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Subcarrier Pairwise Coding for
Short-Haul L/E-ACGOFDM
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Abstract— Dispersion-induced power fading in intensity
modulated direct-detection (IM/DD) systems degradethe higher
frequency subcarriers’ signal qualities. In LayeredEnhanced
ACO-OFDM, which is a spectrally efficient version &
asymmetrically clipped optical OFDM (ACO-OFDM), the error
propagation in the iterative decoding can further egrade
performance, especially when a low bias current issed for the
directly modulated laser. In this letter, we propog using pairwise
coding within each layerto improve the bit error rate (BER). We
transmitted ~5-Gbaud 16-QAM OFDM signals over a 1®-km
single mode fiber, and found a 3.6-dB improvementni the Q?-
factor.

Index Terms— Direct modulation direct-detection (DM/DD),
asymmetrically  clipped orthogonal frequency divisio
multiplexing (ACO-OFDM), optical communications, parwise
coding.

|. INTRODUCTION
I ntensity modulation using directly modulated lag@¥IL)

modulation (DSB) interacts with fiber dispersion ¢oeate
strong nulls in the baseband frequency responsehwill
degrade the signal quality of the high-frequendycauriers in
L/E-ACO OFDM. Moreover, the low-bias also reducés t
laser's modulation bandwidth and introduces wawvefor
distortion including chirp and turn-on jitter. Agilvas affecting
Layer 1 of these systems (the ACO-OFDM layer), marrwill
propagate to the higher layers during the iteratieeoding
process [5].

The iterative decoding process starts from Layén L/E-
ACO-OFDM, in which the clipping distortion falls oaven
frequency slots if the signal-bearing subcarriges@aced on
odd-frequency slots [4]. To allow these even sutiea to be
used for higher layers, the receiver needs to ¢aineelipping
distortion generated by Layer 1. This is achievedibtecting
the data as in a normal receiver, then recreatiaget 1's
clipped waveform using the same methods to thosd imsthe
transmitter. The recreated waveform is then sutddsizom the
received waveform. The signal of Layer 2 is theailable,

with direct-detection receivers (IM/DD) is a compacwhich uses subcarriersm€ (n= 1, 2...), so that its clipping

technology suitable for pluggable transceivers gbort-haul
links. Unfortunately, directly modulated lasers @alimited
bandwidths, so the electrical spectral efficiency tbe
modulation format is important. Pulse amplitude miation
(PAM-4) provides twice the electrical spectral effncy (SE)
of on-off keying [1]. Discrete multi-tone (DMT), oéer-less
amplitude and phase modulation (CAP) and opticdDMFare
able to support M-QAM formats [1-3]. However, DMicadc-
biased optical OFDM (DCO-OFDM) require a large bfas
map a bipolar signal onto a unipolar optical inignsiodulated
signal. Asymmetrically clipped optical OFDM (ACO-OM)
is designed to reduce the bias to close to the’'safgeshold
current to enable a stronger modulated (signal) groim
proportion to the unmodulated power, but sacrifical of the
optical and electrical spectral efficiency [4]. lemgd/Enhanced
techniques regain ACO-OFDM'’s spectral efficiency/HL
ACO-OFDM) [5-8] and theoretically require the lowesptical
powers for SE > 3bits/Hz Similarly, enhanced-urgndFDM
(EU-OFDM) [9], which is based on Flip OFDM [10] fefs the
same advantage,
However, in IM/DD systems, the optical double-sideth
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distortion falls on subcarrier slots.dif Layer 2 is cancelled at
the receiver, Layer 3 can use half of the subaastas 4.

If the receiver recovers Layer 1's symbols incatisedhe
cancellation process will be imperfect, and disbortwill
propagate to the higher layers, increasing theiorerates.
Because for the same level of noise higher-ordedutadion
formats have more errors, the error propagatioh neiluce
L/E-ACO-OFDM’s low-bias advantage for high spectral
efficiency systems.

In this paper, we introduce the pairwise coding (W
technique to L/E-ACO-OFDM system. Pairwise codings h
been demonstrated as an effective method to mairtiie
overall system performance when there is an imloalan
SNRs between two ‘channels’. This imbalance may tiue
uneven noise distribution in IM/DD OFDM, polarizati
dependent loss, inter-channel-interference in sin@emel
transmission systems and the imperfections of ROAfilts
[12-15]. Importantly, PWC adds no overhead at tteeqnding
stage, is computationally-efficient to decode, a@iks large

as does Augmented-PAM-DMT [1lperformance gains for large SNR differences.

In this paper, we use a 19.8-km optical fiber traigsion
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experiment, we show that using PWC can improve AMEO-  sequence, one-tap equalization is performed andsSale
OFDM, with only a slightly increased computationalestimated for all subcarriers. Then the | and Q mmments of
complexity. The error propagation was decreasedtdude the equalized symbols are rescaled by multiplyhg gquare-
reduced number of error bits in the lower layersur O roots of their SNRs. After in-phase and quadrapa are de-
experimental results shows a 3.6-dB improvemefactor interleaved, a symbol-by-symbol slicer-like maximum
for ~5-Gbaud 16QAM. Compared with our previous papm likelihood detection (MLD) is used to make the syhb
this work, we implemented PWC for 16QAM, which dowd decisionsDs:

have a closed-form expression for optimal angléces QPSK. D. = arg min{|E T |2}

Secondly, we show that applying PWC within eacletagan s Cy sk @
improve the system performance in L/EACO-OFDM foog- = ig) [ + i ig) [

haul transmission link. This work highlights thevadtage of =t (Cke ) SN Ryoos JD(Cke ) SR
using PWC in spectrally-efficient formats whereraté/e
decoding is used [9, 11].

where:E; is the rescaled received sign#l,is the rotated and
scaled referencing points from conventiondl-QAM
constellation pointLCy. Without PWC,6=0, SNRyoos=SNRbad,

and soTl=Cx. Finally the error bits can be detected and BER is

calculated for evaluating the system performance.
The idea of pairwise coding for a pair of unequslRS

subcarriers is that the noise imbalance is traredfeto the B. Pairing scheme for L/E-ACO-OFDM
inphase and (I) and quadrature (Q) components dh bol he p_erformance of L/IE-ACO-OFDM depend_s on theegxﬂrr
subcarriers. Because of the ‘waterfall effect’ dERB versus decoding of the lower layers, because of the itezatecoding

Il. PAIRWISE CODING FORL/E-ACO

SNR, the overall BER performance can be improved. process used to re.veal the higher Ia_yers [5]. Mamr(_ar b|Fs in
lower layers will introduce many incorrect estinoats of
A. Pairwise coding for 16QAM clipping noise, therefore, resulting in imperfeancellation of
(a) Pairwise pre-coding (b) Pairwise de-coding Fhe Iowerllayer’s cIipped. signal, Igading to ermopagqtion
Bit stream 1 Bit stream 2 into the higher layers. Clipping noise from onecarbier in a
Symbol mapping Symbol mapping One-tap Eq. One-tap Eq. lower layer will introduce noise into multiple fregncies in a
yrAngle rotatg) Angle roation,,_| [SNR est. & Regeale| [ SNR es. & Rescqle higher layer, which can be clearly seen from a-halfe-
M combine® | [ Combine ][ Combine? | [ combine 2 | rectified (i.e. zero-clipped) sine wavi§tf=sin(wat)), as:
= cos( Nw,t
EENSC [ viosBER | [ MID&BER | frec(t):é"'ASinwot_z_AZ# (5)
Fig. 1. (a) Pre-coding and de-coding. (b) Procesgéirwise coding. T2 T 4nt -1

Conversely, one subcarrier in a higher layer is@&d by the
clipping noise estimation errors from multiple sabyers in a
lower layer. That is, the distortion of subcarrigrsdifferent

We explain the procedure of pairwise pre-coding@sdoding
for 16QAM. Figure 1(a) shows the pairwise pre-cgdinocess
between two subcarriers. Similar to [12], bit-tavdyol |5uers will not be independent, so pairing themdsbeneficial.

mapping to firstly generatd-QAM symbol streams. Then, tWo Tperefore, we will always pair subcarriers from saene layer.
symbol streams are rotated by an an@lewhich is calculated rqrynately, the number of bit errors in one layat be reduced

to minimize the overz:ll BER of each pair of subas. The sing pairwise coding, thus the clipping noisereation and
optimal angle for thé&"-pair with SNR andSNR for a general cancellation will be more accurate. Thus, erroppgation to

M-QAM constellation is given by [16]: higher layers can be mitigated.
= i 2 1
G (A, Aj) =arg, max | min CAACK 67k))) @) lll. EXPERIMENTS
where the target functiaitx is defined as: We experimentally examined PWC for L/IE-ACO-OFDM in
, q a 19.8-km standard single-mode fiber IM/DD link.
d’(p.9.6,) = (p2 +q2) SNR, cos’| 6, - taﬁl(—J
p A. Experimental setup

- .o To fairly demonstrate the performance improvemeiiemny
+SNR;, sin [Gk tan (—ﬂ} 2) using PWC, we used the same setup for the OFDMakigith

As shown in Eq. (1), to find the optimal angle veed to test or without PWC, which is shown in Fig. 2(a). Thansmitted

each candidaté, for a combination offf,q) in setSy, which is L/E-ACO-OFDM consists of 4 layers, carrying 45, 22, and
defined as: 6 subcarriers. The drive signal was generated nefflin

B MATLAB with a 1024-FFT with 32-point cyclic prefixCP).
Su ‘{(p’q) I[p] '|q|D[O(N_ ]ﬂ (pa)=( 0’()} 3y The sample rate was 60.09 Gsample/s, giving

In our experiment, we chose to implement 16-QAMe.(i. (60.09/1024x(45+22+11+6)) = 5 Gbaud. A Tektronix0Z1

M=16). After angle rotation, the in-phase and quaneaparts arbitrary waveform generator (AWG) and amplifierraveised

are interleaved between high-SNR (good) and low-§bel) to drive a laser with a 1.59-V (peak-to-peak) sigBacause of

subcarriers and then combined before an inverserades the total 50 impedance of the laser and series resistor, the

Fourier transform (DFT). current swing was 31.8 mA (peak-to-peak). The ldasea
Figure 1(b) illustrates de-coding process. Usingaining Gooch & Housego AA0701 DFB (threshold current =niR),
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and was biased at 29 mA and controlled to 25 °@ diitput
power is 2.7 dBm.

m !19.8 km
=

= -
0 DML SMF link
w/o mod.
2

Bias
PD

80 GSals

B2B
,,,,,,,, Fiber link| «

60.09 GSa/s

193.44
Frequency (THz) 10GHz/div
Fig. 2. (a) Experimental setup. DSP: biffe digital single processing. AW

arbitrary waveform generator. DML: direct modulatddser. TEC
temperature controller. SMF: single mode fiber. RPBotodetector. DS(
digital oscilloscope. (b) Measured optical spectra.

At the receiver, a 40-GHz photodiode fed a 28-Gé#d-time
digital oscilloscope (Agilent DSO-X92804A), samiat 80
GSample/s. Figure 2(b) are measured optical sp€blaak)
without modulation, (green) the back-to-back reedisignal,
(red) after the link. The asymmetry of each modidagpectrum
is due to the complex dynamics of the laser undexct
modulation. The receiver DSP flow with pairwise déitg is
also shown in Fig. 2. The receiver DSP without P¥&D be
obtained by simply removing the de-coding step [17]

B. Channel SNRs and optimal angle searching for PWC
To determine the optimal rotation angles, we firgtbtained

Fig. 3, except for the lowest-frequency subcarrigie SNRs
monotonically reduce at higher frequencies.

Based on these SNR results, a suitable pairingnseter
L/E-ACO-OFDM is shown in Fig. 4. This pairs the &NR
subcarriers with high-SNR subcarriers. Layer 1 paid
subcarriers (giving 22 pairs), 2 pairs 22, 3 palisand 4 pairs
6 subcarriers. Then, by utilizing Eq. (1), optinzaigles are
found. The angle searching precision was set &t t0.5ave
computation. Figure 3(b) shows the constellatioterafiQ
interleaving, which is then sent to the IDFT.

IV. RESULTS AND DISCUSSION

We first transmitted the L/E-ACO-OFDM signal withou
pairwise coding; the BERs for all subcarriers dreven in Fig.
5(a). In Layer 1 (circles), half of the subcarribesl no errors;
the higher frequency subcarriers had more errofsctwis
consistent with the measured channel quality tlzet shown in
Fig. 3(a). The ? (triangles) §' (diamonds) and " (squares)
layers have descending performance, because tbeeeus
bits in then™ layer introduces errors into the+L)", (n+2)™...
layers. As discussed, the error propagation spraawss many
frequencies, such that an error in say Layer lubfc&rrier 41
may increase the error probability in many subeasrof Layer
2. This is evidenced in Fig. 5(a) where errors appéthe low-
frequency subcarriers of Layer 2; obviously thesers do not
come from the low-frequency subcarriers of Layasthey had
no errors, so Layer 2's errors must have come firmrhigher-

the SNRs for each subcarrier using a DCO-OFDM signfequency subcarriers of Layer 1.

comprising 89 subcarriers with the same per-sulararr

bandwidth as the L/E-ACO-OFDM signal. We did noé s
L/E-ACO-OFDM signal here because of the interdepecd
of its subcarriers, which would muddle the resuls. the
outputs of directed-modulated DFB lasers are desideband
intensity modulated signals, dispersion-induced grofading
will be observed after transmitting an optical fibEhe chirp of
the directly modulated laser will affect power faglifrequency
point compared with an externally modulated DSBhalgIn

(b) Complex symbol for PWC

(agschannel response
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Fig. 3 (a) SNR versus channel index. (b) Complex syrobobtellations afts
optimal angle rotation for PWC for all subcarriers.
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Fig. 4: Suitable pairing schemes for each laydt/BfACO-OFDM.
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Fig. 5. Results without PWC. (a) Measured BERReceived symb
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decision thresholds.
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Figure 6(a) shows the results when pairwise codsng mixing bit streams from two channels in the decadatrix, the

used. The high-index subcarriers improved the masthey
benefitted from pairing a low-frequency subcarvigh a high-

frequency subcarrier. In general, middle-index subers have
better performance than that of either low- or Higthex

subcarriers. This is due to the pairing scheme—eberall

constellation spread is larger for low- and higtier subcarrier
pairs than two middle-index subcarrier pairs. Althb some
error bits appeared in low-index subcarriers, tpeiformance
is still acceptable with 7% FEC overhead. The restaeceived
signal constellations are plotted in Figs. 6(b) &(c), for the

bit stream with good performance will cover the baike
through sharing the parity frame.

V. CONCLUSION

By pairing good and bad subcarriers within eackiawe have
shown that the BER can be reduced for L/E-ACO-OFDM
signals. A 3.6-dB improvement {@?-factor was observed after
19.8-km single mode fiber transmission with ~5-Gbau
16QAM using direct modulation and direct detectidrne
propagation of errors between layers was mitigaded, to the

1% and 89 subcarriers. The 1Q de-interleaving and scalingaqyced number of errors in the higher layers.

transfers the SNR imbalance between a pair of stibcsito an
IQ signal strength difference, generating elligticahaped
symbols. The error rate is optimized by using maim
likelihood detection; the decision thresholds aréidated by
red dashed lines.
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Fig. 7. BERs for each layer with and without PWC.

Figure 7 compares the BERs with and without PWE&reh
are fewer errors in the higher layers when PWGésluWithout
PWC, all layers fail at 7% FEC: in contrast, nodafails at 7%
FEC after PWC. This translates to an overall beneferror
rate, for a small computational cost. Without PW& BER
over 3,578,400 bits was <7.6x1Gor all subcarriers: with
PWC, the BER improved to better than 1.14%1Bquivalently,
the Qfactor, where Q¥dB) = 20logo( V2 erfc’(2.BER))
improved from 7.7 dB to 11.3 dB. Furthermore, img.Fb,
differences in the overall BERs of the differenydes are an
indicator of error propagation (also as Fig. 7 H);[ these
differences are reduced in Fig. 6.

It is clear the PWC is aiding the high-frequencicarriers

by pairing them with lower-frequency subcarriers.n A[13]

alternative strategy would be to use bit- and pelwading
algorithms [18], to place more data onto the loagfrency
subcarriers and balance SNRs. However, from a ctatipnal
complexity point of view, the design of bit and pawoading
algorithm still requires multiple iterations to ac@mge (e.g.
computational complexity is Gl{ogN) for [18]), which is more
complex than the non-recursive PWC method. Furtbegnthe
choice of modulation format in bit-loading algorthrequires
more communication between the transmitter andvecéhan

pairwise coding, which only communicates SNRs te th

transmitter to adjust the rotation angles. A falléstigation of
the performance of the two schemes is underwayE®& ain-
sharing method [19] can also reduce the numberrof bits at
the bit-decision level rather than symbol-decislewel. By
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