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ABSTRACT

This work is motivated by the need to understand the fundamental
limit of channel capacities of optical fiber communication chan-
nels where amplified spontaneous emission (ASE) noise is domi-
nant and to understand how much has been achieved by the state-
of-the-art forward error correction (FEC) coding techniques. Two
most commonly used channel models, the Chi-square channel and
its Gaussian approximation, are examined. Both soft receiver with
continuous output and hard receiver with 1-bit and 2-bit quantized
output are investigated for several values of the system parameter
M , which is the number of signal photons at the input of the ideal
high gain optical amplifier that produces the noise. We show how
bit quantization affects the channel capacity and how the capacity
scales with different values of M. Finally, we report the perfor-
mance of some of the best-known codes like turbo codes on optical
fiber communication channels.

INTRODUCTION

Consider an optically amplified fiber communication system us-
ing amplitude shift keying (ASK) modulation where the signal is
modulated to be either zero intensity or an optical pulse of dura-
tion T. A practical receiver consists of an optical bandpass filter
of bandwidth B, a photo-detector and an electrical filter of band-
width B, that integrates over the bit period 7T's. Under low-power
operations, amplified spontaneous emission (ASE) noise from op-
tical amplifiers dominates all other sources of noise. It has been
shown that the performance of such an optical system is identical
to that of a radio system with square-law detection [1], and that
the most accurate theoretical model for ASE noise (after photo-
detector) is the asymmetric Chi-square model [2] [1] as defined
later in Section 2. Whereas much has been understood about the
additive white Gaussian noise (AWGN) channels, the binary sym-
metric channels (BSC) and the erasure channels, relatively little
has been reported on Chi-square channels [3]. The motivation
of this work is to investigate the ultimate performance limit on
optical fiber communications, as well as to report how much has
been achieved by some of the best-known forward error correction
(FEC) codes like turbo codes [5].

Since the properties of Gaussian distributions are more convenient
and better understood than Chi-square densities, it is common to
approximate the distribution of ASE noise with asymmetric Gaus-
sian densities. In this work, we consider two memoryless channel
models: asymmetric channel with uncorrelated Chi-square dis-
tributed ASE noise and asymmetric channel with Gaussian noise
(an approximation to the Chi-square model). For comparison
purpose, we also include the results of traditional additive white
Gaussian noise (AWGN) channels.

Due to the asymmetry of the channel, the Shannon limit (the ul-
timate capacity) is achievable only when the transmission source
follows an optimized distribution where the probabilities of “0”s
and “1”s are not necessarily the same. It is thus of practical inter-
est to also compute the “practical capacity” where “0”s and “1”s
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Fig. 1. (A) Soft-output Chi-square channel and the asymmetric Gaussian approx-
imated channel. (B) Binary-input, 2™-output discrete memoryless channels.

are transmitted with equal probability.

We consider both the soft receiver (continuous output) and hard
receiver (quantized output). The continuous output infers the best
capacity obtainable (at the cost of complexity). In practice, due
to the limitation on the internal data size in hardware/software
and in particular the concern for complexity, quantization is un-
avoidable. For example, using a simple and efficient hard detector
with 1-bit quantization, the communication channels are reduced
to binary asymmetric channels (BAC), on which Reed-Solomon
(RS) codes have been widely used to correct errors. For higher
capacity and for better performance with more sophisticated er-
ror correction codes like turbo codes and low density parity check
(LDPC) codes, more quantization levels are needed. At present
stage, due to the concern for complexity and signal processing
speed, research focus has been limited to no more than a few bits
and 2 bits in particular. Hence, in addition to continuous output
and binary output, we also investigate the important case of hard
receiver with 2-bit quantization. We show how quantization af-
fects the capacity and how capacity scales with different values of

_ B,
the system parameter M = 7.

To give a state-of-the-art view, we also report some of the latest
results on FEC coding for optical fiber communication channels.
We show how much has been achieved and how much is yet to be
achieved.

SYSTEM MODEL
A. Soft Receiver (Continuous Output)

Asymmetric Chi-square Channels — The first order statistics of the
optical fiber communication channels (with dominant ASE noise)
after square-law detector are most accurately modeled as the Chi-
square distribution with 2M degrees of freedom [1] [2], where
M = B,/B, > 1 is the number of modes per polarization state
in the received optical spectrum, and B, and B, are the optical
and electrical bandwidth of the system at the detector, respec-
tively. The closed-form probability density function (pdf) of mark
(i.e., signal “1) and space (i.e., signal “0”) at the receiver side
are given by (y > 0) the non-central and central Chi-Chi-square
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distributions [1] (see Fig. 1(A))
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where Iy () denotes the (M —1);, modified Bessel function of
the first kind. The means and variances of signal “1” and “0” are
given by

po = MNo, od = MNg, (3)
= MNy+2E,, o2 =MN2+4E,N,. (4)

The (un-normalized) signal-to-noise ratio (SNR) E; /N, can be
regarded as the number of signal photons at the input of the ideal
high gain optical amplifier that produces the noise.

Asymmetric Gaussian Channels — Since y is the sum of 2M in-
dependent random variables, the application of the central limit
theorem (for large M) yields a Gaussian approximation for both
symbols. It is convenient and common practice in the research of
this area to approximate the signals as Gaussian distributed with
the same mean and variance of the Chi-square densities [1] [3].
The Gaussian approximation of ASE noise distribution is given
by (see Fig. 1(A))

fo(y) = N(po, 03) =
fily) = N(p,0%) =
where A/ denotes the Gaussian distribution. Fig. 1(A) compares

the channel responses of mark and space on Chi-square and asym-
metric Gaussian channels.

= N(MN,, MNY), )
N (MNy+2E,;, MNZ+4E,N,), (6)

B. Hard Receiver (Quantized Output)

Continuous output provides the best capacity we can hope for,
but requires a soft receiver with infinite precision to represent it.
A simpler and more practical receiver would be a hard receiver
with data quantization. With n-bit quantization, the above channel
models are reduced to binary-input, 2"-output discrete channels.

Fig. 1(B) shows the system model of a general binary-input, 27-
output discrete channel with transition probabilities

Apparently, we have
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Clearly, in evaluating such a system, the transition probabilities,
p; and g;, should be determined according to optimal thresh-
olds. This is then a constraint optimization problem which can be
solved using Lagrange Multipliers or Kuhn-Tucker Conditions.

Perceivably, as the number of quantization level increases, the
channel capacity also increases, and so does the complexity of
the receiver and decoder. Whereas it is desirable to exploit the full
capacity of the channels (soft receiver with continuous output),
the determining factor for any practical application is complexity
which directly translates to speed and cost. This is particularly
critical for optical fiber communications where the extraordinar-
ily high data rate requires extremely fast signal processing. For

(a). 1-bit quantization

(b). 2-bit quantization

Fig. 2. Asymmetric channels with 1-bit and 2-bit Quantization.

this reason, we will primarily focus on the more practical cases of
1-bit and 2-bit quantization:

« 1-bit Quantization — With 1-bit hard receiver, the above chan-
nel models are reduced to asymmetric channels with binary-
input and binary-output as shown in Fig. 2(a). This BAC
model has been successfully used with Reed-Solomon codes
to correct errors.

« 2-bit Quantization — The increasing demand for higher data
rate and higher throughput has directed research trend to look
into more sophisticated coding techniques like iterative de-
coding and soft decoding, which in turn requires more bits to
convey the reliability information. Research on turbo codes
and turbo product codes have shown that internal data size of
4 bits is about necessary and sufficient to achieve near-soft-
decision performance. Nonetheless, for applications like op-
tical fiber communications where complexity is critical, the
current technology seems to suggest 2 bits be a reasonable
trade-off.

CHANNEL CAPACITY WITH SOFT RECEIVER

A. Computation of Channel Capacity with Soft Receiver

With soft receiver, the channel is a binary input, continuous output
channel characterized by additive noise. The ultimate channel ca-
pacity (or the Shannon limit) is defined as the maximum channel
mutual information (MI):

max I(X,)Y)
Pr(z)

- Pr(a:) Z/PI‘

= OrgnAa)SclA/fo(y) Alog A — (A+1)log(A+1)

Csoft

p(ylz)
p(y|z) log o ——dy

—Alog(1—A) —log A) dy, (9)

where A= M , A=Pr(z=0) is the probability of sending

fo(y)
“0”, and fo(- ) and f1(-) are defined in (1) and (2) for Chi-square

channels and in (5) and (6) for Asymmetric Gaussian channels.

The maximum value, i.e., the ultimate channel capacity, can be
found by taking derivative on A. Since there is no simple, closed-
form expression for this, numerical approach is taken to examine
the capacity of Chi-square channels as well as asymmetric Gaus-
sian channels under soft decision.

As mentioned before, the asymmetry property of the channel will
lead the desired channel input to be unevenly distributed. In many
practical situations, the probabilities of transmitting “0”s and “1”s
are approximately the same. Hence, substituting A =1/2 in (9)
we have the “practical capacity” as

2
o=y [ Fo0) (4" do A"+ (4" + ) log 2 )y, (10)
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