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Experimental Layered/Enhanced A&CQ-DM
short-haul optical fiber link

Binhuang Song, Chen zZhBill Corcoran,member, IEEEQibing Wang,
Leimeng Zhuangnember, IEEEand Arthur J. Lowerny-ellow, IEEE

Abstract—  Asymmetrically clipped optical orthogonal
frequency division multiplexing (ACO-OFDM) is theoretically
more optically power efficient than DC-biased OFDM (DCO-
OFDM); unfortunately its spectral efficiency is halved to
accommodate the clipping distortion. Recently,
Layered/Enhanced ACO-OFDM has been developed to mibg
regain the lost spectral efficiency, and theoretidyy compared with
other modulation formats. In this letter, we experimentally
demonstrate L/E-ACO-OFDM for the first time over a fiber link.
We transmit over a 19.8-km single mode fiber at 475 Gbits/s, and
show a 2-dB improvement in signal quality for the ame laser bias
current and received optical power over DCO-OFDM.

Index Terms— intensity modulation with direct detection
(IM/DD), asymmetrically clipped orthogonal frequeng division
multiplexing (ACO-OFDM), optical communication.

. INTRODUCTION

itself (Layer 1), for example on even subcarrieds. the
receiver, this signal can be recreated, so itsodist
subtracted. In L/E-ACO-OFDM this subtraction enable
additional signals carried on half of the even subers (Layer
2), and be received and decoded substantially witho
interference. Once the Layer 2 signal has beend#gkaits
interference can be cancelled, enabling signalsetoeceived
on half of the remaining even subcarriers (LayeS8hulations
at high constellation sizes have shown that thes¢hoas
provide better signal qualities at lower opticaiwgos than
DCO-OFDM, but have spectral efficiencies approaghiCO-
OFDM [15]. This implies that optical sources, swuhlasers,
can be operated at lower bias currents and outpuiers.
Looked at another way, a given laser would be tbfgrovide
a higher modulated optical power, so be transmitietther.

In order to have a reasonable frequency respongdoan
transient distortion, however, a direct modulatesetr (DML)
must be biased somewhat above its threshold cyk6htThis

HORT-haul optical fiber communication links usuallycould reduce the power efficiency advantage of &ACO-

adopt low-cost solutions such as intensity modoihatiith
direct detection (IM/DD). IM/DD requires positivexlued
modulation formats, such as: pulse amplitude mdabuia
(PAM) [1], discrete multi-tone (DMT) or DCO-OFDM [23],
and ACO-OFDM [4],[5]. DMT/OFDM provide higher speat
efficiencies than PAM, for a given optical powendaare less
sensitive to dispersion-induced power fading iflnitl/or power

OFDM signal, because the laser spends more timievat
powers (that is, during the times the signal isnasgtrically
clipped) than when driven by DCO-OFDM signals (wWhitave
infrequent and short-duration zero-level clippiray)d hence is
slow to turn back on. A post-equalizer could pdéstia
compensate this distortion.

This letter provides the first experimental demoatgin of

loading are used [6]. DCO-OFDM guarantees non-megjat L/E-ACO-OFDM and a comparison with DCO-OFDM in a

signals by adding an adequate bias: ACO-OFDM sinsplg
all negative values to zero—asymmetric clipping—siag
distortion tones, which can be allocated to unusaden”
subcarriers [5], thereby sacrificing half the spalcefficiency.
To regain the spectral efficiency, hybrid DCO/ACGHOM
technology has been proposed in [7]. Layered (dvaBoed)

short-haul optical fiber link. We used a truncasedond-order
Volterra filter to equalize the DCO-OFDM and theELACO-
OFDM signals. A noise cancellation algorithm wasoal
implemented for L/E-ACO-OFDM. Our results show thiar
the same laser bias current and output power, LZBAOFDM
provides up to 3.8-dB sensitivity improvement oUB€O-

ACO-OFDM is an alternative way to increase spectrddFDM for back-to-back transmission and a 2-dB athge

efficiency of ACO-OFDM [8],[9], whilst still retaiimg most of
its power efficiency. Alternatively, SEE-OFDM [10nd
Enhanced-Unipolar-OFDM [11] also provide similarthuls
to enhance flip/unipolar OFDM [12],[13]. Augment&iM-
DMT [14] similarly enhances PAM-DMT. All of theseathods
start with a clipped signal whose distortion fadiway from
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after 19.8-km of standard single-mode fiber.

Il. WAVEFORM GENERATION

Real-valued waveforms for DCO-OFDM and L/E-ACO-
OFDM systems can be generated by allocating conmpbdda
and its Hermitian conjugate value to positive arajative
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frequency sub-carriers before the inverse Discileberier

transforms (IDFT). For DCO-OFDM signals, a strong bias DCO-OFDM

is added to minimize excursions below zero, as shiowFig. (@) (b)

1(b). In L/E-ACO-OFDM, the signal generated for leaayer DFT B
(or Chord [15]) has its negative values clippeaaoo, before IHHHH H — bias
being combined with the signals of the other layéfke — Ol __ ot

frequency allocations of the signals in each Layersuch that
the clipping distortion from Layen only falls upon Layer
(n+1), enabling the received signal to be iterativédcoded,

starting with Layer 1. 9

To be more specific, instead of loading data topabitive T
half of the IDFT size sub-carriers directly (in Figa)), we load 1
1stlayer ACO-OFDM data to red sub-carriers (index d,#2=
0,1,2,...5), the Z-layer ACO-OFDM data to green sub-carriers T T T IDFT
(index 2+, n=0,1,2), then the"BACO-OFDM data to purple > O ?"@
sub-carriers (index 4+8 n = 0,1) as in Fig. 1(c). Then all 2 &y, W0 f e il
negative values are set to zero before three layengeforms T T IDET
are superposed as in Fig. 1(d). To decode dataeimeiceiver _’owmmww»
side, the T-layer will be first processed with a forward FTits ‘éhord 3 2 f 1 IR ¢
does not any suffer clipping noise from other layéhen its ()
clipping noise (red stars in Fig. 1(f)) is estinthtend removed
before processing the next layer. % Spec”um, AWWWWMT

0 >

Ill. RECEIVER ALGORITHMS
Fig. 1. (a) Frequency-domain and (b) tid@main conceptual d|agrams

Conventionally, a bank of one-tap frequency domainDbpCoO-OFDM, (Arrows: sub-carriers). (c) Frequency-damand (d) time-
equalizers are used for OFDM signals, one for sabitarrier. ~ domain conceptual diagrams for each layer/chord/E*ACO-OFDM. (e,
. . . . . Time-domain and (f) frequency domain conceptuagdims for total L/E-
However, m_ this eXpe”men_t’ to com_pensat_e the L'iuseqrtlon, ACO-OFDM (Arrows: sub-carriers, star symbols: clippnoise).
a Volterra filter time-domain equalizer is implentesh in the
receiver.

a2’

A. Truncated second-order Volterra filter

Volterra filters have been used to compensate chtiom
dispersion-induced and chirp-induced distortionsojstical 0
communication systems, and nonlinear distortidmdmn power
amplifiers in wireless systems [3],[17],[18]. Besauof the
square-law detection in an IM/DD system, a secamo
Volterra filter most suitable. An outpug, of a truncated
Volterra filter is: antisymmetric

_ Fig. 2. Waveform of single layer/chord in L/E-ACC-DM. Blue trace: ACO-
y(k) = Z W (h) x(k=1) + Z Z Wy 1) x(k= 1) x(k="1,) (1) OFDM waveform before clipping. Any value in the gneregion will b
11=012=0 clipped to zero. Before clipping, point al (a2) kame magnitude as g&?2")
where:x is the input signakv, andw: are weights for linear and but with the opposite sign.

second-order terms. Eqn. (1) is a linear finite uhsp response

(FIR) filter with L taps plus a second-order FIR filter with 25 C GND 19.8 km Bis; 10GSample/s
L(L+1)/2 taps. The second term operates on the croskHts 560 Q %=

between different samplesy. By considering the memory 50 0 Attenuator
length of the channel and computing complexity, etmse
L=10 for this eXpe”ment'_A tr"f"n'ng sequence W't".eaSt' Fig. 3. Experimental setup. DSP: off-line digitathgle processing. AWC
mean-square (LMS) algorithm is used to update thights. arbitrary waveform generator. DML: direct modulatddser. TEC
This time domain equanzer can deal with arbitrmgdulation temperature controller. SMF: single mode fiber. Rbotodetector. DS(
formats, as it only performs waveform correction. digital oscilloscope.

B. Noise cancellation algorithm for L/E-ACO-OFDM the values of al and a1’ (shown in Fig. 2) are ey and the

For the L/E-ACO signals, after time-domain Volterrasma"er one is set to zero; this removes up to dfalhe noise

o . . . . : ower.
equalization, an iterative noise cancellation athar further P
reduces the noise transfer between different lay@ise
algorithm is similar to [19], which takes advantagfeanti-

symmetric property of ACO-OFDM waveforms. For exdepp ~ Figure 3 shows the experimental setup for 4.375 @7 SK
transmission using DCO and L/E-ACO. The DCO sigmas

IV. EXPERIMENTS
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generated in MATLAB with 256-point FFT, and has é&&a

used either TD Volterra equalization or FD equaiara for

sub-carriers with thesisub-carrier left for DC bias. For L/E- both types of OFDM. Additionally, when using TD Vira
ACO, we stack 3 layers (chords) with the same FE& and equalization and L/E-ACO, we also used noise caatiah.

oversampling rate, carrying 32, 16 and 8 sub-carfi the 1,

Fig. 6 shows that for biases below 19 mA L/E-ACO

2" and ¥ layers. The L/E-ACO’s spectral efficiency is 87.5%outperforms DCO, and TD Volterra equalization img@® both

((32+16+8)/64) of DCO. In MATLAB, both the L/E-AC@nd
DCO signals were normalized, so that their per-atrioer
electrical powers are identical. Then the DCO digwas
clipped at 4-sigma before being mapped into a -H-\0range
to suit a Tektronix 7102 arbitrary waveform generdAWG).
The same scaling factor was applied for L/E-ACO.U§h

because of the 50-impedance of the laser and series resistol

both drive signals have 20-mA p-p amplitudes. st was a
Gooch & Housego AA0701 DFB, controlled to °€5 To
achieve identical bit rates, the AWG set to 8.7arGgle/s for
DCO and 10 Gsample/s for L/E-ACO. This increasessignal
bandwidth of L/E-ACO; however, the bandwidth is egged to
be very close to DCO when more layers are usedottmut of
a 13-GHz photodiode was sampled by a 28-GHz rew-ti
digital oscilloscope (Agilent DSO-X92804A) at 10 &8ple/s.

Data iR Resample
Frame synchronization

FD one-tap gqualization

Serial to parallel conversion
Discrete Fourier transform (DFT)
One-tap equalizer coeff. estimation
One-tap frequency domain equalization

TD Volterra .equa/iza tion

Volterra filter coeff. estimation
Volterra filtering or

Serial to parallel conversion

~—
A

L/E-ACO-OFDM

Chord 1 QAM demodulation [
Chord 1 clipping noise est.
Chord 1 clipping noise removal
Chord 2 QAM demodulation _ff /-
Chord 2 clipping noise est.
Chord 2 clipping noise removal
Chord 3 QAM demodulation

DCO-OFDM
QAM de

odulation

¥

Data out

r=====-=17

[teratively

Data out

Fig. 4. Receiver DSP flowchart. Either tirdemain Volterra equalization (I
purple) and frequency-domain oteg equalizing (right purple) are appliec
L/E-ACO-OFDM (blue) and DCO-OFDM (red).

Figure 4 shows the receiver DSP. For both systerasjse
either frequency-domain one-tap equalization oetohomain
Volterra equalization (with noise cancellation f0E-ACO).
For each transmission situation, we plotted @xfactor for a
range of bias currents.

V. RESULTS AND DISCUSSION

We first performed a back-to-back transmission expent
without Volterra equalization. Firstly, we removethe
attenuator and identified the optimal bias (20.95 for L/E-
ACO and 21.07 mA for DCO). Fig. 5 plots the meaduge
factors versus attenuation. In the higher-atteounatiegion,
where the thermal noise (electrical noise) of tleeeiver
dominates over the signal distortion, @efactor drops 2-dB
for every 1-dB increase in attenuation, as expecfédow
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Fig. 5. Q-factor versus attenuation for L/E-ACOFDM (blue squares) a
DCO-OFDM (red circles).
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Fig. 6. Back-to-back)-factor versus different bias for L/E-ACOFDM (blue
line with squares) and DCO-OFDM (red liwéh circles). Solid line with fille
symbols: using time domain equalizer. Dashed lifitb wlear symbols: usir
frequency domain one-tap equalizer.
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Fig. 7. Q-factor versus different bias for L/IE-ACO-OFDM (klline with

circles) and DCO-OFDM (red line with diamonds) aft®.8km optical fibe

transmission. Solid linavith filled symbols: using time domain equali.

Dashed line with clear symbols: using frequency dionone-tap equalizer.

of the OFDM systems. At 17-mA bias ti@factor of TD-
equalized L/EACO is 3.8-dB better than TD-equalizz@O.
At high biases (>20 mA), the system is limited ltlyes factors,

attenuations, th€-factor is limited by system imperfections such as quantization noise.

such as quantization noise in the AWG and osciipsc
We next studied the effect of bias current on &haeback
system, with the attenuation set to zero. As shiowiig. 4 we

Lastly, we compared th@-factors for two OFDM formats in
a 19.8-km single-mode fiber short-haul link. Duethe low
accumulated dispersion, we did not use a cyclitp(€P) nor
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bit/power loading. Fig. 7 plots the measur@dfactors at
different laser bias currents. Similarly to the lo#m-back
results, the Volterra equalizer improves the signadlity for
both OFDM formats. At 16-mA bias, L/E-ACO achiee2-
dB Q-factor improvement over DCO. At high biases, tigmal
quality is reduced below the back-to-back caseSiyfrom a
combination of laser chirp, fiber dispersion, aifmf loss.

To transmit signals with the same AC-modulated aabti
power, L/E-ACO requires less DC bias than DCO, gerates
at lower mean optical powers. Some simple calauatiof
biases required for no laser clipping reveal tlesoa. For the

(1

(2

(3]

(4]

L/E-ACO signal, the mean level of the AWG outputswa

measured to be 18% of its peak-to-peak output [15. AWG
output is 1-V peak-peak, giving mean drive curientl of a
20x0.18 = 3.6 mA. As a DC-block removes this mesel, the
laser should be biased at >3.6 mA above the latfareshold
of 12.4 mA, that is, >16 mA. For DCO, a bias of26/10 mA
above threshold (giving 22.4 mA) is required torgétiate any
clipping due to the laser. Thus, L/E-ACO shoulduieg 6.4-
mMA less bias than DCO.

For the fiber experiment, the bias currents to ta@irtheQ-
factors above 13 dB were 16.5 mA (L/E-ACO) and 18 m
(DCO), equivalent to 4.1 mA and 5.6 mA above thoddhThis
indicates that the L/IEACO requires 0.5-mA more Kiaan
expected from the simple calculation above; propakelcause
the L/EACO waveform is close to its minimum value &
reasonable proportion (approx. 5 12.5%) of an OFDM
symbol due to the independent clipping-at-zero hef three
Layers, so the laser is more likely to suffer fraransient
distortion and low modulation bandwidths. The DGGtem is
biased lower than the calculated value that elitedaser
clipping, simply because fiber effects limit thevadtage of
increasing the bias further. That said, L/E-ACO exa¥5.6-
4.1)/5.6 = 27% of the bias current in excess ofttireshold
current, compared with DCO. Greater advantagesaise
expected for higher constellation sizes [15], tHougser
dynamics may reduce this advantage. With a directigiulated
laser, a reduced bias translates to a lower avexatiEal power.
More energy efficiency can be expected for a lastra lower
threshold and less nonlinear distortion—a potecaaldidate is
a vertical-cavity surfacing-emitting laser (VCSELyhich
normally have wider bandwidths and lower threshdRi3).
Higher-order Volterra filters could further improtiee signal
quality [21]. Such a solution could be useful fature green
optical communications, where the energy consumpi®
critical [22].

VI.

In this letter, we have reported the first shortHhaptical
fiber transmission experiment using L/E-ACO-OFDNheT
experimental results shows that L/E-ACO-OFDM caweha
3.8-dB and 2-dB Q-factor advantage over DCO-OFDM
back-to-back transmission and over 19.8-km of aptfiber,
respectively. Volterra-filter based time-domain aligers
considerably improve both of the OFDM systems.

CONCLUSION
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