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Abstract: We experimentally demonstrate a 10.7-Gb/s NRZ-DPSK receiver with 4000-ps/nm 
chromatic dispersion tolerance by using phase demodulation with a half-bit delay in combination 
with a simple 4-state maximum likelihood sequence estimation (MLSE) equalizer. 
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1. Introduction 

Maximum likelihood sequence estimation (MLSE) is a powerful technology to enhance the robustness of optical 
receivers against chromatic dispersion (CD) [1], polarization mode dispersion [2, 3], and narrowband optical 
filtering [4]. Most notably, the combination of non-return-to-zero (NRZ) modulation with a 4-state MLSE receiver 
approximately doubles the CD tolerance [1].  

To further increase the CD tolerance, the number of states in the MLSE receiver has to be increased. This allows 
the compensation of nearly arbitrary amounts of CD, but the receiver complexity grows exponentially, making this 
approach less practical [5]. Duobinary modulation together with a MLSE receiver is another attractive solution, as it 
results in a CD tolerance of approximately 4000 ps/nm [6]. However, Duobinary modulation has the disadvantage 
that it requires a 2-4 dB higher optical signal-to-noise ratio (OSNR), which limits its applications for long-haul 
transmission systems.  

In order to realize both a high CD tolerance and a low ONSR requirement, the combination of differential phase 
shift keying (DPSK) and a MLSE receiver would be ideal. DPSK requires 3 dB less ONSR than non-return-to-zero 
(NRZ) on-off-keying (OOK) and >5 dB less ONSR than Duobinary modulation. However, prior investigations have 
shown that the combination of DPSK and MLSE has a negligible improvement in terms of CD tolerance [2, 3]. In 
[7] it was shown that this can be partially alleviated by a MLSE receiver employing joint-symbol estimation on the 
constructive and destructive ports of a DPSK receiver. In this paper we present a simpler approach that results in a 
larger CD tolerance. We show that the use of a Mach-Zehnder delay interferometer (MZDI) with a <1-bit delay [8-
10], together with MLSE, results in a ~4000 ps/nm CD tolerance for 10.7-Gb/s NRZ-DPSK modulation.  

2.  Experimental setup 

Fig. 1 depicts the DPSK transmitter and receiver setup. DPSK is generated by modulating the output of a distributed 
feed-back (DFB) laser with a zero-biased Mach-Zehnder modulator (MZM) driven at a data rate of 10.7 Gb/s (PRBS 
215-1). Afterwards, standard single mode fibers (SSMF) with gradually increased lengths are used to vary the 
accumulated CD between 0 ps/nm and 4500 ps/nm. The launch power into the SSMF is set to 0 dBm, in order to 
minimize the impact of fiber nonlinearity. 

At the receiver, a variable optical attenuator (VOA) along with an erbium doped fiber amplifier (EDFA) is used 
to set the OSNR to the desired value (measured within 0.1 nm resolution bandwidth). Afterwards the signal passes 
through an optical band pass filter (OBPF) with a 3-dB bandwidth of 50 GHz. A second EDFA and OBPF ensure a 
constant power into the receiver. Then, the signal is input to a MZDI which realizes the phase-to-amplitude 
conversion. Two different MZDIs are employed; one with a 1-bit delay, the other with a 0.5-bit delay (S-MZDI), 
followed by balanced photodiode. Subsequently, the output of the balanced photodiode is used as an input signal for 
(I) a commercial MLSE receiver [1], (II) a digital storage oscilloscope (DSO) for off-line processing or (III) a hard 
decision receiver (HDR). The commercial MLSE-receiver samples at 2 sample/bit, with a 3-bit vertical resolution 
and a 4-state Viterbi decoder. For the off-line processing a TDS 6804B DSO with a sampling rate of 20 Gsample/s is 
used. To obtain exactly 2 sample/bit, the signal is re-sampled to 21.4 Gsample/s using a software for clock recovery 
based on the digital filter and square timing recovery algorithm [11]. The electrical bandwidth of the DSO is 8 GHz. 
Afterwards, MLSE equalization with 3-bit vertical resolution, and 4-state Viterbi decoder is applied to the data by 
off-line processing.  Sequences of 106 bits are used for the off-line processing to achieve an accuracy of 99.9% for a 
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BER of 10-4 [12]. A bit error rate tester (BERT) is used for HDR and real-time MLSE measurements. Finally, as a 
reference for the CD tolerance that can be obtained for binary modulation formats we use 10.7-Gb/s Duobinary 
modulation, generated by a commercial Duobinary transponder with pre-coder [6]. At the receiver side a single-
ended photodiode is used in the case of Duobinary and the CD tolerance is measured in combination with both the 
HDR and the real-time MLSE. 

   
                Fig. 1 Experimental setup; OSA: optical spectrum analyzer                            Fig. 2 Off-line and real-time MLSE sampling phase, 

                                                                                                                                                       eye diagrams after balanced detection. 

3.  Off-line Experimental results 

Fig. 3 depicts the measured CD tolerance for both the HDR and off-line MLSE equalizer, when using either the      
S-MZDI or 1-bit delay MZDI. Comparing the 1-bit delay MZDI with and without MLSE equalization confirms the 
inefficiency of MLSE for DPSK modulation, which has been previously reported using both experiments [2] and 
simulations [3]. This has been attributed in [7] to the difference in performance between the constructive and 
destructive outputs of the MZDI. The use of the S-MZDI, on the other hand, considerably improves the CD 
tolerance. This can be explained by considering the difference between the constructive and destructive output of the 
MZDI, which are Duobinary and alternating mark inversion (AMI) modulated, respectively. For a <1-bit differential 
delay the Duobinary coded constructive output of the MZDI contains a larger fraction of the signal, whereas the 
destructive output port contains a smaller fraction. As the contribution of the destructive output limits the MLSE 
performance in the CD limited regime [7], using a <1 bit delay improves the CD tolerance. Combining the S-MZDI 
with the MLSE receiver further extends the CD tolerance and allows a nearly constant OSNR requirement for a CD 
up to 3500 ps/nm, with a 2-dB OSNR penalty at 4000 ps/nm. 

  

     

          

HDR, S-MZDI 
MLSE, S-MZDI 

HDR, standard MZDI 
MLSE, standard MZDI 

                           

Duobinary, HDR 
DPSK, short (0.5-bit) MZDI + MLSE 

Duobinary, MLSE 

DPSK, short (0.65-bit) MZDI + MLSE (sim)     
                  Fig. 3 Required OSNR for different receiver types                                      Fig. 4 Comparison between DPSK and Duobinary  

 
To further point out the efficiency of the proposes scheme in the CD limited regime, Fig. 4 compares the CD 

tolerance of the S-MZDI/MLSE combination (square) with Duobinary modulation (diamond). This shows a clear 
OSNR improvement (~2.5 dB) and a better CD tolerance when using DPSK modulation together with the S-MZDI 
and MLSE. We point out that the OSNR requirement of S-MZDI/MLSE for low CD can be further improved by 
optimizing the bit-delay of the S-MZDI. A trade-off between CD tolerance and back-to-back OSNR sensitivity can 
be obtained by varying the differential delay of the S-MZDI. Simulations show that the optimum value is ~0.65 bit-
delay, which is reported in Fig.4 (circle). With a ~0.65 bit-delay, the S-MZDI requires at back-to-back only 1 dB 
more OSNR than the conventional MZDI, while maintaining nearly the same CD tolerance.  
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4.  Real-time experimental results 

To show the feasibility of the MLSE and S-MZDI combination we compare in Fig. 5 the performance of the off-line 
processed MLSE with a commercial, real-time MLSE [1]. The real-time MLSE shows a slight OSNR penalty for 
low CD, but the same OSNR requirement for higher CD. This can be attributed to the difference in the sampling 
phase chosen in the two methods. In [10] it has been shown that due to the deterministic interference between 
consecutive symbols in the S-MZDI, the output is close to an inverted return-to-zero (RZ) signal. Because the real-
time MLSE is optimized for NRZ-OOK modulation, it samples the signal in a different part of the symbol period 
resulting in our setup in a non optimal back-to-back performance, as explained in Fig. 2a. On the other hand Fig. 2b 
shows that in the CD limited regime, the eye diagram losses the RZ shape, which makes the choice in sampling 
phase less critical. This explains the convergence of the two curves for a CD in excess of 2500 ps/nm.  

In order to show the sensitivity with respect to the choice of the sampling phase, we simulated a DPSK system 
with 0.5 bit delay S-MZDI, and used two different sampling phases for its balanced output. Sampling phases were 
either suboptimal (25% and 75% of the symbol period) or optimal (0% and 50% of the symbol period) as depicted in 
Fig. 6. The simulations point out that sampling at 0% and 50% results in the optimal OSNR sensitivity. Moreover, 
we observe that our simulations with suboptimal sampling phase (triangle) are nearly identical to the measured CD 
tolerance with the real-time MLSE (square) for both low and higher CD. Note that the real-time MLSE receiver 
could be easily modified to sample at the optimal sampling point. We would also expect a further improvement of 
the back-to-back sensitivity for a MLSE receiver that would sample at 25%, 50% and 75%, but this requires a more 
complex MLSE receiver.  

 

         

          Off-line MLSE Real-time MLSE 
       

Real-time MLSE
Simulation, suboptimal sampling

Offline processing, optimal sampling
Simulation, optimal sampling    

                  Fig. 5 Off-line and real-time MLSE equalization                                 Fig. 6 Comparison between experimental and simulation                                    

                                                                                                                                                  results for different sampling instants   

5.  Conclusion 

We showed that a shortened MZDI (S-MZDI) together with a MLSE receiver enables a 4000-ps/nm dispersion 
tolerance for 10.7-Gb/s NRZ-DPSK modulation. This combines a low OSNR requirement and high CD tolerance 
into a single solution. We further compared the performance of 0.5 bit-delay S-MZDI to Duobinary, and showed 
that it has ~2.5 dB better OSNR sensitivity while being more tolerant to CD.  
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