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Abstract: Coherent optical OFDM systems offer a straightvémd approach to address high spectral effi-
ciency. Non-linear impairments set limits to theximaum spectral efficiency. The limiting effects ame-
plored by simulations, calibrated from publishegerimental results.
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1. Introduction

In recent years enormous progress has been achieoptical transmission by applying coherent debecwith
electronic signal processing at the receiver. Tilityato utilize polarization multiplexing (PDM)ds allowed to
double data rates on standard fibers. Similarlgagbnal frequency division multiplexing (OFDM) Haesen identi-
fied as a candidate technique to explore fiber ciépa.e. the maximum data rate, which can be ed [1]. PDM-
CO-OFDM has gained much interest as this scherowaléfficient equalization of chromatic dispers{@D) and
polarization mode dispersion (PMD). The receivdivees estimates of the channel model and the &igRaoise
ratio (SNR). The latter one is especially importastit allows to estimate the achievable data Faiethe investi-
gation of fiber limiting effects occurring from Kemon-linearity we start with a single channel wéttical band-
width of 10GHz to explore the spectral efficien8E(. As a cross-check simulation results were catitdl with the
experimental outcomes presented in [1]. In a sesetdp a larger bandwidth was selected to fillngpgame spec-
tral range. The total optical power is kept const@ihese results are then compared with [2], wiaerapproach is
described how to explore the maximum achievabla gt on single mode fiber.

2. OFDM system

Fig. 1 depicts the principal OFDM transmission egsisetup. Two independent baseband signals modhtate
orthogonally polarized parts of the TX laser sigridlthe receiver, polarization diverse coherertedion is ap-
plied. Channel estimation is based on pilot torsedescribed in [3]. The simulation parameters lmen chosen
close to the experiments reported in [1] with dligtlaptation to a 10 GHz WDM grid (see Table 1) Shmulation
model of the DAC and ADC devices assume equidisiaantization levels and 8 bit resolution. As OFBignals
have a high peak-to-average power ratio, distodias to clipping has to be taken into consideration

X,—> TX proc _>£ r,(t)
si(t) 920x4 LT Lsfaoe, |
hybrid L[ | > RX proc. Yy
%
—;li r(t)
2x4 t—
%0 (A, L
hybrid _; i —>{ RX proc. 2
Y 1
%o DAC

Fig. 1: Investigated OFDM system.

The “clipping ratio” is defined as the maximum a¥able signal amplitude over the root mean squatbeosignal.
This parameter is set to 10 dB in the followingeTh)-modulators are modeled as linear devicesnaisgithat a
memory-less non-linearity can be compensated fagdpyopriate pre-distortion, similar to the consegpded in RF
power amplifiers of wireless base stations. Siniotest have been carried out for multiple span trassions. The
optical link consisted of 2 to 12 spans of 80 knM&ESOptical amplifiers compensate the attenuatibh6odB per
span with a noise figure NF = 4 dB. The resultirfgNIR value (defined in a reference bandwidth & 12.5 GHz
(0.1 nm)) depends on the launch powgyer channel and the number of spans m.

OSNR,, =58—- NF-G + P, +10log,,(m)=58-4-16+ P, +10log,,(m)=38+ P, —10log,,(m) 1)



Table 1: System parameters.
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Fig. 2: Estimated s&/8NR for 2 up to 12 spans.

Dashed line indicates optimum launch powgr P

In the presence of non-linearities, the procedasedbed in [4, 5] is used to estimate an equitaleise power
representing the signal distortions as addition&econtribution. Results for the inverse SNR girgle polariza-
tion are shown in Fig. 2, which have been obtainech averaging over 50 OFDM symbols. For longetatises
the optimum launch power (dashed line) decreasesgected.

3. Estimatesfor Spectral Efficiency

Assuming a band-limited channel of bandwidth B additive white Gaussian noise (AWGN) the maximuforin
mation-rate which can be transmitted accordinghtar®on is given by (p is the number of polarizat)on

c=8B D]ogz[l+ [EJPJ : with (E)pm -2 @

—— [DSNR
pB
An ideal transmission scheme using forward erroremtion allows for error-free transmission at Steannon limit.
Dividing (2) by the signal bandwidth B results iretmaximum achievable spectral efficierityAs both orthogonal
polarizations use the same frequency band we adldeirpcontributions for the capacity and obtain

e )

wheren describes the ratio between channel bandwidtichadnel spacing in frequency division multiplex-sys
tems. The ratio shall be close 1 to achieve higlttsal efficiency.
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Fig. 4: Estimated spectral efficiency versus oplicaut
power for 50 GHz channel bandwidth.

Fig. 3: Estimated spectral efficiency versus opliicput
power for 10 GHz channel bandwidth.

The estimated relative noise powers presentedgnZ-tan thus be translated into an estimate fontaximum
achievable spectral efficiency. In Fig. 3 and 4dashed line gives the values for pure ASE noisgritution,
calculated by Eqg. (1) while the straight line irds all degrading effects. The difference at vemglschannel
power is due to other impairments than fiber noedrity, e.g. laser line width, signal clipping angantization. As
can be seen the drop in SE for shorter distanassnies significant. Fig. 4 shows results for incegashannel
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bandwidth of 50 GHz (same overall data rate). Téreghannel power is increased by a factor of 58, Hut the
principal behavior is similar.

4, Simulation Results and Discussion

Applying the model described in preceding sectitiesachievable spectral efficiency is estimatectbam 4 dif-
ferent conceptual approaches. The results are shokig. 5:

1) The theoretical bound for spectral efficiency @M has been addressed in literature, e.g. [2]didances of
500 km, 1000 km and 2000 km maximum values hava bgtracted from the respective publications (lszes),
where a theoretical constellation in concentridgalles, distributed Raman amplification and pulse-gistortion for
SPM compensation has been assumed.

2) Experimental results for spectrally efficient tsamission 20 — —
systems from recent literature [1, 6-10] are gikigrgreen cir- T I Lo
cles. These are close to real implementation acidde hard- o - Do o
ware limitations. These values for achieved SEqethe up- I AR
per limit for systems utilizing today’s technolody.order to : Wt o ;”; *;* o
perform trustworthy simulations (red diamonds) eléint sym- . T wﬁ‘* PR
bol constellations (4QAM to 32QAM) were appliedsbd on § 00 -~ Py "T*;*T;T?;qﬂf*f* —ore
the ODFM parameter set close to [1] as describdibgas- Sogr - PR R SN a O X
suming a typical FEC code rate of 0.93 with coroesjing pre- S PR R - DA LB
FEC BER of 1C. 4,,,,,,;,,,;,,;,,;,;,;,;,;J,o ,,,,, L
3) Using a simple SNR approximation based on theenfoem Lo LJ”LLLLHJ 77777 | ?L
accumulated ASE only (i.e. OSNR from eq.(1) togethi¢h R Bl
Prx from Fig.2) provides the values shown as blackses. e 16

Ignoring non-linear distortion does overestimate dchievable Distance [km] -

spectral efficiency significantly, as can also bersby the gap
between the straight and the dashed lines in Fand34.

4) Based on the concept of equivalent noise powénatbn, a
maximum spectral efficiency can be computed, wimickudes contributions from all degrading effeciseguiva-
lent additive noise sources (red squares). Espetied drop due to non-linear distortion is cons@de The upper
limit for short distances is caused by laser plmmsge, quantization noise as well as clipping. Epproach shall
provide a realistic estimate for the “Shannon lipfibwever, does not give a constructive procedoirget there. In
order to close the gap from today’s system perfoadased on a pre-FEC BER of around ibdproved coding
schemes have to be explored for future opticabktrassion systems. Since the maximum achievablerdtdale-
pends on distance, the proposed method to defresfarmance metric can also be utilized for data salaptation
in future optical networks with dynamic path assigmt.

Fig. 5: Comparison of achievable spectral effi-
ciency versus distance (explained in text).

5. Conclusions

In optical OFDM receivers equalization of the linehannel impairments is straight-forward. Separatif noise
contributions revealed that in WDM systems spedffitiency is limited by fiber non-linearity foohg distances.
On shorter links potential increase in SE is limhitgy further sources for degradation. Based oretbagaulation
results, increased data rates of optical transonissystems can be expected, when more sophisticatiag
schemes are applied to better explore spectraiafiy.
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