

explanations.
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5.2 The Future of OTDM

As observed from the results of this thesis, much improvement may be needed to

facilitate a widespread deployment of OTDM systems. Technologies such as adap-

tive dispersion, and dispersion slope compensation (by use of tunable gratings[36,

37]), as well as adaptive PMD compensation (using the configuration described in

[38]), may be useful as the degree at which these impairments affect the signal is

temperature dependant. Coding methods or different modulation formats (such as

carrier-suppressed return-to-zero (CS-RZ) or RZ-differential-phase-shift-keying (RZ-

DPSK)[39, 40]), and/or pre-compensation techniques (in which the signal is pre-

distorted[41]) may also provide additional security against the generation of bit er-

rors.

As high bandwidth demands are expected to increase further, OTDM technologies

will undoubtedly be coupled with the techniques of wavelength division multiplexing

(WDM) networks. Recently, all optical techniques have been developed in which

OTDM-to-WDM signal conversion is made possible by use of cross-absoprtion modu-

lation in EAMs[42]. By merging these two methods, capacities larger than one terabit

per second may be realized. As the combination of OTDM and WDM may form the

future of high speed optical communications, the details presented in this thesis are

of much use for further development and research.
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