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ABSTRACT

We propose a novel 3R regenerator architecture for highly spectral efficient signals. Through numerical
simulations we evaluate its performance and compare with traditional 2R schemes. The results of the analysis
demonstrate necessity of 3R for regeneration of NRZ pulses and its relevance for future high capacity
transmission systems.
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1. INTRODUCTION

All optical regeneration is seen as a promising approach to increase the transparent reach in long haul
transmission systems and to bring significant improvements in terms of capacity and cost. Complete
regeneration is achieved when not only the amplitude but also the timing distortion can be removed from the
propagating signal. Such capability, traditionally known as 3R standing for re-amplification, re-shaping and re-
timing, was essential to any subsystem implementation dealing with return-to-zero (RZ) modulated waveforms.
However, with the recent introduction of highly spectral efficient signals, characterized by non-return to zero
(NRZ) modulation of complex constellations, the re-timing functionality was overlooked. The efforts mostly
were focused in advancing the 2R performance through schemes that could remove the noise from the multiple
amplitude and phase levels of the signal waveform [1]-[3]. However, in future transmission links the channels
will be densely packed and tight filtering will be required for any in-line channel selection, e.g. to perform all-
optical add-drop multiplexing or signal regeneration. Unavoidably, this will give rise to timing jitter effects that
will accumulate along the 2R line drastically limiting the system cascadability.

In this paper, we propose a new subsystem architecture for the 3R regeneration of highly spectral efficient,
NRZ modulated, signals. Our approach is based on combining an advanced 2R regenerator element that enables
simultaneous noise suppression on both quadratures of a multi-level signal (i.e. M-QAM), with an optical gate
and a pulse reformatting filter, for facilitating the signal sampling at the minimum distortion point and the
recovery the initial NRZ waveform at the output of the subsystem, respectively. Numerical simulations,
performed for 16-QAM formatted signals, prove the necessity of the proposed 3R regenerator against its 2R
counterpart in long haul transmission systems.

2. Description of proposed 3R scheme

The diagram of the proposed 3R architecture is depicted in Fig. 1a). At the input, an optical filter selects the
incoming signal and removes the out-of-band noise. The use of matched filtering is a favourable option as it
improves the bandwidth utilization of the system by allowing tighter packing of co-propagating signals across
the transmission spectrum. Furthermore, at a given optical signal to noise ratio (ONSR) it minimizes the number
of errors that are created within the regenerator due to the non-linear transformation of the signal waveform.
Since our simulations were based on the use of rectangular pulses, ~sinc shaped responses were assumed for this
filtering device, i.e. H,,,(f)=sinc(f-T/BW), where T is the symbol duration and BW a bandwidth
enhancement parameter, which was subject to optimization.

Subsequently, the selected signal undergoes a 2R regeneration stage, where the two signal quadratures are
separated and experience a non-linear Regenerative Fourier Transformation (RFT) [4]. The RFT represents the
first order Fourier expansion of an ideal stepwise transfer function, i.e. TF : y=x+a sin| Bx) , and it enables
suppression of distortion on multiple amplitude levels. It can be applied independently on the two signal
quadratures using the three branch interferometric configuration that has been recently proposed in [4], and
depicted in Fig. 1b). After a first splitting stage, the two quadratures of the input field are separated at the two
lower branches of the interferometer using two phase sensitive amplifiers (PSAs). Then, each of the coordinates
(xg,x,) is propagated through a highly non-linear fibre (HNLF) to achieve four-wave mixing with a much
stronger continuous wave field &> x , which should be synchronized to the input signal carrier. At the output,
and after cancelling the static non-linear phase shift term  exp(iyL g/ 2), we get
X'o =N 2expliyLE, /V2|=8/{2[cos(p X, ,)+isin(Bx, )], where y is the non-linear coefficient and L is
the length of the HNLF, which define also the parameter f=7y LE/v2 . Our focus in on the imaginary of x’ R
which represents in the sine component of the RFT transformation. At the vicinity of the alphabet points the



approximation cos(Bxg;)=~1 is valid, and the resulted unity factor can me eliminated by adding to both
quadratures the continuous wave y=E&+/(p/4(1—p))(1—i) at the last output coupler, where p is the coupling
parameter of the previous coupler. Once the two waves (the sine transformation of the two coordinates) have
been added together, they are then coupled with the original wave and amplified with the amplifier gain
G=4/(1-p)~4 achieving the transfer function of the RFT : y, =x, +asin(Bx, ), with a=Ep/2(1—-p).
The proposed RFT is the first scheme to operate on both quadratures and enable an infinite number of
regenerative levels. Moreover, being the Fourier transform of the ideal regenerator, it enables the highest
regeneration efficiency without making a hard decision.
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Fig 1 : a) Diagram of proposed 3R scheme consisting of a 2R regeneration stage, optical sampling and a pulse reformatting filter. At the
input a ~sinc shaped optical filter performs the channel selection. The subsequent 2R reshaping is achieved by a Regenerative Fourier
Transform (RFT) i.e. TF : y=x+m'sin(rx), applied independently on each signal quadrature. Optical sampling is achieved by a switching
window of short duration and the NRZ pulse recovery with the use of a matched filter. b) Diagram of proposed subsystem for the all-
optical implementation of the RFT. By using two phase sensitive amplifiers separation of the field quadratures is firstly achieved. Then,
each quadrature undergoes a non-linear transformation, which results into a sine transformation. Finally, the two outputs are coupled
together with the original wave enabling the RFT transfer function. c) Transfer function of RFT compared with a stepwise response of
an ideal regenerator for dealing with 16 QAM signals. d) Constellation diagram of a noisy rectangular 16 QAM signal at the input of an
RFT based 2R regenerator (in blue), and of the regenerated signal at the output (in red).

After the 2R element, an optical gate and a pulse reformatting filter complement the regenerator subsystem
with the re-timing functionality. The optical gate performs sampling at the central part of each incoming pulse
where the amplitude distortion has been adequately suppressed and there is no influence of timing jitter. For this
analysis an ideal rectangular switching window had been assumed. Its duration represented a small fraction of
the symbol period T and it was subject to optimization. The gate synchronization can be achieved by a
conventional clock-recovery circuit. However, to be able to extract unsuppressed the prime modulation
frequency, the signal had to be selected and fed to the clock recovery before the input matched filtering. After
the gate, optical amplification will be unavoidable to restore the pulse energy that has been cut down from the
sampling action, as well as, to compensate for any other device losses within the regenerator. Finally, the pulse
reformatting filter at the output of the 3R subsystem restores the non-return-to-zero shape of the pulse waveform.
To maintain the rectangular shape of the input pulses a ~sinc shaped transfer function had been assumed also for
this case, i.e. H,,(f)=sinc(f-T).

3. Performance evaluation

Our goal was to compare the cascadability performance of the proposed 3R architecture against its 2R subset.
For the analysis we simulated 10° equiprobable 16-QAM symbols, shaped as rectangular optical pulses of a
single wavelength channel at baud-rate R, of 28 Gbaud. The system under study consisted of a cascade of
identical 3R, or 2R, regenerative elements connected by linear transmission sections of equal length, see Fig. 2.
The impairments associated with the propagation of the signal were modelled by additive white Gaussian noise
(AWGN) distributed uniformly along the transmission line. The AWGN representation can be applied not only to
the amplified spontaneous emission (ASE) noise, but also to the Kerr effect induced inter-channel distortion that
occurs in the fibre [5], as well as to the associated signal non-linear noise interactions that might also arise [6].
The validity of the approach has been verified both theoretically [5] and experimentally [7] and it has been
widely used for estimating the capacity limits in non-linear fibre channels [8]. The system performance has been
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Fig 2 The regenerative channel model of this study consisting of a number of 3R or 2R regenerators that are placed equidistantly along the
transmission line. Each 3R regenerator is according to the proposed scheme described in Fig. 1a) and Fig 1b). In the 2R case, the optical gate
and the pulse reformatting filter which enable the re-timing functionality have been omitted.
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Fig 3 : Eye diagrams after 10 regenerators in cascade for the a) 2R and b) 3R case respectively. No ASE noise effects have been taken into
account. For the 2R case the BW parameter has been set to 3, whereas a matched filter (i.e. BW=1) has been considered before each 3R
regenerator. Despite the tighter spectral filtering of the second case no pattern dependent is observed, as it has been fully suppressed by the
proposed 3R scheme. The switching window (SW) was 2% of the symbol period.

characterized by calculating, through direct error counting, the symbol error rate (SER) at the final receiving end.
The calculation was as a function of an effective optical signal-to-noise ratio (OSNR), which has been defined
by the ratio of the average signal power at the input of the transmission system to the total optical power of the
linearly added noise along the transmission lines (not including the noise introduced by the regenerators). This
convention is equivalent to the OSNR of the corresponding linear system, i.e. at the absence of regenerative
elements and provides a common reference for comparing systems of different regenerative properties.

Initially, we investigated the capability of the proposed 3R scheme in compensating timing jitter effects.
These phenomena may arise from the non-linear transformation of the incoming pulses with the reshaping
element of the regenerator. In particular, any amplitude distortion on the edges of the pulse, caused either by
ASE noise or pattern dependent inter-symbol interference, is translated to timing displacements that may
accumulate along the 2R cascade and affect the per symbol received energy. In Fig. 3a) we have plotted the
received eye diagram of the 16-QAM signal after 10 cascaded 2R regenerators, having assumed BW parameter
equal to 3 and ignored any ASE noise influence in the transmission system. The presence of strong timing jitter
distortion, originating from a pattern dependent inter-symbol interference, is evident. The use of the proposed 3R
scheme leads to a complete elimination of this effect, even for tighter spectral filtering (i.e. BW=1) applied
before each 3R regenerator, see Fig. 3b).

Subsequently, we included the ASE noise effects in the transmission system and investigated the two
regeneration scenarios. Fig. 4a) depicts symbol error rate curves as a function of the total OSNR degradation in
the transmission line. The results have been taken for various numbers of cascaded 3R elements and for the input
power levels of 0 dBm and 10 dBm. Within each regenerator, we have applied matched filtering to the incoming
signal and considered two different values of the switching window (SW), i.e. 2% and 6% of the symbol period,
respectively. With SW=2%, significant performance improvements are obtained for 10 dBm. For the same SW
and having 0 dBm launched power no significant regeneration gain was observed. This was because the ASE
noise introduced by the 3R subsystem exceeded the added noise of each interconnection link. Specifically, this
noise power scales proportionally to the square of the SW parameter and although it can be cut down by
widening the switching window an impact on the efficiency of the timing jitter compensation mechanism should
be expected. Here we plotted the results for a SW of 6% and 0 dBm signal power, which reveal performance
comparable to the previous case of 10 dBm and SW 2%. This illustrates the trade-off between noise and jitter
and makes SW an important optimization parameter.

In Fig. 4b) we have considered the 2R regeneration system and plotted the SER versus OSNR for different
number of non-linear elements in cascade. Contrary to the aforementioned 3R scenario, using a matched filter to
select the signal at the input of each regenerator wouldn't allow the system to cascade. So a broader spectral
filtering had to be applied, i.e. by setting BW=4 in this case. Despite the broader filtering, the influence of the
timing jitter has been detrimental. Comparing to the linear system, we could achieve OSNR performance gain
(defined for SER:107%) if more that four regenerative elements are included in the line. Furthermore, with respect
to the 3R scenario the OSNR penalty exceeds 4 dB in the limit of 20 cascaded regenerators.

A more detailed comparison of the 3R and 2R systems is depicted in Fig. 4c), where we have calculated the



difference in OSNR performance (@SER:107) as a function of the number of cascaded regenerators. For the 3R
scenario, the results have been taken for various launched powers and switching window durations, whereas for
the 2R case by varying the bandwidth enhancement parameter BW of the input filter at each regenerator. The 2R
system cascade requires excessively bandwidths, that is BW>5, to alleviate the system from the timing jitter
influence. Apart from the minimum frequency spacing channels can be put together in such a system, this also
impacts the net performance gain, as a noisier signal is likely to lead to an increased number of amplitude errors
at the output of each 2R stage. On the other hand, the capability of the proposed 3R scheme to suppress the
timing distortion allows for the use of matched filtering before each regenerator, improving the regeneration
performance and the spectral efficiency of the system. The results show that an OSNR gain of more than 6 dB
can be achieved even for a 1mW launched power and a SW of 10%.
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Fig 4 : a) SER vs. OSNR for different numbers of cascaded 3R regenerators, SW and signal powers at the gate input. b) performance of 2R
schemes: due to accumulation of jitter, there is critical number of regenerators in cascade, after which SER saturates even for large bandwidth
factors (here BW=4), the effect becomes more pronounced at high OSNR. ¢) OSNR improvement/penalty (defined at SER :10?) along a
cascade of 3R regenerators assuming different switching windows and gate input powers, as well as, along a cascade of 2R regenerators
assuming different bandwidth enhancement factors (BW) of the input filter. The results show that timing jitter accumulation is crucial
limiting severely the performance of the 2R cascaded system.

3. CONCLUSIONS

In conclusion, we have shown that conventional 2R regeneration cannot support adequately the development of
future highly spectral efficient fibre links. To address this issue we have proposed a novel 3R regenerator
architecture, that combines the traditional 2R functionality with time domain optical sampling and linear pulse
reshaping providing high performance gains.
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