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1. Introduction

Soft-decision decoding is leading the trend of forward-error-correction (FEC) techniques in optical-fiber communications [1, 2]. Many practical channels have been modeled as additive white Gaussian noise (AWGN) channels, e.g., the deep-space and satellite channels, the telephone network, etc. Moreover, theoretical analysis of soft-decision decoding can be significantly simplified with an AWGN assumption. Hence, there exist highly advanced and extended results in FEC studies for AWGN channels. 

The post-photodetector noise in optical fiber communication systems, however, has non-Gaussian statistics. It would be time and cost efficient to predict FEC performance in optical fiber channels based on the existing results in AWGN channels without redoing all the evaluations with a more complex non-Gaussian channel model. The concern is, with this method, how accurate the predicted code performances would be in optical fiber channels.

In this paper, we evaluate soft-decision FEC performance with three different channel models, including the chi-square, asymmetric Gaussian, and AWGN models, among which the chi-square model best approximates optical fiber channels as described later in Section 2. We show that the AWGN model, rather than the asymmetric Gaussian model, is a proper replacement of the chi-square model to predict FEC performance in optical fiber channels. 
2. Channel models for optically amplified systems

A theoretical model for the post-photodetector noise distribution in optical fiber communication systems dominated by amplified spontaneous emission (ASE) noise has been given in [3, 4], in which the received marks and spaces (after square-law detection and filtering) have, respectively, a noncentral and a central chi-square probability density function (PDF). Because of signal-noise beating, the received marks and spaces have different variances. We refer to this model as the chi-square model, which is commonly used for ASE noise dominated systems when the accuracy of the channel model is important. Some notations used in the following are I0, I1: mean of spaces and marks, (0, (1: standard deviation of spaces and marks, BERin, BERout: uncoded and decoded bit error rate (BER). 

For simplicity, the chi-square density functions are commonly approximated with Gaussian distributions keeping the same I0, I1, (0, and (1, which we refer to as the asymmetric Gaussian model. The term “asymmetric” here, refers to the nature that the minimum-error-probability hard decision in this model gives unequal transition probabilities. The chi-square model can also be related to an AWGN model by assuming that the marks and spaces have equal variances and Gaussian distributions, and keeping the minimum hard-decision error probability unchanged. For comparison, Fig. 1 shows the three models for an ASE noise dominated optical fiber communication system. 

[image: image4.wmf]10

10

–10

10

0

(a

)  

BERin

Z value

Asymmetric 

Gaussian

Chi-square

AWGN

–10

10

0

[image: image5.wmf]5

10

15

10

–8

10

0

Asymmetric 

Gaussian

Chi-square

AWGN

Z value

(b

)  

Q

 

' 

 (dB)

2


[image: image6.wmf]5

6

7

8

9

10

10

–6

10

–4

10

–2

10

0

Decoder 1, assume chi-square noise

Decoder 2, assume 

Asy. 

Gau

. 

noise

Decoder 3, assume AWGN

      

Q 

  (dB)

BERout

2


[image: image7.wmf]5

10

15

10

–20

10

–15

10

–10

10

–5

10

0

Asy

. 

Gaussian

Chi-square

AWGN

BERout

(b

)  

Q

 

' 

 (dB)

2


[image: image8.wmf]10

–20

10

–15

10

–10

10

–5

10

0

Asy

. 

Gaussian

Chi-square

AWGN

BERout

(a

)  

BERin

10

–5

10

0

[image: image9.wmf]I

0

Probability

Post-

photodetector signal

Spaces

Marks

Chi-square

Asymmetric 

Gaussian

AWGN

I

1

[image: image10.wmf]I

0

Probability

Post-

photodetector signal

Spaces

Marks

Chi-square

Asymmetric 

Gaussian

AWGN

I

1

[image: image11.wmf]5

6

7

8

9

10

10

–6

10

–4

10

–2

10

0

Decoder 1, assume chi-square noise

Decoder 2, assume 

Asy. 

Gau

. 

noise

Decoder 3, assume AWGN

      

Q 

  (dB)

BERout

2

[image: image12.wmf]5

10

15

10

–20

10

–15

10

–10

10

–5

10

0

Asy

. 

Gaussian

Chi-square

AWGN

BERout

(b

)  

Q

 

' 

 (dB)

2

[image: image13.wmf]10

10

–10

10

0

(a

)  

BERin

Z value

Asymmetric 

Gaussian

Chi-square

AWGN

–10

10

0

[image: image14.wmf]5

10

15

10

–8

10

0

Asymmetric 

Gaussian

Chi-square

AWGN

Z value

(b

)  

Q

 

' 

 (dB)

2

[image: image15.wmf]10

–20

10

–15

10

–10

10

–5

10

0

Asy

. 

Gaussian

Chi-square

AWGN

BERout

(a

)  

BERin

10

–5

10

0




A widely used signal to noise ratio measurement in optical fiber communications is the Q-factor which has two commonly used expressions. We use Q and Q ' to distinguish the two expressions as 
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 and    Q ' = (I1 – I0)/((1 + (0) [5]. It can be shown that Q = Q ' in the AWGN model. For the chi-square model, we observed that Q' ( Q + C, where C is a constant independent of Q but being a function of Bo /Be as listed in Table 1, where Bo and Be represent, respectively, the optical bandwidth and the electrical bandwidth at the detector. 

Table 1: Offset between Q and Q ' in the chi-square channel model

Bo /Be
2
3
4
5
6
7
8
9
10

C (dB)
0.48
0.43
0.40
0.37
0.35
0.33
0.31
0.30
0.29

3.    Comparison of channel models in soft-decision FEC performance prediction 

In this section, we evaluate soft-decision FEC code performance based on the chi-square, AWGN, and asymmetric Gaussian channel models. For each channel model, we evaluate the union bound [6] on code performance assuming that the soft-decision decoder has precise knowledge about the noise statistics in the corresponding channel model as depicted in Fig. 2. As we know, the union bound diverges from actual code performance at high decoded BER but it gives a good estimate of code performance at low decoded BER which is the major concern in optical fiber communications. The general union bound on linear code performance is given by
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where Ad is the number of codewords and, thus for linear codes, the number of error patterns of weight d, and Pd is the pairwise error probability defined as the probability that the decoder makes a wrong decision by selecting a codeword other than the transmitted one. The chi-square model and its Gaussian approximation are both asymmetric channels having unequal transition probabilities under optimal hard decision. A general upper bound on Pd applicable to both asymmetric and symmetric channels was derived in [7] as
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where p(y | 0) and p(y | 1) represent the PDFs of spaces and marks, respectively, and Z is a constant for a given channel. Given the code weight distribution {Ad}, union bound on the code performance is then determined by the Z value. We note that, although, using an upper bound on Pd instead of its exact value loosens the union bound, the comparisons of the three channel models are valid based on the same set of formulae, (1) and (2). 

Figure 3 plots Z values evaluated based on the chi-square, asymmetric Gaussian and AWGN models for a system dominated by ASE noise. We see in Fig. 3 that the Z values based on the chi-square and the AWGN models match very well as a function of BERin, and they have about 0.4 dB offset in terms of Q '. It shows that, in terms of the Z values and thus the union bound, the AWGN model approximates the chi-square model much better than the asymmetric Gaussian model, which implies that the asymmetry of the transition probabilities in the chi-square channels is negligible in union bound evaluations. Although, as seen in Fig. 1, the asymmetric Gaussian model looks more similar to the chi-square model than the AWGN model, it overemphasizes the asymmetry of the transition probabilities in the chi-square model [8]. 



Figure 4 compares the union bounds on the performance of a two-dimensional turbo product code (TPC) using the Hamming (63, 57) component code for different channel models. In Fig. 4(b), the AWGN curve is shifted by 0.43 dB according to Table 1. The results show that the AWGN and chi-square models give similar code performance estimates in the concerned range of decoded BER. 

4.    Comparison of channel models in soft-decision FEC implementations

We have shown that, in FEC performance predictions, the AWGN model can be used to predict code performance in chi-square channels. However, in FEC implementations, the channel model used for soft-decision decoding needs to match the actual channel noise distribution to achieve optimal code performance [9]. Figure 5 compares the simulated performances of 3 soft-decision decoders in a same chi-square channel. The decoders use the same low density parity check (LDPC) code (14% overhead), but have different assumptions of the channel noise as depicted in Fig. 6. It shows that the Gaussian approximations for chi-square noise significantly degrade the code performance in the chi-square channel. 






Comparing Figs. 2 and 6, we can see that the result in this section for FEC implementations does not contradict the result in Section 3 for FEC performance predictions. In performance predictions (Fig. 2), we assume a noise distribution in a studied channel and use the same distribution in code performance evaluation, hence, there is no mismatch issue between the channel model and the actual noise distribution. 

5.    Conclusion

Based on the general union bound analysis, we conclude that the AWGN model, rather than the asymmetric Gaussian model, can be a proper replacement of the chi-square model to predict soft-decision FEC performance in ASE noise dominated systems. With this method, researchers can effectively utilize prior FEC results for AWGN channels in FEC studies for non-Gaussian optical fiber communication systems. 
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Figure 1: Noise distributions in different channel models
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Figure 4: Union bounds on a TPC (63, 57) 2 code based on different channel models for Bo/Be = 3.








Figure 5: Performance of three soft-decision LDPC decoders 


in the same chi-square channel








Figure 3: Z values based on different channel models for ASE dominated systems with M = 3
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Figure 2: Using different channel models for FEC performance prediction





Chi-square


 Model:





Asy. Gau.


Model:





AWGN


 Model:





Decoder 2


assuming Asy. Gau. noise





Chi-square noise





Decoder 1 


assuming chi-square noise





Encoder





Decoder 3


assuming AWGN





Figure 6: Using different channel models 


in FEC implementation
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