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 
Abstract—In this paper, we experimentally demonstrate the 

benefit of polarization insensitive dual-band optical phase 

conjugation for up to ten 400Gbit/s optical super-channels using 

a Raman amplified transmission link with a realistic span length 

of 75km. We demonstrate that the resultant increase in 

transmission distance may be predicted analytically if the 

detrimental impacts of power asymmetry and polarization mode 

dispersion are taken into account. 

 
Index Terms — Fiber nonlinear optics, Channel models, 

Optical fiber communication, Optical signal processing. 

I. INTRODUCTION 

n order to maximize the capacity of single mode fiber based 

optical communication systems it is necessary to 

simultaneously minimize amplified spontaneous emission 

using distributed amplification [1], maximize spectral 

efficiency using super-channels [2] and fully compensate for 

all deterministic nonlinear impairments [3]. Whilst Raman 

amplification and super-channels are becoming increasingly 

commercially available, the optimum means to compensate 

nonlinearity is the focus of much research. Perhaps the earliest 

proposal to compensate simultaneously for dispersion [4] and 

nonlinearity [5] was to use optical phase conjugation (OPC) at 

the midpoint of the link. Initial studies focused on on-off 

keyed modulation in optically amplified link [6-9]. OPC was 

also combined with other forms of mitigating nonlinearity, 

such as soliton transmission, and suggested that the interaction 

between signal and noise (expressed as Gordon-Haus jitter for 

solitons) could also be partially compensated [9]. Preliminary 
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studies on OPC included the compensation of nonlinearity for 

high speed TDM channels [6], WDM channels [7] and even 

addressed installation issues [8] and operation over field 

installed fibers [10]. However, in common with coherent 

detection, simpler alternative technological advances such as 

dispersion management and forward error correction reduced 

the market need for OPC. Commercial imperatives, coupled 

with technological capability to deliver solutions, have seen 

amplifier spacing increase to the region of 80-100 km. The 

introduction of transmitter digital signal processing [11] and 

digital coherent receivers [12] have also resulted in further 

subtle changes to system design. Our current understanding of 

nonlinear propagation for high spectral efficiency systems 

[13-15] with tight channel spacing implies there is no longer a 

tradeoff between high local dispersion, to minimize 

nonlinearity from other co-propagating WDM channels (inter-

channel), and low path-average dispersion, to minimize 

nonlinear distortion within a channel (intra-channel). 

As information spectral densities rise above 8 b/s/Hz 

(polarization multiplexed 16QAM) there is renewed interest in 

the compensation of nonlinearities. Candidate technologies 

include single channel [16] and wide-bandwidth digital back 

propagation [17], phase conjugate coding [18], pre-

compensation [19] and renewed interest in in-line OPC [20-

32]. We have recently shown that of these alternatives, ideal 

in-line OPC uniquely offers disruption of parametric noise 

amplification [20] and thus overcomes the nonlinear Shannon 

limit [15]. Assuming certain symmetry conditions are 

satisfied, an ideal OPC provides compensation of both intra-

channel and inter-channel nonlinear effects. One notable 

advantage of OPC is that all channels are compensated in a 

single device. This offers the prospect of energy savings when 

compared to per channel (or per-super-channel [17]) digital 

approaches. Impressive performance enhancements for WDM 

systems have been reported where reasonable transmission 

symmetry in power [21-23] and dispersion [24] been 

implemented. Even greater performance benefits are predicted 

for systems employing more than one OPC [20-21, 24-25]. As 

we approach the fundamental limits of single mode optical 

fibers, new opportunities for OPC technologies become clear 

and experiments over field installed fibers have renewed 
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progress [26,27], along with experiments using the necessary 

high information spectral density channels [23, 28-30].  

We recently reported the first combination of polarization 

multiplexed 16QAM optical super-channels, lossless Raman 

amplification and dual-band optical phase conjugation [32], 

with a reach in excess of 2,700 km for multiple 400 Gbit/s 

Nyquist super-channels with a record total bit rate of 2.4 

Tbit/s. In this paper we extend these results, providing more 

details of the experimental configuration and the analytical 

model used to accurately predict the system performance. We 

additionally provide details on the performance of the system 

for different numbers of super-channels, up to a maximum 

capacity of 4 Tbit/s. We report significant reach 

enhancements, even in the presence of polarization mode 

dispersion (PMD) and link asymmetry, confirming the 

potential of OPC to overcome the non-linear Shannon limit.  

The remainder of the paper is organized as follows. The 

system model is described in Section II, where we introduce 

an additional term to the conventional model to account for 

parametric noise amplification and estimate the impact of 

PMD and power symmetry. Section III introduces our 

experimental configuration, including the transmitter, the loop 

configuration and the OPC design. In Section IV the system 

performances are presented and compared to theoretical 

predictions, whilst Section V concludes the paper. 

II. THEORETICAL PERFORMANCE 

Several analytical models for nonlinear transmission 

performance have been proposed recently [13-15] which 

accurately account for inter-channel nonlinear interactions. 

However, these models suggest that if inter-channel 

nonlinearity is fully compensated the system performance 

reverts to the conventional Shannon limit and is essentially 

unbounded [34]. In considering the performance of a 

nonlinearity compensated system, it is necessary to consider 

the efficiency of the nonlinear compensation, and the 

nonlinear interactions associated with the co-propagating 

amplified spontaneous emission noise. We thus consider a 

generalized format for the nonlinear Shannon limit, 

quantifying the maximum possible nonlinear compensation 

and considering the interaction between the signal and 

amplified spontaneous emission (parametric noise 

amplification), but neglecting signal depletion [35] effects and 

other noise dependent terms (nonlinear phase noise [36] and 

nonlinear noise). The nonlinear signal to noise ratio is then 

given by [20, 37, 38]:  

  3 21 3
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where PS represents the signal power spectral density, N the 

number of spans, PN the amplified spontaneous emission 

power spectral density generated by each span, Po the 

additional amplified spontaneous emission power spectral 

density generated by the OPC, NOPC the number of OPC 

devices,  a coefficient of nonlinearity depending 

approximately logarithmically on the WDM signal bandwidth 

BS (which should take into account spectral broadening during 

transmission [33]), P represents the reduction in the 

efficiency of nonlinear compensation (NLC) due to the limited 

effective bandwidth of the nonlinear compensation system 

PMD, S the reduction due to imperfect power symmetry. In 

equation 1, the first term in the denominator represents 

accumulated amplified spontaneous emission, the second term 

additional noise associated with the OPC device, the third 

term represents the residual nonlinearity (scales with PS
3), and 

the final term parametric noise amplification (scales with PS
2). 

With ideal compensation (PS=1), parametric noise 

amplification becomes the most significant limiting source of 

nonlinear noise [3]. Since the noise from each span is 

amplified by all remaining spans, it scales nonlinearly with 

length in a manner given by [20]; 
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where NL=NOPC+1 represents the number of segments, NL =1 

for digital signal processing, 2 for a single OPC (mid-link). 

Eqn. 2 assumes uniformly spaced OPCs. To significantly 

simplify the calculation, we heuristically model the impact of 

PMD by assuming that only the spectrum which would pass a 

Lyot filter with the mean birefringence of the link may 

meaningfully contribute to the compensation of nonlinearity. 

This approximation is in close agreement with recently 

reported detailed models for the impact of PMD [38]. Our 

heuristic model gives [37]; 
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where BC is the effective bandwidth of the NLC 

(approximately equal to the bandwidth of the coherent 

receiver provided BC>>fW), L the total compensated length, P 

the PMD parameter, fW the nonlinear phase matching 

bandwidth [13,38], and Ci the Cosine Integral. Extending the 

calculation of asymmetry for a single span reported in [21] to 

a multi-span system, the asymmetry parameter S is given by; 
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To quantify the detrimental impact of PMD and power 

asymmetry, we consider the reach of a typical 16-QAM super-

channel based transmission system using an OPC. 

Figure 1a shows the theoretical reach of a 16QAM Nyquist 

WDM system without nonlinearity compensation (blue) and 

with an ideal midpoint OPC (red). The reach is defined as the 

largest number of spans for which Eqn. 1 predicts a signal to 

noise ratio of over 10.5 dB (corresponding to a pre FEC BER 

of 10-3). We have assumed a span length (pump spacing) of 80 

km, a nonlinear coefficient of 1.2 W-1km-1, a dispersion 

coefficient of 17 ps/nm/km, and an equivalent Raman noise 
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coefficient of 1.755. Without nonlinearity compensation, the 

reach of this system naturally declines with increasing signal 

bandwidth from 5,400 km for a single super-channel with 100 

GHz bandwidth to 4,000 km for the full C band (5 THz). The 

reduction in reach with system bandwidth is modest since 

beyond the fiber phase matching bandwidth (fW ≈ 4 GHz) the 

bandwidth dependence of is approximately logarithmic. An 

approximately constant reach enhancement factor of 4.7 is 

observed when an OPC is added. For ideal compensation if 

we compare a system with ideal OPC to a system with zero 

parametrically amplified noise Eqn. 1 predicts a constant 

reach enhancement of a factor 1.17 SNR1/3. Including 

parametric noise amplification in the uncompensated case 

further increases the reach enhancement. Note that for all 

practical received SNRs the reach enhancement for an OPC 

based system exceeds the factor of two reach enhancement 

expected from the use of mid-point regenerators. 

 a)

            

b) 

    

Fig. 1: (a) Variation in reach with (blue) and without (red) ideal nonlinearity 

compensation for a 16 QAM Nyquist WDM system.  (b). Variation in reach 

(in Mm) of a 16QAM Nyquist WDM system with ideal nonlinearity 

compensation, a single midpoint OPC, and ideal power symmetry, plotted as a 

function of polarization mode dispersion and total signal bandwidth. 

Figure 1b shows data calculated in the same way as a 

function of PMD parameter and overall signal bandwidth with 

a single OPC and ideal power symmetry (calculated using 

Eqns. 1-3). Contour values along the top x-axis (very high 

PMD) are equivalent to the uncompensated curves in Fig 1a, 

whilst those along the lower x-axis (negligible PDM) 

correspond to ideal compensation (also shown in Fig. 1a). 

Including an OPC dramatically increases the reach for low 

bandwidth signals from around 5,000km (Fig 1a), since the 

impact of PMD is small, and full compensation of nonlinearity 

may be achieved. However, with a PMD coefficient of 0.1 

ps/km, a signal of 120 GHz bandwidth would only see its 

reach doubled from 5,500 km to 11,000km due to the 

reduction in the effectiveness of nonlinear compensation. 

Using spun fiber with PMD coefficient below 0.04 ps/km 

enables the bandwidth where reach is doubled to be increased 

to 375 GHz. These dramatic reductions in compensation 

efficiency are due to the stochastic polarization walk-off 

between widely spaced channels which renders simple forms 

of nonlinearity compensation ineffective. 

Power symmetry further degrades the expected reach 

enhancement as shown in Figure 2 for a symmetry factor Sof 

82%. Reach enhancement is significantly capped as power 

asymmetry is introduced, and even for 0.1 ps/km PMD, 

signal bandwidths above 400 GHz are required before 

polarization walk-off dominates the performance degradation. 

However, for conventional fibers and signal bandwidths in the 

region of a THz, both power asymmetry and PMD are 

important restrictions of the effectiveness of OPC based 

nonlinearity compensation, and will be considered in the 

analysis of the experimental results. 

 

Fig.2. Variation in reach (in Mm) of a 16QAM Nyquist WDM system with 

ideal nonlinearity compensation, a single midpoint OPC, and power 

asymmetry of  82%, plotted as a function of PMD and total signal bandwidth. 

III. EXPERIMENT 

In this section, we detail the experimental configuration 

including the 400 Gbit/s Nyquist WDM super-channel 

transmitter (Fig. 3); the Raman laser based recirculating loop 

configuration (Fig. 4), and the dual band OPC (Fig. 6). For 

WDM transmission, a combination of DFB, external cavity 

and fiber lasers formed two bands of up to 5 lasers each 

centered at 193 and 194.6 THz with 100 GHz spacings. There 

was no observable difference in performance between fiber 

lasers and external cavity lasers, confirming that degradations 

due to linewidth and frequency instability were low. For each 

measurement the DFB lasers for a particular super-channel 

under test was replaced in turn with a tunable external cavity 

laser. The 10 independent lasers were multiplexed together 

and subsequently modulated with Nyquist shaped 10Gbaud (2 

samples per symbol) 16QAM in-phase (I) and quadrature (Q) 
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electrical signals (with 215 pseudo random bit sequences) 

using an IQ modulator. The symbol rate was restricted by the 

available equipment; we expect similar results for single 

carrier solutions. The digital Nyquist filter had a roll off factor 

of 0.01 at the output of the arbitrary waveform generator. The 

resulting optical Nyquist signals were amplified and passed 

into an optical comb generator. This consisted of two stages, 

The first stage was a Mach Zehnder modulator (MZM) driven 

at 20.2 GHz and biased to provide a 3 line comb. These 20.2 

GHz spaced signals were split in the second stage and one 

copy was frequency shifted by 10.1 GHz using a single side 

band modulation scheme with over 30 dB extinction ratio. The 

other copy was delayed by 5 symbols before recombining to 

form a super-channel with a spectral width of approximately 

60 GHz. After amplification, the signals were polarization 

multiplexed with a 20.48 ns relative delay. The gross data rate 

for a super-channel was 480 Gbit/s, which equates to a net 

data rate of 400 Gbit/s assuming 20% overhead for FEC [40].  

 
Fig. 3. Transmitter configuration showing signal lasers (diode signs) 

polarization maintaining arrayed waveguide grating (PM AWG) nested (IQ) 

and conventional (MZM) modulators, amplifiers (triangles), polarization beam 

splitters (PBS), frequency doubler (x2f) and phase shifters (). 
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Fig. 4. Schematic diagram of recirculating loop showing; second order Raman 

amplified link and dual band OPC and loop configuration (1366nm pump, 

1452/1455nm FBG), showing wavelength selective switches (WSS), optical 

phase conjugators (OPC), wavelength division multiplexers (WDM) and 

transmission fiber (loops) and other components defined in Fig. 3. 

 The signals were launched into a multi-path recirculating 

loop via an erbium doped fiber amplifier and passed through 

three Raman laser based spans. In each of the 75 km Sterlite 

OH-LITE™(E) fiber spans, the 1452/1455 nm  pump (the 

spread of wavelengths enhancing the gain flatness) was 

generated by lasing in a cavity formed by a fiber Bragg 

grating (FBG) at the fiber output, and distributed Rayleigh 

scattering throughout the link, pumped by a 1366 nm fiber 

laser with 1.1 W launched power in each span [39]. The 

equivalent 2nd order Raman amplifier configuration gave a 

near symmetric power profile to maximize the efficiency of 

OPC-based nonlinearity compensation as illustrated in Fig 5. 

This shows an optical time domain reflectometer measurement 

of the second span plotted both forwards and backwards. The 

same data is duplicated to illustrate the impact of the WDM 

coupler losses. A 6 dB power excursion and a power 

asymmetry of only 18% (or symmetry of 82%) is observed 

over the 3 x 75 km link. Since each individual span has 

asymmetry of less than 8%, the majority of the asymmetry is 

attributed to the finite loss of the pump couplers and fiber 

Bragg gratings (0.5 dB per span). 

 

 

Fig. 5: Signal power evolution through one span (red) and with direction 

reversed (blue). The trace from a one span repeated every 75km with 0.5dB 

loss artificially added for illustration. Asymmetry highlighted in green.  

 

 The signals propagated through this link a number of times 

(which included a gain flattening filter and an amplifier to 

overcome loop specific losses), before entering the dual OPC 

(Fig. 6). Here the two bands of between one and five 400 

Gbit/s super-channels were amplified, split into two parallel 

paths using a wavelength selective switch (WSS), giving ~12 

dBm total power per band, and conjugated in two nearly 

identical single pump polarization-diverse OPCs [41]. The 

OPCs used independent pump lasers (external cavity lasers, 

specified with 100 kHz linewidth) and aluminum doped 

highly-nonlinear fibers with lengths, fiber loss and nonlinear 

coefficients of 100 m, 6.3 dB/km and 6.9 /(W.km) 

respectively. At the output of each OPC, the residual pumps 

were blocked using thin-film notch filters and the conjugated 

bands gain-equalized and combined using a second WSS. 

 
Fig. 6. Schematic diagram of one OPC showing pump laser optical amplifiers, 

polarization controllers (three loops), fiber grating (four vertical lines), 

circulator (circle enclosing curved arrow) tap couplers (boxes including ratio), 

PBS, highly nonlinear fiber (HNLF) and bulk grating based optical filters 

(boxes with wavy lines) and other components defined in Fig. 2 and Fig. 3. 

 

Importantly, unlike previous experiments this ensured that 

all channels were launched simultaneously, and that intra-

band nonlinearity compensation was performed on both bands 
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simultaneously. After propagating through the Raman spans 

for an identical number of recirculations, a portion of the 

super-channel under test was filtered using a 20 GHz optical 

filter, detected using a conventional coherent receiver with 25 

GHz analogue bandwidth and processed using digital signal 

processing code optimized for Nyquist signals [42]. 

IV. EXPERIMENTAL RESULTS 

In order to establish the basic potential of OPC to enhance 

transmission reach we consider initially the transmission of 

two optical super-channels, one in each band (at 193 and 

194.6 THz). We then increased the spectral width of the 

system by adding super-channels to each band. For each 

experiment we initially optimized the signal launch power at a 

transmission distance of 1350 km. We averaged the BER of 

the central sub-channel of the central super-channel of each 

band. Example results are shown in Fig. 7 for the case of two 

and ten super-channels (additional data is available see link in 

the footnote to page 1). Similar nonlinear thresholds of +1 

dBm without and +3 dBm with OPC are observed for both 

configurations. 

  

      
Fig. 7: Performance with the BER averaged over central channels of the 

central super-channels of both the upper and the lower bands with (blue) and 

without (red) OPC as a function of power for two (left) and ten (right) super-

channels measured at a transmission distance of 1350km. 

For each configuration we then measured the performance 

as a function of transmission distance at the optimum launch 

power. The spectra at transmission distances of 3,600 km and 

2,250 km with and without OPC respectively along with the 

BER results are shown in Fig. 8 for the case of two super-

channels, and in Fig. 9 for the case of 10 super-channels. The 

high quality of the super-channel generation and the amplitude 

of the unwanted sidebands (more than 20 dB suppressed) can 

be seen clearly in the spectra. BER measurements averaged 

over the central channels of each band are plotted. For two 

super-channels (Fig. 8) a reach enhancement of approximately 

60% was observed, which remains somewhat less than the 

theoretical predictions (eg Fig. 2). We believe that this is due 

to the additional OSNR penalty associated with the insertion 

of the OPC device (second term in the denominator of Eqn. 1, 

omitted from Fig.1 and Fig.2). The nonlinear compensation 

calculations only allowed for compensation of one band of 

signals (since the second band was neither time nor 

polarization aligned in the dual path OPC) and the resultant 

signal to noise ratios were converted to BER assuming 

Gaussian noise distributions and Gray mapping. The curve fits 

correspond to a Raman noise power spectral density of 10-20 

W/(km.Hz) and 0.1 ps/km PMD. The effective nonlinear 

coefficient integrated over the signal spectrum () and the 

transmitter SNR varied with the number of super-channels. 

For one (five) super-channel(s) per band these coefficients 

were 20 (16.5) dB and 0.20 (0.22) THz2/(W2.km) respectively. 

All other parameters were measured from the experimental set 

up. An excellent agreement may be observed between 

analytical predictions (solid lines) and experimental 

measurements (dots) when OPC loss and transmitter OSNR 

are taken into account. 

 
Fig. 8: Measured (dots) and calculated (lines) performance of the central 

channel of the higher frequency band (without OPC, lower frequency band 

with OPC) with (blue) and without (red) OPC for two super-channels versus 

transmission distance. Inset: Spectra after 3600km transmission with (blue) 

and 2250km without (red) OPC. 

 
Fig. 9: Measured (dots) and calculated (lines) performance of the central 

channel of the higher frequency band (without OPC, lower frequency band 

with OPC) with (blue) and without (red) OPC for ten super-channels versus 

transmission distance. Inset: Spectra after 1,800 km transmission with (blue) 

and 1,575 km without (red) OPC. 

The transmission performance of the system when 

propagating six super-channels (2.4 Tbit/s total, 6 super-

channels) was reported in [32], where the optimum launch 

powers were 4 dBm with OPC and 1 dBm without. The reach 

enhancement reported in [32] was approximately 55%. Figure 

9 shows the BER performance as a function of transmission 

distance for five super-channels per band (4 Tbit/s total 

capacity). Again excellent agreement between theory and 

experiment is observed, although the impact of polarization 
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mode dispersion over the increased bandwidth has reduced the 

reach enhancement to less than 20%. 

The dependence of reach enhancement on the system 

configuration is illustrated in Figures 10 and 11. In Figure 10 

we plot the reach where all super-channels (rather than just the 

central super-channel shown in Figures 8 and 9) exhibit a pre 

FEC BER of 1.9x10-2 both with and without dual band OPC 

(central sub-channel in each super-channel of the band 

measured). Theoretical performance with OPC degraded by 

power symmetry is shown by the blue dashed curve, degraded 

by PMD and power symmetry by the blue curve and without 

OPC by the red curve. Both theoretical curves include an 

estimation of the OSNR impact of inserting the OPC. The 

experimental results are represented by the dots with single 

sided error bars representing the minimum transmission 

distance step size in the recirculating loop (450 km with OPC 

and 225 km without). This method of plotting the results 

clearly shows that the theoretically predicted transmission 

reach always falls between the experimentally measured reach 

(last recirculation below the FEC threshold) and the next 

recirculation. Theoretically the reach decreases with 

increasing number of super-channels since the nonlinear 

threshold decreases and depends on the signal to noise ratio 

without OPC [20]. For an ideal OPC, the maximum reach 

should exceed 7,500 km, but if only the nonlinearity of one 

band is compensated; this reduces to 5,000 km. As predicted 

by Figures 1 and 2, the observed power fluctuation between 

spans (0.5dB in this case) further degrades the performance to 

less than 4,000 km (dashed line). PMD reduces the reach by a 

further 300 km (solid line). 

 

Fig. 10: Measured (dots) and calculated reach with (blue) and without (red) 

OPC. Error bars reflect the length of each loop circulation. Solid lines 

represent calculated performance with PMD and power asymmetry taken into 

account; dashed line only includes power asymmetry. 

 

Figure 11 illustrates the BER performance of each super-

channel at the maximum reach reported in Fig. 10, with all but 

one of the super-channels operating below the assumed FEC 

limit, allocating all of the overhead to error correction. For 

system configurations employing a small number of super-

channels we observe broadly similar BER performance for all 

super-channels. However, for the eight and ten super-channel 

systems some variation in performance is observed, with edge 

channels degraded slightly. For the innermost channels of 

each band this is believed to be caused by the spectral filters 

employed to enable dual band operation. For the outermost 

conjugated channels (showing higher degradation) this is 

believed to be due to the frequency dependence of the OPC 

conversion efficiency, whilst we attribute the difference 

between the bands to slight gain and noise figure tilts in our 

Raman amplifiers [43]. 

 
Fig. 11: Measured performance at maximum measured reach of central 

channel of each super-channel following transmission without nonlinearity 

compensation (open symbols) and with compensation of nonlinearity using an 

OPC (closed symbols) for ten (red) eight (orange), six (green) four (blue) and 

two (purple) super-channels. Transmission reaches recorded in the legend. 

V. CONCLUSIONS 

In this paper we have demonstrated, for the first time, dual 

band optical phase conjugation of an optical super-channel 

using 75 km spans of standard single mode fiber. We are able 

to substantially eliminate deterministic nonlinear penalties. 

This nonlinearity compensation allows a 60% increase in 

reach for two simultaneously transmitted 400 Gbit/s 16QAM 

super-channels, falling to a reach enhancement of 20% for ten 

simultaneously transmitted super-channels. This represents a 

record bit rate-distance product for an optical phase 

conjugation based system (8Mm.Tbit/s). These experimental 

results have been used to verify simple analytical models of 

OPC performance in the presence of degradations due to 

power symmetry and PMD. Despite these penalties, we 

observe significant reach enhancement from OPC. 
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