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Abstract  This study addresses the escalating power consumption in optical access networks, focusing on minimizing power consumption
of Forward Error Correction (FEC) processes. In optical access networks, transmission distances vary for each user. The surplus optical-
receiver sensitivity of short-distance ONUs can reduce the burden on the redundancy levels minimizing their power consumption. This article
explores the adaptive characteristics of Reed-Solomon (RS) FEC schemes in PON systems. We compare the bit error rate performance and
power consumption of error correction codes with different redundancy levels under various signal-to-noise ratio conditions. It is shown that
by the adoptive FEC coding schemes, the network can tailor error correction levels to the actual requirements of each optical receiver of ONUs.
In the case of short-distance users, an 87.2% saving in FEC power consumption per bit can be achieved in maximum compared to the
conventional RS (255,223).

Keywords Reed-Solomon (RS), Adaptive Coding, Passive Optical Networks (PON)

1. Introduction the transmission rate of legacy intensity modulation-direct

To meet the increasing traffic demands in optical access detection (IM-DD) PONs over 10 Gbit/s is only possible
networks, 50 Gbit/s passive optical network was with sophisticated digital signal processing and advanced
standardized, and a further increase in transmission rate is optical receivers [2]. However, the power consumption of
being studied [1]. In current PONs, the peak transmission telecommunication networks is being increased worldwide
rate is limited by the worst-case optical budget, which is along with the traffic and is expected to reach 260,000 TWh
dominated by the optical path loss. Therefore, increasing by 2050 [3]. For the sustainability of the
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Fig. 1. Conventional PON and adaptive FEC-based PON

telecommunication networks, stringent power reduction is
demanded in access networks, which contribute to 80% of
network power consumption.

In current PONs, only a few ONUs experience the worst-
case optical budget, while the majority are located low
optical path losses. Flexible rate PON was proposed
considering variations in optical path losses and channel
conditions of ONUs. The increasing flexibility of PONs is
being studied to increase throughput across the network
using technologies such as orthogonal frequency division
multiplexing (OFDM) [4],bit interleaving [5], adaptive
coding and modulation[6], [7]etc. Recently, rate adaption
was reported using probabilistic shaping in combination
with low-density parity check (LDPC) forward error
correction [8]. However, few studies have been reported
on the application of network flexibility to reduce power
consumption [9], [10], [11], [12], [13].

In this study, we focus on the excess optical power of the
majority of ONUs, and we study reducing power
consumption of forward error correction using this excess
optical power of ONUs (see Fig.1). Since forward error
correction (FEC) contributes considerable percentage of
ONU power consumption, then we studied achievable
power savings by employing appropriate FEC redundancy
level of Reed-Solomon (RS) coding decided by the optical
path loss of the ONU.

The rest of this paper is organized as follows: In section
2, we discuss the theory of RS code, and describe the
relationship between RS coding gain and power
consumption. In section 3, we quantify the power saving
by utilization of adaptive RS codes in a PON system.

Conclusions are drawn in section 4.

2. Reed-Solomon Coding
The structure of the RS coded frame is shown in Fig. 2.

RS codes, as defined by parameters (n, k, t) [14], [15],

involve the quantities k and n, representing the number of
symbols before and after encoding, respectively. The
parameter t is determined as (n—k)/2, signifying the
count of symbols within n that can be corrected. The code
rate is denoted by R = k/n. Symbols take their values in
a Galois Field GF(2™), and are thus represented with m
bits.

Table 1. Meaning of Galois Field operators

GFinv Inverse of a GF element
GFmul Multiplication of two unspecified GF
elements
GFmula' | Multiplication by a specific GF element a'
GFadd GF addition
GFreg Register storage
GFmem | Memory storage

The architecture of RS encoder is presented in Fig. 3.
The number of Galois Field (GF) computational operations
required during the encoding process depends on the circuit
encoding architecture. Meanings of Galois field operators
are given in Tablel where G; represents the coefficients of
the Galois Field (GF) generator polynomial, m; denotes

the coefficients of the original message polynomial, and P;

GFreg

M254,Mz53, ... M34,MM33

Fig. 3. Architecture for Reed-Solomon Encoder
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Fig. 4. RS decoders using Extended Euclidean Algorithm

signifies the coefficients of the output parity polynomial.
In the encoding process, there is a requirement for 2nt
GFmula’ GFadd

operations.

operations, as well as and GFreg
A variety of decoding methods can be used to decode RS
[14], Extended Euclidean
Algorithm (EEA) [16] demands the least computations for
t >3 . Initially, the

codes among which the

syndrome polynomial S(x) is
computed based on the received signal. The Extended
Euclidean Algorithm (EEA) is then applied to solve the key
equation, yielding the error-evaluator polynomial o(x)
and the error-locator polynomial w(x). The Chien Search
algorithm is used to find the roots of the error locator
polynomial. These roots correspond to the locations of
errors in the received codeword. Once the error locations
are determined using Chien Search, the Forney algorithm
is employed to calculate the error values associated with
these locations. The error magnitudes can be represented

w(ab)

o' (@)’

Finally, the received codeword is corrected based

on the identified error locations and corresponding error
magnitudes.

The computational complexity per information bit
(CCIB)

consumption for different set of code parameters. It can be

can be utilized to compute digital power

expressed as a function of ¢, R and m as follows [17]:

111—-R 1
CCIB = — [— (4t + 1)GFmul + - (6t — 1)GFmul ai] +
ml 2R R

[(% (6t —1) + (4t + 1)) GFadd +— GFL'nv] +

1
m

[(% (6t —1) + % (6t + 1)) GFreg + GFmem] + ()

1
m

The power consumption of the GF operations depends on
the specific circuit implementation. The formula for
calculating power consumption, determined by variables ¢,

m and R.

Table 2. Computational Cost of GF operators [18]

GF operator Computational Power
complexity consumption (pJ)

GFinv m XOR 04m
GFmul m(m —2)/2 XOR 0.4m(m—2)/2

GFmulai m? AND 0.4 (m? +

3(m—1)2/2 XOR 3(m—1)2/2)

GFadd m ROM read 8m
GFreg m REG write 2m
GFmem mRAM read & write 10m

2.1. Error correction performance

We calculated the error correction performances of
RS codes for PAM2 signal in an AWGN channel [19][20].
The results are shown in Fig. 5. Here, Eb and NO denote
the energy per bit at receiver and the power spectral density
of noise, respectively. Eb/NO represents the ratio of energy
per bit to noise power spectral density, expressed
decibels(dB). From the bit error rate (BER) performance
graph, we can extract the coding gain of different Reed-
Solomon (RS) codes across various error rate levels.
Coding gains of 4.5, 5.6, and 6.6 dB are noticed for RS

(255, 247), RS (255, 239), RS (255, 223), respectively.

T T T T T T T T T T T T T
0.01 uncode R
RS(255,247) ——
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Fig. 5. Bit error rate performances of RS coded PAM2
signal in an AWGN channel

2.2. Power consumption

Based on the power consumption formula, we

established the relationship between RS code power
consumption  and

redundancy.  Subsequently, we
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determined the coding gain at a decoded BER of 107'? for
different redundancy RS code based on the BER vs. E,/N,
curve. With the increase in t, the error-correction
capability of RS codes strengthens, leading to an
improvement in coding gain. Concurrently, the power
consumption also increases rapidly. It is noteworthy that
after certain level of redundancy, coding gain starts to
saturate though power consumption increases linearly with

t.
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Fig. 6. Power consumption and coding gain of RS

3. Power saving by RS coding based variable

FEC

In PON systems, the distance between ONU and OLT
leading to varying requirements for the coding gain to meet
the reception sensitivity. However, the currently deployed
PON system employ RS(255, 223) coding for error
correction. RS(255, 223) code scheme is satisfying the
maximum reception distance of 20 km.

The surplus optical sensitivity of short-distance ONUs
can be used to reduce the power consumption related to RS
encoding and decoding. In this study we selects distinct RS
coding schemes based on the distance of the ONU. Close-
proximity ONUs necessitate only a modest coding gain to
fulfill the sensitivity requirements of received optical
signals; thus, employing RS codes with reduced
redundancy is feasible. Because the power consumption of
low-redundancy error correction codes is markedly lower
than that of their high-redundancy counterparts, substantial
power saving can be expected by selecting the appropriate
redundancy to fulfil the requirements of each ONU.

We calculated the achievable power saving of FEC

encoders and decoder in a 10G-EPON system. Power

saving results are depicted in Fig.7. For this calculation,
we assumed a PON of 32 ONUs. Network parameters are

given in Table 3.
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Fig. 7. Power consumption by employing distance
based FEC redundancy for each ONU

In Fig.7, the red line represents the power consumption
per information bit for RS encoding and decoding at
different distances of ONU. Due to the current PON system
employ fixed RS(255,223) code, its power consumption
remains constant irrespective of the distance, as depicted
by the solid line. The dashed line illustrates the power
consumption when FEC redundancy is adapted according
to the transmission distance of the ONU. Here, redundancy
of RS code was varied from 2 to 16 bits.

When the distance < 4.73 km, RS code with 2-bit
redundancy was employed. Reduction of the redundancy
was possible because of the excessive optical power
received by the ONUs at this distance range. In this
distance range, power consumption of RS encoder and
decoder is 57.5p/ per bit. Comparing to the fixed RS
(255,223) decoder with power consumption of 449.5pJ
per bit, 87.2% of power saving per ONU is achievable in
maximum.

When the distance increases, the redundancy of the RS
code had to be increased accordingly to compensate the
optical path loss. Consequently, reduction in achievable
power saving can be noticed with the distance.

In Fig.7, the distribution of ONUs at different distances,
simulated using the Rayleigh function [21], is visually

represented by the purple bar graph.
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Table 3. Experiment parameters

Parameters Name Values
Number of ONUs 32
Maximum Transmission 20 km
Distance
Rayleigh Deviation o 5
Fiber Loss 0.22 dB/km
Bit Rare 10 G
Wavelength 1580 nm
Output Optical Power 2 dBm
Reception Sensitivity -28 dBm
Redundancy t=2~16

The simulation results indicate that with the adaptive RS
coding, the average power consumption of an ONU FEC
encoder and decoder in the network is 88.8 pJ per bit. In
contrast to the network with the fixed RS (255,223) scheme
where the power consumption of ONU FEC encoder and
decoder is 449.5 pJ per bit, the average power consumption
of FEC decoder can be reduced by over 80.2% using
adaptive FEC scheme.

4. Conclusion

In this study, we investigated the possibility of reducing
DSP power consumption of ONUs in PON by selecting
suitable a FEC scheme based on transmission distance.
When RS coding is employed, redundancy of RS code can
be selected according to transmission distance. This allows
maximum power saving of 87.2% in ONU FEC decoders
when the distance is less than 4.73 km. We calculated
achievable power saving in a PON with 32 ONUs when the
distance aware FEC redundancy was employed. Our
the possibility of 80.2%

reduction of average power consumption per ONU.

calculation results predict
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