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ABSTRACT

At a time where almost 1.75 billion people around the world use the Internet on a regular

basis, optical communication over optical fibers that is used in long distance and high

demand applications has to be capable of providing higher communication speed and

reliability. In recent years, strong demand is driving the dense wavelength division

multiplexing network upgrade from 10 Gb/s per channel to more spectrally-efficient

40 Gb/s or 100 Gb/s per wavelength channel, and beyond. The 100 Gb/s Ethernet is cur-

rently under standardization, and in a couple of years 1 Tb/s Ethernet is going to be stan-

dardized as well for different applications, such as the local area networks (LANs) and

the wide area networks (WANs). The major concern about such high data rates is the de-

gradation in the signal quality due to linear and non-linear impairments, in particular

polarization mode dispersion and intrachannel nonlinearities. Moreover, the higher speed

transceivers are expensive, so the alternative approaches of achieving the required rates is

preferably done using commercially available components operating at lower speeds.

In this dissertation, different LDPC-coded modulation techniques are presented to of-

fer a higher spectral efficiency and/or power efficiency, in addition to offering aggregate

rates that can go up to 1Tb/s per wavelength. These modulation formats are based on the

bit-interleaved coded modulation (BICM) and include: (i) three-dimensional LDPC-

coded modulation using hybrid direct and coherent detection, (ii) multidimensional

LDPC-coded modulation, (iii) subcarrier-multiplexed four-dimensional LDPC-coded

modulation, (iv) hybrid subcarrier/amplitude/phase/polarization LDPC-coded modula-

tion, and (v) iterative polar quantization based LDPC-coded modulation.
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CHAPTER I

IINTRODUCTION

At a time where almost 1.75 billion people around the world use the Internet on a regular

basis[1][2], and at a time where almost 75% of the population of a continent depend on

the Internet in their everyday life, high speed, reliable communication systems become

vital. In the last two decades, Internet usage changed drastically. In the early 90’s the web

was mostly composed of pages with text and link to other pages of text and links, and the

number of users around the world did not exceed 1% of the population. In the mean time,

around 25% of the population of the world [1][2] uses the Internet on a daily basis.

Accessing the Internet is now possible from almost anywhere, using different means. The

multimedia contents of the web pages became less restricted in terms of size and quality,

i.e. video streaming, file sharing, dynamic pages, VoIP calling, video conferencing to

name a few. All of these changes and more to follow are possible due to the continuously

increasing research on techniques to keep up with the continuous demands on higher

speed transmission rates. Optical communication over optical fibers is used in the long

distance and high demand applications. To this end, optical communications have to be

capable of providing higher communication speed and reliability.

In recent years, strong demand is driving the dense wavelength division multiplexing

(DWDM) network upgrade from 10 Gb/s per channel to more spectrally-efficient 40 Gb/s

or 100 Gb/s per wavelength channel, and beyond [3]. The 100 Gb/s Ethernet is currently
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under standardization, and in a couple of years 1 Tb/s Ethernet is going to be standar-

dized as well for different applications [4], such as the local area networks (LANs) and

the wide area networks (WANs) [3]. The major concern about such high data rates is the

degradation in the signal quality due to linear and non-linear impairments, in particular

polarization mode dispersion (PMD) and intrachannel nonlinearities. Moreover, the

higher speed transceivers are expensive, so the alternative approaches of achieving the

required rates is preferably done using commercially available components operating at

lower speeds.

In this dissertation, different coded modulation techniques are presented to offer a

higher spectral efficiency and/or power efficiency based on the bit-interleaved coded

modulation (BICM). BICM is a type of block coded modulation that offers reduced com-

plexity in comparison to the well recognized multi-level coded modulation. The modula-

tion formats presented in the following chapters allow higher transmission rates per

wavelength, and they are good candidates for different applications starting from 100G

Ethernet, up to 1T Ethernet.

Chapter II is dedicated to a new more spectrally efficient modulation format that uti-

lizes the three dimensional space to increase the minimum Euclidean distance between

the signal constellation points for a constant average power per symbol. This results in a

better performance of the system without compromising power usage. The three-

dimensional LDPC-coded modulation using hybrid direct-coherent detection presented in

this Chapter enables transmission even beyond 320 Gb/s rates using commercially avail-

able components operating at 50 Giga symbols/s (GS/s).
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Chapter III, on the other hand, takes the BICM to a new level, where it presents the

idea of multidimensionality and scalability over the optical channel to virtually any num-

ber of dimensions. More dimensions mean a higher aggregate rate of the system. With the

restrictions laid out in the Chapter regarding the signal constellation design, scalability

preserves the sensitivity of the system. Increasing the dimensionality to any order will not

affect the bit-error ratio (BER) performance of the system.

The multidimensional LDPC-coded modulation presented in this Chapter enables

even higher aggregate rates than the three-dimensional LDPC-coded modulation. Using

the currently available transmission equipment operating at 50 GS/s, the multi-

dimensional scheme can achieve 50m Gb/s aggregate rates for  1,2,3,m  .

Chapter IV presents the idea of subcarrier multiplexing and applies it to a special

case of the system presented in Chapter III where the number of dimensions is set to 4.

Subcarrier multiplexing offers doubling of the aggregate rate of the subsystems without

introducing any BER performance degradation. This is done at the expense of bandwidth.

Hence, such system can be applied for channels where bandwidth limitations do not hold,

or do not pose the highest concerns.

The subcarrier-multiplexed four-dimensional LDPC-coded modulation presented in

this Chapter enables high aggregate rates that can go up to 400 Gb/s using the currently

available transmission equipment operating at 50 GS/s. The subcarrier-multiplexed

scheme can achieve 2 50m  Gb/s aggregate rates for  1,2,3,m  .

Chapter V introduces yet another BICM based modulation format that takes advan-

tage of geometry to provide a high power efficient modulation scheme. It presents the
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generalized form of the hybrid subcarrier/amplitude/phase/polarization (H-SAPP) LDPC-

coded modulation, in addition to the subsystems included in it, (i.e. hybrid amplitude/

phase/ polarization (HAPP) that work well on their own). The signal constellation design

for this modulation scheme is based on regular polyhedrons inscribed in Poincaré

spheres, and their duals. It utilizes the subcarrier multiplexing to drastically increase the

number of bits per symbol, and hence increase the aggregate rate at a given symbol rate

without increasing the number of constellation points to a non-realistic number.

The H-SAPP LDPC-coded modulation scheme at any symbol rate and code rate, is

capable of achieving the aggregate rate of the individual HAPP systems it is composed of

without introducing any BER performance degradation, as long as the orthogonality

among subcarriers is preserved. Using this scheme with components operating at

50 GS/s, we can achieve up to 440 Gb/s.

Chapter VI takes the BICM based modulation schemes back to the conventional two-

dimensional space, and treats capacity for a given channel. In this Chapter we depend on

the iterative polar quantization technique in order to find the optimum signal constellation

to achieve capacity. The Chapter lays out the algorithm that is followed in order to

achieve capacity over any channel, but treats the specific case of the amplified spontane-

ous emission (ASE) noise dominated channels. The algorithm in this Chapter provides a

semi analytical approach to finding the coordinates of the signal constellation that aids in

achieving capacity.

In Chapter VI we observe the L-IPQ based LDPC-coded modulation over ASE

noise-dominated channels, and analyze the performance that allows a total aggregate rate
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of 800 Gb/s per wavelength and beyond.

Chapter VII provides concluding remarks and a quick review of the results achieved

throughout the dissertation.
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CHAPTER II

IITHREE DIMENSIONAL LDPC CODED MODULATION WITH HYBRID
DIRECT-COHERENT DETECTION

Bit-interleaved coded modulation (BICM) [5] is a form of block coded modulation

(BCM) [6]. BCM is a form of combining a block code with channel signal sets to form a

bandwidth efficient code. Even though multilevel codes [7],[8] were referred to as the

most powerful BCM codes [6], BICM codes come with a lower complexity decoding

technique with miniscule degradation in performance. The lower complexity allows

BICM codes to be good candidates for high speed applications.

In this Chapter as in some chapters to follow, BICM is used to illustrate different

coded modulation schemes that have the potential to further increase the bandwidth effi-

ciency of the transmission system. This Chapter is devoted to the three-dimensional

LDPC-coded modulation scheme with hybrid direct-coherent detection. This scheme

enables optical transmission beyond 320 Gb/s in aggregate rate using currently available

commercial components operating at 50 GS/s.

II.1 Introduction

Three-dimensional LDPC-coded modulation (3D-LDPC-CM) [9] scheme employs three

concepts in order to achieve higher transmission rates. The first concept is introducing an

additional (third) basis function for the signal constellation. The additional basis function

(dimension) allows more freedom in designing the constellation of the modulated signal.
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With the third dimension, it becomes possible to increase the Euclidean distance between

the signal constellation points for a given average power. Larger Euclidean distance

yields a better performance of the system given that all the other factors remain constant.

On the other hand, this three dimensional space can be exploited by adding more points

to the constellation which yields in a high bandwidth efficiency of the system.

A second measure to allow this scheme to operate at higher rates is to make sure that

the system is implementable and does not suffer from high complexity issues. To this

end, structured low-density parity check (LDPC) codes [10],[11] are employed. Struc-

tured LDPC codes are chosen for this scheme due to the design of their parity check

matrix that drastically lowers the decoder’s complexity. This type of LDPC codes lowers

the decoding complexity and it is proven to perform very well as shown in [10],[11].

The last concept used in this scheme to ensure a lower complexity in comparison

with multilevel coding with multistage decoding is by replacing the multistage decoder

with an a posteriori probability (APP) demapper and a set of LDPC decoders, this is

known as parallel independent decoder (PID) [12]-[15]. This setup allows an iterative

exchange of the extrinsic soft bit-reliabilities [3] between APP demapper and an LDPC

decoder in a turbo manner to minimize the total number of iterations needed within the

LDPC decoder to achieve the correct codeword.

The three concepts explained above allow 3D-LDPC-CM to achieve a high-speed

transmission system with reliable performance. In the following sections a detailed

explanation of the system in addition to performance analysis are included.
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II.2 Three-dimensional LDPC-coded modulation

This section covers the system implementation, block diagrams and illustrations of the

three dimensional LDPC coded modulation.

II.2.1 System setup

The transmission system setup discussed in this section covers the detailed implementa-

tion of the transmitter and the receiver, the channel is not discussed as the system can be

adapted to be employed on any optical channel without restriction.

II.2.1.1 Transmitter configuration

The transmitter block diagram is shown in Fig. II-1. In BICM, and as explained for BCM

[6], m different input bit streams coming from m different information sources carrying

traffic at a given bitrate are encoded in preparation for transmission. In BICM, identical

encoders are used for all the bitstreams in contrast to employing different codes/code

rates. As shown in the block diagram, the input streams are encoded by identical encoders

using a single LDPC code of code rate r k n , where k is the number of information

bits, and n is the codeword length. The encoded data is written row-wise to an m n

interleaver, read column-wise to a single bitstream and is sent to the mapper. The mapper

accepts m bits at time instance i to determine the corresponding 2m-ary signal constella-

tion point denoted by    1, 2, 3,, , expi i i i i is s j     , where ,x i for  1,2,3x

represent the coordinates of the orthonormal basis functions  x t :
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Fig. II-1:Transmitter architecture of the 3D bit-interleaved LDPC-coded modulation scheme.

From Fig. II-1 and (2.1), it is evident that the coordinates 1 and 2 control an In-

phase/Quadrature (I/Q) modulator, while 3 controls some form of an amplitude modula-

tor. This design takes into consideration that at higher speeds, an easy implementation is

more suitable. The 3D M-ary constellation is formed using parallel layers of identical 2D

signal-constellation points spaced apart at distance a. The amplitude coordinate 3 cor-

responds to the layer index, and it is determined by the l left-most bits of the symbol

 1 2 3 mc c c cc  . The coordinates 1 and 2 correspond to the location of the constella-

tion point within the layer, and are determined by m l right-most bits.

1 1

Layer Point
Index Index

l l mc c c c   

As an illustration of the bit arrangements, we can observe the 64-ary 3D-

constellation, in which each symbol carries 6 bits. The possible arrangements of the bits

include: (i) 64-constellation points are split into two 32-point layers  1l  , (ii) 64-
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constellation points are split into four 16-point layers  2l  , etc. The design takes into

consideration  the fact that the amplitude coordinate 3 controls the intensity of the out-

put signal, so it cannot be set to zero to avoid diminishing the I/Q parameters.

After signal modulation is done, the signal is ready for submission, at this point the

3D LDPC-coded modulation signal is transmitted through the fiber.

II.2.1.2 Receiver configuration

The three-dimensional LDPC-coded modulation receiver is hybrid, as shown in the block

diagram in Fig. II-2. The detection section of the receiver includes two subsections, the

direct detection, and the coherent detection. Direct detection is used to measure the inten-

sity of the signal, a parameter that is directly proportional to the layer index in the 3D

constellation, and so is to 3 . It is important to notice that this modulation scheme is more

suitable for optical communications over optical fiber where the attenuation in the ampli-

tude of the signal is more stable in comparison to other systems such as wireless commu-

nications. The coherent detection [16], on the other hand, is required to detect both the

amplitude and the phase of the received signal, so it can provide useful information about

what 1 and 2 might be. Coherent detection is used at the receiver side, to avoid the

need of differentially encoding the data at the transmitter side.

In the figure, we notice that we have two inputs to the receiver: the signal received

from the transmission channel and an input from a local laser with the reference frequen-

cy. The received electrical field at the ith transmission interval is denoted by

,S ij
i iS S e  , where , ,S i i S PN    , ,S PN denotes the laser phase noise of the transmit-
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ting laser, and the data phasor,

 -

- -

2 2 -12
0, ,...,

2 2

m l

i m l m l


   
  

. (2.2)

The electrical field of the local laser on the other hand is denoted by LjL L e  , where

L is the laser phase noise process of the local laser.

   ,Re * cosi i S i LS L S L   

   ,Im * sini i S i LS L S L   
LjL L e 

,S i
i i

j
S S e




Fig. II-2: Receiver architecture of the 3D bit-interleaved LDPC-coded modulation scheme.

In the coherent detection subsection, and as shown in the figure, the outputs of the

upper-balanced and lower-balanced branches are proportional to  *Re iS L and  *Im iS L

as given in (2.3).

   
   

*
,

*
,

Re cos

Im sin

i i i S PN L

i i i S PN L

S L S L

S L S L

  

  

  

  
(2.3)

After the signal reaches to the receiver from the channel, the detector yields the three

outputs to the three branches in the manner explained above. The outputs of the detector

are sampled at symbol rate and are forwarded to the APP demapper, which with the aid

of a bit log-likelihood ratios (LLRs) calculator provides the bit LLRs required for itera-

tive LDPC decoding [12]-[14].
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For the APP demapper to provide the bit LLRs to the LDPC decoders, the following

steps are followed:

(i) Symbol LLRs are calculated.

   
 

0

0

log i i
i

i i

P

P







s s r
s

s s r
(2.4)

where  i iP s r is determined by Bayes’ rule as:
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(ii) Bit LLRs are calculated from the Symbol LLRs.

 
  

  
: 0

: 1

exp

ˆ log
exp

i j

i j

i
v

j
i

v

L v












s

s

s

s
(2.6)

In (2.4)-(2.6)  1, 2, 3,, ,i i i i  s denotes the transmitted signal constellation point,

 1, 2, 3,, ,i i i ir r rr denotes the received constellation point, and 0s denotes the referent

constellation point.  |i iP r s denotes conditional probability that can be estimated using

histograms, and  P s is the a priori symbol probability. In (2.6), jv for

 0,1, , 1j n  is the jth bit of the codeword v.

After the bit LLRs calculation is over, the extrinsic LLRs of the demapper are for-

warded to the LDPC decoder as the a priori probabilities to be used in the LDPC decod-

ing process. The extrinsic information of the LDPC decoder are then sent back to the

APP demapper to be used at the a priori probability again. This process of iterating the



24

extrinsic information between the APP demapper and the LDPC decoder, denoted by an

“outer iteration” is repeated until convergence is achieved or until a predefined number of

iterations has been reached. The outer iterations are used to reduce the number of itera-

tions required by the LDPC decoder, denoted by “inner iterations”, to reach convergence.

Once the iterations stop, the LDPC decoders will yield the decoded data to the m outputs.

The output of these decoders provide erroneous decoded data if the iterations stop

due to reaching the maximum allowed number of iterations, meanwhile, if convergence is

the cause of stopping the iterations, the data in considered to be decoded correctly. This

stems from the fact that large LDPC codes do not suffer from a mentionable undetected

error due to their large minimum distance [17],[18].

When decoding is designed in a turbo fashion as mentioned above, extrinsic informa-

tion transfer (EXIT) chart analysis [19],[5] for different LDPC codes must be studied in

order to assure that the selected LDPC code is suitable for use in the system. The decision

of suitability of an LDPC code is based on whether it converges and on how long it takes

to converge.

II.2.2 Possible signal constellations

Three-dimensional LDPC coded modulation offers a flexible approach to keep up with

high-speed transmission rate. Given a base symbol rate SR, the system can be modified to

achieve an aggregate bitrate AB of m SR r  . Hence, the signal constellation which is

based on m is designed to match to required aggregate rate of the transmission system.

This section is devoted to illustrate some possible signal constellations.

Assume that we need to make a system of 3AB SR r   , then the signal constella-
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tion is formed by 38 2 points. The corresponding 2D quadrature amplitude modulation

(QAM) and the 3D signal constellations are given in Fig. II-3 (a) and (b) respectively.

The 3D constellation is composed of two layers of 4-QAM constellations.

Another example is for 6AB SR r   , the number of points in the constellation is

64. The corresponding 2D QAM and the 3D signal constellations are given in Fig. II-3

(c) and (d) respectively. The 3D constellation is composed of four layers of 16-QAM

constellations.
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Fig. II-3: Possible constellation diagrams: (a) 8 point–2D constellation, (b) 8 point–3D constella-

tion, (c) 64 point–2D constellation and (d) 64 point–3D constellation.

II.2.3 Simulation analysis and verification

To verify the performance of the three-dimensional LDPC-coded modulation, simulation
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results over an ASE noise dominated channel for different scenarios are analyzed.

II.2.3.1 Simulation setup

The simulations are performed on a linear channel model, at symbol rate of 50 GS/s, for

30 inner iterations, and different numbers of outer iterations ranging from 1 to 5 itera-

tions. It has been shown in [20] that multilevel coded modulation schemes can operate in

the presence of fiber nonlinearities. Hence, in the simulations we focus on showing the

spectral efficiency improvement introduced by the three-dimensional LDPC-coded mod-

ulation over the 2D LDPC-coded counterparts.

The following signal constellations are observed: 8-QAM, 8-3D-constellation,

64-QAM, 64-3D-constellation, 256-QAM, 256-3D-constellation, and 1024-3D-

constellation. The parameters of the 3D-constellations are selected in the following man-

ner. We choose the number of h layers to be a multiple of 2, and w points per layer to be

a perfect square. For instance, in the case of 64-ary, the constellation has 4 layers of 16

points each. The number of amplitude layers h was chosen to be small in order to pre-

serve the circuit linearity. For the other two cases, h w are 4 64 and 16 64 for the

256-ary, and the 1024-ary signal constellations, respectively.

II.2.3.2 LDPC codes

As mentioned in Introduction, LDPC codes to be used are preferable to be structured

codes to keep the decoding complexity to its minimum. The LDPC code used for the

verification purposes is of length 8547, code rate of 0.81 and girth 8. (Girth is defined in

[13]). It is designed using the balanced incomplete block design (BIBD) concept [11],
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and is denoted by LDPC(8547,6922). These codes are known for their good performance.

The LDPC decoders on the other hand, employ the lower complexity approximation

algorithm of min-sum-with-correction-term algorithm in [14].

As mentioned earlier, longer codes are used for different purposes. As the code

length increases, keeping other parameters intact, the performance of the code gets better

as the minimum distance between codewords gets larger, moreover the probability of un-

detectable errors becomes lower.

II.2.3.3 Simulation results

Fig. II-4 shows the BER performance vs. the optical-signal-to-noise ratio (OSNR) at a

symbol rate of 50 GS/s for the various constellations for both uncoded and LDPC coded

scenarios.
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Fig. II-4: BER performance of the 3D LDPC-coded modulation schemes after 5 outer iterations
and the uncoded ones.

The net effective coding gains, defined at BER of 10-9, for 64-QAM and 256-QAM

2D-constellations are 9.5 dB and 10 dB, respectively [21]. From the figure, we notice that
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the net effective coding gains for the corresponding 3D-constellations are 10.5 dB and

14 dB, respectively. It is important to notice that the results achieved for both the coded

and the uncoded modulation are in accordance with the channel capacity figure (Figure

5.2-17 in [21]), taking into consideration the difference between the electrical signal-to-

noise ratio (SNR) and the OSNR. Even though the current coding gains are approaching

the capacity curves from the Figure, there is some space for improvement remaining.

Fig. II-5 on the other hand shows the BER performance vs. OSNR at a symbol rate

of 50 GS/s for the various 2D and 3D constellations after 5 outer iterations, and after 1

outer iteration.
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Fig. II-5: BER performance of 2D and 3D LDPC-coded modulation schemes.

From the figure, notice that, as the constellation size grows, the 3D-constellation

BER performance improvement over corresponding 2D-constellation increases, reaching

4.1 dB gain in the case of the 256-3D-constellation at BER of 10-9. These results moti-

vated testing the 1024-3D-constellation, which is not practical at all in the 2D case, and
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the results indicate that if compared to the 64-3D-constellation, a 2 3 times increase in

aggregate rate causes only a penalty of 8 dB.

Notice that lowering the number of outer iterations reduces the latency of the system,

but that would be at the cost of reducing the coding gain. For instance, it is evident from

the figure, that reducing the number of outer iterations from 5 to 1 in the case of 256-ary

lowers the coding gain by 0.6 dB at BER 10-9, while it lowers the gain by 1.5 dB for the

1024-ary. From that, based on the requirements of the transmission system, different

parameters can be modified to meet the desired results, like the aggregate rate, the tolera-

ble BER, the tolerable latency, etc.

II.3 Conclusion

The three-dimensional LDPC-coded modulation presented in this Chapter, is based on

multilevel square QAM constellations to increase the spectral efficiency and improve the

BER performance of any M-ary 2D-modulation. The receiver is based on the APP

demapper, and LDPC decoder.

The presented scheme is suitable for different systems including 100-G Ethernet [22]

or higher in addition to high-speed optical transmission beyond 320 Gb/s aggregate rate.

Those values are based on the currently available commercial components running at

50 GS/s. Once the 100 GS/s technology becomes mature enough, this system can be im-

plemented for 1024-3D-constellation to achieve transmission rates of 1 Tb/s aggregate

rate of optical transmission; this option might be attractive for future 1Tb/s Ethernet [23].
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CHAPTER III

IIIMULTIDIMENSIONAL LDPC CODED MODULATION

In this Chapter, BICM is used to illustrate another coded modulation scheme that has the

potential to further increase the bandwidth efficiency of an optical transmission system.

The inspiration behind this chapter is to find a generalized modulation technique that is

scalable for any final aggregate rate. Even though the setup is done in theory, simulations

are used to verify the performance of the system in different scenarios.

This Chapter is devoted to the multidimensional LDPC-coded modulation scheme.

This scheme enables optical transmission beyond 400 Gb/s per wavelength in aggregate

rate using currently available commercial components operating at 50 GS/s. This scheme

can achieve multiples of the current transmission speed with negligible penalty.

Moreover, using this scheme, the transmission signal processing is done at the current

lower transmission rates, which makes dealing with all the non-linear effects more con-

venient and where the polarization mode dispersion (PMD) [24],[25] is more managea-

ble.

III.1 Introduction

Multidimensional LDPC-coded modulation serves as a continuation to Chapter II. This

modulation enables even higher aggregate rates due to the scalability of the implementa-

tion of the system as will be shown in Section III.2. Given any symbol rate SR, the multi-

dimensional scheme can achieve m SR Gb/s aggregate rates where
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 1,2,m  represents the total number of dimensions involved in the scheme. Such

rates can be used in high-speed optical transmission systems.

Multidimensional LDPC-coded modulation [26], [27] outperforms the three-

dimensional counterpart by generalizing the concept of additional basis functions. Intro-

ducing additional basis functions for the signal constellation to the system increases the

degrees of freedom in designing the constellations, it also allows increasing the Euclidean

distance between the signal constellation points for a given average power, which results

in an even better performance as will be shown in the analysis section. On the other hand,

using structured LDPC codes and allowing the turbo like decoding of the received signals

remain intact due to their previously shown effectiveness.

The three tools explained above are used to achieve a high-speed transmission sys-

tem with reliable performance. The few sections to come will provide a detailed explana-

tion of the system setup including the transmitter and the receiver, in addition to perfor-

mance validation and analysis.

III.2 Multi-dimensional LDPC-coded modulation

This section covers the system implementation, block diagrams and illustrations of the

multidimensional LDPC coded modulation.

III.2.1 System setup

The setup of the transmission system setup is discussed in this section. The section covers

the generalized implementation of the transmitter and the receiver, as the exact imple-

mentation differs from one case to the other depending on the number of dimensions to
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be used.

III.2.1.1 Transmitter configuration

The block diagram of the transmitter is shown in Fig. III-1. As shown in the setup, and as

explained in previous chapters about BICM, m different bit streams coming from differ-

ent information sources are encoded using identical LDPC codes. The code is of code

rate r k n , where k is the number of information bits, and n is the codeword length.

The outputs of the encoders are interleaved by the m n interleaver. The block inter-

leaver accepts data from the encoders row-wise, and outputs the data column-wise in a

bitstream to the mapper. The mapper accepts m bits at time instance i to determine the

corresponding 2m-ary signal constellation point denoted by (3.1), after which the signals

are modulated and sent over the fiber.

 ,
1

1 m

i i j j
j

s t
m




  . (3.1)

The set       1 2, , , mt t t   is a set of m orthonormal basis functions, and

 , 1, 1i j   . The 2m signal constellation points form the vertices of an m-dimensional

hypercube whose vertices are of a unit distance from the origin. The number m is deter-

mined based on the desired final aggregate rate of the system and the availability of

orthogonal functions.

The implementation of the modulator in Fig. III-1 differs for different values of m.

For instance, if m is chosen to be equal to 1, then the modulator is a conventional binary

phase shift keying (BPSK) modulator. Meanwhile, for 2m  , the modulator becomes a
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conventional quadrature PSK (QPSK) modulator. Different examples such as 4m 

takes advantage of polarization, such as dual polarization QPSK (DP-QPSK). For this

reason, Fig. III-1 and Fig. III-2 represent a generalized block diagram of the transmitter

and receiver, respectively.

,i m

,1i

,2i

Fig. III-1: Multidimensional LDPC-coded modulation transmitter block diagram.

As defined above,  , 1, 1i j   , which implies that each component has two possi-

ble values. Including more than two possible values increases the total transmission rate

at the expense of degradation in performance or an increase in the required bandwidth.

For example, when we go to a system with a higher dimensionality where orthogonal fre-

quencies are to be used as the additional orthogonal dimension, adding more than two

orthogonal frequencies would perform as frequency shift keying (FSK) with multiple fre-

quencies. This leads to an increased bandwidth of the system, and so a decreased spectral

efficiency. On the other hand, BPSK is known to have the best sensitivity among all

possible modulation formats [21], if we increase the number of possible levels per dimen-

sion, the performance will degrade in comparison with BPSK, and so on. In a nutshell,

the presented multidimensional coded modulation in its current state offers a sensitivity

and bandwidth improvement over BPSK.
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III.2.1.2 Receiver configuration

At the receiver side, Fig. III-2, the signal from the fiber gets demodulated into m

branches. As in the case of modulator, the demodulator setup is not unique. Different

number of dimensions requires different setup. The output signals from the demodulator

are sampled at the symbol rate and the corresponding samples are forwarded to the APP

demapper. In a similar fashion to that explained in Chapter II, the demapper and the bit

LLRs calculator provide the bit LLRs required for iterative LDPC decoding. The outer

and inner iterations are defined in a similar fashion as well. Calculating the bit LLRs is

done using the same algorithm stated in equations (2.4) – (2.6) in Chapter II, with the up-

dated notations to fit the setup of the multidimensional system. The new notations are

modified as follows,  ,1 ,2 ,, , ,i i i i m  s  denotes the transmitted signal constellation

point, and  ,1 ,2 ,, , ,i i i i mr r rr  denotes the received constellation point (i.e., the samples

at APP demapper input),  |i iP r s denotes the conditional probability estimated from

histograms, and s0 denotes the referent constellation point.

,î m

,1î

,2î

Fig. III-2: Multidimensional LDPC-coded modulation receiver block diagram.

EXIT chart analysis [19],[5] for different LDPC codes is studied in order to assure
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that the selected LDPC code is suitable for use in the system.

It is obvious from the description of the transmitter and the receiver setup, that as

long as we can find orthogonal functions, we can scale the dimensionality of the system

to meet the aggregate rate required by the system. The simulation results in Section 2.3.3

show that if selected correctly, increasing the dimensionality of the system will always

have the same sensitivity as the BPSK, with the benefit of taking advantage of the m

dimensional signal space.

III.2.2 Possible signal constellations

Multidimensional LDPC-coded modulation offers a scalable more flexible approach to

keep up with high-speed transmission rate. For a given symbol rate SR, the system can be

modified to achieve any aggregate bitrate AB of the form m SR r  . As the SR is usually

specified by the commercially available components, and the LDPC code rate is not

always flexible when designing the code, m becomes the parameter on which the final

transmission rate is based on. This section is devoted for the illustration of some possible

signal constellations for different values of m.

Fig. III-3 shows the constellation diagrams for different scenarios. The diagrams

represent the cases where 1m  , 2m  , 3m  , and 4m  . As mentioned above, for

1m  , the system is BPSK; for 2m  , the system is QPSK; for 3m  the system is dual

polarization, with one polarization being modulated with QPSK modulator, and the other

being modulated with just an amplitude modulator. The modulator setup is shown in

Fig. II-1 of Chapter II. For 4m  , on the other hand, the system is DP-QPSK, (two

quadratures in both polarizations). The diagram for this scenario is shown as a Schlegel
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diagram. This Schlegel diagram in Fig. III-3 (d), is a projection of the tesseract (regular

octachoron) from the 4-dimensional space to the 3-dimensional space through a point

beyond one of its facets [28].
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Fig. III-3: Multidimensional constellation diagrams for: (a) 1 dimension (BPSK), (b) 2 dimen-

sions (QPSK) (c) 3 dimensions and (d) Schlegel diagram for 4 dimensions.

For a higher value of m, such as 5m  , we have to find five orthogonal functions.

The four dimensions discussed in the case of 4m  are kept intact, and we look for a

fifth dimension, such as frequency. In this scenario, we choose two orthogonal

frequencies, and assign each one of them to a value from  ,5 1, 1i   . In a similar
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fashion, once we find a new orthogonal functions, we can employ it on the 1m  system

to get the new m dimensional system.

III.2.3 Simulation analysis and verification

To verify the performance of the multidimensional LDPC-coded modulation, simulation

results over an ASE noise dominated channel for different scenarios are analyzed.

III.2.3.1 Simulation setup

Simulations were done over a linear channel model, at a symbol rate of 50 GS/s, for 20

inner iterations and 5 or 3 outer iterations between the LDPC decoder and the APP de-

mapper. Different signal constellation formats are observed, such as: 1,2,3,4,8m  and

10, where m is the number of different basis functions.

III.2.3.2 Analytical verification

For analytical verification purposes, the symbol probability of error ( eP ) is derived for an

ASE noise dominated channel and is compared with the simulation results. In the derived

eP (3.2), we assume equal a priori probability for all the symbols (also can be seen as

constellation points), and we use SNR to refer to the bit energy per bit to noise power

spectral density ratio.

1
1 1 erfc

2

m

e

SNR
P

m

             
(3.2)

In (3.2)    22
erfc exp

x
x u du




  is the complementary error function, and m is the

total number of dimensions which is equivalent to the number of bits per symbol.
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Fig. III-4 shows the uncoded symbol error probability (SER) vs. OSNR at

50SR GS/s for the analytical curves in addition to the simulation curves. As noticed

from the figure, increasing the number of dimensions which increases the aggregate rate

does not introduce a high penalty. Since increasing m from 1 to 10, and getting ten times

higher speed hardly results in 0.7 dB penalty at SER of 10-7. This penalty becomes even

less at lower SER as the curves start to converge.
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Fig. III-4: SER performance of the uncoded modulation for different values of m.
Solid lines: simulation results, Dashed lines: analytical results.

It is important to notice that the results achieved for the uncoded modulation for

1m  and 2m  are in accordance with the probability of symbol error figures (Figure

5.2-12 and 5.2-16 in [21]), for those of BPSK, QPSK and 4-QAM, taking into considera-

tion the difference between the electrical SNR and the OSNR.

III.2.3.3 Simulation results

The simulations are done for different LDPC codes: LDPC(16935,13550) of rate 0.80,
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girth 10 and column weight 3; and LDPC(8547,6922), of rate 0.81, girth 8 and column

weight 4. Fig. III-5 shows the BER performance vs. the OSNR at a SR of 50 GS/s for the

six scenarios of 1,2,3,4,8m  and 10 after 5 outer iterations in comparison with the

uncoded scenario. As shown in the figure,  LDPC 8547,6922 code achieves 8.5 dB gain

over the uncoded case at BER of 10-8, while the  LDPC 16935,13550 code achieves a

gain of 9 dB at the same BER level.
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Fig. III-5: BER performance of the multidimensional LDPC-coded modulation schemes for
different LDPC codes, in comparison with the uncoded case.

Fig. III-6 shows the BER performance vs. the OSNR at a SR of 50 GS/s for both

LDPC codes after 5 and 3 outer iterations. As noticed from the figure, the results for each

code are quite similar for all the dimensions, and for different numbers of outer iterations.

The major improvements factor of the BER performance is the LDPC code used. Differ-

ent factors affect the performance of the LDPC code such as the code length, column

weight, and girth. Longer codes, larger girths and larger column weights all yield a better

performance.
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Fig. III-6: BER performance of the multidimensional LDPC-coded modulation.

Fig. III-7 shows a comparison of the BER performance among the LDPC coded

QAM, 3D LPDC-coded modulation and the multidimensional LDPC coded schemes. The

improvement of the multidimensional scheme is reported at BER of 10-9 to be: 3dB over

8-QAM, 6.25 dB over 8-3D-constellation, 9 dB over 64-3D-constellation, 9.75 dB over

256-3D-constellation, 14 dB over 256-QAM and 16.25 dB over the 1024-3D-

constellation.
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Fig. III-7: BER performance of the 2-D, 3-D and multidimensional LDPC-coded modulation
schemes for different constellations.
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III.3 Conclusion

The multidimensional LDPC-coded modulation scheme presented in this Chapter enables

optical transmission for multiples of the base symbol rate. The discussion of the system

in addition to the simulation results prove that in theory the system is scalable to any

number of dimensions as long as we can find orthogonal functions. The results show that

using components operating at 50 GS/s, and LDPC code rates of 0.8, we can achieve an

aggregate rate that goes up to 400 Gb/s and beyond with a negligible penalty. The Chap-

ter discusses the performance and the capabilities of the system, the general configuration

of the transmitter and the receiver, in addition to specific examples.

The performance analysis covers the performance improvement of the multidimen-

sional LDPC-coded modulation technique over the conventional coded QAM schemes

and the ones presented in Chapter II.
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CHAPTER IV

IVSUBCARRIER-MULTIPLEXED FOUR-DIMENSIONAL LDPC-CODED
MODULATION

BICM is used in this Chapter to illustrate a coded modulation scheme that utilizes subcar-

rier multiplexing to increase the potential aggregate rate per wavelength of the communi-

cation system. This Chapter is devoted to the subcarrier-multiplexed four-dimensional

(SM 4-D) LDPC-coded modulation scheme. This scheme enables optical transmission

beyond 400 Gb/s per wavelength in aggregate rate using currently available commercial

components operating at 50 GS/s. This scheme outperforms the corresponding dual pola-

rization QAM systems by few dBs of OSNR that can go up to 4.4 dB if orthogonality be-

tween the two subcarriers used to modulate the system is preserved.

IV.1 Introduction

Subcarrier-multiplexed four dimensional LDPC coded modulation serves as a continua-

tion to Chapter III. This modulation schemes doubles the aggregate rate of the four

dimensional modulation without compromising the BER performance of the system as

long as the orthogonality between the two subcarriers is preserved. Given any symbol

rate SR, the SM 4-D scheme can achieve 2 m SR  Gb/s aggregate rates where

 1,2,m  represents the total number of input streams per subsystem. Such rates can

be used in high-speed optical transmission systems, or future Ethernet technologies.

SM 4-D, as in the other modulation formats presented earlier, employs structured
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LDPC codes [11] and allows the turbo like decoding of the received signals.

IV.2 Subcarrier-multiplexed LDPC-coded modulation

This section covers the system block diagrams, including the transmission configuration

and the receiver configuration.

IV.2.1 System setup

The transmission system of the SM 4-D modulation scheme is composed of two 4-D sub-

systems. The block diagram of this system is shown in Fig. IV-1. As shown in the figure,

2 m input bit streams from different information sources are divided into two groups of

m streams per group. The selection process for m is governed by the required aggregate

rate. The m streams of each group are used as input to a 4-D transmitter, where it is mod-

ulated with a unique subcarrier. The outputs of the two 4-D transmitters are then for-

warded to a power combiner in order to be sent over the fiber. At the receiver side, the

signal is split into two branches and forwarded to the two 4-D receivers.

C
om

biner

Splitter

Fig. IV-1: Subcarrier-Multiplexed 4-D LDPC-coded modulation system.

IV.2.1.1 Transmitter configuration

Fig. IV-2 shows the block diagram of the 4-D transmitter. The bit streams from the m

input information sources are encoded with identical LDPC encoders of code rate k/n.
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The encoded data from the m branches is written row wise to m×n block encoder. At a

time instant i, the mapper reads m bits column-wise from the interleaver to determine the

corresponding 2m-ary signal constellation point. The constellation points for the 4-D sys-

tem can be mapped using two different representations, the Cartesian (I/Q) and the polar

(Amplitude/Phase) representation. In the I/Q representation, the mapper uses a look-up

table to map the received m bits into the signal point,  , , , ,, , ,i x i x i y i y is I Q I Q . I and Q re-

fer to the in-phase and quadrature components respectively, while the x and y refer to the

x-polarization and the y-polarization. The amplitude/phase (A/P) representation, on the

other hand, maps the received m bits into the signal point  , , , ,, , ,i x i x i y i y is s s  where

s refers to the amplitude, and  refers to the phase for the signal at a given polarization.

,x iI

,x iQ

Interleaver
m

xn

,y iI

,y iQ

M
odulator

M
apper

Fig. IV-2: 4-dimensional transmitter configuration (I/Q representation).

The details for the conventional dual polarization (DP)-QAM modulator are shown

in Fig. IV-3. In this setup we notice that the four branches of the mapper control a set of

Mach-Zehnder modulators (MZM) to modulate the optical signal into the corresponding

DP-QAM constellation point.

The A/P representation, on the other hand, is shown in Fig. IV-4. This figure shows

the transmitter with the modulator using the A/P representation. In this setup, the look-up
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table maps the received m bits into the signal point  , , , ,, , ,i x i x i y i y is s s  . The outputs

of the mapper control a set of amplitude modulators (AM) and phase modulators (PM), as

in a conventional dual polarization phase shift keying (DP-PSK).

,x iI

,x iQ

,y iI

,y iQ

Fig. IV-3: Dual-polarization QAM modulator configuration.

Fig. IV-4: 4-dimensional transmitter configuration (A/P representation).

Both representations are equivalent, as the resulting modulated signals are identical,

and correspond to the same 4-D constellation.

IV.2.1.2 Receiver configuration

As aforementioned, at the receiver side, the received optical signal is split into two ortho-

gonal polarizations using the polarization beam splitter (PBS) and is input into two

coherent receivers. The outputs of those receivers provide the estimated in-phase and

quadrature information for both polarizations. The receiver of the 4-D system is shown in

Fig. IV-5. The outputs of the coherent receivers are demodulated by the subcarrier speci-
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fied for the corresponding 4-D receiver then sampled at the symbol rate. The samples are

then forwarded to the APP demapper.

BitLLR
s

C
alculation

A
PP

D
em

apper

,
ˆ
y iI

,
ˆ
x iI

,
ˆ

x iQ

,
ˆ

y iQ

Fig. IV-5: 4-dimensional receiver configuration.

In a similar fashion to that explained in Chapter II, the demapper and the bit LLRs

calculator provide the bit LLRs required for iterative LDPC decoding. The outer and in-

ner iterations are defined in a similar fashion as well. Calculating the bit LLRs is done

using the same algorithm stated in equations (2.4) – (2.6) in Chapter II, with the updated

notations to fit the setup of the multidimensional system. The new notations are modified

as follows,  , , , ,, , ,i x i x i y i y iI Q I Qs , or its equivalent  , , , ,, , ,i x i x i y i y is s s denotes the

transmitted signal constellation point, and  , , , ,
ˆ ˆˆ ˆ, , ,i x i x i y i y iI Q I Qr or its equivalent

 , , , ,
ˆ ˆˆ ˆ, , ,i x i x i y i y is s r denotes the received constellation point (i.e., the samples at APP

demapper input),  |i iP r s denotes the conditional probability estimated from histo-

grams, and s0 denotes the referent constellation point.

IV.2.2 Possible constellations

SM 4-D LDPC-coded modulation overlaps two 4-D signal constellations over each other.

One of the simplest and best performing 4-D constellation setups is the 16-4D constella-
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tion. In this constellation the mapper maps the 2m possible points into the different com-

binations of the 4D vectors  1, 1, 1, 1    . On the other hand, there is a 32-4D constella-

tion format that is equivalent in the aggregate rate with the 32-DP-QAM. For the 32-4D,

16 out of the 32 possible points are mapped to the different combinations of the 4-D vec-

tors  1 1 1 1
2 2 2 2, , ,    , 8 out of the 32 points are mapped to the different combinations of

 1,0,0,0 and its permutations, 4 out of the 32 points are mapped to the different com-

binations of  1,0,0, 1  , and the remaining 4 are mapped the different combinations of

 0, 1, 1,0  . The 16-4D constellation mentioned above, is shown as a Schlegel diagram

in Fig. IV-6.

Fig. IV-6: Schlegel diagram for 16-4D.

IV.2.3 Simulation analysis and verification

To verify the performance of the SM 4-D LDPC-coded modulation, simulation results

over an ASE-noise dominated channel for different scenarios are analyzed.

IV.2.3.1 Simulation setup

The simulations are performed on a linear channel model, at symbol rate of 50 GS/s, for

25 inner iterations, and 3 outer iterations. Different signal constellations are observed: 16-
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SM-4D constellation, and its corresponding DP-16-QAM, in addition to the 32-SM-4D

constellation and its corresponding DP-32-QAM.

IV.2.3.2 Simulation results

Fig. IV-7 shows a comparison of the BER performance among the LDPC coded DP-

QAM, and SM-4D LPDC-coded modulation schemes. The LDPC(16935,13550) code

used for these simulations is a structured LDPC code of code rate 0.8 and of girth 10. The

improvement of the SM-4D scheme is reported at BER of 10-7 as follows: 16-SM-4D

outperforms the 16-DP-QAM that utilizes both polarizations and has the same aggregate

rate of by 4dB. Moreover, 32-SM-4D outperforms the 32-DP-QAM that utilizes both

polarizations and has the same aggregate rate of by 4.4dB.
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Optical signal-to-noise ratio, OSNR, [dB/0.1nm]

Dual Polarized QAM:
 16-ary
 32-ary

Four Dimensional:
 16-ary
 32-ary

Fig. IV-7: BER performance vs OSNR at 50 GS/s for different LDPC-coded modulation formats.

The aggregate rates for the presented modulation formats are

2 4 50 0.8 320    Gb/s for the 16-SM-4D and DP-16-QAM, at a symbol rate of

50 GS/s while it is 2 5 50 0.8 400    Gb/s for the 32-SM-4D and DP-32-QAM.
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IV.3 Conclusion

The subcarrier-multiplexed four-dimensional LDPC-coded modulation scheme presented

in this Chapter can achieve up to 400 Gb/s transmission rate per wavelength. This scheme

is capable of outperforming its dual polarization counterparts by up to 4.4 dB in OSNR at

BER of 10-7 utilizing subcarrier multiplexing. This scheme is suitable for high speed

transmission systems operating at rates higher than 320 Gb/s, and for next generation of

Ethernet technologies such as 400G Ethernet.
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CHAPTER V

VHYBRID SUBCARRIER/AMPLITUDE/PHASE/POLARIZATION LDPC CODED
MODULATION

In this Chapter, BICM and three-dimensional geometry join to form a new coded mod-

ulation format. Knowing the benefits of BICM based on previous chapters, this Chapter

focuses on the description of the modulation scheme and the construction of its transmis-

sion system.

This Chapter is devoted to the hybrid subcarrier/amplitude/phase/polarization LDPC-

coded modulation scheme, and its variants. This scheme enables optical transmission

beyond 440 Gb/s per wavelength in aggregate rate using currently available commercial

components operating at 50 GS/s. As the case with previously discussed schemes, the

main goals for BICM based systems are to increase the spectral efficiency of the system,

and to minimize the influence of nonlinear effects that become inevitable at higher

speeds.

V.1 Introduction

Hybrid subcarrier/amplitude/phase/polarization (H-SAPP) modulation scheme exploits

the full potential of the three-dimensional space. It is capable of increasing the minimum

distance between the constellation points in comparison to the two-dimensional quadra-

ture amplitude modulation (QAM) counterparts. The increase in the minimum distance

leads to improving the BER performance of the overall system. H-SAPP is a composition
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of two or more hybrid amplitude/phase/polarization (HAPP) [29] subsystems modulated

with different subcarriers that are multiplexed together. This composition increases the

flexibility in designing the constellation diagrams as will be shown later throughout this

chapter. At any symbol rate and code rate, H-SAPP is capable of achieving the aggregate

rate of the individual HAPP subsystems it is composed of, without introducing any BER

performance degradation, as long as the orthogonality among subcarriers is preserved.

The following Sections discuss the building blocks of the H-SAPP system, starting

from the HAPP subsystems, all the way up to the equalization and decoding techniques.

V.2 Hybrid amplitude/phase/polarization LDPC-coded modulation

The Hybrid amplitude/phase/polarization (HAPP) coded modulation scheme employs

amplitude, phase and polarization is order to take advantage of the three-dimensional

space. It serves as a building block in the more general H-SAPP coded modulation sys-

tem. This section is devoted to HAPP system setup, in addition to some of the possible

signal constellations.

V.2.1 System setup

The transmission system setup discussed in this section covers the implementation of the

transmitter and the receiver of the HAPP system.

V.2.1.1 Transmitter configuration

The transmitter of the HAPP LDPC coded modulation shown in Fig. V-1 is similar in

structure to the previously explained BICM transmitters. The data from m different input

streams are encoded by m identical LDPC encoders. The encoded data are bit-interleaved
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through the block interleaver that writes the data row-wise and reads it column-wise. The

major differences in the HAPP coded modulation transmitter are the mapper and the

modulator. At a time instant i the mapper maps each m bits into a 2m-ary signal constella-

tion point to a vertex of a polyhedron inscribed in a Poincaré sphere based on a lookup

table (LUT). The signal is then modulated by the HAPP modulator. The polyhedrons are

chosen in this format for two reasons: The energy per symbol is constant for all the sym-

bols in the constellation, and the representation is done using closed form numbers,

which might be helpful in implementing the actual system.

To fiberSource
Channels

,3i

1

m

... /m
,1i

,2i

LDPC Encoder
r=k/n

LDPC Encoder
r=k/n

Mapper

Fig. V-1: HAPP LDPC-coded modulation transmitter block diagram.

,3i

,1i

,2i

Fig. V-2: HAPP LDPC-coded modulation modulator.
In this figure, SC: subcarrier, AM: amplitude modulator, PM: phase modulator, PBS: polarization

beam splitter, PBC: polarization beam combiner.

The HAPP modulator on the other hand, shown in Fig. V-2, is composed of three

simpler modulators, two amplitude modulators (AM) and one phase modulator (PM). The

2m points mapped by the mapper are translated by the LUT into sets of three voltages

 ,1 ,2 ,3, ,i i i   needed to control the set of modulators. As, the polyhedrons used are in-

scribed in a Poincaré sphere, Stokes parameters are used for the design of the polyhedron,
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and are then converted into the required voltages. Stokes parameters shown in (5.1) from

[30], are converted into amplitude and phase parameters according to eq. (5.2).
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Table V-1: Mapping rule lookup table for 8-HAPP.

Interleaver output s1 s2 s3  xa ya

000 1 3 1 3 1 3 4 1 1
1

2 3

     
1 1

1
2 3

     

001 1 3 1 3 1 3 - 4 1 1
1

2 3

     
1 1

1
2 3

     

010 1 3 1 3 1 3 3 4 1 1
1

2 3

     
1 1

1
2 3

     

011 1 3 1 3 1 3 - 3 4 1 1
1

2 3

     
1 1

1
2 3

     

100 1 3 1 3 1 3 4 1 1
1

2 3

     
1 1

1
2 3

     

101 1 3 1 3 1 3 - 4 1 1
1

2 3

     
1 1

1
2 3

     

110 1 3 1 3 1 3 3 4 1 1
1

2 3

     
1 1

1
2 3

     

111 1 3 1 3 1 3 - 3 4 1 1
1

2 3

     
1 1

1
2 3

     

Without loss of generality, x is assumed to be 0 at all times, hence y   . This

yields an easy to solve system of three equations with three unknowns. Table V-1 shows

an example of the LUT for 8-HAPP. The constellation forms a cube inscribed inside the
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Poincaré sphere. First the Stokes parameters are calculated to give the first three columns,

and then eq. (5.1-2) are used to calculate the last 3 columns.

V.2.1.2 Receiver configuration

Fig. V-3 shows the block diagram of the HAPP receiver. This receiver configuration is

essentially the same as a conventional polarization multiplexing receiver. The signal from

the fiber is passed into two coherent detectors to provide all the information needed for

the amplitudes and phases for both polarizations. The output of each branch is sampled at

the symbol rate then forwarded to the APP demapper. The output of the demapper is then

forwarded to the bit LLRs calculator which provides the LLRs required for the LDPC

decoding process. The extrinsic information are iterated back and forth in a turbo fashion

as explained in previous chapters until convergence is achieved unless the predefined

maximum number of iterations is reached.

,3î

,1î

,2î

,4î

Fig. V-3: HAPP LDPC-coded modulation receiver block diagram.

At high transmission rates and long transmission distances, the transmitted signal

goes through different forms of distortions such as noise, chromatic dispersion, polariza-

tion mode dispersion, etc. In this case, the APP demapper block in Fig. V-3 is replaced

with a demapper with maximum a posteriori probability (MAP) equalizer such as the

multi-level Bahl, Cocke, Jelinek, Raviv algorithm based equalizer (BCJR equalizer) [32].
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This is shown in Fig. V-4. The multi-level BCJR equalizer [31] used in this scheme is a

generalization of the original version of the BCJR algorithm presented in [32]. This equa-

lizer with the aid of the LDPC decoders and the turbo fashion drastically improves the

performance of the system against the chromatic dispersion and the polarization mode

dispersion. This setup is referred to as “turbo equalization” [33]. The BCJR equalizer re-

duces the inter-symbol interference (ISI) caused by the chromatic dispersion, and lowers

the BER of the system to forward error correction (FEC) threshold where the LDPC de-

coders can work properly [34]-[36].

,3î

,1î

,2î

BitL
LR

s
C

alculation

,4î

Fig. V-4: HAPP LDPC-coded modulation receiver with turbo equalization block diagram.

For verification purposes, both setups of the receiver are tested, and the results are

shown in Section 5.2.

V.2.2 Possible constellations

As the HAPP signal constellations are based on the regular polyhedrons inscribed in the

Poincaré sphere, the possible constellations are limited. This leads to the introduction of

the H-SAPP in Section 3. In the meantime, we can focus on the simple possible constella-

tion that can achieve 2 SR r  and 3 SR r  Gb/s transmission rate for a given base

symbol rate SR. The constellations are the tetrahedron for the 4-HAPP and the cube for

the 8-HAPP respectively. The constellations are shown in Fig. V-5.
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(a) (b)

Fig. V-5: Constellation diagrams of (a) 4-HAPP and (b) 8-HAPP.

Table V-1 in Section 2.1.1 shows the mapping rule for 8-HAPP. In Table V-2, we

show the mapping rule for the 4-HAPP. In Table V-2 d denotes the golden ratio
1 5

2


.

Table V-2: Mapping rule lookup table for 4-HAPP.

Interleaver output s1 s2 s3

00 0 1 3d 3d

01 3d 0 1 3d

10 -1 3 -1 3 -1 3

11 1 3d 3d 0

V.3 Hybrid subcarrier/amplitude/phase/polarization LDPC-coded modulation

H-SAPP is composed of two or more HAPP subsystems modulated with different subcar-

riers to exploit the full potential of the 3-dimensional space. In comparison with HAPP

system introduced in Section 2, H-SAPP allows a non-power-of-two constellation to be

utilized by including different subcarriers. As aforementioned, the HAPP modulation

format is based on regular polyhedrons inscribed inside a Poincaré sphere. Since simple

regular polyhedrons are not flexible in terms of number of vertices and number of faces,

the number of points per constellation becomes limited, especially since it has to be a
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power of 2 for binary systems. For that matter, H-SAPP offers a more flexible utilization

of the nice properties of these polyhedrons.

V.3.1 System setup

The setup for the H-SAPP LDPC-coded modulation system [37] is covered in details in

this section.

V.3.1.1 Transmitter configuration

In an H-SAPP, m input bit streams from different information sources are divided into L

groups variable in number of streams per group. The selection process for the different

groups 1 2, , , Lm m m is governed by two factors, the required final aggregate rate, and

the polyhedron of choice. Each lm , the number of streams in the lth group, is then used as

input to a HAPP transmitter, where it is modulated with a unique subcarrier. The outputs

of the L HAPP transmitters are then forwarded to a power combiner in order to be sent

over the fiber. Fig. V-6 shows the block diagram of the H-SAPP LDPC-coded modula-

tion transmitter. Each of the HAPP transmitters includes a mapper as explained in Section

2.1.1. This mapper maps the encoded sequences to a set of the vertices of a polyhedron.

The number of vertices allocated for a specific HAPP transmitter is defined by its lm .

For instance, if 1 3m  , then the number of vertices allocated out of the total number of

vertices for the chosen polyhedron is 1 32 2 8m   . The total number of vertices allowed

per H-SAPP system is 1 22 2 2 Lm m m   , the vertices of all the L polyhedrons define a

regular polyhedron inscribed in the Poincaré sphere.
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C
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biner
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Fig. V-6: H-SAPP LDPC-coded modulation system block diagram.

Table V-3: Mapping rule lookup table for 20-H-SAPP.

Group Interleaver
output

s1 s2 s3

1m

































0000 1 3 1 3 1 3

0001 1 3 1 3 -1 3

0010 1 3 -1 3 1 3

0011 1 3 -1 3 -1 3

0100 -1 3 1 3 1 3

0101 -1 3 1 3 -1 3

0110 -1 3 -1 3 1 3

0111 0 1 3d 3d

1000 0 1 3d 3d

1001 0 1 3d 3d

1010 1 3d 3d 0

1011 1 3d 3d 0

1100 1 3d 3d 0

1101 3d 0 1 3d

1110 3d 0 1 3d

1111 3d 0 1 3d

2m









00 0 1 3d 3d

01 3d 0 1 3d

10 -1 3 -1 3 -1 3

11 1 3d 3d 0
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We can take for example the modulation 20-H-SAPP. The constellation diagram of

this modulation format is composed of two polyhedrons when combined together for a

dodecahedron. Table V-3 shows the LUT for the 20-H-SAPP modulation format. This

configuration utilizes two subcarriers; the first subcarrier is used to modulate the points

on 16 out of the 20 dodecahedron vertices, and the other subcarrier is used for the re-

maining 4 vertices. The selection of vertices for a subcarrier is done to maximize the dis-

tance between the points on the same subcarrier. In the table, the top part corresponds to

16-HAPP  1 4m  , and the bottom portion corresponds to 4-HAPP  2 2m  .

V.3.1.2 Receiver configuration

At the receiver side, after the signal is received from the channel, it is split into L

branches and forwarded to the L HAPP receivers. Each of the HAPP receivers contains

two coherent detectors as shown in Fig. V-7, the four outputs of the detectors provide all

the information needed for the amplitudes and phases for both polarizations. These out-

puts are then demodulated by the subcarrier specified for the corresponding HAPP re-

ceiver, then sampled at the symbol rate to be forwarded to the APP demapper and contin-

ues in a fashion similar to that explained in Section 2.1.2 for the regular HAPP receiver.

,3î

,1î

,2î

,4î

Fig. V-7: HAPP receiver block diagram as a part of an H-SAPP system.
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Similar to Fig. V-4, if turbo equalization is needed to compensate for the various ef-

fects, the APP demapper in Fig. V-7 can be replaced with the “demapper and MAP equa-

lizer” block.

V.3.2 Possible constellations

One possible constellation for H-SAPP is the constellation resulting from the two-

subcarrier modulation 20-H-SAPP explained in Section 3.1.1 .This example is capable of

achieving  4 2 SR r   Gb/s final aggregate rate. The constellation for 20-H-SAPP is

shown in Fig. V-8. The black constellation points except those overlapping with the red

(diamond) ones are used for 16-HAPP, meanwhile the red (diamond) points form the

constellation points for the 4-HAPP. All the twenty constellation points (vertices) form

the vertices of a dodecahedron.

Fig. V-8: Constellation diagram of 20-H-SAPP. Different point color/shape represents a different
subcarrier.

V.4 Modified hybrid subcarrier/amplitude/phase/polarization LDPC-coded
modulation

The modified H-SAPP increases the potential of the H-SAPP in a three-dimensional
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space by including both the regular polyhedron and its dual in a single system. The dual

of a polyhedron is defined as the polyhedron that corresponds to the faces of the other. In

the modified H-SAPP, the bandwidth requirements for the system are larger than those of

the H-SAPP. This is due to the fact that each added subcarrier will require an extra

bandwidth. Hence, modified H-SAPP is a good trade-off between the required bandwidth

and the final aggregate transmission rate.

V.4.1 System setup

The system setup for the modified H-SAPP is similar to that of the H-SAPP, the only dif-

ference is that the minimum number of HAPP subsystems increases from two to three.

(See Fig. V-6 - Fig. V-7).

V.4.2 Possible constellations

One of the possible constellations is the 32-H-SAPP. This constellation is chosen as it

takes the 20-H-SAPP example explained in Section 3.2 and modifies it to include its dual.

In 32-H-SAPP system configuration; 11m  , 4L  , 1 4m  , 2 2m  , 3 2m  and 4 3m  .

1m and 2m represent a dodecahedron of 20 vertices and 12 faces; and 3m and 4m

represent the dual icosahedron of 12 vertices and 20 faces.

In this constellation the system is capable of achieving a total of

 4 2 2 3 SR r     Gb/s. The lookup table for the 32-H-SAPP is shown in Table V-4.

In this table, d denotes the golden ratio, i.e.  1 5 2 . Fig. V-9 shows the major com-

ponents of the 32-H-SAPP. The upper part of the figure illustrates the dodecahedron, and
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to the right shows the 16 black points that are used in Group 1m and the 4 red points used

in Group 2m . The lower part on the other hand, represents the icosahedron, and to the

right shows the 8 black points that are used in Group 4m and the 4 red points used in

Group 3m .

Table V-4: Mapping rule lookup table for 32-H-SAPP.

G
ro

up Interleaver
output s1 s2 s3

G
ro

up Interleaver
output s1 s2 s3

1m

































0000 1 3 1 3 1 3

2m









00 0 1 3d 3d

0001 1 3 1 3 -1 3 01 3d 0 1 3d

0010 1 3 -1 3 1 3 10 -1 3 -1 3 -1 3

0011 1 3 -1 3 -1 3 11 1 3d 3d 0

0100 -1 3 1 3 1 3

3m









00 0 1 3 3d

0101 -1 3 1 3 -1 3 01 0 1 3 - 3d

0110 -1 3 -1 3 1 3 10 0 -1 3 3d

0111 0 1 3d 3d 11 0 -1 3 - 3d

1000 0 1 3d 3d

4m















000 1 3 3d 0

1001 0 1 3d 3d 001 1 3 - 3d 0

1010 1 3d 3d 0 010 -1 3 3d 0

1011 1 3d 3d 0 011 -1 3 - 3d 0

1100 1 3d 3d 0 100 3d 0 1 3

1101 3d 0 1 3d 101 3d 0 -1 3

1110 3d 0 1 3d 110 - 3d 0 1 3

1111 3d 0 1 3d 111 - 3d 0 -1 3



63

+

Fig. V-9: Constellation diagram of 32-H-SAPP. Upper: dodecahedron, Lower: icosahedron.

V.5 Simulation analysis and verification

For performance verification purposes, the system is tested over two types of channels,

an ASE noise dominated channel, and a realistic optical channel. The presented LDPC-

coded modulation format is compared with many other formats that have similar number

of bits per symbol, and/or utilize the same dimensionality in order to achieve a solid base

for comparison.

V.5.1 Simulation setup

The simulations are done using VPITransmisionMaker [38], for a symbol rate of 50 GS/s.

For the ASE noise dominated channel, the number of inner iterations is 20 and the num-
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ber of outer iterations between the LDPC decoders and the APP demapper is 3. The simu-

lations are done assuming an ASE dominated channel scenario, and using an optical

preamplifier, for both, an uncoded and an LDPC coded bit sequences. The coded bit

sequence uses LDPC(16935,13550) code of rate 0.8, which yields an actual effective in-

formation rate of the system of 3 50 0.8 120   Gb/s, 160 Gb/s 240 Gb/s, and 440 Gb/s

for 8-HAPP, 16-HAPP, 20-H-SAPP and 32-H-SAPP respectively. Utilizing higher rate

codes allows a higher actual transmission rate.

For the realistic optical channel model, the HAPP receiver has changed to include

the multilevel BCJR equalizer in addition to the APP demapper. The number of inner ite-

rations is increased to 25 iterations and outer iterations remained the same. The coded bit

sequence uses LDPC(4320,3242) codes of rate 0.75, which yields an actual effective

information rate of the system of 3×45×0.75=101.25 Gb/s for the 8-HAPP. The chromat-

ic dispersion is compensated for by dispersion compensation fiber (DCF), meanwhile the

polarization mode dispersion (PMD) was added to the channel using a PMD emulator to

control the amount of differential group delay (DGD) affecting each measurement.

V.5.2 Simulation results

The results of the simulation are summarized in the following subsections.

V.5.2.1 Amplified spontaneous emission noise dominated channel

The results of the simulations over the ASE noise dominated channel are summarized in

Fig. V-10. The figure shows the uncoded and coded BER performance versus the optical

signal-to-noise ratio (OSNR) per information bit at 50GS/s. As noticed from the figure,



65

the 8-HAPP scheme outperforms its QAM counterpart by 2.2 dB, while it outperforms

the PSK counterpart by 4.2 dB at BER of 10-7. Moreover, the 16-HAPP outperforms its

QAM counterpart by 1.2 dB. On the other hand, 20-H-SAPP that utilizes the 3D-space

more efficiently increases the aggregate transmission rate by 80 Gb/s in comparison with

16-HAPP with a degradation of 0.4 dB, while it outperforms the 64-QAM (correspon-

dence is measured by number of bits per symbol) by 4.8 dB at BER of 10-7. As noticed

from the figure, for 1dB penalty in OSNR, the aggregate rate is increased from 240 Gb/s

for 20-H-SAPP to 440 Gb/s for 32-H-SAPP. The figure also shows that for

8-HAPP, the coding gain at BER 10-7 is 8 dB, for 16-HAPP it is 8.5 dB whereas for

20-H-SAPP the coding gain at BER 10-7 is 7.7 dB.
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Fig. V-10: BER performance versus the OSNR for both uncoded and LDPC coded data.

It is important to notice that utilizing M subcarriers requires M times the bandwidth

of the HAPP system. To this end, a better utilization of the bandwidth can be achieved by

employing larger constellation HAPP subsystems into the H-SAPP such as employing
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three 8-HAPPs for a 24-H-SAPP, rather than using two 4-HAPPs and a 16-HAPP and so

on.
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Fig. V-11: Normalized channel capacity for different modulation formats.

Fig. V-11 shows the information rate curves normalized per dimension for the differ-

ent modulation formats discussed above. HAPP utilizes 3 orthogonal dimensions (Stokes

coordinates), PDM-QPSK uses 2 dimensions/polarization, and H-SAPP utilizes 3 dimen-

sions/subcarrier.

V.5.2.2 Optical channel

The results of the simulations over the optical channel are summarized in Fig. V-12. The

figure shows the uncoded BER performance versus the optical signal-to-noise ratio

(OSNR) per bit for DGDs and for different memories x, where x represents the number of

symbols preceding and succeeding the symbol of concern. As noticed from the figure, the

back-to-back configuration reaches the BER of 10-6 at OSNR of 12 dB, and the configu-

ration with DGD of 0.6T (where T is the symbol-time) reaches the BER of 10-6 beyond

OSNR of 19 dB. As the DGD value increases above 1T, the equalizer memory needs to
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be extended in order to avoid error floor. This is obvious from the figure, where we show

that for DGDs 1.2T, and 2T, the symbol-by-symbol equalizer enters the error floor at

BER of 0.33. On the other hand, for DGD of 1.2T, the BCJR equalizer does not enter the

error floor for 1x  . For DGD of 2T, BCJR equalizer enters the error floor around BER

of 31 10 for 1x  , which can be avoided by increasing the equalizer memory. Since the

BCJR equalizer error floor is below the BER threshold of the LDPC code (above 10-2),

then 1x  is sufficient for the coded case. Notice that configuration for DGD of 2T out-

performs that of DGD 1.2T which is in agreement with the results published in [39] for

binary direct detection systems.

For the coded case, Fig. V-12 shows the BER performance for the 8-HAPP in the

back-to-back configuration and for DGD of 0.6T (for 0x  ), in addition to 8-QAM for

comparison purposes. As noticed, 8-HAPP outperforms 8-QAM by 3 dB at BER 10-6.

0 2 4 6 8 10 12 14 16 18 20

10-6

10-5

10-4

10-3

10-2

10-1

Optical SNR, OSNR [dB/0.1nm] (per bit)

B
it-

E
rr

or
 R

at
io

,B
E

R

Uncoded:
 DGD = 0, x = 0
 DGD = 0.6T, x = 0
 DGD = 1.2T, x = 0
 DGD = 2.0T, x = 0
 DGD = 1.2T, x = 1
 DGD = 2.0T, x = 1

Coded:
 DGD = 0, x = 0
 DGD = 0.6T, x = 0

8-QAM:
 DGD = 0, x = 0

Fig. V-12: BER performance versus the OSNR per bit for both uncoded and LDPC coded data.

V.6 Conclusion

In this chapter, we present an LDPC-coded hybrid subcarrier/amplitude/phase
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/polarization modulation scheme that achieves 440 Gb/s of optical single-channel trans-

mission using components operating at 50 GS/s. This scheme can achieve 880 Gb/s once

the 100 GS/s components become commercially available. This presented scheme is ca-

pable of dramatically increasing the aggregate rate of the system while keeping the power

and bandwidth penalties somewhat affordable as a price to the final transmission rate.
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CHAPTER VI

VIITERATIVE POLAR QUANTIZATION BASED LDPC CODED MODULATION

In this chapter we present yet another BICM modulation format, a modulation format

based on iterative polar quantization (IPQ) used to achieve channel capacity. IPQ based

modulation (referred to as IPQ modulation) is a non-uniform LDPC-coded modulation

[40]-[41] format that provides an analytical approach to achieve channel capacity.

This Chapter is devoted to explaining the theory behind achieving channel capacity

using IPQ [42], providing signal constellation diagrams for different constellation sizes,

and providing simulation results and performance verification for the presented coded

modulation technique.

VI.1 Introduction

Channel capacity is defined as the maximum information rate that a communication

channel can carry within a given bandwidth [43]. Different research groups seek achiev-

ing channel capacity in order to keep up with the increasing demand on higher speeds and

larger information volume due to the elevating popularity of the internet and higher quali-

ty multimedia [44]. Forward error correction (FEC) codes were introduced as a means to

closely approach capacity as they improve the BER performance of the communication

systems. Certain LDPC codes offer such a property [45]. Even though FEC codes drasti-

cally improve performance, a better modulation format would be needed to get closer to

achieving capacity. IPQ LDPC-coded modulation achieves channel capacity as will be
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shown in the performance verification section.

The presented modulation format is optimized for ASE noise dominated communica-

tion channels, where the channel is considered Gaussian. Based on the analytical treat-

ment provided in this Chapter, the approach can be adopted to different channels where

achieving capacity is necessary.

VI.2 Iterative polar quantization based modulation

IPQ is a two-dimensional modulation format based on amplitude and phase modulation.

The signal constellation design for this modulation is based on the minimum mean-square

quantization error (QMSE) of information and it takes into consideration the channel to

be used, and the noise probability density function.

VI.2.1 System setup

The transmitter and the receiver setup for the IPQ LDPC-coded modulation is explained

in details in this section.

VI.2.1.1 Transmitter configuration

The block diagram of the transmitter is shown in Fig. VI-1. The layout of the transmitter

is similar to the ones explained in previous chapters except for the modulation part. m

different bit streams coming from different information sources are encoded using iden-

tical LDPC codes. The encoded data is interleaved by the m n interleaver (where n is

the codeword length). The block interleaver accepts data from the encoders row-wise,

and outputs the data column-wise in a bitstream to the mapper. The mapper accepts m

bits at time instance i to determine the corresponding 2m-ary signal constellation point
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denoted by (6.1), after which the signals are modulated and sent over the fiber.

 expi i is s j . (6.1)

The amplitude is and the phase i are selected to minimize the QMSE, and are utilized

to control an amplitude modulation (AM) and a phase modulator (PM) as shown in the

figure. The number m is determined based on the desired final aggregate rate of the sys-

tem.

Fig. VI-1: IPQ LDPC-coded modulation transmitter block diagram.

VI.2.1.2 Receiver configuration

At the receiver side (Fig. VI-2) the signal from the fiber first passes through a coherent

detector into two branches that represent the in-phase and the quadrature components.

The output signals from the detector are sampled at the symbol rate and the correspond-

ing samples are forwarded to the APP demapper. In a similar fashion to that explained in

Chapter II, the demapper and the bit LLRs calculator provide the bit LLRs required for

iterative LDPC decoding. Calculating the bit LLRs is done using the same algorithm

stated in equations (2.4) – (2.6) in Chapter II, with the updated notations to fit the setup

of the IPQ system. The new notations are modified as follows,  , ,,i i I i Qs ss denotes the

transmitted signal constellation point, and  , ,,i i I i Qr rr denotes the received constella-
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tion point,  |i iP r s denotes the conditional probability estimated from histograms, and

s0 denotes the referent constellation point. Even though the original modulation is done in

amplitude and phase as shown in (6.1), is is represented in terms of inphase and quadra-

ture components for the LLRs calculation process to match the output of the coherent

detector.

The output of the demapper is then forwarded to the bit LLRs calculator which pro-

vides the LLRs required for the LDPC decoding process. The extrinsic information are

iterated back and forth in a turbo fashion as explained in previous chapters until conver-

gence is achieved unless the predefined maximum number of iterations is reached.
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apper
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itL
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alculation

Fig. VI-2: IPQ LDPC-coded modulation receiver block diagram.

VI.2.2 Possible signal constellations

To illustrate the possible signal constellations, it is vital to explain the designing process

and the theory behind it.

IPQ provides a semi-analytical approach to design the constellation diagrams for a

specific modulation to achieve capacity. This approach is based on designing the modula-

tion in accordance with the non-uniform probability distribution of the channel under
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study. If we take for example the ASE noise dominated channel, we know that optimum

source distribution of such a channel is Gaussian [43]. The in-phase Is and quadrature

Qs components of Gaussian random constellation  ,I Qs s s follow a two-dimensional

Gaussian distribution with zero mean. Corresponding polar coordinates of this signal

constellation point is given by

2 2

1tan

j

I Q

Q

I

e

s s

s

s



 



 



s s

s (6.2)

with distribution of envelope s being Rayleigh and distribution of  being uniform.

For a Gaussian source, and if we consider the constellation being composed of many

concentric rings like those used in star-QAM [46], the distribution of ring radii is selected

to be Rayleigh and the signal constellation is obtained by quantizing the source while

minimizing the QMSE. This is achieved using restricted IPQ that consists of a non-

uniform scalar quantization of the amplitude and a uniform scalar quantization of the

phase. The number of points on each ring is selected iteratively for all the concentric

rings keeping the final number or points for the constellation in mind.

Let iL denote the number of constellation points per ring of radius im , rL denote the

number of rings in the constellation, and L denote the total number of signal constella-

tion points  1

rL

ii
L L


 , then the optimum number of constellation points is determined

by [42] as:
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where  p r is Rayleigh probability distribution function
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and 2 in (3) represents the source power.

The radius of ith ring is determined by [42] as
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The corresponding cumulative distribution function for the Rayleigh probability den-

sity function (6.4) is given in closed form as,
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Using (6.4),  
b

a
p r dr can be simplified as follows:
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This simplifies (6.3) and (6.5) to
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respectively. The limits of integration in equations (6.8) and (6.9) are determined by:
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As the rather quick iteration process goes, the number of rings, the radius of each ring

and the number of point on each ring are found. As discussed earlier, the phase distribu-

tion is uniform, hence all the information needed for the design are summarized in the

equations (6.8)-(6.10).
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Fig. VI-3: 32-IPQ constellation diagram.

Table VI-1 shows the values of iL , im and ir for different constellation sizes, while
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Fig. VI-3 shows the constellation diagram for 32-IPQ. Fig. VI-4 shows the IPQ signal

constellation diagrams for different values of L .

Table VI-1: The summary of the specifications for the optimum IPQ for different values of L.
In this table, i: is the circle index, ri: is the lower limit of the decision region for the ith circle,

mi: is the radius of the ith circle, and Li: is the number of constellation on the ith circle.

L=2048 L=1024 L=512 L=256

i ri mi Li i ri mi Li i ri mi Li i ri mi Li

1 0.00 0.10 9 1 0.00 0.06 3 1 0.00 0.11 4 1 0.00 0.20 6

2 0.15 0.20 18 2 0.10 0.16 9 2 0.18 0.27 11 2 0.31 0.44 13

3 0.25 0.30 26 3 0.21 0.27 15 3 0.35 0.43 17 3 0.56 0.68 19

4 0.35 0.39 34 4 0.32 0.38 21 4 0.51 0.59 23 4 0.80 0.93 25

5 0.44 0.48 41 5 0.44 0.49 27 5 0.67 0.76 29 5 1.06 1.19 30

6 0.53 0.58 48 6 0.55 0.61 33 6 0.84 0.93 34 6 1.33 1.47 33

7 0.62 0.67 55 7 0.66 0.72 39 7 1.02 1.11 39 7 1.63 1.78 36

8 0.71 0.76 61 8 0.78 0.84 44 8 1.20 1.30 43 8 1.97 2.14 36

9 0.80 0.85 67 9 0.90 0.97 49 9 1.40 1.50 47 9 2.37 2.59 33

10 0.89 0.94 72 10 1.03 1.09 54 10 1.61 1.72 49 10 2.93 3.23 25

11 0.99 1.03 78 11 1.16 1.22 58 11 1.84 1.96 50 11 4.50

12 1.08 1.13 83 12 1.29 1.36 62 12 2.09 2.23 49

13 1.18 1.23 87 13 1.43 1.50 65 13 2.39 2.55 46 L=128

14 1.28 1.33 91 14 1.58 1.65 67 14 2.75 2.95 41 i ri mi Li

15 1.38 1.43 95 15 1.73 1.81 69 15 3.25 3.52 30 1 0.00 0.27 6

16 1.49 1.54 98 16 1.90 1.98 69 16 4.50 2 0.43 0.61 13

17 1.60 1.65 100 17 2.08 2.17 69 3 0.78 0.97 20

18 1.71 1.77 102 18 2.28 2.38 67 L=64 4 1.16 1.37 26

19 1.83 1.89 103 19 2.51 2.62 63 5 1.62 1.88 30

20 1.96 2.02 104 20 2.77 2.91 57 1 0 0.33 5 6 2.24 2.61 28

21 2.09 2.16 103 21 3.10 3.27 49 2 0.54 0.78 11 7 4.00 3.90 5

22 2.24 2.32 101 22 3.55 3.79 35 3 1.02 1.26 15 8 4.50

23 2.40 2.48 98 23 4.50 4 1.55 1.84 17

24 2.58 2.67 94 5 2.25 2.61 16 L=32

25 2.78 2.88 87 L=16 6 4.5 i ri mi Li

26 3.01 3.14 78 i ri mi Li 1 0.00 0.55 6

27 3.31 3.46 66 1 0.00 1.28 6 2 0.90 1.27 12

28 3.71 3.93 49 2 0.75 1.82 10 3 1.73 2.18 14

29 4.50 3 4.50 4 4.50
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Fig. VI-4: IPQ constellation diagrams of different sizes.

VI.3 Simulation analysis and verification

For performance verification purposes, the system is tested over two types of channels,

an ASE noise dominated channel, and a realistic optical channel where the back-

propagation technique [47], [48] is applied to compensate for the chromatic dispersion

and to lower the complexity of the system. In addition to the aforementioned simulations,

the average information rates are also observed in order to show how close IPQ can
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approach the channel capacity for various constellation sizes and different SNRs over the

ASE noise dominated channel.

VI.3.1 Capacity

Fig. VI-5 shows the channel capacity for various values of L, and different modulation

formats. The figure is obtained by calculating the average information rates (AIRs) over

the ASE noise dominated channel, and assuming equal a priori probability for the input

symbols [49]. The figure shows that IPQ constellation achieves channel capacity for low

and medium SNRs, and significantly outperforms QAM and star-QAM modulation for-

mats. In this figure we see that IPQ-2048 achieves capacity for up to SNR of 25dB.
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Fig. VI-5: Channel capacity per single polarization of IPQ modulation versus QAM and star-
QAM.

Fig. VI-6 on the other hand shows an enlarged version of the capacity curves for

IPQ, QAM and star-QAM over an ASE noise dominated channel. In this figure, the im-

provement of IPQ over the other modulation formats is more obvious.
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Fig. VI-6: Channel capacity per single polarization.

VI.3.2 Simulation setup

The simulations are done at symbol rate of 50 GS/s for two channels; an ASE noise

dominated channel and a realistic channel with back-propagation. For the ASE noise

dominated channel, the number of inner iterations is 20 and the number of outer iterations

between the LDPC decoders and the APP demapper is 3. The simulations are done using

an optical preamplifier, for the LDPC coded bit sequences. The coded bit sequence uses

LDPC(16935,13550) code of rate 0.8 and girth 10, which yields an actual effective in-

formation rates that range from 6 50 0.8 240   Gb/s up to 400 Gb/s for 64-IPQ to

1024-IPQ respectively.

For the realistic optical channel model, the IPQ receiver has been changed to include

the back-propagation algorithm that compensates for the chromatic dispersion and lowers

the complexity of the system.
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VI.3.3 Simulation results

The results of simulations for both scenarios are shown and explained in the following

two subsections.

VI.3.3.1 Amplified spontaneous emission noise dominated channel

In these simulations, by using polarization-multiplexing and assuming that Jones matrix

is known on the receiver side, the actual effective information rate of the system while

using 50 GS/s ranges between 2×6×50×0.8=480 Gb/s for the 64-IPQ, and

2×10×50×0.8=800 Gb/s for the 1024-IPQ. Utilizing higher rate codes allows a higher ac-

tual transmission rate, or allows transmission components of lower speeds to achieve the

current transmission rate.
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Fig. VI-7: BER performance for LDPC-coded IPQ, QAM and star-QAM for different constella-
tion sizes.

The results of these simulations are summarized in Fig. VI-7. We show the BER per-

formance versus the SNR for the different LDPC-coded modulation formats; IPQ, QAM

and star-QAM for constellation sizes of 64, 256 and 1024, in addition 128 and 512 for

IPQ. As shown in the figure, LDPC-coded IPQ outperforms the LDPC-coded square
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QAM by 0.6 dB, 0.5 dB and 0.3 dB at BER of 10-6, for constellation sizes 64, 256, and

1024 respectively, while it outperforms the LDPC-coded star-QAM by 0.2 dB, 0.3 dB

and 0.3 dB for the same constellations. As the constellation size increases the AIR curves

of the square QAM and the star-QAM shown in Fig. VI-5 become closer to achieving

capacity for lower SNR values, and this explains why the BER improvement is decreas-

ing as the constellation size is increasing.

VI.3.3.2 Coded IPQ with digital back-propagation and turbo equalization

To evaluate the performance of the proposed modulation format over a realistic fiber op-

tic channels, while keeping complexity reasonably low, coarse digital back-propagation

[47] with small number of coefficients in addition to turbo equalization have been em-

ployed. The back-propagation technique is used to lower the required channel memory.

This is done by inverting the nonlinear Schrödinger equation (NLSE) [50] by passing the

received signal through a fictitious fiber with the opposite signed parameters of the fiber

used throughout the transmission system. In the absence of noise, the transmitted signal

can always be recovered from the received signal in this manner [47]. Meanwhile, turbo

equalization is used to compensate for the remaining channel distortions. This is done by

iterating the extrinsic information back and forth between the maximum a posteriori

(MAP) based equalizer and the LDPC decoder in a turbo fashion until reaching a maxi-

mum number of iterations or converging to recognizable codeword. Fig. VI-8 shows the

BER results obtained by polarization multiplexed LDPC(8547,6922)-coded IPQ with dig-

ital back-propagation and turbo equalization. The simulations are done for a symbol rate

of 50 GS/s and launch power of 0 dBm. The dispersion map is composed of standard
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SMF (SSMF) only with EDFAs of noise figure of 5 dB deployed every 100 km. The

SSMF used in the simulations is with dispersion coefficient of 16 ps/(nm km), and a dis-

persion slope of 0.08 ps/(nm2 km). The effective cross-sectional area is of 80 m2, the

nonlinear refractive index is 2.6×10-20 m2/W, and the attenuation coefficient is

0.22 dB/km. As shown in the figure, LDPC-coded IPQ allows longer transmission dis-

tances than its coded star-QAM counterpart, as it allows 2250 km, 1320 km, 640 km and

140 km for L = 16, 32, 64 and 128 respectively.
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Fig. VI-8: BER versus total transmission distance.

VI.4 Conclusion

The modulation format presented in this Chapter is a non-uniform modulation based on

iterative polar quantization to achieve channel capacity. This modulation scheme is opti-

mized for ASE noise dominated channels. This scheme, in combination with polariza-

tion-multiplexing, achieves beyond 800 Gb/s aggregate rate while achieving capacity for

up to 25 dB of SNR utilizing the current commercially available components assuming

knowledge of the Jones matrix at the receiver side. The same design technique can be

adapted to meet any channel of choice, as the major key factor is the distribution for the
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channel under study.

In this Chapter we observe that L-IPQ coded modulation outperforms the coded-

QAM and star-QAM counterparts over ASE noise dominated channels. Moreover, we

observe that after evaluating the IPQ scheme for fiber-optic channels, LDPC coded IPQ

achieves an increase in the propagation distance up to 275 km over the LDPC coded star-

QAM. Applying this configuration, and by using polarization-multiplexing, we allow a

total aggregate rate of 800 Gb/s per wavelength and beyond depending on the design of

the LDPC code.
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CHAPTER VII

VIICONCLUDING REMARKS

In this dissertation, different coded modulation techniques are presented to offer a higher

spectral efficiency and/or power efficiency based on the bit-interleaved coded modula-

tion. The modulation formats presented in Chapters II-VI allow higher transmission rates

per wavelength, and can be good candidates for different applications starting from 100G

Ethernet, up to 1T Ethernet. This is done by taking advantage of the higher dimensionali-

ty of the optical space in contrast to the two dimensional systems presented by other re-

search teams such as [51],[52].

In Chapter II, we present the spectrally efficient modulation “three-dimensional

LDPC-coded modulation using hybrid direct and coherent detection”. In this Chapter we

present the modulation scheme, and system configuration, in addition to the performance

verification and analysis for transmission beyond 320 Gb/s rates using commercially

available components operating at 50 GS/s.

The presented scheme is suitable for different systems including 100G Ethernet [22]

or higher in addition to high-speed optical transmission beyond 320 Gb/s aggregate rate.

Once the 100 GS/s technology becomes mature enough, this system can be implemented

for 1024-3D-constellation to achieve transmission rates of 1 Tb/s aggregate rate of optical

transmission; this option might be attractive for future 1T Ethernet [23].

In Chapter III, we present the idea of multidimensionality and scalability over the
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optical channel to virtually any number of dimensions. Moreover, we lay out the restric-

tions regarding the signal constellation design in order to avoid affecting BER perfor-

mance of the system with increasing the dimensionality.

The multidimensional LDPC-coded modulation scheme presented in this Chapter

enables optical transmission for multiples of the base symbol rate. The discussion of the

system in addition to the simulation results prove that in theory the system is scalable to

any number of dimensions as long as we can find orthogonal functions. The results show

that using components operating at 50 GS/s, and LDPC code rates of 0.8, we can achieve

an aggregate rate that goes up to 400 Gb/s and beyond with a negligible penalty.

In Chapter IV, we present the idea of subcarrier multiplexing and we apply it to 2

four dimensional subsystems. Subcarrier multiplexing offers doubling of the aggregate

rate of the subsystems without introducing any BER performance degradation.

The subcarrier-multiplexed four-dimensional LDPC-coded modulation presented in

this Chapter enables high aggregate rates that can go up to 400 Gb/s using the currently

available transmission equipment operating at 50 GS/s. The subcarrier-multiplexed

scheme can achieve 2 50m  Gb/s aggregate rates for  1,2,3,m  .

In Chapter V, we introduce yet another BICM based modulation format that takes

advantage of geometry to provide a high power efficient modulation scheme. We present

the generalized form of the hybrid subcarrier/amplitude/phase/polarization (H-SAPP)

LDPC-coded modulation, in addition to the subsystems included in it, (i.e. hybrid ampli-

tude/phase/polarization (HAPP) LDPC-coded modulation). The Chapter presents the

coded modulation technique, and system setup, in addition to the performance verifica-
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tion over the ASE noise dominated channels, and realistic optical channels with con-

trolled PMD.

The H-SAPP LDPC-coded modulation scheme at any symbol rate and code rate, is

capable of achieving the aggregate rate of the individual HAPP systems it is composed

of, without introducing any BER performance degradation. This scheme achieves

440 Gb/s of optical single-channel transmission using components operating at 50 GS/s,

and it can achieve 880 Gb/s once the 100 GS/s components become commercially availa-

ble.

In Chapter VI, we focus on the conventional two-dimensional space, and on the

techniques for achieving capacity for a given channel. The Chapter covers the iterative

polar quantization technique as a means to find the optimum signal constellation that

achieves channel capacity. In this Chapter we provide a semi analytical algorithm that

can be followed to achieve capacity over any channel. As an example, we treat the case

of the ASE noise dominated channels.

In this Chapter we observe the L-IPQ based LDPC-coded modulation over ASE

noise-dominated channels, and analyze the performance that allows a total aggregate rate

of 800 Gb/s per wavelength and beyond. Moreover, we validate the performance over a

realistic channel with the back-propagation technique and turbo equalization.

The non-uniform IPQ based coded modulation in combination with polarization-

multiplexing, achieves beyond 800 Gb/s aggregate rate while achieving capacity for up to

25 dB of SNR utilizing the currently available components. After evaluating the IPQ

scheme for fiber-optic channels, LDPC coded IPQ achieves an increase in the propaga-
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tion distance of up to 275 km over the LDPC coded star-QAM.

In conclusion, Chapters II-VI, present different bit-interleaved LDPC coded modula-

tion techniques that can achieve higher spectral efficiency, higher power efficiency and

can achieve channel capacity.
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