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Abstract: Real-time optical OFDM transceivers with 128-QAMceding are experimentally
demonstrated, for the first time, which enable &B& end-to-end transmission with the highest
spectral efficiency of 5.25bit/s/Hz over 25km(500@MF(MMF) IMDD systems involving
directly modulated lasers.
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1. Introduction

To satisfy the exponentially increasing end-usdeshands for broadband services, Optical OrthogBrexjuency
Division Multiplexing (OOFDM) has widely been codsred as one of the strongest contenders for pahcti
implementation in various cost-sensitive networkrsrios such as access networks and Local Areadrew
(LANS) [1]. Recently, in Multi-Mode Fiber (MMF)-basl LANs [2] and Single-Mode Fiber (SMF)-based asces
networks [3], we have made significant breakthrouglexperimentally demonstrating world-first 3Glhézl-time
OOFDM transceivers based on off-the-shelf compaent further improve the transmission capacityhef real-
time OOFDM transceivers, one of the most cost-éitffeapproaches is to employ high signal modulaf@mmats
such as M-ary QAM. This approach is extremely vhlegdor MMF-based transmission systems owing tarthe
lower bandwidths.

The use of high signal modulation formats, howeieyitably imposes a number of technical challesnigethe
real-time OOFDM transceiver design. The challenges summarized as followings: 1) high Optical Sigoa
Noise Ratio (OSNR), 2) increased susceptibilityutwanted Digital-to-Analogue/Analogue-to-Digital i@eerter
(DAC/ADC) impairments, 3) increased requirementsacouracy of real-time DSP algorithms, channehestiion
and symbol synchronization, and 4) increased reqeénts on linearity of electrical-to-optical cortees such as
Directly Modulated DFB Lasers (DMLS).

In previously reported works, the highest signabimation format used commonly on all the subcasrigithin
an OOFDM symbol is 64-QAM in an intensity-modulatiand direct-detection (IMDD) OOFDM system [4].
Although 128-QAM was also used in a system of styghe [5], the signal modulation format, howeverstju
occupies a small portion of the signal spectraloeglue to the utilization of adaptive bit-loadialgorithms. More
importantly, all those experimental works [4,5] Béheen undertaken using off-line DSP approacheghwdo not
consider the limitations imposed by the precisiod apeed of practical DSP hardware for realiziraj-tiene end-
to-end transmission. The thrust of the presentpap® explore experimentally, for the first tinthe feasibility of
implementing 128-QAM in real-time OOFDM transcewwewith channel estimation for transmitting OOFDM
signals over simple IMDD SMF/MMF systems involviBg/Ls.

2. Real-time experimental system setup

Fig.1 shows the real-time experimental system seatugvhich use is made of the real-time OOFDM traiger
design similar to that reported in [2,3]. The tmaitser consists of an Altera Stratix 1| GX FPGA, isth performs
the real-time DSP on the data source and outputs&dit samples in parallel at a rate of 0.5GHzeSe samples
are fed to an 8-bit DAC running at 2GS/s. The apatectrical signal with a 1GHz bandwidth is atteted by a
variable attenuator to adjust the modulating curigected into a 1550nm DML having a modulatiomthaidth of
10GHz. The converted OOFDM signal emerging fromDihdL is then coupled into an EDFA with a 15dB optic
gain and a 5dB noise figure. After passing throagh8nm optical filter, the amplified optical si¢im& coupled into
a 25km MetroCo™ SMF. The optical power injected into the SMF igefi at 7dBm. For investigating the
performance of the OOFDM signal over a 62.5{#850M1 MMF having a 3-dB optical bandwidth of
approximately 675MH&m and a linear loss of 0.6dB/km, the MetroCbSMF is replaced by the MMF, into
which the optical signal is coupled via a mode-¢toing patch cord.
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Fig. 1. Experimental transmission system setup.

At the receiver, a 12GHz bandwidth PIN with a THFA{dBm receiver sensitivity) converts the receivptical
signal to the electrical domain. The electricahsigis amplified by a 2.5GHz, 20dB RF amplifier aattenuated as
needed to adjust the signal amplitude. The low-fitiesed, single ended electrical signal is conedrvia a balun to
a differential signal to feed an 8-bit ADC opergtat 2GS/s, whose digital interface format is idmitto the DAC
input in the transmitter. Finally, the digital sdegpare fed to a second Altera Stratix || GX FP@#Ajch performs
the real-time DSP on the received symbols and ohtes the BER. Detailed descriptions of the syssetup and
the real-time OOFDM transceivers with channel eatiom have been reported in [2,3].

3. Experimental results

With the 50MHz FPGA operating speeds and the 2G&1sple rates of the DAC/ADC, 5.25Gb/s OOFDM signals
of spectral bandwidths of 1GHz are produced whegtQ2aM is taken on all the 15 information-bearindsarriers

in the positive frequency bins. To our knowleddas tgives the highest ever OOFDM spectral efficieind
5.25bit/s/Hz.
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Fig. 2. Optimization of signal clipping ratio (&Zprresponding signal constellations after changqeaézation
at lowest BERs for the electrical B-t-B case é)d for the 25km SMF transmission case (c).

It is well known that the DAC-induced signal clippi effect is more pronounced for high signal motiothe
formats. To distinguish the signal clipping effaaiuced by the DAC from those induced by opticahponents,
BER versus clipping ratio is explored first for tlmalogue electrical Back-to-Back (B-t-B) and thgkid
MetroCor™ SMF transmission cases. In the electrical B-t-Begahe electrical signal from the DAC (point A) is
directly connected to the attenuator in the reagjpeint B) without optical components being invetly as shown in

Fig. 1.

As seen from Fig. 2(a), an optimum clipping ratfold.9dB is identified, which corresponds to thevést
BERs of 1.6x10 for the electrical B-t-B case and 9.7%1@or 25km MetroCol SMFs transmission. The
corresponding signal constellations are shown Zig) and Fig.2(c) for both cases. When clippingosaaire smaller
than the optimum value, the signal is clipped cdesibly, thus resulting in distorted signal wavefey whilst when
clipping ratios are higher than the optimum valine, signal is quantized at a wide quantization siep over an
enlarged dynamic range, thus producing large guatidin noise. Furthermore, the similarities of BteR evolution
curves and in particular, optimum clipping ratibsfween the two different configurations considemedicate that
DML nonlinearities do not considerably alter thgngll waveform. However, subcarrier x subcarrieermixing
upon direct detection in the PIN causes the ocoog®f an unwanted spectral distortion region eneinity of the
optical carrier frequency [6]. As a direct resultloe effects of subcarrier intermixing and noiassociated with the
PIN, the minimum BER of 1.6x10observed in the analogue electrical B-t-B casrdseased to 9.7x10observed
in the 25km MetroCdM SMF transmission case.
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Fig. 3. BER performance of 5.25Gb/s 128-QAM-enco@&FDM signals over SMF (a), normalized system
frequency response (b), and error distribution (c)

Making use of the identified optimum clipping ratiexperimental measurements are performed of the
transmission performance of real-time 5.25Gb/s Q284-encoded OOFDM signals in DML-based 25km
MetroCor™ SMF IMDD systems without in-line optical amplifttan and chromatic dispersion compensation. The
measured BER as a function of received optical pasvehown in Fig. 3(a). As seen from Fig. 3(a)ttl@aBER of
1.0x10° (7.8x10% is achieved at a received optical power of -7:8dB6.0dBm) for 25km MetroCoY SMF
(optical B-t-B) transmission. Very similar to thoserresponding to real-time 3Gb/s 16-QAM-encodedFO®
signals [3], a negative power penalty of approxehat0.5dB are observed in Fig. 3(a). The physinachanism
underpinning the negative power penalty is thatribgative chromatic dispersion parameter associattidthe
MetroCor™ SMF can be compensated by the positive transieqtiency chirp associated with the DML [3].

In Fig. 3(a), error floors start to develop at BERsipproximately 1.0x18 It is worth addressing, in particular,
that the occurrence of the error floors is not dioe the real-time DSP functionalities and digital-to
analogue/analogue-to-digital conversions, as indétalearly in Fig.2. The cause of the error flosrthe subcarrier
intermixing effect. This can be understood by cdesng Fig. 3(c), where the error ratio, which &fided as the
percentage ratio between the number of error Ipita given subcarrier and the total number of ditsron all the
subcarriers at a BER of 1.0x10s presented to quantify explicitly error distritons for various scenarios. It can be
seen in Fig. 3(c) that, almost uniform error ratb@sur over the entire subcarriers, even thougtgraing to Fig.
3(b), the low frequency subcarriers experience SKRghly 2dB higher than those experienced by tigh h
frequency subcarriers. This implies that the sufde@ in the positive frequency bins suffer righamgle-shaped
spectral distortions, which offset the channel fiemtpy response-induced SNR variations. All the aboentioned
characteristics are in line with those associatéth wubcarrier intermixing. It has already been eskpentally
verified [3] that, the subcarrier intermixing eftes negligible for transmission of 3Gb/s 16-QAMeeded OOFDM
signals over MetroCAY SMFs of up to 75km. Of course, the use of a spkgtrard band can reduce such an effect.
However, the approach decreases the signal spefficééncy and increases the transceiver complexit

In addition, investigations are also undertakerthaf transmission performance of real-time 5.25GI28-
QAM-encoded OOFDM signals in the MMF systems. er ¢ase of 500m (100m) MMF transmission, a minimum
BER of 9.3x10" (9.7x10% is achieved at a received optical power of -6/8dB6.2dBm). Power penalties of
approximately 0.5dB at BERs of 1.0x1@re observed for both systems, which originatenftbe co-existenceing
effects of Differential Mode Delay (DMD) and modwaise.

3. Conclusions

The feasibility of implementing 128-QAM in off-thghelf component-based real-time OOFDM transceiers
5.25Gb/s has been explored experimentally, forfits¢ time, in DML-based IMDD 25km SMF (500m MMF)
transmission systems. The highest ever spectiialefEy of 5.25bit/s/Hz has also been successhdhieved. This
work suggests that it is possible to implement-tiea¢ OOFDM transceivers running at 40Gb/s for estsitive
access and local area networks, if use is madeuttirand transmission [4nd higher DAC/ADC sample rates.
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