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Abstract

Duobinary pulse-position modulation (PPM), a novel channel coding scheme, has been
proposed in this thesis as an alternative method of improving bandwidth utilisation efficiency
and sensitivity over existing coding schemes such as digital PPM, dicode PPM, multiple PPM
and offset PPM while operating over slightly or highly dispersive graded-index (GI) plastic
optical fibre (POF) channels of limited bandwidth. Theoretical investigation based on
simulations of mathematical models with maximum likelihood sequence detection (MLSD) at
1 Gbps on-off keying (OOK) data shows that duobinary PPM significantly outperforms
optimised digital PPM at low fibre bandwidths by 8.7 dB while only operating at twice the
original pulse code modulation (PCM) data rate. It has also been shown at high fibre bandwidth
duobinary PPM gives a sensitivity of -42.2 dBm which is favourably comparable to digital
PPM seven-level coding sensitivity of -44.1 dBm. Results presented in the thesis also
demonstrate that at very low normalised fibre bandwidths (below 1 and down to 0.43)
duobinary PPM outperforms dicode PPM by 1.2 dB requiring 27 x 10° photons per pulse
compared to 40.3 x 10° required by Dicode PPM. Due to the use of MLSD at low bandwidths,
wrong-slot errors are completely eliminated, and the effect of erasure and false-alarm errors

are significantly reduced thus resulting in significantly improved sensitivity.

Successful VHSIC hardware description language (VHDL) and field programmable gate array
(FPGA) implementation of duobinary PPM coder, decoder and MLSD as a single system has
been presented in the thesis. An FPGA embedded bit error rate (BER) test device has also been
implemented for sensitivity measurements purposes and all the designs have been tested
successfully with back-to-back testing. A purpose-built VCSEL 850 nm wavelength based
transceiver system has been designed and successful functional tests have been carried out.
Maximum operational data rate of the transceiver is currently 622 Mbps to match the maximum
operating frequency of the FPGA, however, it has the capability to operate up to 3.2 Ghps.
Further work on receiver characterisation and slot and frame synchronisation of duobinary

PPM is required.

All the results and analyses indicate that duobinary PPM is an ideal alternative to be considered
for highly dispersive optical channels, and performance evaluation for higher bandwidths also
favourably compares to existing coding schemes with only twice the expansion of original
PCM data rate.
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Chapter 1: Introduction

Chapter 1

1.1 Introduction

Ever since the proposal of Digital Pulse Position Modulation (DPPM) as a very attractive
method of modulation for optical fibre links by Garett [1] in 1983, a new window of channel
coding techniques was opened for the research. In the original DPPM the key proposal was
made to use the vast bandwidth that was available compared to the data transmission rates in
the early 80s in order to significantly improve the receiver sensitivity. Hence, the DPPM
scheme has been proposed as a method of utilising the bandwidth available in optical fibres,
with a 5-11 dB improvement in sensitivity being achieved compared to an equivalent Pulse
Code Modulation (PCM) system [2]. However, this improvement comes at a cost. A number
of key PPM based coding schemes have been proposed in recent years to improve the channel
performance while reducing bandwidth utilisation and improving sensitivity at the same time.
Every coding scheme that has been proposed! has advantages and improves the existing
techniques to a certain extent. However, all the channel coding schemes inevitably come with

their limitations as well as advantages.

Some improved coding schemes have some features which make them difficult to implement
such as increased data rate. For example, if digital PPM is used, the final data rate can be almost
23 times that of the original PCM [1] and this makes implementation difficult by a greater order
of magnitude. In addition, there is always room for further development regarding error
detection and correction at the receiver as no existing PPM coding scheme is completely error
free and the requirement of data security is ever increasing. All these have to be done without

causing unwanted additional traffic in the channel and compromising speed thus there is a

! Channel coding schemes will be discussed in detail later in Chapter 2 — Literature Review.
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Chapter 1: Introduction

greater need for improved error detection and correction algorithm. The special mention of
compromised data rate is relevant because some of key channel coding schemes that are
relevant to this research project have been developed to improve sensitivity and bandwidth
utilisation in relatively low bandwidth and highly dispersive optical fibre channels. There are
already existing and operational channel coding schemes that are very successfully deployed
all over the world for the fibre channel line coding purpose such as 8B/10B, 5B/6B, 7B/8B,
9B/10B, 64B/66B etc. [3-4] where the first number signifies the original data bits and the last
number denotes the number of bits the original data will be coded into. These are deployed in
most fibre channels where bandwidth restriction is not much of a deterrent and the error
detection and correction properties of these line coding schemes have significant room for
improvement. Since the advent of fibre optic networks full deployment as digital data
transmission medium, the actual physical optical fibre, especially the silica-glass fibre [5] types
have gone through exponential level of improvement through research and investment.
Therefore, even in modern day and age bandwidth, distance and speed are not something to be

excessively concerned with when using silica based glass fibre.

However, the catch is that they are expensive and the hardware required to implement the links
and maintaining are extremely expensive compared to any other contemporary transmission
medium. Therefore, they are only used for large scale commercial purposes such as broadband,
telecommunication, intercontinental data channels or government projects where cost is not a
major issue. At the turn of the century, it is fair to say that electronics and communications
have become consumer products, thus there is a need for cheaper alternative of silica-glass
based optical fibre links. Plastic Optical Fibre (POF) [6] has become the main alternative cost
effective way to still have high speed networks over the last decade. POFs have wide variety

of uses such as any short distance networks in industrial premises, manufacturing plants,
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Chapter 1: Introduction

automobile intra-communication, home networks, high-speed media interface just to name a
few of the highly potential future deployment. Automobile and manufacturing networks using
POFs are very much a reality now as many robotics arms in manufacturing plants are connected
to POF networks and the electronics, media and data in some of the most advanced cars [7] are
delivered by POF networks. For the aviation industry, it is highly useful due to optical links
being immune to Electro-Magnetic Interference (EMI) which can cause catastrophic issues in

any aircraft communication system.

The key attraction of POFs is that they are a much cheaper alternative to the classic glass fibre
and the transceiver systems are significantly less complicated than its glass counterparts.
However, all these advantages that can bring greater opportunities at low cost comes at a price.
The bandwidth of the POF is limited compared to the glass fibre and the channel is highly
dispersive which means that light can only travel very short distances through these channels
before it is dispersed and detection becomes highly problematic at the receiver end. The main
reason is that the POF is many years behind in development compared to traditional fibres as
the use of it is becoming more and more popular only in recent years due to the exponential
drive in consumer electronics. However, academics, engineers and manufacturing industries
are now spending significant time and budget to improve the quality of the POFs such as
achieving more bandwidth, less dispersion, thus improving sensitivity and many other

features?.

2 Developments in Plastic Optical Fibres are discussed in greater details later in Chapter 2 — Literature review.
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1.2 Background

As the development of the physical nature of Plastic Optical Fibre (POF) is gathering pace for
full commercialisation and consumer use, researchers are also improving the understanding of
channel coding for this particular medium of optical communications where coding schemes
that are high performing over very dispersive channels and utilisation of less bandwidth are
mandatory requirements. In the initial years of POF data transmission, the Resonant Cavity
Light Emitting Diode (RCLED) was used with a wavelength of 650nm. However,
improvement in Vertical Cavity Surface-Emitting Lase (VCSEL) [8] means that it is currently

the most logical transmitter to be used for POF links design.

The actual POF has gone through drastic improvements over the years as well. POFs are
currently available in 50/125 pm and 62/125 pm [6] which instantly means a major
improvement regarding the light loss aspects for transmitter coupling and receiver photodiode
light reception. Various channel coding schemes are in existence for optical communication
links. Use of channel coding has also been implemented in high speed data links with various
degree of success [9]. High-speed links typically refer to backplane or chip-to-chip
interconnects that operate at very high data rates (~10 Gbps), low bit-error rate (~1071%) and
with high energy efficiency [9-10]. Depending on the channel characteristics of the high speed
optical communications link, it has similar data rates and bit-error rate as high-speed back plane
links. POFs are highly dispersive channels thus more efficient coding scheme and error
detection and correction algorithm required for improved sensitivity and bandwidth reduction
for bandwidth limited POF optical channels. Many variants of PPM have been proposed for
the required improvements over the channel [11-17] but most of them are suited for long

distance and high-speed optical communications link where bandwidth is not a concern and
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the channel has low dispersion characteristics. These coding schemes are not useful for
bandwidth limited short-distance POF channels where innovative coding schemes are required
in order to effectively use the available bandwidth while improving the sensitivity and low data
rate. Dicode PPM operates at a speed of four times that of the original PCM because it adds

two guard slots, thus increasing the data rate [2, 18-24].

Like other technologies, scalability and speed of hardware are of great importance when
commercial feasibility of any new technologies is concerned. System on chip (SoC) has
become increasing popular with the increased complexity of new devices as they have certain
advantages such as greater functionality, embedded characteristics, lower system cost, reduced
time to market, scalability, ability to reconfigure and many more. VHSIC hardware description
language (VHDL) is a C program based field programmable gate array (FPGA) simulation and
programming software [25] that is perhaps the most popular complex high speed processor
level programming software that is available for the engineers and researchers for any SoC
designs. Signal integrity of high speed communication signals can be maintained due to the
package size, many useful features such as Phase-locked Loops (PLL) are readily available in
the FPGA which can be very easily programmed for operations such as clock division, clock
extraction, clock generation and regeneration or any type of timing events that may be
necessary for the transceiver designs and the complete coder, decoder, MLSD, Bit Error Rate
Test circuits, Analogue to Digital (ADC) or Digital to Analogue (DAC) conversions that may
be required by any coding schemes. FPGA implementation of the complete coding scheme is

the future of optical data transmission.
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Duobinary Pulse Position Modulation (DuoPPM) has been proposed as an alternative novel
coding scheme which manifests many advantages over currently existing PPM formats
according to the preliminary results obtained from theory and simulations [26-27]°. It combines
the bandwidth reduction of the three-level duo-binary code with the dispersion characteristics
of conventional PPM. This coding scheme is intended to be implemented using VHDL (VHSIC
hardware description language) and an FPGA (Field-programmable gate array) over plastic
optical fibre (POF) thus making it an ideal SoC candidate with all the advantages that come
with the SoC technologies. DuoPPM intends to run at the speed twice that of the original PCM

with zero guard slots and with improved sensitivity and MLSD algorithm.

Nevertheless, if the preliminary promises of this new coding scheme are fulfilled upon
successful implementation, it may be adapted to high-speed optical communications links
potentially exceeding the speed of 10 Gbit/s. In addition to further reduction in bandwidth and
greater dispersion characteristics, a novel MLSD error detection and correction algorithm will
be implemented that completely eliminates wrong-slot errors and reduces the effects of false
alarms and erasures and these performance improvements will be achieved only with twice the
data rate of the original PCM. A cost effective VCSEL 850 nm wavelength based laser
transceiver will be designed to form a single communication link with the FPGA development
board for practical implementation of the DuoPPM coding scheme. The designed transceiver
can also be easily used for Free Space Optical Communications (FSO) with few modification

of the power and safety parameters.

3 published papers and papers submitted for publication that are being reviewed are listed in Appendix 1.
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1.3 Aim and Objectives

1.3.1 Aim

The main aim of the research has been to develop, analyse and verify the coding methods and
Maximum Likelihood Sequence Detection (MLSD) of Duobinary Pulse Position Modulation
(DuoPPM) through three key stages: Mathcad modelling and simulations, VHDL and FPGA
implementation of the coding scheme and finally design and implement VCSEL 850 nm based

transceiver to be used with Plastic Optical Fibre (POF) channel for DuoPPM.

1.3.2 Objectives

The following objectives have been achieved during the course of the research:

» A wide ranging research has been undertaken to gather information about the relevant
literature of channel coding schemes, specifically the channel coding schemes that are
used for highly dispersive POF links. The main reason to carry out this exercise was to
understand the advantages and limitations of the currently researched schemes and to
be able to make comparisons of how these can be improved with the proposed novel

DuoPPM.

> The second objective was to create a Mathcad* simulation model that closely resembles
a POF link in terms of bandwidth and dispersion which was then to be used to simulate
the DuoPPM to obtain the theoretically simulated confirmations of the viability and
performance improvements of DuoPPM over comparable coding schemes. Mathcad

software simulations obtain theoretically simulated sensitivity of the DuoPPM and

4 Mathcad trademark of PTC Corporation.
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compares with relevant POF coding schemes as well as the performance analysis of the

MLSD of the DuoPPM itself.

> A complete design solution of the DuoPPM system need to be designed using VHDL
programming language and Altera™ Quartus II software solution. The designs are to
be tested for functional output verifications, and thereafter for timing analyses of the
internal and external signals to ensure all the signals are in correct phase to produce the
required outputs that have been verified by functional simulations when the designs are

programmed on to a Field Programmable Gate Array (FPGA).

> Terasic™ DE2-115 FPGA?® development board has been used to implement the VHDL
designs for FPGA. It uses Cyclone™ IV E series FPGA EP4CE115F29C7N. The
complete design will include: FPGA clock control block, Phase-locked Loop (PLL) for
clock generation, division and recovery, Pseudo Random Binary Sequence (PRBS)
PCM data generation, DuoPPM encoder, MLSD implementation and decoder, and
finally a Bit Error Rate Test (BERT) system which will regenerate the original sent
PRBS data sequence and use logic gates to check if any errors have occurred by

comparing the original sequence with the regenerated data sequence.

» Transceiver design of the DuoPPM needs to be completed to operate over a highly
dispersive POF link. VCSEL of 850 nm wavelength to be used to the transmission of
data. As slightly higher power is required for the transmission, the VCSEL driver has
been equipped with safety features such as over-current and over-power protection and
constant VCSEL power so that regardless of any loss of power the receiver sensitivity
will remain constant. The photodiode (PD) receiver to be used with Transimpedance

Preamplifier (T1A) and Limiting Amplifier (LA) for the receiver.

5 Terasic develops FPGA development boards for Altera Corporation FPGAs.
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1.4 Thesis Organisation and Structure

The thesis has been organised and structured in a clear and coherent manner which makes it
very easy to follow from the beginning to end. Footnotes have been added wherever necessary
to provide further relevant information and clearly organised appendices have been provided
after the conclusions of the main sections for further relevant and significant information.
Appendix 1 is a very important part of the thesis as it contains two published papers on the
research carried out and another paper [27] that has been submitted for publication to IET
Optoelectronics journals. Two further papers are currently being written on the tasks
completed for chapter 7, and 8 which will be completed shortly after submission of the thesis.
Clear guidance is given in the chapters of the thesis regarding which publications they

correspond to.

The thesis has been divided into 10 chapters and a brief description of what each chapter

contains is given in the following points:

» Chapter 1 an introduction and background of the research project along with aims and
objectives. It also provides a description of how the thesis is structured and the
publications made by the author during the research project.

> Chapter 2 contains a literature review for the project. Some of the key research papers
that have been reviewed are: relevant digital PPM based coding schemes, Plastic
Optical Fibres (POF) and their physical properties and applications, VHDL and FPGA
programming techniques, VCSEL transceiver designs for both POF and FSO links, Bit
Error Rate Test (BERT) methods, Power Spectral Density (PSD) analysis, clock
recovery systems for self-extracting coding schemes.

» Chapter 3 gives an overview of DuoPPM coding scheme. It shows how the data is coded

and decoded and the theory of the errors that can occur in this coding scheme.
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» Chapter 4 and 5 contain detailed analyses of how the MLSD of the DuoPPM has been
developed and insight into the sequence correction procedure that needs to employed
in case any errors in a sequence are detected.

» Chapter 6 explains the Mathcad modelling and simulation results of DuoPPM.

» Chapter 7 describes the VHDL designs of the complete DuoPPM system with both
functional and timing analyses of all the designed circuit blocks. It also provides the
results of FPGA implementation of the VHDL designs with final output waveforms
shown from the oscilloscope for DuoPPM system.

» Chapter 8 details the transceiver design procedure and calculations for VCSEL POF
transceiver that has been designed along with output waveforms.

» Chapter 9 discusses the complete thesis, and chapter 10 concludes the thesis with
suggestions for further work that should be carried out to enhance the performance and

practicality of DuoPPM coding scheme.

The appendices have six main parts and they are well structured. Appendix 1 contains all the
published works along with the papers that have been submitted for publications and are
currently being reviewed. Appendix 2 contains the Mathcad simulation model code of the
DuoPPM and the relevant tables and graphs that may be of interest to the readers. Appendix 3
lists all the VHDL code and schematic diagrams that make the DuoPPM system in its entirety.
Appendix 4 provides diagrams, PCB designs and other relevant information for the Transceiver
designs. Appendix 5 contains the theoretical error sequences for the coding scheme that have
been analysed to achieve the MLSD algorithm which has been implemented. Datasheets for
VCSEL transmitter and receiver, and all the packaged ICs are provided at the very end of the

thesis. A project Gantt chart has been provided in appendix 6.
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1.5 Conclusions

In conclusion, an introduction to the thesis and the work completed for the project has been
provided in this section. Background and brief literature about the key topics such as optical
fibre and plastic optical fibre communications, channel coding schemes for dispersive and
bandwidth limited channels, optical fibre links design, VHDL programming and FPGA
implementation have also been provided. These key literature and research will be presented
in more detail in the following chapter 2. The key aims and objectives for the thesis have been
clearly stated and the organisation of the thesis through each chapter has been described in

order to make it easier to follow and read the contents presented in the thesis.
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Chapter 2

Literature Review

2.1 Pulse Position Modulation (PPM)

Pulse Position Modulation (PPM) schemes have been established as a leading method of
utilising bandwidth available in the optical fibres, with significant improvement in sensitivity
compared to equivalent pulse code modulation (PCM) [1, 11-13]. Various schemes of PPM
have been proposed and investigated in recent past for use in optical communications links [1,
11-17]. The final data rate of some PPM systems can be almost 23 times that of the original
PCM [2], thus making implementation difficult and expensive. Some of these PPM schemes
can be attractive and suitable to implement for use in glass fibre or direct line of sight networks
where bandwidth is not a concern, but unfortunately these optical communications links are
expensive and not suitable for everyday use such as home networks, industrial networks and

many other potentially direct consumer applications.

Monomode fibres are being used for many applications, as they offer greater repeater spacing
and the possibility of upgrading the system in future by multiplexing at a higher bit rate [1].
However, PCM systems do not exploit the bandwidth shown by experimental monomode fibre
links near the wavelength of minimum chromatic dispersion, which is orders of magnitude
greater than that required for binary PCM systems at any data rate proposed for operational
systems. Various PPM coding schemes have been investigated in order to effectively use
available fibre bandwidth to improve channel performance in terms of sensitivity while

reducing the complexity of the receiver design.
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2.2 Existing Channel Coding Schemes

2.2.1 Digital Pulse Position Modulation

Digital PPM is one of the earliest coding schemes that was investigated and analysed by Garrett
et al. [1, 11-13]. They have shown that the abundance in bandwidth available in the best
monomode fibres may be exchanged for improved receiver sensitivity by employing digital
PPM. It was shown for a 50 Mbit/s, 1.3 um wavelength digital PPM system that provided the
fibre bandwidth is several times that of the data rate, digital PPM can outperform commercially
available PIN-BJT binary PCM systems [13]. The work was analysed for digital PPM systems
operating over slightly dispersive optical channels using direct detection PIN-FET receivers
and coherent receivers. They showed that there was a 5-11 dB theoretical improvement in
sensitivity compared to standard Non-Return to Zero (NRZ) On-Off Keying (OOK) data. In
digital PPM, M bits of information are transmitted using a single pulse by positioning it in one

of 2M time slots, figure 1 [1].

+V —

+V

data guard data guard

Fig. 2.1: Conversion of 4 bits of PCM (top trace) to digital PPM (bottom trace).

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 33



2.2: Existing Channel Coding Schemes

There is a significant improvement in sensitivity over NRZ OOK because a single pulse is used
to transmit M bits of information. Therefore, by virtue of the lower mark: space ratio, increasing
M means improving the sensitivity. However, in order to synchronise equivalent data
throughput with NRZ OOK, the same amount of data must be transmitted within the same time
frame. Therefore, for a data time frame of MTyp, where Ty is the bit period, there must be 2V
PPM time slots which means that the PPM slot rate is 2M/M faster than the PCM bit rate in
order to maintain the same information throughput. This large bandwidth expansion can make

the final line rate prohibitively high.

2.2.2 Multiple Pulse Position Modulation (MPPM)

Sibley and Nikolaidis [28-30] have investigated Multiple Pulse Position Modulation (MPPM)
for dispersive optical channels, however, MPPM was first proposed by Sugiyama and Nosu
[31] as a viable method to improve the bandwidth utilisation efficiency in optical PPM. By
virtue of the coding technique as shown by them, MPPM optical pulses are transmitted in

multiple slots in one single block as shown by the figure 2.2 below [28].

PCM

muliple |i|i|iﬂ|i|!7u

oPM T T T T T T T T T
12 3 4 5 6 7 8 91011121 2 3 4 5 6 7 B 910 1112

Fig. 2.2: Conversion of PCM (top trace) to multiple PPM double pulses per frame (bottom

trace).
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This method reduces the required transmission bandwidth in optical PPM to about half with
the same transmission efficiency, thus increasing the band-utilisation efficiency. Sibley
analysed and presented results of MPPM when operating over graded-index plastic optical
fibre. It showed that the MPPM is one of the most bandwidth-efficient PPM coding schemes
as it offers the sensitivity of digital PPM without the large bandwidth expansion. This scheme
uses a number of pulses in a frame, with the pulse positions being determined by the original
PCM word. Figure 2.2 (in previous page) shows (12/2) multiple PPM in which a 12-slot frame
uses two data pulses to code 6 bits of PCM. Linear mapping is used in this instance and so the
PCM word 000000 translates to pulses in slots 1 and 2 — referred to as 1,2 — whereas the PCM
word 010001 results in 2,9. The line rate for this (12/2) code is twice that of the PCM. Further
reductions can be achieved by using higher order codes [31] such as (15/4) which can code 10

bits of PCM resulting in a line rate of 1.5 times the PCM rate.

Sugiyama and Nosu [31] analysed the error performance and introduced the maximum
likelihood detection (MLD) scheme and the prediction of error performance was simplified by
the use of bounds. They concluded that multiple PPM is more efficient than digital PPM in
terms of power and bandwidth utilisation. The best predicted sensitivity was 0.58 bits/photon
compared to 0.5 bits/photon for digital PPM (both operating at an error rate of 1in10%). MPPM
suffers from the usual PPM errors such as wrong-slot, erasure and false alarm errors due to
either dispersion of the photons through the transmission channel or optical pulse detection
errors at the receiver end or it may also be a combination of both and suitable MLSD can be

applied to improve the sensitivity of MPPM.
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2.2.3 Dicode Pulse Position Modulation (DiPPM)

Sibley and Charitopoulos [2, 18-24] proposed DiPPM which is another highly bandwidth-
efficient PPM scheme that has been investigated and analysed extensively in recent years. This
coding scheme combines dicode, a tertiary code sometimes used in magnetic recording, and
digital PPM to form dicode PPM. They showed that DiPPM gives receiver sensitivity greater
than digital PPM while operating at only four times the original data rate when coded with two
guard slots and two times the original data rate when coded without the guard slots. The
bandwidth efficiency of this coding scheme can be particularly useful when operating over
band-limited channels such as plastic optical fibres. They showed that a high fibre bandwidth
dicode PPM system can give sensitivities of -50.44 dBm and -44.27 dBm when operating with
155.52 Mbit/s and 1 Gbit/s PCM data rate, respectively, compared to typical PCM sensitivities
of -38 dBm and -28 dBm. They also showed that DiPPM outperforms digital PPM at low fibre

bandwidths by 3.02 dB.

In DiIPPM coding scheme, both data transitions from logic zero to logic one and logic one to
logic zero are coded as pulses in DiPPM slots SET and RESET respectively as shown in figure
2.3 (following page) [2], a zero signal (no pulses in either SET or RESET slots of the DiPPM)
is transmitted if there is no change in the PCM signal. In DiPPM, these SET and RESET signals
are converted into two pulse positions in a data frame. Thus a PCM transition from zero to one
produces a pulse in slot S and a one to zero transition generates a pulse in slot R. In case of
constant PCM data of either 1 or 0, no signal is transmitted. Although two guard slots have
been used in this system, to reduce the effects of inter-symbol interference (ISI), this depends
on the channel characteristics. If there is minimal inter symbol interference (I1S1), zero guard

slots could be used [32].
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Fig. 2.3: Conversion of PCM data (top trace) into DiPPM.
PCM Probability Dicode PPM Symbol
0o 1/4 No pulse N
01 1/4 SET 5
10 1/4 RESET R
11 1/4 No pulse N

Table 2.1: DiPPM symbol alphabet and probability.

2.2.4 Offset Pulse Position Modulation (Offset PPM)

One of the forerunners of research into restricted bandwidth coding schemes to improve
performance and sensitivity Sibley [33-34] also proposed offset-PPM that offers increase in
sensitivity over digital PPM and operate at half the line rate of digital PPM. Table 2.2 [33] in
the following page how the offset coding scheme works with 3-bits of PCM input data and how
3-bit PCM data is coded into offset PPM word and compares that with the digital PPM word.
Sibley showed that below 100rcm the scheme is similar to digital PPM except that no pulse is
transmitted for 000pcm. When 100pcm is reached, the ‘sign’ bit is introduced and coding

continues as before. In effect the most significant bit (MSB) (the sign bit) shows whether the
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offset is to be taken from 000pcm or 100pcm. In this way the line rate of offset PPM is exactly
half that of digital PPM. It might initially be thought that there is a drop in sensitivity because
some frames contain two pulses instead of just one for digital PPM; however, as Sibley showed,
this novel technique offers a better performance than digital PPM when operating over highly

dispersive channels.

Original PCM Word Offset PPM Codeword Digital PPM Codeword
000 0 000 0000 0001
001 0001 0000 0010
010 0010 0000 0100
011 0100 0000 1000
100 1000 0001 0000
101 1001 0010 0000
110 1010 0100 COo00
111 1100 1000 0000

Table 2.2: Coding table from original PCM to offset PPM and digital PPM when coding three
bits of data.
A comparative generation of digital PPM, multiple PPM and dicode PPM from PCM data is

shown below in figure 2.4 [18].

PCM
time, s
o | ) [ e
N 63 0 P | Esa P63 ] o s
2 S O O 1 Y
SRR DR R R )
s | 1000 i0e
N R N S N R N N S N N R time, s

Fig. 2.4: Generation of (a) digital PPM, (b) multiple PPM and (c) dicode PPM from PCM

data.
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2.2.5 Differential PPM and Overlapping PPM

The last three decades significant amount of research has been conducted to overcome the
various difficulties of digital pulse-position modulation (PPM) and the trend is to continue in
order to find more suitable solutions. Digital PPM uses one pulse in one frame and requires a
large number of slots to transmit one code word. Increasing the number of slots narrows the
pulse width and that expands the bandwidth. Making a trade-off between bandwidth, line rate,
and sensitivity becomes difficult as has been discussed in the earlier sections. Other than
multiple PPM and dicode PPM many alternative coding systems have been proposed including
differential PPM [16, 35] and overlapping PPM [17]. All of these aim to reduce the line rate

while maintaining the receiver sensitivity.

Zwillinger [16] and Shiu and Kahn [35] proposed differential PPM coding scheme which can
have a higher throughput of data than digital PPM because its line rate can be less than an
equivalent digital PPM system. This increase in throughput comes from reducing the word
length by suppressing the empty slots following a pulse. This results in a word that varies in
length but whose average is less than the equivalent digital PPM word. An example of

differential PPM coding is given in the table 2.3 below [35].

Source Bits | Corresponding Corresponding Corresponding
4-PPM Chips 4-DPPM Chips 4-DPPM Chips
(nominal mapping) | (nominal mapping) | (hominal mapping)

00 1000 1 0001

01 0100 01 001

10 0010 001 01

11 0001 0001 1

Table 2.3: Mapping examples between

DPPM®,

5 DPPM here denotes Differential PPM, not to be confused with digital PPM.

source bits and transmitted chips of 4-PPM and 4-
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Shalaby [17] also proposed a direct-detection optical code-division multiple access (CDMA)
systems employing overlapping PPM (OPPM). In overlapping PPM, described by Shalaby,
adjacent pulse positions are allowed to overlap, resulting in a line rate reduction. Shalaby
restricted the upper and lower bound for the overlapping index such that overlapping PPM
outperformed digital PPM. The performance characteristics were compared to optical CDOMA
systems employing traditional ON-OFF keying (OOK) and PPM schemes. Using OPPM it was
shown that under fixed data rate and chip time, the OPPM-CDMA system outperforms both
traditional OOK and PPM systems. Shalaby also showed that the throughput limitation of

OPPM-CDMA is almost 6.7 times greater than that of OOK-CDMA.

2.2.6 M-Ary PPM, Reed-Solomon Coded PPM and Binary

PPM

Alternative methods of PPM have also been investigated for free-space optical (FSO) links.
Coding schemes such as M-ary PPM [36], Reed Solomon coded PPM [37], Binary PPM [38]
have been proposed for FSO links for improved performance over existing modulation

techniques.

Yan et al. [36] proposed M-ary PPM to improve the performance of a FSO communication
system which is limited by light intensity fluctuations induced by atmospheric turbulence by
using Forward Error Correction (FEC). They showed that power-efficiency of PPM scheme
can be effectively employed in FSO systems to improve performance. The FEC scheme for M-
ary PPM is based on Reed-Solomon (RS) codes. It was shown that FEC can reduce the required

average signal light intensity for a high bit rate FSO system to keep a bit error rate (BER) below
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1x10-%, and that with the FEC scheme, the system is tolerant of the noise resulting from a

background light that is stronger than the desired signal light.

Atmospheric attenuations and weather dependence remain major hurdles in the wide scale
acceptability of the FSO communications technology. Muhammad et al. [37] proposed
performance enhancement using higher state modulation schemes (i.e. 16 and 256-PPM) which
promise a gain up to 25 dB when combined with Reed-Solomon (RS) codes and the results
were compared to the widely used 2-state modulation mechanism. It was shown that the RS-
coded PPM is an extremely robust and well-performing coded-modulation scheme for future

FSO systems using a novel approach to terrestrial FSO channel modelling.

Kim [38] proposed the combined Binary Pulse Position Modulation (BPPM)/Biorthogonal
Modulation for the direct-sequence Code Division Multiple Access (CDMA) systems in 1999.
In direct comparison with M-ary orthogonal modulation the results of BPPM were found to be
near identical, however, BPPM has the advantage of a much simpler receiver structure thus
reducing complexity. Tahir et al. [39] also conducted simulations on BPPM in FSO
communication systems in both weak and strong atmospheric turbulence to analyse the
performance in terms of Bit Error Rate (BER) and eye diagrams with an Avalanche Photodiode
(APD) receiver. In BPPM two bits are transmitted in block instead of one at a time and this
block is called the BPPM frame. Their simulation results were encouraging as they matched

the ideal calculated results.
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2.3 Errorsin PPM

In common with digital PPM, most of the PPM schemes are subject to three main error sources

[32].

Erasure error where, due to negative noise spike, the amplitude of the pulse falls below the
detection threshold. It occurs whenever noise destroys the pulse thus preventing detection. The
probability of an erasure error B., assuming the receiver output noise voltage is a Gaussian

random variable is

_ g
B.=0.5erfc (ﬁ) (2.1)
Where Q¢ is,
2 _ (Vp_Vd )2
Q" = (<n0(t)2>) (2.2)

In the equation 2.2 above, < ny(t)? > is the mean square receiver output noise, V; is the
receiver output at the threshold crossing time t,4, and V}, is the peak receiver output at time ¢,
[32].

Wrong-slot error where, due to noise, the rising edge of the pulse is shifted into either the
preceding or following slot, (the impact of this is pattern dependent). It occurs when noise on
the leading edge of the pulse produces a threshold crossing in the time slot immediately
preceding or following that containing the pulse. The probability of a wrong slot error,P,, is
given by

P =erfc (%) (2.3)

Where Q4 is,

Qs = (%)2 (<n0(1t)2>) (d‘fl)t(t) |td)2 (2.4)

and ¢ is the slot time [32]
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False-alarm error, where, due to a positive noise spike, the detection threshold is crossed in
an empty slot that, depending upon the actual slot, may lead to a decoding error. It occurs when
noise causes a threshold violation in a slot in which no pulse is present. The probability of this

happening in a given timeslot is

_5s o
Pr = - erfc (ﬁ) (2.5)
Where QF is,
2 _ ((Va—Vors1)?
Qr" = ( <ng(t)2> ) (2.6)

ts . : . . .
T—s is the number of uncorrelated samples per time slot and is the time at which the
R

autocorrelation function of the receiver filter has become small [32].
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2.4 Maximum Likelihood Sequence Detection (MLSD)

Applying Maximum Likelihood Sequence Detection (MLSD) techniques [40] to non-directed,
indoor, FSO channels has been considered in recent work [18, 24, 26-27, 33], because sequence
errors result from the large degree of Intersymbol Interference (ISI) introduced by these
channels. In an MLSD scheme, only certain words or sequences are used for data transmission.
At the receiver, the detected data word is compared to all valid words to find a match. If noise
and ISI corrupt the received word so that it is invalid, the MLSD decoder determines the most
likely word and uses that to generate the decoded data. Sibley [18] showed for dicode PPM
system that using MLSD algorithm completely eliminates wrong-slot errors, and reduces the

effects of false alarms and erasures.

MLSD has also been considered and applied to other modulation codes operating over free
space channels, such as differential PPM [16], Pulse-Interval Modulation (PIM) and Dual-
Header PIM (DH-PIM). Simple alternatives to MLSD such as Trellis-coded modulation and
decision-feedback equalisation [41-42] have also been proposed but MLSD is very simple to

implement thus simplifying decoder design.

Sibley showed that implementing a novel MLSD algorithm in dicode PPM system, operating
over dispersive medium such as graded-index POF (GI-POF), with a wide-bandwidth receiver
and classical matched filter corresponds to a 12.2 dB increase in sensitivity compared to a

dicode PPM system without MLSD.
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2.5 Channel Bandwidth and Attenuation Characteristics

In optical communications links, the optical fibre provides the transmission channel. The fibre
consists of a solid cylindrical core of transparent material, surrounded by a cladding of similar
material [42]. Light waves propagate down the core in a series of plane wavefronts i.e. modes.
For this propagation to occur, the refractive index of the core must be larger than that of
cladding and there are two basic structures which have this property: Step-Index (SI) and
Graded-Index (Gl) fibres. Multi-mode (MM) fibres allow many modes to propagate and single-
mode (SM) fibres only allow one mode to propagate. Step-index types are generally available
as both MM and SM fibres; although graded-index fibres are normally MM, some SM fibres
are available. The three fibre types, together with their respective refractive index profiles are
shown below in figure 2.5 [43]. In the figure, n is refractive index of the material, the cross-
hatched area represents the cladding, the diameter of which ranges from 125 um to a typical
maximum of 1 mm. The core diameter can range from 8 um, for some fibres, up to a typically

50 um for large core MM fibres.
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Fig. 2.5: Typical refractive index profiles of (a) graded-index multimode, (b) step-index

multimode-mode, and (c) step-index single mode fibres.
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Nowadays most of the optical fibres in use are made of either silica glass (SiO2) or
plastic/polymer. The change in refractive index, between the core and cladding, is achieved by
the addition of certain dopants to the glass; all-plastic fibres use different plastics for the core
and cladding. All-glass, SM fibres exhibits very low losses and high bandwidths, which make
them ideal for use in long-haul telecommunications routes. Unfortunately such fibres are
expensive to produce and so they are rarely used in short-haul (less than 500m length) industrial

links.

The fibres with large core, for use in medical and industrial applications, and also for home
and office networking nowadays, are generally made of plastic, making them more robust than
all-glass types and much cheaper to manufacture. However, the very high attenuation and low
bandwidth of these fibres tend to limit their use in communications links. Medium-haul routes,
between 500 m and 1 km lengths, generally use plastic cladding/glass core fibre, otherwise as

Plastic Clad Silica (PCS). All-plastic and PCS fibres are almost exclusively step-index, multi-

mode types.
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Fig. 2.6: Attenuation and wavelength characteristic of a silica-based glass fibre [42].
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The attenuation and bandwidth of an optical fibre determines the maximum distance that
signals can be transmitted. Attenuation is usually expressed in dB/km, while bandwidth is
usually quoted in terms of the bandwidth length product, which has units of GHz km, or MHz
km [42]. Attenuation also depends on impurities in the core and so the fibre must be made from
very pure materials. To some extent bandwidth also depends on the core impurities; however
the bandwidth is usually limited by the number of propagation modes. This explains why single

SM fibres have a very large bandwidth.

2.6 Plastic Optical Fibre (POF)

All-plastic fibres are exclusively of the MM step-index type with large core and cladding
diameters. These fibres are usually cheaper to produce and easier to handle than the
corresponding silica-based glass variety. However, their performance (especially for optical
transmission in the infrared) is restricted, giving them limited use in communication
applications. All plastic fibres, however, generally have large numerical apertures which allow
easier coupling of light into the fibre from a multimode source [42-43]. Early plastic fibres
fabricated with a Polymethyl Methacrylate (PMMA) and a fluorinated acrylic cladding
exhibited very high losses but with subsequent development in the fabrication process losses
as low as 110 dB/km were achieved in the visible wavelength region. These all-plastic fibres
exhibit both intrinsic and extrinsic loss mechanisms including Rayleigh scattering which

results from density fluctuations and the anisotropic structure of the polymers.

In recent years, there has been increasing interest for using perfluorinated graded-index (Gl)
POF (PF-GI-POF) for high-speed >10-Gb/s short-reach applications such as low-cost

interconnects in data centres, local area networks (LAN), and supercomputers. For such
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applications, MM fibres (MMF) are preferred above SM fibres (SMF) due to their large core
diameter and numerical aperture. Especially the PF-GI-POF, with core diameters of 50-62.5um
up to 120 um, is very attractive for such applications. Due to the large alignment tolerances in
transceiver components and fibre splices, the PF-GI-POF is attractive for in-building networks

as its installation is easy and low cost [44-45].

Plastic-clad fibres are multimode and have either a Sl or a Gl profile. They have a plastic
cladding (often a silicone rubber) and a glass core which is frequently silica. The PCS fibres
exhibit lower radiation-induced losses than silica-clad silica fibres and, therefore, have an

improved performance in certain environments.
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Fig. 2.7: Attenuation characteristics of POF and silica fibre [46].

In PCS fibres, the main absorption peaks are due to the O-H bond resonance, identical to all

glass fibres, and the C-H bond resonances are due to the plastic cladding. The net result is that
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PCS fibres exhibit a transmission window at 870 nm with a typical attenuation of 8 dB/km, so
PCS links can use relatively cheap near infrared light sources. In view of the relatively low
attenuation, and the fact that PCS fibre is S| MM, most PCS links are dispersion limited rather
than attenuation limited. All-plastic fibres exhibit very high attenuation due to the presence of
C-H bonds in the core materials. These bonds result in a transmission window at 670 nm, with
a typical attenuation of 200 dB/km. As well as the high attenuation peaks caused by the
complex C-H bonds, there's a large amount of Rayleigh scattering in all-plastic fibres. This is
due to scattering from the large chain molecules that make up the materials. Although plastic
fibres exhibit very low bandwidth-length products and very high attenuation, there is
considerable interest in using such fibres for localised distribution systems and computer

installations [42].

2.7 Potential Future Applications of the Research

DuoPPM operates at only two times faster than that of the original PCM data rate [26], thus
reducing the bandwidth, making it a potentially attractive coding scheme for plastic optical
fibre (POF) which suffers from low bandwidth; and high dispersion and attenuation because of
the material [42-46]. Due to significant research and development in the material and
fabrication of POF, it is fast becoming a consumer product, with applications such as low-
speed, short distance (up to 100 meters) home media appliances, home networks, industrial
networks, car networks, VoIP, IPTV, HDTV where the requirement for a relatively high-speed
central distribution network inside buildings and homes is emerging. Siemens AG (2007) [46]
claimed to successfully achieve 1 Gbit/s data rate over POF for 100 meter long distance using
quadrature amplitude modulation (QAM). This claim may prove to be significant as it proves

that with the rapid development in POF material and related technologies, it can achieve
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sufficiently high bandwidth to cater for increasingly high speed consumer demands. The
authors propose that further bandwidth reduction is achievable by combining duo-binary
coding technique, first invented by Lender [47-50] in 1963, with dibit PPM. Sinsky et al (2005)
[10] presented that high-speed data transmission is achievable using this three-level correlative
coding technique by reducing bandwidth of transmission. Using similar technique shown by
Cryan and Sibley (2006) [32], by moving from slope detection to central decision detection,
dibit PPM receiver can be significantly simplified with equivalent sensitivity performance in

the higher fibre bandwidths and considerably improved performance at lower bandwidths.

As discussed earlier, today plastic fibres are mostly used for very-short distance
communication systems, such in a car. One of the main advantages of plastic fibre is ease of
connection but it has yet to prove itself in terms of cost, bandwidth, and attenuation and long
term thermal stability. General Motors and Daimler-Chrysler are developing plastic fibre-based
automotive radio, video and data distribution systems such as D2B (domestic digital bus) for
use in cars, the next generation of aircraft may opt for plastic fibre for rear-back video
distribution. Any use of optical fibre in an aircraft offers massive weight saving over the

equivalent copper cable solution [7, 45].

There is considerable interest in using POFs for localised distribution systems and computer
installations. Due to the large alignment tolerances in transceiver components and fibre splices,
the PF-GI-POF is attractive for in-building networks as its installation is easy and low cost;
they are also commonly used for much higher-speed applications such as data centre wiring
and building LAN wiring. Faster and more cost effective industrial automation and distribution

networks can also be realised with POFs.
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As the number of new services offered is increasing rapidly, such as VoIP, IPTV and HDTV,
the need for a central distribution network inside buildings and homes can be effectively
catered for using POFs. These networks will ideally combine large bandwidth with robustness,
easy installation and cost effectiveness. This network should not only be able to distribute
various new services, but also traditional ones such as CATV, voice telephony, high-speed
internet, etc., making transparency also an important issue to consider. Particularly, plastic
optical POF is attractive because it is easy to install due to its large core diameter. Moreover,
POF offers large flexibility and ductility, which further reduces installation costs in often less
accessible customer locations. The large diameter of POF allows relaxation of connector
tolerances without sacrificing optical coupling efficiency. This simplifies the connector design

and permits the use of low cost plastic components [44].
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2.8 VHDL Programming and Design Methodology

It has been stated in section 1.3 that one of the key goals of the research is to develop the
required system using VHSIC Hardware Description Language (VHDL), and implement the
designs on to a Field Programmable Gate Array (FPGA) thereafter. Therefore, this section
briefly describes the need for HDLs, design methodologies and hierarchies used to reduce
complexity in VHDL, different VHDL models; and the design methodology used for this

project in particular.

2.8.1 Designing on Multiple Levels

VHDL does not restrict the designers to use the same design level at all times unlike some other
HDL software that are currently available commercially. The HDL designs are achievable on
multiple levels and depending on the size, complexity or any other given requirements and
specifications required and dictated by the designs, a system designer can choose to work on

any level that fits. The key levels of design available in the VHDL are given below [51].

System level.

Algorithmic, or behavioural level.

Data flow, or Register Transfer (RTL) level.
Gate level.

Switch, or transistor level.

v V Vv VYV V V

Electrical, or continuous mode (integral-differential) level.
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2.8.2 VHDL Design Management

VHDL has clear and well defined design management structure that is easy to follow and

intuitive in nature. It satisfies all the requirements of complex designs such as this DuoPPM
system with highly structured design management. A VHDL design management structure

is shown in the figure 2.8 below [51].

System Specification
v

Partitioning
| Hardware Element Software Element

I =I Digital Specification |

A4
| State Diagrams/ Flow charts |

A4

VHDL

Algorithmic/ Behavioural Descriptions

RTL/ Dataflow descriptions

Gate level descriptions

v
| Simulation/Timing/Fault |
¥
Synthesis |

:

| Sign off |

}

| Layout |

Fig. 2.8: Design structure flow diagram of VHDL capabilities.
It is clear from the diagram above that there is support for both hardware and software

capabilities on equally structured level and every aspect of a design is separated thus making

design changes and debugging simpler tasks.
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2.8.3 Design Methodology

Both top-down and bottom-up design methodologies are available in the software design
process. Top-down design flow of VHDL (shown in figure 2.97 [52]) will seek to solve the
problem by deconstruction from system level to gate level, or electrical, or continuous mode
(which could include layout), whereas bottom-up design will seek to solve it by building up
the system in reverse manner to that of top-down flow or, in extremis, from level 6 (full custom
design).'This project has been completed using top-down methodology. As Sjoholm & Lindh
[51-52] mention that the design methodology which most people now given prominence to and
try to follow is top-down. Bottom-up approach to the design could also be implemented
depending on the design of the circuit. Following are the few key advantages of the top-down

design methodology.

It can handle significantly complex designs.
Due to built-in features the designs times are significantly reduced.
Increased quality of the designs.

Rapid prototyping with FPGA is a very attractive feature.

YV VYV Vv VvV V¥V

Recyclability is increased.

Verification of designs are also integrated in the top-down design flow structure in VHDL and
they are as follows:

> Behavioural model.

> Register Transfer Level (RTL) VHDL model

> Gate level both before and after layout.

7 Figure 2.9 is in the following page.
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The component can be verified as follows in all three of the above verification steps that has
been mentioned previously by using the following methods that are readily available in the

software package:

» Creation of test vectors in the simulators internal language.
» VHDL testbench creation.

» System level simulation.

Design Specification

Specification Level

VHDL- Behavioural
Model

1’-----_--______-_-_--__I.__-----_-

Simulation

- Design Specification | RT Level
VHDL -RTL

= = e = = === — —— i —— - - -

Svnthesis

| Medlist Level

Test Vector
Crenerating(ATPG)

Simulation

Fig. 2.9: Top-down design flow of VHDL design methodology.
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2.8.4 Program Model and Simulation Choices

A general design model of VHDL programming design code can be described by the figure

2.10 below.
Package
Entity
Behavioural Functional Dataflow Structural
Architecture Architecture Architecture Architecture

Fig. 2.10: Standard VHDL model of programming designs.

After completion of designs on either HDL level or Schematic, the design can be very easily
verified in VHDL using input and output vectors for both functional and timing simulation that
are necessary. State of internal signals and registers can also be observed in order to optimise
the design to the required pre-defined specifications. There are two levels of simulations

available in VHDL.

» High level simulation: provides information about functionality.
» Low level simulation: determines detailed information about timing. But these

simulations are much slower.

To avoid high costs of low level simulation, high level simulations should be used to detect

design flaws as early as possible. VHDL supports these multi-level simulations.
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2.8.5 Key Advantages of Using VHDL Package

Some of the main advantages of using VHDL can be described by the points below [52]:

> Public availability: VHDL developed under US. Government contract, IEEE standard,
government has interest in maintaining VHDL as a standard.

» Supports many methodologies: top-down, bottom-up, library based.

» Technology independent: i.e. CMOS, NMOS, but a design can be forced to a
technology or process.

> Range of descriptive levels: behavioural to gate, so the same component can be
described and simulated at different levels.

> Design exchange: as a standard components can be sub-contracted out.

> Large scale design and reusability: similar to programming languages. Multiple
mechanisms to support design hierarchy.

» Versatile design reconfiguration support.

» Support for multiple level of abstractions.
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2.9 FPGA Development Kits

2.9.1 Quartus I1: Integrated VHDL Development Environment

Altera© Corporation® are pioneers of developing educational, research and industrial level
FPGA development software and hardware [53]. The Quartus Il software range developed by
Altera has wide range and variety of VHDL and Verilog software and hardware development
capabilities and is extensively used worldwide for various purposes. All levels and abstraction
of VHDL design and methodology have been made possible in a simple manner in the Quartus
Il software package. There are a number of versions of Quartus Il software are available as
they have been through numerous development stages of the software. The versions vary

depending on the support of FPGA in the design development process.

As the company develops FPGAs, they have the capability to modify and alter their software
development environment to cater for them. There is a wide range of FPGAs to choose from
providing all kinds of designs solution from semi-custom to full-custom application-specific
integrated circuit (ASIC) designs. FPGAs differ in the number of logic gates available, PLL
modules, operating frequency and speed, various integrated features that can be utilised for a
complete design solution, interface blocks available on chip and many more. Therefore, it is
up to the system designer to choose according to the specifications and choose the FPGA and
development software wisely. Budgeting costs for any enterprise are vital and choice of wrong

FPGA and design development can signify the difference between project success and failure.

8 Altera, Terasic and Quartus are registered trading names for the companies and software mentioned.
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2.9.2 DE2-115 FPGA Development Board

Altera© Corporation is collaborating with Terasic Inc. to develop the FPGA development
boards for educational and research purpose [54-56]. There is a wide variety of development
kits available with various different FPGA solutions. This project has used the DE2-115 board
which satisfies the budget and requirement of the research. The board layout with key features

identified is given in the figure 2.11 below [56].
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Fig. 2.11: DE2-115 Terasic FPGA development board layout [56].
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The key features of the DE2-115 board that was considered for this project can be identified as

given below [56]:

>

>

Cyclone® IV EP4CE115 FPGA.

4 general purpose PLLs.

SMA 1/0 Clock interface pins.

528 User 1/0Os including GPIO, HSMC, LCD and Switches.
50 MHz on-board clock.

Configurable 1/0O standards (Levels: 3.3/2.5/1.8/1.5V).

There are many more key features available as well such as capabilities of adding various

daughter boards using the HSMC 1/O interface module for many types of designs. Current

daughter cards available for the board are:

>

vV VvV VY VvV VvV V V V

HDMI Receiver card.

HDMI Transmitter card.

Card for video and image processing applications.

AD/DA data conversion card.

Transceiver channel connectors.

Multi-touch LCD module for touch-screen application development.

TV encoder and decoder capabilities.

Sensor adaptor card.

5-megapixel digital camera package just to name a few of the additional features

available.
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2.10 Optical Fibre Links and VCSEL Transceiver Design

2.10.1 Optical Fibre Link Characteristics

A typical optical fibre link can be illustrated by figure 2.12 below.
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Fig. 2.12: A simplified optical fibre link.

It is clear from the figure above that, after the channel coding has been completed [11-12, 57-
58], the next stage is to transmit the data using the light source. A light source usually either a
Light Emitting Diode (LED) or LASER (Light amplification by stimulated emission of
radiation)®. The light sources come in various wavelengths thus their dispersion characteristics
vary as well [59-60]. The laser is particularly suitable for optical fibre communication as the
fibre diameter is in um range and the wavelength of the laser is suitable for this purpose. It
makes laser coupling with fibre easier and significantly less coupling loss. LEDs usually have
diffused light therefore if coupled with small fibre cores there will be a significant amount of
light loss during coupling which makes the LED unsuitable for optical fibre communications
[61]. However, in recent years some improvement has been made in LED technology which

contributed to RC-LED (Resonant Cavity — LED) of 650 nm wavelength which has been used

% Commonly known as laser and will be denoted as ‘laser’ from hereafter.
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for POF of higher core diameter as a cheaper alternative to laser. This is most notably used for
short distance dispersive channels in MM fibres. However, as has been discussed earlier, the
MM POF technology has significantly improved thus it is more widely used than before.
VCSEL (Vertical Cavity Surface Emitting Laser) of 850 nm wavelength is now mostly

replacing the use of RC-LED in POF links.

Glass fibre links very commonly use lasers of 1.3 um and 1.55 um wavelength [61-62]. The
choice of laser for such links mainly depend on power budget and the link characteristics. Three
dispersion characteristics of the links: material, modal and wavelength dispersion need to be
taken into account when deciding on the choice of either light source or channel or both. The
main reason of operation at 1.3 pum is that single-mode (SM) fibres are optimised for operation
of 1.3 um wavelength where they exhibit zero-dispersion and SM fibres are the main contender
when it comes to long-haul communication. However, research showed that [62] by modifying
fibre design the zero-dispersion point can be shifted towards the 1.55 um wavelength where

lowest losses occur in silica based fibre.

The channel for the research will be a highly dispersive GI-POF channel thus VCSEL has been
chosen over RC-LED as the most suitable light source with better coupling, lower diffusion
and dispersion and the single mode capability. VCSEL also comes at 650 nm wavelength,
however, the most appropriate for the research would be 850 nm VCSEL. As the figure 2.12
in the previous page showed, a photo detector is necessary at the receiver end along with

suitable receiver circuitry.
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Cyran et al. [11-14] proposed a simple APD (Avalanche Photodiode) based receiver system as
shown in figure 2.13 below. APD combined with pre-amplifier, post amplifier and predetection

filter makes up the receiver for the proposed receiver.

FCM to PPM Laser Pulsing

PCM Sources coder Circuit z 1—

: Prediction I Threshold P:?;;::-C&M
R Filter i | Detection cocer =
= : synchronisation

PCM

out

Receiver

Fig. 2.13: Proposed digital PPM link diagram.

Neuhauser et al. [63] showed by design and implementation that low-noise and high-gain Si-
bipolar transimpedance preamplifiers could be used for 10 Gbps data rate system in low cost

optical fibre communications links.
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2.10.2 VCSEL Based Transceiver Design

It has been discussed in the previous section that slowly the high-speed graded-index POF links
are moving from LED based transceiver to VCSEL based transceiver. Siemens [46] has
achieved gigabits data rate using VCSEL over POF in recent times. It also means that the use
of POF is no longer limited to slower optical fibre data rates. Recent publications [65-67] have
reported very high data rate achieved using POF and VCSEL in various conditions.
Wipiejewski et al. [65] designed and manufactured VCSEL in visible red spectrums between
650 nm and 690 nm with a modulation bandwidth of devices in excess of 3 GHz and the output
power is only limited by the eye-safety conditions. It has very high reliability in the 100,000

hours in operating use conditions. This is now a common trait of GaAs based VCSEL.

Polley et al. [66] have also published results of 10 Gbps VCSEL based transmission over 100m
distance with large core graded-index POF. The experiments also demonstrates the VCSELs
are very much compatible with highly alignment tolerant POFs. Park et al. [67] also showed
simple medium data-rate 150 Mbps data rate is very easily achievable as well as high data-rate
shown by the other publications. This bodes well for the early promise of the Duobinary PPM
as claimed earlier that depending on applicable viability 10 Gbps data rate can be achieved
with DuoPPM system. One key issue is that for a given wavelength of VCSEL, the receiver
photodiode must be tuned to receive that particular wavelength for maximum optimisation [68-
69]. However, as shown by Chang and Cordova [64] that it is also possible for a VCSEL based
transceiver to communicate with existing LED based systems for hassle-free scalability which
will also allow external electronic circuits to interact. Receiver designs are standard as any
optical fibre links and there is a number of manufacturers currently producing packaged ICs,

most notably Maxim Semiconductor, Analogue Devices and Avago Technologies.
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2.11 Slot and Frame Synchronisation of PPM

Most of the optical PPM systems have self-extracting capabilities for clock recovery from the
data frames that are being received [70-79] therefore no additional clock signals need to be
associated with the data frame. Charitopoulos and Sibley [23] propose a slot and frame
synchronisation for dicode PPM system. They have used a Phase-locked Loop (PLL) circuit in
order to recover the timing information from the received data frame, with the use of a second-
order PLL system which consists of a phase detector, an active low-pass filter, a voltage
controller oscillator (VCO) and an amplifier. It has been shown that the clock can be
reconstructed from the data, however, further investigation is needed in order to synchronise

the recovered clock with the frame.

Elmirghani and Cryan et al. [76-79] have also previously investigated slot and frame
synchronisation properties of digital PPM systems. They showed that in order to maintain
frame and slot synchronisation, a scheme can be developed to generate phase bearing events.
In general terms, it relies upon the presence of a pulse in the last slot of one frame followed by
a pulse in the first slot of the next frame. This is a relatively simple method which can be
achieved by adding two additional guard slots for extra pulses or modify the coding scheme to
accommodate for two pulses. However, if no guard slots are used this is not possible to
implement for Duobinary PPM because DuoPPM only consists of two slots in a frame and both
are used for data pulses. In addition, DuoPPM intends to operate without any guard slots in
order to maximise the bandwidth efficiency. Therefore, other forms of solution must be sought
for the coding scheme. Although, dicode PPM can achieve clock recovery, effective frame

synchronisation of the clock remains open for further development.
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Various other investigations have gone into timing extraction in digital data transmission
systems, especially in the domain of self-extracting clock [70-71] and also on the structure of
the synchroniser [72-74]. It is fair to say that for most of these coding schemes, extracting the
clock has not been of any major concern for designers, however, synchronisation with frames
has been a significant issue, especially when no additional clock data has been sent. Gagliardi
[72-73] presented a method which uses pulse edge tracking to feed the error signal to an
oscillator running at the slot frequency. He also investigated the time synchronisation problem
in PPM systems and proposed a method using a correlator to establish the error signal that

corrects the oscillator.

2.12 Conclusions

In conclusion, literature review of the relevant topics has been presented in this chapter.
Research with regards to original PPM and the channel coding schemes that have originated
from the PPM such as digital PPM, multiple PPM, dicode PPM, offset PPM has been
conducted, and findings are analysed and presented here for greater context and understanding.
Advantages and disadvantages of the coding schemes that have been researched are analysed
to develop understanding of how duobinary PPM will significantly improve the sensitivity and
bandwidth utilisation in multimode dispersive plastic optical fibres. Typical error sources in
PPM have also been investigated which is applicable for the project and the theories regarding
the estimation of the probabilities of errors have been studied. POF channel bandwidth and
attenuation characteristics have been researched along with VDHL hardware programming and
FPGA implementation using VHDL to solidify key understandings. Optical fibre link designs,

and slot and frame synchronisation of PPM have also been studied and presented in this section.
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Chapter 3
Duobinary PPM Coding System

Duobinary PPM has been proposed as a novel coding scheme which is the main focus of the
research that has been carried out. This chapter will introduce the underlying theories of the
DuoPPM coding scheme. A paper has been published [26] in IET Optoelectronics journal from
the work done for this section. Therefore, there will be similarities between this chapter and

the aforementioned publication.

3.1 Introduction to DuoPPM

DuoPPM, the subject of the research, is a novel coding scheme that combines the duobinary
technique and digital PPM to form DuoPPM. In this signalling format, a signal is only
transmitted when the data is constant at either logic one or logic zero and no signal is
transmitted for data transitions from logic one to logic zero or logic zero to logic one — the
change condition [26]. As will be shown later in chapter 3, the use of a novel MLSD technique
allows for the elimination of wrong-slot errors and a reduction in the effects of erasure and
false-alarm errors. In addition, DuoPPM achieves this performance with only a twofold
increase in speed. Thus the increased sensitivity of digital PPM is made available without the

adverse effects and added complications of excessive bandwidth expansion.

10 The coding scheme will be called DuoPPM henceforth for the rest of the thesis for ease of reading.

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 67



3.2: DuoPPM Coding System

3.2 DuoPPM Coding System

In the DuoPPM signalling technique, data transitions are coded into DuoPPM pulse positions
as follows: a constant stream of data of logic zero produces a pulse in slot zero of the DuoPPM
frame and a constant stream of data of logic one produces a pulse in slot one of the DuoPPM
frame. No pulses are transmitted in the frame when the data is in transition from logic one to

zero and logic zero to one (figure 3.1).

1

A
+Y

0 : ] .
1| i i [ 1 i I t

i I i I i I

! i I i I I I

i : i i i : :

+V I i " ] I i I

! i i i I H I

. i | I

: | | ;

i i | I

i I i i
0 | 1| T I A

0'1'0'1'0'1 0'1'0

Fig. 3.1: Conversion of PCM data (top trace) into DuoPPM (bottom trace).

No guard slots are required for this coding scheme as the Inter-symbol Interference (ISI) will
be significantly reduced by virtue of the inherent properties of the coding scheme. In addition,
a novel MLSD and correction technique ensures that a particular error type can be completely
eliminated. As can be seen from figure 3.1, the line rate is twice that of the original NRZ OOK

data which is a considerable reduction in bandwidth expansion compared to digital PPM.
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Table 3.1 below shows the DuoPPM signal representation.

Data Probability | DuoPPM Symbol

00 1/4 Pulse inslot0 |0

01 1/4 No pulse C —change
10 1/4 No pulse C —change
11 1/4 Pulseinslotl |1

Table 3.1: DuoPPM coding and signal representations.

It can be seen from Table 3.1 that each symbol has a probability of 1/4. However, the DuoPPM
no-pulse signal (C) occurs for both 01 and 10 sequences and therefore has a total probability
of 1/2. Thus, the probability of a 1 occurring in the first instance is 1/4 and the probability of
a subsequent C or 1 immediately following it is 1/2 (given that a 1 has occurred and the current
coder state is one). Likewise, the probability of a 0 occurring initially is 1/4 and the probability
of a C or 0 immediately following it is 1/2. If it can be assumed that the original PCM data is
line coded so that the run of no-pulse signals (C) is limited to n, the maximum DuoPPM run
would be 1, nC, 0/1. With this condition, the final pulse will be a 0 if n is an odd number or, if
n is an even number, the final pulse will be a 1. This is because the coding technique dictates
that a sequence will end with the same symbol as the first one if n is an even number, otherwise
it will end with the opposite symbol (considering O is the opposite of 1 and vice versa). Some

typical examples of valid DuoPPM sequences are 1C0, 0C1, 1CC1, 0CCQ0, 11, 00 etc.
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3.3 DuoPPM Errors and Probabilities

Three sources of pulse detection errors affect PPM systems: wrong-slot, erasure and false alarm
[11, 12]. The following sections develop expressions for the probability of these errors and

discuss their impact on the error performance of DuoPPM.

3.3.1 Wrong-slot Errors

These errors occur when noise on the leading edge of a pulse can cause it to appear either
before or after the current slot. This error is minimised if detection occurs at the centre of a slot
of width T,. Thus errors are generated when the edge moves by|T,/2|. The probability of a

wrong-slot error, P, is

Q
P . =0.5erfc| == 3.1
ws ( ,—2] (3.1)

where

_ T slope(t,)
2 J<n?>

Qus (3.2)

in which < ny? > is the mean square noise of the receiver, and slope(t,) is the slope of the
received pulse at the threshold crossing instant, t;. The threshold time is dependent on where
the decision level is set on the received pulse. This form of error is present when the bandwidth

of the link is low, thus giving a pronounced slope to the pulses.
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3.3.2 Erasure Errors

Erasure error occurs when the noise is large enough to reduce the peak signal voltage to below

the threshold level. The probability of an erasure error, P,,., is

; )
P, =0.5erfc| == 3.3
(ﬁ (3:3)
where
Vok —Vy

(3.4)

Qer = 2
J<n, >

with vpk being the peak signal voltage within the time slot at the output of the receiver and vg

is the threshold crossing voltage.

3.3.3 False-alarm Errors

Noise present in an empty slot could cause a threshold violation, or false-alarm error. The

probability of this happening is

P =05 erfc(% J (3.5)
where
Q=rte (36)
<n,” >

Vq is the threshold crossing voltage. The number of uncorrelated samples per time slot can be
approximated to Ts/t1 where 11 is the time at which the autocorrelation function of the receive

filter has become small.
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The probability of a false alarm error then becomes

T f
P, =—=0.5erfc|—— (3.7)
f Tr (\/EJ
where
vV, —V
Q, = d 2|S| (3.8)
<n ‘>

with Vg, being the ISI-induced voltage in the empty time slot, caused by pulse dispersion in

highly dispersive channels, leading to some signal voltage being present.

3.4 Equivalent PCM Data Errors in DuoPPM

In DuoPPM, a wrong-slot event can cause four possible errors. If the pulse is in the 0 slot, noise
can cause the edge to appear in the preceding 1 slot or in the following 1 slot. In the case of a
0 pulse appearing in the following 1 slot, no detection error occurs as the pulse is still present
in the O slot it will be detected correctly and for the edge appearing in the following 1 slot; it
will not be detected as the decoder stops as soon as a pulse is received. However, a detection
error occurs in the instance of a 0 pulse appearing in the preceding 1 slot of a C signal. This
causes an immediate PCM error and the previous bit will also be in error but these errors will
be completely detected and corrected using MLSD scheme shown in Table 2 (1 «<— 0). In the
case of a 0 pulse appearing in the preceding 1 slot of a 0 pulse (It is assumed that the probability
of two errors occurring in a particular sequence is small) there will be no detection error as the
0 pulse will be detected first and the decoder will stop when a pulse is received thus no PCM

errors will be generated.
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Due to wrong-slot error a 1 pulse may appear in the preceding 0 slot or the following O slot. If

the 1 pulse appears in the following 0 slot then the detection error is gives the same number of

errors as 1 <« 0 error and similarly it can be accurately detected and corrected using MLSD

(Table 3.2: 1 — 0) thus there will be no PCM errors at the output of the decoder. In the instance

of a 1 pulse appearing in the preceding O slot, a detection error will occur and this will cause

an immediate PCM error, and all the following bits will be in error until a 0 (for odd number

of C signal/0) or 1 (for even number of C signals) is received. If the number of the following

C signals is x, then the number of PCM errors is x + 1. However, for 0 «— 1, the effect of this

wrong-slot error can be completely eliminated using MLSD similar to the other three possible

wrong-slot errors as shown in the table 3.2 below.

1«0 Transmitted c |0 |C
Received 1 0 C Invalid sequence
MLSD CcC |0 C error corrected
0«1 Transmitted C |1 C
Received CcC |0 C Invalid sequence
MLSD c |1 C error corrected
150 Transmitted C |1 C
Received cC |1 0 Invalid sequence
MLSD c |1 |C error corrected
0->1 Transmitted c |0 |C
Received C |1 C Invalid sequence
MLSD c |0 |C error corrected

Table 3.2: Showing the operation of the MLSD with wrong-slot errors. The symbol in error is

shown in bold.
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In a DuoPPM system, erasure of a 0 or a 1 pulse generates the same number of PCM errors and
as previously mentioned, line coding results in a maximum number of consecutive C signals

of n. With this condition, the PCM error probability for erasure is given by [2]

Ferouopem =2 (ni(%) R+ + (. %)MPer(n +1)j (3.9)

Erasure of a 0 or a 1 pulse results in the change symbol C. This has the effect of generating an
invalid DuoPPM sequence and so the MLSD acts to minimise the data error as in Table 3.3.
The MLSD inserts a pulse of the correct polarity such that the sequences preceding and
following the erasure event are valid. So, in the first entry in Table 3.3 — erasure of a 0 — the
faulty sequence has eight C symbols between the 1 and 0. This is clearly at fault since the start
and final pulses should be the same given an even number of C symbols. The MLSD detects
the faulty sequence and inserts a 1 pulse as close to the centre of the run of Cs as possible. (As
the MLSD has no information as to where the erasure has occurred, the mid-point in a run of
Cs will yield the lowest error.) A similar mechanism occurs in the second example in Table 3.3

in which a 1 pulse is erased.

Erasure of 0 | Transmitted |1 |[C |C |C |0 |C |C |C |C |0

Received 1 |Cc|Cc|c|c|c|jcjcjc|o

Corrected i1 |Cc|Cc|c|Cc|1]|Cc|cCc|cCc |0

Erasure of 1 | Transmitted |1 |[C |C |1 |1 |[C |C |C |0 |-

Received 1 |{Cc|Cc|Cc|1|CcC|C|C |0 |-

Corrected 1 |{Cc|0o|C|1|C|C|C |0 |-

Table 3.3: Transmitted and received sequences with an erasure error.

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 74



3.4: Equivalent PCM Data Errors in DuoPPM

In case of a false-alarm error, if a pulse is received in slot 0, a false alarm could occur in the
following 1 slot but as the decoder stops when a pulse is received, no PCM errors will be
generated. However, a detection error will happen if a false alarm occurs in the following string
of C signals. The severity of the error depends on the position of the false alarm occurrence in
a given sequence, as Table 3.4 shows. The false-alarm occurs on the kth C signal in a run of
xC signals, and so the PCM error is (x + 1 - k) [2]. In this case, x must be greater than zero
because when a 0 pulse is transmitted, a false-alarm error in the 1 slot has no bearing on the
detection accuracy. A similar situation applies to false alarm errors with a 1 pulse. However,
a false alarm could occur in the 0 slot immediately before the 1 pulse but the error will be
detected and completely eliminated using MLSD the same as in 0 « 1 wrong-slot error.
Therefore, x must be greater than zero in this instance as well because when a 1 pulse is
transmitted, a false-alarm error in the preceding 0 slot has no effect as the error will be

eliminated. Thus the PCM error probability for both conditions is given by

>

()P (n+1- k)) (3.10)

PefDuoPPM = 2(

The total equivalent PCM error probability is found by adding together equations (3.9) and
(3.10) for DuoPPM. The performance criterion is that these error probabilities should be the

same as for the PCM.

Transmitted |0 |[C |C |C|C|C |C|C|C |0
FA of O Received 0O|jc|c|c|ojc|jcj|jc|c|o
Corrected o|lC|1|Cc|O0|Cc|c|cCc|C]|O0

FA of 1 Received o|Cc|cj|jcjcj|jcjcia|cjo
Corrected o|CcC|CcC|C|1 |Cc|Cc|1|Cc]|O0

Table 3.4: Transmitted and received sequences with a false-alarm error.
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3.5 DuoPPM Receiver and Clock Extraction

In common with digital PPM, the optimum filter for a DuoPPM receiver consists of a noise-
whitened matched filter and a PDD network, as shown in figure 3.2 below [26]. Following the
PDD (Proportional Derivative Delay) network, a voltage comparator is used to slice the data
and the resulting pulses are applied to a decoding logic circuit which is programmed according
to appropriate decoding rules. To maintain frame synchronisation, a slot clock can be extracted

from the data received and used to decode the DuoPPM signals, figure 3.3.

0 = S.YfDucreM
hotodi
photodiode 1 =5.%fDuorrM
voltage
________________________ comparator
| i decoding logic ———»
- PCM
' .
o DuoPPM
recetver noise-whitening  matched filter proportional 1af;
porti YofDuoPPM
filter derivative v

delay network
slot-clock
extraction

Fig. 3.2: Schematic of a DuoPPM receiver (The dashed boxes are optional).

DucPPM

~1NNNNONNAIAAANAN
Y fpuaPEM E : ; ‘_

Fig. 3.3: Slot clock extraction timing diagram.
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3.6 Conclusions

In conclusion, this chapter details the duobinary PPM coding scheme which is the main focus
of the research that has been completed. The underlying theories of the coding scheme have
been introduced in this section such as rules for conversion of PCM data into DuoPPM data,
DuoPPM coding table and signal representations, errors and the probabilities of errors for
wrong-slot, erasure and false-alarm errors. Mathematical representations of error probabilities
of each type of errors have also been presented in this section. In addition, equivalent PCM
data errors in DuoPPM coding system have been described and analysed in this section with
the aid of tabulated examples of errors and how they can be detected and corrected using
MLSD. This chapter also describes DuoPPM transceiver design and clock extraction methods

briefly.
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Chapter 4

Duobinary PPM Mathcad Simulation and Results

DuoPPM system has been theoretically modelled using Mathcad system simulation software!!
and results were gathered to make viable comparison of the performance between DuoPPM
and other relevant coding scheme for feasibility study of the proposed coding scheme. Some
of results and materials of this chapter have been published!? thus some similarities may be

noticed.

4.1 Mathematical Modelling of DuoPPM System

The optimum predetection filter for DuoPPM consists of a noise-whitened matched filter and
a PDD network which can be removed if pulse dispersion is low [82]. In addition, if the receiver
has a white noise spectrum over its bandwidth, the predetection filter becomes a classical

matched filter and this system has been used for DuoPPM system modelling [2, 28 and 33].

Assuming the received pulse shape, hp (t), have the following property:
[h,(dt=1 (4.1)

The impulse response of the channel (GI-POF) can be approximated to a Gaussian [81] and

thus

(0 == 2exp(— . ] @2)

11 please see appendix 2.1 for complete simulation file and appendix 2.2 for additional results.
12 plegse see appendix 1.1 for the publication.

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 78



4.1: Mathematical Modelling of DuoPPM System

The Fourier transform of the input pulse, H (), is given by

H, (@) =exp(— “22‘" j (4.3)

The pulse variance, «, is linked to the fibre bandwidth by

©0.1874T,
o f

n

o (4.4)

where T, is the PCM bit time and f,, is the fibre bandwidth normalised to the PCM data rate,

B, given by
The pulse shape of the classical matched filter presented to the threshold detector is

v, (t) = bziﬁq [Z,e(@H, (@) ep(jot)do (4.6)

pre

where b is the number of photons per pulse, n is the quantum efficiency of the detector, q is

the electronic charge, Z_ () is the frequency dependent transimpedance of the preamplifier

pre

and H (o) is the Fourier Transform of the input pulse. The solution to (4.6) is

v, = bR, Zepla’e.’ jop(-.)

X [erfc(owoc - %a)]

where R is the mid-band transimpedance of the receiver and w, is the -3dB bandwidth of the

4.7

receiver. The receiver noise appearing at the output of the matched filter is
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2
<n,>=

2,, T‘Hp(w)zpre(w)‘zda)

(4.8)

=S, % R’ exp(a’w) erfc(aw,)

where S, is the double-sided, equivalent input noise current spectral density of the preamplifier,
assumed white. It is also assumed that a PIN photodiode is used, and that its shot noise can be
neglected. Equations (4.4), (4.5) and (4.7) have been used in the Mathcad simulations and
calculations for Gaussian pulse shaping and approximating the variations of the received
pulses. The code is provided in appendices 2.1 and 2.3. It can be seen from the aforementioned
appendices that at the start of the model, the specifications for the simulations such as pre-
amplifier bandwidth, noise at the preamplifier input, data rate, quantum energy, operational
wavelength, pulse variation model, Gaussian pulse shaping, photon energy, timing and

threshold detections, peak pulse amplitude are defined.

4.2 Evaluation of DuoPPM Performance

In common with Dicode PPM, a threshold level, v, was used as a system variable defined by

v=—"- (4.9)

where vk is the peak voltage of an isolated pulse and vq is the decision (threshold) voltage. The
pulse shape and noise can be determined theoretically if the fibre bandwidth is known [2].
Simulations were performed to find the optimum value of v4 that gave the minimum number

of photons per pulse, b, for a specified error rate of 1 in 10°.

Since the simulation results are to be comparable to digital and Dicode PPM, identical system

parameters were used to evaluate system performance. The original data was assumed to be
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line-coded with a run length (n) of 10 and a data rate of 1 Gbit/s was used for the simulated
system. A wavelength of 1.55 pum was chosen with a photodiode quantum efficiency of 100%.
A receiver with a bandwidth of 10 GHz and white noise of 50 x 10%* A%/Hz was taken (see

appendices 2.1 and 2.3).
The optical power for the digital PPM system, Ppppm, can then be obtained from

b
P =— huB 4.10
DPPM = v ( )

where b is the number of photons in a single pulse, h is Planck’s constant, v is the optical

frequency, B is the original bit rate and M is the level of coding (humber of bits coded).

For the DuoPPM system, the average number of photons in a frame containing a pulse is b/2.
As there are two frames containing pulses, each occurring with a probability of 1/4, the average

number of photons is b/4. Thus the optical power required, Ppuorem, IS given by

Pouoppu =% hvB (4.11)

Similarly, for Dicode PPM, Ppicoderpm, IS given by

PbicoderPm = %hvB (4.12)
For all aforementioned systems, sensitivity in dBm can be found by

Sensitivity (dBm)= 10log;o(P * 10%) (4.13)
where P is the required optical power of the system.

The aforementioned equations for optical power calculations and sensitivity have been used in
the Mathcad simulations to obtain the final sensitivities of the systems (see appendices 2.1 and

2.3).
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4.3 Results and Discussion

Figure 4.1 (following page) shows the variation, with normalised fibre bandwidth, in the
number of photons per pulse (b) required for an error rate of 1 in 10° These results were
obtained by calculating the error probabilities obtained from the equations given in Chapter 3
and then applying the mathematical model in Mathcad to get the final error rate. The value of

b was then adjusted to obtain the performance criterion of 1 error in 10° bits [26].

Data rate 1Gbit/s

Sensitivity in dBm

Normalised fibre bandwidth fa=1 fn =100
DUOPPM -34.6 -42.2
Digital PPM
-25.9 -44.1

7 level coding

Dicode PPM —33.4 —4L7

Table 4.1: Comparison of sensitivities for DuoPPM, Digital PPM and Dicode PPM at 1 Ghit/s

PCM data rate.

As can be seen from table 4.1 above, all systems have similar performance, in terms of photons
per pulse, at high bandwidths. However, as the bandwidth reduces (increasing dispersion) the
digital PPM system requires significantly more photons per pulse to achieve the target error
rate of 1 in 10°. (In order to obtain the results for digital PPM, 7 level coding was used with a

modulation index of 0.8.) This is due to high levels of dispersion causing the slope of the
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received pulse to increase and this increases the error rate. The apparent resilience to dispersion
presented by DuoPPM is, in part, due to the very nature of the code. In DuoPPM system, there
exists a minimum of one no-pulse (C) signal between 1 and 0 signals, or vice-versa. This is
fundamental to the code. Thus, in the low bandwidth region, the first pulse can spread into the

adjacent C (no pulse and empty) slot so making the code more resilient to ISI.

Photons/pulse for Pe = 1 x 10°°:
DuoPPM vs Dicode vs DPPM

1000

100

Photons/pulse ( x 103)

10

0.1 1 10 100

Normalised Bandwidth, fn

—@— Duobinary PPM (DuoPPM) @— Dicode PPM (Dicode) Digital PPM (DPPM)

Fig. 4.1: Variation in photons per pulse with frequency normalised to bit rate, f,, for Duobinary,

Dicode and Digital PPM.

As previously mentioned, the sensitivity of digital PPM can be high due to the effects of a low
mark:space ratio and figure 4.2 compares the sensitivities of DuoPPM, Digital PPM and Dicode

PPM. Equations 4.11, 4.12 and 4.13 were used to obtain the average power.
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Table 4.1, as shown earlier, summarises the results at high and low fibre bandwidths. As can
be seen from figure 4.2 and table 4.1, Digital PPM out-performs DuoPPM by 1.9 dB at a
normalised bandwidth of 100. However, as the bandwidth reduces, so does the advantage
Digital PPM has over DuoPPM and Dicode PPM. Eventually, at a normalised bandwidth of 1,
DuoPPM offers an advantage of 8.7 dB over Digital PPM. DuoPPM also offers an
improvement of 1.2 dB over Dicode PPM. These results indicate that DuoPPM has an
advantage over both Digital PPM and Dicode PPM when operating with a high level of

dispersion (low bandwidth).

Sensitivity (dBm): DuoPPM vs Dicode vs DPPM

-25
-27
-29
-31
-33

-35

Sensitivity (dBm)

-37

-39

-41

-43
-45
0.1 1 10 100

Normalised Bandwidth, fn

—@— Duobinary PPM (DuoPPM) @®— Dicode PPM (Dicode) Digital PPM (DPPM)

Fig. 4.2: Variation in sensitivity (dBm) with normalised fibre bandwidth for Duobinary, Dicode

and Digital PPM.
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4.4 Conclusions

Original theoretical results show that a simple, leading-edge, threshold-detection DuoPPM
system gives comparable sensitivity to that of digital PPM at high fibre bandwidths and for low
fibre bandwidths, the sensitivity is significantly greater. The results presented are for a data
rate of 1 Gbit/s. The simulations carried out so far have considered a highly dispersive graded-
index Plastic Optical Fibre (POF) channel as the primary focus of targeted improvement. Such
fibre channels exhibit an impulse response that can be approximated to a Gaussian shape [81]
and have a relatively poor bandwidth. The reason to deliberately choose this channel is to
demonstrate the effects of dispersion on the coding technique. Although the simulations have
been restricted to 1 Ghit/s the technique can be adapted to high-speed optical communications
links potentially exceeding 10 Gbit/s without any significant compromise of improved
sensitivity. Application of this coding scheme in free-space communications links and other

detection schemes is also possible [37, 82].
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Chapter 5
Duobinary PPM Maximum Likelihood Sequence

Detection Theory

Original theory!3 of the Maximum Likelihood Sequence Detection (MLSD) has been modelled
and simulated using Mathcad to compare and contrast between the systems performances with
and without MLSD, and also to investigate how the DuoPPM system performs better for
reduced bandwidth highly dispersive plastic optical fibre (POF) channels. A paper has been
written [27] and submitted for publication from the excerpt of Chapter 5 and Chapter 6 of this
thesis. This chapter describes the theory of the MLSD of DuoPPM and how an effective
algorithm has been developed for the system from the theoretical work which has been
implemented later in the project to work in the receiver system to improve sensitivity

performance of DuoPPM.

The following chapter'* describes how the mathematically represented system has been
modelled in order to simulate the DuoPPM system operating with MLSD. Key results obtained
from the simulations have been presented and analysed to establish the improvements that
DuoPPM provides over the existing coding schemes for dispersive optical channels especially

POFs.

13 Originally developed by Dr Martin Sibley which has been analysed, modelled and simulated during the
research project.
1 Simulation files and more results available in Appendix 2.3 and Appendix 2.4.
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5.1 DuoPPM MLSD Operations

For the verification and optimum operations of MLSD, main algorithms were developed and
tested on all possible erroneous data sequences for verification. Using the devised algorithm,
number of equivalent PCM errors in a given erroneous DuoPPM sequence can be calculated
theoretically. Appendix 5 explains how the equations were developed for the MLSD and they
are presented in table A5-5.1. All possible error sequences and equivalent PCM errors in each
sequence have also been presented in appendix 5. Two key assumptions that have been made
are: number of DUoPPM errors in any one data sequence is no more than 1 and maximum
number of consecutive C (Change) symbols in any given sequence is 9. There was no need to
devise equations for wrong-slot errors since all wrong-slot errors will be detected and corrected
by the MLSD. Erasure error of 1 and 0 in a sequence of same characteristics will result in same
number of equivalent PCM errors. However, false alarm of same symbol (0 in 0C1 and 1 in
1C0) and different symbol (0 in 1C0 and 1 in 0C1) will result in different numbers of equivalent
PCM errors which have been explained and shown in appendix 5 as well as in this chapter.
Equivalent PCM errors that have been found in the comprehensive MLSD tables in appendix

5 successfully verifies the algorithms developed, thus confirming the validity of the MLSD.

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 87



5.1: DuoPPM MLSD Operations

5.1.1 Wrong-slot Errors

The primary reason of wrong slot errors is intersymbol interference (ISI) when operating at
low fibre bandwidths. It occurs when the noise on the slope of a pulse in a given time slot
makes the edge of the pulse appear in adjacent time slot [26]. Duobinary PPM coding scheme
has been developed to provide significant advantage when operating at low bandwidths and
highly dispersive channels thus it is imperative that the wrong-slot errors are completely

eliminated to be able gain any improvement in sensitivities.

Pulse Error | Invalid Sequence Method of Detection

0-1 1/0 xC 1/0 yC 1/0 Same symbols at both ends after ODD number of Cs
Opposite symbol at both ends after EVEN Cs

0«1 1/0 xC 1/0 yC 1/0 Double Pulse

1<0 1/0 1/0 0/1 yC 1/0 1 and 0 consecutively.

1-0 1/0 xC 1/0 0/1 0/1 1 and O consecutively.

Table 5.1: Wrong-slot pulse error and detection methods for duobinary PPM.

As it can be seen from the table!® 5.1 that the invalid sequence for wrong slot of 0 forwarded
to 1 can be easily detected by counting the number of C pulses that arrives consecutively. This
is always corrected by changing the middle 1/0 pulse to the opposite pulsed symbol thus
returning O errors. The key MLSD rules of the duobinary PPM is that when a number of
consecutive Cs are received then if the number is ODD, this indicates that first and last symbol
before and after the reception of Cs must be OPPOSITE, and if the number of Cs are EVEN
then it indicates that first and last symbol of a the sequence!® must be SAME. Furthermore,

there will never be a 1 right after 0 and vice versa for a sequence to be valid and these rules are

15 please see appendix 5 for a complete set of error detection and correction table.
16 The sequence here means 1/0 xC 1/0 NOT 1/0 xC 1/0 yC 1/0
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applicable for all three types of errors for detection and correction algorithm. When 1 goes
back to 0 as shown in the table 5.1 it will produce double pulse in the same frame which is
easily detectable and after correction returns 0 PCM errors. However, there are exceptional
circumstances when a 0 goes back to 1 and a 1 goes forward to O to cause wrong-slot errors.
Although these are wrong-slot errors, they do appear to be false alarm errors when being
detected. However, for the coding scheme to be operated over dispersive low bandwidth
channel, these two errors must be eliminated in order to completely eliminate the wrong-slot
errors which is the main types of errors of the aforementioned channel at low bandwidth.
Therefore, whenever these two particular error occurs, they are treated as wrong-slot errors
even though they may appear as false-alarm and corrected always by changing the middle

symbol of three consecutive pulsed symbols to C.

For example, when 110xC1 is received as an invalid sequence it will always be corrected to
1CO0xC1 and when 0xC100 is detected it will always be corrected as 0xC1CO0 thus completely
eliminating the wrong-slot errors in the process which will significantly improve the sensitivity

of the coding scheme at low bandwidths.
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5.1.2 Erasure Errors

Due to erasure errors the pulses in 1 or 0 from a sequence can be erased thus introducing errors
in the sequence. Depending on the maximum permissible consecutive like symbols the number
of errors at the PCM output could be severe for the longest sequence allowed. If not resolved
by using MLSD this kind of errors can have negative impact on the sensitivity of the system.
Table 5.2 shows an erasure of 1 in the transmitted sequence and when this error is detected by
MLSD there are 5 possible valid sequence combinations that can be derived. The most possible
valid combination is decided by determining all possible PCM sequences, finally averaging

each bit to find the most likely sequence.

Transmitted Sequence 0 C C C 1 C 0

Error Detected 0 C C C C C 0
All Valid Combinations Decoded PCM
ofojc|cj|cj|ci|o o(ojof1{0(1|0]0
ojcj1|c|cj|cj|o o(oj1(1{0(1]|0/0
o|jcjc|jojcj|ci|o o(oj1(0|0(1]|0]0
ojc|jc|cj1|cj|o o(oj1(0{1(1]|0]0
o|(cjc|cjicj|oj|o o(oj1(0|1(0]|0]0
o(oj1(0|0(1]|0]0 1 ERROR

Table 5.2: MLSD Detection and correction of a duobinary sequence where a 1 has been erased

(highlighted in bold italic).

In case of the error shown in Table 5.2 above, the most likely valid sequence has a PCM error
of 1 after using MLSD. Therefore, it is clear that there will still be a possible number of errors
even with the use of the MLSD algorithm. However, without MLSD the number of PCM errors
would be 3. An exception in the erasure error detection is that if 08CL1 is received then it will

immediately appear that an erasure error had occurred somewhere in the sequence. However,
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if the next symbol after 1 is O then it will be detected a wrong-slot error of 0 back to 1, the
sequence will be corrected by changing 1 to C thus the corrected sequence would be 09C1. In
any disambiguation during the decision making process for correction, wrong-slot correction

will always take priority.

5.1.3 False Alarm Errors

This occurs when the amplitude of the noise is greater than the threshold level and can result
in false 0 or 1 in a C symbol slot [26]. Similar to the method shown in the previous section of
erasure errors the detected invalid sequence is resolved by determining all valid PCM
sequences and averaging each bit to get the final valid PCM sequence. Table 5.3 below shows
a transmitted sequence been corrupted by a false-alarm of 1. After applying MLSD to the
invalid sequence, the overall PCM error is 0.5. Without the MLSD use the error in the sequence
would be 3. Number of final PCM errors after applying MLSD depends on where the error has
occurred in the sequence. If it occurs early in the sequence and the sequence is particularly long
then the number of PCM errors would increase. However, applying MLSD will still ensure

significant improvement in sensitivity compared to when deployed without MLSD.

Transmitted Sequence 1 C 0 C C C 1

Error Detected 1 C 0 C 1 C 1

All Valid Combinations Decoded PCM

1/{C|0o|C|1]|1 |1 1(1(0(011| 1]|1]|1
1/{Clo|C|C|C|1 1/1{0{0|1| 01
1/1(0(0|1|2/0|1]|1 0.5 ERROR

|

Table 5.3: MLSD Detection and correction of a duobinary sequence where a false 1 has been

detected (highlighted in bold italic).
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5.2 DuoPPM Algorithm of Error Probabilities

5.2.1 General Error Probabilities

The general error probabilities of duobinary PPM is same as dicode PPM [18]. Therefore,
considering a general duobinary PPM sequence such as 1xCOyC1 where x and y represents odd
numbers of C symbols, the average PCM error due to an error event is given by the following

equation:

Pex_y = Z;l_l (Zg—l (G)x+2 G)y+2 PeErrorx_y) + G)nﬂ G)yﬂ PeErrorn.y> +

(70 prona) - @7 O hrns 60

Where Pe is the probability of an erasure or false-alarm pulse detection error and Errory, y is the
number of PCM errors resulting from the pulse detection error. Sections 5.2.2 and 5.2.3 discuss
the effects of erasure and false-alarm detection error on the PCM data stream so that the

equivalent PCM error can be found using equation (5.1).

This equation has been used to calculate errors at the start of the calculation for each type of
error which is then used in the equations 5.3 and 5.5 to obtain the total probability of error that
has been done in Mathcad calculations. Use of this equation can be seen in appendix 2.1 and

2.3 (Mathcad calculations and simulations) highlighted in yellow and green.
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5.2.2 Algorithm and Probabilities of Erasure Error

An erasure of a pulse occurs when a pulse is erased in between two like symbols which results
in an invalid sequence of code containing two like symbols separated by any of the other two
types of symbols. Equivalent PCM errors was derived from the following expression for a
duobinary PPM sequence of 0xC1/0yC1/0,

|x—y|
2

Erroryy = (5.2)

Equation (2) applies to both erasure of pulse 1 and 0. If the invalid sequence shown previously
in section 5.1.2, table 5.1 then equation (2) resolves the invalid sequence and provides with
correct number of equivalent PCM errors that will be produced.

The probability of an erasure error, P,,., is

P, = Errors*O.Serfc(&j (5.3)
V2

where

pk —Vy
2
J<n’ >

Where Vpk is the peak-signal voltage within the given time slot and the effect of ISI can be

Q, = (5.4)

measured by determining the peak amplitude of the given pulse within the frame for certain
combinations of x and y. At low normalised fibre bandwidths there is very high probability of
the peak of the signal to appear in the following time slot, as shown in figure 6.4, largely due
to pulse dispersion. Once the ‘Errors’ are calculated, this equation has been used to calculate
the total probability of error that has been done in Mathcad calculations. Use of this equation
can be seen in appendix 2.3 (Mathcad calculations and simulations) just after yellow and green

highlighted sections.

17 Figure 6.4 is available in the following Chapter (6).
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5.2.3 Algorithm and Probabilities of False Alarm Error

The probability of a false alarm error is given by

P, = Error*0.5 erfc(T; J (5.5)

where

Vy —Vig

Qi =F—— (5.6)

[ 2
<n, >

Threshold level, v, was used as a system variable which is defined by

Vo
\Y

V= (5.7)

pk

where vy is the peak voltage of an isolated pulse and is the decision voltage. Pulse shape and
noise can be determined theoretically if the fibre bandwidth is known. Once the ‘Error’ is
calculated, this equation has been used to calculate the total probability of error that has been
done in Mathcad calculations. Use of this equation can be seen in appendix 2.3 (Mathcad
calculations and simulations) just after yellow and green highlighted sections of false-alarm

errors.

Equivalent PCM errors was derived from the following expression

[Combinationsy ,—1|
Errory, = . =Y (5.8)

Number of valid combinations varies depending on type of false-alarm error, data sequence
and the position of the error in the sequence. Therefore, for a false-alarm error of 0 in 1yCO or

1 in OyC1, number of valid combinations are calculated using the following equations:
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If position of error (k) is ODD, then
Combinations, , = k+1 (5.9
If position of error (k) is EVEN, then

Combinations, , = y-k+1 (5.10)

For a false-alarm error of 0 in OyC1 or 1 in 1yCO0, number of valid combinations are calculated

using the following equations:

If position of error (k) is ODD, then
Combinations, , = y-k+1 (5.11)
If position of error (k) is EVEN, then

Combinations, , = k+1 (5.12)

5.3 Conclusions

In conclusion, the chapter presented the MLSD theory of DuoPPM and how this is used in
Mathcad simulations and calculations. Derivations of the MLSD equations are given in detail
in appendix 5 which are described both in this chapter and in appendix 5. Complete tables of
error sequences along with equivalent PCM errors for each are provided in the aforementioned
appendix. In addition, how MLSD applies to each of the three types of errors have been
explained in this chapter with the aid of example sequences. Mathematical representations of
estimating errors in a given sequence and how the probability of error is calculated are

presented in this chapter.
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Chapter 6
Duobinary PPM MLSD Mathcad Simulation and

Results

As has been mentioned in the previous chapter, the code for Mathcad model and more results
have been provided in Appendix 2.3 and 2.4 for further reading and understanding. In addition,
all the possible theoretical error sequences, and MLSD detection and correction tables have
been provided in Appendix 5. The tables have been completed assuming that the maximum
number of consecutive Cs (Change Symbols) that are allowed to occur is 10 and for 1 bit PCM
errors because if there is more errors than one in a sequence then it becomes very complex to
resolve the sequence. Later in this document it is also shown that the practical FPGA
implementation of MLSD has also been done using the maximum allowable same symbols of

Cs to be 10.

6.1 Mathematical Modelling and Performance

Evaluation

Mathematical simulation and representation of DuoPPM MLSD has been done in order to
evaluate the performance of the system in Graded-Index (GI) POF channel. The reason for
choosing this particular channel was that it is highly dispersive and as has been proposed by
the previous publication [26] that DuoPPM will perform better in dispersive channel with
MLSD compared to digital PPM and Dicode PPM [2, 11-12]. The impulse response of the GlI-
POF channels can be approximated to be a Gaussian distributed pulse shape [81]. The signal

represented to the threshold detector of the system is similar to that of the Dicode PPM [2, 18]
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as both systems have to be comparable for the purpose of analyses, due to their inherent coding

mechanisms. The signal is given by the following expression

0 ©="2 [, ()M, (@ ep(johdo (6.1)

This can be described as the pulse shape of a classical matched filter which is presented at the

input of the threshold detector where b is the number of photons per pulse, 7 is the quantum

efficiency of the detector, q is the electronic charge and Z_ . (®) is the frequency dependent

pre
transimpedance of the preamplifier at the receiver. Variation of the received pulses is given by,

o, which is directly linked to the fibre bandwidth [58] and given by

©0.1874T,
O f

a (6.2)

n

where Tj, is the PCM bit time and f,, is the fibre bandwidth normalised to the PCM data rate.

Equations (6.1) and (6.2) have been used in the Mathcad simulations and calculations for
Gaussian pulse shaping and approximating the variations of the received pulses. The code is
provided in appendix 2.3. It can be seen from the aforementioned appendix that the first four
pages of the model defines the specifications for the simulations such as pre-amplifier
bandwidth, noise at the preamplifier input, data rate, quantum energy, operational wavelength,
pulse variation model, Gaussian pulse shaping, photon energy, timing and threshold detections,

peak pulse amplitude.
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A receiver system has been proposed in the previous publication [26] and the block diagram of

the proposed receiver system is given in the figure 6.1 below.

Photodiode Noise PTO[_JDrt.iDnal
Whitening Matched Derivative
i Filter Filter Delay
Receiver Network
r — — — —_ — =
! ! | I
— | —
' |
' |
| N
Decoding Logic
PCM
o 0= 5.1/2fpucpem

1= 5-1i"2fDuoPPM
Voltage \
Wy

L
1/2fpuceem DuoPPM Comparator

)

Slot-clock
Extraction

Fig. 6.1: Block diagram of the proposed DuoPPM receiver.

According to the proposed system given in figure 6.1, the mathematical system used for
simulation implements an optical receiver with a limited-bandwidth which is given by, ®c, and

a white noise spectrum at the output (appendix 2.3). Since a PIN photodiode has been used its
shot noise is negligible for the system modelling purpose. Matched filter has been used a pre-
detection filter and proportional derivative delay (PDD) network is optional to the receiver
system and it has not been used in the simulation model before the signal being presented at
the threshold detector. Noise that appears on the signal is similar to that of Dicode PPM and

Multiple PPM [2, 28-29] therefore has not been repeated here.

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 98



6.1: Mathematical Modelling and Performance Evaluation

In common with Dicode PPM, a threshold level, v, was used as a system variable defined by

Vg
\Y

V= (6.3)

pk

where Vpk is the peak voltage of an isolated pulse and Vyq is the decision (threshold) voltage.
The pulse shape and noise can be determined theoretically if the fibre bandwidth is known [2].
Simulations were performed to find the optimum value of V4 that gave the minimum number

of photons per pulse, b, for a specified error rate of 1 in 10°.

A 1 Gbit/s PCM data-rate system, operating at a wavelength of 650 nm and a photodiode
quantum efficiency of 100% was considered. The preamplifier had a bandwidth of 10 GHz and
white noise of 50 x 10-24 A2/Hz when referred to the input. The aforementioned parameters
were obtained from a commercial device. Line coded PCM data was used so that n=10 and

simulations were conducted on DuoPPM system operating with an MLSD.
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6.2 Results and Discussion

Results have been obtained and analysed to verify the performance of the modelled system
operating with MLSD. Three key results have been presented in this section to make sufficient
comparisons between DuoPPM and Dicode PPM. Figure 6.2 shows the required number of
photons per pulse with fibre bandwidth normalised between 0.46 and 100 for DuoPPM and
Dicode operating with MLSD. It can be seen from the overall graph that DuoPPM outperforms
Dicode PPM for low fibre bandwidths. However, at high fibre bandwidths the performance of

both coding scheme is very similar although DuoPPM still holds slightly better performance

than Dicode.
DuoPPM vs Dicode Photons/pulse for Pe=1x10°
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Fig. 6.2: Comparison between DuoPPM and Dicode required photons/pulse as a function of

normalised bandwidth, f.
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Both coding systems are functionally operational at normalised fibre bandwidth as low as 0.46,
however, it is not possible to go below this point as the pulses become highly dispersed and the
threshold voltage required for detection is very high as can be seen from figure 6.4 (in the
following page) compared to less dispersed pulses as shown in figure 6.3. At high bandwidth,
photons per pulse required for DuoPPM is 1902 compared to 2114 of Dicode. These numbers
are very similar at high bandwidths because the intersymbol interference (ISI) is favourably
low and errors are pattern independent. Therefore, there the difference in error probabilities

between 100 and 10 normalised bandwidths is negligible.

1.2

0.9+

I
0.6 !
vd R R S LR LR

0.3

Normalised pulse amplitude

0 0 0 Tdo 0 Tdo 0 0 Time. s

Fig. 6.3: Simulated pulse response at normalised bandwidth of 1 for the sequence 1CO

(amplitude normalised to a single isolated pulse).

As the normalised bandwidths gets low down to 1 and below, DuoPPM performance advantage
is significant as it needs considerably less photons per pulse, with 10.9 x 102 photons required
compared to 14.3 x 10° needed for Dicode which results in a sensitivity difference of 1.2 dB
approximately. Below the normalised bandwidth of 1 the pulses become very dispersed which
has direct effect on the performance of both systems as shown by figure 6.3 and 6.4. Pulse

become dispersed so that the peaks spreads out in the adjacent slots and detection only possible
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by the pulse remaining at the edge of the correct slots and the detection also requires very high
threshold level. The lowest normalised bandwidth that the systems can be operable is down to
0.46 where DuoPPM requires 27 x 10° photons per pulse compared to 40.3 x 10° required by

Dicode.

12
vd

0.6

0.3]

Normalised pulse amplitude

|
0 0 0 TdoTd 0 Tdo 0Td 0 Time. s

Fig. 6.4: Simulated pulse response at normalised bandwidth of 0.46 for the sequence 1C0OC1

(amplitude normalised to a single isolated pulse).

Table 6.1 shows the required photons per pulse for DuoPPM system operating over specific
normalised fibre bandwidths and the error probabilities in 1 x 1071 for each type of error that
has been discussed in chapter 5 previously. It has been shown that with the operation of MLSD
wrong-slot errors can be eliminated thus the error probabilities and the overall sensitivity of
the system is are dominated by the erasure and false-alarm errors. Probability of erasure for
both 1 and 0 are same over the range of the bandwidths which is expected as has been discussed
previously in chapter 5. However false-alarm of 1 is significantly higher as the bandwidth goes
very low and contrastingly false-alarm of 0 becomes a non-occurring event. This is expected
as well because at very low normalised fibre bandwidths the pulses are so dispersed that they

spread out to the neighbouring frames and slots thus giving rise to the false-alarm error of 1
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and for the same reasons the false-alarm error of 0 becomes non-existent. DuoPPM system has

been able to operate down to 0.46 times the bit rate as shown in the table 6.1 and the system is

inoperable below this due to very high threshold voltage as has been shown in figure 6.4. It is

also noticeable that when DuoPPM is deployed for highly dispersive optical channels at very

low normalised fibre bandwidths it must be operated with MLSD as non-MLSD system will

be highly unsuitable.

Normalised link 100
bandwidth (fn)

10

0.5

0.46

Photons per pulse 1.9
(10%)

4.03

10.9

23.19

27

Threshold parameter, 0.4
Vv

0.49

0.58

0.89

0.975

Error Probabilities
(10719)

Erasure 3.19
1=>C

2.55

2.38

2.23

2.08

Erasure 3.19
0=>C

2.55

2.38

2.23

2.08

False Alarm 1.31
C =1

2.25

2.43

5.54

5.84

False Alarm 2.32
C =0

2.74

2.81

Table 6.1: Error probability results of DuoPPM system operating with MLSD at specific

normalised link bandwidths.
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6.3 Conclusions

In conclusion, this chapter has presented the mathematical calculations and simulations of
maximum likelihood sequence detection system of DuoPPM using Mathcad in order to predict
theoretical sensitivities that can be achieved. Mathcad simulations and calculations have been
carried out with the specifications of a wide-band receiver, matched filter and highly dispersive
graded-index POF channel operating at a data rate of 1 Gbp/s. The results that have been
presented and analysed in this chapter demonstrate that at low fibre bandwidths DuoPPM
sensitivity outperforms dicode PPM by 1.2 dB when operating with MLSD because it requires
considerably less photons per pulse for pulse detection. In addition, it shows that at high fibre
bandwidths photon counts for both DuoPPM and dicode PPM are very similar as was expected

due to low intersymbol interference (ISI).
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Chapter 7

VHDL and FPGA Implementation of Duobinary
PPM Coding System

7.1 Introduction

This chapter describes the VHDL circuits that have been designed for the duobinary PPM coder
and decoder system. A paper [91] has been published®® presenting the functional and timing
simulations of the coder and decoder thus some similarities may be found between this chapter
and sections of the published paper. All the VHDL designs have been listed in Appendix 3.
Duobinary PPM coder and decoder main section includes an FPGA PLL block for clock
division and clock extraction, maximum length PRBS PCM input generator circuit, duobinary
PPM coder system which has been implemented using schematic design technique, a two-bit
serial-in-parallel-out (SIPO) register, finally the decoder for the system. The decoder has been
designed using both schematic method using discrete logic gates in VHDL and HDL
programming language. Altera © Quartus™ II design software has been used for all the VHDL

design purposes.

Specifications and functionality of the designed systems have been verified by both functional
and timing simulations. After completion of successful timing simulation every block of code
has been implemented on to FPGA and verified experimentally using an oscilloscope. MLSD
and bit error rate (BER) code described later in Chapter 8 has been experimentally verified

using electrical back-to-back test for more accurate verification.

18 please see Appendix 1.3 for the paper in its entirety.
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In order to practically implement the designed coder and decoder on an FPGA timing analysis
on all logic circuits needed to be completed since functional simulation does not consider any
timing delays. First of all, the delays were identified for both circuits and required measures
had to be taken to either remove the delays or if they were not removable then measures had to
be taken to compensate for the existing delays as the signals need to be synchronised with the
clock signals to produce correct outputs. Main types of delays identified for the circuits were
inertia delay which is inherent in FPGA, transport delay (propagation delay), gate delays, fan-
out and clock skew [91]. Most of the delays were compensated by using DFFs that shift the
signals to synchronise with required signals. The delays in coder circuit were compensated
using additional logic elements of 3 DFFs, 1 OR gate and 1 NOR gate. For functional
simulation, 120MHz clock was used which is the frequency for PCM. But for practical timing
analysis it was determined that two different clock frequencies were required: one 240MHz
clock for DuoPPM as it runs at the data rate two times that of PCM thus PCM requires a
120MHz clock. Phase-locked Loop (PLL) was used to process the external 240MHz clock
signal and it produces two output clock signals of 1220MHz and 240MHz; and both output clock

signals were source synchronised as will be shown later in the chapter.
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7.2 Phase-locked Loop (PLL) Clock

For all the clock requirements in the entire duobinary PPM system, integrated PLLs in the
FPGA have been used. It is considerably easy to design and any latency is compensated by the
FPGA thus less concern over delay and phase synchronisation issues. It is also used for clock
extraction form the data signals later in the design. The schematic block diagram of the FPGA

PLL used in the design is given in figure 7.1 below.

| PIN_¥2 E Wasterllc :_%;.,;_ ..............
ateulb
inclk [ outelk{
o t Global Clock ] - - o | oo
altpll0
_{incik nclicD frequency: 50,000 MHz cly -
U Operation Mode: Src Sync Comp el
R lockedy *
...... Clk | Ratio|Ph {dg)| DC (%
R cl | 9/20] 0.00 | 50.00
R £32 Cyclone [V E

Fig. 7.1: Duobinary PPM PLL design for clocking requirements.

The PLL block shown in the above diagram has to be operated with manufacturer’s clock
control block for better optimisation for Cyclone © IV E series FPGAs as shown in the figure
above and recommended by the manufacturer. It has many different ratios of clock division if
required. The clock signals had to available throughout both circuits as dedicated clock signals
to avoid any delays related to clock skew. Therefore, the clock signals were routed in the
circuits as GLOBAL signals available approximately at the same time at different components

minimising the effects of clock skew. If the clock signals are not routed as GLOBAL signals
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then FPGA will consider them as general signals and this may cause, in synchronous circuits,
the signals to arrive at different components at different times causing erroneous outputs from

logic components. Figure 7.2 below shows the simulation results of the PLL clock generation.

W8 BH Hdn % G B S
Nme [I'I:Iﬁ

L

Master Cok |{TTTUUUUUUU U LU U VUL ULUY

DocPPM Clock RS T U U LU UL
POMChek | L L U U U U U UL

Fig. 7.2: PLL clock generation simulation result.

Key signals are marked in the coloured box. Master clock is the input clock to the PLL system
either from inter 50 MHz source or from external SMA clock input. DuoPPM clock is the same
as the master clock and the master clock is finally divided by a factor of 2 in order to produce
the PCM clock. As has been mentioned in the earlier chapters, duobinary PPM only operates

at twice the original PCM data rate.
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7.3 Maximum Length PRBS PCM Data Generator

An 8-bit shift register has been implemented as a pseudo random binary sequence (PRBS)
generator. This will simulate the OOK PCM input to the duobinary PPM coder system. In
addition, the PRBS generator has been designed to maximum length random data available
from the 8-bit shift register. This will be very useful as the sequences will be deterministic and
will help analyse the system better. It will also help regenerate the PRBS sequences in-phase
and properly for the BER test system. The circuit will produce 255 bits of random data before
repeating the sequence. In order to make an 8-bit shift register operating at maximum length 4

separate data bits need to be tapped [92] as shown in the figure 7.3below.

8-bit serial-in parallel-out shift register
Dataln

PCM Clock Bit 0 Bit 1 Bit 2 Bit 3 Bit4 Bit5 Bit6 Bit 7

PCM O/P

—C—
=

\

Fig. 7.3: Block diagram of the maximum length 8-bit PRBS generator.

As shown above, 4 outputs of the shift register needs to be tapped using XOR gates which was

implemented for the system. PRBS generator designed using discrete components usually
requires a self-starter circuit, however, this is easily implemented in the VHDL by pre-

defining the initial values of the shift register.

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 109



7.4: Duobinary PPM Coder

The main section of the code that has been designed for the PRBS generator has been given

in the listing 7.1 below?.

SIGHLL Tmp : std logic wector(0 TO 7):= "10000101";
VARIABLE first tap : std logic;
VARIZBLE second tap : std logic;
VARIABLE third tap : std logic;
ELSE IF (Reset = '1') THEHN
first tap = Tmp (3) =or Tmp (4):
second tap = Tmp (5) =or Tmp (7):
third tap := first tap xor second tap;
T <= third tap & Tmp (0 TO &):
END IF;

Listing 7.1: Main segments of the PRBS PCM generator code.
It can be seen from the listing 7.1 above that initially shift register has been loaded with a non-
zero data stream (first box) and three variables (second box) have been used in order to

implement the multiple tap (third box) of the maximum length PRBS generator.

Figure 7.4 below shows the simulation results of the PRBS PCM data generation for the

duobinary system. Waveforms are annotated for ease of reading and understanding.

(ps 15‘5‘4na 332‘Bna 45.5;2na EB‘B‘Ena 83‘;ns EB‘B‘dna 11B.§an 133“12ns 149“?Ens 15514na TE&NH& 199“E§Ens 215“32n5 232&‘Ens
Name g
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20 B 8 0 A g M M
PCM Output ] ) |

Fig. 7.4: PRBS data generation in VHDL.

19 Listings of code do not include all the code, only the main parts from a design. For complete code please see
Appendix 3. Boxes in the listing indicate that there are missing code between the lines.
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Experimental verification of the PLL clock divider and PRBS PCM data generator is given in

figure 7.5 below.

A
s il sl s il H‘L‘LHHMM

20 bl bl e b e o R P P R R B W b b g

Fig. 7.5: Experimental verification of derived clock signals from master clock (DuoPPM clock

top trace and PCM clock middle trace) and the generated PCM data (bottom trace).

7.4 Duobinary PPM Coder

Code of the duobinary PPM was designed to get the required theoretical output as has been
discusses in section 3.2 (Table 3.1). The coder is the part of the duobinary PPM system that
converts any PCM sequences into sequences that contain the DuoPPM symbols (Table 3.1).
The PCM sequences were generated randomly by a Pseudo Random Binary Sequence (PRBS)
generator discussed in the previous section. The output of this PRBS block was used as the
input of DuoPPM coder. The logic components that have been used to complete this coder are
four D-type Flip-Flop (DFF), three NOR gate, one OR gate, one NOT gate and three AND
gates. DFF delays the PCM sequence by half the clock cycle, the output of which is used with
original PCM sequence to produce pulses at slots 0 and 1. Both original and delayed PCM

sequences are then used as inputs to an AND gate and NOR gate. The use of clock signal and
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inverted clock signal are required to retime the DuoPPM pulse sequences for slot 0 and slot 1.
The output of the AND gate then used as one of the two inputs of another AND gate along with
the clock signal; and the output of the NOR gate is used as one of the two inputs of an AND
gate along with inverted clock signal to produce pulses at slot 0 and slot 1. The outputs of the
last two AND gates were then fed to the inputs of an OR gate that combines the signals to get
the required duobinary PPM coded sequences which have been converted from original PCM
sequences. Figure 7.6 below shows the schematic diagram of the design that has been

implemented.

Fig. 7.6: Duobinary PPM encoder logic circuit schematic.
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The simulation waveform of the duobinary PPM coder is given in the figure 7.7 below. The waveform is annotated and it is clearly noticeable that
the PCM data has been successfully coded into duobinary PPM data according to the theoretical table given in chapter 3.2 (Table 3.1). Start
positions of PCM input to valid DuoPPM encoded output are marked by purple boxes in the waveforms for both figures 7.7 and 7.8 (following

page).
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Fig. 7.7: Duobinary PPM encoder VHDL simulation results.
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Experimental verification results of the duobinary PPM coder is given in figure 7.8 below.

@
e~ MM Mein
1 1
P P AN
ululy Bl bl MMMMMMANRRMM NN

ur™
]
-
2

rp-[,p-_ -I.'-LnLl’fJ'ﬂll"ﬁl'ﬁuL‘J

Ey Mot | M M LI'l"'erlilrt‘l el el s

(b) ¥ I ¥ LI ! - II

Fig. 7.8 (a) and (b): Experimental results of duobinary PPM coder (a) top trace is the PCM
clock and bottom trace is one clock cycle shifted PCM data (middle trace) and (b) bottom trace

is the coded duobinary PPM data. PCM data (Top trace) and clock (middle trace)
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7.5 Duobinary PPM Decoder

A PCM transitions of 1 to 0 and O to 1 no pulses were produced (Table 3.1). Therefore,
decoding the parts of DuoPPM sequence when no pulses were available had to be carefully
considered to decode the correct PCM sequence. There are two probable PCM sequences when
no duobinary PPM pulses were received consecutively: PCM transition of 1 to 0 and PCM
transition of 0 to 1. This decision can be made if the position of the most recently received
pulse, before the sequence of no pulse (C), is known. If the most recently received pulse is in
slot O then the PCM sequence will be 1, 0, 1, 0...and so on; and if it is in slot 1 then the PCM
sequence will be 0, 1, 0, 1...and so on. Therefore, a temporary memory block had to be
designed using D-Type Flip-flops (DFF) and logic gates to store the most recently received
DuoPPM pulse position. The logic components that have been used to complete the duobinary
PPM decoder are 12 DFFs, 6 XOR gates, 2 NOT gates, 1 XNOR gate, 2 NAND gates and 8
AND gates. The complexity of the decoder design increased due to be able to correctly decode
PCM sequences when there were no pulses (C) received in DuoPPM sequence. Figure 7.9 in

the following page shows the schematic diagram of the design that has been implemented.
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Fig. 7.9: Duobinary PPM decoder logic circuit schematic.
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The simulation waveform of the duobinary PPM decoder is given in the figure 7.10 in the following page. The waveform is annotated and it is
clearly noticeable that the duobinary PPM data has been successfully decoded into original PCM data according to the theoretical table given in
chapter 3.2 (Table 3.1). There is a delay between the input PCM and the output PCM as shown by the pink boxes in the figure 7.10 below. This is
due to MLSD coding blocks being in between coder and decoder. The signals from MLSD has been omitted for this section as they will be

discussed in detail later in this chapter.
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Fig. 7.10: Duobinary PPM decoder VHDL simulation results.
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Experimental verification results of the duobinary PPM decoder is given in figure 7.11 below.
There is a long delay between PCM output and Decoded PCM similar to figure 7.10 in the
previous page, therefore first and second traces of the waveform have been shifted using DFFs

to show all three waveforms clearly in the same screenshot.
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Fig. 7.11: Experimental verification of DuoPPM decoder: PCM input (top trace), DuoPPM

(middle trace) and decoded PCM (bottom trace).
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7.6 Bit Error Rate (BER) Test Circuit

The coder, decoder and MLSD of the duobinary PPM coding system has been implemented
using VHDL and FPGA thus it was imperative to have a bit error rate test (BERT) system
available integrated with this system in order to be able to monitor the errors and calculate the
link sensitivity while the system is operational in real time. To implement BERT, first it was
important to modify the PCM data generation system which has been discussed in section 7.3.
The modification was to make the pseudo random binary sequence (PRBS) data generation
maximum length theoretically possible for the given bits of shift register because in this way
once this PRBS data is decoded at the receiver then known sequences will appear given the

data has not been significantly corrupted with errors.

A design flow block diagram of the BERT system designed for duobinary PPM system is given
in the figure 7.12 in the following page. In duobinary PPM coding system, an 8-bit PRBS
generator has been used thus it is known that every random sequence of 255 bits PCM data
will contain a sequence of 8 consecutive 1s (‘11111111”). Therefore, when the duobinary PPM
data is decoded back to PCM it is sent to the BERT system where a sequence detector has been
designed to detect the sequence of ‘11111111 in the PCM data. Once this sequence has been
detected, the circuit fills the 8-bit shift register of the PRBS generator with ‘01111111° which
will be the next shift of the register after ‘11111111° therefore the regenerated PCM will be at

the same point and phase as the original PCM data.
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Fig. 7.12: Design flow block diagram of BER test circuit using VHDL.
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The key section of the sequence detection code is given below in listing 7.2. The PRBS
generator code has not been repeated since they are same as the code discussed previously in

section 7.3.

= "00000000";

SIGHAL internal regl
SIGHAL Tmp

: std logic wvector (0 TO 7)
: std logic wvector (0 TO 7)

SIGHAL load

! std logic :=

Ill;

first_tap
second tap
third tap

IF (Reset = '0')} THEH

internal regl <= "00000000™;

Tmp <= "01111111"

load <= '1!

IF (internal regl = "11111111") THEHW
load <= '0';

Tnp (3) xor Tmp (4) !
Tnp (5) xor Tmp (7);
first_tap xor second tap;

LT

Top third tap & Tmp (0 TO 6&):

PCHM ERegen <= Tmp (0):

EL5IF (load = '1') THEN

internal regl <= internal regl (1 TC 7) & duoppm:;

Listing 7.2: Key sections of the BERT sequence detector.

In listing 7.2, it can be seen that there are three key section of the code. In the top box (pink),
an internal register is used to keep the incoming sequence of PCM data and a load signal which
goes high at the start of every clock to load the incoming PCM data into the checking register.
In the middle box (brown), the registers and the load signal is initially reset and in the bottom
box (green), first the code checks if the required sequence has been received. If the required
sequence has been received the PRBS data regeneration starts as shown in figure 7.13 in the
following page and the load signal is set to active LOW. Finally, the program checks whether
the load signal is active HIGH, if so then the circuit loads the input PCM data to the internal
checking shift register to complete the operation of the BERT system. Experimental

verification results of the BERT is also given in figures 7.14, 7.15 and 7.16 later in the section.
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Fig. 7.13: VHDL simulation results of the duobinary PPM BERT system.

The last two (left hand side green box) signals in the output waveform in figure 7.13 shows the original decoded PCM output and the BERT
regenerated PCM signal and as can be seen further down the waveform marked in coloured boxes that once the sequence ‘1111111” is received

by the BERT system it start regenerating in-phase identical PCM signal thus both can be compared to check for errors.

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 122



7.6: Bit Error Rate (BER) Test Circuit

Experimental verification of the design using FPGA has been successfully completed as well

and the results are given in the figures below.
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Fig. 7.14: Experimental verification of BERT system: duobinary PPM (top trace), decoded

PCM (middle trace) and regenerated PCM (bottom trace).

It is evident from figure 7.14 that the BERT system has successfully regenerated the required
PCM data, however, it is out of phase. Therefore, a delay was introduced to bring both PCM

data streams as has been shown in figure 7.15 in the following page of this section.
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Fig. 7.15: Experimental phase synchronised PCM data for BERT: PCM clock (top trace),

decoded PCM (middle trace) and regenerated PCM (bottom trace).
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Fig. 7.16: Experimental error output for BERT system: decoded PCM (top trace), regenerated

PCM (middle trace) and error output (bottom trace).
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7.7 FPGA Implementation of Duobinary PPM MLSD

7.7.1 Duobinary PPM MLSD Design Description

The final stage of the design and implement the duobinary PPM coding system using VHSIC
hardware description language (VHDL) and field programmable gate array (FPGA) is to
complete an integrated system design. Previously attempts have been made [4] to implement
MLSD schemes of other channel coding scheme using discrete logic. However, as the systems
becomes more complex the device becomes bulky and compromises need to be made regarding
reduction of inherent complexity. The modern FPGA processing power and VHDL design
capability means that with expertise of programming and design any complex systems such as
MLSD can be easily implemented without making any compromises. Figure 7.17 in the

following page shows a proposed system for MLSD implementation of duobinary PPM [27].
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Fig. 7.17: Block diagram of proposed MLSD implementation using VHDL and FPGA.
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In the design shown in the previous page, input duobinary PPM data will be stored in a two-bit
register according to slot and frame synchronisation. Therefore, the two-bit register will hold a
complete frame of the duobinary PPM. Another 48-bit internal register will hold 24 frames of
duobinary PPM data at given time. Any two bit incoming data will be added in the 48-bit
register as this acts as shift register where correction will take place and the last two-bits will
be corrected output at every clock cycle. Maximum number of like symbols has been assumed
to be 10 thus 24 frames in the shift register. However, any good VHDL design is easily scalable
and higher number can be implemented easily. 24 frames of duobinary PPM include two

complete sequences of maximum length for error detection and correction purpose.

An example would be, 1 10C 1 10C 11 where 24 frames complete that whole sequence. Every
time as frame is received checks are made for variables such as counters to count number of
Cs or number of 1s and 0s, first symbol of a sequence, middle pulse if there are two sequences,
last symbol of the sequence. If there are errors, flags are raised for any of the three errors and
exact location of the error is determined. If flag is raised the corrector will correct the required
frames and output will be last two bits of the 48-bit shift register. Currently work is being
carried out to implement the MLSD using VHDL and FPGA completed with bit error rate test
system embedded in the device. Results of the practical implementation will be published soon

upon successful completion.

A design flow block diagram of the frame count mechanism is given in the next page in figure
7.18. Main segments of the MLSD coding block will be discussed later in the section. MLSD
coding block receives input as 2-bit register which contains a complete frame of duobinary data
with two slots. This is delivered by a previous design of 2-bit SIPO shift register synchronised

correctly with the clock.
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Fig. 7.18: Design flow diagram to register various information of received sequences from the

duobinary PPM data frame.

The MLSD code in its entirety is given in Appendix 3. As discussed at the beginning of the
section, a 48-bit SISO shift register has been used to store duobinary PPM data for detection
and correction of error. The main reason a 48-bit serial in serial out (SISO) shift register was
used in the design to hold minimum two complete data sequences (assuming, maximum
number of consecutive Cs (no pulse) is 10, for simplification of design) as it was understood
that, for some instances, an error in PRESENT data sequence can be detected due to an error
in PREVIOUS data sequence and it can be corrected in the PRESENT data sequence.
Otherwise both data sequences will be corrected thus possibly violating both data sequences
and increasing the possibility of error. This is the main reason to use a 48-bit SISO shift register
so that minimum two complete consecutive data sequences can be looked at during correction

process.
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Listing 7.3 below shows a segment of MLSD code that counts the number of Cs, 1s and 0s
according to the incoming data frame and determines and stores the first and last symbols of
data sequence and also stores the current symbol as can be seen from the code below. The

signal ‘regConCat’ is the duobinary frame.

IF (regConCat = "00")THEHN

count5E <= "oOoo™:
countC <= countC + "0001™;:
f_num <= oo

ELSIF (regConCat = "10")0OR (regConCat = "01") THEN

countC <= "000Q0™;
countSE <= count3SE + "0001"™;
cc <= reglonCat;
IF (regConCat = "10")THEN
one <= '1';
ELSE
one <= '0';
END IF;
END IF;

Listing 7.3: Duobinary PPM symbol counter for sequence characterisation in VHDL.

There were many internal registers and signals that were necessary to implement the MLSD.
Listing 7.4 in the following page shows the internal registers and signals used to raise three
different types of error flags and storing the types of errors as binary numbers as shown in the

code.
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SIGNR]l w slot : 3td logic;
SIGHRL w_slotR : std logicy
SIGHA]l f alrm : 3td logic;
SIGHAL wrongslot det : std logic vector downto

SIGNA]l wrongslot flg : std logic wvector downto
SIGHAL wrongslotR flg : std logic vector downto
SIGNAL false alm : std logic wvector downto

Listing 7.4: Internal signals and registers for error flags and error type information storage for

MLSD.

As the MLSD code will be storing two complete sequences, the data from the previous
sequence need to be stored before start counting and characterising the current sequence and

this done by the segments of the code given in the listing 7.5 below.

WAIT UNTIL (Clk' EVENT AND Clk = '0');
IF countC > "0000™ THEHN
dly C <= countC;
ELSIF countC = "0000™ THEN
dly C <= dly C;

IF countSRE »= "1111"™ THEN

dly C <= "0000"™;

ELSE dly C <= dly C:

END IF:

Listing 7.5: Storing data of previous sequence C counts in MLSD.

The code above is for count of Cs from the previous sequence and the count of 1s and Os are
done similarly thus the code has not been shown®. Once the frame has been counted and
sequence characterised, these data are them used in a nested IF-ELSE programming statements
to consider all the possibilities that can give rise to an invalid sequence and for all possible

invalid sequences.

20 Available in Appendix 3.
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IF (wrongslot det = "01") AND (cc = "01") THEN --err of 101

wrongslot flg <= "0101%;
wrongslot det <= "00%;
W_slot <=1

ELSIF (countSR = "0001") AND (wrongslet flg = "0000") AND (£ mum = "01") AND (ec = "01")AND (dly C = "000L") THEN --ICl

false alm <= "000001";

ELSIF (count3R = "0001") AND (wrongslot flg = "0000") AND (f num = "01") AND (cc = "10")AND (dly C = "0010") THEN

falze alm <= "000010";

ELSIF (vrongslot flg = "0010") AND (count3R = "0001") ZND (dly C = "0100") AND (cc = "O1") THEN --err of 10C 4 iCorrsct
wrongslot flg <= "0000";
W_sloth «= 'Yy
wrongslocR flg <= "10110";
false alm <= "000000";
falm «=1'0"

EL3IF (wrongslot flg = "0010") AND (count3R = "0001") AND (dly C = "0101") AND (cc = "10") THEN --err of 10C 5 iCorrect

wrongelot flg <= "0000";
w_slotR =11
wrongslocR flg <= "10111";
false alm <= "000000";
falm <=1'0%

Listing 7.6: Programming conditions to check for invalid sequences and raise appropriate flags.

The code listing above shows part of each type of conditional checking to raise flag and
characterise exactly what the error is so that it can be corrected in the final stage. It gives
examples of each type of error checking. Top box in green is for wrong-slot error check, middle
box in blue is the check done for false-alarm errors by checking appropriate conditions and the
bottom brown box is for erasure error check of the MLSD system. The code listed in listing
7.7 in the following page shows how the error types are corrected when any error flags are

raised.
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ELSIF Reset = '1' THEN
reg0Pl <= IPL & regOPLl (47 downto 2):
reglP2 <= IP1 & req0OP2 (47 downto 2);
IF (w slot = 'l') THEN
CASE wrongslot flg I3
WHEN "0110" =» regOPl <= IP1 & regCPl (n-1 downto 42) & "10" & regCPl (39 downto 2);
WHEN "0101" => regOPl <= IPl & regUPl (n-1 downto 42) & "01" & regCPl (39 downto 2);
ELSIF (w slotR = '1') THEN
CASE wrangslotR flg IS
WHEN "00100" => regCPl <= IPl & regOPl (n-1 downto 42) & "00" & regOPl (39 downto 2);
reg0B2 <= IP1 & reqgOPl (n-1 downto 2);
WHEN "01010"™ =» regOPl <= IP1 & regOP2 (n-1 downto 40) & "10" & regOP2 (37 downto 2);
WHEN "01011" =» regOPBl <= IP1l & regOP2 (n-1 downto 38) & "10" & regOP2 (35 downto 2);
WHEN "01100" => regCPl <= IPl & regOP2 (n-1 downto 36) & "10" & regOP2 (33 downto 2);

ELSIF (f alrm = '1') THEN

reg0P2 <= IP1 & reqCOPl (n-1 downto 2);

CASE false alm I3

WHEN "010011"™ =»  reg0Pl <= IP1 & regOPl (n-1 downto 42) & "01" & regQPl (39 downto 2);
WHEN "010100™ => regQPl <= IP1 & regOPl (n-1 downto 42) & "10" & regOPl (39 downto 2):
WHEN "000001"™ =»  regOPl <= IP1 & regCPl (n-1 downto 40) & "01" & regCPl (37 downto 2);

Listing 7.7: MLSD error correction mechanism using the raised flag and the detected types of

errors: wrong-slot correction (top box), erasure correction (middle box) and false-alarm

correction (bottom box).

Last two bits of the 48-bit shift register is always sent to the output of the MLSD as part of

valid sequence.
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7.7.2 Duobinary PPM MLSD Experimental Verification

It has been observed that the MLSD has been performing as required by the theory?!. As it was
tested both using simulation and experimental verification, the MLSD produced error free
outputs which are shown in the waveforms in this section. BERT worked as intended with the
system and shown in the waveforms as well. MLSD was simulated with deterministic errors in

the code and found to be detecting and correcting errors as expected.

Deterministic error sequence and check was not possible for experimental verification due to
lack of time available at the time as it requires erroneous sequences to be stored in the FPGA
Memory module elements and access the transmission inputs from there. Further work is
necessary and currently being carried out by the author to access and implement the FPGA
memory functions to deterministic errors and correction procedure. A paper is also being
written on the practical implementation and experimental verification of duobinary PPM
MLSD and BERT. All the experimental verification produced correct results thus the reliability
of the timing analysis simulation result means that it is fair to conclude that when the
deterministic errors can be introduced in the system it will detect and correct the sequences as

has been shown for the simulated results.

21 Theoretical error sequences and correction table available in Appendix 5.
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Fig. 7.19: Simulation of duobinary PPM operations when tested with deterministic PRBS PCM data of valid sequences.

As shown in the figure 7.19 above when tested with PRBS data no error was detected and corrected as was expected and BERT output shows that
the input PCM data matches output PCM data therefore functionality is verified. Deterministic errors were inserted as duobinary PPM data stream
and the errors flags and signal registers for error types have been observed at the output and they were all found to be performing as expected by

the design.
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Figures 7.20, 7.21 and 7.22 shows deterministic error detection and correction of wrong-slot, false-alarm and erasure errors respectively.

0ps EE.EIE ns 1 33.]2 ng 1 B'E.IEE ng 255.;24 ns 332iE~ ns 395.;5 ng 465, IEZ ns 532.148 ng 55'5.|D4 ng EEB.IE n#
Name 5
Sﬁp
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DuoPPM Clock
Reset |
Deterministic DuoPPM [P
DuoPPM Frame | KO0 000 I T 0T O T 000 T G O R S D By 0T TG00
Wrong-slot detection [ D ) 00 bl 0 WO 0 i
Wrong-slot type 0000 ¥ B 0000 0000 i 000D 000 0000 000TY 0000 | | Y0001
Wrong-slot Flag H H ﬂ_ M
Erasure Type EEE] 00000 )@@@( 00000 3 1X0001Y: 100000 : | x1:0000i
Erasure Flag M M.
False-alarm Type 000000
False-alarm flag
48-bit Register | i D L D D D D R D D R LD D D D A DD DD D D D DD DT
48-bit Register 2. | o000 0 0 e A D D L D e A D D D T R D S O D0
Output DuoPPM Frame 0 I EETEEERIEER ) (0 O TR OO ST GE R TR )
oDV Cutou T
Original Error Input HHH
Decoded PCM BN mmial | L

Fig. 7.20: Simulation of error detection and correction of wrong-slot errors.
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Fig. 7.21: Simulation of error detection and correction of erasure errors.
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Fig. 7.22: Simulation of error detection and correction of false-alarm errors.

All types of errors detection and correction points are shown in coloured boxes. Given in the following page are the waveforms for experimental

verification of the practical MLSD implementation.
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Fig. 7.23: MLSD module duobinary PPM output (bottom trace), PRBS PCM data (top trace)

and input duobinary PPM data (middle trace): black box shows corresponding points.
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Fig. 7.24: Decoded PCM (middle trace) and regenerated PCM (bottom trace) with MLSD

module checked duobinary PPM output (top trace).
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7.8 Conclusions

In conclusion, this chapter has presented an introduction to the work that has been completed
to successfully design and implement the complete duobinary PPM system on FPGA using
VHDL hardware programming language. The main contents of the chapter showed how the
phase-locked loop module has been used for clock recovery and clock division in the VHDL
and design description of an 8-bit maximum length PRBS PCM data generator which is used
for randomised input data sequences. The design and development of DuoPPM coder and
decoder have been presented in this chapter. VHDL simulation waveforms and practical
implementation results for both coder and decoder have been presented in this chapter. It also
presented the bit error rate (BER) test circuit and the MLSD implementation of DuoPPM using
VHDL and FPGA. Key sections of all the code and designs have been explained and the results
in the forms of simulation waveforms and practical test results have been presented as well.
BER test circuit has been implemented by regenerating the original PCM data from the PRBS
generator and synchronising this regenerated data stream with the output PCM data to check
for bit errors successfully. MLSD has been designed and implemented according to the theory
and algorithms developed for the coding scheme and they have been discussed in more detail
earlier in chapters 5 and 6. The error sequence tables and the algorithms have been implemented
using the hardware description language and has been successfully integrated with other
devices in the system such as clock divider, PRBS generator, coder, decoder, BER system. The
complete system has worked as required which has been demonstrated by the output

waveforms.
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Chapter 8

Transceiver Design and Implementation of DuoPPM

8.1 VCSEL Transceiver and FPGA Interface

After the completion of VHDL and FPGA implementation of duobinary PPM coding system,
a transceiver system?? using VCSEL operating at 850nm wavelength and PIN photodiode
receiver was designed for practical testing and verification of the link. An interface block

diagram of the required system is given in the figure 8.1 below.

POWER APC LOOP
NPUT APCLO0P |

CONTROL

I

CLOCK
s | i
PRBS ——
oder — LVIVTSSTO VCSEL DRIVER VCSEL
 — |
CONVERTER CIRCUIT LASER

LGP0
FPGA CYCLONE IV E SERIES DATA
= BUS
N CML 0 Limiting Transi d
1 — . ransimpedence L. pyy pp
| Decoder|{ MLSD }{PLL Clock | Comparator ||~ ¢ coNVERTER || AmPlifier = Preamplifier =

PCM Received
Data

Fig. 8.1: Interface diagram of the FPGA and duobinary PPM transceiver.

Duobinary PPM outputs are received from the FPGA general-purpose input/output (GP10) pin
which is an LVTTL (Low-voltage transistor-transistor logic). Therefore, the input type and
level conversion was required before it can be used as LVDS (Low-voltage differential signal)
input to the MAX3735 IC [96] from Maxim Integrated © which is a multi-rate VCSEL driver

that can be operated up to 3.2 Gbps data rate.

22 Key information of all the datasheet are given at the end of the thesis in an organised manner.
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For receiver module, the light is received by high sensitivity PIN photodiode and the output
goes to the transimpedance preamplifier (TIA) and subsequently the output of the TIA is fed
to the limiting amplifier (LA). The limiting amplifier output type is current-mode logic (CML)
differential signal and the FPGA input is LVTTL single ended thus a voltage translator needs
to be used for correct interface of the circuits. Once received by the FPGA, depending on the
quality of the input signal analysed through characterisation process, a comparator can be used

to further reconstruct the received signal.

In the FPGA module, the clock is extracted using one of the four embedded PLLs and the
duobinary PPM data is used as the input of the MLSD module where algorithm is applied to
check for detection and correction of any errors that may corrupt the original sequences. Once
the data has been checked and given as output, the final stage is the decoder which decodes the
duobinary PPM data back to original OOK PCM data. This PCM data finally is used to
regenerate in-phase maximum length PRBS data to check for final errors in the output PCM

data.

VCSEL has been custom connectorised by the manufacturer with ST receptacle in order to
minimise coupling loss. The key properties of the 850nm VCSEL that has been used for the

transceiver which has been procured from Lasermate Group Inc. © [93] are given below:

» Pre-aligned for multimode fibre communication.
» With monitor photodiode (PD).

> Power: >1 mW @ 6 mA.

» Maximum Rise/Fall time: 0.15 ns =6.67GHz.

» Monitor Current:I,,, = 50 uA.

> Breakdown voltage: V_BD =14V (typ.).
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» This has to run at typically 2mA It+ (Threshold current).

» Maximum forward current: Ir = 20 mA.

The key features such as average power, power control loop, current monitor, modulation
current, bias current, and monitor PD current have been calculated and designed according to
these specifications. All the circuits have been built?® using SMDs (surface-mount device) for
optimum performance except few components such as connector and VCSEL. The laser

operates up to 1.25 Ghps data rate.

PIN-PD was used at the receiver [94]. Some of the key features of the PD receiver are given

below:

» Customised with ST receptacle.
» Tuned for detection of 850nm wavelength.
» Pre-aligned for 62.5um/125um MM fibres.

» Maximum operating speed of up to 1.25 Gbps.

FPGA GPIO bus connectors are not designed for direct connection to the transceiver circuits
thus an interface board which converts GPIO inputs to SMAs for ease of connectorisation with

the transceiver module.

23 PCB layouts are given in Appendix 4
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8.2 Duobinary PPM Transmitter Design

8.2.1 LVTTL to LVDS Voltage Translator

The schematic diagram of the designed circuit for LVTTL to LVDS voltage translator is given

in the figure 8.2 below.

3.3V
vee .,
|:- 0.1pF = R3 R4
82.50 & 82.50
FPGA_TX_IP Cf1 . 573932":‘ .| c30-01uF +Out
o :

J

-Out

LVTTL to LVDS C40.01pF Ra R5

Translator

127Q 127Q %

Fig. 8.2: LVTTL to LVDS voltage translator circuit schematic diagram.

Precision Edge © SY89327L IC has been used for this circuit [95]. This circuit connects to the
inputs of the VCSEL driver to form a single transmitter module. All the AC coupling capacitors
used in this circuit and the rest of the circuits in the following section are of the value of 0.01pF.
Due to the single ended input to positive input pin®* (2) the other input of negative pin (3) has
been externally terminated to ground using a 2.5kQ resistor. Both normal and inverted output
have been terminated with 50Q2 to V¢ — 2V. This impedance matching is required for the

interface with the following VCSEL driver stage.

24 Pin numbers are followed immediately in the parenthesis.
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8.2: Duobinary PPM Transmitter Design

The schematic diagram of the designed circuit for VCSEL driver is given in the figure 8.3

below.

g Vee 33V 33V VCC
J__| IR I
0.1y 230 Y 0 o_'1pp
+
o ‘33“ 00F | waarss || -
o G4y 0.01F L= e 2000 il
-In I - V:: apcrLTd-2d N ;
23kQ ] pCon Wl Syl
—Rly] e b ol B A STYAS
R\ ] s SEg | 10 5
”.:, Moset )
'V\/\v —— Blas
23.75Q R4 l_ Ta_Disable enp L2 I ot C6/0.01pF
0.1|.|F —
= 2 R3
e §7.4m Shutdown RS 1
vce ==0.1yF ": L
3.3V ' Ferrite_Bead

Fig. 8.3: VCSEL driver circuit schematic diagram.

MAX3735 VCSEL driver IC [96] has been used for the laser driver circuit. On-chip 100Q

differential impedance is provided for optimal termination. In case of any slight mismatch of

impedance, the IC is highly resilient to a certain degree of mismatch. Some of the key set-up

and safety feature calculations are given in this section.
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‘MODSET’ pin is used to set up modulation current of the circuit. A resistor value need to be
chosen which is connected to the ground (figure 8.4) according to the calculation to get desired
modulation current. Some of the other important features such as average power, photo-current

monitor and bias-current monitor are set up similarly as well.

R4

”l_‘_‘ MODSET

23.75K0

Fig. 8.4: Modulation current set-up diagram.

IMOD =14 mA
IMOD = 1.23/(0.0037 X RMODSET) (81)

. B 1.23
MODSET ™ 0.0037 X Iyop

= 23.75KQ

Maximum value of modulation current was chosen to be 14 mA and the value of the Rmopset
was calculated to be 23.75kQ which was found by using the equation (8.1). Similarly,
calculations for average power, photo-current monitor and bias-current monitor are given
below.

Resistor value for Average Optical Power:

Where, IMD == PAVG X pmon = 50 HA
Iyp = 1.23/(2 X Rppcser) (8.2)

RAPCSET = 123 KQ

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 145



8.2: Duobinary PPM Transmitter Design

Resistor value for photo current monitor:

1.38
50 uA

R =

= 27.6 KQ, Resistor value for photo current monitor.

VPC_MON = 50 llA X 23 KQ

I
Vbc Mmon = (%) X R (8.3)

Voltage greater than 1.38V at both photo current and bias current monitor result in a fault state.
Therefore, the resistor values is chosen to give just below that voltage so that if the limit

exceeds it will trigger the fault state.

Resistor value for bias current monitor:

1.38 - . .
——1 = 15 KQ = Resistor value for bias current monitor.

76

Igias
Vec mon = ( 76 )X R

Average Optical Power loop filter control capacitor:

CAPC = 0.1 ‘UF
50 uA
002= ——
IBIAS - 2 mA
1 2mA = >0 ud = 2.5mA
BIAS ma = 002 = m

IBIAS = ZmA + 25 mA = 4‘5 mA

Capacitor for MD (Monitor Diode) was also chosen to be 0.01pF.

‘TX_Disable’ and ‘TX Fault’ were connected together using a pull-up resistor to the Vcc as
the output of the fault pin is open collector output. Pull-up resistor of the value of 7.4kQ was
used for this. When the fault pin goes high it disables the transmission by disabling the laser

output. In order to re-enable the transmission, Vce or ‘TX Disable’ needs to be toggled.
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There is an additional safety feature of ‘Shutdown’ that has been implemented using an external

transistor connected to the Vcc and the ‘Shutdown’ pin. The supply to the laser is through this

transistor and this arrangement works as an additional safety feature of the circuit as shown

previously in figure 8.3.

Output stage circuits are very important for bias current set up (Isias). Figure 8.5 and 8.6 below

shows simple equivalent modulation and bias current models respectively from the circuit

designed.
vcc 3.3v
R2 R3 Rwvcsel
Ir2 Irs Twesal ‘
OoOuUT+
Q1 Q2 . —-_
IrioD
Inop

Fig. 8.5: Simplified model of modulation current circuit.

VCC 3.3V

R2 R3 Rvecsel o
]RE' Irs '§ Tiesel ‘

OUT+ I=XIvcsEL

—*
|| lIE!‘—E

TO BIAS

Fig. 8.6: Simplified model of bias current circuit.

Kamrunnasim Mostafa, University of Huddersfield, November 2015

Page 147



The relevant calculations are given below.

Iyop = 14 mA

R, =300

R; =200 Q

Rycser = 45Q

Rpoap = R2//R3 //RycseL
Rioap = 16.50Q

Using current divider rules:

_ RFr//Rs _

Iyeser = Inop X (RF//RS +RVCSEL) = 5.138 m4
Rs//RycseL

In. =1 X ( ) = 7.706 mA

Re = "MOP " \Rg//RycseL + Rr m
Rr//RycseL

Lo =Iyop X ( ) — 1156 mA

Rs = MOD Rp//Rycser + Rs m

=14 mA

Ipias = Iycsgr + Irg = 6.294 mA

Gain = (

IMD )
(IvcseL+Irs—ITHRESHOLD)

8.2: Duobinary PPM Transmitter Design

(8.4)

(8.5)

(8.6)
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8.3 Duobinary PPM Receiver Design and Results

8.3.1 PIN-PD and Transimpedance Preamplifier

After the transmitter design, receiver was designed using PIN photodiode and transimpedance
preamplifier (TIA). The output of this circuit goes to the limiting amplifier circuit as will be

shown in the following section. Figure 8.7 below shows the TIA circuit schematic diagram.

3.3V
vee .,
I
T
' 0.1pF | MAX3665 +Out LA
fi e T
O B e whiax GSEL_}? (]
e \} . > | -Out LA
<
= |
CFILT280F |

Fig. 8.7: Transimpedance preamplifier circuit schematic diagram.

MAX3665 TIA packaged IC [97] has been used for the TIA circuit. The key calculation for
this circuit was to choose the capacitor filter (CriLt) to be used with the PIN-PD. The required

parameters for calculation are as follows:

Vhoise = 50 mV pk — pk
Cpuoro = 0.5 pF
RFILT = 15 kQ
1
Loise = 6NA (E of the RMS noise)
Vnoise C
Crir = (M) (8.7)

REILT X Inoise

CFILT = 277 nF
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8.3.2 Limiting Amplifier

After the TIA design, limiting amplifier (LA) was designed. PIN-PD, TIA and LA together to
make the receiver circuit. The output of this circuit goes to CML LVDS to LVTTL voltage
translator circuit as will be shown in the following section. Figure 8.8 below shows the LA

circuit schematic diagram.

3.3V

VCC c1

ARt

|_MAX3748
+In c2 " 0.01uF vee onpeslS
- Il di
T %3 0.01pF, af ol
In Rq 20kQ Eg?s R\:ﬁcscr? 04°-|°|1PF +Out
Sionp  ou |0 1 u
? | oUTPOL | H =
| R2 7.4kQ C50.014F _Out

Fig. 8.8: Limiting amplifier circuit schematic diagram.

MAX3748 packaged IC [98] has been used for the LA circuit. The key for this circuit was to
choose the value of threshold resistor which is a datasheet parameter according to the operating
data rate and channel characteristics. For example, low LOS (Loss of Signal) characteristics of
the channel operating at 155 Mbps the recommended resistor value is 20 kQ. ‘Disable’ and
‘LOS’ pins were connected together using a pull-up resistor to the Vcc as the output of the loss
of signal indicator pin is open collector output. Pull-up resistor of the value of 7.4kQ was used
for this. When the LOS pin goes high it disables output. Once LOS is asserted, it is not

deasserted until the input amplitude rises to the required level (VpeasserT).
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8.3.3 CML LVDS to LVTTL Voltage Translator

After the receiver circuit, the output goes to CML LVDS to LVTTL voltage translator circuit

as is shown in the figure 8.9 below.

3.3V
R3 R VCC
82.50 S 82.50 — 1

| 1
]
on c20-01pF mc100epT21 O-1WF L
- B O
T i aof—  LVTTL OUT
C3p.01pF R R5
1270 % 1270 ?

Fig. 8.9: CML LVDS to LVTTL voltage translator circuit schematic diagram.

MC100EPT21 [99] IC has been used for this circuit. This circuit takes the CML differential
outputs as inputs to this circuit. The key consideration for this circuit is to ensure that previous
stage outputs and the inputs of this stage match. This has been done by terminating both normal
and inverted inputs from the previous stage with 50Q2 to V¢ — 2V as has been shown in figure

8.9 above.
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8.3.4 FPGA Results of Transceiver Design

The transceiver has been designed very late during the project, therefore, time has been limited
to do comprehensive tests on the designed circuit such as receiver characterisation and
deterministic error sequence verification. However, tests have been carried out with the FPGA
coder, decoder and MLSD system for the correct functionality of the transceiver system. Figure
8.10 below shows the results from the FPGA MLSD and decoder output after data was received
from the receiver module. It shows that the data has been received, checked and corrected as
per theory. Tests were done on a 10m length GI-POF link of 1mm/2.2mm. Green boxes in
figure 8.10 shows the in-phase check points of the PCM data sequence as there is a system

latency mainly due to the initial output delay in the MLSD system.

ERALE TANND N

W ot it ol | e o e o o

VW

Fig. 8.10: Experimental verification of FPGA decoded PCM data after received from the

receiver module of the transceiver: PCM input to the coder (top trace), duobinary PPM MLSD

output (middle trace) and decoder output (bottom trace).
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Figure 8.11 below shows the flags raised by FPGA MLSD when erroneous data sequences
have been received. Deterministic error sequence and check was not possible due to lack of
time as it requires erroneous sequences to be stored in the FPGA Memory module elements
and access the transmission inputs from there. Further work is necessary and currently being
carried out by the author to access and implement the FPGA memory functions to deterministic
errors and correction procedure. A paper is also being written on the transceiver design and
verification of duobinary PPM. The error flags shown in figure 8.11 was implemented by
detecting start of every frame in the wrong slot by changing pulse detection edge of the clock
in the code and PLL which means that using this code all the data received will be erroneous
as shown below. All types of error flags have been raised which means that MLSD is working
perfectly with the transceiver system and since the flag are being raised it can be said with
confidence that the errors will be corrected as well given the operations of the MLSD discussed

in Chapter 7.

Fig. 8.11: Experimental verification of all three error flags for invalid sequences: wrong-slot

flag (top trace), erasure flag (middle trace) and false-alarm flag (bottom trace).
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8.4 Conclusions

In conclusion, a purpose-built transceiver design and implementation for DuoPPM coding
scheme has been presented in this chapter. Designed transceiver is based on VCSEL Laser and
PIN-PD receiver. This transceiver is interfaced with the FPGA and the test results have also
been presented on a 10m length of POF to demonstrate correct functionality. For the receiver,
an LVTTL to LVDS voltage translator was designed to interface the VCSEL laser driver with
the FPGA output pins. A PIN-PD detector has been used for the receiver along with a
transimpedance amplifier (TIA). Packaged ICs have been used for each circuit design for better
performance. A limiting amplifier after TIA was required as well asa CML LVDS to LVTTL

voltage translator to interface with the FPGA input pins.
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Chapter 9

Discussions

Duobinary PPM [26-27, 91] has been proposed as novel coding scheme for bandwidth limited
highly dispersive optical channels such as GI-POFs. Theories of the coding scheme have been
presented and described appropriately in chapters 3 to 6. Results of theoretical simulations that
have been carried out using mathematical modelling of the duobinary PPM system in Mathcad
have been clearly laid out and analysed in chapters 4 and 6 where comparisons have been made
with relevant existing coding schemes as well as analysing the significance of the results
obtained for the duobinary PPM system. Power spectral density (PSD) analysis of the
duobinary PPM is the same as that of dicode PPM [21-22] thus it has not been repeated for this

research project.

Results proved the theoretical proposal by showing that with MLSD at 1 Gbps on OOK data
duobinary PPM significantly outperforms optimised digital PPM at low fibre bandwidths by
8.7 dB while only operating at twice the original PCM data rate. It has also been shown at high
fibre bandwidth that duobinary PPM gives a sensitivity of -42.2 dBm which is favourably
comparable to digital PPM seven-level coding sensitivity of -44.1 dBm. Results presented in
the thesis also demonstrates that at very low normalised fibre bandwidths (below 1 and down
to 0.43) duobinary PPM outperforms dicode PPM by 1.2 dB requiring 27 x 10° photons per

pulse compared to 40.3 x 103 required by Dicode PPM.
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VHDL and FPGA implementations for the next stage of the research and design have also been
successfully completed. The main blocks of VHDL design include PLL clock generation, 8-bit
maximum length PRBS PCM generator, duobinary PPM coder, two bit SIPO module, a control
pulse generation module, MLSD implementation, two bit serialiser, duobinary decoder, bit
error rate (BER) test circuit by regenerating PRBS data synchronised with the decoded output
to check for errors using an XOR logic gate. The results of functional and timing analyses
completed in software and FPGA implementation results from the oscilloscope are given in

chapter 7. All the codes and schematics have been fully listed in Appendix 3 for further reading.

Transceiver design using a VCSEL operating at 850nm wavelength has been completed. The
maximum operating frequency of the VCSEL driver is 3.2 Gbps, however, the maximum
operating frequency of the receiver unit is 622 MHz. Therefore, the transceiver could only
operate at 622 MHz. This has been done mainly due to the lack of resources for testing of
circuits that operate above 500 MHz at the moment of design development. In addition,
maximum operating frequency of the FPGA used for testing was limited to 588 MHz thus it
was not ideal to design a transceiver to operate at higher frequencies which cannot be tested
for functionality. However, given the available resources research shows that a link can be

designed and implemented for up to 10 Gbps [46, 66].

Previous research [23, 70-79] have suggested various methods of timing extraction, and slot
and frame synchronisation for several coding schemes based on digital PPM. However, they
all have faced problems in different ways such as bandwidth expansion, slot and frame
synchronisation problems etc. More have been discussed in Chapter 2 regarding this topic but
the key understanding from the literature is that timing extraction is a self-extracting

mechanism for digital PPM schemes thus no additional data needs to be sent for this particular
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purpose. Most of schemes use line coded PCM data to limit the maximum allowable run length
of like symbols to an extent where timing extraction is possible. This is classically done by
using PLL once the output is received from the decoder and for duobinary PPM this is done
using one of the 4 dedicated PLLs available on the FPGA which has been programmed using
VHDL making the implementation very simple. In addition, in the event of any change in
specifications or test method, VHDL designs can be modified more easily than conventional

logic based circuits.

The main problem is encountered when it comes to synchronising the recovered clock with the
slot and frame of the data because it will take a phase difference of 180° to render all the
detection wrong as start of the frame will be considered either half a clock cycle early or late
depending on whether the phase difference is negative or positive. EImirghani and Cryan et al.
[76-79] have shown that in order to maintain frame and slot synchronisation, a scheme can be
developed to generate phase bearing events. In general terms, it relies upon the presence of a
pulse in the last slot of one frame followed by a pulse in the first slot of the next frame. This is
a relatively simple method which can be achieved by adding two additional guard slots for
extra pulses or modify the coding scheme to accommaodate for two pulses. However, if no guard
slots are used, it is not possible to implement for Duobinary PPM because DuoPPM only
consists of two slots in a frame and both are used for data pulses. In addition, DuoPPM intends
to operate without any guard slots in order to maximise the bandwidth efficiency. Therefore,
other forms of solution must be sought for the coding scheme. Although, dicode PPM shows
the clock recovery but effective frame synchronisation of clock remains open for further

development.
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It is clear that for most of these coding schemes, clock extraction has not been of any major
concern for designers, and however, synchronisation with frames has been a significant issue,
especially when no additional clock data has been sent. Although clock has been very easily
extracted from the data using FPGA PLL for duobinary PPM coding scheme, frame and slot
synchronisation remains a problem that needs further attention. A solution has been proposed

in the following section? for slot and frame synchronisation of duobinary PPM.

%5 Section 10.2
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Chapter 10
Conclusions and Further Work
10.1 Conclusions

To conclude the thesis, the key points are given as follows:
» Original theory of the duobinary PPM has been presented and described.

» Relevant literature has been reviewed, studied and presented in the thesis along with

key aim and objectives of the research project.

» It has been shown theoretically that the proposed duobinary PPM coding scheme gives
better bandwidth efficiency and sensitivity over existing coding schemes such as
digital PPM, dicode PPM, multiple PPM and offset PPM while operating over slightly

or highly dispersive GI-POF channels of limited bandwidth.

» Mathematical simulations of the theory have been carried out using Mathcad software
and results have been presented in a clear manner to show that with MLSD at 1 Gbps
on OOK data, duobinary PPM significantly outperforms optimised digital PPM at low
fibre bandwidths by 8.7 dB while only operating at twice the original PCM data rate.
It has been shown that at high fibre bandwidth, duobinary PPM operates with a
sensitivity of -42.2 dBm which is favourably comparable to digital PPM seven-level
coding sensitivity of -44.1 dBm. Results presented in the thesis also demonstrate that
at very low normalised fibre bandwidths (below 1 and down to 0.43) duobinary PPM
outperforms dicode PPM by 1.2 dB requiring 27 x 10° photons per pulse compared to

40.3 x 10° required by Dicode PPM.
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» It has also been shown that duobinary MLSD completely eliminates wrong-slot errors

and significantly reduces the effect of erasure and false-alarm errors.

» Successful VHDL and FPGA implementation of duobinary PPM coder, decoder and
MLSD as a single system has been presented in the thesis. An FPGA embedded bit
error rate (BER) test device has also been implemented for sensitivity measurement

purpose and all the designs have been tested successfully.

» Designs and results of a VCSEL 850 nm wavelength based transceiver system built
specifically for the duobinary PPM have been presented which has a current design
specification of 622 Mbps data rate to match the maximum operating frequency of the

FPGA. It also has the capability of operating up to 3.2 Gbps with design modifications.

» Further work on receiver characterisation and slot and frame synchronisation of

duobinary PPM has been discussed in the thesis.

All the results and analyses indicate that duobinary PPM is an ideal alternative to be considered
for highly dispersive optical channels, and performance evaluation for higher bandwidths also
favourably compares to existing coding schemes with only twice the expansion of original

PCM data rate.
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10.2 Further Work

During the course of the research work all the key objectives that were set out in section 1.3
have been completed to a satisfactory extent. However, further improvements can be made in
order to modify and optimise some of the objectives that have been completed. In addition,
further investigations and testing need to be carried out for greater optimisation. This section
discusses some of the main suggestions that have been made to improve the proposed coding

scheme further.

Duobinary PPM has been successfully implemented with MLSD and bit error rate (BER) test
circuits using VHDL and FPGA. However, further modifications can be made in order to
improve design-for-test (DFT) functionality of the complete system. A digital counter can be
implemented within VHDL in order to count the number of errors detected by BER and
displayed on the LCD screen and real time calculations can be carried out to show live
sensitivity data on a display screen which can be in turn be monitored for diagnostics and

performance evaluation on the practically implemented system.

As has been discussed in the previous chapter?, there are two viable options that can be
implemented for slot and frame synchronisation. First option is to use extra slots in the frame
in order to indicate the start and end of the data frames. However, it is not suitable as it carries
the disadvantage of bandwidth expansion with it. Therefore, other methods of synchronisation
such as a specifically designed header frame can be sent in order to indicate the start of
incoming data sequences. Furthermore, predefined frames of data sequences can be sent when

the data transmission has ceased. This will just add some very minor initial and end data

26 Chapter 9 - Discussions
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sequences during extraction without any bandwidth expansion. This method has another very
useful application within the coding scheme, such as recognising when the system is idle.
According to duobinary PPM data coding, when there are no PCM pulses present at the input
to the coder, they will be coded as 0 which is not an ideal scenario from the perspective of

power efficiency and the life-cycle of the laser.

Therefore, the header to indicate the start and stop of data sequence can be used to implement
an ‘Enable’ signal to the coder therefore no output will be produced when there are no PCM
data present at the input of the coder. The VCSEL transceiver that has been designed to test the
coding scheme should be modified, given resources available for testing, to operate at the
maximum data rate possible, which is 3.27 Gbps. Current maximum operating frequency is
622 Mbps. This is mainly due to the resources that were available for testing at the time of
design which were limited by the maximum operating frequency of the FPGA, oscilloscope
and testing facilities and equipment. The receiver of the duobinary PPM is yet to be
characterised and it must be done in order to modify the current design and achieve further

optimisations.

For test purposes, some of the key features of the VCSEL driver can be connected and
monitored by external programmable embedded devices which requires attention for better
driver performance. The main features that can be controlled and monitored real-time using
external device are: adjustable average power, constant power range adjustment, photo current
monitor, bias current monitor, adjustable modulation current setting, enable and disable the
transmitter in the event of any safety feature failure. Finally, the system must be tested over
various lengths of POF of up to 100 m to evaluate performance over distance in real-time so

that comparisons and further optimisations can be implemented.
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Abstract

Pulse Position Modulation (PPM) coding schemes have been proposed and investigated widely
as a technique of utilising the very high bandwidth available in optical fibres, with a significant
improvement in sensitivity of 5 - 11 dB being achieved compared to an equivalent Non-Return
to Zero (NRZ) On-Off Keying (OOK) scheme. However, this improvement has some trade-
offs. When using 8 level digital PPM, the final data rate can be as high as 32 times that of the
original data thus implementation becomes extremely difficult to the point where commercial

viability becomes doubtful.

In this paper, the authors describe a novel coding scheme that combines the duobinary scheme
with Pulse Position Modulation to form DuoPPM. It is shown that DuoPPM gives a sensitivity
greater than digital PPM while operating at two times the original data rate. Original results
presented in this paper predict that a high fibre bandwidth DuoPPM system can give a
sensitivity of -42.2 dBm when operating with 1 Gbit/s PCM data and a fibre bandwidth of 100
GHz. In addition, it is shown that DuoPPM outperforms optimised digital PPM at low fibre

bandwidths (1 GHz) by 8.7 dB.
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1. Introduction

Recent developments in Pulse Position Modulation (PPM) have seen various coding schemes
based on PPM being proposed by a number of authors for both free-space and optical fibre
communications links. Digital PPM is one of the earliest coding schemes to be put forward.
Garrett [1, 2] analysed this coding scheme and showed that there was a 5-11 dB theoretical
improvement in sensitivity compared to standard Non-Return to Zero (NRZ) On-Off Keying
(OOK) data. In digital PPM [3, 4], M bits of information are transmitted using a single pulse

by positioning it in one of 2M time slots, figure 1.
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Fig. 1: Conversion of 4 bits of PCM (top trace) to digital PPM (bottom trace).

There is a significant improvement in sensitivity over NRZ OOK because a single pulse is used
to transmit M bits of information. Therefore, by virtue of the lower mark:space ratio, increasing
M means improving the sensitivity. However, in order to synchronise equivalent data
throughput with NRZ OOK, the same amount of data must be transmitted within the same time

frame. Therefore, for a data time frame of M Ty, where Ty is the bit period, there must be 2V
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PPM time slots which means that the PPM slot rate is 2M/M faster than the PCM bit rate in
order to maintain the same information throughput. This large bandwidth expansion can make

the final line rate prohibitively high.

It is this bandwidth expansion that led to many alternative PPM schemes such as Multiple PPM
[5-7], Dicode PPM [8, 9], Offset PPM [10, 11] and Differential PPM [12, 13] to name but a
few. Multiple PPM and Dicode PPM are the two most bandwidth efficient of these coding
schemes and both offer better sensitivities without large bandwidth expansion of the other

schemes.

In Multiple PPM, the position of two or more pulses in a frame is governed by the original data
word. Sugiyama and Nosu [5] analysed the error performance and introduced the Maximum
Likelihood Sequence Detection (MLSD) technique which was later further investigated by
Sibley and Nikolaidis [6, 7]. It was concluded that Multiple PPM is more power and bandwidth

efficient than digital PPM.

MLSD has been applied to other coding schemes such as Dicode PPM [9] with significant
success as results showed an improvement in sensitivity. Sequence detection and equalisation

[14] and decision-feedback equalisation [15] have been proposed as alternatives to MLSD.

In Offset PPM, the offset from a datum, either 0000 or 1000 is coded by the position of a single
pulse. Theoretical work has shown that this technique has a sensitivity comparable to digital

PPM but at a line rate of half that of digital PPM.
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In Differential PPM [12], the empty slots following a pulse are suppressed and this leads to a
reduction in the line rate. Unfortunately coding and decoding are complicated by the fact that

the frame time is variable and depends on the data being transmitted.

Duobinary Pulse Position Modulation (DuoPPM), the subject of this paper, is a novel coding
scheme that combines the duobinary technique and digital PPM to form DuoPPM. In this
signalling format, a signal is only transmitted when the data is constant at either logic one or
logic zero and no signal is transmitted for data transitions from logic one to logic zero or logic
zero to logic one — the change condition. As will be shown later, the use of a novel MLSD
technique allows for the elimination of wrong-slot errors and a reduction in the effects of
erasure and false-alarm errors. In addition, DuoPPM achieves this performance with only a
twofold increase in speed. Thus the increased sensitivity of digital PPM is made available

without the adverse effects and added complications of excessive bandwidth expansion.

Original theoretical results show that a simple, leading-edge, threshold-detection DuoPPM
system gives comparable sensitivity to that of digital PPM at high fibre bandwidths and for low
fibre bandwidths, the sensitivity is significantly greater. The results presented are for a data
rate of 1 Gbit/s. The simulations carried out so far have considered a highly dispersive graded-
index Plastic Optical Fibre (POF) channel as the primary focus of targeted improvement. Such
fibre channels exhibit an impulse response that can be approximated to a Gaussian shape [16]
and have a relatively poor bandwidth. The reason to deliberately choose this channel is to
demonstrate the effects of dispersion on the coding technique. Although the simulations have
been restricted to 1 Ghit/s the technique can be adapted to high-speed optical communications
links potentially exceeding 10 Gbit/s without any significant compromise of improved
sensitivity. Application of this coding scheme in free-space communications links and other

detection schemes is also possible [17, 18].
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2. Duobinary Pulse Position Modulation (DuoPPM)

In the DuoPPM signalling technique, data transitions are coded into DuoPPM pulse positions
as follows: a constant stream of data of logic zero produces a pulse in slot zero of the DuoPPM
frame and a constant stream of data of logic one produces a pulse in slot one of the DuoPPM
frame. No pulses are transmitted in the frame when the data is in transition from logic one to

zero and logic zero to one (figure 2).
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Fig. 2: Conversion of PCM data (top trace) into DuoPPM (bottom trace).

No guard slots are required for this coding scheme as the Inter-symbol Interference (ISI) will
be significantly reduced by virtue of the inherent properties of the coding scheme. In addition,
a novel MLSD and correction technique ensures that a particular error type can be completely
eliminated. As can be seen from figure 2, the line rate is twice that of the original NRZ OOK

data which is a considerable reduction in bandwidth expansion compared to digital PPM.
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Table 1 shows the DuoPPM signal representation and, for comparison, the Dicode PPM code.

Data Probability DuoPPM Symbol Dicode Symbol
PPM
00 1/4 Pulse inslot0 |0 No pulse NC — No
change
01 1/4 No pulse C- Pulseinslot | S
change SET
10 1/4 No pulse C- Pulseinslot | R
change RESET
11 1/4 Pulseinslotl |1 No pulse NC — No
change

Table 1: Duobinary and Dicode PPM signal representations.

It can be seen from Table 1 that each symbol has a probability of 1/4. However, the DuoPPM
no-pulse signal (C) occurs for both 01 and 10 sequences and therefore has a total probability
of 1/2. Thus, the probability of a 1 occurring in the first instance is 1/4 and the probability of
a subsequent C or 1 immediately following it is 1/2 (given that a 1 has occurred and the current
coder state is one). Likewise, the probability of a 0 occurring initially is 1/4 and the probability
of a C or 0 immediately following it is 1/2. If it can be assumed that the original PCM data is
line coded so that the run of no-pulse signals (C) is limited to n, the maximum DuoPPM run
would be 1, nC, 0/1. With this condition, the final pulse will be a 0 if n is an odd number or, if
n is an even number, the final pulse will be a 1. This is because the coding technique dictates

that a sequence will end with the same symbol as the first one if n is an even number, otherwise
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it will end with the opposite symbol (considering O is the opposite of 1 and vice versa). Some

typical examples of valid DuoPPM sequences are 1C0, 0C1, 1CC1, 0CCO, 11, 00 etc.

In common with digital PPM, the optimum filter for a DuoPPM receiver consists of a noise-
whitened matched filter and a PDD network, as shown in Fig. 3. Following the PDD network,
a voltage comparator is used to slice the data and the resulting pulses are applied to a decoding
logic circuit which is programmed according to appropriate decoding rules. To maintain frame
synchronisation, a slot clock can be extracted from the data received and used to decode the

DuoPPM signals, Fig. 4.

0 =S.YfDuorpnt
hotodi
photodiode 1 =S.Y2fDuerrM
voltage
________________________ comparatar
| | decoding logic —»
— PCM
! .
. DuoPPM
fecaver noise-whitening  matched filter proportional 14f;
porti Y2fDuoPPM
filter derivative v
delay network
slot-clock

extraction

Fig. 3: Schematic of a DuoPPM receiver (The dashed boxes are optional - see Section 4).

DucPPM
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Fig. 4: Slot clock extraction timing diagram.
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3. Equivalent Data Errors in DuoPPM

Three pulse detection errors affect PPM systems: wrong-slot, erasure and false alarm [2]. The
expressions developed for the Dicode PPM [8] system for the probability of these detection
errors are applicable to the DuoPPM scheme and so are not repeated here. Instead we concern

ourselves with the equivalent data errors and discuss the operation of the MLSD.

In DuoPPM, a wrong-slot event will cause a pulse detection error. Noise on a pulse in the 0
slot, can cause the pulse edge to appear in the preceding 1 slot (previous frame) or in the
following 1 slot (present frame). Similarly if the pulse is in the 1 slot, noise could cause the
edge to appear in the preceding 0 slot (present frame) or the following 0 slot (next frame). Due

to the action of the MLSD, these errors can be detected and corrected for as shown in Table 2.

1«0 Transmitted | 1 C 0 C C 0

Received 1 1 0 c (C |0 Invalid sequence

MLSD 1 C 0 C C 0 error corrected

0«1 Transmitted | O C 1 C C 1

Received 0 CcC |0 cC |C |1 Invalid sequence

MLSD 0 C 1 C C 1 error corrected

1-0 Transmitted | O C 1 C C 1

Received 0 cC |1 0 cC |1 Invalid sequence

MLSD 0 C 1 C C 1 error corrected

0-1 Transmitted | 1 C 0 C C 0
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Received 1 C 1 C C 1

Invalid sequence

MLSD 1 cC |0 c |C |0

error corrected

Table 2: Showing the operation of the MLSD with wrong-slot errors. The symbol in error is

shown in bold.

In a DuoPPM system, erasure of a 0 or a 1 pulse results in the change symbol C. This has the

effect of generating an invalid DuoPPM sequence and so the MLSD acts to minimise the data

error as in Table 3. The MLSD inserts a pulse of the correct polarity such that the sequences

preceding and following the erasure event are valid. So, in the first entry in Table 3 — erasure

of a 0 — the faulty sequence has eight C symbols between the 1 and 0. This is clearly at fault

since the start and final pulses should be the same given an even number of C symbols. The

MLSD detects the faulty sequence and inserts a 1 pulse as close to the centre of the run of Cs

as possible. (As the MLSD has no information as to where the erasure has occurred, the mid-

point in a run of Cs will yield the lowest error.) A similar mechanism occurs in the second

example in Table 3 in which a 1 pulse is erased.

Erasure of 0 | Transmitted |1 |C |C |C | O c|Cc|C |0
Received 1 (C|C|C|C c|Cc|C|O
Corrected 1 |C|C|C]|C c|Cc|C|O
Erasure of 1 | Transmitted |1 |C |C |1 |1 C|C |0 |-
Received 1 |]C|C|C]|1 c|C |0 |-
Corrected 1 (C |0 |C|1 cC|C |0 |-

Table 3: Transmitted and received sequences with an erasure error.
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In the case of false-alarm (FA) errors, a decoding error will occur if a false alarm happens in
the following string of C signals. The severity of the error depends on the position of the false

alarm occurrence in a given sequence, as Table 4 shows.

Transmitted |0 |[C |C |C|C|C |C|C|C|O

FA of O Received 0O |Cc|Cc|C|o|jCc|cCc|jc|c |0

Corrected 0O|Ccl|1|C|0O|Cc|Cc|jcCc|c|o0

FA of 1 Received o|lc|cj|jcjcj|jcjci1|cjo

Corrected o|/Cc|cj|Cc|1 |Cc|c|1|C]|O0

Table 4 Transmitted and received sequences with a false-alarm error

The expressions for the pulse detection errors are the same as for Dicode PPM and can be found

in reference [8].
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4. System Modelling

The signal analysis for a DuoPPM system is the same as for the Dicode PPM system [8] and
so the majority of the derivation will not be repeated here. Of importance are the equations

relating to the fibre bandwidth and these are reproduced here.

The impulse response of the channel (GI-POF) can be approximated to a Gaussian [19] and

thus

h, () = —— exp[—tj )

2o’ 20

The Fourier transform of the input pulse, H (), is given by

H, (o) =exp(—“22“’2] )

The pulse variance, « , is linked to the fibre bandwidth by

©0.1874T,
o f

n

(3)

a

where Ty is the PCM bit time and f, is the dimensionless fibre bandwidth normalised to the

PCM data rate, B in bit/s, given by

f—_ 4)

where f is the fibre bandwidth in Hz.
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5. Performance Evaluation

In common with Dicode PPM, a threshold level, v, was used as a system variable defined by

Vg
\Y

V=

()

pk

where vk is the peak voltage of an isolated pulse and vq is the decision (threshold) voltage. The
pulse shape and noise can be determined theoretically if the fibre bandwidth is known [8].
Simulations were performed to find the optimum value of vq4 that gave the minimum number of

photons per pulse, b, for a specified error rate of 1 in 10°.

Since the simulation results are to be comparable to digital and Dicode PPM, identical system
parameters were used to evaluate system performance. The original data was assumed to be
line-coded with a run length (n) of 10 and a data rate of 1 Gbit/s was used for the simulated
system. A wavelength of 1.55 pm was chosen with a photodiode quantum efficiency of 100%.

A receiver with a bandwidth of 10 GHz and white noise of 50 x 10%* A%/Hz was taken.

The optical power for the digital PPM system, Ppppm, can then be obtained from,

b
Porpu :M huB (6)

where b is the number of photons in a single pulse, h is Planck’s constant, v is the optical
frequency, B is the original bit rate and M is the level of coding (number of bits coded). For
the DuoPPM system, the average number of photons in a frame containing a pulse is b/2. As
there are two frames containing pulses, each occurring with a probability of -1/4, the average

number of photons is b/4.
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Thus the optical power required, Ppuorpm, IS given by

b
Pouwopem = Z huB (7)

Similarly, for Dicode PPM, Ppicode Prm, IS given by

Poween = N0B (8)

6. Results and Discussion

Figure 5 shows the variation, with normalised fibre bandwidth, in the number of photons per
pulse (b) required for an error rate of 1 in 10°. These results were obtained by calculating the
error probabilities obtained from the equations given in Appendix A and then applying the
MLSD to get the final error rate. The value of b was then adjusted to obtain the performance

criterion of 1 error in 10° bits.

As can be seen, all systems have similar performance, in terms of photons per pulse, at high
bandwidths. However, as the bandwidth reduces (increasing dispersion) the digital PPM
system requires significantly more photons per pulse to achieve the target error rate of 1 in 10°.
(In order to obtain the results for digital PPM, 7 level coding was used with a modulation index
of 0.8.) This is due to high levels of dispersion causing the slope of the received pulse to
increase and this increases the error rate. The apparent resilience to dispersion presented by
DuoPPM s, in part, due to the very nature of the code. In DuoPPM system, there exists a
minimum of one no-pulse (C) signal between 1 and 0 signals, or vice-versa. This is fundamental
to the code. Thus, in the low bandwidth region, the first pulse can spread into the adjacent C

(no pulse and empty) slot so making the code more resilient to ISI.
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Fig. 5: Variation in photons per pulse with frequency normalised to bit rate, f,, for Duobinary,

Dicode and Digital PPM.

As previously mentioned, the sensitivity of digital PPM can be high due to the effects of a low
mark:space ratio and figure 6 compares the sensitivities of DuoPPM, Digital PPM and Dicode
PPM. Equations 6, 7 and 8 were used to obtain the average power. Table 5 summarises the
results at high and low fibre bandwidths. As can be seen from figure 6 and table 5, Digital PPM
out-performs DuoPPM by 1.9 dB at a normalised bandwidth of 100. However, as the bandwidth
reduces, so does the advantage Digital PPM has over DuoPPM and Dicode PPM. Eventually,
at a normalised bandwidth of 1, DuoPPM offers an advantage of 8.7 dB over Digital PPM.

DuoPPM also offers an improvement of 1.2 dB over Dicode PPM. These results indicate that
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DuoPPM has an advantage over both Digital PPM and Dicode PPM when operating with a

high level of dispersion (low bandwidth).

-25
d
-30
Sensitivity
(dBm)
-35
® )&Meeg
-45

0 1 10 100
Fibre bandwidth normalised to original bit rate

xxx Duobinary PPM

+++ Dicode PPM

ooo Digital PPM

Fig. 6: Variation in sensitivity (dBm) with normalised fibre bandwidth for Duobinary, Dicode

and Digital PPM.
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Data rate 1Gbit/s

Sensitivity in dBm

Normalised fibre bandwidth fa=1 fn=100
DUOPPM -34.6 -42.2
Digital PPM
-25.9 441
7 level coding
Dicode PPM —33.4 —aL7

Table 5: Comparison of sensitivities for DuoPPM, Digital PPM and Dicode PPM at 1 Gbit/s

PCM data rate.
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7. Conclusions

A novel coding technique for applications in optical fibre links, particularly for highly
dispersive and bandwidth limited optical links, has been presented and described in this paper.
This coding scheme combines the duobinary technique with digital PPM to form DuoPPM.
Theoretical simulation models have been developed in order to obtain performance
characteristics of the new technique. The results were analysed and compared to that of digital

PPM and Dicode PPM.

Results from sensitivity calculations have shown that digital PPM offers a better sensitivity
than DuoPPM and Dicode PPM at high bandwidths when the dispersion is low. This is by

virtue of the low mark:space ratio giving a low average power in the digital PPM frame.

However, as the bandwidth reduces, the advantage of digital PPM is reduced until DuoPPM
offers the best sensitivity. This is due to dispersion on the link being higher, and this affects
digital PPM more than DuoPPM. This is due to the very nature of the code and also due to the
fact DuoPPM uses a Maximum Likelihood Sequence Detector (MLSD) to decode the data

word in the presence of errors.

From all relevant properties and performance characteristics discussed in the paper with
appropriate results, it can be concluded that this novel code can be a viable alternative to NRZ

OOK, digital PPM and Dicode PPM systems.
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Appendix A — Error probabilities

1.5

1.0
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Figure A-1: A Gaussian shaped pulse in the presence of noise showing false alarm and
erasure errors. The threshold voltage is shown as the horizontal dotted line at 0.5. The

decision time is 0.

A.1 Wrong slot errors
Wrong slot errors are produced by noise on the leading edge of a pulse causing a threshold
crossing in the time-slot immediately before or immediately after the current slot. The

probability of this error occurring is given by
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Q, i
ﬁj (A

P.= 0.5erfc(

where Q, = T, stope(t, ) (A-2)

2 ()
in which Ts is the slot time; slope(tq) is the slope of the received pulse at the decision time

tg and <no>> is the mean squared noise presented to the threshold detector. The threshold

time is dependent on where the decision level is set on the received pulses.
A.2 Erasure errors

Erasure errors occur when noise corrupts the pulse amplitude such that the voltage level

drops below the decision voltage, vq. The probability of this occurring is:

P, =0.5erfc (%) (A-3)

where Q, =2 (A-4)

with vpk being the peak signal voltage within the time slot.
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A.3 False alarm errors

A false alarm error is caused by noise in an empty slot generating a threshold crossing and

hence a false pulse. The probability of this is:

P = I 0.5erfc (&J (A-5)

7 2

where the term Ts/tr is the number of uncorrelated noise samples per time slot, tr is the

time at which the autocorrelation time has become small, and Qt is given by

(A-6)

where vis is any signal voltage that is present in a particular time slot.
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Abstract

Similar to pulse-position modulation (PPM), Duobinay PPM (DuoPPM) suffers from three
types of pulse detection errors: wrong-slot, erasure and false-alarm. Due to naturally occurring
sequences and inherent properties of DuoPPM, a maximum likelihood sequence detection
(MLSD) technique can be found and algorithm has been developed for DuoPPM MLSD to
detect and correct the pulse detection errors. This paper presents a performance analysis of
DuoPPM MLSD over a highly dispersive optical channel operating at 1 Gbps pulse code

modulation (PCM) data rate with a wide-band receiver and a matched filter.

The results show that at low fibre bandwidths DuoPPM outperforms Dicode PPM by 1.2 dB
when operating with MLSD required considerably less photons per pulse. At high fibre
bandwidths photon counts for both DuoPPM and Dicode PPM are very similar as expected due
to low inter-symbol interference (ISI). DuoPPM can operate down to 0.46 times the bit rate at
which it requires 27 x 10% photons per pulse compared to 40.3 x 102 required by Dicode PPM,
and this indicates significant improvement in performance. All the results presented indicate
that DuoPPM coding scheme with MLSD is an ideal alternative to be used for highly dispersive

optical channels.
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1. Introduction

In digital pulse-position modulation (PPM) based channel coding schemes, pulse detection
errors that can occur are same [1-2]: wrong-slot, erasure and false-alarm errors. Recent coding
schemes such as dicode PPM [3-4], multiple PPM [5-6], offset PPM [7] and duobinary PPM
[8] have been considered and maximum likelihood sequence detection (MLSD) have been
successfully applied to these schemes mainly operating over highly dispersive fibre optic
channels. Other recent works have also been reported of applying MLSD for non-directed and

free-space optical channels [9-11] with varying degrees of success.

Forney [12] first proposed maximum likelihood sequence estimation to resolve errors in digital
sequences in the presence of intersymbol interference (ISI) which has been adopted as MLSD
for the modern digital channel coding schemes. 1S1 is introduced by the channel and the degree
of this depends on the channel dispersion and bandwidth characteristics. Channels such as glass
fibre with higher bandwidth and low dispersion has very low ISI. On the other hand, graded-
index plastic fibre optic channels (GI-POF) has very high ISI at low bandwidth and high
dispersion characteristics. Therefore, application of MLSD for coding schemes used by such

channels will significantly improve sensitivity [2-3, 5].

Digital PPM has greater resilience to I1SI [1, 13] thus it is preferred for non-directed free-space
optical channels [14]. However, digital PPM is not very efficient for its prohibitively high
bandwidth expansion for low bandwidth channels such as GI-POF [15]. Therefore, alternative

schemes have been proposed for dispersive channels [3-7].
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Duobinary pulse-position modulation (PPM) has been previously proposed as a novel coding
scheme to improve sensitivity and bandwidth efficiency operating over highly dispersive
graded-index plastic optical fibre channel [1]. When used with MLSD multiple PPM [5-6]
offers the same sensitivity as digital PPM without significantly comparable bandwidth
expansion. These alternative coding schemes has inherent valid sequences that can be checked
and determined at the receiver using MLSD algorithm if the data is corrupted due to ISI of the
channel, and in the event of any error in the sequence, the MLSD algorithm designed with the
decoder will suggest the most likely correct sequence for the given error and the data will be
decoded after it is checked. Sibley [4] showed that by using MLSD algorithm for dicode PPM
the effect of all three types of errors can be remarkably reduced to give comparable sensitivity
of digital PPM with only twice the data rate of the original pulse code modulation (PCM)

signal.

MLSD has also been considered and applied to other modulation systems operating over free-
space channels, such as differential PPM [16], Pulse-Interval Modulation (PIM) [17-18] and
Dual-Header PIM (DH-PIM) [19]. Simple alternatives to MLSD such as decision-feedback
equalisation [20] and Trellis-coded modulation [21] have also been proposed but MLSD is very

simple to implement thus simplifying decoder design.
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Duobinary PPM [8], is an alternative coding scheme to digital PPM and other coding schemes
for dispersive channels which combines the duobinary technique and digital PPM to form

DuoPPM as shown in Fig. 1.

A
+V
0 | i >
: i 1 i [ I 1 t
i i [ [ i i
! I l | [ I |
i : : | | ; I
W : ! : ! : : :
' 1 ' 1
h 1 i |
i ! i :
: ! : -
0 | ||| N T I
Ul0|101|0|1|010|1|0|1|0|1t

Fig. 1: Conversion of PCM data (top trace) into DuoPPM (bottom trace).

In this signalling format, a signal is only transmitted when the data are constant at either logic
1 or logic 0, and no signal is transmitted for data transitions from logic 1 to logic O or from
logic 0 to logic 1 — the change condition. As will be described and analysed later, the use of a
novel MLSD algorithm allows for the elimination of wrong-slot errors and significantly
reduces the effects of false alarm and erasure errors. Original PCM data is line coded thus the

maximum number of like symbols is limited to facilitate timing extraction [4].

An original method of implementing the duobinary PPM MLSD algorithm has been presented
in the paper. Due to the predetection errors mentioned earlier which is caused by the ISI of the
channel, valid sequences become invalid — such as a 1 is received immediately after a 0 and
further complex form of invalid sequences. MLSD detects these errors and applies algorithm

to suggest most reliable valid sequence in case of errors. Mathematically modelled theoretical
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simulation results presented in this paper show that duobinary PPM has a sensitivity advantage
of 1.2 dB over dicode PPM for highly dispersive optical channels at very low fibre bandwidths

where IS1 is very high. Theoretical system operates at 1 Gbps with a classical matched filter.

2. MLSD Operation of Duobinary PPM

2.1 Wrong-slot Errors

The primary reason of wrong slot errors is intersymbol interference (ISI) when operating at
low fibre bandwidths. It occurs when the noise on the slope of a pulse in a given time slot
makes the edge of the pulse appear in adjacent time slot [8]. Duobinary PPM coding scheme
has been developed to provide significant advantage when operating at low bandwidths and
highly dispersive channels thus it is imperative that the wrong-slot errors are completely

eliminated to be able gain any improvement in sensitivities.

Pulse Error | Invalid Sequence Method of Detection

0-1 1/0 xC 1/0 yC 1/0 Same symbols at both ends after ODD number of Cs
Opposite symbol at both ends after EVEN Cs

0«1 1/0 xC 1/0 yC 1/0 Double Pulse

1<0 1/0 1/0 0/1 yC 1/0 1 and 0 consecutively.

1-0 1/0 xC 1/0 0/1 0/1 1 and 0 consecutively.

Table 1: Wrong-slot pulse error and detection methods for duobinary PPM.

As it can be seen from the Table 1 that the invalid sequence for wrong slot of 0 forwarded to 1
can be easily detected by counting the number of C pulses that arrives consecutively. This is

always corrected by changing the middle 1/0 pulse to the opposite pulsed symbol thus returning
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0 errors. The key MLSD rules of the duobinary PPM is that when a number of consecutive Cs
are received then if the number is ODD, this indicates that first and last symbol before and after
the reception of Cs must be OPPOSITE, and if the number of Cs are EVEN then it indicates
that first and last symbol of a the sequence must be SAME. Furthermore, there will never be a
1 right after 0 and vice versa for a sequence to be valid and these rules are applicable for all
three types of errors for detection and correction algorithm. When 1 goes back to 0 as shown
in the Table 1 it will produce double pulse in the same frame which is easily detectable and
after correction returns 0 PCM errors. However, there are exceptional circumstances when a
0 goes back to 1 and a 1 goes forward to 0 to cause wrong-slot errors. Although these are
wrong-slot errors, they do appear to be false alarm errors when being detected. However, for
the coding scheme to be operated over dispersive low bandwidth channel, these two errors must
be eliminated in order to completely eliminate the wrong-slot errors which is the main types of
errors of the aforementioned channel at low bandwidth. Therefore, whenever these two
particular error occurs, they are treated as wrong-slot errors even though they may appear as
false-alarm and corrected always by changing the middle symbol of three consecutive pulsed

symbols to C.

For example, when 110xC1 is received as an invalid sequence it will always be corrected to
1CO0xC1 and when 0xC100 is detected it will always be corrected as 0xC1CO0 thus completely
eliminating the wrong-slot errors in the process which will significantly improve the sensitivity

of the coding scheme at low bandwidths.
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2.2 Erasure Errors

Due to erasure errors the pulses in 1 or 0 from a sequence cane be erased thus introducing errors
in the sequence. Depending on the maximum permissible consecutive like symbols the number
of errors at the PCM output could be severe for the longest sequence allowed. If not resolved
by using MLSD this kind of errors can have negative impact on the sensitivity of the system.
Table 2 shows an erasure of 1 in the transmitted sequence and when this error is detected by
MLSD there are 5 possible valid sequence combinations that can be derived. Most possible
valid combination is decided by determining all possible PCM sequences, finally averaging

each bit to find the most likely sequence.

Transmitted Sequence 0 C C C 1 C 0

Error Detected 0 C C C C C 0
All Valid Combinations Decoded PCM
ojojcy|cjy|cici|o ojo(of(1(0|1|0|0O
ojcy1jc|cjcio ojof1(1j0|1|0|0O
ojc|ic|yofjcici|o ojo(1(0j0|1|0|0O
o|jc|jc|cj|1i|ci|o ojof1(0(1|1|0/|0
ojc|cy|cjy|cj|ofo ojof1(0j1|0|0|0O
ojo(1(0(0|1|0|0O 1 ERROR

Table 2: MLSD Detection and correction of a duobinary sequence where a 1 has been erased

(highlighted in bold italic).

In case of the error shown in Table 2 above, the most likely valid sequence has a PCM error of
1 after using MLSD. Therefore, it is clear that there will still be a possible number of errors
even with the use of the MLSD algorithm. However, without MLSD the number of PCM errors
would be 3. An exception in the erasure error detection is that if 08C1 is received then it will

immediately appear that an erasure error had occurred somewhere in the sequence. However,
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if the next symbol after 1 is O then it will be detected a wrong-slot error of 0 back to 1, the
sequence will be corrected by changing 1 to C thus the corrected sequence would be 09C1. In
any disambiguation during the decision making process for correction, wrong-slot correction

will always take priority.

2.3 False-alarm Errors

This occurs when the amplitude of the noise is greater than the threshold level and can result
in false 0 or 1 in a C symbol slot [8]. Similar to the method shown in the previous section of
erasure errors the detected invalid sequence is resolved by determining all valid PCM
sequences and averaging each bit to get the final valid PCM sequence. Table 3 below shows a
transmitted sequence been corrupted by a false-alarm of 1. After applying MLSD to the invalid
sequence, the overall PCM error is 0.5. Without the MLSD use the error in the sequence would
be 3. Number of final PCM errors after applying MLSD depends on where the error has
occurred in the sequence. If it occurs early in the sequence and the sequence is particularly long
then the number of PCM errors would increase. However, applying MLSD will still ensure

significant improvement in sensitivity compared to when deployed without MLSD.

Transmitted Sequence 1 C 0 C C C 1

Error Detected 1 C 0 C 1 C 1

All Valid Combinations Decoded PCM

1/1C|{0|C|1]|1]1 1{1(0{021] 1|11
l1|C|{0o|C|C|C]|1 1/1{0|0|1] O|1]|1
1/1{0|0|1]1/0|1]|1 0.5 ERROR

Table 3: MLSD Detection and correction of a duobinary sequence where a false 1 has been

detected (highlighted in bold italic).
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2.4 Proposed MLSD Implementation on FPGA

The next stage of the research is to design and implement the duobinary PPM coding system
using VHSIC hardware description language (VHDL) and field programmable gate array
(FPGA) to complete an integrated system design. Previously attempts have been made [4] to
implement MLSD schemes of other channel coding scheme using discrete logic. However, as
the systems becomes more complex the device becomes bulky and compromises need to be
made regarding reduction of inherent complexity. The modern FPGA processing power and
VHDL design capability means that with expertise of programming and design any complex
systems such as MLSD can be easily implemented without making any compromises. Fig. 2 in
the following page low shows a proposed system for MLSD implementation of duobinary

PPM.
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Fig. 2: Block diagram of proposed MLSD implementation using VHDL and FPGA.
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In this design (shown in previous page), input duobinary PPM data will be stored in a two-bit
register according to slot and frame synchronisation. Therefore, two-bit register will hold a
complete frame of the duobinary PPM. Another 48-bit internal register will hold 24 frames of
duobinary PPM data at given time. Any two bit incoming data will be added in the 48-bit
register as this acts as shift register where correction will take place and the last two-bits will
be corrected output at every clock cycle. Maximum number of like symbols has been assumed
to be 10 thus 24 frames in the sift register. However, any good VHDL design is easily scalable
and higher number can be implemented easily. 24 frames of duobinary PPM include two

complete sequences of maximum length for error detection and correction purpose.

An example would be, 1 10C 1 10C 11 where 24 frames complete that whole sequence. Every
time as frame is received checks are made for variables such as counters to count number of
Cs or number of 1s and 0s, first symbol of a sequence, middle pulse if there are two sequences,
last symbol of the sequence. If there are errors, flags are raised for any of the three errors and
exact location of the error is determined. If flag is raised the corrector will correct the required
frames and output will be last two bits of the 48-bit shift register. Currently work being carried
out to implement the MLSD using VHDL and FPGA completed with bit error rate test system
embedded in the device. Results of the practical implementation will be published soon upon

successful completion.
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3. Duobinary PPM Error Probabilities Algorithm

General error probabilities of duobinary PPM is same as dicode PPM [18]. Therefore, it is not

necessary to repeat the equation for the general probability.

3.1 Erasure Algorithm

An erasure of a pulse occurs when a pulse is erased in between two like symbols which results
in an invalid sequence of code containing two like symbols separated by any of the other two
types of symbols. Equivalent PCM errors was derived from the following expression for a
duobinary PPM sequence of 0xC1/0yC1/0,

[x—y|
2

Errory,y =

1)

Equation (1) applies to both erasure of pulse 1 and 0. If the invalid sequence shown previously
in section 2.2, table 2 then equation (1) resolves the invalid sequence and provides with correct
number of equivalent PCM errors that will be produced.

The probability of an erasure error, B,,., is

P, = Errors*O.Serfc(&j 2

V2

where

(3)

Where Vpk is the peak-signal voltage within the given time slot and the effect of ISI can be

measured by determining the peak amplitude of the given pulse within the frame for certain
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combinations of x and y. At low normalised fibre bandwidths there is very high probability of
the peak of the signal to appear in the following time slot, as shown in Fig. 6, largely due to

pulse dispersion.

3.2 False Alarm Algorithm

The probability of a false alarm error is given by

P, = Error*0.5 erfc(T; J ()

where

Vy —Vig

Q =—A—= (5)
b f<n?s
Threshold level, v, was used as a system variable which is defined by
v

where vq is the peak voltage of an isolated pulse and is the decision voltage. Pulse shape and

noise can be determined theoretically if the fibre bandwidth is known.

Equivalent PCM errors was derived from the following expression

|Combinationsy,,—1|
Error, ., =
xly 2

(")

Number of valid combinations varies depending on type of false-alarm error, data sequence
and the position of the error in the sequence. Therefore, for a false-alarm error of 0 in 1yCO or

1 in OyC1, number of valid combinations are calculated using the following equations:
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If position of error (k) is ODD, then
Combinations, , = k+1 (8)
If position of error (k) is EVEN, then
Combinations, , = y-k+1 9
For a false-alarm error of 0 in OyC1 or 1 in 1yCO0, number of valid combinations are calculated

using the following equations:

If position of error (k) is ODD, then
Combinations, , = y-k+1 (10)
If position of error (k) is EVEN, then

Combinations, , = k+1 (11)

4. Mathematical Modelling and Performance
Evaluation

Mathematical simulation and representation of DuoPPM MLSD has been done in order to
evaluate the performance of the system in Graded-Index (GI) POF channel. The reason for
choosing this particular channel was that it is highly dispersive, and as has been proposed by
the previous publication [8] that DuoPPM will perform better in dispersive channel with MLSD
compared to digital PPM and Dicode PPM [1-4]. The impulse response of the GI-POF channels
can be approximated to be a Gaussian distributed pulse shape [22]. The signal represented to
the threshold detector of the system is similar to that of the Dicode PPM [3-4] as both systems

have to be comparable for the purpose of analyses, due to their inherent coding mechanisms.
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The signal is given by the following expression:

0 ©="2 7, ()M, (@ ep(johdo (12

This can be described as the pulse shape of a classical matched filter which is presented at the

input of the threshold detector where b is the number of photons per pulse, 7 is the quantum

efficiency of the detector, q is the electronic charge and Z  (w) is the frequency dependent

pre
transimpedance of the preamplifier at the receiver. Variation of the received pulses is given by,

o, which is directly linked to the fibre bandwidth [23] and given by

©0.1874T,
o f

n

a (13)

where T, is the PCM bit time and f,, is the fibre bandwidth normalised to the PCM data rate.
A receiver system has been proposed in the previous publication [8] and the block diagram of

the proposed receiver system is given in the Fig. 3 below.

Photodiode Noise F’rO[_JDrt_ional
Whitening Matched Derivative
ZS i Filter Filter Delay
Receiver Network
rFr — —= - o
| : | I
— , L
I I
! [
e |
Decoding Logic
PCM
T — 0 = S.1/2fpuorem

1= S-li',ZfDuDPPM
Voltage

L
1/2fpuceem DuoPPM ‘ Comparator Vq

Slot-clock
Extraction

Fig. 3: Block diagram of the proposed DuoPPM receiver.
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According to the proposed system given in Fig. 3, the mathematical system used for simulation
implements an optical receiver with a limited-bandwidth which is given by, ®c, and a white

noise spectrum at the output. Since a PIN photodiode has been used its shot noise is negligible
for the system modelling purpose. Matched filter has been used a pre-detection filter and
proportional derivative delay (PDD) network is optional to the receiver system and it has not
been used in the simulation model before the signal being presented at the threshold detector.
Noise that appears on the signal is similar to that of Dicode PPM and Multiple PPM [3-6]
therefore has not been repeated here.

In common with Dicode PPM, a threshold level, v, was used as a system variable defined by

Vg
\Y

V= (14)

pk

where Vi is the peak voltage of an isolated pulse and Vg is the decision (threshold) voltage.
The pulse shape and noise can be determined theoretically if the fibre bandwidth is known [3].
Simulations were performed to find the optimum value of V4 that gave the minimum number

of photons per pulse, b, for a specified error rate of 1 in 10°.

A 1 Gbit/s PCM data-rate system, operating at a wavelength of 650 nm and a photodiode
quantum efficiency of 100% was considered. The preamplifier had a bandwidth of 10 GHz and
white noise of 50 x 10-24 A2/Hz when referred to the input. The aforementioned parameters
were obtained from a commercial device. Line coded PCM data was used so that n=10 and

simulations were conducted on DuoPPM system operating with an MLSD.
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5. Results and Discussion

Results have been obtained and analysed to verify the performance of the modelled system
operating with MLSD. Three key results have been presented in this section to make sufficient
comparisons between DuoPPM and Dicode PPM. Fig. 4 shows the required number of photons
per pulse with fibre bandwidth normalised between 0.46 and 100 for DuoPPM and Dicode
operating with MLSD. It can be seen from the overall graph that DuoPPM outperforms Dicode
PPM for low fibre bandwidths. However, at high fibre bandwidths the performance of both
coding scheme is very similar although DuoPPM still holds slightly better performance than
Dicode.
DuoPPM vs Dicode Photons/pulse for Pe=1x10-°

45

40

35

30

Photons/pulse ( x 103)
= N N
(9] o [9,]

=
o

0.1 1 10 100

Normalised Bandwidth, fn

+==:[J===- Duobinary PPM (DuoPPM) —CO— Dicode PPM (Dicode)

Fig. 4: Comparison between DuoPPM and Dicode required photons/pulse as a function of

normalised bandwidth, f.
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Both coding systems are functionally operational at normalised fibre bandwidth as low as 0.46,
however, it is not possible to go below this point as the pulses become highly dispersed and the
threshold voltage required for detection is very high as can be seen from Fig. 6 compared to
less dispersed pulses as shown in Fig. 5. At high bandwidth, photons per pulse required for
DuoPPM is 1902 compared to 2114 of Dicode. These numbers are very similar at high
bandwidths because the intersymbol interference (I1S1) is favourably low and errors are pattern
independent. Therefore, there the difference in error probabilities between 100 and 10

normalised bandwidths is negligible.

1.2

0.9+

I
0.6 !
vd R R S LR LR

0.3

Normalised pulse amplitude

0 0 0 Tdo 0 Tdo 0 0 Time. s

Fig. 5: Simulated pulse response at normalised bandwidth of 1 for the sequence 1CO (amplitude

normalised to a single isolated pulse).

As the normalised bandwidths gets low down to 1 and below, DuoPPM performance advantage
is significant as it needs considerably less photons per pulse, with 10.9 x 102 photons required
compared to 14.3 x 10° needed for Dicode which results in a difference of 1.2 dB
approximately. Below the normalised bandwidth of 1 the pulses become very dispersed which
has direct effect on the performance of both systems as shown by figure 6.3 and 6.4. Pulse

become dispersed so that the peaks spreads out in the adjacent slots and detection only possible
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by the pulse remaining at the edge of the correct slots and the detection also requires very high
threshold level. The lowest normalised bandwidth that the systems can be operable is down to
0.46 where DuoPPM requires 27 x 10° photons per pulse compared to 40.3 x 10° required by

Dicode.

12
vd

0.6

0.3]

Normalised pulse amplitude

|
0 0 0 TdoTd 0 Tdo 0Td 0 Time. s

Fig. 6: Simulated pulse response at normalised bandwidth of 0.46 for the sequence 1COC1

(amplitude normalised to a single isolated pulse).

Table 4 shows the required photons per pulse for DuoPPM system operating over specific
normalised fibre bandwidths and the error probabilities in 1 x 1071 for each type of error that
has been discussed in section 2 and 3 previously. It has been shown that with the operation of
MLSD wrong-slot errors can be eliminated thus the error probabilities and the overall
sensitivity of the system is are dominated by the erasure and false-alarm errors. Probability of
erasure for both 1 and 0 are same over the range of the bandwidths which is expected as has
been discussed previously in section 2. However false-alarm of 1 is significantly higher as the
bandwidth goes very low and contrastingly false-alarm of 0 becomes a non-occurring event.
This is expected as well because at very low normalised fibre bandwidths the pulses are so

dispersed that they spread out to the neighbouring frames and slots thus giving rise to the false-
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alarm error of 1 and for the same reasons the false-alarm error of 0 becomes non-existent.
DuoPPM system has been able to operate down to 0.46 times the bit rate as shown in the Table
4 and the system is inoperable below this due to very high threshold voltage as has been shown
in Fig. 6. It is also noticeable that when DuoPPM is deployed for highly dispersive optical
channels at very low normalised fibre bandwidths it must be operated with MLSD as non-

MLSD system will be highly unsuitable.

Normalised link 100 10 1 0.5 0.46
bandwidth (fn)

Photons per pulse 1.9 4.03 10.9 23.19 27
(10%)

Threshold parameter, 0.4 0.49 0.58 0.89 0.975
Vv

Error Probabilities
(10719)

Erasure 3.19 2.55 2.38 2.23 2.08
1=>C

Erasure 3.19 2.55 2.38 2.23 2.08
0=>C

False Alarm 1.31 2.25 2.43 5.54 5.84
C =1

False Alarm 2.32 2.74 2.81 0 0
C =0

Table 4: Error probability results of DuoPPM system operating with MLSD at specific

normalised link bandwidths.
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6. Conclusions

This paper has presented the maximum likelihood sequence detection system and algorithm
that has been developed and implemented for the Duobinary PPM coding system. There are
inherent properties of the coding scheme that dictate the correct and incorrect sequences of
pulses that should be received and any deviation from these rules will result in detection of
errors in the sequence. These properties of the coding scheme have been discussed both in
general terms and mathematically in sections 2 and 3. From these naturally occurring correct
sequences, algorithm has been developed for ease of understanding and practical
implementation which is the next stage of the research. Using the MLSD for DuoPPM, wrong-
slot errors can be completely eliminated and the effect of erasure and false-alarm errors can be

significantly reduced especially when operating at very low normalised fibre bandwidths.

Mathematical modelling and simulations have been carried out with a wide-band receiver,
matched filter and highly dispersive graded-index POF channel operating at a data rate of 1
Gbps. The results have been presented and analysed in the previous section which shows that
at low fibre bandwidths Duobinary PPM sensitivity outperforms Dicode PPM by 1.2 dB when
operating with MLSD because it requires considerably less photons per pulse for pulse
detection. At high fibre bandwidths photon counts for both DuoPPM and Dicode PPM are very

similar as expected due to low ISI.

Duobinary PPM can operate down to 0.46 times the bit rate at which it requires 27 x 103
photons per pulse compared to 40.3 x 10° required by Dicode PPM, and this indicates
significant improvement in performance. Considering the results presented in this paper it can
be concluded that Duobinary PPM coding scheme with MLSD is an alternative that needs

significant attention for further research to be used for highly dispersive optical channels.
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SIMULATION AND TIMING ANALYSES OF VHDL MODELS OF

CODER AND DECODER OF DUOBINARY PULSE POSITION

MODULATION

K. Mostafa, M.J.N. Sibley and P.J. Mather

University of Huddersfield, Queensgate, Huddersfield HD1 3DH, UK

Abstract

Duobinary Pulse Position Modulation (DuoPPM) has been proposed as an alternative novel
coding scheme which manifests many advantages over currently existing PPM formats
according to the preliminary results obtained from theory and simulations run by one of the
authors, Sibley. It combines the bandwidth reduction of the three-level duobinary code with
the dispersion characteristics of conventional PPM. This coding is intended to be implemented
using VHDL (VHSIC hardware description language) and an FPGA (Field-programmable gate
array) over Plastic Optical Fibre (POF). Nevertheless if the preliminary promises of this new
coding scheme are fulfilled upon successful implementation, it may be adapted to high-speed
optical communications links. For the first time, the original VHDL designs, simulation results
and timing analyses of DuoPPM coder and decoder are presented in this paper. These design
developments are the fundamental circuits required for further investigation of this proposed

coding scheme.

Keywords: Duobinary, DuoPPM, Coder, Decoder, VHDL, FPGA, Plastic optical fibre (POF)
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1. Introduction

Pulse Position Modulation (PPM) schemes has been established as a leading method of utilising
bandwidth available in the optical fibres, with significant improvement in sensitivity compared
to equivalent Pulse Code Modulation (PCM) [1-3]. Various schemes of PPM have been
proposed and investigated in the past for use in optical communications links [1-9]. Some of
these PPM schemes can be attractive and suitable to implement for use in glass fibre or direct
line of sight networks where bandwidth is not a concern, but unfortunately these optical
communications links are expensive and not suitable for everyday use such as home networks,

industrial networks and many other potentially direct consumer applications.

The authors introduce a novel coding technique that combines dibit, an alternative form of a
tertiary code sometimes used in magnetic recording, and digital PPM to form DuoPPM.
DuoPPM operates at only two times faster than that of the original PCM data rate, thus reducing
the bandwidth, making it a potentially attractive coding scheme for Plastic Optical Fibre (POF)
which suffers from low bandwidth; and high dispersion and attenuation because of the material
[10-12]. Siemens AG (2007) [13] claimed to successfully achieve 1 Gbit/s data rate over POF
for 100 meter long distance using Quadrature Amplitude Modulation (QAM). This claim may
prove to be significant as it proves that with the rapid development in POF material and related
technologies, it can achieve sufficiently high bandwidth to cater for increasingly high speed

consumer demands.
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PCM data coded by DuoPPM scheme is as follows: a PCM data transition from zero to zero
produces a pulse in slot 0 and a one to one transition produces a pulse in slot 1 (fig 1.1). No
pulses are transmitted during PCM data transitions of one to zero and zero to one and these

frames are denoted as C (change). Table 1 shows the DuoPPM symbol alphabet. As there are

four symbols, each symbol has a probability of 1/4. However, the probability of a change
sequence (C) is 1/2 as it occurs with both one to zero and zero to one transitions of PCM
sequence. A typical DuoPPM sequence would be 0, xC, 1 with probability of 1/4, (1/2)* and

L - respectively.

As only two slots are used to transmit one bit of PCM data, the data rate is two times that of
the original PCM, thus the speed has been significantly reduced compared to digital PPM. For
the first time, original VHDL hardware designs of DuoPPM coder and decoder will be

presented and analysed in this paper.

2. DuoPPM Coder and Decoder

As this is a novel coding scheme, no previous references of coder or decoder construction of
such types have been found. Therefore, these circuits had to be designed, developed and
implemented using VHDL and FPGA in order to carry out further investigation of the DuoPPM
scheme. First of all, the circuits were designed and simulated for functional verification and
functional verification does not consider FPGA delays (fan-out, inertial delay, propagation
delay, gate delay etc.). All delays were considered and compensated for FPGA implementation
after the functional simulations were successfully completed for both circuits. As the bit rate

of the data to be coded was at a high frequency (120 Mbit/s), Altera Cyclone® Il FPGA was
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the targeted device for the experimental implementation of the design; and timing analyses

were successfully completed for the targeted device.

2.1 DuoPPM Coder

The DuoPPM coder is the part of a DuoPPM system that converts any PCM sequences into
sequences that contain the DuoPPM symbols (Table 1). The PCM sequences were generated
randomly by a Pseudo Random Binary Sequence (PRBS) generator. The PRBS generator was
designed and implemented using VHDL language (Fig. 2.1) and the output of this PRBS block
was used as the input of DuoPPM coder. The logic components that have been used to complete
this DuoPPM coder are one D-type Flip-Flop (DFF), one NOR gate, 1 OR gate, one NOT gate
and three AND gates. DFF delays the PCM sequence by half the clock cycle, the output of
which is used with original PCM sequence to produce pulses at slots 0 and 1. Both original and
delayed PCM sequences are then used as inputs to an AND gate and NOR gate. The use of
clock signal and inverted clock signal are required to retime the DuoPPM pulse sequences for
slot 0 and slot 1.The output of the AND gate then used as one of the two inputs of another AND
gate along with the clock signal; and the output of the NOR gate is used as one of the two
inputs of an AND gate along with inverted clock signal to produce pulses at slot 0 and slot 1.
The outputs of the last two AND gates were then fed to the inputs of an OR gate that combines
the signals to get the required DuoPPM coded sequences which have been converted from

original PCM sequences.

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 225



Appendix 1.3: Computing and Engineering Researcher’s Conference, University of Huddersfield, 2013
2.2 DuoPPM Decoder

Theoretically, it is understood by engineers that a decoder could be constructed by using
reverse design procedure of the coder. Nevertheless, in this case using the reverse design
method produced incorrectly decoded PCM sequences because during PCM transitions of 1 to
0 and 0 to 1 no pulses were produced (Table 1). Therefore, decoding the parts of DuoPPM
sequence when no pulses were available had to be carefully considered to decode the correct
PCM sequence. There are two probable PCM sequences when no DuoPPM pulses were
received consecutively: PCM transition of 1 to 0 and PCM transition of 0 to 1. This decision
can be made if the position of the most recently received pulse, before the sequence of no pulse
(C), is known. If the most recently received pulse is in slot 0 then the PCM sequence will be 1,
0, 1, 0...and so on; and if it is in slot 1 then the PCM sequence will be 0, 1, 0, 1...and so on.
Therefore, a temporary memory block had to be designed using D-Type Flip-flops (DFF) and
logic gates to store the most recently received DuoPPM pulse position. The logic components
that have been used to complete the DuoPPM decoder are 12 DFFs, 6 XOR gates, 2 NOT gates,
1 XNOR gate, 2 NAND gates and 8 AND gates. The complexity of the decoder design
increased due to be able to correctly decode PCM sequences when there were no pulses (C)

received in DuoPPM sequence.

3. Simulation Results of Coder and Decoder

3.1 Simulation Results of DuoPPM Coder

Running the system with PRBS sequences as PCM input sequence is shown in figure 3.1
operating at 1220MHz clock frequency. As it can be observed (fig 3.1) that the coded DuoPPM

sequence for the input PCM sequence (PRBS) was as expected (table 1) according to the theory
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of this coding scheme. Figure 3.1 clearly demonstrates that consecutive PCM bits of 1 produce
pulses at slot 1 of the DuoPPM frame at the beginning of the second half of a clock period and
consecutive PCM bits of 0 produce pulses at slot 0 of the DuoPPM frame at the beginning of a

clock period for half a clock cycle.

3.2 Simulation Results of DuoPPM Decoder

Designed decoder of the system was tested by operating at the same frequency as the coder,
120MHz. Input DuoPPM sequences were taken from the output of the coder and the final
decoded PCM sequence was compared with the input PCM (PRBS) sequence of the coder for
functional verification of the decoder. Simulation result of the decoded output waveform is
shown in figure 3.2. As expected the start edge of every decoded PCM pulse starts when the
clock period starts. Figure 3.3 shows the simulation result of the complete system (coder and
decoder) where coded DuoPPM is used as input of the decoder and the decoded PCM sequence
can be observed. From the comparison of the PCM input sequence of the coder and the decoded
PCM output sequence of the decoder it can be seen that the DuoPPM sequence has been
correctly decoded back to PCM sequence. The short delay that appears between these two
sequences is a result of the DFF delay in the decoder. Further checks were carried out to
confirm the validity of the decoder output by using an XOR gate as Bit Error Rate Test (BERT)
device. Both coder input PCM sequence and decoder PCM output sequence were synchronised

and used as inputs of the XOR gate and no errors were registered.
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4. Timing Analyses of Coder and Decoder

4.1 Timing Analyses of DuoPPM Coder and Decoder

In order to practically implement the designed coder and decoder on an FPGA timing analysis
on all logic circuits needed to be completed since functional simulation does not consider any
timing delays. First of all, the delays were identified for both circuits and required measures
had to be taken to either remove the delays or if they were not removable then measures had to
be taken to compensate for the existing delays as the signals need to be synchronised with the
clock signals to produce correct outputs. Main types of delays identified for the circuits were
inertia delay which is inherent in FPGA, transport delay (propagation delay), gate delays, fan-
out and clock skew. Most of the delays were compensated by using DFFs that produce more
delay to make the signals synchronised with required signals. The delays in coder circuit were
compensated using additional logic elements of 3 DFFs, 1 OR gate and 1 NOR gate. Existing
delays in the decoder circuit were compensated with the use of 19 additional DFFs. For
functional simulation, 1220MHz clock was used which is the frequency for PCM. But for
practical timing analysis it was determined that two different clock frequencies were required:
one 240MHz clock for DuoPPM as it runs at the data rate two times that of PCM thus PCM
requires a 120MHz clock. Phase-locked Loop (PLL) was used to process the external 240MHz
clock signal and it produces two output clock signals of 120MHz and 240MHz; and both output
clock signals were source synchronised. The clock signals had to available throughout both
circuits as dedicated clock signals to avoid any delays related to clock skew. Therefore, the
clock signals were routed in the circuits as GLOBAL signals available approximately at the
same time at different components minimising the effects of clock skew. If the clock signals

are not routed as GLOBAL signals then FPGA will consider them as general signals and this
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may cause, in synchronous circuits, the signals to arrive at different components at different

times causing erroneous outputs from logic components.

4.2 Timing Analyses Measurements of DuoPPM Coder and

Decoder

Figure 4.1 shows the complete circuit block schematic after design analyses were completed
and input/output pins were assigned which will be implemented on FPGA. As it can be seen, a
PLL circuit block was added for clock division and source synchronisation of the clock signals.
This PLL can also be used during further investigation of slot and frame synchronisation and
clock extraction for the received DuoPPM sequence. An MLSD error detector and corrector
was also constructed using an original algorithm for this coding scheme which can also be seen
from figure 4.1. As it can be observed from the timing analysis output waveform in figure 4.2
that the PLL, coder, decoder and MLSD error detector and corrector produces correct results
at each stage of the circuit by compensating or removing all types of delays. It is also noticeable
from figure 4.1 that there is delay of approximately 217ns from received DuoPPM sequence to
the decoded PCM sequence. Most of this delay is due to MLSD error detector and corrector’s

register buffer and the rest is due to the delay compensation in the decoder.
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5. Conclusions

The design and development of DuoPPM coder and decoder have been presented in this paper
for the first time. Theoretical representations of DuoPPM coder and decoder waveforms and
VHDL design simulation outputs haven shown. Two fundamental and essential parts of the
system, coder and decoder, have been developed and further investigation on DuoPPM scheme

can be carried out using these circuits.
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Fig. 1.1: Conversion of PCM data (top trace) to DuoPPM (bottom trace).
PCM Probhability DuoPPM Symbol
od 1/4 Pulse in slot 0 0
01 1/4 Mo pulse C
10 1/4 Mo pulse C
11 1/4 Pulse in slot 1 1
Table 1: DuoPPM symbol alphabet.
e o FEEE] R
L -+ Gk PCM_o2 [ e
Reset | — Reset f_op

. logic_dect

DiPPM_ N mid_z= —AUTHIT [, T_op?
Clk pom_fop - WUTPUT [, 1 opd
fl_oz - DLUTRUT — f_oph
f|_DZ1 - DUTAUT — f_op3
f|_022 — DUTAPUT :> T op4
fl_oz3 : BRI ——"f "opé

insth

Fig. 2.1: VHDL coder and decoder block diagram schematic of DuoPPM decoder circuit.
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Fig. 3.2: VHDL decoder simulation output waveform.
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Appendix 1.3: Computing and Engineering Researcher’s Conference, University of Huddersfield, 2013
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Fig. 4.1: Complete DuoPPM system after timing analysis (coder, decoder and MLSD error detector).
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Fig. 4.2: Complete DuoPPM system timing analysis output waveform (coder and decoder).
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

Appendix 2
Appendix 2.1: DuoPPM Mathcad Simulation Model

(Non-MLSD)

Complete Mathcad simulation file for the DuoPPM system (non-MLSD) is presented in this
appendix. The key features are characterised by Gaussian shaped pulses, noise-whitening

matched filter and central decision detection without the aid of MLSD.

DuoPPM using Gaussian shaped pulses, matched filter
and central decision detection without MLSD

Set up the scan limits

1=0,1.20 n =10

V; = Voff+ ranlge

x:=0..n This gives the row of the matrix
y:=0..n This gives the column of the matrix

Preamplifier terms

f, :=1010° Preamp bandwidth
S, :=5010 24 Preamp noise at input - double sided Philips CGY2110CU
9 .
B:=1.10 Bit rate
1 o
Tp = — PCM bit time
B
Ty .
T = — Slot time
2
— 1¢
ng :=1.610 Quantum energy
A :=1.5510 € This is the wavelength of operation
6.6310 >*3.10°

photon_energy := .
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

Pulse shape terms

p— T Ro = 1.247
photon_energy
0.1874T,
o =—————
fn
0.1874T,
oy i= ———
- Ts
oy :=27-f, Opn = 27§, T
o
T = T = —
R Rn Ts
2
1 —t
Pulse(t) := -exp 5
2.0 T
T an S 2.an
Pulse shape

Matched filter only

Io(t) = :)?I? ~exp|:((xn~oopn)2]~exp(—mpn-t)-erfc (onn-(npn - 2t j
s

.an

t 2
2 ex —(ocnmpn - > ]
®pn -0l
11(t) = P -ex;{(an-copn)z]-exp(—oapn-t)~ —erfc(anmpn _ j

2Ty oy mpn-ﬁ 2-0

t:=-2,-1.99.2

gx10° 5°*1°E|
S

6a<lll}a ,rr/ \ JJ_cmEl/'-’ i\\

\ Ity 0 \

It ax10° Tl .
/ \ - 4a-c1c-g| R A
210° R | il
/ \ - Go-tll:lg

-2-15-1-05 0 05 1 135 2
t

G—l‘—l.ér 1208040 040812146 2
t
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

(O]

noise := ﬁ-exp[(anmpn)z}erfc (cxn-mpn)

s

noise = 7.52x 108

Determine the peak pulse amplitude - ISOLATED PULSE

tgl :=0.00!

thoo = root(ll(tgl)-Tsz,tgl> This is the peak time for pulse in slot 0

as a function of x and y _
tnoo = 9.009x 10

tpoo = 9.009x 10 °

Determine the decision time ty :==-0.7

teno, 1= FOOL [(lo(tgz) - vi~I0(tpoo))-T52,tg2}
tino. = —0.437
7

Vin, = IO(tthoi) This is the decision level voltage

Modify peak of single pulse —
yp gep troo = 9.009x 10 °

tp = ifl:(tpoo — tthoo +0.5> l)a(tthoo + O-S)atp0(5|

tp = 9.009x 10 °

t=-2,-199_8

2x10°

the = 0009 x 107 ° 7N

=10

Tt +Ip(t—3)

T+ Ig(t—3)

-
My

210

{12—1.5—1—0.5 0 05 1 15 2 235 3
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Error sources

Erasure

Erasure - Erasure of middle symbol in 0 xC 1/0 yC 1/0

Err(x,y) = ‘X;Zy‘ Clearly x=0 and y=0 gives 0 errors

x=0 and y>=1 is a special case for ISI Find the amplitude of the zero pulse in 00yCI

t:=-2,-1.99.¢
1x10°

gx10°

Io()
Io(0)+1o(t-2)

‘*‘_%

t

o o Lol bl -2 )

! ,/So-noise

Q, = 1.584x 104

Errors =0.062
b-Q5
erffc| —— | =0.425
NE
. (pQ
P b,i) := Errors:| =-erfc| — P b,0) =0.013
erOOyC( ) 2 \/é erOOy& )

ﬁ—}",—1._'3—1—(!._‘.1' 0 05 1 15 225 3 35 4 45 5 535 6 635 7 75 8
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

Erasure of middle symbol in 0 xC 1/0 yC 1/0 with x=1ton & y=0to n

Io(tpo) — (Vi"O(tpO))

Q =nq:

i |/Sonoise

Errors =0.104

b-Q
. 1 i
Peroxsys(b 1) = ErrorS{E-erfc (WID Peroxsy €D, 0) = 0.039
Perdb 1) := Pergoy €D, 1) + Peroxsy £b 1) Perdb,0) =0.052

Erasure of middle symbol in 1 xC 0 yC 1 for both instances are identical to what
has already been calculated

Peei(b, 1) := 2-Perdb, i) Pee(b,0) =0.105

False Alarm
False 0 following a 1 at some time

k = ODD combinations = k+1
K = EVEN combinations = x-k+1

Errors = (combs-1)/2

odd (k) := 5 —trunc(hj = 0.t
2 2

k+1-1
2

Errodd (x,y,k) :=

even (K) := K —trunc(hj =(
2 2

x—-k+1-1

Erreven (x,y,k) := 5

Emr(xy,K) := Erreven (x y, k)-even (k) + Errodd (x,y, k)-odd (k)
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

0 yC 1 xC 0: x=1, k=1 condition is special - ISI from pulse 1 spilling into the slot 0 of C

t:=-2,-1.99.¢
gx10®

Lo(t)+Ig(t—3)

ﬁ—l—l.j—l—l].j 0 05 1 15 2 25 3 35 4 45 53 535 6 65 7 75 &8
t

Vin, (Io(l + tpo) + Io(l + o — 3))
Q =nq:

| \/So-noise

Errors =0.016

1 (P9
Praiseoin1co(b , 1) := Errors- E'erfc f

-3
Ptatseoin1cb ,0) = 6.215x 10

x=2..n, k=1 condition is special - ISI from pulse 1 spilling into the slot 0 of C

Errors =0.016
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

wm—ﬂdl+%g)
Q =nq:

i |/ Sonoise

1 [P
Praseinixco(D » 1) := Errors:| =-erfc| —
22

-3
Ptalseoin1xcbl , 0) = 3.482x 10

x=2..n, k=2..x condition

Errors = 0.058
Wm
Q =10 ———
: JSdnohe
1 b'Q
H I
Praiseopost1(D 1) = Errors-E-erfc f

4
Praiseopost{P ,0) = 1.521x 10

Pefopost{P>1) = Praiseoin1cbb 1) + Praiseoin1xcb > 1) + Praiseopost{P » 1)

-3
Pefopost{P,0) =9.85x 10

False 1 following a 0 at some time

k = ODD combinations = k+1
K = EVEN combinations = y-k+1

Errors = (combs-1)/2 in x+y+4 PCM bits

k k
odd;k = — —trunc| — | = 0.f

k+1-1

Errodd ,K) =

k k
even (k) :=— —trunc| — | = C
s =5 -l
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

-k+1-1
Erreven (X,y, k) := y+
Emr(xy,K) := Erreven (x y, k)-even (k) + Errodd (x,y, k)-odd (k)
t:=-2,-1.99.€
8x10°
2N,
‘" by
_____________________________________________________ ) ,\1\
6x10° ; LY
3 /! hY
Y P y
1 ¢ 1
lo(t)+lo(t-5) \\ ff’ \\
N ax10? \ / H
thy ' / \
..... K J LY
x / 'y
", £ "y
3 '\.\ IH.-" ‘\.\
2x10 \ ; .
., . ,
e s N,
\\‘\‘-“-‘-‘

0
-2-15-1-050 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8
t

0C1: y=1 - ISI from pulse 0 spilling into the slot 1 of the same frame, no violation occurs as due to
central decision detection the pulse will be first detected in slot 0 (as it is still present in slot 0) and
decoder will stop once a pulse has been received thus no effect of the spilled pulse in slot 1

However, y=1, k=1 condition is special - noise can cause a threshold crossing event in C

1 X+1 1/(1 1+1 )
Errors := Z (E) Z(E) -Em(x,1,1)] ... Errors = 0.016

n 1+1
A1 -Err(n,1,1)
4\2

Vin, = (1o(3 + to) + 1o(3 + tpo — 5))

Q :=ng:
: JSonoise
1 b-Q 4
. i _
Prasetinoc1(P , ) := Errors- E-erfc E Praisezinoc{P,0) =2.017x 10

OyC1: y=2..n - ISI from pulse 0 spilling into the slot 1 of the same frame will be detected the same
way mentioned above thus no effect of the spilled pulse in slot 1

However, y=2..n, k=1 condition is special - noise can cause a threshold crossing event in the first
C immediately after 0
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

Errors =0.016
Vin, = (lo(3 + tpo))
Q :=ng-

: JSonoise

1 bQ
R |
Prasetinoyca(b ,1) = Errors- E-erfc f

-5
Ptaisetinoy b, 0) = 4.911x 10

y=2..n, k=2..x condition

Errors =0.022
Vthi
Q =M ——
: \/So-noise

1 b'Q.
; i
Prassezposto(b » 1) = Errors-E'erfc f

-5
Pralse1postfD ,0) = 5.849x 10
Pef1postdD > 1) = PraiserinocP 1) + Praiserinoy 1) + Praise1postéd > 1)
I:’eflpost&b ,0) =3.093x 10 4

Petdiftb » 1) := PefOpost(b ,0) + I:’eflpost&b 1)

Pefaireb ,0) = 0.01
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

False 0 following a 0 at some time

k = ODD combinations = x-k+1
K = EVEN combinations = k+1

Errors = (combs-1)/2

k k
oddgk i=— —trunc| — | = 0.F

x—-k+1-1

Errodd gx,y,k) = >

k k
evengk i=— —trunc| — | = C

k+1-1

Erreven (XY, k) := >

Erm(xy.K) := Erreven (x, k)-even (k) + Ermodd (x,y, k)-odd (k)

t:=-2-1.99.€
2:10°
610"
Tty +Ip(t=3)
B 4=10®
ﬂl':'
210

{il—l.i—l—i}.i 0 05 1 15 2 25

00 yC 1: y=1, k=1 - if ther is false alarm of 0 in C slot following 0 (1xC001) then there will be zero
errors as there's only one possible correct combination of the aforementioned error which will be

corrected by MLSD.

1 xC 0 yC 1: if y=2..n then K>=2 thus this condition can be covered by the following condition of

y=2..n, k=2..x

y=2..n, k=2..x condition
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

Errors =0.033
Vin,
Q =nt-—=
' \/So-noise
. [(bQ
Ptaiseoposto(P » 1) := Errors-=-erfc —!
alse0 post 2 \/é

)
Ptalseopostbh , 0) = 8.547x 10

PefOpostdb ) = I:’falseOpostéb 8))

Pefopostdl»0) = 8.547x 10 5

False 1 following a 1 at some time

k = ODD combinations = y-k+1
K = EVEN combinations = k+1

Errors = (combs-1)/2 in x+y+4 PCM bits

k k
odd;k i=— —trunc| — | = 0.F

y-k+1-1

Erroddgx,y,k) = >
even (k) = K — trunc K = C
M T2 2 -

k+1-1

Erreven LK) =

Emr(xy,K) := Erreven (x y, k)-even (k) + Errodd (x,y, k)-oadd (k)

t:=-2,-1.9.¢8
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2x10°
610"
I(D+I(t=3)
- 4x10°
fh“
2x10°
0

-2-15-1-050 05 1 135 2 23 3 335 4 45 5 35 6 65 7 75 8
t

x=2..n, k=2..x condition

1C0: x=1, k=1 - in this condition ISI from 1 pulse spilling into the C frame - this will be
detected as a false 0 and will generate zero errors as there's only one possible correct
combination of the aforementioned error which will be corrected by MLSD.

if x=2..n then K>=2 thus this condition can be covered by the following condition of
x=2..n, k=2..x

Vih,

=nQ-
! ,/So~noise
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

Errors =0.038

. (bQ
. 1
Prasse1 post2(P , ) := ErrorsE'erfc —_—

2

_4
Praise1postP ,0) = 1.001x 10

Pef1 post(b »1) := Prajse1 post(b 8))

Pet1post{b ,0) =1.001x 10 4

Pefsamd 1) := PefOpostéb ) + I:)eflpost(b 1)

Pefsam(ab,o) =1.855% 10— 4

Pef(D,1) = Petqifkb 1) + Pefsamdd, 1)

Per(b.. 1) = Pee(b.1) =
0.01 0.105
0.01 0.105
0.01 0.105
0.01 0.106
0.01 0.106
0.01 0.106
0.01 0.107
0.01 0.107
0.01 0.107
9.997°10-3 0.108
9.959-10-3 0.108
9.921°10-3 0.109
9.833-103 0.109
9.845:103 0.109
9.807°10-3 0.11

Pet(b, 1) := Pee (0,1) + Pe(b 1)

pc(b,i) := (Iog(Peb(b,i).103> + 6) Set for 1 in 10”9 errors

8, := root (pc(b,i),b) Find the root to give 1 in 10"9
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minimum= min(a)

minimume 9.892x 104

12x10°
115¢10°

11x10°
a;

1.05x10°
1x10°

95x10°

b =510

v = 0.9
f,=035

b, := minimur

dBm:= 10|0{b

Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

1.02:105
1.009-10°
9.999-104

9.93-104
9.893-104
9.892-104

N

9.927-104

9.99-104
1.007-10°
1.017-105
1.028-10°
1.039-105
1.051-10°
1.063-105
1.075-10°

0123456 78 910111213141516171819

range = 100

photon_energy

dBm=-24.571

1010 b_photon_energy. n+1 B
— 4(2)n

dBnbuardsloIs =-27.581

dBMy,ardsiots =

i:=71

v, = 0.907

minimumi0 ° = 98,924

Poo (b, i)-10° =

P.db,i)-10'0 = 5.882

1.176

10

n+ 1}%
2:(2)-n

Pe(b,i)-10° = 0.216

. . 0
(PefOpost{b i) + PefOpost&b,l))']-Ol =2.156

. . 10
(Peflpostfb 1) + Pef1postdD '))‘10 =0
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Appendix 2.1: DuoPPM Non-MLSD Mathcad Model

PCMygeu = 101og| ——/2.6.810” 240.5641551¢° SA5212A - Phillips
110 140MHz biw
155Mbit/s data
PCMygey = —36.843
PCMyg = 1010g —°—J2.1610" 240.5641.10° TZA 3043 - Phillips
1107 1.2GHz biw
1Gbit/s data

PCMy = —30.936
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Appendix 2.2: DuoPPM Non-MLSD Mathcad Results

DuoPPM Non-MLSD Mathcad Results

DuoPPM, dicode PPM (DiPPM), digital PPM (DPPM) and optimised PPM (opt) results.

freq =

100
90
80
70
60
50
40
30
20

Nwhmm\loo«a'a‘

- P
(6]

Optissm =

DuoPPM155:=

PN
o O

N W b~ O O N 00O ©

-48.419 7
—-47.017 7
—46.437 7
—46.088 6
-45.812 6
—45.456 6
—44.493 6
-43.865 5
-42.678 5
-41.107 4

1.5 -39.533 3

1

-37.106 3

-50.468)
-50.403
-50.215
-50.203
-49.975
—49.873
-49.611
-49.228
—48.602
~47.327
-47.116
-46.876
-46.6

~46.277
-45.89

—45.412
~44.791
-43.911
—43.264

~41.502)

0.8
0.8
0.8
0.7
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8

DiPPM155:=

~50.067)
-49.993
—49.904
-49.793
-49.653
—49.469
-49.216
-48.846
—48.245
—47.005
—46.799
—46.564
-46.293
—45.975
-45.599
—45.136
—44.533
-43.475
-42.327

~39.753/

DPPM155:=

~50.248)
-50.174
-50.085
-49.975
-49.836
—49.653
-49.4

-49.029
—48.42

—47.017
—46.437
—45.744
-44.931
-43.981
-42.846
—41.442
-39.615
-37.014
-35.035

-32.44

The above results are for 155 Mbps data rate.

opt155:=

-50.248)
-50.174
-50.085
—49.975
-49.836
—49.653
-49.4
-49.029
—48.419
—47.017
—46.437
—46.088
—45.812
—45.456
—44.693
—43.865
—42.678
-41.107
-39.533
-37.106
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- 35
N\
DuoPPM155 N
DiPPM15§ N
""" T N
DPPM155 L
s.~~ '\
optl55 T~ |~
- - 45 |
_50 —== g
1 10 100

freq;

Fig. A2 - 2.1: Comparison of DuoPPM, dicode PPM (DiPPM), digital PPM (DPPM) and

optimised PPM (opt) sensitivities at 155 Mbps data rate.
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Appendix 2.2: DuoPPM Non-MLSD Mathcad Results

—44.367\ —43.898 —44.079 —44.079
44.299 43.811 ~43.991 43,991
44.103 43705 43.886 ~43.886
44,005 43575 43,757 43757
~43.879 43.412 43,595 43595
~43.603 43.2 43.383 43.383
~43.306 42911 43.096 ~43.096
42,878 42.495 42,678 42678
42192 41.834 ~42.009 ~42.009
buorPMiG=| 2% pippmic=| °%|  pepmicie| 100 optlG := ~40-589
40.623 ~40.306 ~40.016 40016
40.377 ~40.064 39.318 39,583
40,094 -39.787 -38.493 ~39.306
~39.766 39.464 37.529 ~38.959
39374 ~39.084 ~36.38 38.021
~38.893 38617 34,962 37.346
38.27 38.011 -33.12 ~36.18
~37.389 ~37.058 30,382 345
~36.743 ~35.831 28,543 33.019
34,987, -33.252 25939 ~30.606
20 —42.0097 0.8
10 —40.589 7 0.8
9 -40.0167 0.8
8 -30.5836 0.7
7 -39.306 6 0.8
6 -38.9596 0.8
P16 =l o 350216 0.8
4 -37.3465 0.8
3 3618 5 0.8
2 345 408
1.5 -33.019 3 0.8
1 -30.606 3 0.8

The above results are for 1 Gbps data rate.
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- 30
.\
DuoPPM1G ®
DIPPM1G N
_____ . -
DPPM1G -3% N
\_.. N N
- 40

00

freq;

Fig. A2 - 2.2: Comparison of DuoPPM, dicode PPM (DiPPM), digital PPM (DPPM) and

optimised PPM (opt) sensitivities at 1 Gbps data rate.
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Appendix 2.3

DuoPPM MLSD Simulation Model

Complete Mathcad simulation file for the DuoPPM system MLSD is presented in this

appendix. The key features are characterised by Gaussian shaped pulses, noise-whitening

matched filter and central decision detection with the aid of MLSD.

DuoPPM Standard MLSD Central Decision Detection:
Matched Filter and APD FN=0.43

i=0,1.20

i
Vi = Vot * range
x:=0..n
y:=0..n

Preamplifier terms

9
fy == 1010
So i=5010 *°
B:=1.10°
1
Ty =—
b~g
.
Tgi=—
—_1C
ng :=1.610 1€
_€
A = 1.5510

photon_energy :=

6.6310 °*3.10

n=10 Set up the scan limits

This gives the row of the matrix

This gives the column of the matrix

Preamp bandwidth

Preamp noise at input - double sided

Bit rate

PCM bit time

Slot time

Quantum energy

This is the wavelength of operation

8

A
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Pulse shape terms

Ry = 1247

Appendix 2.3: DuoPPM MLSD Mathcad Model

R. = nq
0~
photon_energy
0.1874T},
o=—-
fn
0.1874T,
O = —F/———
T
g = 2-7c-fp
‘CR =
1
Pulse(t) := .
V2o, T
t:=-1,-0.9.1
1x10°
9x10°
8x10°

Pulsgt) 7x10°

- /

6x10° /

5x10°

4108

-05

05
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Appendix 2.3: DuoPPM MLSD Mathcad Model

Pulse shape
Matched filter only

1
(O]

Io(t) := %-ex;{(an-o)cn)z}-exp(—mcn.t).erfc (“n'“)cn _ Lj

S 2-ap

S 2 o

2
1t
exXpl = —Opy Oy + = —
1 9 ( 2 2) eXp(_(’)cn't) 2 ap

2
-1 9en 2 2 1t
(1) == ?'T_’eXp(O‘n qow- )~exp(—mcn~t)-(l+ erf(—an-mcn +o— j

+ = ——-exp

(04 g0
n "®cn
Ts 1 On
2

T

(20.~an4~mcn2 - 20.~(xn2~(ocn~t + 5.~'[2 - 7.'Otn2>

2
-exp —.2500000000000000000&—2

2 3 o,
(—2.-an O + t) T n

lg(t) := - 11283791670955125738, 0,

2 6 2 4 t 2 Ocn
I;(t) := 5.6418958354775628688 {40, -0 .(1 —(ocn-t) +ap ~(ocn~t~(60(ncn~t -26) ex -(gj : ;
n 2
+3.-0an~t2 - 30an2-(ocn-t3 + 5~t4 - 42~ocn4 (—Z-an O + t) 'an'Ts
t:=-2,-1.99.2
g 4a0*
7x10
o
T
6:10° T T N

5x10° / A \ N \\
Tot® ax10° // \ A \

B B
3x10"—7 — 240

8 / \\ \u/
2x10°}7 4 i

g T 2-15-1-05 0 05 1 15 2
1x10

-2161208040 040812146 2 t
i

noise := 15(0) noise = 6.47x 108
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Determine the peak pulse amplitude - ISOLATED PULSE

Peak pulse amplitude - isolated pulse

thmin = 0.03:
thoo = |t < Ymin prmn
2
tp < root ('1(t)'T5 '[) This is the peak time for pulse in slot 0
t as a function of x and y
p
thoo = 0032
Determine the decision time
Threshold level - isolated pulse )
tg =-047"
ttho, = [t <t
t« root[(lo(t) - Vi'IO(tpOO))’t:I
t ttho, = —0-246
Vthi = IO(tthOi) This is the decision level voltage

tdo, = ttho,

Modify peak of single pulse

tp = if[(tpoo - ttho0 +0.52 1) ’(tthoo + 05 ’tpooJ

tp =0032

tpo = tp

tho = 0032

tpo = ltho, *+ 0-5=0.777

p
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t:=-2,-1.99.2
7x10°
fl0f—— 1 /x’”_“ I A
. ,f ™
Iﬁ{:t:} S=10 /
— 4x10®
"thcl / \
e 3x10? Y
x10° — \
2
110
3 —1 0 1 2
t_tthoﬂ“}-j
t:=-2,-1.99.¢
8x10°

610
Ip(D+1(t-3)

"‘.'
thy

210°

B

O s

EE— 15-1-05 0 05

1 15

2 25 3 35 4 45

t
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Pulse definitions

Vgo3(@,b,c,t) :=lg(t +a) + Ip(t + b) + Ig(t + c)

Vop(a,b,t) i= I(t + a) + lo(t + b)

Vone3(@,b,c,t) :=1q(t+a) + I4(t + b) + I4(t + ¢)

Vonea(@:b,1) := I5(t + @) + Iy(t + b)

Voicoccolt) = Vo3(3,0,-7.1) Vone1cocco(t) = Vone3(3,0,-7.1)
Voicoci(V) = Vo3(3.0,-4.1) Vone1coC1(V) = Vone3(3.0,-4.1)
Vo11cc1(®) = Vo3(2,0,-6,1) Vone11cc1(t) = Vone3(2,0,-6,1)
Vo1coolt) = Vg3(3,0,-2,1) Vone1coo() = Vone3(3.0,-2,1)
Vo11c0(t) :=Vp3(2,0,-3.1) Vone11co(t) = Vone3(2,0,-3,1)
Vo111(t) :=Vv43(2,0,-2,1) Vone111(!) = Vgne3(2,0,-2,1)
Voicc(D) = Vg2(0,-6.1) Vone1cc1(t) = Vope2(0,-6.1)
Vo1co(D) = Vg2(0,-3,1) Vone1co(t) = Vone2(0,-3,1)
Vo11(1) =V2(2,0,1) Vone11() = Vone2(2,0,1)
Vooc1cci(V) = Vo3(5,0,-6.1) Voneoc1cci(t) = Vope3(5,0,-6.1)
Voocicolt) = Vo3(5,0,-3,1) Voneoc1co(t) = Vone3(5.0.-3.1)
Voooccolt) = Vo3(2.0,-6,1) Voneoocco(t) = Vone3(2,0,-6.1)
Vooc11() = Vg3(5,0,-2,1) Voneoc11(!) = Vone3(5,0,-2,1)
Voooc1(®) = Vo3(2,0,-5,1) Vone0oc1(t) = Vone3(2,0,-5.1)
VooodD) = V3(2,0,-2,1) Vone0oo® = Vone3(2:0,-2,1)
Voocco(t) = Vo2(6.0.1) Voneocco(t) = Vone2(6.0.1)
Vooci(t) = Vg2(5,0,1) Voneoc1(!) = Vone2(5,0,1)
Vooo(t) :=Vg2(0,-2,1) Vone0o(t) :=Vgne2(0,-2,1)
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t:=-8,-7.99.¢
g:10°
/"_"H.
610
; \
Yo1coci(t / \ /
B
4x10
Vin / S
(1]
leﬂ'a /" \
0 y \
-8 -7 -6 -5-4-3-2-10 1 2 3 4 5 6 71 8

Peak value times

th3(:b.C.tomin) = |t < tomin
d b T 3
tpeak < root d_t Vo3(@,b,c,t)Tg ).t

ty < if[(tpeak - tthoo +0.5> 1) ’(tthoo + 0.3 ’tpeak]

t

p

tpz(a,b,tpmin) = |t < tomin
d ( b 3)
tpeak <« root d_t voz(a, ,t)-Ts ,t

ty if[(tpeak ~tiho, + 0.52 1) ’(tthoo + 0.3 ’tpeakJ

t

p

tgz = 0001 tg3 = 0012!
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T i=1,9(3,0,-7,t

T i=1,9(3,0,-4,t

T =1,2(2,0,-6,t
11cCL 0,6, -

T i=1,9(3,0,-2,t

Tp11c0 = tp3(2:0.3.tg3) Tp11C0 ™ ttho, + 0-5=-0175
Tp111 = tp3(2.0.2.tg3) Tp111~ tiho, * 0-5=0.778

Tpiccr = th(o’_G’tg3) Thiccli- ttho, + 0.5=0.778

T =1,(0,-3,t
1 2\Y s —

Tp11 = th2(2.0.tg)) Tpi1 ~ ttho, * 0-5=0.753

T :=1,4/5,0,-6,t

T =1t,4(5,0,-3,t

T =1.4(2,0,-6,t
p00CCO p3( >F 93) T —t + 0.5=-0.222
p00CCO thO0 TpOOCCO =-0968

T =1.4(5,0,-2,t
pOC11 p3( e 93) T —t +0.5=1
poc11 ™ thoy, Tpocty = 0254

Tpooct = tpa(2:0.5.1gg) Tpooc1 tino, + 0.5=-0.222

Tpooo = tpal2.0-2.tg3) o000 ki, * 05=0.778

Thocco = tp2(6:0-tg2) ThocCo- ltho, + 05=0.753 3

T =1.5(0,-2,t
00 = tpal 0.2 tgg) Togo  ttno, + 051 Tooo - 0254
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Error sources

Erasure

Appendix 2.3: DuoPPM MLSD Mathcad Model

Erasure - Erasure of middle symbol in 0 xC 1/0 yC 1/0

Err(x,y) := ‘x;zy

Clearly x=0 and y=0 gives 0 errors

x=0 and y>=1 is a special case for ISI

t:=-2,-1.99.¢

Ip(o
Iﬂ{[}+l||}{t—2}

-
thﬂ

1x10°

8x10°

65 7 15
[
VoOOCJ(Tpoocﬁ ~Vih,
Q =na-
i [So-noise
[n-1 0 y |
Errors := {E(Ej (Ej(i) 'E'E"’(O,)’)}
— L4\2) \2/\2) 2 Errors = 0.062
y =0
0 n
+}(3) (E)(}) -1-Err(0,n)
| 4\2 2 2 i
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b-Q
; 1 i _
PerOOyC(b") = Errors{a.erfc [—D PerOOyC(b’O) =5.656x 10

2

3

Erasure of middle symbol in 0 xC 1/0 yC 1/0 withx=1ton & y=0to n

n-1 | n-1 X y X n
11V 1(1) 1 11V 1(1
Errors := E E {Z(E} E(E} EErr(x,y)} + Z(E) E(Ej LErr(x,n)| ...

n-1 n y n n Errors = 0.104
1
L E E oflo E .E.Err(n’y) L E E ofilo| = .]_.Err(n’n)
4\2 2) 2 42 2

b-Q
. 1 i
Peroxsysb. 1) = Errors-(aerfc (Eﬁ Peroxsys(P-0) = 0049
Pero(P»1) = Pergoyc(b 1) + Perpxsys(P 1) Pero(b,0) = 0055

Erasure of middle symbol in 1 xC 0 yC 1 for both instances are identical to what has already been
calculated

Peer (01) := 2-Pgrg (b, ) Peer (b,0) = 0109
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False Alarm
False 0 following a 1 at some time

k = ODD combinations = k+1
K = EVEN combinations = x-k+1

Errors = (combs-1)/2

e

odd (k) := E — trunc E = 0.
2 2

k+1-1
2

Errodd (X, y, k) :=

even (k) := E — trunc E =C
2 2

x—-k+1-1

Erreven (X,y,K) := 5

Erm(xy.K) := Erreven (x, k)-even (k) + Ermodd (x,y, k)-odd (k)

0 yC 1 xC 0: x=1, k=1 condition is special - ISI from pulse 1 spilling into the slot 0 of C

t:=-2,-1.99.¢

gx10°

I,u,{t}+10{t—3}

Vih

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 265
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Vooc1cdTpoc1cd - Vth,

Q :=ng

i [So-noise

Errors =0.016

b-Q

1 i

P. ; b,i) := Errors-| —-erfc| —
false0in1co(P 1) (2 [\/—ZD

-3
Praseoin1colb »0) = 6.249x 10

x=2..n, k=1 condition is special - ISI from pulse 1 spilling into the slot 0 of C

Errors =0.016

Vth, - VorcdTpico* 1)

Q :=ng-

i [So-noise

b-Q

1 i

Petconi b,i) := Errors:| ~-erfc| —
falseOin1xc @b - 1) := Erors [Ze (ﬁD

_3
Phiseoinixcdb.0) = 7.643x 10

x=2..n, k=2..x condition

Errors =0.058

Vthi
Q =mng-

i /So-noise
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L b-Q.
. 1
PfalseOpostl(b") = Errors-E-erfc —_—

V2

— 4
Pralseopost1 (P>0) = 1.457x 10

Pefopost1 (P-1) = Praiseoin1co(P > 1) + Prarseoin1xco(P - ) + Priseopost1 (P 1)

Pefopost1 (b-0) =0014

False 1 following a 0 at some time

k = ODD combinations = k+1
K = EVEN combinations = y-k+1

Errors = (combs-1)/2 in x+y+4 PCM bits

rm

k k
odd;k = — —trunc| — | = 0.

k+1-1

Errodd;x,y,k) = >
k k
evengk i=— —trunc| — | = C

y-k+1-1

Erreven gx,y,k) = >

Emr(xy,K) := Erreven (x y, k)-even (k) + Errodd (x,y, k)-odd (k)

t:=-2,-1.9.€

8x10°

I,l}(t}+10([—3}

II:ll—l.i—l—'lill.i 0 03 1 15 223 3 35 4 45 3 53 6 63 7 13
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0C1: y=1 - ISI from pulse 0 spilling into the slot 1 of the same frame, no violation
occurs as due to central decision detection the pulse will be first detected in slot 0

(as it is still present in slot 0) and decoder will stop once a pulse has been received

thus no effect of the spilled pulse in slot 1

However, y=1, k=1 condition is special - noise can cause a threshold crossing event in C

Errors =0.016

Vth. ~ VooC {Tpoc1+ 1)

Q =mnq-

i [So-noise
1 b-Q
. I
Prasetinoca(0, = Erors:| 5ol —2 Paisetinoci(b0) = 3.775x 107

O0yC1: y=2..n - ISI from pulse 0 spilling into the slot 1 of the same frame will be detected the same way
mentioned above thus no effect of the spilled pulse in slot 1

However, y=2..n, k=1 condition is special - noise can cause a threshold crossing
event in the first C immediately after 0

Errors =0.016

Vthi - (IO(S + tpo))
Q :=ng-

i [So‘noise

1 b-Q
. 1
Pralseinoyc 1(P 1) := Errors: E-erfc f

-5
Prase1inoyc 1(00) = 6.151x 10
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y=2..n, k=2..x condition

Vthi
Q =mng-

i /SO~noise
|

1 b-Q.
P b,i) := Errors-=-erfc| —
falseLposto (P> 1) > 7
-5
Pralse1posto (P >0) = 5.603x 10

PefLposto (P»1) = Prase1inoc1(P ) + Prisetinoyc1(P-1) + Prise1posto (P 1)

_3
Pef1posto (P+0) = 3.893x 10
Pefiff (2.1 = Pefpost1 (P + Pefrposto (P-1)

Peif (0.0) =0018

False 0 following a 0 at some time

k = ODD combinations = x-k+1
K = EVEN combinations = k+1

Errors = (combs-1)/2

k k
odd (k) :=— —trunc| — | = 0.t
bt =3 (]

X—k+1-1

Errodd k) =

k k
even (k) := — —trunc| — | = C
g = -won 5]

k+1-1

Erreven (x,y,K) = 5

Emr(xy,K) := Erreven (x y, k)-even (k) + Errodd (x,y, k)-odd (k)

Errors =0.022
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Ip(D+Iy(t-5)
e,

El—l.j—l—llj 0 05 1 15 2 25 3 35 4 45 5 533 6 63 7 13

00 yC 1: y=1, k=1 - if there is false alarm of 0 in C slot following 0 (1xC001) then there
will be zero errors as there's only one possible correct combination of the aforementioned

error which will be corrected by MLSD.

1 xC 0 yC 1: if y=2..n then K>=2 thus this condition can be covered by the following

condition of y=2..n, k=2..x

y=2..n, k=2..x condition

v
th,

Q =mng-

i /So'noise

L b-Q
. 1
P1false0posto(b,|) = Errors-E-errc f

-5
Pralseoposto (P0) = 8.187x 10

Pefoposto (b.i) = Pfalse0posto (bi)

_5
Pefoposto (0 +0) = 8.187x 10
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False 1 following a 1 at some time

k = ODD combinations = y-k+1
K = EVEN combinations = k+1

Errors = (combs-1)/2 in x+y+4 PCM bits

k k
odd;k = — —trunc| — | = 0.F

_y-k+1-1

Errodd LK) =
k k
even;k i=— —trunc| — | = C

k+1-1

Erreven gx,y, k) = >

Erm(xy.K) := Erreven (xy, k)-even (k) + Errodd (x.y, k)-odd (k)

t:=-2,-1.99.¢

gx10®

Iﬂ,{t}+lﬂ,{t—3}

II'ﬁll—l.:"—l—'l]'.i'IZI' 05115 225335445 5356635 775 8

t

1C0: x=1, k=1 - in this condition ISI from 1 pulse spilling into the C frame - this will be
detected as a false 0 and will generate zero errors as there's only one possible correct
combination of the aforementioned error which will be corrected by MLSD.

If x=2..n then K>=2 thus this condition can be covered by the following condition

of x=2..n, k=2..x
x=2..n, k=2..x condition
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v
th;

Q :=nQ-

. [P0
i 1
Pfalselpostl(b,l) = Errors-E-erfc -

NG

—5
Pfalse1post1 (P-0) = 9.587x 10

Pefipost1 (P = Praise1post1 (0-1)
5

Pef1post1 (00) = 9.587x 10°
Pefsame (0-1) = Peoposto (P + Pef1posta (01

_4
Pefsame (0+0) = 1.777x 10

Pef (b,|) = Pefdl.ﬂ: (b,l) + PEfsa.ITE (b ,I)

Pef (b,1) = Pegr (b,1) =
0.018 0.109
0.018 oL
0.018 o
0.018 oL
0.018 0.111
0.018 0.111
0.018 0.111
0.018 0.111
0.018 0.112
0.018 0.112
0.018 0.112
0.018 0.113
0.018 0.113
0.018 0.113
0.018 0.114
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Pepy (b, 1) := Pegr (b, 1) + Pes (b,1)

pc(b,i) := (Iog(Peb(b,i)-log) + 6) Set for 1 in 10”9 errors

3 = root (pc(b,i),b) Find the root to give 1 in 1079

minimum= mir(a)

minimume= 5.678x 10°

25108

15x10°F -

1x10°

5x10°

0123456 78 910111213141516171819
i

b =510

Vo =097¢ range = 100(

fn = 043
b := minimur b = 5.678x 10°

hot 1

103 -(2)n
dBm=-16.982
o photon energy | n+ 1
OIBnrbuardslots :=10log b- — _[4.(2)“}'8
10

dBMy yardslots = 19992
i = 7

Vi = 0.982

9.702-103

8.774:105

8.008:105

7.365°105

6.818-105

6.346°105

5.937-105

5.678:105

5.867°105

6.228:10°

6.643:105

7.118-10°

7.666° 105

8.304-10°

9.059°105
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minimumi0 ° = 567.79
. 10 . 10
Peer (b.1-10"0 = 4.16 P (0.0)100 = 5.84

L 10 : ) 010
Perg(b.1)-10 =2.08 (Pefopost1 (0 + Pefoposto (0)-10" = 5.84

i . 10
(Peflpostl(ba') + Peﬂposto(b,l))-lo =0
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Appendix 2.4: DuoPPM MLSD Mathcad Results

DuoPPM MLSD Mathcad Results

Sensitivities of DuoPPM, DuoPPM with two guard slots (DuoPPMw2guradslots) for

normalised fibre bandwidth (fn) between 0.46 to 100 given below. All simulations done for 1

Gbps data rate.

0.46
0.5
0.6
0.7
0.8
0.9

© 00 N o 0o B~ 0N

© 00 N o g b~ WODN PR P P PP
O O O O O O O © w ot N O

100

DuoPPM :=

-30.219
-30.881
-32.073
-32.949
—33.466
—33.943
-34.159
—-34.607
-35.027
—35.366
—35.535
-36.194
—-36.682
-37.072
—37.495
-37.753
-38.035
-38.218
—38.48
—38.788
-39.182
—39.491
—39.682
—40.356
—40.735
—41.043
—41.242
—41.432
—41.597
—41.743
—41.787

DuoPPMw2guardslots :=

-33.23
-33.891
~35.083
~35.959
-36.476
~36.973
~37.209
-37.667
-38.087
-38.427
-38.554
~39.204
~39.692
~40.082
~40.475
~40.803
~41.045
~41.229
~41.481
~41.798
~42.202
~42.542
~42.693
~43.356
~43.775
~44.053
~44.252
—44.441
~44.608
~44.754
~44.798
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Sensitivities of digital PPM (DPPM), optimised digital PPM (optDPPM), dicode PPM
(Dicode) and Dicode PPM with two guard slots (Dicodew2guradslots) for normalised fibre

bandwidth (f) between 0.46 to 100 given below. All simulations done for 1 Gbps data rate.

0 0 —28.479 -31.489

0 0 -29.151 -32.161

0 0 -30.372 -33.383

0 0 -31.279 —34.289

0 0 -32.036 —35.046

0 0 -32.582 -35.593
—25.939 ~30.606 20979 35989
—27.112 -31.764 33.488 26,489
-28.543 -33.019 33,956 36,967
—29.709 ~33.461 34326 37337
—30.382 345 —34.546 —37.557
3312 —36.18 -35.394 -38.404
-34.962 ~37.346 26,002 30,012
~36.38 —38.021 -36.472 -39.482
-37.529 ~38.959 36.854 30,865
DPPM:=| -38.493  optDPPM:=| -39.306|  ioie .- | _37.175| Dicodew2guardslots := | —40,185
-39.318 ~39.583 3745 40,461
-40.016 ~40.016 37691 40,702
-40.589 ~40.589 37904 40,914
-40.998 ~40.892 38,265 41276
~41.389 ~41.319 38,695 41,705
~41.767 —41.687 30,031 42041
—42.009 ~42.009 30219 42229
-42.678 ~42.678 30,885 42895
-43.096 ~43.096 40,307 43.307
-43.383 —43.383 40,586 43596
—43.595 ~43.595 40,769 _43.807
—43.757 ~43.757 40,89 43,97
~43.866 ~43.886 -41.088 -44.098
~43.991 ~43.991 ~41.193 —44.204
—44.079 —44.079 41283 44293
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— 30 |
—— DuoPPM
----- DuoPPMw2guardslot
— - Dicode
— - - Dicodew?2guardslots
~\
e -35 '
£ .
©
2
=
'
<
[<b]
(7))
- 40
. \ ~
01 1 10 100

Normalised Bandwidth, fn

Fig. A2 - 2.3: Sensitivity comparisons of DuoPPM and dicode PPM (Dicode) both with and

without 2 guard slots at 1 Gbps data rate.
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Appendix 2.4: DuoPPM MLSD Mathcad Results

Photons/pulse count of DuoPPM, Dicode, digital PPM (DPPM) and optimised digital PPM
(optDPPM) for normalised fibre bandwidth (f,) between 0.46 to 100 given below. All

simulations done for 1 Gbps data rate.

0.46 27012 40326 0
0.5 23193 34545 0
0.6 17626 26073 0
0.7 14406 21163 0
0.8 12790 17778 0
0.9 11459 15674 0
1 10903 14308 139000
1.2 9835 12752 106100
1.5 8928 11423 76290
1.8 8258 10490 58330
2 7943 9972 49957
3 6824 8205 26595
4 6099 7133 17402
5 5575 6402 12554
6 5058 5861 9636

freq ==| 7 DUoPPM :=| 4766 Dicode :=| 5445 DPPM:=| 7718
8 4466 5110 6383
9 4282 4834 5435
10 4031 4603 4763
12 3755 4235 4335
15 3430 3837 3962
18 3194 3551 3632
20 3057 3401 3435
30 2617 2017 2044
40 2399 2653 2674
50 2234 2482 2503
60 2134 2365 2384
70 2043 2278 2297
80 1967 2212 2229
90 1902 2158 2176
100 1883 2114 2133
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20330
8295
5634
4307
3687
2971

OptDPPM :=| 2743
2573
2330
2041
1472
1262
1146
1073
1022
984
956
933
914

freql :=

0.46

BBQOOD\IO‘:(HAOQI\)H.O.O.C’.O.C’
© o ~N o v

© 00 N o g b~ W
O O O O o o o

100

Appendix 2.4: DuoPPM MLSD Mathcad Results
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Fig. A2 - 2.4: Comparisons of photons per pulse of DuoPPM and dicode PPM (Dicode) at 1

Gbps data rate.
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Fig. A2 - 2.5: Comparisons of photons per pulse of DuoPPM, dicode PPM (Dicode) and digital

PPM (DPPM) at 1 Gbps data rate.
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Fig. A2 - 2.6: Comparisons of photons per pulse of DuoPPM, Dicode PPM (Dicode) and

optimised digital PPM (optDPPM) at 1 Gbps data rate.
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Appendix 3

Appendix 3: VHDL Code Listing and Designs

All VHDL codes and schematics for the DuoPPM system are provided in this section.

Appendix 3.1: PRBS PCM Generator

W om =] N s L R

[y
= oo

12
13
14
15
1a
17
18
15
20
21
22
23
24
25
26
27
28
29
30
31
32
33
S
Sk
36
37
38
I
40
41
42
C:
44
G
46

B -—-K Mo=tafa—-

—-Univerzity of Huddersfield--

—--DuoPPM Project-—-
--PRES5 PCM Generator--

LIBERARY TEEE:

USE TEEE.std logic 1164.ALL:
USE IEEE.std logic arith.ALL;
USE IEEE.std logic unsigned.ALL;

= ENTITY PCM Gen is

= PORT (SIGHMAL Clkin
SIGHAL EReset
SIGHNAL O Fut

END PCH Gen;

IN std logic:
IN std logic:
00T =td logic):

= ALRCHITECTURE archi OF PCH Gen IS5

SIGHAL Tmp
B BEGIN
= FROCESS

VRRIARBLE first
WARIABLE second tap

tap

WARIABLE third tap

std logic wector (0 TO 7):= "10000101";

std logics
std logics
std logics

BEGIN
WATIT UNTIL (Clkin' EVENT AND Clkin = '0'});
—| IF (Reset = '0') THENW
Tmp <= "10000101";
= ELSE IF (Reset = '1') THEN
first tap = Tmp (3) xor Tmp (4) !
second tap = Tmp (%) Xor Tmp (7) 7
third tap = first_tap xor second tap:
Top <= third tap & Tmp (0 TO &)
END IF:
END IF:

END PROCESS:
0 Put <= Tmp (0):

END archi;
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Appendix 3.2: Implemented Coder Using Logic Gates

Lo e
TRERT g R

DFF &4
PRN

7
AND2! |

NoRz2 T S ms3F

e : : " J

instT

NOR2

inst26

i
i AND2 ¢

27
NORZ
Tinst{E

# Duo_Clk

Tinst13

ANDZ2

CLRN

instd 7

DB
. PRN

inst7

CLRN

Kamrunnasim Mostafa, University of Huddersfield, November 2015

Page 283



Appendix 3: VHDL Code Listing and Designs

Appendix 3.3: SIPO Two-Bit for MLSD

1 B ——K Mostafa--

2 ——University of Huddersfield--

2 ——DuoPPM Project—-—

4 ——5IPC Two Bit for MLSD-—-

=

[ library ieee;

7 use ieee.std logic 1164.2ll;

8 use ieee.std logic arith.all:;

g use ieee.std logic unsigned.all;

10

11 Eentity err det cor is

12

13 = port (signal ClkZ : IN =td logicy
14 =zignal 5T : IN =td logicy
15 signal EReset H IN =td logic:
16 =zignal CP1 : OUT =td logic wector (1 DOWNIO 0)):
17

13 end err det_cor:

15

20

21 Earchitecture func of err det cor is

22

23 SIGHAL cntrll : std logic wector (1 downto 0):="10";
24 SIGHAL Tmprl : std logic wector (1 downto 0):
25

26 EEBEGIN

27

28 B FROCESS

29 BEGIN

30 WLIT UNTIL (ClkZ2'EVENT AND Clk2 = '1'):

31

32 = IF (Reset = '0') THEH

23

34 cntrll <= "Q1i";

2

26 B ELSE

=17

38 Toprl(l) <= Tmprl(0):;

35

40 Tmprl (0) <= 5I1;

41 cntrll <= (cntrll(0)& cntrll (1))

42

GiE END IF;

44

i) END PROCESS;

46

47 = FROCESS

45 BEGIN

45 WATT UNTIL (Clk2'EVENT AND Clk2 = '0"):

50

31 = IF cntrll = "01" THEH

52

53 0Pl <= Tmprl:;

i3

= END IF;

S6 END PROCESS;

=

58 END func;
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{7 I R = T T R LI % I )

L R o O O T e ol T T o T =T R =R =
B o O N e L T = T S O A

28
29
30
31
32
33
34
35
36
a7
38
39
40
41
42
43
44
435
48
47
43
43
50
31
52
33
54
35
36
a7
58

E K Mostafa—

Appendix 3: VHDL Code Listing and Designs

——University of Huddersfield—-
—-DucPFFM Froject--
—Error Detector and Corrector——

library ieee;

use ieee.std_logic 1164.al11;
uge ieee.std_logic arith.all;
use ieee.std logic unsigned.all:

Eentity det _cor is

generic (n:

= port{signal
signal
3ignal
signal
3ignal
signal
3ignal
3ignal
3ignal

end det_cor;

natural

Clk

IFl
Reazet
load D3
Clkz2
OB F

OF _ws
OF_wsr
QP _fa

IN atd logic:

IN 3td_logic_wector (1 DOWNIO 0)»

IN atd logic:
IN 3td logic:
IN atd logic:

ouUT
ouT
ouT
ouT

= architecture func of det_cor is

SIGHAL regConCat

SIGNAL tmp

SIGNAL shift_reg3

SIGNAL o £
SIGHAL £
SIGHAL one

SIGHNAL countC
SIGHAL countSE
SIGNAL dly C

SIGNAL dly 3SR

SIGNAL regDIN1
3IGHAL regOFl
SIGNAL regOF2

SIGNAL £ num
SIGNAL £ ovrr
SIGNAL cc

SIGHAL w_slot
5IGHA]l w_3lotR
SIGHA]L £ _alrm

3td logic_wector

3td logic_wector
3td_logic wector
atd logic:
3td_logics
atd logic:

3td logic_wector
3td logic_wector
3td logic_wector
3td logic_wector

3td logic_wector
std_logic_wvector
3td logic_wector

3td logic_wector
3td_logic wector
3td logic_wector

atd logic:
atd logic:
atd logic:

std_logics
3td logic:
std_logic:
std_logic);

{1 downteo 0):

{1 DOWNIC 0);
{1 DOWNIO 0):

{3 downto 0):

{3 downto 0):=
{3 downto 0):=

{3 downto 0):

{n-1 downtc 0):
{n-1 downto 0);
{n-1 downtc 0):

{1 downteo 0):
{1 downtc 0):
{1 downteo 0):

==N=N=
[ T e Y e Y e |
===

e ===
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39
a0
61
62
63
a4
65
66
a7
Litid
69
70
71
72
73
T4
73
76
77
78
79
a0
a1
a2
83
g4
a5
g6
a7
bt
a9
a0
el
92
93
94
935
96
o7
98
93
100
101
102
103
104
105
106
107
108
10%
110
111
112
113
114
115

SIGHA]l wrongslot_det
5IGHA]l wrongslot_flg

SIGHA]l wrongslotBE_flg

SIGHAL false_alm

= BEGIN

= FROCESS
BEGIN
WAIT UNTIL (Clk'
regConCat <= IFl

END PROCESS;

= PROCESS

BEGIN

WAIT UNTIL (Clk’

= IF {regConCat =

Appendix 3: VHDL Code Listing and Designs

3td_logic_wector (1 downto 0);
3td_logic_wector (3 downto 0);

3td_logic_wector (4 downto 0);

3td_logic_wector (5 downto 0);

EVENT 2ND Clk

EVENT 2ND Clk

"00™) THEN

='0");

="1");

count3R <= "0000™;
countC <= countC + "0001";

f num <= cc;

= ELSIF {regConCat = "10")CR (regConCat = "01") THEN

END IF;

countC <= "0000™;
count3R <= count3E + "0001™;
coc <= reglonlat;

IF {regConCat = "10")THEN

one <= '1";
EL3E

one <= '0';
END IF;
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116
117
11s
113
120
121
122
123
124
125
126
127
128
1239
130
131
132
133
134
135
136
137
138
133
140
141
142
143
144
145
14
147
148
143
150
151
152
153
154
1535
1546
157
158
15%
180
16l
laz2
163
lad
1435
laé
167
las
163
170
171

Appendix 3: VHDL Code Listing and Designs

END PROCESS;

PROCESS
BEGIN
WAIT UNTIL (Clk"' EVENT AND Clk = '0");

£ <= one;
END PROCESS;
FPROCESS

BEGIN
WAIT UNTIL ({Clk' EVENT AND Clk

A
o £ <= £;
END PROCESS;
FROCESS
BEGIN
WAIT UNTIL (Clk' EVENT ZND Clk = '0");
IF countC > "0000™ THEN
dly C <= countC;
ELSIF countC = "0000™ THEN
dly C <= dly C;

IF countSE »= "1111" THEN

dly_C <= "0000";
ELSE dly C <= dly Cr

END IF;
END IF;

END FROCESS:

PROCESS

BEGIN

WAIT UNTIL (Clk' EVENT ZND Clk = '0"):
IF countSRE > "0000" THENW

dly SE <= countiR;

EL3IF count3R = "0000" THEN
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172
173
174
175
176
177
178
175
130
1s81
1a82
183
134
185
186
187
13a
13849
130
131
132
193
194
135
196
197
198
1345
200
201
202
203
204
203
206
207
208
209
210
211
212
213
214
215
216
217
218
2149
220
221
222
223
224
225
226
227
228

Appendix 3: VHDL Code Listing and Designs

dly SR <= dly SR:
END IF:

END PROCESS;

PRCCESS
BEGIN
WAIT UNTIL {Clk" EVENT END Clk = '0"):
IF Beset = '0" THENW
wrongslot_det <= "00";

wrongslot_flg <= "00oo0";
wrongslotB_flg <= "00000™;

w_3lot <= 'Q':
w_3lotR £= 1Ors
false_alm <= "000000™;
f alrm <= "0';

ELSIF Reset = "1' THEN

IF (wrongslot _det = "01") AND (cc = "01") THEN --err of 101

wrongslot_flg <= "0101";
wrongilot_det <= "00";
w_slot £= 10

ELSIF (wrongslot_det = "10") AND (cc = "10") THEN --err of 010

wrongslot_flg <= "0110";
wrongslot det <= "00";:
w_3lot = 1"

ELSIF {countSR = "0001") AND (wrongslot flg = "0000")

AND (f num = "01") AND {cc = "01")ZND (dly C

= "0001") THEN --1C1

ELSIF (countSR = "0001") AND (wrongslot flg = "0000")
IND (f num = "01") BND {cc = "10")AND (dly C = "0010") THEN

false_alm <= "000010";
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229
230
231
232
233
234
235
236
237
238
2338
240
241
242
243
244
245
244
247
243
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
2635
266
267
268
269
270
271
272
273
274
273
276
277
278
2748
280
281
282
283
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ELSIF {countSE = "0001"
AND (f num = "01"

false alm <= "000011";

EL3IF ({count3R = "0001™) AND

{(wrongslot_flg = "0000™)
{cc = "01")AND (dly C = "0011") THEN

{(wrongslot_flg = "0000™)

)
AND (f num = "01") ZND {cc = "10")AND {dly C = "0100") THEN

falae_alm <= "000100™;

EL5IF {countSE = "0001"
AND (f num = "01"

ELSIF {countSE = "0001™) AN
AND (f num = "01") AND

EL5IF {countSE = "0001"
AND (f num = "01"

ELSIF (countSRE = "0001") AND
AND (f num = "01") AN

ELSIF {countSE = "0001™) AN
AND (f num = "01") AND

ELSIF (countSR = "0001") AND
) AN

--0Co
false alm <= "001010";

EL5IF {count3R = "0001™)
AND {f_num = "10") AND (c

false alm <= "001011";

ELSIF (countSRE = "0001") AND
AND (f num = "10") AN

false_alm <= "0011007;

ELSIF {countSE = "0001™) AN
AND (f num = "10") AND

{(wrongslot_flg = "0000™)
{cc = "01")AND (dly C = "0101") THEN

(wrongslot_f£flg = "0000™)
{cc = "10")2ND (dly C = "0110™) THEN

{(wrongslot_flg = "0000™)
{cc = "01")IND (dly C = "011l") THEN

{(wrongslot_flg = "0000™)
{C-C- _ "1':'":|.3—'.|N:' {dly_C.' _ |!1|:“:“:||!:| THEN

{(wrongslot_f£flg = "0000™)
{cc = "01")IND (dly C = "1001") THEN

{(wrongslot_flg = "0000™)
{C-C- _ "1':'":|.3—'.|N:' {dly_C.' _ "l:ll:ll:ll":l THEN

{(wrongslot_flg = "0000"
"O1")AND {dly C = "0010") THEN

{(wrongslot_flg = "0000™)
{cc = "10")AND (dly C = "0011") THEN

{(wrongslot_f£flg = "0000™)
{CC = ""Jl":lm:l {dly_C = "'I'_'Ill'_'ll'_'l"':| THEHN
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284 false_alm <= "001101™;
285 ELSIF (count3R = "0001") AND (wrongslot_flg = "0000™)
286 AND {f_num = "10") ZWD {cc = "10™)AND (dly C = "0101") THEN
287
288 false_alm <= "001110™;
283
230 EL5SIF {(countSE = "0001™) BND (wrongslot flg = “0000™)
291 AND {f_num = "10") AZWD {cc = "O01™)AND (dly C = "0110") THEN
292
2593 false_alm <= "001111";
294 ELSIF {countSE = "0001™) AND {wrongslot f£lg = "0000™)
2585 AND {f_num = "10") ZWD {cc = "10™)AND (dly C = "0111") THEN
296
297 false_alm <= "010000™;
2598
2593 ELSIF (count3R = "0001") AND (wrongslot_flg = "0000™)
300 IND (f num = "10") AND {cc = "01")END {dly C = "1000") THEN
301
302 false_alm <= "010001";
303 ELSIF (count3R = "0001") AND (wrongslot_flg = "0000™)
304 LND {f num = "10") AND {cc = ™10")AND {dly C = ™1001") THEN
305
306 false_alm <= "010010™;
307
308 ELSIF (count3R = "0010") AND (false_alm > "0000™)
308 BND {o_f£f = "1") BND (cc = "01")THEN
310
311 false_alm <= "010011";
312 f alrm = '1";
213 wrongslot_det <= "00";
314
215 ELSIF (count3R = "0010") AND (false_alm > "0000™)
31a BND {o_f£f = '"0'") BRND (cc = "10")THEN
317
318 false_alm <= "010100™:
313 f alrm = '1";
320 wrongslot_det <= "00";
321
322 ELSIF (count3R = "0010") AND (false_alm > "0000™)
323 BND {o_f£f = "1") BND (cc = "10")THEN
324
325 false_alm <= false_alm:
326 f alrm = '1";
327
328 ELS5IF (countSE = "0010™) AND (false_alm > "0000™)
323 BND {o_f£f = '"0") BND (cc = "01")THEN
330
331 false_alm <= false_alm;
332 f_alrm = '1";
333
334
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335
336
337
338
338
340
341
J42
343
J44
345
348
347
348
3439
350
351
352
353
354
3
356
357
358
359
380
361
362
363
Jad
385
366
387
368
369
370
371
372
373
374
375
376
3T
378
379
380
381
382
383
Jad
385
Jéa
387
Jaa
Jas

Appendix 3: VHDL Code Listing and Designs

AND (countC = "0001™) AND (£ num = "01"

false alm <= false_alm;
f alrm <= "'1";
w_3lotR <= "0";
wrongslot flg <= "0001";

ELSIF (false alm > "000000") AND {(dly SR = "0001"
AND {countC = "0001") AND (f num = "10")

false alm <= falae_alm;
f alrm <= "1";
w_3lotRE «= '0";
wrongslot flg <= "0010%;

EL3IF ({countl »>= "0010™) AND (dly_S5SE = "0001")
AND (wrongslot_flg = "0001™)THEN
F—E:: of 01C

wrongslot_flg <= wrongslot_flg;
wW_slotR <= "g';:
wrongslotRE flg <= "000007";

£ alrm «= '0";

EL3IF ({countl >= "0010™) AND (dly_SE = "0001")
AND (wrongslot flg = "0010™) THEN

wrongaleot flg <= wrongslot flg;r
w_slotRE <= "0";:
wrongslotR_flg «= "000007;

f alrm «= '0";
EL5IF (wrongslot det = "01") AND {countC = "0001")

END (dly_SE »>= "0010™) THEN
——err of 10C & 01C and Corr

wrongslot_flg <= "001a0";
w_slotR g= "1":
wrongslotR _flg <= "001007;

ETR =

wrongslot_det <= "00"

EL5SIF (wrongslot_det = "10") AND {countC = "0001™)
END (dly_SE »>= "0010") THEN
——err of 10C & 01C and Cor

]

wrongalot flg <= "00
wW_3lotR <= "1"
wrongslotR flg <= "0
wrongslot _det <= "00"
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sial
392
393
394
385
3946
397
398
399
400
401
402
403
404
405
4048
407
408
4039
410
411
412
413
414
415
4148
417
418
4139
420
421
422
423
424
425
428
427
428
4235
430
431
432
433
434
435
438
437
438
4339
440
441
442
443
444
445
448

ELSIF

—E&rr

ELSIF

—E&rr

ELSIF

—E&rr

ELSIF

-—2rr

ELSIF

-—2rr

ELSIF

-—2rr
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{countC > "0000™) ZWD (dly SR >= "0010™)

AND (wrongslot f£flg = "0001")THEN

of 01C
wrongslot_flg <= wrongslot_flg;
w_3lotRE <= '0";
wrongslotE _flg <= "00000

f alrm «= '0";

{countC > "0000™) ZWD (dly SR >= "0010™)

AND (wrongslot f£flg = "0010")THEN

of 01C
wrongslot_flg <= wrongslot_flg;
w_3lotRE <= '0";
wrongslotR flg <=

f alrm «= '0";

(wrongslot_flg = "0001™) AMND ({countSE = "0001™)
END (dly C = ™0001") AND {cc = "O1") THEN
of 01C 1 iCorrect
wrongslot_flg <= "00oo";
w_3lotRE <= '1";
wrongslotR flg <= "01010%;
false alm <= "000000";
f alrm «= '0";
(wrongslot_flg = "0001") AND (coumntSE = "0001™)
END ({dly_C = ™0010™) AND ({cc = "10") THEN
of 01C 2 iCorrect
wrongslot_fla <= "0oaom™:
w_3lotRE <= '1";
wrongslotE_flg <= "01011";
false_alm <= "000000";
f alrm «= '0";
(wrongslot_flg = "0001"™) AND (coumtSE = "0001™)
END (dly_C = ™0011"™) AND ({cc = "O01") THEN
of 01C 3 iCorrect
wrongslot_fla <= "0oaom™:
w_3lotRE <= '1";
wrongslotR_flg <= "011007;
false_alm <= "000000";
f alrm «= '0";
(wrongslot_flg = "0001"™) AND (coumtSE = "0001™)

IND (dly C = "0100") IND ({ec = "10") THEN

of 01C 4 iCorrect

wrongslot_fla <= "00oo™:
w_3lotRE L= 110
wrongslotE_flg <= "0

f alrm «= '0";
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447

448 ELSIF (wrongslot flg = "0001") RAND {countSE = "0001™)
449 = AND (dly C = "0101™) AMD (cc = "01™) THEN
450 —err of 01C 5 iCorrect

451

452 wrongslot flg <= "00ao™

453 w_3loth <= "1";

454 wrongslotR flg <= "01110

455 false _alm <= "000000";

456 f alrm <= '0';

457

458 ELSIF (wrongslot flg = "0001") RAND {countSE = "0001™)
459 = AND (dly C = "0110™) AMD (cc = "10™) THEN
460 —err of 01C & iCorrect

458l

462 wrongalot_flg <= "00oomy

463 w_slotR <= "1";

464 wrongalotR_flg «= "01111";

485 false_alm <= "000000":

466 f alrm «= '0";

487

468 ELSIF {(wrongslot_flg = "0001"™) RND {countSE = "0001™)
4589 = AND (dly_C = "0111™) BRND (cc = "01™) THEN
470 —err of 01C 7 iCorrect

471

472 wrongalot_flg <= "00oomy

473 w_slotR <= "1";

474 wrongslotR_flg «= "10000";

475 false_alm <= "000000";

476 f alrm «= '0";

477

478 ELSIF (wrongslot_flg = "0001"™) RAND {countSE = "0001™)
4749 = AND (dly C = "1000™) BAND (cc = "10™) THEN
480 —err of 01C 8 iCorrect

481

482 wrongslot_flg <= "00oo™;

483 w_slotR <= "1";

4584 wrongslotR_flg «= "10001";

485 false_alm <= "000000";

486 f alrm «= '0";

487

488 ELSIF {wrongslot_flg = "0001"™) RAND {count3E = "0001™)
489 —| AND ({dly C = ™1001") RND {cc = "O1™) THEN
4590 —err of 01C 9 iCorrect

491

4592 wrongslot_flg <= "0000";

493 w_slotR <= "1";

4594 wrongslotR _flg <= "10010";

495 false_alm <= "000000";

496 f alrm «= '0";

497

498
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4349 EL3IF (wrongslot_flg = "0010"™) AND {count3E = "0001™)
500 = AND (dly C = ™0001™) END {cc = "10™) THEN

501 ——err of 10C 1 iCorrect

502

203 wrongslot flg <= "0oooT;

504 w_slotR <= '1";

205 wrongslotR flg <= "10011";

506 false alm <= "000000";

507 f alrm <= '0";

508

509

510 EL3IF (wrongslot flg = "0010™) AND {count3E = "0001™)
511 = AND (dly C = "0010™) AND {(cc = "01™) THEN

512 ——err of 10C 2 iCorrect

513

5l4 wrongslot flg <= "0oooT;

515 w_slotR <= '1';

5la wrongslotR flg «= "10100";

517 false alm <= "000000";

518 f alrm <= '0";

519

520 ELSIF (wrongslot flg = "0010") RAND {count3E = "0001™)
521 = AND (dly C = "0011™) AND {cc = "10™) THEN

522 ——err of 10C 3 iCorrect

523

524 wrongsleot flg <= "00o0™:

525 wW_slotR <= '1";

526 wrongslotR_flg <= "10101";

527 false_alm <= "000000™>

528 f alrm «= '0';

529

530 EL5IF (wrongslot_flg = "0010™) RAND {countSE = "0001™)
031 = AND (dly_C = ™0100") 2WD {cc = "01™) THEN

532 ——err of 10C 4 iCorrect

032

534 wrongslot_flg <= "0000";

535 w_slotR <= '1';

536 wrongslotR_flg <= "10110%;

537 false_alm <= "000000™;

538 f alrm «= '0';

539

540 EL5IF (wrongslot_flg = "0010™) AND {count3SE = "0001™)
541 —| AND ({dly C = ™0101") AND {cc = "10™) THEN

542 ——err of 10C 5 iflorrect

543

544 wrongslot_flg <= "0000";

545 w_slotRE <= '1";

546 wrongsloth_flg <= "10111";

547 false alm <= "000000";

548 f alrm <= '0';

5449

530 EL3IF (wrongslot_flg = "0010") AND {count3E = "0001™)
Tl = AND (dly C = ™011l0™) AND (cc = "01™) THEN

552 ——err of 10C 6 iCorrect

553
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254
255
258
237
258
253
260
261
562
563
564
563
566
267
568
569
370
371
372
373
574
373
376
a7
378
ai7g
580
581
582
583
584
585
588
587
588
589
590
=Lal
592
593
594
S85
596
597
598
599
600
601
602
603
604
605
606
a07
608

Appendix 3: VHDL Code Listing and Designs

wrongslot flg <= "QooaoT;
wW_slotR <= "1"v:
wrongslotR flg <= “110007";

£ alrm <= "07';

ELSIF (wrongslot flg = "0010"™) AMD (countSE = "

IND (dly C = "0111") ZND (cc = "10") THEN

——err of 10C 7 iCorrect
wrongslot flg <= "0oaoT;
wW_3lotR <= "1";
wrongslotR flg <= "11001";

f alrm <= '0';

ELSTF (wrongslot flg = "0010"™) AWND (countSE = "

BWD (dly_C = ™1000") AND (cc = "01™) THEN
——err of 10C & iCorrect

wrongslot flg <= "0
wW_31lotR =
wrongslotR flg «= "110107";

2 O
LT =]
L]
.

=

f alrm <= "0';

ELSTF (wrongslot flg = "0010") AND (countSE = "

END (dly_C = ™1001") AND (cc = "10™) THEN
——err of 10C 9 iCorrect

wrongslot flg <= "0
wW_slotR =1
wrongslotR flg «= "11011";

- O

=
LT
L]
.

f alrm <= '0';

ELSIF (wrongslot det = "01™) AND (cc = "10™)
END {count3BE »= "0011™) THEN
——err of 100 3r »>= 3

wrongslot_flg <= "1000™:
wrongslot_det <= "ggm™:
wW_slot €= 117

ELSIF (wrongslot_det = "10"™) BRND (cc = "01™)
AND {count3SE »= "0011™) THEN
——err of 011 sr >= 3

wrongslot_flg <= "1000";
wrongslot_det <= "00";
w_slot €= "17:

a

0

0

a

a0

a

a

a

a

1)

")

")
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609

610

611 EL3IF (count3R »= "0010™)AND (cc = ™10™)

612 = AND {o_f = "0") BRND (wrongslot_det = "00™)THEN
613 ——err bit of 0

614

615

616 wrongalot_detc <= "01";

6l7 w_slotR <= '0';

6l8 wrongslotR flg «= "00000";

619

620 EL3IF (count3R >= "0010"™)AND (cc = "01™)

621 B AND {o_f = "1")AND (wrongslot_det = "00")THEN
622 ——err bit of 1

623

624

625 wrongslot_det <= "10%;

626 w_3lotR <= '0';

627 wrongslotR flg «= "00000";

628

629 & EL3E

630 wrongslot_det <= "00%;

631 wrongalot flg <= "00oov;

632 wrongslotR flg <= "00000";

633 w_slot <= 'd';

634 w_3lotR <= '0';

635 false alm <= "000000";

636 f alrm <= '0';

637

638

6349 END IF;

640

641 END IF;

a4z OF_ws <= w_slot;

643 OF_wsr <= w_slotR;

644 OF _fa «= £ _alrm;

645

646

647

648 END PROCESS;

649

650 = FROCESS

651

652 BEGIN

653

654 WAIT UNTIL (Clk' EVENT AND Clk = '"1");

655

656 H= IF Reset = '0' THEN

657

658 reglPl <= "000000000000000000000000000000000000000000000000™ 7
659 reg0P2 «= "000000000000000000000000000000000000000000000000™ ¢
660

66l = EL3IF Resget = '1'" THEHN

662

663 reglPl <= TPl & regOPFl (47 downto 2);
664 reglP2 <= TPl & regOPZ2 (47 downto 2);
665
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666
667
668
669
670
871
672
673
674
875
676
877
6878
6879
aE0
681
BE2
6883
agd
685
686
887
L it
LTl
630
691
692
693
094
695
6946
6497
698
64949
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722

IF (w_slot = "1
CASE wrongslot_

WHEN "0110"™ ==
"10" & regOPl
WHEN "0101" =
"01" & regOFl
WHEN "1000"™ ==
"00" & regOPl
WHEN CTHERS =

END CASE;

Appendix 3: VHDL Code Listing and Designs

') THEN

flg I3

reglPl <= IFl1 & regOFl
{39 downto 2) ;7

reglPl <= IPFl & regCFl
{39 downto 2);

reglPl <= IFl1 & regOFl
{39 downto 2) ;7

regOPl <= reg0Pl;:

ELSIF (w_slotkE = '1") THEN

CASE wrongslotR_flg IS

WHEN "00100™ =>
"00" & regOFl

WHEN "01010™ =>
"10" & regOPF2
WHEN "01011" =>
"10" & regOF2
WHEN "01100™ =>
"10" & regOP2
WHEN "01101™ =>
"10" & regOF2
WHEN "01110™ =>
"10" & regOP2
WHEN "01111" =>
"10" & regOF2
WHEN "10000™ =>
"10" & regOP2
WHEN "10001" =
"10" & regOF2
WHEN "10010™ =>
"10" & regOP2
WHEN "10011" =
"01" & regOF2
WHEN "10100™ =>
"01" & regOP2
WHEN "10101" =
"01" & regOF2
WHEN "10110™ =>
"01" & regOF2
WHEN "10111" =
"01" & regOF2
WHEN "1l000™ =>
"01" & regOF2
WHEN "11001™ =>»
"01" & regOF2
WHEN "11010™ =>
"01" & regOF2

reg0Pl <= IPl & regOPl
{39 downto 2);
regOF2 <= IPl & regOFl
regOFl <= IPl & regOPF2
{37 downto 2):
reg0OPl <= IPl & regOP2
{35 downto 2);
reg0OFl <= IPl & regOFZ2
{33 downto 2):
reg0OPl <= IPl & regOP2
{31 downto 2);
reg0OFl <= IPl & regOFZ2
{29 downto 2) ;7
regOPl <= IPl & regOP2
(27 downto 2);
reg0OFl <= IPl & regOFZ2
{25 downto 2) 7
reglFl <= IPl & regQlP2
{23 downto 2);
reg0OFl <= IPl & regOFZ2
{21 downto 2) ;7
reglFl <= IPl & regQlP2
{37 downto 2);
reg0OPl <= IPl & regOP2
{35 downto 2) ;7
reglFl <= IPl & regQlP2
{33 downto 2);
reg0OPl <= IPl & regOP2
{31 downto 2);
reglFl <= IPl & regQlP2
{29 downto 2);
reg0OPl <= IPl & regOP2
{27 downto 2);
regOFl <= IPl & regOPF2
{25 downto 2);
reg0OPl <= IPl & regOP2
{23 downto 2);

(n-1 downto 42)

(n-1 downto 42)

(n-1 downto 42)

{n-1 downtoc 42)

(n-1 downtoc 2);
(n-1 downto 40)

(n-1 downtc 38)

{n-1 downtoc 36)

(n-1 downtc 34)

{n-1 downto 32)

(n-1 downtc 30)

{n-1 downto 28)

(n-1 downtco 26)

(n-1 downto 24)

{n-1 downtoc 40)

{n-1 downtoc 38)

(n-1 downtoc 36)

{n-1 downtoc 34)

(n-1 downto 32)

{n-1 downtoc 30)

(n-1 downtoc 28)

{n-1 downtoc 2&)

&

&

&
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723
724
725
726
727
728
725
730
731
732
733
734
735
736
737
738
735
740
741
742
743
744
745
748
747
748
745
730
731
732
733
754
755
756
737
758
755
760
761
762
763
LT
765
7686
767
768
769
770
771
772
773
774
775
776
77
778
779
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WHEN "11011" => regOFl <«= IFl = regOFZ

"01" & regOPF2 (21 downtoc 2);
WHEN COTHEERES => regOPl <= regOPl:

END CLSE;

EL3IF {f_alrm = "1") THEN
regOP2 <= IPl & reglPl (n-1 downto
CASE false_alm I3

WHEN "010011" => reglOPl «= IP1 &
"01"™ & reglPl (39 downto 2) ;7

WHEN "010l00" == reglPl <= IP1 =
"10"™ & reglPl (3% downtoc 2);

WHEN "000001" == reglPl <= IPFl =
"01" & regOPl (37 downtoc 2)7

WHEN "000010" => reglFl <= IPF1 =
"10" & regOPl (37 downtoc 2);

WHEN "000011" == reglPFl <= IPFl =
"10™ & regOPl (35 downto 2)»

WHEN "000100" => reglOPl «= IP1 &
"01"™ & reglPl (35 downto 2) 7

WHEN "000101" == reglPl <= IP1 =
reglPl ({33 downtoc 2);

olio" == reglFl <= IFl =

re

"01l" &

WHEN "00
10T & gqOPl (33 downto 2);

WHEN "000111" => regqlPFl <= IFl =
"10" & regOPl (31 downtoc 2);

WHEN "00l000™ => reg0Fl <= IPl =
"01" & regOPl (31 downtoc 2)»

WHEN "001001"™ =» regq0Pl <= IP1 =
"glr Pl ({29 downtc 2):»

WHEN ™ "= reg0Pl <= IP1 =
"iov regq0Pl ({37 downtc 2);

WHEN " 1L == reglPFl <= IFl =
"glT regOPl (37 downtoc 2);

WHEN "001100"™ => regq0Fl <= IFl =
"gLlT regOPl (35 downtoc 2);

WHEN "001101" => reg0Fl <= IPl =
"ioT regOPl (35 downtc 2):

WHEN "001110"™ =» regq0Pl <= IP1 =
"10"™ & reglPl (33 downto 2) 7

WHEN "001111" =3» reg0Pl <= IP1 =
"01" & reglPl (33 downtoc 2);

WHEN "010000" => reglPFl <= IFl =

"glT reg0Pl ({31 downtoc 2);

an

re

an

=
=

re
01

!

[T ]

a

[y
[}

a

[T ]

a

=
[

[ T R o I O e Y 1

=

[

&

WHEN "010001" => regq0Fl <= IFl =
10T & gqOPl (31 downtoc 2);

WHEN "010010"™ => reg0Fl <= IPl =
"10™ & regOPl (29 downtoc 2)»

regOP1

regOP1

reglPl

regOP1

regOP1

regOP1

regOP1

regOPl

regOP1

regOP1

regOP1

regOP1

regOPl

regOP1

regOP1

regOP1

regOP1

regOPl

regOP1

regOP1

WHEN CTHERS = regOPl <= regOPl;

END CASE;

(n-1

{n-1

{n-1

(n-1

(n-1

(n-1

{n-1

(n-1

(n-1

(n-1

{n-1

{n-1

(n-1

(n-1

(n-1

{n-1

{n-1

(n-1

(n-1

(n-1

(n-1 downtoc 24) =

downto 42)

downto 42)

downto 40)

downtoc 40)

downtoc 38)

downtoc 38)

downto 36)

downtoc 36)

downtoc 34)

downtoc 34)

downto 32)

downto 40)

downtoc 40)

downtoc 38)

downtoc 38)

downto 36)

downto 36)

downtoc 34)

downtoc 34)

downtoc 32)
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TEO
TE1l
TE2
TE3
TEd
TE5
788
787
TE8
TE9
790
791
792
793
794
795
796
797
798
7949
800
g01
g0z
803
g04
805
g0a
ga7
g0a
809
810
811
glz
813
gl4d
gl15
gla
g17

Appendix 3: VHDL Code Listing and Designs

END IF;

END IF;

END PROCESS:

FROCESS

BEGIN

WAIT UNTIL (Clk2'ewvent and Clk2="0");
IF (Reset = '0') THEN
shift_reg3 «= "00™;

ELSE IF (load D3 = '1") THEN

shift reg3 <= reg0OFl (1 downto 0);

ELSE IF(Eeset = "1' ) THEN

shift reg3 <= shift reg3 (0) =
END IF;

END IF;

END IF;

OF_F <= shift_reg3 (1);

END FROCESS;

END func;

shift_reg3

(1):
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Appendix 3.5: Load Data from MLSD Block

1 B —-K Mostcafa--
2 ——University of Huddersfield--
3 —-DuaPPM Project-—-
4 ——DucoPPM Data Loading-—-
= ——Load Data From MLSD Block--
&
7 library ieee;
8 usge ieee.std logic 1164.211;
] use ieee.std logic arith.all:;
10 use ieee.std logic unsigned.all:;
11
12 Eencity Para load is
13
14 —| port (2ignal Clk2 : IN =td logic:
15 2ignal Reset : IN =std logic:
16 signal load D3 : OUT std logic):
17
18 end Para load;
18
20 = architecture func of Para load is
21
22 SIGHAL ctrl? :5TD LOGIC VECTOR (1 DOWNTO O) :="01";
23 SIGHAL regload3 tstd logic = '0';
24
25 = BEGTIN
26
27 = FROCESS (ClkZ, Eeset, ctrll)
28
25 BEEGIN
30
31 = IF (Reset = '0') THEHN
32
33 ctrlz «= "Q1";
3
B3I = ELSE IF(Clk2'ewvent and Clk2='0') THEN
36
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=T ctrl? <= (ctrl2(0))& (ctrl2(l)):
38

39 END IF:

40 END IF:

41

42 END PROCESS:;

43

144 = FROCESS

45

46 BEGIN

47

48 WAIT UNTIL (ClkZ2'EVENT AND Clk2 = '1'):
49 g IF({ctrl2 = ™10"™ ) THEHN
S0 regload3 <= '1';

Sl

=2 = ELSE

53 regload3 <= '0!';

54

S5 END IF:

56

57 load D3 <= regloadi;
LE

59 END PROCESS:

&0

&6l END func:
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Appendix 3.6: SIPO Two-Bit for Decoder

1 B —-FK Mo=stafa--

2 ——Tniver=ity of Hudder=sfield--

3 ——DuoPFPM Project-—-

4 ——5IPC Two EBit for Decoder—-

=

a LIBRARY IEEE;

7 USE IEEE.=std logic 1164.ALL;

8 USE IEEE.=std logic_arith.ALL;

g9 USE IEEE.=std logic unsigned.ALL;

10

11

12 EENTITY ducoppm decoder is

13

14 -] PORT (SIGHAL Clk duppm : IN std logic:
15 SIGHAL Reset : IN std logic:
16 SIGHAL duocppm : IN std logic:
17 SIGHAL cutput H OOT std logic wector (1 DOWNTC 0))
18

19 END duoppm decoder;

20

21

22 EARCHITECTURE behavior OF duoppm decoder I3

23

24 SIGHAL ctrl i std_logic _wector (1 DOWNTC O):="01";
25 SIGHAL duo bit ¢ std_logic:

28 SIGHAL one_ zero ¢ std_logic_wector (1 DOWNTOC Q) :="00";
27

28 EBEGIN

29

30 = FROCESS

31 BEEGIN

32 WAIT UNIIL (Clk duppm®' EVENT AND Clk duppm = '1'}):;
Sz

34 = IF (Reset = '0') THEN

35 duo bit <= '0';

36

37T =B ELSE

38 duc kit <= duoppm;

39 END IF:

40

41 one_ zero <= (one_zero (0)& duo_bit):

42 ctrl <= (ctrl(0)&ctrlil)):

43
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44 END PROCESS;

2

46 = FROCESS

47 BEGIN

48 WLIT UNTIL (Clk duppm' EVENT AND Clk duppm = '0'):
44

S0 = IF (Reset = '0O') THEHN
51 output <= "00";

52

2 = ELSIF (Reset = '"1') THEHN
S = IF {ctrl="10") THEH

SE

1 output <= one_ZzZero;

ST

S8 END IF;

L END IF;

&0

6l END PROCESS;

a2 END behavior;
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Appendix 3.7: DuoPPM to PCM Decoder

(V=R = B T T BT L i 2

LAy T T T 'y Oy o Y Y Y R Y S Y Y Y O 75 I 75 O VT LT I O Lo IO IO I L T % T T % (% S S O I i et e el e e S e S
S = T Y L % S e T C s T Y O L % S e T - S I« T Y S W R % s T« I« B B T O L = I . Y WL % B S o

B ——K Mostaf
—--Universi
—-—DuaPFM P
——DuoPFM t

LIBRARY IE
USE IEEE.s
USE IEEE.s=s
USE IEEE.=s

Appendix 3: VHDL Code Listing and Designs

a——

ty of Huddersfield--
roject——

o PCM Decoder—-

EE:

td logic 1164.ALL;

td_logic_arith.ALL;
td logic_unsigned.ALL;

EENTITY duoppm decoder final is

= PORT (5
3
5
=]

IGHAL PCM clk : IN std logic;

IGHATL. Reset : IN std logic;

IGHNAL ducppm : IN std logic wector
IGHNAL PCM Out : 00T =std logic):

END ducppm _decoder final;

E ARCHITECTIU

SIGHAL

= BEGIN

= PROCES

BE

TR

= IF

5t

= EL
=

END FROCES

RE bhv OF ducppm decoder final IS
Start_temp t std logic = '1';

5

GIN

IT UNTIL (PCHM clk' EVENT ZND PCHM clk = '1'");
[Reset = "0') THEN

art_temp <= '1°;

S5IF (Reset = '1') THEN

IF (duocppm = "00")and(Start_temp = "1")THEN

Start_temp <= '0';
PCH out <= Start_temp;

ELSIF (duoppm = "00")and (Start_temp = '0')THEN

Start_temp <= '1';
PCH out <= Start_temp;

ELSIF {(duoppm = "01")THEHW
Start_temp <= '1°;
PCHM out <= Start_temp;

ELSIF (duoppm = "10")} THEN
Start_temp <= '0';

PCH out <= Start_temp;

END IF:
END IF;

5;

(1 DOWNIO 0):
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Appendix 3.7: PRBS PCM Regenerator from Received
PCM for Bit Error Rate Test

1

2 B -—-K Moscafa--

3 ——Oniversity of Huddersfield--

4 ——DucPPM Project——

2 —-—PEES PCM Regenerator from Received PCM-—-

[

) LIBRARY IEEE;

8 USE IEEE.std logic_1164.ALL:

k] USE IEEE.std logic arith.LLL;

10 USE IEEE.std logic_ unsigned.ALL;

11

12 EENTITY duoppm BERT is

13

14 B PORT (SIGHNAL PCH clk IN std logic:
15 S5IGHAL Reset IN std logic;
16 SIGHAL duocppmn IN std logic;
17 SIGHAL PCHM Regen OUT =std logic);
is8

139 END duoppm BERT:

20

21

22 BEARCHITECTURE bhv OF duoppm BERT IS

23

24 SIGNAL internal regl std logic wector (0 TO T) = "0QOo00000";
25 SIGHAL Tnp std logic_vwvector (0 TO 7T) = "pi1l1i1i1iiav;
26 SIGHAL load std logic = "1';

27

28 B BEGIN

29 = PROCESS

30

31 VARIABLE first_tap std logic;

32 VARIZLBLE second tap std logic;

33 VARIAELE third tap std logic;

2

25 BEGIN

36 WAIT UNTIL (PCHM clk' EVENT AND PCHM clk = '0');
27

38 = IF (Reset = '0') THEN

3

40 intermal regl <= "00000000";

41 Top <= "Ql111111";

42 load <= '1"

43

4 = ELSIF (Reset = 'l1l') THENW

45

46 B IF (internal regl = "11111111") THEN

47

48 load <= 'Q";

49 first tap = Tmp (3) xor Tmp (4):

50 second tap = Tmp (5) xor Tmp (7);

51 third tap i= first_tap xor second tap;
52 Tmp <= third tap & Tmp (0 TO &)
=F

54 BCM Regen <= Tmp (0);

55

56 = ELSIF (load = "1') THEN

57 internal regl <= internal regl (1 TO 7) & duoppm;
58

28

&0 END IF:

61 END IF:

62

63 END PROCESS;

64

&5 END bhwv;
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Appendix 3.8: Schematic of the Complete DuoPPM System

[P AcH | -

[FRADE] -
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Appendix 4: Transceiver PCB Layouts

Appendix 4

R
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\ =

Fig. A4 —4.2: VCSEL driver circuit board PCB layout.
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Appendix 4: Transceiver PCB Layouts

Fig. A4 —4.3: Transimpedance preamplifier and limiting amplifier for the photodiode receiver

PCB layout.

)

(&

Fig. A4 — 4.4: PCB layout of Current Mode Logic (CML) to LVTTL voltage translator for

receiver and FPGA development board interface matching.
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Appendix 5: MLSD Theoretical Error Sequences

Appendix 5

MLSD Theoretical Error Sequences.

In order to implement the MLSD for DuoPPM, the MLSD algorithm for the possible errors
were developed first. Using the devised algorithm, number of equivalent PCM errors in a given
erroneous DuoPPM sequence can be calculated theoretically. Two key assumptions that have
been made are: number of DuoPPM errors in any one data sequence is no more than 1 and
maximum number of consecutive C (Change) symbols in any given sequence is 9. As it can be
seen from the table in the following page, there is no need to devise equations for wrong-slot
errors since all wrong-slot errors will be detected and corrected by the MLSD. It is also
noticeable from the table that the erasure error of 1 and 0 in a sequence of same characteristics
will result in same number of equivalent PCM errors. However, false alarm of same symbol (0
in 0C1 and 1 in 1CO0) and different symbol (0 in 1C0 and 1 in 0C1) will result in different
numbers of equivalent PCM errors which have been shown in the table in the next page. In the
table for false alarm sequences, two columns for ‘CODE’: number in first column is number
of Cs in the first sequence and number in second column is number of Cs in the second

sequence. ‘K’ is the position in the second sequence where error has been detected.

After the table in the following page, all possible correct sequences have been tabulated
considering the aforementioned assumptions. Errors are injected in all possible positions in
each sequence and MLSD has been used to resolve the erroneous sequences. Equivalent PCM
errors have been found which conforms to the algorithms developed, thus confirming the

validity of the MLSD.
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Appendix 5: MLSD Theoretical Error Sequences

ALL ERRORS IN xC + yC + 4 PCM BITS CODE k F.A. DIFFERENT -0in 1CO or 1in OC1
| | 1{2(3|4]5]6|7(8 ]9
WRONG SLOTS PCM ERRORS 11| |2 k ODD - combs=k+1
1{2] [2[2 k EVEN - combs=y-k+1
01 0 113 2124 ERRORS=(combs-1)/2 in usual
- 14| [2[3la]1
0«1 0 - double pulse 1[5 [2]ala|2]6
1l6| [2[5|4[3]6]1
1(7 | [2[6la[4l6[2]8
ERASURE 1(8| [2[7[4[5|6(3]8]1
1(o| [2[8l4[6]|6[4]|8[2]10
0 mod(x-y)/2
1 mod(x-y)/2 CODE k F.A. SAME-0in 0Clor 1in 1CO
| 1{2(3|4]5]6|7|8 1|9
FALSE ALARM (combs-1)/2 11| |2 k ODD - combs=y-k+1
| 1{2] [2]3 k EVEN - combs=k+1
— 113 3]3(1 ERRORS=(combs-1)/2 in usual
DIFFERENT k ODD - combhs=k+1 T2l 123205
k EVEN - combs=y-k+1 15| |5/3[3]5]1
| | 16| [6]3]a]5]2]7
— 1{7 [ [7[3[5|5(3]7|1
SAME k ODD - combs=y-k+1 1Tel slzlelslal7I21s
k EVEN - combs=k+1 19| [olzlzl5l5]7]3]0]1

Table. A5 -5.1: Devised equations to calculate equivalent PCM errors in all possible erroneous sequences.
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Appendix 5: MLSD Theoretical Error Sequences

1.21fclofc{c|ao 11| 0jC|C |0 1jc|{ojc|c{a 1/ 1]0f{ 0of 1{of o

22|0C|C|ojc|c| 0 QIC|10|C|C|D giIc|clojc|c|o o oj1{ofof1f{of0

Of 0j1(7[of1]0 1] [0.5ERRORS

=
=t
=]
=t
=
=]

J2|NCcjcjc|{ojcjc{a Tcfcf{1fofcfc{ao 1C|cjc|ofcC|c| 0 1] 1

g2l0Ccjcjc|c|ojc{c|o glIC|C|cl1jojc|c|o DIC|C|Cl{c| Ojc{c| O oloj1{of1{ofof1{afo

s2Neje|ccjcloc{c|{o INojc|C|c) 1) 0|C|C |0 Hoelc|clc{ofc|c| o 111/ 01/ 0)1)0]0]1]0/(0

g2lojCc|c|c|Cc|C|c|{afc|{C|{O QIC|c|c|c|c |1 ojc|c|o glc |cjiclcfc|c|ojC{c|{ D Ol op 1| 0f 1] Of1{0{0]1|{0]0
gicclc|cc{c|c)c|{o Qo 1{0]p1)of1f1]0]1]0
0l 0) 1] 0] 1joj1f{7{of1{0jD0] |0.5 ERRORS
r2|cjc|clc|c|cjcf{ojc)c|a MNCe|C|C|c{C|1]0C|{c|[D Tcjcfc|C|Cfc{Cloc(c| D i 1] ofifoj1joj1)ojof1|0)0
1jclC|C|C|C|C{1fjC|Cc|C| D 1] 1] 01 101 1{D0{1]0]0

1.3 [(1|C] 0T 110 |Cjc|1 1|C

-]
[
2
i
—
-t
—
=]
—
=)
-t
—

-]
L
[
[
—
[
-]
=
[ =]
-
=]
e
—

23|0C(C)ojc|cic|1 OiCl1{ojCjc|C]1 Ojc|C

OlOj1Z|0f1/0)1f1] [0.5ERRORS
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Appendix 5: MLSD Theoretical Error Sequences

W.S. OF 0 FORWARD TO 1 - ALWAYS ZERC ERRORS

1.1 |1|C| O] 1 1] 1S |1 1] ojc| 1 0 ERRORS

21 |0 Cc]ofc]1 Dc|Cl1jc] 1 DS |C|O]C] 1 EllEQF!.DRE

20 1fC|c|C | O0C] 1 1SS 1S ] 1 1SS |Slojc|1 :IIIEHHDQS

41 |ojc(CCc|oc] 1 DCjClC (S 1S 1 ojc|C|C |Slo]c] 1 IllliFlHDQS

51 |1(C|Cc|Cc|C|C| oS 1 1C|C|C|CC|ojc] t 1S |S{S|S|C | o|C| 1 DILH?OH&

.1 |0fC|C|C|C|C|C] OS] 1 glc|cl|C|C|C|C]|1]C]1 DC|CIC [C|C|C]| DS ] 1 DLHHO?S

TA 1S |CcjcC|Cc|ClC|o]jc|1 S| |C|C o |C S [1]S]1 1jC|clc|c(ClC|C|oS] 1 E-IIEQHDHS

B |ofCc|c|C|C|Cc|C|C || o] 1 Dc|C|c|C|C|S || [1]S] 1 pc|c|C|C|C|CjC|c|0jc] 1 EILQFLDFLS

o1 |[1jC|C|C|S|C|C|C|S|S| 0] 1 1SS 2SS [ClC S]] 1]E ] 1 1|C|C|C|C|C|C|C|C|S ]| DS ] 1 D|E~QJHS
1.2 |[1|C|0C|C|0 1S ] 1SS O S| 0SS ] O 0 ERRORS

22 |0jcjcloc|c| o gjc|cljc(c| o D || ojc|c |0 IIIIEHHDQS

32 |MfCc|c|c|o|c|Cc| o 1S|C|c | 1|c|C| D 1jc|c|c |o|c|c] 0 IllliFlHDQS

42 |0jCc|(C|C|C| S|S0 DC|C|S|S]| 1SS ] 0 O|c |S|C S| O|S|C] o I:'IlEFl:.'.C:'Hé

A2 |1jCc|c|Cc|C|C| S |S] 0 1S |S|CS|S|S | 1S || 1|CC|C SISl DS|S] 0 EllEH?.O?"a

G2 |oC|c|C|C|C|C]|OjC|[C|D DCc|C|C|C|C (S| 1|C|c |0 ojlc|C|c|c|C|C]ojC|c| o EIIIEQFLDHS

T2 |MCc(ClC|c|[C|S|C|0|C|C| 0 C|C|C S |C|C S 1SS O 1C|C|C|C|C|C|C|0|C|CS] 0 EllEQF!.C:'FlS

B.2 |D|C|C|C|C|C|C|C S| O)C|CS]| o DS |C|C|C|C|C|lC|Cl1|C|e | D pc|C|C|C(C|C|le|C|oS|S]| O :I:El:l:qql_'lF!iS

Wrong-slot of 1 back to 0 will always produce zero errors because it will consist two pulses in the same data frame

which is not allowed for DuoPPM coding scheme and will be detected by the MLSD code.

Kamrunnasim Mostafa, University of Huddersfield, November 2015 Page 312



Appendix 5: MLSD Theoretical Error Sequences

W.5. OF 1 FORWARD TO 0 - ALWAYS ONE ERROR

ofoj1{1)0{0
1.1)0|C] 1|C| 0 ojc|Cc| 0|0 ojc|c|{ojo of o)1 0joj0 1 ERROR

3.1 |0fC|C

[
[
[=]
=)
[
[
[
[
=
=
=)
[}
[}
[}
[
=
=
[=]
=)
[=]
=
=
=)
m
Al
A
(=]
A

41 Mc|icfc)cf{c| o 1C|C{C|C|C) 0|0 b (o ] o o] Lo 0] 111 0{1)0{1)0{0]0] |fERROR
ofoj1f o1y 0f 1) 1{0]0
SrjoC|iccC|icic| |0 (oS |C({S|C({C) o]0 joe|cfS)C|c|Cl oo ofop1fo1jof1)0/00f |1ERROR
1p10o[10{10 ofo
8 O 0 o oo [oe o [y o R Lo I e |C(E|C({C|C(C] 0f0 IE|C{C|C{C|C|C) 0|0 1p10o[10{10 ofoja ERROR

st Cc|cjclcfc|C)C)C| 1|C] o Ho|C|C|Cjc|C|C|C)1)C| 0 clClc|C|C|C|C|{C] 1|C| D 11010 1|of1{01)0)0|0f [1ERROR
ofop1jojijofr)of1jop1f1)of0
8.1 |0jC|C|C|C|C|C|C|C|C|(1]C) 0 O|C[C|C|C|C|C{C ST 1)1C |0 0|C|C|C|C|C|C|C[C|C|1|C| 0 ojof1{of1)0)tjof1{o]1jojo)0| (1
ofo 1) 1] 0] 1] 1
1.2 |0|C C[C]1 0|C(C|0C] 1 0|C (S| 0|C ajofr{o] aj1f 1 ERROR

Z2joc|cc1c|c|1 JIC|CIC|C{0C|1 ofc|c(c|c{oc] 1 oo 1fo)j1foof 1] 1] (1 ERROR
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Appendix 5: MLSD Theoretical Error Sequences

1| 1fo| 1] o] 1| 1] 0] 1] 1 [ ] ] |
42 [lclcleleilelel 1] lelelclclelolc | Tilclclcleleelcl 1] [ 1 t[e| 1ol 1] ofal 1] 1] |1 ERROR

Dpop1jofpof1top1
S2|0C|C|ClC|C] 1S 1 (1] Lo Loy (o o) (o) Lo ) [ olc|c)C S| O)C| 1 of o] 1] 0 1) 0f 1] 0] 01| 1] |1 ERROR

g2 tCc(c|C|C|C|Cf 1S |C 1 HE|C[C|C|C (S| 0[C)1 HC|C|CS|C|C|C|lS)1 f1pof1fopifopnojo11f |1 ERROR

olo alt|of tfof11|0 i
T2 |0)C|C|C|C)C{CIC] 1)CE] 1 QlC|C|C|Cc|C|C{C]| DT DIClC|ClC|C|C|C|C] OS] 1 da| 0 gl of t|oj1jofo)if1 1 ERROR
1110 oj1)0 gptp1api1
B2 [1C|C|C|C TS| 11E[C] 1 1C|C|C|C|C|C{C ST O|C ] f eSS |C|C|C|ClC|[C]O0{C] 1 11 1{ 0] 110]1] D olijofajap] |11
of o 1] 1{ o[ 1|ofol [ | | |
i3lolclilelelcl ol lolclclojclc|ol |olclc]olclelo]l [0l ol1] ol of 1] ol of |1 ERROR

(=]
[
[
[
[ ]
[ ]
[
| -
[
[
[
—
[
]
=]
]
[
]
=3
]
[
=3
—
=3
=
=]
=3

1 ERROR
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1.5 ERROR

]

1
1
1

a| o

1 ERROR

0

Appendix 5: MLSD Theoretical Error Sequences

1
110] 0
10| O

0

|
of Of 1

1

1

0

1

0.5 ERRORS

1
1

1

oja
0
0

o) of 1{ o= | 1] Of 1] 1

1
oloja
0
0

0
0

]

]

1
1

0

C

HIEEEREE

0
110 O
1
1

1
1

0 ERRORS

1|C

1
of Oj1
1

1
1

1
1
1
1

0
0
1|C|C

1
1
1

ojo| o

0
0
0

1

oj oj1
1|C|C|C|C

1)1C|C

1C|C|C| 0T
1S S|C|C

ojCc |c|C|C

1] 4|0) 0] 1)1
[}

o

O)c [ 0S| |T
o [Z|c

oc [S|{C S| 0T
(] Lo o] ey o] o

11C|C [S|C
1{C | O]C C|C

1{C|C
1{C|C|C|0|C

1|C [T
1{C|C|C [C

1
1
1

1

1|C |C
a| ojc [ |C
a|C
e | 0jc
J|C | |C

G

1S OfC
1|C|C

1
1

Cl|C|C|C|C|C

1
1

gC|c|C(C|C|C

1S C|C|C

1|C|C|C
ojc (C |C|C

1

1

1S OfC
o|jcjc|ojc

ERASURE OF 0 - Modulus of {x-y)2 per usual

1.1
1

-
Z
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Appendix 5: MLSD Theoretical Error Sequences

5
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v
o
Lil
w3
L L)
o
m ||| ||| ||| |
H T v canll I Lol I o | o | e | -
% % olololalololalala]= =
m ||| |||~ |S|& ]|
o | —|— ||~ || —|= ]| = olo|olo|la|lala|—|—|—|=
L || || || ||| | |||~ ||| ||| —
w“ FIEFIEIEEEEEEE FIEIEEE GGG E S
[ [ e ) p— p— e I === =alolalalalala
—|= =]~ |—]=]|—]| = o|lojao|lola|al—|=|—|= ao|la|la|l—]—|—]|—|—|=|—]|=
Bl Bl Bl Bl Bl Bl B2l Bl K bl Bl B Bl B [ 1 A 1 S e b EIEIEIEIEIEIEEE
ololalalalale =) o|o|alal= ===~ S| | === == |~ |=|— |—
SIEIES =k FIEIEEREIEE FIEIE R EEREEREEE
oo [alalal=[=[~]= | o= == === =] = olololalolalalalalale
M EEEIEIEIEIrE SEEIEIGEIEEEEEE
ol |l ||| || || || ||| | ||| ||| ||
D i e B Sl el il il O i i i Bl il Bl O (=1 [+ 1 =] =] =] [S] [S] [+] [ +] b
e i i el il bl el el =] [&] [5] 151 18] D] (] [5] k15
e el Ll e Ll L] L L Al Il il el Rl Rl Bl el R Ll ol eafea el e
EIEEIEECEIEE ol eafea el el wlal™ [ DS ] D] L5 D] [S] Lal 18 %] [
L) gy Ly L) Ly L) e ) L L) o ) ) ol [ e
A A A e L e L] (] L ) bl ) B o L (8] D51 1] 5] bl 51 051 L8] [%] [
L] LS L ] Pl L] [ o Qe |ealo =] ool ] o L R ol [ ] [ [ o] [
(8] L] [5] %] [S] [&] Lol [ & (o] L8] 18] [ 5] Ll [S] R ][4 ] [&] Glo|Plolo]olofo]ola
calea[ea]ealia | |ia e |2 o] eaia e (] Rl D] N DD D] DS TS0 D1 16
L3 [La] ]| = o s [ | ea [ea)a ol eafea e S ol el jea|ea [l ea]a
AL L] — | ||l | [ el LS ] L ] ) [ Qe ojaojajaja|ja|ala
e [ el ]| T eala ol [l calea e
L] I ] ] e ] g o] i A A A A A N A A i
SFIEEFEEEE [¥]
[ o s i e e )} ] — [
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- L] [ ]
L] L] [
i i L]
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L= L= [
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ERRORS
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0

0|0

1.5 ERROR

[u ]

RROR

0
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[
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[
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Appendix 6

Appendix 6: Project Gantt Chart

Tas - Task Name Duratic - Start - Finish
Mo
= Theory and Implementation of 1333 Mon Wed 25/11/15
DucPPm Coding Scheme days 18/10/10
= - Literature Review 267 days Tue 19/10/10 Wed 26/10/11
s Coding Schemes 30 days Tue 19/10/10 Mon 29/11/10
E ol Fibre cables and bandwidth 30 days wWed Tue 11/01/11
01/12/10
E ol MLSD 45 days  wed Tue 15/03/11
12/01/11
E o Apllication 30 days Wed Tue 26/04/11
16/03/11
E FPGA and WVHDL 20 days Sun 24/04/11 Thu 19/05/11
Implemenetation
=+ Laser Diode 20 days Sun 15/05/11 Thu 09/06/11
b o Receiver 30 days Mon Fri 15/07/11
06/06/11
=+ BERT ( Bit Error Rate Test) 55 days Sun 10/07/11 Thu 22/09/11
E o First Year Progression Report 0 days Sat 20/08/11 Sat 20/08/11
and Presentation
=+ Clock and data Recovery 25 days Thu 22/09/11 wWed 26/10/11
= = Theoretical Analysis 246 days wed wed 31/10/12
23f11/11
=+ system modelling for DuoPPM 68 days  wed Fri2a/02/12
23/11/11
B Simulation of DuoPPM coding 70 days Wed Tue 29/05/12
scheme 22/02/12
B Comparison with other schemes 60 days Thu 24/05/12 Wed 15/08/12
and results
E o Second Year Progression Report 0days  Mon Mon 20/08/12
and Presentation 20/08/12
E Maximum Likelihood Sequence 55days Thu 16/08/12 Wed 31/10/12
| Detection (MLSD) Simulations
= = WHDL and FPGA Implementation 267 days Thu 01/11/12 Fri 08/11/13
E e WHDL designs of coder and S50days Thuo01/11/12 Wed 09/01/13
decoder
B Implementation of Bit Error S50days Wed Tue 02/04/13
Rate Test (BERT) on FPGA 23/01/13
B MLSD implementation 4asdays Tue 02/04/12 Mon 03/06/13
E sl Programming FPGA with the 80days Mon Fri 20/09/13
Designs 03/06/13
E sl Results and Analysis 35days Mon Fri 08/11/13
23/09/13
= = Transceiver Designs 246 days Frio08/11/12 Fri17/10/14
E ol Plastic Optical Fibre Link Analysi 40 days  Fri 08/11/13 Thu 02/01/14
Eal Designs parameters setting 30days Wed 15/01/1: Tue 25/02/14
E sl Laser Diode Driver design with  35days Thu 13/02/14 Wed 02/04/14
TTL to LVDS converter
E ol Transimpedance amplifier 30days Thu 20/03/14 [wed 30/04/14
-+ Limiting Amplifier 45 days  wed Tue 17/06/14
16/04/14
E e Comparator 20days Tue 17/06/14 Mon 14/07/14
B Woltage translator (CML to 4sdays Sat05/07/14 Thu 04/09/14
LVTTL)
B Results and analysis 35days Mon Fri 17/10/14
01/09/14
Eal Writing up 285 days Thu 09/10/14 Wed 11/11/15
E o Submission of thesis odays Wed wed 25/11/15

25/11/15
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Datasheets: VCSEL Laser
Datasheets

1.25Gbps 850nm VCSEL diode in ST receptacle with
monitor PD

P 7 LASERMATE GROUP, INC.
THE FRIEND OF LASERS

Model No. TST-M85A426-2H

1.25Gbps 850nm VCSEL diode in ST receptacle with monitor PD

FEATURES:

» Industry standard connector of metallic ST+-type receptacle.
* Pre-aligned for multi-mode fiber communication.

» With monitoring PD.

* Data rate operation from DC to 1.25Gbps

ELECTRO-OPTICAL CHARACTERISTICS:

PARAMETERS SYMBOL MIN TYP MAX UNIT |TEST CONDITIONS"
Threshold Current Iy 2 3.5 mA

Wavelength Ap 830 850 860 nm I7=6 mA

Fiber Coupled Power Po 1 1.7 mW_ |I;=6 mA

Forward Voltage Vg 1.6 1.8 2.1 \Y% Ir=6 mA
Breakdown voltage Vap 5 14 V Iz=10 nA

Rise Time/Fall Time Tr 0.15 ns Ib = Ith, 20%~80%
Series Resistance Rg 35 45 65 Q Ir=6 mA

Spectral width (RMS) Al 0.85 nm I =6 mA

Relative Intensity Noise RIN -122 dB/Hz |lz=6 mA ,f=1 GHz
Monitor Current Iy 50 LA

ABSOLUTE MAXIMUM RATINGS:

PARAMETERS MIN MAX UNIT _ |CONDITIONS
Storage Temperature -40 85 °C

Operating Temperature 0 70 &

Lead Solder Temperature 260 °C 10 seconds
Solder Time 10 sec

Forward Current (LD) 20 mA

Reverse Voltage (LD) 5 Vv
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Datasheets: VCSEL Laser

1[| LASERMATE GROUP, INC.

\

Mechanical Outline (unit: mm);

‘.maq
& I
3 f | 1|,
s £ 1| 3| 2
g 8 | | =
= e —
;%\ —_—
2 Yo Y
e o—i
; ' | ‘ " -
W
s | |, ’ “ A
L
Pinout;
TST-M85A426-2H
- Number Function
I VOSEL Cathode
2 VOSEL AnodePD Cathode

FD Anode

Case

WARNING

The VCSEL is a class 111b laser in the safety standard
ANSI Z136.1 and should be treated as a potential eve hazard.

THE FRIEND OF LASERS

[PAL

l

1042

o(e)

—

D

I

2-56"UNC-2B6 3 180P 2 PLC

IVUERLE LANER RAD AT N
AVOD DMECT DPO DM E ToBtaw

CLALS p® LaseEn PROCUCT
COmp ef Wi PDA 31 CFR 126310 8 1040 11
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Datasheets: VCSEL Laser

Circult and Circuit Board Precautions
Whiiz ooeraling. a laser dicde can be easily damagead by surge currents which may occur during power on

and alt of the drive circud or while adjusting the pawer output. Care must also be taken In prevent surpa cirrants
ltomentenng tha circut from external sources

Fig, 371

Be sure 10 atach a heat sink,
s Be careful that 10 surge current antars thedoagh Mo hast sink

Lisyer diodo\

- ep— Gorest W cosult mear tha lasar diade,

St diactly
wheMuer oozsibéa

Moke surs connedtions

are Tooure. An open of
o 300N Clrcat whilc the

Powar i5 on will respllin

dataricoation Bo sure 1o naen & 55w staner Circut 1o

, absced surges from the DG powar supply
O [She pages 24 s 30 for details |

DC power supply

’ | /
e
0e
o
Use 2 ralioble conlrot for asiting

AC100V
' ar cal .
:l‘o ":'c;'"'fa"l’a(:\‘::c"c"':ﬁp‘:'efl.!’ n wrcnl surges. l Yee Ac nons filler b
Mpropet GO ¥ ges. pravent ightng surges.

U@ two-wes 3hgidoo
cobie

Wihile the aser oooe 2 powered up, do not touch probes from a synchroscope of veltmeter against the circuitry
o iaser diode terminals

»|f ewen an instantaneous excessive optical power output should be emitted while the laser diode is cperating, the
werenr surlaces of the lager diode chip will be damaged. Even If the drive current supply has an APC, ACC, or
lah, be sure to manitor the oplical power output white setting it. ! is not safe to estimate the optical power output

on'y froem the dove current ’

SRR AL E SRS ALV

lcte: Added prisetion oM IeCTICERAC SUNgRs Fig, 37-2 Lnductor  10-<1004H
O fArpes iom (he orouery con be . 1
ottamadt by VZEnng a codl 6ng CADACIoe L G; Menolithic ceramic

nmar ihe Weer doce as shown n Fig 37-2 " gl capachor
4 03~ 18,F
Laser \p" o hi
‘ j’ ctedioge  When applyed high speed
¢ d ; moaylation b the laser
' . diode, make the LC lime
2 constant smal refalive 1o
= s reGuired response time.
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Datasheets: VCSEL Laser

. —emm— e <

Handiing Precautions

S s com— e— —— S S— S—— —

Because of thair quick response (graater than 1 GHz) and Fig 36-1 Changes In Optical Power Output v, Forward
lever ppErating voltage (lypizally about 2 V), laser diodes Current Characteristic atter Surge Current
are exiremely susceptible to damage caused by surge
currents

It excassive current is allowed to low through the laser
diode, the optical power output would becoms too large

and rapid deterioration of the device witt result. Applica-

ton of an electrosiatic charge will cause achangeinthe
oplical power oulput vs, forward current characlenstlic, as
shown in Fxg 36-1 Even an instananecus applcation of a
A0voit charge will increase the drive current acd limit the
usanility of the laser tiode. Whenever handling laser

dicles, pleasa pay strict attention to the foliowing
precautions:

Normal L yer 40-V srge

Asar 100-V surge

&

Optical power output Po

Formard currant i,

Electrostatic Surge Prevention

Laser dlodes are aven more sensitive to electrosiatic discharge than CMOS LSI's, and require aven mare
praventive measuras

Exarnple of Laser Diode Workbanch

Fig 36-2 Example of Workbench
C

)
|

-~
J

~ y
_V'J \

wa

o

il

B B &

| A& I'Wrist stsap
| B8 FConcuctive oo mat
| C Meontzed air blower
| D }Conductive 1able mat
Musl have the same potentiaf as the floor mat.
| E }Ground
Geound through a 1-MQ resiztance,
| F }Grounded scldering won
| G }AmiGlatic shoes
[H Y Humidfiar

\Wnan shipping laser diodes, they shoud be insered in antistatic bags to prevent electrostatic charging due 1o
vibraton
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PIN Photodiode

[\ LASERMATE GROUP, INC.

=

Vv

RST-M85A306

Connectorized High-speed GaAs PIN Photodiode in ST Receptacle

FEATURES:

o Industry standard connector of metallic ST*-type receptacle.
For detecting 850 nm
Pre-aligned for 62.5/125 um multi-mode fibers.
High Speed up to 1.25Gbps
Low dark current and low capacitance.

THE FRIEND OF LASERS

ELECTRO-OPTICAL CHARACTERISTICS:

PARAMETER SYMBOL MIN TP MAX UNIT TEST CONDITIONS
Responsivity R 04 0.6 AW Vie= 35 V, A = 850 nm
Dark Current ) 3 nA V=5V, Ta=25°C
Breakgown Voliage Van 50 | 1 Vv Vr=5V
Rise/Fall Time Te! T | 1.15 nsec V=5V
Bandwidth BW | 12 1.5 GHz
ABSOLUTE MAXIMUM RATINGS:
PARAMETER MIN MAX UNIT CONDITIONS
Storage Temperature -40 85 'C
Operating Temperature 40 85 "
Lead Solder Temperature 260 "G 10 seconds
Forward current 5 mA
Reverse current | mA
Reverse voltage 30 v
OUTLINE DIMENSIONS (unit: mm):
grgaan
&
SATS=EN t
3 AT 12 e
w } %
‘_i,’ 0 | l —1 § g
S ET U AR
o & ' - et
ELJ — L ﬁ e
g — S =7 @D ,C)@@,/@
e . N
& \ — wl $ N
~ p— e - _.
i o ol |
e | = 2-56°UNC-28 3.18DP 2 PLC
L £ .
' l a Pinout
| @ Q28 1 Anode
T 2.Cothede
‘ 3.NC
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GI-POF MM Cable

Custom Fiber Optic Patch Cables
Custom Patch Cables

Industry-Looding Variety of Fiber, Connectors, and Tu
Quick Turnaround on Small Orders
Reliable Quality and Consistent Delivery on OEM Orders

Patch Configerator | Fiber Overview  Fider Optisns  Connector Options  Releted Produtls Actessories  Relatud Bems  Feedback  Tag Cloud

Thorlese stoxks tw largest ssfection of Seght (MO0e 300 MUMode optical Ndass 1 the photoncs ATy, I Sur Sseeclon of Qoded
oaich cabies does not meet vour reech, we aho offer Custon SaICh CalIe SerCes. Flatee Use the form Dedow 10 tudd and order our
QLo Catle. 1 you fnd your neess 30 7ot = by the options in the form below, Sleise JOALACT us and we Wil desgn b speceRy
Catde 1o Moet your noads

Fat Turmaround Service

N @ cabie ngtt any 10 et vour peodect? If pour 0oder & 2Rced before 2 P4 EST and the recuesl 6 for five O iess SV o MM
catibes, pach with & s indvedue lergth of 20 m, wee Wil SAUDIE 300 ship thers the sarme Sey (FM calies shg: 0 2 )

0EM Patch Cables
e e schaguied Oetaenes, competthe pnorg, Scout s, g Manten SIOCEND preemerts. Pase Satadt us mih any
QUESTONS pOu MRy TWE 50 we Ca Dether miet your DEM resch,

O 10 Enfasge
Qustom Paech Catre Yonu2aung Ared
a1 Thortats’ Newton, N0 Fackty

Bulld Your Custom Patch Cable

.

Step 1: Select Your Fiber Type

Pismar select Sngie Viode (5], Muimode (MM, Poiri Zaton-Martanng (PM], Daped, Or Maie Pber. Alerralnady, enler (e Lo number of the spediic
Ster pousagare. I vou are wrmare whech fider Tyt wil 26 Meet your reeds, Seme GO o e Py Gty bas for moee rformebion on sech Mo opfion

5M M W Dopes * Plaatc o Pan Number Lookup
Step 2: Select Your Fiber
GIPOFS0-P - 10.18 NA| 4
Step 3: Select Your Tubing

[Prafermed options will Bo nobed with an asterisk *)
R

Step 4: Select Your Connectors
{Preformed cpticns will Be noted with an asterisk {*)

Comnector 4 51

Cosnecier 2

Step 5: Select Your Length and Quantity

Lergn. Y00 meters  Tokeroncs of £1% or 47 o Whiehave! 15 Gredue

Quanity 1

Price and Shipping Information

Price {each): £168.20
Shipd! LA 1I0E - URIVory 0315 T DS provies upon Ovswr Cunlhmatun
Notes:

The pricing stove sefects the chosoes made vt Dhe fom, ¥ pOo reguine grager SCern e o 4%y G ety o, easd ORI UG [Contare o
SEECLONS A0 N 10m) and we Wi e Rappy 55 gk LD 00 6 10 Nos We 039 Dend. meet pour meech
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SY89327L LVVPECL Differential Translator

3.3V 2.5Gbps .

® @
EJJ | l_l_ !_|| I ANY INPUT-to-LVPECL Freclsgsggg;l_
S B8 S S DIFFERENTIAL TRANSLATOR

FEATURES .

m Input accepts virtually all logic standards;
+ Single-ended: SSTL, TTL, CMOS Precision Edge®
+ Differential: LVDS, HSTL, CML

Guaranteed AC performance over temp and voltage: DESCRIPTION

|
« DC-to >2.5Gbps data rate throughput . , o
+ DC-to >2.5GHz clock fyax The 3Y89327L is a fully differential, high-speed translator
+ <400ps In-to-Out tyy optimized to accept any logic standard from single-ended
« <200ps tft; TTL/CMOS to differential LVDS, HSTL, or CML and translate

it to LVPECL. Translation is guaranteed for speeds up to
2.5Ghps (2.5GHz togole frequency). The SYB8327L does
not intemally terminate its inputs because different interfacing

Ultra-low jitter design:
+ T5fs RMS phase jitter

= Low power: 46mW (typ) standards have different termination requirements.

B 100k LVPECL output The SY89327L is a member of Micrel's Precision Edge®
m Flow-through pinout and fully differential design family of high-speed logic devices. This family features ultra-
= Power supply 3.3V £10% small packaging, as well as high signal integrity and
m _40°C to +85°C temperature range operation at many differen_t supply voltages. .

m Available in ultra-small &-lead 2mm x 2mm GFN Al support documentation can be found on Micref's web

package site at www.micrel.com.

APPLICATIONS

® High-speed logic

® [Data communications systems

B Wireless communications systems
B Telecom systems

FUNCTIONAL BLOCK DIAGRAM TYPICAL APPLICATIONS CIRCUIT

nels © slvee

e o Hackplana
ANY IN ! LWPECLOUT / SYa8EETL
B &(1a

HC |4 £|VEE 100mY Input Swing /'>- A00mY Cutput Swing (LYPEGL)

8-Pin QFN (2Zmm x 2mm)

et nyi
VALY
) V AH0my

Juuy

Input Wiavelorm Oulpul Wavelorm
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SY89327L LVVPECL Differential Translator

Precizion Edge®
Micrel, Inc. SY89327L

PACKAGE/ORDERING INFORMATION

Ordering Information

MNC |1 o s[WVCC Package | Operating Package Lead
N2 a Part Number Type Range Marking Finizh
! SYBIIZTLMGTR QFN-5 Industrial 327 with Pb-Fres
M|z 6|10 Pb-Free bar-ine indicator | NiPdAu
MNC |4 5| GND
8-Pin QFN

PIN DESCRIPTION

Pin Number Pin Name Pin Function

2,3 IM, fIN Differential inputs: This input is the differential signal input to the device. This input
accepts AC- or DC-coupled signals as small as 100mY. External termination is required.
Please refer to the “Input Interface Applications” section for more details.

B VCC Positive power supply. Bypass with 0.1yF ||0.01uF low ESR capacitors.
7.6 Q, Differential LVPECL Qutput: Terminate with 500 to V.—2V. See “Output Interface
Applications" section. Qutput pair is 100k temperature compensated LVPECL compatibie.
5 GND, Ground: Ground pin and exposad pad must be connected to the same ground plane.
Exposed Pad
1,4 HC Mo connect.

FUNCTIONAL DESCRIPTION

Establishing Static Logic Inputs For LVDS applications, only point-to-point interfaces are
Do not leave unused inputs floating. Tie either the true or  supported. Due fo the current required by the input struciure

complement input to ground. A logic zero is achieved by  shown in Figure 1, multi-drop and multi-point architectures

connecfing the complement input fo ground with the true  are not supported.

input floating. For a TTL input, tie a 2.5k0 resistor between v

ihe complement input and ground. See “Input Interface”

section.

Input Levels

LVDS, CML, and HSTL differential signals may be
connected directly to the D inputs. Depending on the actual
worst case voliage seen, the SY8327L's performance varies
as per the following table:

Input Voltage Minimum Maximum Figure 1. Simplified Input Structure
Range Voltage Swing Translation Speed
Oto 2.4V 100m 2.5Gbps
0oV, +0.3V 200m 1.25Gbps
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SY89327L LVVPECL Differential Translator

Precision Edge®

Micrel, Inc. SYB932TL
Absolute Maximum Ratings() Operating Ratings!2)
Supply Voltage (Vep) o —05Vio+4.0V  Supply Voltage (Vep) oo 30V to3eY
Input Voltage (VIN) ... 0.5VioV..  Ambient Temperature (Ty) .o —40°C to +85°C
Input Current Package Thermal Resistance®
Source or sink current on 1IN, AN ... #H0mA  QFN (8,s)
Lead Temperature (soldering, 20 sec.)............... *260°C SR e 93°CIW
Storage Temperature (Tg) oo —65°C o +150°C RO e 87°CIW
QFN (W)
Junclion-to-Board ..o 32°CIW

DC ELECTRICAL CHARACTERISTICS!)

Ty =—40°C fo +85°C; unless stated.

Symibol Parameter Condition Min Typ Max | Units
Ve Power Supply 30 33 36 W
[ Power Supply Cument No load, max. V.15 28 45 ma

INPUT ELECTRICAL CHARACTERISTICSH)

Ve =33V £10%; Ty = —40°C to +85°C; R = 500 fo Vi..—2V, or equivalent, unless otherwise stated.

Symbol Parameter Condition Min Typ Max | Units
Vin Input HIGH oltage Wiy min must be = 1.2V Vopt03| W
Vi Input LOW “oltage -0.3 V
Vin Input Voltage Swing See Figure 2a, Vi = 24V 100 mif
See Figure 2a, Vi = Vg +0.3V 200 mf

LVPECL OUTPUT DC ELECTRICAL CHARACTERISTICS)

Voo =33V £10%; Ty = —40°C to +85°C; R = 500 fo V.—2V, or equivalent, unless otherwise stated.

Symbol Parameter Condition Min Typ Max | Units

Voo Cutput HIGH Voltage Vo155 Voo -1885) W
Q,Q

Von Output Common Mode Range Vo143 Vo 0B85 W
Q, i

Vout Cutput Voltage Swing See Figure 2a 550 a00 mif
Q,Q

VoierouT Differential Output Voltage Swing See Figure 2b 1100 | 1600 miap
0, i

Notes:

1. Permanent device damage may cccur if the “Absolute Maximum Ratings” are exceeded. This is a stress rating only and functional operation is not
implied at conditions other than those detailed in the operational sections of this data sheet. Exposure to the absolute maximum ratings conditions
for extended pericds may affect device reliability.

2. The data sheet limits are not guaranteed i the device is operated beyond the operating ratings.

3. Package Thermal Resistance assumes exposed pad is soldered (or equivalent) to the devices’ most negative potential on the PCE. W g uses 4-layer
By in still-air unless otherwize stated.

.

. The circuit is designed to meet the DG specifications shown in the above table after thermal equilibrium has been established.
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Micrel, Inc.

SY89327L LVVPECL Differential Translator

Precision Edge®

SYB932TL

AC ELECTRICAL CHARACTERISTICS ()

Ve = 3.3V 210%; T, = 40°C to +85°C; Ry =500 o V-2V, or equivalent, unless otherwise stated.

Symbaol Parameter Condition Min Typ Max | Units
fhaax Maximum Operafing Frequency MRZ Diata 25 Ghps
Voyr = 200my Clock 25 GHz
tra Propagation Delay
IM-o-C2, /IN-to-/C Wiy = 100mY 400
trrer RMS Phase Jitter Output = 622MHz 75 .
Integration Range: 12kHz - 20MHz
t Rise ! Fall Time (20% fo 80%) Af full cutput swing 200 [
Q, 12
Notes:
5. See "Timing Diagrams” section for definition of parameters. High frequency AC-parameters are guaranteed by design and characterzation.
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General Description

The MAX3735/MAX3T35A are +3.3V laser drivers for
SFP/SFF applications from 155Mbps up to 2.7Gbps.
The devices accept differential input data and provide
bizs and modulation currents for driving a laser. DC-
coupling to the laser allows for multirate applications
and reduces the number of external components. The
MAXIT35MAXITIEA are fully compliant with the SFP
MSA timing and the SFF-8472 transmit diagnostic
requirements.

An automatic power-control (APC) feedback loop 1= incor-
porated to maintain a constant average optical power
over temperature and lifetime. The wide modulation cur-
rent range of 10mA to 60mA (up to 85mA ACcoupled)
and bias current of 1mA to 100mA make this product
ideal for driving FP/DFE laser diodes in fiber-optic mod-
ules. The resistor range for the laser current settings is
optimized to interface with the 051858 SFP contraller IC.

The MAX3TI5MAXITIEA provide transmit-disable con-
trol, & single-point latched transmit-failure monitor out-
put, photocurrent monitoring, and bias-current
manitaring to indicate when the APC loop is unable to
maintain the average optical power. The MAX3735A
also features improved multirate operation.

The MAX3735/MAX37354 come in package and die
form, and operate over the extended temperature
range of 40°C to +85°C.

Applications
Gigabit Ethernet SFP/SFF Transcever Modules
1G/2G Fibre Channel SFPISFF Transcever
Modules

Multirate OC3 to OC48-FEC SFP/SFF Transceiver
Modules

MAX3735 Laser Driver

MAXIMN

Features

+ SFP Reference Design Available
+ Fully Compliant with SFP and SFF-8472 MSAs

+ Programmable Modulation Current from 10mA to
G0mA (DC-Coupled)

+ Programmable Modulation Current from 10mA to
B5mA (AC-Coupled)

Programmable Bias Current from 1mA to 100mA
Edge Trangition Times =51ps

27mA (typ) Power-Supply Current

Multirate 155Mbps to 2.7Gbps Operation
Automatic Average Power Control

On-Chip Pullup Resistor for TX_DISABLE

24-Pin 4mm = 4mm OFN package

Ordering Information

-®- &% & * * # »

PART TEMP RANGE PIN-PACKAGE
MAX3T3sED -40°C to +85°C Dice”
MAX3ITIEETG -40°C to +85°C 24 Thin OFN-EP™
MAX3TIEEGH -40°C to +85°C 24 OFN-EF
MAX3ITISAETG -40°C to +85°C 24 Thin QFN-EP™
MAX3TIEAETG+ -40°C to +85°C 24 Thin QFN-EP™

*Dice are designed to oparato Fom -40°C lo +85°C, but are
lesied and guarameed only at Ty = +25°C.

*“EP = Exposed pad.

+Denotes lead-fee package.

Pin Configuration appears at end of data sheet.

Typical Application Circuit

SERIES

[reF

FEFRESENTE A CONTRILLED- PEWACE TRARSMIESICH LIKE

VSELEXVIN/SELEXVIN
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ABSOLUTE MAXIMUM RATINGS

Supply Violtage, VCC.... SV £ 11l (s T 1
Curant into BIAS, OUT+, OUT- _.-20mé to +150mA,
Currant into MD.__. ~5MA o +5ms

Voltage at IN+, IN-, T.‘{ DISABLE, T}'I FAULT,
SHUTDOWN ... ...-0.5V o (Voo + 0.5V)

Continuous Power Dissipation (Ta = +85°C )
24-L ead Thin OFN (darate 20.8mW/=C

MODSET, APCSET ..
Voltage at OUT+, ouT-...
Voltage at APCFILTH, APCFILTE

otherwise noted.) (MNote 1)

Voltage at BIAS, PC_MON, EJC_M'EIH

.05V to (Voo + 0.5V
+0.5V o (Voo + 1.5V)
_~0.5V o +3V

ELECTRICAL CHARACTERISTICS
(Voo = +2.97V to +3.63V, Tp = -40°C to +85°C. Typical values at Voo = +3.3V, Igjas = 20md, oo = 30mA, Ta = +26°C, unless

above +85°C)... - 135amW

24-Lead QFN (darmg 20.8mWFC

above +85°C)... SRR b < 11|
Operating Ambient Tarrpgrmure Ranga rT,s_l - -40°C to +85°C
Storage Ambient Temparature Hangra =850 10 +150°C
Dia Aftach Temperatura ... 40050
Laad Temperature iuulderlng 1|:ts,:| 30050

Siresses beyond those isted under Absoiue Mexmum Agtings” may cause parmanart damage fo fie device. These are sirass mings only, and funcdona’
opeation |:|' rhe n'wce at these or any athar conditions bemru' those indicated n‘h‘;' nmu'nrﬁu'sacn'nns of the specfications is nof impiied, Expasure fo

MAX3735/MAX3735A

PARAMETER | SYMBOL | CONDITIONS MIN TYP MAX | UNITS
POWER SUPPLY
, ) . Excludes the laser bias and modulation
Powar-Supply Currant s currents (Note 2) 27 5D ma
I'0 SPECIFICATIONS
Diffarential Input Voltage Vio Vio = (Vi+) - (Vin-), Figura 1 200 2400 | mipp
Common-Mode Input Voltage 06 =Voo )
Diffarantial Input Resistance 85 100 115 ]
TX_DISABLE Input Pullup '
Resistance RpuLL 47 74 100 ke
VHigH = Vo 15
ISABLE Input C t
o floutmen WLow = GND, Voo = 3.3V, RpuLL = 7.4k 450 b
T¥_DISABLE Input High Violtage Vi 2 W
TX_DISABLE Input Low Voltage Vi 0.8 W
TX_FAULT Qutput High Voltage VioH loH = 100uA sourcing (Mota 3) 24 )
TH_FALLT Cutput Low Voltaga VoL Ipg. = imA sinking (MNate 3) 0.4 V
SHUTDOWN Output High Voltage VioH loH = 100WA sourzing Voz-04 )
SHUTDOWN Output Low Violtage Voo I = 100pA sinking 0.4 W
BIAS GENERATOR
Bias On-Cument Range IBlAS Current into BIAS pin 1 100 mA,
- Current into BIAS pin during TX_FALLT or
Bias Off-Cument lZ1As TX_DISABLE 100 sy
Bias Overshoot During SFF‘ qu ule hot plugging 0 %
{Motes 4, 5, 11)
Extamal resistor to GND definas tha voltage 10,0 12 a5
Bias-Current Monitor Gain lgcpaon | 94N, IBIAS = 1mA, Rac_woN = 69.28ka : ) mAA
Iziaz = 100mA, Rerc 0w = 633.250 11.5 13 3.5
Bias-Currant Monitor Gain 1mA < Igag < 100mA | MAX3735 +8 .
Stability {Motes 4, B) MAKITIRA +B
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ELECTRICAL CHARACTERISTICS (contlnued) E
(Voo = +2.97V o +3.63V, Ta = -40°C to +85°C. Typical values at Voo = +3.3V, IB1as = 20mA, IMoD = 30mA, TA = +25°C, unless
otherwisa noted.) (Mote 1) ) -
PARAMETER | SYMBOL | CONDITIONS MIN TYP  MAX | UNITS *
AUTOMATIC POWER-CONTROL LOOP H
MD Reversa Bias Voltage 18pA < lyp = 15004 1.6 L) ~
MD Average Current Range Isa0 Average currant into MD pin 1 500 A E
Blas = TmA _ann -
(MAX3735) =40 a0 =
Average Powar-Setting Stability ﬁff;l'f'f?:\' op 15 = 1M ,. oomi=C h
U I I:."mm:l 10 +110
e = 100mA -E50 +650 E
APC Closed Loop
W O t Hip - L]
Average Power Setting Accuracy {mA = 1B1AS = 100mA (Note &) 16 +16 % a
External rasistor to GND | pyawazas 0.8 1 1.23 t
defines the voltage gain; h
MO-Current Monitor Gain loc pmos | IMD = 180A, Rpe_mon = ] At
InMD = 1.5mA, Rpc_mon = 6002 0.95 1 1.05
. - i 18u4 < WD = 150008 MAX3Tas =10 +10
[ rent b g i
MDO-Current Monitor Gain Stabiity (Notes 4. ) MAXITIoA m " %
LASER MODULATOR
Currant into OUT+ pin; B = 152, VouTs. in 60
VouT- = 0.6V (DC-couplad) - =
Modulation On-Current Range IMoD md
Currant into OUT+ pin; BL = 152, VouTs, i a5
VoUT- = 2.0V (AC-coupled) - .
b Currant e | dment into OUT+ pin during TX_FALLT or
Modulation Cf-Current IMODOFF TX_DISABLE 100 A
Modulation-Current Stability InMop = 10mA 0 +480 | e
(Mote 4) IMOD = 60mA 255 +255 |
Ll | T el
Modulation-Current Absolute 10mA = lyyop < GomA (Note 8) 45 +15 5
Accuracy
Modulaticn-Current Rise Tima ie] 20% to 80%. 10mA = IMoD = 60mA (Note 4) 42 65 ps
Modulation-Current Fall Tima F 20% to 80%. 10mMA = lyop = 60mA (Mote 4) ] 80 ps
10mA = lyyop = B0mA at 2 67Gbps N
(Motes 4, 9, 10) 18 4
Datarministic Jittar Al 1.25Gbps (K28.5 pattam) 115 ps
At 622Mbps (Nota 9) 18
At 155Mbps (Mote 9) 40
Random Jitter RJ 10mA = oD = 60mA (Mote 4) 0.7 1.0 DEMS
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othanwiso noted.) (Mote 1)

ELECTRICAL CHARACTERISTICS (contlnued)
(Voo = +2.97V o +3.63V, Ta = -40°C to +85°C. Typical values at Voo = +3.3V, laias = 20mA, Moo = 30mA, Ta= +25°C, unless

M~ PARAMETER | SYMBOL | CONDITIONS MIN TYP  MAX | UNITS
2 SAFETY FEATURES
- TH_FAULT always occurs for Vo paon =
Excessive Bias-Cumant -
q 1.8V, TH_FAULT naver occurs for 122 130 1M W
C ator Threshold R
E omparator Threshold Range Ve Mot = 1.22V
S N TX_FAULT always occurs for Vpo o =
Excessive MO-Current -
l:n 1.38V, TX_FAULT naver occurs for 122 1.30 1.3 V
h Comparator Thrashold Range Vpc woN = 1.2V
N SFP TIMING REQUIREMENTS
n Tima from rising edge of TX_DISAELE to
x TX_DISABLE Assert Time t_off laias = Igasorr and lwon = wopDore 0.14 5 s
q (Mota 4)
Tima from falling adge _
= of TX_DISABLE to aﬁ;é m;ﬂ Y 1 ms
TX_DISABLE Negate Time ton [B28 ﬂ;‘ o & aer
TX_FAULT = 0 befora E"ﬂﬁfﬁ*" 600 | s
resat :
) Tima from falling adge of TX_MSAELE to
éﬁ_plS?fiTngm?lTlme LonFALLT | lgas and hyop at 95% of steady state whan 60 200 ms
unng BCavery TH_FALILT = 1 befora reset (Nota 4)
TX_FALLT Resat Time or Power- i, From power-on or negation of TX_FAULT )
On Time E | ysing TX_DISABLE (Note 4) e
- . Tima from fawlt to TX_FAULT on, Crat= . -
TX_FAULT Assert Tima t_fault S0pF. FEAULT = 4. 7ke2 (Nots 4) a3 50 s
Tima TX_DISAELE must bo held high to -
TX_DISABLE to Resat ressat TX_FAULT (Nota 4) s s

MNote 1:
Note 2:
MNote 3:
Note 4:
MNote 3:
Note G:
Nota 7:
Note 8:
Note 8:

Specifications at -40°C are guarantead by design and characterization. Dice are tested at Ta = +25°C only.
Maximum valus is specified at IMoD = 60mA, IBAS = 100mA.
TX_FAULT is an open-collector output and must be pulled up with a 4.7k to 10ka resistor.
Guarantaed by design and characterization.

Vi turn-on time must be = 0.8s, DC-coupled intarface.
{Gain stability is defined by the digital diagnostic documant (SFF-8472, rev. 9.0) over temperature and supply variation.
Aszuming that the laser diode to photodicde transfer funciion does not change with tamperatura.
Accuracy refers to pari-to-part variation.

Detarministic jitter is measured using a 223 - 1 PRES or equivalent pattern.
Mote 10: Broadband noise is filtered through the network as shown in Figure 3. One capacitor,

C = 0.47yF, and one 0603 ferrite bead or inductor can be added (optional). This supply voltage fittering reduces tha hot-
plugging inrush current. The supply noise must be = 100myop up o 2MHz.
Mote 11: CAPC values chosen as shown in Table 4 (MAX3735A).
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Typical Operating Characteristics

(Voo = +3.3V, Cape = 0.014F, Igias = 20mA, and Iyon = 30mA, Ta = +25°C, unless otherwise noted.)

OPTICAL EYE OPTICAL EYE
MAOTE ol | WACTE T
B.2E, 2.7Gbgs, 23GHz FILTER Ex ~ B2d8, 1 25Gbps, 300MH! FLTER
2’ - 1 PRBS, 13100m FP LASER K285 PATTERN, 1310nm FP LASER

MAX3735/MAX3735A

115050
OPTICAL EYE ELECTRICAL EYE
VALYE el OO b
£y~ 1208, 155Mbps, 117Mz FILTER 2.760ps, 27 - 1 PRES, | 1
2'- 1 PRBS. 1310nm FP LASER 30mA MODULATION

SV i

S1%ssav
BIAS-CURRENT MONITOR GAIN
SUPPLY CURRENT vs. TEMPERATURE vs. TEMPERATURE
2 :
EXCLUDES aus = ]
[ _AND oo =
" : X ;
=
= % s
g % 16
=
% § "
=
&
=} 12
0 10
-& -15 10 &) 60 85 -40 -15 10 k) ) B
TEMPERATURE (*C) TEMPERATURE (°C)
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Typical Operating Characteristics (continued)
Ve = +3.3V, Cape = 0.01pF, Igas = 20mA, and Iyon = 30mA, Ta = +25°C, unless otharwise noted.)

PHOTOCURRENT MONITOR GAIN k
5. TEMPERATURE MODULATION CURRENT 5. Rwposer MONITOR DIODE CURRENT ¥5. Rapcser u
kT 10 ) .
-E 00 E a g H
£ -
Fw o ©
R )] . -
L 7
s PR = h
z ) 5 g5
S * y e || k
] . b s
3
. \ e N (R)
[ =]
p N 0 I a
0 1 0 (-]
o 5 W % BB 1 1 100 1 1 10 w
TEMPERATURE {"C) RooeeT (I2) FiapossT (K2 h
EDGE TRANSITION TIME DETERMINISTIC JITTER RARDOM JITTER
¥5. MODULATION CURRENT ¥5. MODULATION CURRENT ¥5. MODULATION CURRENT
1] " 1] = Bl 4
L] 2 ]
a . a
_m 3 50 H 5 H
& -
| 4 In
'.E: =
= ] A1 TIME = =
- e | FALLTIME iw E is
'Zf . . [ {INCLLCENE PWE) E
i a FISE TIME Bl I S i o e B S — N
1} L] 05
K“a PWD
il o o
18 n X & G| 1 n a a5 ] m N 30 a =2 ]
I (A Tacn (e Tacn (R
HOT PLUG WITH TX_DISABLE LOW STARTUF WITH SLOW RAMPING SUPPLY TRANSMITTER EHABLE
MUOTE o MO i AT e
3w 3 Vor 13y i
™ /
L[y S—— | | v g W 1
VL e i
- LOW ] - LW FAILT L LW :
il SV i e | o e ek S - — —— - -
i TH_[RSABLE | HIGH =
i i on - 4ys o
o LOW : ) LOW i : LOW
¥_DIABLE TX_DISABLE - .
— 1 4
It - s i
LASER LASER LASER
1] e b g | ouTeuT o | 1
ety JOmEAN 12usidy
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g Typical Operating Characteristics (continued)
m (Vo = +3.3V, Capc = 0.01pF, Igjas = 20mA, and Iyop = 30mA, T = +25°C, unless otherwise noted.)
™M TRANSMITTER DISABLE RESPONSE TO FAULT
MCITS bt WA i
x w [33v ] DTENALLY |
< Vee Voo o | FORCED FALLTSNG
E } Tt |_tauf] - 085
FALRT g FALLT § LOW A PESmE——
R FALLT | LOW 0 qasse
jere—— |
™M TCORABLE | LOW - TX_DSARLE | Low |
N T .
I_of - 134ns §
n LASER LASER |
x ouTRUT oUTPUT
) 3 1
§ 4ns/dlv Tl
FAULT RECOVERY TIME FREQUENT ASSERTION OF TX_DISABLE
WG i 13 MG b e
i 1
Vec won [ TENAL i =1 Vrcaom ESRC i g
FAULT REMOVED Y EXTERNALLY
HIGH i | FORCED FALLT
FAULT i | BET— FALLT T
(e P, :
TX_DSARLE ! Moen ] s i
3 LOW i HIGH ! i TX_DISASLE ’. I » a
- ' —J ‘ —
LASER 1_:‘!! -G0ms LASER 3
QuTPUT 3 oUTPUT 3
1 - H
Yoms/ay Sz
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MAX3735 Laser Driver

Pin Description

PIN NAME FUNCTION
1,4,8, 14,18 Vo +3.3V Supply Violtage
2 M+ Maoninverted Data Input
a IN- Invertad Data Input
5 BC MON Phatodiode Current Monitor Qutput. Current out of this pin develops a ground-refarenced voltage
- 2cross an external resistor that is proportional to the menitor dicde currant.
Bias Curmrent Monitor Output. Current out of this pin davelops a ground-referenced voltage across an
B BC_MON . . : .
external resistor that is propaortional to the bias curant.
7,12, 22 GND Ground
g SULTDOWN Shutc_iwm Dirivar Output. Voitage output to confral an external transistor for optional shutdown
circuitry.
10 TX_FAULT | Open-Collector Transmit Fault Indicator (Tabla 1).
k! MODSET | A resistor connected from this pad to ground sets the desired modulation current.
13 BIAS Laser Bias Cumrent Output
15 18 OUT Moninverted Modulation Current Cutput. Connect pins 15 and 16 extemnally to minimize parasitic
' inductance of the package. IMoD flows into this pin whan input data is high.
17 OUT- Invertad Modulation Currant Cutput. wop flows inte this pin whan input data is low.
19 MO Monitor Diode Input. Connect this pin to the anoda of a monitor photodiede. A capacitor to ground is
raquirad to filter the high-speed AC monitor photocurmant.
a0 APCEILTH Connect a capacitor (Capc) betwean pin 20 (APCHLT1) and pin 21 (APCFILT2) to sat the dominant
pole of the APC feedback loop.
21 APCFILTZ | Sea APCFILTH
23 APCSET | A resistor connected from this pin to ground sets the desired average optical power.
24 TX DISABLE Transmitter Disable, TTL. Lasar cutput is disabled when TX_DISABLE is assartad high or left
- unconnected. The lasar cutput is enabled when this pin is assarted low.
= Exposed | Ground. Must ba solderad to the circuit board ground for proper thermal and electical parformance
Pad (zee the Exposed Fad Fackage section).

Detailed Description

The MAX3T35/MAX3T354 laser drivers consist of three
parts: a high-speed modulation driver, a laser-biasing
block with automatic power control (APC), and safety
circuitry (Figure 4). The circuit design is optimized for
high-speed and low-voltage (+3.3V) operation.

High-Speed Modulation Driver
The output stsge are composed of a high-speed differ-
ential pair and a programmable modulation current
source. The MAX3735/MAX3T35A are optimized for dn-
ving a 152 load; the minimum instantaneous voltage
required at OUT+ is 0.6V. Modulation current swings up
to 60mA are possible when the lazer diode i= DC-cou-
pled to the drver and up to 85mA when the laser diode
15 AC-coupled to the driver.

To interface with the laser diode, a damping resistor
(Rp) is required for impedance matching. The com-
bined resistance of the series damping resistor and the
equivalent series resistance of the laser diode should
equal 152. To reduce optical oufput aberrations and
duty-cycle distortion caused by laser diode parasitic
inductance, an AC shunt network might be necessary.
Refer to Maxim Applcation Mote HFAN 02.0: inferfacing
Maxaim’s Laser Drvers fo Laser Diodes for more informa-
tion.

At data rates of 2.7Gbps, any capacitive load at the
cathode of a laser diode degrades optical output perfor-
mance. Because the BIAS output is directly connected
to the laser cathode, minimize the parasitic capacitance
associated with the pin by using an inductor to isolate
the BIAS pin parasitics from the laser cathode.

VSELEXVIN/SELEXVIN

Kamrunnasim Mostafa, University of Huddersfield, November 2015

Page 346



MAX3735/MAX3735A

MAX3735 Laser Driver

2.7Gbps, Low-Power SFP Laser Drivers

AN AKX
. WPUT BUFFER HIGTS
100z
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Ve
o
PC_MION -
ERABLE
Fec_mow
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B
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EC_MIK Vo )
Fer:_ow J_—
= MODSET | APLFLT! L{ }J KPCFLTZ
I
F"ﬂwlg TORALT  TIDSABLE  SHUTDOWN ]
AT

Figure 4. Funcional Diagram

Laser-Blasing and APC
To maintain constant average optical power, the
MAX3735MAKITI5SA incorporate an APC loop to com-
pensate for the changes in laser threshold current over
temperature and lifetime. A back-facet photodiode
mounted in the laser package is used to convert the
optical power into a photocurrent. The APC loop
adjusts the laser bias current so that the monitor cur-
rent is matched to a reference current set by BAposeET.
The time constant of the APC loop s determined by an
external capacitor (CAPC). For possible CARC values,
see the Applications Information section.

Safety Circuitry
The safety circuitry containg an input disable
(TX_DISABLE), a latched fault output (TX_FAULT). and
fault detectors (Figure 5). This circuitry monitors the
operation of the laser dnver and forces a shutdown if a
fault iz detected (Table 1). A single-point fault can be a
short to Voo or GND. See Table 2 o view the circuit

respanse to various single-point failures. The transmit
fault condition is latched until reset by a toggle of
TH_DISABLE or Voo. The laser driver offers redundant
laser dinde shutdown through the optional shutdown
circuitry (see the Typical Apphications Circuif). The
TA_FAULT pin should be pulled high with a 4.7ka to
10k resistor to VoG as required by the SFP MSA.

Safety Circuitry Current Monitors
The MAXIT35/MAXITISA feature monitors (BC_MON,
PC_MON) for bias current (lgjas) and photo current
(IMD). The monitors are reslized by mirroring a fraction
of the curents and developing voliages across external
resistors connected to ground. Voltages greater than
1.38V at PC_MOM or BC_MON result in a fault state.
For example, connecting a 1002 resistor to ground on
each monitor cutput gives the following relationships:

VBC_MON = (IB1aS / 76) x 1000
VPC_MON = IMD x 1002
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Package Information
(The package drawingi(s) in this data sheet may not reflect the most current specifications. For the latest package outline information,
a0 10 www maxim-ic. com/packagas |
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MAX3665 Transimpedance Preamplifier

MAXIMN

622Mbps, Ultra-Low-Power, 3.3V

Transimpedance Preamplifier for SDH/SONET

General Description

The MAX3B65 low-power transimpedance preamplifier
for 622Mbps SDHASONET applications consumes only
70mW at Vioo = 3.3V, Dperatin? from a single +3.3V or
+5.0V supply, it converts a small photodiode current to a
measurable differential voltage. A DC cancellation circuit
provides a true differential output swing over a wide
range of input current levels, thus reducing pulse-width
distortion. The differenbial outputs are back-terminated
with 500 per side.

The averall transimpedance gain is nominally 8k€. Far
input signal levels beyond approximately S0pAp-p, the
amplifier will limit the output swing to 250mV. The
MAX3665's low 55nd input noise provides a typical
sensitvity of -33.2dBm in 1300nm, 622Mbps receivers.

The MAX3665 is designed to be used in conjunction
with the MAX3676 clock recovery and data retiming IC
with imiting amplifier. Together they form a complete
3.3V or 5.0V 622Mbps SDHSOMET recenver.

In die form, the MAX36E5 is designed fo fit on a header
with a PIM diode. It includes a filker connection that pro-
vides positive bias for the photodiode through a 1.5k02

resistor to VoC. The device is available in an 8-pin
HMAX® package.

Applications

SOH/SOMET Receivers
PIM Photodiode Preamgplifiers and Receivers
Regenerators for SOH/SONET

Features

+3.3V or +5.0V Single-Supply Operation
55nARMS Input-Referred Noise
70mW Power Consumption at Ve = 3.3V

450pA Peak Input Current

S99EXVIN

260ps (max) Deterministic Jitter
Differential Qutput Drives 1000 Load
4T0MHz Bandwidth

+
+
+
# Bld} Gain
+
+
+
+

Ordering Information

PART TEMP RANGE PIN-PACKAGE
MAXIBEEEUA -40°0 to +85°C 8 uMAK
MAXIBESED (sea Nota) Dica

Node: Dice are designed to oparate over a -40°C o + 140°C
junction temperature (Tj) range, but are lested and guaranteed

#HATy=

+25°C.

Pin Configuration appears at end of dafa sheef.

LMAX 5 3 regisiored trademark of Maxim Ihlegraied Products, Inc.

Typical Application Circuit
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MAX3665 Transimpedance Preamplifier

622Mbps, Ultra-Low-Power, 3.3V
Transimpedance Preamplifier for SDH/SONET

Voo
Cortinuous Currant at IN_

Voltage at OUT+, OUT
Voltage at FILT .. .
Cortinuous Power DISSIDEHII:II'I liT.n. = +3_-‘=I3;

MAX3665

ABSOLUTE MAXIMUM RATINGS

— 1

Voo - 18V (Ve + 050
0.5V to (Voo + 05Y)

8-Fin pMAX {derate 4.5mWFC above +85°C) ...

205mW

Oparating Junction Temperature (dig) ...
Processing Temperature (dig) ...
Storage Temperature Range ...
Lead Temperature (soldening, 108) ..o

. -5_-|:t:|+150|:

Strassas bayond those listad under Absolute Maximum Aatings ™ may cause parmanant damags io the daace. Thase ae sirass ratings only, and functional
ooaation of tha dewice at these or any other condiions bayond those indicatad in the opemtiona sections of the specifications iz not impied, Exposure fo

absolute maxmum rating conditions for exiended periods may afect device relabiity.

DC ELECTRICAL CHARACTERISTICS

Ve = +3.3V £10% or +5.0V +10%, 1000 load between OUT+ and OUT-, T = -40°C to +85°C. Typical values are at Voo = +3.3V,

Ta = +25°C, unless oiharwise noted.)

PARAMETER SYMBOL CONDITIONS MIN TYP  MAX | UNITS
Input Bias Voltage Vin iN = O 1o 300pA 0.8 0.95 ')
Gain Monlinearity N =0 to 10pAsp £5 %
Supply Current log Iy=0 1 30 mA
Small-Signal Transimpedance 21 Differantial cutput 7 8 kil
Output Common-Moda Voltage Voo -0.15 I
Differential Ouiput Offsat AVour iy = 300pA =5 my
Output Impedance (per sida) Zout 45 50 52 0
Maximum Cutput Voltage VouTiMaxy | IN = 450pApp 260 450 | mVpp
Filter Resistor RFILT 1.5 ki

AC ELECTRICAL CHARACTERISTICS

(Voo = +3.3V £10% or +5.0V =10%, 10042 lbad betwean OUT+ and OUT-, source capacitance = 0.5pF, Ta = -40°C to +85°C. Typical
values are at Voo = 3.3V, Ta = +25°C, unless otherwise noted.) (Motes 1 and 2)

PARAMETER SYMBOL CONDITIONS MIN TYP  MAX | UNITS
Small-Signal Eandwidth EW_343 Ralativa to gain at 10MHz 404 470 MHz
Low-Frequency Cutoff -3dB with [py = SpA 20 A0 kHz
Daterministic Jitter Jo 213 1 PAES with 100 ClDs 100 260 ps
RMS Moise Referred to Input in 55 72 né
Power-Supply Rejection Ratio PERR L;Jgﬂﬁaﬂﬂﬂﬂqr:;rmd to output, - a7 48

Note 1: AC charactenstics are guaranteed by design.

Mota 2: Mazsured with a 3-pola fiter at the cutput. Ciy =

Mote 3: PERRA = -20log (AVouT / AVCC).

0.5pF, N =

0, CFILT = 1000pF.
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MAX3665 Transimpedance Preamplifier

622Mbps, Ultra-Low-Power, 3.3V
Transimpedance Preamplifier for SDH/SONET

Typical Operating Characteristics
(Voo = +3.3V, includes offchip filter, see Figure 3b, Ta = +25°C, unless otharwisa notad.)

S99EXVIN

INPUT-REFERRED NOISE SMALL-SIGNAL GRIN PULSE-WIDTH DISTORTION
vs. TEMPERATURE vz. FREQUENCY vs. TEMPERATURE (INPUT = 100uAp.p)
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MAX3665 Transimpedance Preamplifier

622Mbps, Ultra-Low-Power, 3.3V
Transimpedance Preamplifier for SDH/SONET

) Typical Operating Characteristics (continued)
O (Voo = +33V, includss off-chip fitter, see Figure 3b, Ta = +25°C, unless otherwise nated )
g DIFFERENTIAL OUTPUT AMPLITUDE EYE DIAGRAM EYE DIAGRAM
* vs. TEMPERATURE (INPUT = 450.:Ap.p) (INPUT = 10yAp.p) {IPUT = 450y Ap.p)
4 H
< . : ; :
E —— ————
s ! =
= /Ff ' = yd
£ 3m Vg - 500 = £ Kh 1= = L
= ____..-F" o | B !
x | = E | E [ .
E oy < ) N b 17 " el
= {-ﬁ/ i ] N
E _L_ Ml | _ __l__
I el
& =ore- 1 - T
NPUT: 2131 PRES NPUT: 291 PRES
- CONTAING 900 FERDG CONTANE 100 ZERDS
4 M 0 BN 4 @ ;0 200gsv 200psdiv
AMBIENT TEMPERATURE 1°C)
Pin Description Ve
PIN NAME FUNCTION | FILT_
1 Yoo +3.3V or +5.0V Supply Voltage
2 IN Signal Input (From Photodioda)
. N.C Mo Connection. Mat intemally con-
- e nactad.
P FILT Cn-Chip Resistor for Filtering RSN
- Photodiode Supply Volitage
5, & GHD Ground
Monimvarting Voltage Cutput. Current N
i ClUT+ flowing into IN causes VouT, to
increass, OUT-
- oUT- Imverting Voltage Owutput. Current flow-
- ing into IN causes VouT- to dacrease
Detailed Description

The MAX36E5 is & transimpedance amplifier designed
for 622Mbps SDH/SONET applications. It compnses a
transimpedance amplifier, a paraphase amplifier with
CML differential outputs, and a DC cancellation loop.
Figure 1 shows a functional diagram of the MAX3665.

Transimpedance Amplifier
The signal current at IN flows into the summing node of a
high-gain amplifier. Shunt feedback through RF converts
this current to a voltage. Diodes D1 and D2 clamp the
output voltage for large input cuments TEAD

Fgure 1. Functional Diagram
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MAX3665 Transimpedance Preamplifier

622Mbps, Ultra-Low-Power, 3.3V
Transimpedance Preamplifier for SDH/SONET

Pin Configuration Chip Topography g
FILT IN Vee >
TOP VIEW | | | *
w: [ 7] cno | ' I | i )
I 2] mwm 7] our- : o
N 3] : €] ours =i B o
ALt [4] [5] GND e ;- “ .
WAX [_1 [ :.,m:—-;:g::' % e
o —— i 53 -
-~ ff = : e o
g Ig " HH ST {1.27mm)
= I"i e | Boapm| " :‘___
fadiemy Fly
t F Tt 1| 1
Ty P e 4 (g
l ~.7~1—vw—_r-f__ filii gl
- «; ! .- “,- e
| : Ll } Y
0uT: ouT-
0.03"
< (0.76mm) >
TRANSISTOR COUNT: 443
SUBSTRATE CONNECTED TO GND
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General Description

The MAX3748 multirate limiting amplifier functions as a
data quantizer for SONET, Fibre Channel, and Gigabit
Ethemet optical receners. The amplifier accepts & wide
range of input voltages and provides constant-level
current-mode logic (CML) output voltages with con-
trolled edge speeds.

A received-signal-strength indicator (RSS]) is available
when the MAX3748 is combined with the MAX3744 SFP
transimpedance amplifier (TIA). A receiver consisting of
the MAX3744 and the MAX3748 can provide up to
13dB RSSI dynamic range. Additional features include
a programmahble Ioss-uf—sianaI (LOS) detect, an option-
al disable function (DISABLE), and an cutput signal
polarity reversal (OUTPOL). Output disable can be
used to implement squelch.

The combination of the MAX3748 and the MAX3T44
allows for the implementation of all the small-form-factor
SFF-8472 digital diagnostic specifications using a stan-
dard 4-pin TO-46 header. The MAX3748 is packaged in
a 3mm x 3mm, 16-pin thin QFM package with an
exposed pad.

Applications
Gigabit Ethernet SFF/SFP Transceiver Modules
Fibre Channel SFF/SFP Transcever Modules

Multirate OC-3 to OC-48-FEC SFR/SFP
Transcever Modules

MAX3748 Multi-rate Limiting Amplifier

MAXIM

Compact 155Mbps to 4.25Gbp

Limiting Ampliﬁei

Features

+ SFP Reference Design Available

+ 16-Pin TQFN Package with 3mm x 3mm Footprint
+ Single 3.3V Supply Voltage

+ B6ps Rise and Fall Time

+ Loss of Signal with Programmable Threshold

+ RSS5I Interface (with MAX3744 TIA)

+ Output Disable

+ Polarity Select

+ B.7psp-p Deterministic Jitter (4.25Gbps)

S8rLEXVIN

Ordering Information

PART TEMP RANGE  PIN-PACKAGE
MAX3I7T4BHETE#G1E"  -40°Cto +85°C 16 TORMN-EP™
Maxar48ETE -40FCto +85°C 16 TOFMN-EP™

H = hybrid lead-free package. “See Detalod Description for
more information. The MAX3748H is the MAX3748 in a hybrid
lead-free package.

#Denotes a BoHS-compliant device thal may include lead that
is axempt under the BoHS requirements.

**EP = Exposed pad.

Functional Diagram and Pin Configuration appear at end of
data sheef.

Typical Operating Circuits

SFPOPTICAL RECHVER HOST BARD
AN T0 HEADER SUPRLY ALTER HOST ALTER
|_“£|'ILF Yo FX
DUTROL iz CATT CAZ i
I [~ ou |"‘|F
‘ 4
1
LiF SERDES
3 QuT: I
= H
maam |7
e
RS TH ] DIABLE  LOS
[E185E 4.7l TO 10h2:
HNPUT DAEKDSTI By = | L A — Vor KOST
MONTR
= L%
L
Tyoical Operating Circuils confnued at end of data sheet.
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MAX3748 Multi-rate Limiting Amplifier

Compact 155Mbps to 4.25Gbps
Limiting Ampilifier

Cumentinto LOS ...

MAX3748

ABSOLUTE MAXIMUM RATINGS

Powar-Supply Vaoltage (Vog)....o.....
Voftage at IM+, IN- ...
Violftage at DISABLE, OUTPOL, RSSI,

CAZ1, CAZ2 LOS TH.... DAV I (VCC + DSV)

Diffarantial Input Voltage (M + - IN-) e
Continuous Current at CML Outputs
(OUT=, OUT-)

0.5V 1o +6.0V
Voo - 2.4V) o (Voo + 0.5V)

Continuous Power Dissipation {Ty = +70°C)
TOFM {derate 17.7mW above +70°C).e 2 1AW

Cyperating Junction Temperature Range (Ty)...-55°C to +150°C

Storage Ambient Temperature Range (Ts)

~1mA to +omA Lead Temparature {(soldaring, 108)........ocooeoe..
cerrersnmnnee e N Soldering Temperature (refiow)
-25mA o +25mA Hybrid TOFM e

-55°C to +150°C
B

e 240°C
e 250°C

Strosses bayond those isted under Absoiute Maximum Aatngs” may cause pamanant damage io the device. These are stress raings only, and functona’
oparation of the dadce at thase or any ofher conditions bayond those ndicated in the oparational sections of the speaifications is nof implisd. Expasurs fo
absolute maximumn rating conditons for extended panods may affect device raiabiiy.

ELECTRICAL CHARACTERISTICS

(Voo = 297V to 3.63V, ambiant tamperatura

-40°C to +85°C, CML output load is 5062 to Voo, Caz = 0.1pF, typical values ars at

+25°C, Voo = 3.3V, unless otherwise specified. The data input transition time is cantrolled by a Ath-order Bessal filtar with f54p =
0.75 x 2.667GHz for all data rates of 2.667Gbps and below, and with f-343 = 0.75 x data rate for data rates > 3.2Gbps.)

PARAMETER SYMBOL CONDITIONS MIN  TYP MAX | UNITS
Single-Ended Input Resistance Single ended to Vo 42 50 58 o
Input Return Loss Diffierential, f < 3GHz, DUT iz powered on 13 dB
Input Sansitivity VNN | (Mote 1) 5 mVp-p
Input Owverload Vpeaaax | (Note 1) 1200 mVp.p
Single-Endad Output Resistance Single ended to Vo 42 50 58 o
Oufput Raturn Loss Differantial, f = 3GHz, DUT is powered on 10 dB
Differential Output Voltage 600 780 1200 | mVpp
Diffarential Output Signal whan Cutputs AC-couplad, Viyapax applied to 10 Voo
Disablad input (Note 2) R

K.28.5 pattarn at 4 .25G0ps 8.7 25
K.28.5 pattern at 3.2Gbps 85 25
Deterministic Jitter 223 1 PRBS equivalent pattem at 2. 7Gbps .
(Motes 2, 3) o {Mata 4) 2.3 30 Dsp_p
K.28.5 pattern at 2.1Gbps 7.8 25
2% { PRES equivalent pattem at 155Mbps 25 50
Random Jitter Input = 5mVp.p 6.5 i
(Mot 5) Input = 10mVp-p 3 PSAMS
20% to B0%, 4.25Gbps
I 3.1875GHz Basseal input filter 60
Data Cufput Transition Time Vi = 20mVp ps
20% to 80% (Moke 2) BE 118
Input-Referred Moise 185 PVEMS
Low-Freguency Cutoff Caz = opan o kHz
Caz = 0.1pF 0.8
(Mote B) 3z 49
Power-Supply C t I mA
Wers LRl e % [0S disabled |
Power-Supply Moise Rejaction PSMNR |« 2MHz 26 dB
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MAX3748 Multi-rate Limiting Amplifier

Compact 155Mbps to 4.25Gbps
Limiting Amplifier

ELECTRICAL CHARACTERISTICS (continued)

(Voo = 297V to 3,63V, ambient tamperature = -40°C to +85°C, CML output koad is 500 to Voo, Caz = 0.1pF, typical values ara at
+25°C, Voo = 3.3V, unless otherwise specified. The data input transition time is confrolled by a dth-order Bessal filter with {345 =

0.75 x 2.6675Hz for all data rates of 2.667Gbps and below, and with {343 = 0.75 x data rate for data rates > 3.2Gbps.)

S8YPLEXVIN

PARAMETER | SYMBOL | CONDITIONS MIN TYP  MAX | UNITS

LOSS OF SIGNAL at 4.25Gbps K28.5 pattern (Mot 2)

LS Hystarasis 10log (VDEARSERTNVASSERT) 1.25 22 dB
LOS AssartDeassert Time (Mota 8) 2 100 s
LOE Azzert Ry = 280k 185 mVpp
LOS Deassart Ry = 280k 25 mVpp
LOSS OF SIGNAL at 2 5Gbps (Motez 2, 7)

LS Hystaresis 10l0g MpeasseRTV AssERT) 1.25 22 dE
LOS AssertDeassert Time {Mota 8) 2 100 3
Low LOS Assart Laval RTH = 20k 28 4.1 myp-p
Low LOS Deassart Lavel RTH = 20k 6.7 116 | mipp
Medium LOS Assert Level Ry = 2800 0.3 15.2 m¥p_p
Madium LOS Deassart Leve R1H = 2800 25 386 m¥p_p
High LCE Aszsart Laval RTH = 8O0 228 323 mve-p
High LOS Daassert Laval RTH = 8002 65.2 9.3 myp.p
LOSS OF SIGNAL at 155Mbps (Maota 7)

LS Hystaresis 10100 VoeasserTV asserT) 21 dE
LOS AssertDeassert Time {Mota 8) 20 3
Low LOS Assart Laval RTH = 20k 5 mvp-p
Low LOS Deassart Lavel Rty = 20k 56 myp.p
Madium LOS Assert Level RTH = 2800 13.3 m¥p.p
Madium LOS Deassart Leve RTH = 2800 212 myp-p
High LCE Aszsart Laval RTH = 800 T3 mvp-p
High LOS Daassert Laval RTH = 8002 555 myp.p
Rssl

RSSI Current Gain (Note 9) Arssl | Aassl = IRsallcy Res 0.03

nput-Raferrad RSS] Currant IrssIfARSS lCA_INPUT < B.6MA -3 +33 A
Stahility {Nate 10 IC3_INFUT > B.6mA 73 +80 '
TTUCMOS M0

LOS Quiput High Violtage VoH Rios = 4.7k 010k to Voo host (3V) 24 v
LOS Quiput Low Voltage VoL RLOS = 4.7k 1010k to VO©_hoet (3.6V) 0.4 v
LOS Dutput Currant ::': iﬁ:?::;ig ;imim to Vg, st (3.3V) 40 pd
DISABLE Input High VIH 20 )
DISABLE Input Low VIL 0.8 v
DISABLE Input Current RLos = 4.7k 10 10K2 10 Vor heat 10 WA
Mote 1: Betweoen sensitivity and overioad, all AC specifications are met
Mote 2: Guarantead by dasign and characterization
Mote 3: The daterministic jitter caused by this filter is not includad in the OJ generation specifications (input).
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MAX3748 Multi-rate Limiting Amplifier

Compact 155Mbps to 4.25Gbps
Limiting Amplifier

Typical Operating Characteristics g
(Ta = +25°C and Voo = 3.3V, unless otherwisa spacified.) h
SUPPLY CURRENT RANDOM JITTER vs. TEMPERATURE k
vs. TEMPERATURE TRAMSFER FUNCTION {INFUT LEVEL 10mV¥p.p) u
100 5 800 T T T T o 10 z
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@ j L P A
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MAX3748 Multi-rate Limiting Amplifier

Compact 155Mbps to 4.25Gbps
Limiting Amplifier

Typical Operating Characteristics (continued)
(Ta, = +25°C and Voo = 3.3V, unless otherwise specified.)

OUTPUT EYE DIAGRAM WITH MAXIMUM INPUT OUTPUT EYE DIAGRAM AT +100°C
(DATA RATE OF 2.66576hgs) (MIMUM NPUT) ASSERT/DEASSERT LEVELS vs. R

MAX3748
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MAX3748 Multi-rate Limiting Amplifier

Compact 155Mbps to 4.25Gbps
Limiting Amplifier

Pin Description g

PIN HAME FUNCTION
1,4,12 Voo Supply Voltage :
2 M+ Moninverted Input Signal, CML u
3 M- Inverted Input Signal, CML "Nl
- Loss-ci-Signal Thrashold Pin. Resistor to ground (Ry) sets the LOS threshold. Connecting this pin to h
- ™ Voo disables the LOS circuitry and reduces power consumption. m

Dizable Input, CMOSTTL. The data cutputs are held static when this pin is asserted high. The LOS
6 DISABLE | function remains active when the outputs are disabled. If routed through the DS1858/D51859
controller IC, no additional ESD protection is required.

Moninverted Loss-of-Signal Output. LOS is assarted high when the signal drops below the assart

7 LS threshold set by the TH input. The output is open collector (Figure 5). If routad through the

[51858/051859 controller IC, no additional ESD profection is required.
B, 16 GND Supply Ground

g OUTPOL Output Polarity Control Input. Connect to GMD for an inversion of polarity through the limiting
amplifier and connect to Vo for normal oparation.

10 ouT- Inverted Data Output, CML

11 OUT+ Moninverted Data Cutout, CML
Recoived-Signal-Srength Indicator. This curent cutput can be used to obtain a groundreferenced

13 R=5| voltage proportional to photodiode cument with the MAX3744 by connecting an external resistor
batwean this pin and GMD.
Offsat Comection Loop Capacitor Connection. A capacitor connected batween this pin and CAZ1

14 CAZZ axtends the time constant of the offset comection loop. Typical value of Caz is 0.1uF. The offset

comaction is disabled whan the CAZ1 and CAZ2 ping are shorted togathar.

Ofiset Correction Loop Capacitor Connection. A capacitor connected betwean this pin and CAZZ
15 CAZ1 axtends the time constant of the offset corraction loop. Typical value of Caz is 0.1uF. The offsat
comection is disabled whan the CAZ 1 and CAZ2 pins are shorted togather,

Exposed Paddle. Connect the exposed paddle to board ground for optimal electrical and thermal
parformance.
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MAX3748

MAX3748 Multi-rate Limiting Amplifier

Compact 155Mbps to 4.25Gbps
Limiting Amplifier

Functional Diagram

Yt

Vo
50 tin CATY CAZZ

OFFSET _

CORRECTION ouT-

auT+

I‘l' . D
[— DISABLE
RSS! POWER
DETECT DETECT —

TH L% DUTPOL

Pin Configuration

Chip Information

HIRE 0 |i|
ma|E T N
i |
wr[T] | amam P s
| WG |
cant ] v [ JisAELE
GHI 1 TE] ' ______________ e
[ [2] ] [e]
Woo N N- VT
TOGFN
{3Imm x 3mm)

"EXPOSE0 PAD MUST BE CONNECTED TD GROUND.

PROCESS: SiGe BIPOLAR

Package Information
For the latest package outline information and land patterns
(footprints), Qo to www maxim-lc.com/packages MNota that a
“+", "#", or -7 in the package code indicates RoHS status only
Package drawings may show a different suffic character, but
the drawing pertzins to the package regardless of RoHS status

PACKAGE PACKAGE OUTLINE LAND
TYPE CODE NO. PATTERNMNOQ.
- T1633F-3
IBTOFN-EP | [ o0 | 21:0136 | 80003
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MC100EPT21 Differential to LVTTL Translator

MC100EPT21

3.3V Differential
LVPECL/LVDS/CML to
LVTTL/LVCMOS Translator

@
The MCILO0EPT21 is a Differential LVPECL/LVDS/CML to ON Semiconductor
LVITL/LVCMOS franslator. Because ILWVPECL (Positive ECL), http://ongemi.com
LVDS, and positive CML input levels and LVTTL/IVCMOS output
levels are uvsed, only +3.3 V and ground are required. The small

outline 8-lead SOIC package makes the EPT21 ideal for applications DT:;HKA"I:'IC;*
which require the translation of a clock or data signal.

The Vpgp output allows this EPT21 to be cap coupled in either 8
single—ended or differential input mode. When single—ended cap 5 @ So-8 KPT21
coupled, Vpp output is tied to the D input and D is driven for a D SUFFIX LYW
non—inverting buffer, or Vg output is tied to the D input and D is 1 CASE 751

driven for an inverting buffer. When cap coupled differentially, Vpg

output is connected through a resistor to each input pin. If used, the

Vpp pin should be bypassed to Vo via a 0.01 pF capacitor. For

additional information see ANDS8020/D. For a single—ended direct TSSOP-8
connection use an external voltage reference source such as a resistor BQ g; sseug:gé
divider. Do not use Vg for a single—ended direct connection or port to !

another device.

Features

—
.

® 1.4 ns Typical Propagation Delay DENB HSFIM

® Maximum Frequency > 275 MHz Typical ® MN SUFFIX )
CASE S06AA

® IVPECL/IVDS/CML Inputs, INTTL/IVCMOQOS Outputs

® 24 mA TTL outputs

® Operating Range: Ve =3.0 V1o 3.6 Vwith GND =0V i\ = ﬁii“”ﬂ',i Location
= Wwarer
* The 100 Series Contains Temperature Compensation Y = Year
® Voo Output W = Work Week
BB Outp . . M = Date Code
® These Devices are Pb—Free and are RoHS Comphant * = Pb-Free Package

(Mote: Microdot may be in either location)

*For additional marking information, refer to
Application Note ANDBO02/D.
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MC100EPT21 Differential to LVTTL Translator

MC100EPT21
— O T Table 1. PIN DESCRIPTION
NG | 1 T_ 8 | Voo PIN FUNCTION
] I Q LVTTLLVCMOS Output
D* T* Differential LVPECL/LVDS/CML Input
Ve Positive Supply
Veg Output Reference Voltage
GND Ground
| % LVPECL ] NC Mo Connect
| L EP (DFMB only) Thermal exposed pad must be
connected to a sufficient thermal conduit. Elec-
Veg | 4 5 | GND trically connect to the most negative suppl
Y g PRy
— [ (GND} or leave unconnected, floating open.

* Pin will default to 1/2 of Vo when left open.
Figure 1. Logic Diagram and 8-Lead Pinout (Top View)

Takle 2. ATTRIBUTES

Characteristics Value
Internal Input Pulldown Resistor D 50 kQ
Internal Input Pulldown Resistor 2] 50 kQ
Internal Input Pullup Resistor 0,0 50 kQ
ESD Protection Human Body Model =1.9kV
Machine Model =100V
Charged Device Model =2 kV
Maisture Sensitivity, Indefinite Time Out of Drypack (Note 1)
S0IC-8 Level 1
TSS0P-8 Level 3
DFNg Level 1
Flammability Rating Cxygen Index: 28 to 34 UL94 V-0 @ 0.1250n
Transistor Gount 81 Devices

Meets or exceeds JEDEC Spec EIAJJESDTS IC Latchup Test
1. For additional information, see Application Note ANDB003/D.
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MC100EPT21 Differential to LVTTL Translator

MC100EPT21
Table 3. MAXIMUM RATINGS
Symbol Parameter Condition 1 Condition 2 Rating Unit
Voo PECL Power Supply GND=0V 3.8 vV
Vin PEGL Input Voltage GND =0V V= Vo Oto38 v
leg Vag Sink/Source +056 mA
Ta Operating Temperature Range -40 to +85 G
Tatg Storage Temperature Range -65to +150 oG
By Thermal Resistance (Junction-to-Ambient) | O fpm S0-8 190 “CW
500 fpm 50-8 130 "GW
By Thermal Resistance (Junction-to-Case) Standard Board s0-8 4 to 44 "W
Ay Thermal Resistance (Junction-to-Ambient) | 0 fpm TSSOP-8 185 "CW
500 fpm TSSOP-8 140 “GW
) Thermal Resistance (Junction-to-Case) Standard Board TSSOP-8 4044 “CIW
By Thermal Resistance (Junction-to-Ambient) | O fpm DFN8 129 “CIW
500 fpm DFNS 84 “GW
Tam Wave Solder Pb | < 2 to 3 sec @ 248°C 265 “C
Pb-Free | <2 to 3 sec (@ 260°C 265
) Thermal Resistance (Junction-to-Case) (Mote 2) DFNB 351040 "W

Stresses exceeding Maximum Ratings may damage the device. Maximum Ratings are stress ratings only. Functional operation above the
Recommended Operating Condifions is not implied. Extended exposure to stresses above the Recommended Operating Conditions may affect
device reliability.

2. JEDEC standard multilayer board - 252P (2 signal, 2 power)

Table 4. PECL INPUT DC CHARACTERISTICS Vo= 3.3V, GND = 0.0V (Note 3)

-40°C 25°C 85°C

Symbol Characteristic Min Typ [ Max | Min Typ | Max | Min Typ | Max | Unit
Viy Input HIGH Voltage (Single-Ended) 2075 2420 | 2075 2420 | 2075 2420 | mV
Vi Input LOW Voltage (Single-Ended) 1355 1675 | 1355 1675 | 1355 1675 | mV
Viz Output Voltage Reference 1775 | 1875 | 1975 | 1775 | 1875 [ 1975 | 1775 | 1875 [ 1975 | mV
ViHcue Input HIGH Voltage Common Mode 1.2 33 12 33 1.2 33 v

Range (Differantial Gonfiguration)

(Mote 4)
liH Input HIGH Current 150 150 150 wA
" Input LOW Current -150 -150 -150 uA

NOTE: Device will meet the specifications after thermal equilibrium has been established when mounted in a test socket or printed circuit
board with maintained transverse airflow greater than 500 fpm. Electrical parameters are guaranteed only over the declared
operating temperature range. Functional operation of the device exceeding these conditions is not implied. Device specification limit
values are applied individually under normal operating conditions and not valid simultanecusly.

3. Input parameters vary 1:1 with Vge.

4. Viyomp min varies 1:1 with GND, Vigomg max varies 1:1 with Voo, The Vigoug range is referenced to the most positive side of the
differential input signal.
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MC100EPT21 Differential to LVTTL Translator

MC100EPT21

Table 5. LVTTL/LVCMOS OUTPUT DC CHARACTERISTICS V= 3.3V, GND = 0.0V, Ty = -40°C to 85°C

Symbol Characteristic Condition Min Typ Max Unit
Voy Output HIGH Voltage lop =-3.0 mA 24 W
VoL Output LOW Voltage lg = 24 mA 05 v
lccH Power Supply Current Qutputs set to HIGH 5 17 25 mA
oo, Power Supply Current Outputs set to LOW 8 21 30 mA
los Qutput Short Gircuit Current -130 -80 mA

MOTE: Device will meet the specifications after thermal equilibrium has been established when mounted in a test socket or printed circuit
board with maintained fransverse airflow greater than 500 fpm. Electrical parameters are guaranteed only over the declared
operating temperature range. Functional operation of the device exceeding these conditions is not implied. Device specification limit
values are applied individually under normal operating conditions and not valid simultaneously.

Table 6. AC CHARACTERISTICS Vg = 3.0Vi0o3.6V, GND= 0.0V (Note 5)

-40°C 25°C 85°C
Symbol Characteristic Min | Typ | Max | Min | Typ | Max [ Min | Typ | Max | Unit
frmase Maxirmum Frequancy MHz
(Figure 2) 275 350 275 350 275 350
trLH, Propagation Delay to 800 | 1400 | 2050 | 800 | 1400 | 2250 | 900 | 1600 | 2950 | ps
ten Output Differential 1200 | 1400 | 1800 | 1200 | 1400 | 1800 | 1100 | 1300 | 1900
takEw Duty Cycle Skew (Note ) 45 50 55 45 50 55 45 50 55 %
tepp Part-to-Part Skew (Note 6) 500 500 500 ps
tuTTER Random Clock Jitter (RMS) 35 5 35 5 35 b ps
Vee Input Violtage Swing 150 800 | 1200 | 150 800 | 1200 | 150 800 | 1200 | mV
(Differential Configuration)
tr Output Rise/Fall Timas _ ps
t; 0.8V - 2.0V) QaQ| 280 600 900 250 600 900 250 600 300

MOTE: Device will meet the specifications after thermal equilibrium has been established when mounted in a test socket or printed circuit
board with maintained transversa airflow greater than 500 fpm. Electrical parameters are guaranteed only over the declared
operating temperature range. Functional operation of the device exceeding these conditions is not implied. Device specification limit
values are applied individually under normal operating conditions and not valid simultaneously.

5. Measured with a 750 mV 50% duty-cycle clock source. R = 500 Q to GND and G = 20 pF to GND. Refer to Flgure 3.

6. Skews are measured between outputs under identical fransitions. Duty cycle skew is measured between differential outputs using the
deviations of the sum Tpw- and Tpw-+.
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