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Abstract 

Free Space Optical (FSO) communications are an emerging technology. Multiple 

resources around the world are being dedicated to the study and implementation of 

associated technologies. The possibility of high data rates, lower masses and more 

power efficient antennas are the expected advantages of these systems. 

However FSO channels are highly vulnerable. Atmospheric perturbations as well as 

pointing misalignments compromise the integrity of the transmitted data. Besides, 

current data protection architectures for FSO communication systems are not 

powerful enough to protect the data due to the nature of the perturbations. 

Therefore, Deutsches Zentrum für Luft- und Raumfahrt (DLR) is working on the 

implementation of a communication protocol (Laser Ethernet Transceiver protocol, 

LET) capable of transmitting high bit rates reliably.  

LET has to overcome the multiple errors induced by the disturbances in the channel 

(fades in the signal induced by the atmosphere and miss-pointing) and data stream 

misalignments during transmission. In addition, LET has to provide a framework for 

transmitting 1GbE (Gigabit Ethernet) payloads. Thus the focus of this MSc Thesis is 

on the definition and implementation of the abovementioned algorithms and 

hardware structures. These hardware structures are developed for their integration 

on Field Programmable Gate Arrays (FPGA) in VHDL language. 

At the end of this MSc Thesis, a significant improvement of 3.5 dB in the optical 

gain has been achieved with a Bit-Level Forward Error Correction (BLFEC) 

implementation. Some of the hardware structures have also been implemented and 

tested for the next steps. An analysis of the synchronization problems that will 

affect the system has been done and a technical solution has been provided. 

Additionally, an improvement of the channel throughput has been achieved in order 

to comply with the 1GbE Standard. 
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1. Introduction 

Radio-based communication is extensively used for data transmission. This system 

is used because of the multiple advantages it exhibits, as the absence of wiring 

infrastructure. However, the free radio-electric spectrum for communications is 

decreasing due to the constant increase of bandwidth demand and services. For 

example, this decrease is also affecting broadcasting geostationary satellites that 

are having problems to find free spectral bands for transmission [1]. 

Higher data rates can also be achieved by increasing the transmission power or the 

gain of the antennas. Both factors are key and restrictive for aerospace missions. 

Electrical power consumption is defined by the power generation systems on-board 

and antennas gain is related with the size (and mass) of the antenna [2].  

In order to solve these problems aerospace industry is assessing the possibility of 

using Free-Space Optical (FSO) communications as an alternative solution. FSO 

systems can provide higher data rates (up to several gigabits per second) with 

small communication devices. Moreover, tap-proofness and high radio-frequencies 

bands without International Telecommunications Union (ITU) [3] regulation reduce 

the costs of the applications. 

Unfortunately, FSO systems are sensible to atmospheric perturbations, e.g. fog, 

clouds, rain, which attenuate the signal and thus lead to fades at the receiver. 

Additionally, different scattering effects also introduce different levels of attenuation 

and mobile applications that require tracking systems suffer from fades caused by 

imperfect pointing during the transmission. 

In this scenario, Laser Ethernet Transceiver at 1Gbps (LET1G) is a project 

developed by the Institute for Telecommunications Research of the University of 

South Australia for the Deutsches Zentrum für Luft- und Raumfahrt (DLR) in 2012 

[4]. Currently, LET1G is being improved and modified by the Optical 

Communications Group (OCG) from the DLR Institute of Communications and 

Navigation. 

This MSc Thesis is focused in LET1G. It is aimed to devise, design, develop and 

implement a LET1G solution. The algorithms and thus hardware architectures 

required for optimizing the current LET1G platform as well as for achieving fully 

compliance with the 802.3 IEEE Gigabit Ethernet Standard [5] are the main tasks. 

The present work explains the different improvements introduced in order to 

achieve the abovementioned requirements.     
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1.1.  Theoretical frame 

1.1.1. Background 

DLR’s Optical Communications Group has been working on Free-Space Optical 

Communication since 1998. OCG has focused its work on providing a reliable link by 

designing the associated optical and tracking systems. During this time, OCG has 

accumulated a lot of experience and knowledge about the different perturbations 

that affect the optical link. 

This knowledge has shown that there are multiple atmospheric effects that affect 

the integrity of the signal. Clouds, dust or significant thermal differences among 

other atmospheric perturbations attenuate the signal and this attenuation leads to a 

decrease of the signal to noise ratio (SNR). When this attenuation drives the 

intensity of the light to power levels below the receptor sensitivity it is named fade. 

Fades have a wide duration range from picoseconds to seconds and cause the loss 

of the information transmitted during the fade event. 

1.1.2. State of art 

Nowadays there are multiple error correction techniques that can be split in two 

major areas namely, Automatic Repeat-reQuest (ARQ) and Forward Error 

Correction (FEC) schemes. 

ARQ protocols require bidirectional channels to transmit control data. These 

systems are based on the fact that the receiver will acknowledge (ACK) every 

received packet. When the transceiver detects that the receiver has lost a packet 

the ARQ protocols resends the lost packet. The detection is performed by a timeout 

in which the ACK shall have been received or in some cases, when the receiver 

transmitted a not-acknowledge (NACK) [6]. 

FEC techniques are used to correct the information received instead of requesting 

their retransmission. These techniques can operate in cooperation with ARQ 

protocols and they do so in multiple daily applications. The normal scenarios for 

these methodologies have random errors occurrence or short-duration burst errors. 

Therefore, the current FEC techniques focus on protecting the information from 

such error scenarios. 

On the contrary, Free-Space optical communications have to face long duration 

fades where an important amount of data is lost. In this scenario traditional FEC 

systems cannot provide the required protection level. Besides ARQ techniques are 

not always possible to be implemented due to the fact that they require a 

bidirectional communication link. Therefore the LET project relies on the existing 

FEC technologies to develop hardware structures capable to provide the required 

protection levels. 
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1.2.  Problem definition 

Nowadays high data rates requirements are leading the radio-electric spectrum for 

satellite communications to a close-to saturation level [1]. There are several 

techniques to increase the data rate such as to increase the transmitted power, to 

increase the bandwidth, or to increase the complexity in the line codification.  

Due to ITU regulations the increment of the bandwidth is not always possible since 

the side bands are already in use. In spite of the fact that different frequency bands 

can be used, that implies an increment of the complexity of the system in both 

ends of the communication channel. Besides, to increase the bandwidth implies to 

increase the operational costs. 

On the other hand, it is possible to increase the data rate by increasing the 

transmitted power in satellite communications [7]. This technique has a legal 

limitation that regulates the power transmitted for public health safety. 

Furthermore in some applications the power budget does not allow to increase the 

transmitted power. 

In this scenario the idea of using Free Space Optical (FSO) communication systems 

is expected to be an important part of the solution for this problem. FSO systems 

can provide low power, high data rates in a wireless communication. However they 

present multiple problems that affect the integrity of the data such atmospheric 

perturbations, necessity of a clear optical link, and misalignments due to tracking 

imperfections. Additionally these effects are proportional to the data rates achieved. 

For these reasons different technical solutions that ensure reliability of the signal 

are being developed worldwide by different organizations such DLR, NASA, ESA and 

JAXA. 

Nowadays there are no mature technologies that provide a data protection against 

these problems. Linear Forward Error Correction (FEC) techniques cannot offer 

redundancy enough to endure long-duration burst errors. Interleaving techniques 

can offer an error decorrelation during bursts. The interleaver's length and bursts 

errors' frequency may be hard to match. 

In particular, DLR is working on the LET1G solution that provides a throughput of 

1Gbit over Ethernet. LET1G aims to provide a reliable high throughput in this 

hostile environment. This product shall be able to protect the error against long 

duration burst errors induced by the fades in the optical signal. Indeed, thanks to 

the experience obtained by the OCG in several experimental campaigns the 

occurrence and duration of the fades can be estimated. This information about the 

fades can be used to dimension the system requirements [8]. 
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During this Master Thesis, technical solutions for fulfilling the abovementioned 

requirements have been studied and implemented. The development of the system 

has been structured in 4 consecutive major steps, throughput improvement, Byte-

Level Forward Error Correction (BLFEC), Product-Level Forward Error Correction 

(PLFEC), and interleaving. Each step provides the starting point for the following 

one and provides a specific improvement to the system. 

The throughput improvement step provides the desired bit rate over the Ethernet 

standard. This data rate is a major requirement in the system that has to be 

ensured. The BLFEC provides an improvement in the reliability of the signal 

reducing the effect of the atmospheric attenuations. PLFEC provides a first stage of 

interleaving reducing the correlation of the errors caused by short duration fades 

[9]. Moreover this second level of FEC also provides an improvement of the error 

correction capabilities. Finally the interleaving provides the decorrelation of the 

errors required to recover all the data. 
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2. LET1G system overview 

LET1G is a FSO communication protocol implemented on a Cyclone IV GX FPGA. It 

provides a packing layer for Ethernet frames and it aims to include a FEC structure 

capable to ensure a reliable transmission. 

This system is being developed using Quartus II software from Altera and a 

medium density Cyclone IV GX FPGA. With this architecture hardware a Bit-Level 

FEC can be implemented. Nevertheless a high density FPGA like Arria V GT shall be 

used for implementing a Packet Level FEC (PLFEC) and an interleaver due to the 

memory requirement of these systems. The reason of this change of architecture is 

that the implementation of PLFEC and interleaver structures demands high amount 

of memory. Furthermore, Arria V GT FPGA is provided with up to 36 transceivers 

that can operate at higher frequencies. Thus Arria V GT presents itself as a good 

candidate to develop faster versions of LET1G in the near future. 

Figure 1 presents the top level block diagram of the different modules that compose 

the VHDL/Verilog firmware implementation. 

 

Figure 1 - LET1G block diagram 
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LET1G contains a QSYS processor NIOS-II in the basic configuration that provides 

some high level communication capabilities. These capabilities include the Ethernet 

and serial ports. Serial communication is mainly used to provide information about 

the LET frames’ status. The Ethernet port receives and transmits the data according 

to the Ethernet protocol. Moreover, it provides these data to the Framer as well as 

it receives data from the Deframer. 

The Framer module is in charge to generate the LET frames (LF) and encapsulate 

into them the Ethernet data when available. It also buffers the Ethernet frames (EF) 

prior to their transmission and is capable to request to the QSYS to stop sending 

Ethernet data if the buffer is full. This module has been specifically designed for the 

LET1G system. 

The BLFECenc module provides the Byte Level FEC encoder. It contains two Reed-

Solomon encoders working in parallel and some internal flow control systems. The 

Reed-Solomon encoders are IP Cores provided by Altera while the flow control 

systems are custom design. 

The PLFECenc module provides all the systems needed to perform a Packet Level 

FEC encoding. It includes the intermediate memory that enables to convert a BLFEC 

into a PLFEC, the Reed-Solomon IP cores and specific control logic. In concordance 

with the BLFEC, this module also includes two Reed-Solomon encoders working in 

parallel. In order to implement this module, a migration to an Arria V GT FPGA is 

needed due to the memory requirements of this module. 

The Interleaver module is formed by the memories and the control systems used 

during the interleaving/de-intereleaving. It provides the interleaving protection 

level. In order to perform this functionality, the memory requirements increase 

proportionally to the length of the fades expected to be covered during the 

transmission. The memory requirements increase by duplicating the memory 

required for the PLFEC by “page” added to the interleaver. This module also has to 

ensure that during fades the memory structure is not compromised. This part is 

critical since a misalignment in this memory will cause that all the received data will 

be misunderstood by the Reed-Solomon decoders. 

The Gbit Transceiver module provides line encoding/decoding as well as it is in 

charge of serialization/deserialization of the transmitted data. It also provides the 

PLLs that allow a clock recovery from the received data. During the deserialization 

process it ensures the proper alignment of the data by recognizing a special symbol 

used for this purpose. This module has been implemented using both custom 

designs and IP Cores provided by Altera. 

The PLFECdec module provides all the systems needed to perform a Packet Level 

FEC decoding. It includes the intermediate memory that enables to convert a PLFEC 
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into a BLFEC, the Reed-Solomon IP cores and specific control logic. This module 

mirrors the process done by the PLFECenc module by undoing its steps. The 

memory control system shall also ensure that the coherence in the memory is 

guaranteed thus avoiding misalignments. A misalignment may cause that the 

BLFECdec will receive erroneous data. 

The BLFECdec module provides the Byte Level FEC decoder. It contains two Reed-

Solomon decoders working in parallel and some internal flow control systems. The 

Reed-Solomon decoders are IP Cores provided by Altera while the flow control 

systems are custom design. 

The Deframer module receives the LET frames and unpacks them extracting the 

Ethernet frames. It also stores the Ethernet frames into a buffer prior to send them 

to the QSYS module for their retransmission through the Ethernet channel. In 

addition, the Deframer module checks the reception order of the LET frames as well 

as their CRC code in order to detect possible errors. This late state error detection 

aims to avoid the retransmission of erroneous EFs. 
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3. Throughput improvement 

How the throughput improvement has been performed is explained in this present 

chapter. Besides, the reasons for this modification are explained. At the end the 

results are presented and analyzed. 

During the development of this solution the transmission line was considered ideal. 

This means that only connectivity was tested without the inclusion of any error or 

attenuation. 

3.1. LET original state 

LET1G transmits the Ethernet frames encapsulated into LET frames as shown in 

Figure 2. These LET frames have all a constant size of 126 bytes where a header 

and a cyclic redundancy code (CRC) used to discard erroneous frames. 

 

Figure 2 - Ethernet frame being distributed into different LET frames (DLR) 

These LFs provide different useful information in the header that indicates the kind 

of payload carried by the current LF. Furthermore, the header provides information 

about the kind of FEC system used (not implemented at this point) and a LF 

identifier. This identifier is used to detect losses during reception. In addition it 

starts with a StartofFrame symbol that is used for both, to synchronize the system 

in the word alignment and to indicate the starting of a new LF in the receiver. 

It is not possible, for this version of LET1G, that two different Ethernet frames are 

transmitted into the same LF. Therefore, once an EF has been completely packet 

into a LF, padding data is added to the LET frame in order to complete the empty 

space. 
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3.2. Improvement strategy 

Due to the fixed structure of the former LF implementation it is clear that when a 

transmitted EF cannot fill all the LF required to transmit it, the padding data has a 

negative impact on the throughput. Moreover, this effect, shown in Figure 3, may 

cause a reduction in the throughput over 40% for certain frame sizes. 

 

Figure 3 - Former LET1G throughput 

Two different options were analyzed in order to solve the problem, to increase the 

throughput and to restructure the LF. The option of limiting the size of the EFs in 

order to fit to the original system was not taken under consideration due to the fact 

that it is not compatible with the IEEE 803.2 Ethernet Standard at 1Gbps [5]. 

Throughput estimation is given by:  
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 (1) 

 

where IFCEth represents the Inter Frame Gap for Ethernet Frames measured in 

seconds. Let EFL and LFL be respectively the Ethernet frame and LET frame lengths 

in bytes. The required number of LF for transmitting a given EF is denoted as 

#LFused. The overhead induced by the line codification (8b/10b coding) used in the 

LET1G system is included in the equation as LC. Finally there are two different 

channel bit rates to be considered, the Ethernet line that provides data, Ch. Speed1, 

and the system data rate, Ch. Speed2. Therefore, Ch. Speed2 is the variable that 

can be adjusted in order to achieve 100% throughput. 

To increase the throughput of the system is a non-optimal solution since in order to 

compensate the reduction of 40% implies to increase the transmission speed in the 

optical line from 1.25Gbps up to 2.5Gbps as it is given by 

 
                    

                

       
     

          

                     

 

(2) 

The worst case scenario occurs when a 115 bytes EF has to be sent since they 

require 1 whole LF and just a byte of the second one. Furthermore, that increment 

of the transmission speed in the optical line would also require a second increment 

when the different forward error correction (FEC) systems are included. For these 

reasons to modify the current LF structure becomes the main solution to increase 

the throughput in order to comply with the 1GboE standard. However, as it will be 

discussed later, an increment on the transmission speed for the optical line is still 

needed. 

In order to modify the structure of the LF there are two more possible strategies to 

follow: to allow a variable length of the LF or to allow multiple EF to be transmitted 

into the same LF. The first option implies modifying the receiver to allow a variable 

rate for the word alignment character, needed to detect loss of synchronism. Fixing 

a size of LF was a design decision for future steps in order to simplify the 

implementation of the different FEC techniques. These reasons lead to the second 

modification strategy, to allow more than one EF to be transmitted into the same 

LF. 

The capability to transmit different EFs in the same LF forces to modify the 

throughput equation. This modification affects the number of LF used which has not 

to be a natural number as before. In this case, the worst scenario occurs with the 
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biggest EF possible since it requires the higher number of LF headers to be 

transmitted. In this case, (1) can be modified into 

 

           
       

     
          

         
(         )

    
          

   

 

(3) 

for which two different values have been included: SWL that represents the length 

of the special words using for splitting between EFs and LFPL that represents tThe 

length of the LFs payload. 

By applying this modification also for (2),  

 

                    
         

(         )
    

       
     

          

                      

 

(4) 

can be inferred. A new minimum data rate of approximately 1.4Gbps in the line that 

ensures a 1GboE transmission capability can be estimated. 

3.3. Improvement implementation 

In order to perform the modification in the LF structure, several existing modules of 

the whole LET1G firmware needed to be reviewed. The Framer module suffers the 

most significant modification since the former design was fully replaced by a new 

version that allows the encapsulation of different EFs inside a single LF. Besides, in 

the Deframer several changes were also needed in order to recognize the new LF 

format. Finally some changes were needed before sending the information to the 

Ethernet IP Core. 

3.3.1. Framer 

The Framer module generates the LFs and encapsulates in them the Ethernet 

frames when available. It is integrated by different entities as shown in Figure 4. 

Ethernet WR is in charge of receiving the EFs and storing them into a buffer as well 

as of notifying the LET Gen that there is a full new EF waiting to be transmitted. In 

this scenario the modifications were made inside the LET Gen entity. 
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Figure 4 - Framer entity structural design [4] 

LET Generator 

Entity LET Gen generates LET frames.  When there is a complete EF available and 

test mode is inactive, the LFs will contain the data of the EF. When there is not a 

complete EF available to transmit, the LFs will contain dummy data. Ethernet 

frames are transmitted as soon as they are ready and there is any EF being 

transmitted. This implies that information from different Ethernet frames can be 

contained in a single LF. Moreover, the header is not able to know prior to the end 

of the transmission if it will contain only dummy data or it will also contain payload 

data. 

LET Gen generates the LF synchronously at rising edge of the master clock driving a 

word of data per clock cycle. This means that each clock cycle it provides at its 

output 2 bytes of data that shall be transmitted. 

The LET frame generation is controlled by 2 identical managers that alternate in the 

handling of the data provided by the FIFO. This system allows transmitting 

consecutive Ethernet frames without introducing spacing in between caused for the 

delay in reading from the RAM Buffer. However the inclusion of special words for 

delimiting the different EFs now becomes necessary. For this reason 3 different 

special words have been included in the system: Start Of Frame (SOF), End Of 

Frame Full (EOF_F) and End Of Frame Semi-full (EOF_S). SOF indicates that a new 

EF is being received after it. EOF_F indicates that the EF has been fully transmitted 

and that from the last word, both bytes belong to the EF. EOF_S also indicates that 

the Ethernet frame has been fully transmitted and only the first of the last two 

bytes belongs to the EF while the second shall be discarded after the reception. This 

allows the system to transmit Ethernet frames of all the possible standard sizes 

between 64 and 1518 bytes. Figure 5 presents an example of an Ethernet frame 

encapsulation into several LET frames. 
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Figure 5 - EF encapsulated into 2 LF 

Alternation between both managers is controlled by two signals, isTurnA and 

isTurnB, that guarantee a constant rotation between both managers. This rotation 

is needed in order to ensure the proper order of the data during the transmission. 

The flags isAfull and isBfull provide information to the managers to change the 

control and avoid dead locks in the system. Each manager is able to preload an EF 

in order to be able to transmit it as soon as the manager gains the control of the 

transmission.  

Due to a latency of two clock cycles while reading the RAM Buffer, both managers 

shall handle the latency differences between the RAM Buffer and the rest of the 

system. This handling forces to command some control and status signals two clock 

cycles ahead. 

Availability of a complete Ethernet frame is indicated by the FIFO being not empty. 

The FIFO stores both the start address in the RAM Buffer of the next Ethernet frame 

and its length in bytes. 

At the end of the packing process, all the data is transferred into the CRC entity 

that includes at the end of the LF some redundancy. This redundancy is used later 

for ensuring that the LET frame was properly transmitted. 

3.3.2. Deframer 

Deframer entity is in charge to unpack the EF sent by the Framer entity and to 

provide them to the Ethernet IP Core. For that reason it contains a conceptual 

symmetric entity structure as shown in Figure 6. 
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Figure 6 - Deframer entity structural design [4] 

This entity has suffered modifications in the ETH BUF RD (BRD) as well as in the 

ETH BUF WR (BWR). Modifications in the BWR are oriented to unpack the data from 

the new LET frames the Framer is sending. BRD modifications were necessary due 

to a problem in the system while achieving 100% throughput. This problem was 

also present in the previous version while transmitting EF of 110 bytes length (for 

which a 100% throughput is achieved, see Figure 3).  

Ethernet buffer writer 

In contrast to the LET GEN entity, the BWR has not been fully replaced by a new 

design but has been substantially modified. The main reason behind this decision is 

that BWR also contains statistical counters and algorithms used to characterize the 

line. 

One of the major modifications affects how information is saved into both the FIFO 

and the Ethernet Frame Buffer. Due to the fact that with the new structure several 

EFs can be carried into the same LET frame, the information of the received EFs 

shall be stored prior to send it into the FIFO. Moreover, a dynamic control to write 

into the buffer is needed in order to ensure that only Ethernet data is written in it. 

This control is provided by the signals ethPktValid and isnotdata. ethPktValid 

indicates if the system is receiving a valid EF, since a SOF word is detected until an 

EOF is received. isnotdata is asserted when the data belongs to the LF’s payload 

and it is deasserted when the data belongs to the header or any of the CRC extra 

words. These CRC extra words will include the BLFEC and PLFEC redundancies when 

implemented. 

The information from the EFs is transmitted to the FIFO once the LET frame has 

been properly received. This implies that it shall be pre-stored into a temporary 

FIFO while the LF is being received. For this reason two different std_logic_vector 

have been implemented to pre-store the buffer memory pointers and the EFs 

lengths. The FIFO behavior is controlled with two extra counters that indicate where 

the information starts. 
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Additionally, the system shall be capable of discarding the corrupted EFs and LFs 

received. For this reason, there are multiple checks that ensure that only 

information from correct EFs is written in the FIFO: wrong LF order, wrong LF CRC 

and EF longer than maximum length allowed (1518 bytes). This causes that 

Ethernet jumbo frames are not allowed in this design.  

When erroneous data is detected the buffer pointer is reset to the last valid 

address. This last address is calculated with the last written address in the FIFO and 

its length. 

Wrong LF order checks that the current LF is the expected one. This is checked with 

the LF number included in the header of each LF. Wrong LF CRC is calculated at the 

end of a received LF and if it does not assert the lf_ok signal all the LF is discarded. 

There is possible that an EF was in transmission when the lf_ok reports an error. In 

this case, that EF has to also be discarded. 

All the different error detection procedures are merged in one single signal that 

indicates when an error has occurred. This signal is etpk_error and when asserted 

discards the current EF being received. It is deasserted once a new LF arrives and 

the corrupted EF has completely received.  

When the system detects an EF longer than expected (over 1518 bytes) it 

automatically marks it as erroneous. This modification is needed in case that a non-

detected error corrupts an EOF or SOF word during a fade.  

This last protection method was implemented during the characterization in order 

to avoid a problem in the Ethernet IP Core. Oversized EFs were transmitted to the 

IP Core causing its malfunction and eventually driving it to a non-recoverable state. 

Ethernet buffer reader 

BRD entity has been modified due to a problem discovered transmitting at 100% 

throughput. After around 1 minute, time varies with the length of the EF, the 

Ethernet IP Core start to signal goes to block a block state. This problem is 

detected during transmission when the IP Core signals that it is not ready to receive 

new data. This error causes that corrupted Ethernet frames are transmitted out of 

the LET1G system.  

A first solution offered to solve the problem was to include an active control system 

monitoring the ready to receive signal from the IP Core. This modification checks 

this signal during transmission and returns both the memory pointer and the 

transmitter length to the proper state when ready to receive signal is deasserted 

from the IP Core. It has to be done taking under consideration the latency in 

signaling from the IP Core as well as the latency for reading from the memory 

buffer. 
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This solution was fully tested and it solved the problem of the corrupted EF. 

However, the problem solved was just a symptom of the real problem that kept the 

throughput under 100% for transmissions longer than a minute. 

Further analyses suggested that the problem was inside the Ethernet IP Core. This 

issue has already been reported to the vendor and at the moment of writing this 

MSc Thesis they have not provided a valid solution. Meanwhile, the temporal 

solution implemented consists on reducing the Inter Frame Gap (IFG) for the 

Ethernet frames in the receiver while keeping it constant in the transmitter. This 

means that the LET1G is receiving EF with an IFG of 96 ns while it is sending them 

out with an IFG of 64 ns, which is still a valid condition for the Ethernet 1Gbps 

Standard [5]. 

3.3.3. Simulation and debugging 

In spite of the fact that this MSc Thesis is not focused on system simulation and 

debugging processes, debugging techniques are also needed during the design 

phase. For this reason, Modelsim tool was used to test the implemented system. An 

existing simulation environment was used for debugging purposes. This 

environment was originally designed to prove the connectivity of the original 

system. Thus only minor changes were applied for adapting it to the new version. 

SignalTap II tool, provided by Altera has proven itself very useful in late stages of 

debugging. This tool provides a platform to scope the internal signals in the FPGA 

once it has been programmed. It allows capturing and analyzing the current state 

of all the signals while in real execution. It works synchronously with a predefined 

clock and it registers all the values at a given rising edge. These values are saved 

into a RAM memory in order to display an execution window to the user.  

3.4. Results 

Once the system has been implemented, it has been tested with a specific test bed 

setup. At this point in the design the criteria was to ensure both connectivity and 

full throughput. 

3.4.1. Test setup 

The test bed setup in this stage is formed by two LET1G PCBs and a MD1230 

Network Performance Tester (NPT) as shown in Figure 7. At this point in the testing 

process the optical link has been skipped and only the electrical link is present. This 

decision does not affect the tests due to the fact that only protocol communication 

and throughput are under analysis. The different effects caused by the channel are 

not in the scope at this level. 
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Figure 7 – Test setup (DLR) 

LET1G PCBs contain a Cyclone IV FPGA which runs the designed firmware, an 

Ethernet port, and four SMA connectors for differential Low-voltage positive 

emitter-coupled logic (LVPECL) communications, two for input and two for output. 

The NPT is used following the RFC2544 Benchmark test [10]. It provides Ethernet 

frames of the desired length (ranged between 64 and 1518 bytes length) at a 

desired throughput in transmission. In reception it checks that transmitted and 

received data match. Three different tests have been performed following this RFC 

namely, throughput in the channel, frame losses rate, and latency of the system. 

In these tests the configuration was: 

- Frame lengths: 64, 110, 128, 220, 256, 330, 400, 440, 512, 550, 600, 660, 700, 

770, 880, 930, 990, 1024, 1100, 1150, 1210, 1280, 1320, 1430, 1518 bytes. 

- Single test duration: 900 seconds per frame length. 

- Repetitions: 1 

- Protocol: MAC 

3.4.2. Results analysis 

Original data rate 

Once the system was functional, the NPT was used to test the design without 

further modifications. During this test, the transmission speed used in the line was 

1.25 Gbps. In the following figures different measurements are shown. 

Figure 8 shows the throughput achieved at 1.25 Gbps.  Under this configuration a 

throughput of 100% is ensured for Ethernet frames smaller than 128 Bytes. 

Therefore, a minimum throughput of the system is 91.5% according to the figure 

with a granularity of 0.5%. However a maximum throughput below 90.1% is 

obtained from (3), proving that the throughput equations provide a conservative 

estimation. 
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Figure 8 - Maximum throughput in percent scale. Step: 0.05% 

 

Figure 9 - Throughput in the system measured in bits per second.  

Figure 9 presents the throughput measured in bits per second where the blue curve 

represents the theoretical maximum that the Ethernet Standard can offer. Hence 

this figure can help to understand why EFs under 128 Bytes achieve a 100% 
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throughput. Moreover, this figure also presents that the overall overhead in the 

protocol is slightly below 10%.  

The latency of the system has been analyzed given that it is a critical factor for 

several communication applications. It is important to understand how much it is 

increased in each stage in order to have a better understanding of the 

characteristics of the communications platform. Figure 10 shows the latency of 

whole system since the EFs are transmitted in the NPT until they are received 

again. 

 

Figure 10 - End-to-end latency of the complete system 

Data rate increase 

After increasing the bit rate up to 1.6 Gbps, a throughput of 100% is achieved. This 

implies that the frame loss rate will decay to 0 for all the Ethernet frames while 

transmitting at 100%. Figure 11 shows how the new system matches the 

theoretical top values of throughput. Additionally it shows a comparison with the 

former improved system. 

Achieving a 100% throughput also affects to the latency of the system. As it is 

shown in Figure 12 the latency got reduced specially for those frames which did not 

achieve 100% throughput before. This also explains the difference in the slope of 

both curves. Furthermore, the new latency presents a variation that fits better the 

linear mode.  
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Figure 11 - Throughput comparison between theoretical maximum and the improved 
system working at two different bit rates. 

 

Figure 12 - Latency comparison at different channel speeds 
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4. Byte level forward error correction 

The present chapter explains the BLFEC development process. Moreover the 

modifications that have been done to the design are presented. The architecture 

design obtained in the previous chapter is used as starting point for the present 

improvements. 

BLFEC has been designed in order to be capable to recover the transmitted data 

once it has been lost. Once the channel conditions lead into data losses that the 

FEC systems cannot correct, the link is not ensured. The present system can offer a 

reduced throughput under these conditions. 

Finally, the implementation of the BLFEC aims to obtain an intermediate product 

that shall improve the reliability of the channel against the atmospheric 

perturbations. Besides, it will become the starting point of the PLFEC 

implementation.  

4.1. Concept 

Forward error correction techniques use different algorithms to include redundancy 

of the data in order to protect them against errors. The different algorithms provide 

different characteristics to the system such as simplicity for the implementation, 

minimization of the overheads for specific scenarios, protection against different 

error sources, etc. Nevertheless, the objective of this MSc Thesis is not to analyze 

the different characteristics of different FEC systems but to implement a pre-

defined one. 

It was a project decision to use the Reed-Solomon IP Cores provided by Altera. 

Reed-Solomon codes use is widespread thus their use reduces the implementation 

time in a working solution. Reed-Solomon is a special case of Bose-Chaudhuri-

Hocquenghem (BCH) codes, which have good performance against burst errors, 

such as fades in the signal [11].  

Atmospheric perturbations cause attenuation in the received signal. This 

attenuation may cause the corruption of part of the data. Whenever this corruption 

remains under the limit of correction provided by the BLFEC the data can be 

recovered without errors. This correction effect can be compared with an increase 

of the gain in the optical system. 

4.1.1. Reed-Solomon 

Reed-Solomon FEC algorithms are a special case of BCH codes. They provide 

symbol level error protection by codifying the information in a systematic way, 
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including the redundancy at the end of the code-word. Moreover and due to the fact 

that BCH codes are cyclic codes, Reed-Solomon algorithms offer a significant 

improvement against burst errors than linear non-cyclic codes. 

A symbol is the minimum unit of data that the Reed-Solomon algorithm process. In 

this particular implementation, each symbol is formed by 8 bits. Code-word defines 

the group of symbols that conforms a whole unit for the Reed-Solomon algorithm 

including the redundancy added by the algorithm. Each code-word is protected by 

its own redundancy. Each code-word is an independent unit thus after being 

processed by a Reed-Solomon decoder, it can be fully recovered or it is corrupted. 

Therefore it is clear that Reed-Solomon codes have code-word and redundancy 

lengths defined. This is denoted as an (n, k) code where n represents the number 

of symbols in the code-word and k the number of data symbols. In this specific 

scenario the length of each code-word is 204 symbols, where 16 of them are 

provided by the Reed-Solomon algorithm as redundancy. Hence it is a (204, 188) 

Reed-Solomon code. 

4.2. Implementation 

In order to implement a BLFEC solution two new modules have to been included in 

the current design, the BLFECenc and the BLFECdec. As Figure 1 shows, these 

modules are in between the Gbit Transceiver and the Framer/Deframer modules. 

Allowing the inclusion of the redundancy in the system means to provide time to 

transmit this redundancy. Two possible methodologies for solving this issue were 

analyzed. 

The first one is to increase the frequency at the output of the Reed-Solomon in 

order to ensure that all the LF including now its redundancy have enough time to be 

transmitted while a new LF is being processed in the Reed-Solomon IP Core. This 

architecture requires implementing a time-domain transactional FIFO between the 

Framer and the BLFECenc modules. This FIFO will ensure that the data arrives in 

the proper instant to the encoders; however it may lead into emptiness or 

saturation instants due to clocks deviations. Furthermore, the level of redundancy 

may vary in different scenarios forcing to modify the new clock scheme in 

accordance. Due to the fact that there are different configurations, ensuring a 

complete validation process will involve testing all the different configurations. 

The second methodology is to control the data flow in the Framer module while 

maintaining a constant clock. This control flow can be active, by signaling from the 

Encoder module, or passive, by including the control in the Framer module. 

In order to reduce the overall complexity of the design it was decided to use the 

passive control system. This decision also affects the Decoder module since the IP 
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Cores does not remove the redundancy after the decoding process. This decision 

implied some modifications in both the Framer and Deframer modules. 

4.2.1. Encoder 

The BLFECenc module is in charge of generating the code-words for the LET frames 

prior to their transmission. It is formed by two Reed-Solomon encoders in parallel 

and a Delay Controller. Each Reed-Solomon encoder process one byte per clock 

cycle. Figure 13 presents the structure of the BLFECenc module. 

 

Figure 13 - Internal architecture of the BLFEC encoder 

It can be configured to generate code-words from 204 up to 255 symbols with a 

redundancy ranged between 2 and 66 symbols. The length of the LFs has been 

modified double the size of a code-word. Hence a LET frame is codified in parallel 

into two code-words. Besides the control signaling used with the LET frames can be 

also used for the Reed-Solomon encoders. 

At this stage of the design it was decided to use a truncated (204, 188) code. 

Therefore each LET frame is protected by 32 symbols of redundancy. It means that 

each encoder processed 188 symbols and generated a redundancy of 16. 

The inclusion of this module generates an overhead to the protocol of 32 symbols of 

redundancy per each 408 symbols transmitted. This means 7.84% of redundancy. 

Thus the required throughput to ensure 1GboE transmission is obviously affected. 

Including the redundancy values into (4),  
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is obtained where RSL represents the overhead included by the Reed-Solomon 

redundancy. 

A new minimum data rate of 1.4 Gbps is obtained by solving (5) for a 100% 

throughput. Due to the increment of the size of the LET frame, the LFPL has been 

also increased. As a result, the new data rate obtained is lower than expected with 

an overhead of 7.84%. In this case, a channel speed of 1.5 Gbps has been selected 

providing enough channel speed for this stage.  

The implemented Delay Controller is just a delay unit. It ensures that the control 

signals are driven to the next module properly paired to the data. 

4.2.2. Decoder 

The BLFECdec module provides the needed hardware structures to process and 

recover the information encoded by the BLFECenc. It contains two Reed-Solomon 

decoders in parallel, a Delay Unit and a Signaling Control Unit. Figure 14 shows the 

BLFECdec architecture. 

 

Figure 14 - Internal architecture of the BLFEC decoder 
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The Reed-Solomon decoders provide at the output the data received after being 

processed by the decodification process. These data will be driven to the output 

including the redundancy symbols. The data will be corrected if the amount of 

erroneous symbols does not exceed the code limitations.  

The Signaling Control Unit provides redundancy for both startOfPacket and 

endOfPacket signals required by the RS decoders. This redundancy is intended to 

avoid the problems of an error in the control words. However an incorrect signaling 

in the decoders may cause their malfunction. This unit counts the number of words 

received and provides the control signals at their proper time to the RS decoders. It 

monitors the control signals provided by the Gbit Transceiver. 

When the Gbit Transceiver has lost its PLL’s lock the system goes into a reset state. 

It is done in order to avoid problems due to clock misalignments. These 

misalignments may cause a failure in the system that blocks the RS decoders. In 

case that a block stage is detected by deasserting the signal in_valid, both RS 

decoders are sent to reset state. 

The Delay Unit ensures that the control signals provided by the Line Encoder are 

properly timed with the data at the output of the BLFECdec module. These signals 

mark the different special words for SOF and EOF required during the deframing 

process. 

Additionally, the IP Cores provide information about the number of symbols (bytes), 

bits and code-word erroneous in each code-word. This information is logged and 

transmitted to the Qsys processor after receiving 2Gbit in the BLFECdec module. 

This data is then used for analyzing the characteristics of the channel as well as the 

performance of the BLFEC system. 

4.2.3. Framer 

In order to manage the back pressure given by the Encoder, the Framer has been 

modified. Now this module includes a waiting time in the LET generator that, after 

generating a LET frame, waits as many clock cycles as redundancy symbols has 

each of the both code-words that protect it. During these clock cycles, the 

data_valid signal is not asserted. 

4.2.4. Deframer 

The Deframer module has suffered multiple modifications. The first one is a minor 

modification that discards the redundancy symbols generated in the Encoder and 

transmitted by the Decoder. This modification ensures a first stage of connectivity 

in the system. 

This module has been reviewed and improved in order to cope with the loss or 

corruption of different frames. Different checks which detect the corruption of data 
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have been included. Currently, the system is able to detect missing LET frames, 

corrupted CRCs and losses of EOF or SOF symbols. It can detect when an EF longer 

than 1518 bytes has been received. 

Every time an error is detected the pointer of the Buffer has to be reset to a valid 

position. This position is calculated with the address and the length of the last 

packet written into the FIFO. An extra margin is included in order to avoid data 

corruption. This data corruption may occur when reading in the Buffer from the 

same memory position that is being written. The temporal FIFOs used to store the 

starting addresses and lengths of the received EFs during the reception of a LF are 

also flushed. Furthermore, the system goes into a wait mode until the next SOF 

word is detected. 

4.2.5. Simulation and debugging 

Due to an issue with the Reed-Solomon modules this phase could not be simulated 

with the Modelsim tool. This issue has been reported as a bug from Altera and it is 

expected to be solved in the future release of Quartus II software tool. Therefore all 

the debugging process had to be done with the SignalTap II tool from Altera. 

During this phase several problems were solved. The first one affected the integrity 

of the Decoder module by driving into a lock mode the RS decoders. Besides, this 

problem affected the system just after the reset of the IP Cores and no information 

was found after an exhaustive investigation including even forum consultations. 

Finally, the problem was discovered and it was caused by a problem during the 

signaling of the startOfPacket/endOfPacket commands. 

After solving this issue, the following problems to be solved were those that 

affected the recovery of the system during fades. These problems affected the data 

management between the temporal FIFOs and the FIFO module. These bugs 

affected the integrity of the EFs by corrupting them in the Buffer after being 

received or causing a misdetection. 

The EF length control was included after detecting some problems with the 

misdetection of an error. The error caused by extra length in the EFs caused the 

Ethernet IP Core to go into a lock mode stopping all the communication. This lock 

mode is only recoverable by reset. 

Finally, the current version has been proved stable and it does not transmit 

erroneous EF. However the oversize control system has not been removed from the 

design due to the severity of the error that cause an oversized EF. 

4.3. Results 

Once the system was implemented, it was tested with a specific test bed setup. In 

these tests the objective are to prove connectivity after the inclusion of the Reed-
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Solomon modules and to assess the efficacy of the protection introduced to the 

system. Moreover, and due to the fact that this system operates over an optical 

link, the optical gain has been measured in the system. 

4.3.1. Tests setup 

The test bed setup for this stage is formed by two LET1G PCBs and a MD1230 

Network Performance Tester (NPT) as shown in Figure 15. In these tests the optical 

link has not been included since the connectivity is the objective of this test. Hence 

the experimental setup has not been modified from the previous test. 

 

Figure 15 - Test setup 

In order to prove the connectivity of the system the RFC2544 has been used with 

the following configuration: 

- Frame lengths: 64, 110, 128, 220, 256, 330, 400, 440, 512, 550, 600, 660, 700, 

770, 880, 930, 990, 1024, 1100, 1150, 1210, 1280, 1320, 1430, 1518 bytes. 

- Single test duration: 900 seconds per frame length. 

- Repetitions: 1 

- Protocol: MAC 

Once the connectivity has been proved, the setup has been modified. Two optical-

electrical converters and a variable optical attenuator (VOA) have been included as 

shown in Figure 16. With this setup a test has been carried out in order to 

characterize the system against constant optical attenuation. For this the data 

provided by the Reed-Solomon IP Cores have been used to provide information 

about the number of erroneous bits, symbols and code-words. 

 

Figure 16 - Test setup including optical domain 

In this test, the MD1230 NPT has been used transmitting random Ethernet IPv4 

frames ranged between 64 and 1518 bytes where the payload was random data. 

Each individual test has last 60 seconds where the different values provided by the 

IP Cores have been logged, with these values the Bit Error Rate (BER), the Symbol 

Error Rate (SER), and the Code-word Error Rate (CER) have been calculated. All 



30 

 

these measurements are based on the reception at the output of the Reed-

Solomons of 2 Gbits of data. This implies that the values refresh period is 1.2 

seconds. 

4.3.2. Results analysis 

Latency comparison 

After modifiying both the length of the LET frames and the transmission sequence, 

the latency shall be affected. Figure 17 shows this variation when 100% thoughput 

is achieved. 

 

Figure 17 - Latency with and without BLFEC 

The majority of the latency increment corresponds to the BLFEC decoder module. 

This module requires storing the whole code-word prior to perform the error 

correction. With a code-word of 204 symbols, the delay introduced is 325 clock 

cycles that at a frequency of 75 MHz corresponds to 4.3 µs. Furthermore, the 

reduction of the data rate from 1.6 Gbps to 1.5 Gbps in the optical channel also 

affects the latency of the system. 

System characterization under optical attenuation conditions 

Figure 18 shows the different BER, SER and CER obtained during 1 minute of 

transmission at 1.5 Gbps. In this figure several points have to be explained. First of 

all, due to the limitations of the FEC code, once the detection limit has been 

exceeded, the errors counters may provide inaccurate data. This explains why 

under high attenuation levels the BER, SER and lately the CER values decrease. 
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On contrary of the intuition SER reports higher values than BER. This is due to the 

fact that both, BER and SER, are measured respect to 2 Gbits and each symbol 

contains 8 bits. Thus meanwhile the BER is measured against 2 Gbits, the SER is 

measured against 250 MSymbols. Thereby BER should be 8 times smaller than SER 

for low error rates. However a closer look at the optical power of 1200 nW shows 

that while the BER is around 10-7, the SER is        . This discrepancy is caused 

by the line codification that can convert a single bit erroneous into several after 

decoding the received line data. Nevertheless, this issue does not affect the error 

correction properties since the Reed-Solomon IP Cores provide symbol protection. 

As a consequence, an erroneous symbol with 1 single bit corrupted and one with all 

the bits corrupted are equivalent for the decoder. 

 

Figure 18 - Error rates for different optical power received 

In order to determine the optical gain introduced by the code, the previous figure 

has been modified. Figure 19 is just a modification of the Figure 18 where the 

power axis has been converted into dBm and the optical powers that provide 

erroneous results have been removed. 

The black vertical line indicates the point where the system starts to present 

erroneous code-words. Therefore this line marks the gain of the system that can be 

estimated in around 3.5 dB. 
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Figure 19 - Optical gain of the code 

Figure 20, Figure 21, and Figure 22 present the standard deviation of the different 

measurements taken. For the average value, the values used are the same as the 

ones used in the previous figures. These values have been calculated by dividing 

the total number of bits, symbols and code-words erroneous at the end of the test. 

The standard deviation is calculated by using the instantaneous values respect to 

the average value obtained. 

These figures show that around the code-word error frontier the power attenuation 

steps have been shortened. Furthermore, and due to the fact that these values 

belong to the transition frontier, Figure 22 shows big variances for low CER. 
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Figure 20 - Standard deviation of measured BER 

 

 

Figure 21 - Standard deviation of measured SER 
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Figure 22 - Standard deviation of measured CER 
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5. Packet level forward error correction 

This chapter explains the PLFEC Encoder/Decoder development process. It indicates 

the modifications that have been done to the design using as starting point the 

system described in the previous chapter. 

PLFEC modules have been designed in order to be capable to recover the 

communication once it has been lost. This point is particularly important during the 

conformation of the memory in the PLFEC Decoder due to the fact that a 

misalignment in this table will cause a data corruption for the whole of it and the 

subsequent tables. 

5.1.  Concept 

Product level codes provide a second dimension in the codification of the 

information. They are based on the BLFEC systems but require to store data prior 

to the codification. As it is shown in Figure 23, PLFEC systems apply BLFEC 

techniques to already protected packages by taking as data symbols the code-

symbols of different code-words [12] [13]. 

 

Figure 23 - PLFEC structure. Conceptual design (DLR) 
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Due to the nature of this construction, the data must be stored in memory prior to 

be transmitted. This procedure increases reliability in the communication chain by 

increasing both the overhead and the latency of the system. 

According to [12], the residual packet-loss after channel decoding can be calculated 

through 
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NP denotes the number of lost packets being n an arbitrary code-word length. These 

code-words use a (n, k) code. P(j, n) represents the burst error distribution in the 

channel. 

5.2. Implementation 

In order to implement a PLFEC solution two new modules have to be included in the 

current design, the PLFECenc and the PLFECdec. As it is shown in Figure 1, these 

modules are in between the Gbit Transceiver and the BLFECenc/BLFECdec modules. 

However, prior to the implementation and testing of these modules, a migration to 

the Arria V GT FPGA from Altera is needed due to memory requirements. Moreover, 

the change of the FPGA also implies a change in the PCB. At this stage the project 

is working with an Arria V GT FPGA Development Kit. Additionally, the migration 

also requires changing the Gbit Transceiver to a different version. 

The migration process has also implied the modification of several internal modules 

due to a change in the Gbit Transceiver entity. This change implies that the Word-

Alignment is now performed by an IP Core instead of the custom made version. 

This module is of utmost importance in the communication process since it 

determines how the data shall be deserialized. The Line Codification modules have 

been substituted due to the fact that the previous version was sub-optimal. 

5.2.1. Encoder 

Figure 24 shows the PLFECenc conceptual design which is based on the BLFECenc 

design. It also includes a Memory that stores the data generated in the BLFECenc 

module. 
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Figure 24 - PLFEC encoder block diagram 

Once again extra time has to be provided by the Framer module in order to allow 

the inclusion of the new redundancy. In this case the extra time has been provided 

by generating empty LFs. In order to minimize the effect of this delay in the Buffer 

and subsequently in the throughput, the void LFs are mixed with useful ones during 

generation. This mixing in the frames generation is afterwards reverted while 

saving the data in the Memory of the PLFECenc. 

The throughput equation has to be modified for including the redundancy of the 

PLFEC. This redundancy is added as RSL2 and represents the amount of redundancy 

induced by the PLFEC per code-word of data as 

 
      

            

             
 

 

(7) 

Let RSLPLFEC and CWL be the length of the redundancy included in the second level of 

Reed-Solomon and represents the code-word length in bytes respectively. 

With this modification and using: 
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a minimum channel speed of 1.46 Gbps can be estimated. 

This channel speed is still under 1.5 Gbps. This means that no further modifications 

are needed in order to ensure a 100% throughput. However the overhead induced 

by the PLFEC is 14.8%. This result can be obtained after modifying both Reed-

Solomon codes increasing the code-word length up to the maximum allowed by the 

system. Furthermore, the length of the LET frames has been also increased to 

match the new code-words. 

Framer 

In order to enable the LF waiting stage an extra counter has been added to detect 

when should a new blank LET frame be generated. The LF counter is stopped during 

the transmission of these empty frames avoiding misdetection of lost LFs during the 

reception in the Deframer. 

This process introduces a back-pressure into the Ethernet IP Core that is managed 

by the Buffer located at the input of the Framer module. It requires forming this 

mixing of blank and valid LFs in order to reduce the memory requirements in the 

Buffer. 

Memory Controller 

Prior to perform the PLFEC a memory is needed to store the information that shall 

be encoded. Moreover, this memory shall not introduce back pressure in the system 

by itself, enabling a continuous data flow at its output. In this case two different 

options for memory structure have been analyzed. 

The first option consists in implementing two different memories that are 

alternatively written and read. This system avoids any possibility of overwriting 

data in the memory before they have been read. This structure is conceptually easy 

to implement. On the other hand, this structure requires duplicating the memory 

used for the PLFECenc as well as the memory used for the PLFECdec. 

The second option only uses a single memory that is read and written 

simultaneously. This option minimizes the amount of memory needed but 

introduces extra complexity in the control system. Besides, the same architecture 

will be used to implement the Interleaver. Therefore, aiming to reduce the memory 

required by the system, this second architecture has been implemented. This 

implies that the memory shall support to be written both row and column wise. 

In order to reduce the complexity of the memory controller it was decided to 

increase again the length of the LET frames up to 255 words. This increase aims to 

generate a square memory of 256 by 256 words. Controlling a square memory 

enables to have a symmetric control for the rows and the columns. 
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The control of the memory is completely symmetrical by using the same structure 

for writing and reading in the memory. Each process generates the address for the 

row or the column independently and two control flag determine the write and read 

direction respectively. Figure 25 shows the control structure of the memory address 

selector. 

 

Figure 25 - Address generation diagram 

Due to the characteristics of the writing process, a portion of the memory is never 

written. This portion corresponds to the cross redundancies (FEC cross in Figure 

23). It remains empty since only valid LFs are written into the memory. However, 

these positions are needed for the second Reed-Solomon which requires them in 

order to include the generated redundancy. This loss of memory is the penalty in 

memory for using a single square memory instead of two rectangular memories. 

This section of the memory is used in the PLFECdec. The introduced penalty in the 

PLFECenc depends on the selected code for this level. When an (n, k) code is used, 

the percent penalty can be calculated by  

 
  
(   ) 

  
     (9) 

In order to maintain the data not corrupted during the writing/reading process both 

addresses have to be spaced by one complete row. Nevertheless, a process is in 

charge to monitor that the memory is not corrupted. This monitor is able to stop 

the reading process in the memory discarding what is inside of it in order to ensure 

the validity of the data in the memory. 
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Figure 26 – Example of PLFEC memory organization with interleaving and an (8, 6) code 

Additionally, a first stage of interleaving has been included in this module. It shifts 

the data while writing into the memory as shown in Figure 26 thus the Start of 

Frame symbols are placed in the diagonal (marked in green). This interleaving is 

commanded during the generation of the system by a generic of the module. The 

solution has been implemented in order to distribute the allocation of the start of 

LET frames symbols in the table. Due to the fact that the start of LF symbols are 

used for line synchronism, it is needed to distribute them during transmission. 

5.2.2. Decoder 

Figure 27 presents the PLFECdec conceptual design which is based on the BLFECdec 

design. It also includes a memory that stores the data receiver after being 

processed by the second Reed-Solomon Decoder. The second RS Decoder processes 
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first the information due to the mirror symmetry that the PLFECdec has with the 

PLFECenc. 

 

Figure 27 - PLFEC decoder block diagram 

In this case, the redundancy is marked by the data_Valid signal that is deasserted 

to the Deframer. This ensures that only LET frames are checked for information. 

Memory controller 

The Memory Controller is a replica from the Memory Controller in the PLFECenc. It 

has the same instantiation but is controlled with different generics inputs during its 

definition. These generics indicate how to read and write the memory in order to 

undo the interleaving generated by the PLFECenc. 

In addition, this Memory Controller has to ensure a proper alignment of the data 

into the memory. This alignment is crucial in order to provide the right data to the 

BLFECdec. This order shall remain constant even when fades cause the loss of 

communication. Due to the fact that the receiver’s PLL may lose the synchronism 

under some conditions with long fades, a controller system has been implemented. 

This controller detects when the PLL has lost the lock and keeps writing into the 

memory. Then once the lock has been recovered and a new start of LET frames 

symbol is detected, realignment is performed. This realignment calculates the 

closest position that corresponds to a valid start of LET frame. Eventually the 



42 

 

writing address jumps to the new calculated one. Misalignments in the receiver 

clock shall be smaller than half of the transmission time of a single LF. 

5.2.3. Simulation and debugging 

Two different processes have been followed to test and debug the system. A first 

analysis has been performed with the tool Modelsim. In this stage, only Memory 

Controller module has been tested due to the problems in testing the Reed-

Solomon IP Cores. These tests have been performed with the aid of Matlab which 

has been used to generate the data that feeds the system as well as the expected 

results from it. In both cases, the memory controller and the Matlab code are 

configurable by parameters where the memory dimensions, as well as the code-

word lengths, can be defined. This configurability has been proved as a significant 

aid due to the fact that it allowed to double check the correctness when using small 

tables. 

Modelsim-Matlab tools have been used to debug the system when operating in 

nominal condition. Besides, protections against errors during reception, such as 

misalignment caused by the loss of lock in the receiver’s PLL, or corruption of data 

by overwriting, have been tested. 

5.3. Results 

Due to multiple problems faced during the migration to the new platform, 

systematic results could not be achieved. However the proper behavior of the 

Memory Controller could be tested though a connectivity test. 

A single Arria V GT development board was used for testing. This limits the 

possibility of using the RFC2544 automatic test. This test requires of at least two 

different Ethernet connections in order to be executed. Therefore an automatic 

back-to-back test was not an option. 

Two different tests could be performed. The first one ensures the connectivity. In 

this test random Ethernet IPv4 frames have been sent with lengths varying 

between 64 and 1518 bytes. After 10 minutes of transmission the amount of 

transmitted and received frames was the same. This test suggests that the system 

remains stable and is capable to transmit all the data at 100% throughput under 

stable conditions. 

For the second test, constant-size Ethernet frames have been sent during 1 minute 

at 100% throughput. The different lengths are: 64, 110, 128, 220, 256, 330, 400, 

440, 512, 550, 600, 660, 700, 770, 880, 930, 990, 1024, 1100, 1150, 1210, 1280, 

1320, 1430 and 1518 bytes. The obtained results provide information about the 

jitter in the channel. This jitter is caused by the LET packing introduced by the 

system and the Buffer in the Deframer counters the effect. Figure 28 presents the 
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jitter in the system after including the memory of the PLFEC. The latency of the 

NTP, when transmitting the same length EF in store and forward mode is plotted in 

red; whereas, the blue curve represents the average jitter. It can be noticed that 

this average jitter is similar to the latency of the system. This suggests that the 

system does not introduce an unbalanced delay. Therefore it is expected that the 

latency of the system maintains a linear-like behavior as in the BLFEC system. On 

the other hand the absence of previous values of jitter prevents further analysis. 

 

Figure 28 - Jitter of the system with PLFEC memory 
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6. Interleaver 

The interleaving processes and the implementations studied are presented in this 

chapter. On the other hand, it does not provide experimental results or technical 

implementations. 

6.1. Concept 

Interleaving is a technique used to decorrelate errors in communication 

environments. This technique consists in rearranging the data in order to spread 

the correlated errors in different code-words. Therefore, the interleaving process 

can modify the nature of bursts errors by converting them into random-like errors 

[14]. There are two major techniques for performing the interleaving namely, block 

and convolutional interleaving [15]. 

Block interleaving rearranges the input symbols creating a scramble output with 

them, Figure 29 (a). On the contrary, convolutional interleaving provides different 

delays for the different input data symbols received in parallel, Figure 29 (b). With 

these delays generate a convoluted data out stream [15]. 

 

Figure 29 - Interleaving techniques [15]. 

Additionally, the interleaving process can be applied in 1 or several dimensions in 

order to provide protection to different dimensional burst errors. An n-Dimensional 

interleaver can be effective against up to n-Dimensional errors [14]. 

In Figure 30 an example of the effect of an interleaver is presented. Figure 30 (a) 

shows the input data stream of 4 (4, 3) code-words in a 1-D interleaving. This input 

stream can correct 1 erroneous symbol by code-word. Figure 30 (b) presents the 

interleaving process in a 2-D matrix and Figure 30 (c) the output stream with the 
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data. The gray symbols represent a burst error that affects 4 consecutive symbols. 

Finally, Figure 30 (d) presents the data after the de-intereleaving process. In that 

figure is shown how a burst error has been transformed in a random-like error and 

the information can be recovered now. 

 

Figure 30 - Interleaving example [14]. 

The majority of the errors in a free space optical communication are correlated due 

to the fact that they occur in bursts. Atmospheric perturbation and pointing 

misalignments produce fades in the signal. To know the probability and 

characteristics of these fades provides crucial information that will determine the 

deepness of the interleaver. Moreover, the modulation used in this scenario will also 

affect the n-dimenson of the burst errors. 
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6.2. Design overview 

In this particular scenario a 1-dimensional interleaver and burst error have been 

taken under consideration. A block interleaving technique is used. 

During the conceptual design of this project, it has been decided to implement two 

steps of interleaving. The first step is implemented during the generation of the 

PLFEC and the main reason for it is to help with the synchronization of the data in 

the channel. This process has been already explained in more detail in the previous 

chapter. A first stage of interleaving scrambles the synchronization symbols in a 

known pattern minimizing the distance between them when transmitting a whole 

PLFEC page. 

The second interleaver requires a 3-D matrix for interleaving. This three 

dimensional matrix significantly increases the decorrelation of the errors by 

increasing the distance among two different symbols of the same code-word. The 

distance among these two different symbols for a 3-D cubic matrix is      being L 

the length of a side. 

This third dimension is provided by storing multiple pages of the data after being 

processed by the PLFEC architecture. Figure 31 presents a conceptual example of 

the data organization inside the interleaver. 

 

Figure 31 - Interleaver memory structure by pages 

Nevertheless, this construction presents a problem for the synchronization 

algorithm. The fact that the synchronization symbols belong to the LET frames 

implies that those symbols are protected by the Reed-Solomon algorithms. The 
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redundancy included during this protection procedure does not contain the 

synchronization symbols. Hence, once constructed the PLFEC page, it contains as 

many rows or columns without these symbols as redundancy symbols per LET are 

included in the PLFEC process. Working with pages of n by n symbols with a Reed-

Solomon code of (n, k) causes that (   )  packets are transmitted without 

synchronization symbols. Hence, a worst case scenario will be as described: 

A fade causes loss of synchronization just before the transmission of those pure-

redundancy packets. Then this fade ends when these packets are arriving at the 

receiver. At this point the communication link may be established again and 

depending on the length of the error correction systems the data could be even 

recovered. However these packets do not contain synchronization elements leading 

the system to extend the effect of the fade until new synchronization data is 

received. This could mean to extend the fade to the duration of the 3-D matrix 

which could be as long as several hundreds of milliseconds while a fade could last 

just few milliseconds. 

The interleaver also presents a high dependency with the correctness of its 

reconstruction. This implies that the system shall be able to recover the proper 

synchronization after long fades. This point is critical in the design since a 

misalignment during the construction will affect the PLFEC pages and that 

misalignment will be processed as erroneous data by both Reed-Solomon decoders. 

For these reasons, the following solution has been proposed for the tridimensional 

interleaver. A whole page in the interleaver full of synchronization symbols plus a 

modification in the organization of the pages shall be implemented.  

The inclusion of this page will ensure the presence of a synchronization symbol 

after a given amount of data, exactly one each L transmitted symbols. This ensures 

that when the data is being properly received, the system will be able to recover 

itself from a loss of synchronization. Moreover, the fact of knowing where that 

special word shall be in the whole structure provides a first fixed point for 

recovering the alignment. Here the algorithm used will be equivalent to the one 

described in the PLFEC chapter. 

The inclusion of a special structure in the organization of the pages has been 

analyzed. The purpose of this structure is to provide a second fixing point to ensure 

the proper alignment in the 3-D memory.  

In this structure, only pseudo-cubic matrixes and symmetrical FEC codes for BLFEC 

and PLFEC have been considered in this study. These pseudo-cubic matrixes 

are    (   where the extra element in the third dimension is used for the 

synchronization page and       . Due to the fact that each page of the 3-D matrix is 

constituted by packets from the PLFEC, it is known that each page will contain k 
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startOfLETFrame (SOF) symbols when using (n, k) Reed-Solomon codes. 

Additionally, there are   pages with PLFEC. This implies that once the cube is full of 

data it will contain     SOF symbols. There will be    synchronization symbols in 

the same cube. Consequently it is impossible to pair each synchronization symbol 

to a single SOF symbol unless there is no redundancy. Therefore, it is clear that in 

case of misalignment in the matrix, at least a complete row can be placed 

erroneously. Indeed, the number of “free” rows is          . Then a maximum 

distance of 2 rows between rows with SOF symbols can be granted when 

 
   

  

   
 
 
 

 (10) 

For this reason the following structure has been proposed to minimize the distance 

among SOF symbols between the rows. This structure also takes into consideration 

the complexity of its construction. In this case the cube has a side of 7 symbols 

(   ) and the codes used are (7, 5). As it is shown, the maximum distance among 

two SOF symbols when reading from left to right and top to bottom is 2. Figure 32 

shows the composition of the pseudo-cube where all the eight pages are merged 

into the first one and only the SOF symbols are shown. The first number of each 

pair in the same cell represents the number of the page where the second 

represents the original row. Then “3.2” indicates that that cell belongs to the 3 

page and the second row of this one. 

 

Figure 32 - Frontal view of the SOF symbols merged in the first page of the interleaver 

The following rules have been used to create this structure are: 
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- Two consecutive rows of the same page are written into the 3-D matrix leaving a 

free row in between. 

- When the bottom of the page in the 3-D matrix is reached, the empty rows are 

filled following the same structure. 

- Each new page is rotated one position to the right being the reference the 

previous page. The first page starts in the upper left corner. 

- Even pages are also rotated 1 position down.  
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7. Results and conclusions 

In this chapter the final achieved results are presented. Additionally, some extra 

results obtained during the characterization of the BLFEC system are introduced. 

Therefore this chapter aims to summarize the results achieved in this MSc Thesis as 

well as present some complementary results. 

7.1. Full process results 

Figure 33 compiles the different final throughput results achieved during the 

different stages of the project. Therefore, the intermediate result obtained and 

presented during the Throughput improvement chapter has not been included. This 

figure presents that the 100% throughput has been achieved and maintained 

during the different stages of the project. Besides, the original stage is also 

presented in order to allow a comparison between both the original and the current 

stage. 

 

Figure 33 - Throughput comparison at the different stages of the project. 

Figure 34 offers a comparison of the different latencies registered during the 

development of the improvements. In pink it is shown the latency of the NPT when 

it is connected in back-to-back and is transmitting Ethernet frames in store and 

forward mode. That configuration has been selected because the LET1G internally 

performs a store and forward process after receiving the data. However, for the 

other tests the NPT has sent the data in bit forwarding mode. The difference 
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between these two modes is that the first one (store and forward) buffers the whole 

EF prior to send it while the second mode (bit forwarding) drives the data directly in 

the line as soon as it is available. 

These results also prove that the system introduces a variable latency that is 

increased with the length of the EFs. The reason behind this increment in the 

latency is the packing doing by the LET1G protocol. It includes an overhead and 

splits the EFs into several LFs once exceeded the LF payload’s length. 

 

Figure 34 - Latency comparison at the different stages of the project. 

7.2. BLFEC characterization extra results 

The results presented in this section provide extra details about the characteristics 

of the BLFEC system and its testing environment. These figures have been 

generated with the data gathered from two different experiments. In the first one, 

the setup configuration is the one presented in Figure 16. On it, the throughput for 

different fixed EF lengths was analyzed under noise conditions. For this test the EF 

lengths used were the standard ones for the Ethernet protocol, 64, 128, 256, 512, 

756, 1024, 1280, and 1518 Bytes. This test also last 1 minute and the throughput 

value measured was the average of the different instantaneous throughputs 

measured by the MD1230 NPT. 

Figure 35 presents how the throughputs vary according to the BER and the length 

of the Ethernet frames. Here the throughput has been studied from a BER of 10-9 

up to a BER of 10-3. It finishes just in the frontier where the code-words start to 

present not correctable errors. 
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Figure 35 - Throughput versus BER and EF lengths 

Furthermore, it can be noticed that in the frontier the throughput presents a drop. 

This is caused by the fact that longer EFs require more LET frames to be 

transmitted and they carry more information. Therefore the probability of losing a 

LET frame by an erroneous code-word causes the loss of two EFs. 

In Figure 36 the data of Figure 35 are re-plotted to visualize the throughput 

penalty. In this figure it is clear that once the error rate overcomes the correction 

capabilities of the code, the longer EF are more affected by the loss of a single 

code-word. Due to the fact that a long EF requires of several LFs to be transmitted, 

to loss a single LF will cause the loss of the whole EF. 



54 

 

 

Figure 36 - Throughput penalty in the frontier of code-words erroneous 

Additionally, during the development of these tests it was notable that a throughput 

of 100% cannot be achieved following the RFC2544. This problem is caused by the 

use of a suboptimal line decoder. This decoder is not capable to detect special 

words if they have been corrupted. Therefore when a special word that signals the 

start or the end of an EF is corrupted, the system doesn’t recognize it properly. In 

this case, the Reed-Solomon decoder can recover the data but without the proper 

signaling the system cannot difference it from the normal payload. Thus data may 

also take the same value as the special words, the idea of recognizing the special 

words after the Reed-Solomon decoding is not feasible. This problem is expected to 

be solved with the migration since an optimal line coder/decoder system will be 

used. 

Figure 37 presents the effects of the abovementioned error when operating just in 

the frontier where the code-words start to present not correctable errors. This 

figure shows how this error affects mostly the smallest Ethernet frames. The reason 

is that the smaller are the EFs, the more special words are needed. Therefore given 

a bit error rate, increasing the number of special words also increases the 

probability of an error affecting a special word. 
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Figure 37 - Frames loss by sub-optimal line decoder issues 

Nevertheless, this error is, in the worst case under 10-3% of the frames 

transmitted. Figure 38 presents the probability of losing an EF normalized to the 

number of EFs transmitted for each Ethernet frame length. This figure also presents 

a random-like loss rate and its average is centered under an        . 
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Figure 38 - Frame lost probability 

7.3. Conclusions 

The objectives of this MSc Thesis have been to provide the hardware architectures 

for the first steps of the implementation of LET1G. Algorithms and structural 

designs for the advanced error protection schemas have also been provided taking 

under consideration the feasibility of their implementation. In this report, the 

different solutions offered to achieve these objectives have been discussed and the 

experimental results presented. 

The objectives and milestones were clearly formulated since the beginning of the 

project. However, both technical and conceptual problems have been faced during 

the different implementation stages. Consequently, a lot of time has been spent in 

providing feasible solution to these problems. Hence, at the end of this MSc Thesis 

an intermediate product for the whole LET1G project has been provided. In spite of 

the issues abovementioned, this product has been proved stable and reliable under 

hazardous conditions that affect the integrity of the data. Besides, key steps in the 

implementation of the next protection level have been achieved. These steps may 

lead to complete a LET1G with a PLFEC scheme solution by the end of the year. 

This solution will be properly characterized and the issues that affect the current 

solution are expected to be solved. Even though further improvements for the 

project are open discussion points for the LET1G project management. 
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7.4. Importance for society and ethical aspects 

LET1G is a wireless communication system that can provide reliable high data 

rates. Furthermore it is a tap-proofness and low power consumption system. These 

advantages make LET1G a very suitable as a future institutional wireless 

communications system. 

During the assistance and reconstruction of infrastructures after a natural disaster 

LET1G can be proved useful. Mobile FSO units can be used to provide high data 

rates connecting the coordination centers deployed in the affected area. This link is 

considered priority due to the fact that communication enables the optimization of 

the resources as well as it may reduce the reaction time. 

Finally, LET system will help to increase the scientific return of the space missions 

by providing a significant step in the transmitted data capabilities. It also will help 

to reduce the usage of the radio-based spectral bands. Besides, the interferences 

with other links only depend on the geographical proximity of the elements involved 

in the communication. 

7.5. Future work 

During the time frame of this MSc Thesis several hardware structures have been 

designed in code or paper. Therefore the next subsequently step in this project will 

be to finalize their implementation and characterization. An interesting study is to 

analyze the differences in error protection capabilities of the system with and 

without PLFEC. This analysis will provide important empirical information about the 

system qualities. The absence of the PLFEC will reduce the channel bit-rate 

requirements and its latency. Different applications may require different 

operational conditions where this trade-off between error protection and bit-rate or 

latency can require different structures. 

A complete analysis of the error correlation in the electro-optical converters may 

also be interesting. This study will provide information about the behavior of the 

complete system providing a better understanding and control of the 

characterization conditions. 

Optical channels can provide higher speed rates. Therefore, a following step may 

also consist in increasing the data bit rate in the optical channel. This increment in 

the amount of data transmitted may also require different hardware structures as 

well as novel protection techniques. Consequently, this next step may open a new 

research area where the different schemes of error protection and hardware 

structures shall be studied. 

The analysis and optimization of the different modulation techniques employed for 

the laser devices present another important development path. Different 
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modulations may help to achieve signal stability. Hence, the error protection 

structures such as the interleaver or the redundancy included in the different FEC 

states can be optimized. Moreover, different interleaving structures can still be 

analyzed in order to provide better performance. 

Furthermore, the project as a whole has shown different points that may be 

objective of future improvements. A first idea may be to develop more efficient PLL 

structures capable to recover and sustain the synchronization in free space optical 

channels. Word-alignment algorithms and structures are also subjects of 

improvement thus this process determines the recovery time after a loss of 

synchronism caused by fading conditions.  
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Appendix A – Single throughput plotting script 

% This scripts reads the CVS file from the network analyzer 

% It plots the throughput graphs 

 

close all; 

clear all; 

clc; 

 

filename='100_RS_900s_TP_FL_LC\Throughput001.csv'; 

 

NumberFrames=25; 

FrameSizes  =zeros([1 NumberFrames]); 

ThroughputPercent =zeros([1 NumberFrames]); 

PercentTheoretical =100*ones([1 NumberFrames]); 

ThroughputFrames =zeros([1 NumberFrames]); 

FramesTheoretical =zeros([1 NumberFrames]); 

ThroughputByte =zeros([1 NumberFrames]); 

BytesTheoretical =zeros([1 NumberFrames]); 

ThroughputBit =zeros([1 NumberFrames]); 

BitsTheoretical =zeros([1 NumberFrames]); 

 

row=0; 

col=0; 

for row=0:(NumberFrames - 1) 

    %Reading out frame sizes 

    FrameSizes(1,(1+row))=csvread(filename,3*row,1,[3*row,1,3*row,1]); 

    %Reading out throughput percentage 

    ThroughputPercent(1,(1+row))=csvread(filename,3*row,3,[3*row,3,3*row,3]); 

    %Reading out frames/s 

    ThroughputFrames(1,(1+row))=csvread(filename,3*row+1,3,[3*row+1,3,3*row+1,3]); 

    %Reading out Bytes/s 

    ThroughputByte(1,(1+row))=csvread(filename,3*row+2,3,[3*row+2,3,3*row+2,3]); 

end 

 

ThroughputBit  = 8 * ThroughputByte; 

InterFrameGap = 96; %96 ns, 12 Bytes 

BytesTheoretical = 

(FrameSizes*1000*1000*1000)./(InterFrameGap+8*(8+FrameSizes)); 

FramesTheoretical = BytesTheoretical./FrameSizes; 

BitsTheoretical = 8 * BytesTheoretical; 

 

%Plotting... 
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figure; 

hold on; 

axis([64 1518 0 108]); 

grid(); 

title('% Throughput','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('%','FontSize',20); 

plot(FrameSizes,PercentTheoretical,'-b*',FrameSizes,ThroughputPercent,'-r.','LineWidth',2); 

legend('Theoretical Value','Test 

Result@1.5Gbps','Location','SouthEastOutside','FontSize',20); 

set(gca,'FontSize',20); 

 

figure; 

hold on; 

axis([64 1518 ceil(0.98*min(ThroughputFrames)) ceil(1.1*max(FramesTheoretical))]); 

grid(); 

title('Frame/s Throughput','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('Frame/s','FontSize',20); 

plot(FrameSizes,FramesTheoretical,'-b*',FrameSizes,ThroughputFrames,'-r.','LineWidth',2); 

legend('Theoretical Value','Test 

Result@1.5Gbps','Location','NorthEastOutside','FontSize',20); 

set(gca,'FontSize',20); 

 

figure; 

hold on; 

axis([64 1518 ceil(0.98*min(ThroughputByte)) ceil(1.1*max(BytesTheoretical))]); 

grid(); 

title('Byte/s Throughput','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('Byte/s','FontSize',20); 

plot(FrameSizes,BytesTheoretical,'-b*',FrameSizes,ThroughputByte,'-r.','LineWidth',2); 

legend('Theoretical Value','Test 

Result@1.5Gbps','Location','NorthEastOutside','FontSize',20); 

set(gca,'FontSize',20); 

 

figure; 

hold on; 

axis([64 1518 ceil(0.98*min(ThroughputBit)) ceil(1.1*max(BitsTheoretical))]); 

grid(); 

title('Bit/s Throughput','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('Bit/s','FontSize',20); 

plot(FrameSizes,BitsTheoretical,'-b*',FrameSizes,ThroughputBit,'-r.','LineWidth',2); 

legend('Theoretical Value','Test 

Result@1.5Gbps','Location','NorthEastOutside','FontSize',20); set(gca,'FontSize',20); 
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Appendix B – Comparative throughput plotting 

script 

% This scripts reads the CVS file from the network analyser 

% It plots a throughput comparison between different tests 

 

close all; 

clear all; 

clc; 

 

filename0='old_300s_TP_FL_LC\Throughput001.csv'; 

filename1='100_900s_TP_FL_LC\Throughput001.csv'; 

filename2='100_RS_900s_TP_FL_LC\Throughput001.csv'; 

 

NumberFrames=25; 

PercentTheoretical =100*ones([1 NumberFrames]); 

FramesTheoretical =zeros([1 NumberFrames]); 

BytesTheoretical =zeros([1 NumberFrames]); 

BitsTheoretical =zeros([1 NumberFrames]); 

% 

ThroughputPercent0 =zeros([1 NumberFrames]); 

ThroughputFrames0 =zeros([1 NumberFrames]); 

ThroughputByte0  =zeros([1 NumberFrames]); 

ThroughputBit0  =zeros([1 NumberFrames]); 

FrameSizes0   =zeros([1 NumberFrames]); 

% 

ThroughputPercent1 =zeros([1 NumberFrames]); 

ThroughputFrames1 =zeros([1 NumberFrames]); 

ThroughputByte1  =zeros([1 NumberFrames]); 

ThroughputBit1  =zeros([1 NumberFrames]); 

FrameSizes1   =zeros([1 NumberFrames]); 

% 

ThroughputPercent2 =zeros([1 NumberFrames]); 

ThroughputFrames2 =zeros([1 NumberFrames]); 

ThroughputByte2  =zeros([1 NumberFrames]); 

ThroughputBit2  =zeros([1 NumberFrames]); 

FrameSizes2   =zeros([1 NumberFrames]); 

 

row=0; 

col=0; 
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for row=0:(NumberFrames - 1) 

    %Reading out frame sizes 

    FrameSizes0(1,(1+row))=csvread(filename0,3*row,1,[3*row,1,3*row,1]); 

    FrameSizes1(1,(1+row))=csvread(filename1,3*row,1,[3*row,1,3*row,1]); 

    FrameSizes2(1,(1+row))=csvread(filename2,3*row,1,[3*row,1,3*row,1]); 

    %Reading out throughput percentage 

    ThroughputPercent0(1,(1+row))=csvread(filename0,3*row,3,[3*row,3,3*row,3]); 

    ThroughputPercent1(1,(1+row))=csvread(filename1,3*row,3,[3*row,3,3*row,3]); 

    ThroughputPercent2(1,(1+row))=csvread(filename2,3*row,3,[3*row,3,3*row,3]); 

    %Reading out frames/s 

    

ThroughputFrames0(1,(1+row))=csvread(filename0,3*row+1,3,[3*row+1,3,3*row+1,3]); 

    

ThroughputFrames1(1,(1+row))=csvread(filename1,3*row+1,3,[3*row+1,3,3*row+1,3]); 

    

ThroughputFrames2(1,(1+row))=csvread(filename2,3*row+1,3,[3*row+1,3,3*row+1,3]); 

    %Reading out Bytes/s 

    ThroughputByte0(1,(1+row))=csvread(filename0,3*row+2,3,[3*row+2,3,3*row+2,3]); 

    ThroughputByte1(1,(1+row))=csvread(filename1,3*row+2,3,[3*row+2,3,3*row+2,3]); 

    ThroughputByte2(1,(1+row))=csvread(filename2,3*row+2,3,[3*row+2,3,3*row+2,3]); 

end 

 

ThroughputBit0  = 8 * ThroughputByte0; 

ThroughputBit1   = 8 * ThroughputByte1; 

ThroughputBit2   = 8 * ThroughputByte2; 

InterFrameGap  = 96; %96 ns, 12 Bytes 

BytesTheoretical = 

(FrameSizes0*1000*1000*1000)./(InterFrameGap+8*(8+FrameSizes0)); 

FramesTheoretical = BytesTheoretical./FrameSizes0; 

BitsTheoretical  = 8 * BytesTheoretical; 

 

%Plotting... 

figure; 

hold on; 

axis([64 1518 0 108]); 

grid(); 

title('% Throughput','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('%','FontSize',20); 

plot(FrameSizes0,PercentTheoretical,'-b*',FrameSizes0,ThroughputPercent0,'-

r.',FrameSizes1,ThroughputPercent1,'-.mo',FrameSizes2,ThroughputPercent2,'--

g.','LineWidth',2); 

legend('Theoretical Value','Original LET1G @1.25Gbps','First modification @1.6Gbps','BLFEC 

@1.5Gbps','Location','SouthEast','FontSize',20); 

set(gca,'FontSize',20); 
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figure; 

hold on; 

axis([64 1518 ceil(0.98*min(ThroughputFrames0)) ceil(1.1*max(FramesTheoretical))]); 

grid(); 

title('Frame/s Throughput','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('Frame/s','FontSize',20); 

plot(FrameSizes0,FramesTheoretical,'-b*',FrameSizes0,ThroughputFrames0,'-

r.',FrameSizes1,ThroughputFrames1,'-.mo',FrameSizes2,ThroughputFrames2,'--

g.','LineWidth',2); 

legend('Theoretical Value','Original LET1G @1.25Gbps','First modification @1.6Gbps','BLFEC 

@1.5Gbps','Location','SouthEast','FontSize',20); 

set(gca,'FontSize',20); 

figure; 

hold on; 

axis([64 1518 ceil(0.98*min(ThroughputByte0)) ceil(1.1*max(BytesTheoretical))]); 

grid(); 

title('Byte/s Throughput','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('Byte/s','FontSize',20); 

plot(FrameSizes0,BytesTheoretical,'-b*',FrameSizes0,ThroughputByte0,'-

r.',FrameSizes1,ThroughputByte1,'-.mo',FrameSizes2,ThroughputByte2,'--g.','LineWidth',2); 

legend('Theoretical Value','Original LET1G @1.25Gbps','First modification @1.6Gbps','BLFEC 

@1.5Gbps','Location','SouthEast','FontSize',20); 

set(gca,'FontSize',20); 

 

figure; 

hold on; 

axis([64 1518 ceil(0.98*min(ThroughputBit0)) ceil(1.1*max(BitsTheoretical))]); 

grid(); 

title('Bit/s Throughput','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('Bit/s','FontSize',20); 

plot(FrameSizes0,BitsTheoretical,'-b*',FrameSizes0,ThroughputBit0,'-

r.',FrameSizes1,ThroughputBit1,'-.mo',FrameSizes2,ThroughputBit2,'--g.','LineWidth',2); 

legend('Theoretical Value','Original LET1G @1.25Gbps','First modification @1.6Gbps','BLFEC 

@1.5Gbps','Location','SouthEast','FontSize',20); 

set(gca,'FontSize',20); 
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Appendix C – Single latency plotting script 

% This scripts reads the CVS file from the network analyzer 

% It plots the latency graphs 

close all; 

clear all; 

clc; 

 

filename='NPT_backtoback\Latency001.csv'; 

 

NumberFrames =25; 

FrameSize  =zeros([1 NumberFrames]); 

Latency      =zeros([1 NumberFrames]); 

FrameSize2 =zeros([1 NumberFrames]); 

Latency2     =zeros([1 NumberFrames]); 

 

row=0; 

for row=0:(NumberFrames - 1) 

    %Reading out frame sizes 

    FrameSize(1,(1+row))=csvread(filename,row,1, [row,1,row,1]); 

    Latency(1,(1+row))=csvread(filename,row,4, [row,4,row,4])*1000*1000;%It's in 

seconds, it converts them into us 

end 

 

%Plotting... 

figure; 

hold on; 

axis([64 1518 -15 0]); 

grid(); 

title('Latency at 100% Throughput','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('Latency (us)','FontSize',20); 

plot(FrameSize,Latency,'-b*','LineWidth',2);%,FrameSize2,Latency2,'-r.' 

legend('Latency@1.5Gbps with 

BLFEC','Latency@1.6Gbps','Location','NorthEastOutside','LineWidth',2,'FontSize',20); 

set(gca,'FontSize',20); 
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Appendix D – Comparative latency plotting script 

% This scripts reads the CVS file from the network analyser 

% It plots a comparative of the latency graphs 

close all; 

clear all; 

clc; 

 

filename0='old_300s_TP_FL_LC\Latency001.csv'; 

filename1='100_900s_TP_FL_LC\Latency001.csv'; 

filename2='100_RS_900s_TP_FL_LC\Latency001.csv'; 

filename3='NPT_backtoback\Latency001.csv'; 

 

NumberFrames =25; 

FrameSize0  =zeros([1 NumberFrames]); 

Latency0  =zeros([1 NumberFrames]); 

FrameSize1  =zeros([1 NumberFrames]); 

Latency1  =zeros([1 NumberFrames]); 

FrameSize2   =zeros([1 NumberFrames]); 

Latency2       =zeros([1 NumberFrames]); 

FrameSize3   =zeros([1 NumberFrames]); 

Latency3       =zeros([1 NumberFrames]); 

 

row=0; 

for row=0:(NumberFrames - 1) 

    %Reading out frame sizes 

    FrameSize0(1,(1+row))=csvread(filename0,row,1, [row,1,row,1]); 

    Latency0(1,(1+row))=csvread(filename0,row,4, [row,4,row,4])*1000*1000;%It's in 

seconds, it converts them into us 

    FrameSize1(1,(1+row))=csvread(filename1,row,1, [row,1,row,1]); 

    Latency1(1,(1+row))=csvread(filename1,row,4, [row,4,row,4])*1000*1000;%It's in 

seconds, it converts them into us 

    FrameSize2(1,(1+row))=csvread(filename2,row,1, [row,1,row,1]); 

    Latency2(1,(1+row))=csvread(filename2,row,4, [row,4,row,4])*1000*1000;%It's in 

seconds, it converts them into us 

    FrameSize3(1,(1+row))=csvread(filename3,row,1, [row,1,row,1]); 

    Latency3(1,(1+row))=csvread(filename3,row,4, [row,4,row,4])*1000*1000;%It's in 

seconds, it converts them into us 

end 

 

Latency3 = -Latency3; 

 

col=1; 



70 

 

row=1; 

tmp1=0; 

tmp2=0; 

Latency4 = zeros([1 NumberFrames]); 

 

for row=1:(NumberFrames) 

    tmp1=0; 

    tmp2=0; 

    for col=1:NumberRows 

        tmp1=cell2mat(LatencyM(col,row))+tmp1; 

        tmp2=(col-1)*cell2mat(LatencyM(col,row))+tmp2; 

    end 

    Latency4(row)=(tmp2/tmp1); 

end 

 

 

%Plotting... 

figure; 

hold on; 

axis([64 1518 0 50]); 

grid(); 

title('Latency at 100% Throughput','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('Latency (us)','FontSize',20); 

plot(FrameSize3,Latency3,'-m.',FrameSize0,Latency0,'-b*',FrameSize1,Latency1,'-

r.',FrameSize2,Latency2,'-g.','LineWidth',2); 

legend('NPT Latency','Latency original design @1.25Gbps','Latency 100% Throughput 

@1.6Gbps','Latency with BLFEC 

@1.5Gbps','Location','NorthEastOutside','LineWidth',2,'FontSize',20); 

set(gca,'FontSize',20); 
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Appendix E – Ethernet frames loss rate script 

% This script reads the Network Performance Tester log files. 

% It is used to plot the amount of lost Ethernet frames 

% due to the loss of some special words 

 

close all; 

clear all; 

 

% This file may change according to the file generated 

filename='100_RS_900s_SER_TP_LC\AutoLog.csv'; 

 

NumberFrames=25; 

FrameSizes  

 =[64,110,128,220,256,330,400,440,512,550,600,660,700,770,880,930,990,1024,1

100,1150,1210,1280,1320,1430,1518]; 

ThroughputFrames =zeros([1 NumberFrames]); 

% 

FrameSizes2   =FrameSizes; 

ThroughputFrames2 =zeros([1 NumberFrames]); 

 

fileID = fopen(filename); 

line1  = ''; 

framesReceived = [0]; 

framesTransmitted = [0]; 

i=1; 

 

% read the file until the end 

while ~feof(fileID) 

 line1 = fgetl(fileID) 

 % It looks for the desired line 

    if(strcmp(line1,'Tx Frames')) 

  line1 = fgetl(fileID); 

  framesTransmitted = sscanf(line1, '   Unit1:2:1      =  %d'); 

        ThroughputFrames(i)  = framesTransmitted(1); 

    end 

 % It looks for the desired line 

 if(strcmp(line1,'Rx Frames')) 

  line1 = fgetl(fileID); 

  line1 = fgetl(fileID); 

  framesReceived = sscanf(line1, '   Unit1:2:2      =  %d'); 

        ThroughputFrames2(i) = framesReceived(1); 

  i = i+1; 
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    end 

    if i > 25 

        break 

    end 

end 

 

FramesLost = ThroughputFrames - ThroughputFrames2; 

PercentLost = (100*FramesLost./ThroughputFrames); 

 

figure; 

hold on; 

axis([64 1518 floor(0.98*min(FramesLost)) ceil(1.1*max(FramesLost))]); 

grid(); 

title('Frames lost rate without codewords erroneous','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('#Frames lost','FontSize',20); 

plot(FrameSizes,FramesLost,'-b.','LineWidth',2); 

legend('Frames lost','Location','NorthEastOutside','FontSize',20); 

set(gca,'FontSize',20); 

 

figure; 

hold on; 

axis([64 1518 floor(0.98*min(PercentLost)*10000)/10000 

ceil(1.1*max(PercentLost)*10000)/10000]); 

grid(); 

title('Frames lost rate without codewords erroneous','FontSize',20); 

xlabel('Frame size','FontSize',20); 

ylabel('% Frames lost','FontSize',20); 

plot(FrameSizes,PercentLost,'-b.','LineWidth',2); 

legend('Frames lost','Location','NorthEastOutside','FontSize',20); 

set(gca,'FontSize',20); 
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Appendix F – BER, SER and CER plotting script 

% This script plots the results of the BER, SER and CER for different optical powers 

 

close all; 

clear all; 

 

% Optical power measured in nW 

PWR=[359.8, 417.5, 488.5, 574, 615.8, 626, 637.6, 647.7, 658, 668, 679.5, 691, 701, 

712.3, 723.8, 786.1, 1098, 1301, 1535, 1805, 2103, 2403, 2690, 2967, 3206]; 

 

BER=zeros(1,16); 

SER=zeros(1,16); 

CER=zeros(1,16); 

 

BE=zeros(1,16); 

SE=zeros(1,16); 

CE=zeros(1,16); 

 

sigmaBER=zeros(1,16); 

sigmaSER=zeros(1,16); 

sigmaCER=zeros(1,16); 

 

% Different files with the error rates 

filename=[{'150mV.txt'},{'140mV.txt'},{'130mV.txt'},{'120mV.txt'},{'115mV.txt'},{'114m

V.txt'},{'113mV.txt'},{'112mV.txt'},{'111mV.txt'},{'110mV.txt'},{'109mV.txt'},{'108mV.t

xt'},{'107mV.txt'},{'106mV.txt'},{'105mV.txt'},{'100mV.txt'},{'80mV.txt'},{'70mV.txt'},{'

60mV.txt'},{'50mV.txt'},{'40mV.txt'},{'30mV.txt'},{'20mV.txt'},{'10mV.txt'},{'0mV.txt'}]

; 

 

% Loops for reading all files 

for i=1:length(filename) 

    fn=char(filename(i)); 

    fileID=fopen(fn); 

    cnt=0; 

    ln_old=[0;0;0]; 

    ln1=[0;0;0]; 

    ln2=[0;0;0]; 

    cnt_aux=0; 

     

    %Instant value 

    BER_t=0; 

    SER_t=0; 
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    CER_t=0; 

    %Cumulated value 

    BE_t=0; 

    SE_t=0; 

    CE_t=0; 

    %sigma data for calculation vector 

    sigmaBER_tmp=[0]; 

    sigmaSER_tmp=[0]; 

    sigmaCER_tmp=[0]; 

    sigmaBER_tmp2=[0]; 

    sigmaSER_tmp2=[0]; 

    sigmaCER_tmp2=[0]; 

 

 % Loop for reading the whole file 

    while ~feof(fileID) 

  % The structure of the file is known beforehand  

        line1 = fgets(fileID); 

        line2 = fgets(fileID); 

        line3 = fgets(fileID); 

         

        ln_old = ln2; 

   

        ln1 = sscanf(line1, ' Cumulated BE=%f, SE=%f, CE=%f '); 

        ln2 = sscanf(line2, ' Total BER=%f, SER=%f, CER=%f '); 

        % This condition ensures that the data is properly handle even when the error rates 

remain at 0 

        if (BE_t~=ln1(1) || (ln_old(1)~=ln2(1) || cnt_aux~=0)) 

            cnt_aux = 0; 

            cnt = cnt + 1; 

             

            BE_t=ln1(1); 

            SE_t=ln1(2); 

            CE_t=ln1(3); 

             

            BER_t=BER_t+ln2(1); 

            SER_t=SER_t+ln2(2); 

            CER_t=CER_t+ln2(3); 

             

            sigmaBER_tmp=[sigmaBER_tmp;BER_t/cnt]; 

            sigmaSER_tmp=[sigmaSER_tmp;SER_t/cnt]; 

            sigmaCER_tmp=[sigmaCER_tmp;CER_t/cnt]; 

        else 

            cnt_aux = 1; 

        end 

 

    end 
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 % Average of the instantaneous BER, SER and CER values 

    BER(i)=BER_t/cnt; 

    SER(i)=SER_t/cnt; 

    CER(i)=CER_t/cnt; 

     

 % Average of the cumulated BER, SER and CER at the end of the file 

    BE(i)=BE_t/((cnt)*2000000000); 

    SE(i)=SE_t/((cnt)*2000000000/8); 

    CE(i)=CE_t/((cnt)*2*(2000000000/8)/408); 

     

 % Stores the sigma values for each power value 

    if length(sigmaBER_tmp)>1 

        sigmaBER_tmp2=sigmaBER_tmp(2:cnt); 

        sigmaSER_tmp2=sigmaSER_tmp(2:cnt); 

        sigmaCER_tmp2=sigmaCER_tmp(2:cnt); 

    end 

       

 % Calculates the standard deviation for each power value 

    sigmaBER(i)=std(sigmaBER_tmp2-BE(i)); 

    sigmaSER(i)=std(sigmaSER_tmp2-SE(i)); 

    sigmaCER(i)=std(sigmaCER_tmp2-CE(i)); 

 

end 

 

PWRdbm=10*log10((PWR.*1e-9)./1e-3); 

 

%Plots all the figures 

 

figure; 

semilogy(BER(3:length(BER)),CER(3:length(CER)), 'r','linewidth',2); 

legend('CER','Location','NorthEast','FontSize',20) 

set(gca,'YMinorGrid','On'); 

set(gca,'FontSize',20); 

grid on 

title('CER vs BER','FontSize',20) 

xlabel('Bit Error Rate','FontSize',20) 

ylabel('Code-word Error Rate','FontSize',20) 

 

%% 

figure; 

ax = axes(); 

errorbar(ax, PWR, BE, sigmaBER,'linewidth',2); 

set(ax, 'YScale', 'log'); 

set(gca,'YMinorGrid','On'); 

set(gca,'FontSize',20); 
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grid on 

title('Bit Error Rate - Standard deviation','FontSize',20) 

xlabel('Optical power (nW)','FontSize',20) 

ylabel('Error rate','FontSize',20) 

 

figure; 

ax = axes(); 

errorbar(ax, PWR, SE, sigmaSER,'linewidth',2); 

set(ax, 'YScale', 'log'); 

set(gca,'YMinorGrid','On'); 

set(gca,'FontSize',20); 

grid on 

title('Symbol Error Rate - Standard deviation','FontSize',20) 

xlabel('Optical power (nW)','FontSize',20) 

ylabel('Error rate','FontSize',20) 

 

figure; 

ax = axes(); 

errorbar(ax, PWR, CE, sigmaCER,'linewidth',2); 

set(ax, 'YScale', 'log'); 

set(gca,'YMinorGrid','On'); 

set(gca,'FontSize',20); 

grid on 

title('Codeword Error Rate - Standard deviation','FontSize',20) 

xlabel('Optical power (nW)','FontSize',20) 

ylabel('Error rate','FontSize',20) 

 

%% 

figure; 

semilogy(PWR, BER, 'r', PWR, SER, 'b', PWR, CER, 'g','linewidth',2); 

legend('BER','SER','CER','Location','NorthEast','FontSize',20) 

set(gca,'YMinorGrid','On'); 

set(gca,'FontSize',20); 

grid on 

title('Error rate VRS Received Optical Power @ 1.5Gbps','FontSize',20) 

xlabel('Optical power (nW)','FontSize',20) 

ylabel('Error rate','FontSize',20) 

 

figure; 

semilogy(PWR, BE, 'r', PWR, SE, 'b', PWR, CE, 'g','linewidth',2); 

legend('BER','SER','CER','Location','NorthEast','FontSize',20); 

set(gca,'YMinorGrid','On'); 

set(gca,'FontSize',20); 

grid on 

title('Error rate VRS Received Optical Power @ 1.5Gbps (1 min)','FontSize',20) 

xlabel('Optical power (nW)','FontSize',20) 
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ylabel('Error rate','FontSize',20) 

 

%% 

% Optical power dBm 

Limit=[6*10^-1,1*10^-1,1*10^-2,1*10^-3,1*10^-4,1*10^-5,1*10^-6,1*10^-7,1*10^-

8,1*10^-9]; 

DummydBm=[PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdb

m(11),PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdbm(11)]; 

 

figure; 

semilogy(PWRdbm, BER, 'r', PWRdbm, SER, 'b', PWRdbm, CER, 'g','linewidth',2); 

legend('BER','SER','CER','RS(188,204) Error free','Location','NorthEast','FontSize',20) 

hold on; 

semilogy(DummydBm,Limit,'k--','linewidth',2); 

set(gca,'YMinorGrid','On'); 

set(gca,'FontSize',20); 

grid on 

title('Error rate VRS Received Optical Power @ 1.5Gbps','FontSize',20) 

xlabel('Optical power (dBm)','FontSize',20) 

ylabel('Error rate','FontSize',20) 

 

figure; 

semilogy(PWRdbm, BE, 'r', PWRdbm, SE, 'b', PWRdbm, CE, 'g','linewidth',2); 

legend('BER','SER','CER','RS(188,204) Error free','Location','NorthEast','FontSize',20); 

hold on; 

semilogy(DummydBm,Limit,'k--','linewidth',2); 

set(gca,'YMinorGrid','On'); 

set(gca,'FontSize',20); 

grid on 

title('Error rate VRS Received Optical Power @ 1.5Gbps (1 min)','FontSize',20) 

xlabel('Optical power (dBm)','FontSize',20) 

ylabel('Error rate','FontSize',20) 

 

%% 

 

%Optical power dBm 

Limit=[6*10^-1,1*10^-1,1*10^-2,1*10^-3,1*10^-4,1*10^-5,1*10^-6,1*10^-7,1*10^-

8,2*10^-9]; 

DummydBm=[PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdb

m(11),PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdbm(11)]; 

 

figure; 

semilogy(PWRdbm(2:length(PWRdbm)), BER(2:length(BER)), 'r', 

PWRdbm(2:length(PWRdbm)), SER(2:length(SER)), 'b', PWRdbm(2:length(PWRdbm)), 

CER(2:length(CER)), 'g','linewidth',2); 

legend('BER','SER','CER','RS(188,204) Error free','Location','NorthEast','FontSize',20) 
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hold on; 

semilogy(DummydBm,Limit,'k--','linewidth',2); 

set(gca,'YMinorGrid','On'); 

set(gca,'FontSize',20); 

grid on 

title('Error rate VRS Received Optical Power @ 1.5Gbps','FontSize',20) 

xlabel('Optical power (dBm)','FontSize',20) 

ylabel('Error rate','FontSize',20) 

 

Limit=[6*10^-1,1*10^-1,1*10^-2,1*10^-3,1*10^-4,1*10^-5,1*10^-6,1*10^-7,1*10^-

8,1*10^-9]; 

DummydBm=[PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdb

m(11),PWRdbm(11),PWRdbm(11),PWRdbm(11),PWRdbm(11)]; 

 

figure; 

semilogy(PWRdbm(2:length(PWRdbm)), BE(2:length(BE)), 'r', 

PWRdbm(2:length(PWRdbm)), SE(2:length(SE)), 'b', PWRdbm(2:length(PWRdbm)), 

CE(2:length(CE)), 'g','linewidth',2); 

legend('BER','SER','CER','RS(188,204) Error free','Location','NorthEast','FontSize',20); 

hold on; 

semilogy(DummydBm,Limit,'k--','linewidth',2); 

set(gca,'YMinorGrid','On'); 

set(gca,'FontSize',20); 

grid on 

title('Error rate VRS Received Optical Power @ 1.5Gbps (1 min)','FontSize',20) 

xlabel('Optical power (dBm)','FontSize',20) 

ylabel('Error rate','FontSize',20) 
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Appendix G – Memory debugging supporting script 

% This script generates the memory content for testing the PLFEC memory 

% It generates the data that shall be send into the memory, the data once recovered from 

the memory 

% and the data in the output of the PLFEC encoder memory. 

% It has to recreate the interleaving process in order to provide a proper comparison. 

 

close all; 

clear all; 

 

value=uint16(0); 

voidLines=0; 

 

memsize=255; 

RS_FR_LEN=204; 

LET_RS_CRC2=0; 

 

mem=uint16(zeros(memsize, memsize, 2)); 

mem2=uint16(zeros(memsize, memsize, 2)); 

memaux=uint16(zeros(memsize, memsize, 2)); 

memaux2=uint16(zeros(memsize, memsize, 2)); 

 

inFile = 'data_in.txt'; 

inFile2 = 'data_in2.txt'; 

outFile = 'data_out.txt'; 

 

inID=fopen(inFile, 'w'); 

inID2=fopen(inFile2, 'w'); 

outID=fopen(outFile, 'w'); 

 

for times=1:10 

    % Writes in lines 

    voidLines = 0; 

    for i=1:RS_FR_LEN 

        for j=1:RS_FR_LEN 

            jj=i+j-1-ceil(voidLines/2); 

   % This condition generates the empty LET frames 

            if (voidLines < 2*LET_RS_CRC2) && ~mod(i,2) 

                mem(i,j,2)=0; 

                memaux(i,j,1)=uint16(0); 

                memaux(i,j,2)=0; 

            else 
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                if (value>=65535) 

                    value=0; 

                else 

                    value=value+1; 

                end 

                mem(i,j,1)=uint16(value); 

    % Generates special word flag 

                if j==1 

                    mem(i,j,2)=3; 

                else 

                    mem(i,j,2)=1; 

                end 

                % These conditions generate the interleaving of the memory 

                if jj > RS_FR_LEN 

                    memaux(i,jj-RS_FR_LEN,1)=uint16(value); 

                    memaux(i,jj-RS_FR_LEN,2)=1; 

                    memaux2(i-ceil(voidLines/2),jj-RS_FR_LEN,1)=uint16(value); 

                else 

                    memaux(i,jj,1)=uint16(value); 

                    memaux(i,jj,2)=1; 

                    memaux2(i-ceil(voidLines/2),jj,1)=uint16(value); 

                end 

            end 

            fwrite(inID, mem(i,j,1), 'uint16'); 

            fwrite(inID, mem(i,j,2), 'uint16'); 

        end 

        if (voidLines < 2*LET_RS_CRC2) 

            voidLines = voidLines + 1; 

        end 

    end 

 % Writes into the file 

    for i=1:RS_FR_LEN 

        for j=1:RS_FR_LEN 

            if i+j-1>RS_FR_LEN 

                fwrite(inID2, memaux2(i,(i+j-1)-RS_FR_LEN,1), 'uint16'); 

                fwrite(inID2, memaux2(i,(i+j-1)-RS_FR_LEN,2), 'uint16'); 

            else 

                fwrite(inID2, memaux2(i,i+j-1,1), 'uint16'); 

                fwrite(inID2, memaux2(i,i+j-1,2), 'uint16'); 

            end 

        end 

    end 

    % Reads in columns and writes into the file 

    for j=1:RS_FR_LEN 

        for i=1:RS_FR_LEN-LET_RS_CRC2 

            if j-i+1<1 
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                mem2(i,j,1)=memaux2(i,RS_FR_LEN+j-i+1,1); 

            else 

                mem2(i,j,1)=memaux2(i,j-i+1,1); 

            end 

        end 

        for i=1:RS_FR_LEN 

            fwrite(outID, mem2(i,j,1), 'uint16'); 

            fwrite(outID, mem2(i,j,2), 'uint16'); 

        end 

    end 

     

    % Writes in columns 

    voidLines = 0; 

    for j=1:RS_FR_LEN 

        for i=1:RS_FR_LEN 

            ii=i+j-1-ceil(voidLines/2); 

   % This condition generates the empty LET frames 

            if (voidLines < 2*LET_RS_CRC2) && ~mod(j,2) 

                mem(i,j,2)=0; 

            else 

                if (value>=65535) 

                    value=0; 

                else 

                    value=value+1; 

                end 

                mem(i,j,1)=uint16(value); 

    % Generates special word flag 

                if i==1 

                    mem(i,j,2)=3; 

                else 

                    mem(i,j,2)=1; 

                end 

                % These conditions generate the interleaving of the memory 

                if ii > RS_FR_LEN 

                    memaux(ii-RS_FR_LEN,j,1)=uint16(value); 

                    memaux(ii-RS_FR_LEN,j,2)=1; 

                    memaux2(ii-RS_FR_LEN,j-ceil(voidLines/2),1)=uint16(value); 

                else 

                    memaux(ii,j,1)=uint16(value); 

                    memaux(ii,j,2)=1; 

                    memaux2(ii,j-ceil(voidLines/2),1)=uint16(value); 

                end 

            end 

   % Writes into the file 

            fwrite(inID, mem(i,j,1), 'uint16'); 

            fwrite(inID, mem(i,j,2), 'uint16'); 
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        end 

        if (voidLines < 2*LET_RS_CRC2) 

            voidLines = voidLines + 1; 

        end 

    end 

 % Writes into the file 

    for j=1:RS_FR_LEN 

        for i=1:RS_FR_LEN 

            if i+j-1>RS_FR_LEN 

                fwrite(inID2, memaux2((i+j-1)-RS_FR_LEN,j,1), 'uint16'); 

                fwrite(inID2, memaux2((i+j-1)-RS_FR_LEN,j,2), 'uint16'); 

            else 

                fwrite(inID2, memaux2(i+j-1,j,1), 'uint16'); 

                fwrite(inID2, memaux2(i+j-1,j,2), 'uint16'); 

            end 

        end 

    end 

     

    % Reads in lines 

    for i=1:RS_FR_LEN 

        for j=1:RS_FR_LEN-LET_RS_CRC2 

            if i+j-1>RS_FR_LEN 

                mem2(i+j-1-RS_FR_LEN,j,1)=memaux2(i,j,1); 

            else 

                mem2(i+j-1,j,1)=memaux2(i,j,1); 

            end 

        end 

    end 

 % Writes into the file 

    for i=1:RS_FR_LEN 

        for j=1:RS_FR_LEN 

            fwrite(outID, mem2(i,j,1), 'uint16'); 

            fwrite(outID, mem2(i,j,2), 'uint16'); 

        end 

    end 

end 

 

fclose(inID); 

fclose(inID2); 

fclose(outID); 
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