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 
Abstract—Nyquist wavelength-division-multiplexed (N-WDM) 

coherent optical superchannel systems closely pack a set of 
rectangular-shaped channels, to realize high-spectral-efficiency 
transmission. In long-haul fiber links, dividing each of these 
channels into multiple sub-bands, each a few gigahertz wide, can 
increase tolerance to fiber nonlinearity. However, these low-
bandwidth sub-bands will be sensitive to laser drift, which could 
cause them to overlap, creating inter-channel interference (ICI). 
In this paper, we propose applying pairwise pre-coding across 
the middle and edge sub-bands to improve their ICI tolerance. 
The proposed scheme is verified in super-channel experiments, 
and shows about 1.5-dB Q2 improvement after 3840-km 
transmission for QPSK modulation and 1-dB Q2 gain with 16-
QAM modulation after 800-km transmission. 
 

Index Terms—Superchannel, inter-channel-interference, 
coherent optical communications, pairwise coding, Nyquist-
WDM. 
 

I. INTRODUCTION 

HE exponentially increasing traffic demand for backbone 
network has been pushing the bit-rate-per-wavelength in 

optical transmission, from commercially available 100-Gb/s 
employing polarization-division-multiplexing quadrature 
phase shift keying (PDM-QPSK), towards 400-Gb/s or even 1-
Tb/s [1], [2]. Although upgrading QPSK towards high-order 
quadrature-amplitude-modulation (QAM) formats is a 
straightforward way to realize such an increase, the achievable 
system reach decreases due to the denser constellations. 
Therefore superchannel techniques are attractive, since they 
enhance the spectrum efficiency by closely packing multiple 
spectrally shaped wavelength-division-multiplexed (WDM) 
channels, without loss of system sensitivity. Nyquist-WDM 
(N-WDM) superchannel systems [3]-[5] are promising 
candidates to support per wavelength baud rate approaching 
the channel spacing, because they guarantee the temporal 
orthogonality of each wavelength channel with inter-symbol-
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interference (ISI)-free sinc pulse shaping; inter-carrier-
interference (ICI) is also controlled by shaping each channel’s 
spectrum to have low side lobes. Moreover, several studies 
[6]-[8] have shown that a smaller per-channel symbol rate 
leads to a better nonlinear transmission performance for 
dispersion-unmanaged, long-haul links. As such, it is desirable 
to generate multiple sub-bands on each optical carrier when 
using commercial optical I/Q modulators that typically have 
20-30 GHz bandwidths. 

After long-haul fiber transmission, the ISI can be reduced 
by using powerful digital signal processing (DSP) to remove 
the linear fiber channel impairments. Conversely, the ICI is 
very sensitive to the drifts in the center frequencies of the 
closely-packed channels, and is not easy to remove by DSP. 
For per-channel reception, ICI behaves as additional random 
noise which is not possible to predict, therefore it is difficult to 
compensate for. Liu et al. [9] propose that by using the 
information from multiple channels at the receiver, joint 
processing can be performed to mitigate ICI. However, this 
approach requires precisely synchronized sampling of multiple 
channels using multiple receivers, and also heavy 
computational effort. Furthermore, if the channels are 
wavelength-routed during transmission, such that the received 
neighboring channels are not the sole source of ICI, the 
performance improvement for the scheme in [9] is limited. On 
the other hand, if multiple sub-bands are defined in each 
channel, ICI would mainly fall onto the edge sub-bands. In 
this case a larger detection penalty is expected on the edge 
sub-bands, because compared with a single sub-band case, 
each sub-band now has a narrower bandwidth, so is 
proportionally more sensitive to ICI.  

This problem can be viewed as ‘edge sub-band selective 
fading’, which suggests that it can be overcome using fading 
mitigation methods. Many fading mitigation methods are 
available from wireless technology; for example, by assigning 
different modulation formats and powers onto different sub-
bands [10], or by employing space-time pre-coding schemes 
[11], [12], the overall system bit error rate (BER) can be 
significantly improved. However, these bit- and power-
loading techniques require the instantaneous signal-to-
interference-and-noise ratio (SINR) to be fed back to the 
transmitter to achieve optimal performance, which could be 
difficult to achieve due to the fast and randomly varying 
nature of the ICI. Although space-time coding schemes could 
be applied without any prior knowledge, they need to 
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cooperate with the decoders, and this is computationally 
costly, so impractical.  

Given these considerations, we need a technique that is able 
to provide an effective performance gain over a wide range of 
ICI values adaptively, without requiring feedback to the 
transmitter, and is also low in computational complexity.  

In this paper, we propose employing sub-band pairwise 
coding to enhance the N-WDM system robustness against ICI. 
We have previously proposed pairwise coding [13] to improve 
the overall system performance with fading between sub-
carriers of direction-detection orthogonal frequency division 
multiplexing (DDO-OFDM) systems due to non-uniform 
spectral distribution of signal-to-noise-ratio (SNR) [14]. We 
have also proposed pairwise coding to mitigate the penalty due 
polarization dependent loss (PDL) in polarization-division-
multiplexed (PDM) systems [15]. Importantly, pairwise 
coding has: zero overhead, low-complexity pre-coding and 
decoding processes, reasonable performance enhancement 
with a fixed pre-coding structure over a wide range of fading 
values [16], and is computationally simple to implement. 

This paper is based on our original PDM-QPSK N-WDM 
experiment presented at ECOC-2015 [17]. It has been 
extended including: a detail analysis of the coding theory, 
additional simulation and PDM-16-QAM N-WDM 
experimental results. By pairing the edge and middle sub-
bands of each N-WDM channel with fixed pre-rotation angle, 
the penalties due to different ICI levels can be greatly reduced. 
The proposed method is demonstrated in superchannel 
experiments, with 16 N-WDM channels, each carrying four 
sub-bands, with different emulated laser drift induced ICIs. 
With 1-GHz channel overlap, 1.5-dB Q2 improvement can be 
attained after 3840-km transmission for QPSK modulation, 
and about 1-dB Q2 gain is realized for 16-QAM modulation. 

II. PRINCIPLE FOR SUB-BAND PAIRWISE CODING 

A. Theory of pairwise coding 

The fundamental idea of pairwise coding originates from 
maximizing the detection performance for signals suffering 
different levels of in-phase and quadrature noise. This is 
achieved by rotating the transmitted constellations and 
rescaling the received signals’ inphase (I) and quadrature (Q) 
components separately [18]. Figure 1 shows two simple 
examples. The transmitted signals have four constellation 
points, with unit power on both the real and the imaginary 
components. In Figs. 1(a)-(c), the SNR for the I and Q 
components are 6 and 10 dB, respectively. As shown in Fig. 
1(a), transmitting a square 4-QAM results in the lowest Q2-
factor defined as: 2 1

10( ) 20 log ( 2 (2 ))Q dB erfc BER . Fig. 

1(b) is for signals transmitted with the square 4-QAM rotated 
by 45°; 0.46-dB improvement can be observed. In Fig. 1(c), 
the received real and imaginary components from Fig. 1(b) 
have been rescaled according to the I/Q SNR ratio λ (that is, 
multiplying the imaginary part by square root of 100.4 when λ 
= 4 dB), then maximum likelihood detection has been 
performed based on the rotated and rescaled constellation 
points (red dots). For this case, a further 0.7-dB Q2 
improvement can be observed. The decision regions are shown 

in red dashed curves. Clearly this ‘rotate + rescale’ processes 
provides an improved decision region for signal detection.   

Obviously the pre-rotation angle is the key parameter that 
determines the performance gain. Although the optimal 
rotation angle depends both on the total SNR and the λ [16], 
this angle can be well approximated using only the SNR ratio 
λ parameter [13]: 
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In Figs. 1(d)-(f), the SNR for I and Q components are set to 3- 
and 15-dB respectively. The rotation angles are set to 45° and 
28.5° (optimal angle) for Figs. 1(e) and (f), respectively, 
providing 2.2- and 4.5-dB improvements in Q2, compared with 
the square 4-QAM case. By comparing the constellations, the 
optimal angle provides equal overlaps between the four 
clusters in the constellation, while the detection errors are 
mainly due to the overlap of two clusters in the 45° case. 
However, since implementing the optimal angle at the 
transmitter requires the λ-value, which normally can only be 
found at the receiver, it is preferable to use a fixed rotation 
angle to avoid needing a feedback path. As 45° is the optimal 
angle when λ is less than 4.7-dB (i.e. < 3), it is a good choice 
if it is able to provide reasonable gain with other λ values. 
Figure 1(g) shows the performance with fixed 10-dB SNR on 

Fig. 1. Rotated and rescaled conventional constellations for performance
improvement against imbalanced in-phase and quadrature noises. (a)-(c): 6-
and 10-dB SNR (λ = 4-dB) on I and Q parts, (d)-(f): 3- and 15-dB SNR (λ = 
12 dB) on I and Q parts, (g): fixed 10-dB SNR on Q and different SNR 
values on I. 
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imaginary part and -2 to 9 dB SNR on real part, θ = 45° 
provides most of the performance gain, even when λ is larger 
than 4.7 dB, indicating that it is a good choice for a fixed 
rotation angle for various λ values. In the rest of the paper, the 
pre-rotation angle is fixed at 45° for the pairwise coded signals.  

Pairwise coding is an application for the concept discussed. 
For two independent data streams, consider the case where 
one stream suffers deep ‘channel fading’, so has much poorer 
SNR (SINR) than the other stream. We can interleave the I 
and Q components between these two data streams at the 
transmitter, so that at the receiver, after de-interleaving, the 
fading becomes an I/Q SNR imbalance for both data streams. 
However, one should not mistake pairwise coding to the 
approach of averaging the noise between two data streams, 
because the constellation rotation and rescaling techniques are 
designed to maximize the system performance according to a 
particular fading value, whereas noise averaging does not 
employ diversity in the complex plane.  

Consider an extreme case, where one data stream suffers 
noise and the other is noise-free. The bit and power loading 
scheme would abandon the noisy data stream and allocate all 
the transmit power to the noise free data stream to achieve 
infinite capacity. Pairwise coding is also analogous to this 
‘water filling’ concept, i.e. ‘filling’ the constellation flexibly 
according to the distribution of noise between I and Q. So in 
this case, with pairwise coding, after receiver I/Q de-
interleaving, both data streams would have either noise only 
on the real (or imaginary) component; the rescaling processing 
will change the decoded signal to be exactly identical to a 
pulse-amplitude-modulation (PAM) signal, with detection not 
dependent on the noise terms. This would achieve error-free 
detection.  

B. Implementation of sub-band pairwise coding 

Figure 2 shows the signal generation process of the 
proposed sub-band pairwise coding scheme. Each channel 
(with its own laser) contains four sub-bands, so edge sub-
bands 1 and 4 would be affected by a random laser drift of 

several GHz, while the middle sub-bands 2 and 3 would 
remain almost unaffected. The digital generation of each 
channel is based on a multi-sub-band N-WDM generation 
technique [19]. Very small guard bands (e.g. 50 MHz guard 
band between 3-GHz sub-bands) are typically defined between 
the adjacent sub-bands to allow a perfect de-multiplexing at 
the receiver. After bit-to-symbol mapping, the adjacent edge 
and middle sub-bands are paired, and pre-coding is applied to 
these two sub-band pairs before the DFT operation. For each 
sub-band, a constant phase shift (i.e. angular rotation) is first 
applied to the data symbols. After this, the in-phase and 
quadrature components are interleaved to generate the signals 
for each sub-band: 
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Where: eT  and mT  denote the original data symbols (e.g. 

QPSK) at edge and middle sub-bands, respectively,   is the 

rotation angle, and eTx  and mTx  represent the coded signals 

at edge and middle sub-bands, respectively. Then, after band 
mapping, an IDFT converts the signal to the time domain, the 
subsequent overlap-add is used to create a continuous signal 
by spreading the samples across the IDFT boundaries. 

The receiver DSP flow is depicted in Fig. 2. After front-end 
correction, chromatic dispersion (CD) compensation and band 
de-multiplexing are realized by: converting the received 
signals to frequency domain by a long-tap FFT; multiplying 
by CD coefficients; using four short-tap IFFT to transfer each 
band to time domain. The subsequent per-sub-band DSP 
includes a multiple-input-multiple-output (MIMO) equalizer 
and carrier recovery to cope with the residual linear channel 
impairments and phase mismatch. The signal to interference 

 
Fig. 2.  Transmitter DSP for sub-band pairwise coding. 

Fig. 3. Receiver DSP for sub-band pairwise coding. 
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and noise ratio (SINR) is then estimated separately for each 
sub-band based on the constellation’s statistical moments [20], 
which allows different linear rescaling of the equalized signals 
according to the estimated SINR (i.e., the signals are 
multiplied by the square root of SINR). Notably, the SINR 
difference may change due to varying ICI, therefore the SINR 
estimation should be updated periodically, e.g., in accordance 
to the laser drift rate. After I/Q de-interleaving, maximum 
likelihood detection (MLD) is used to make symbol decisions 
for BER calculation. 

The essential idea of the sub-band pairwise coding is to 
transform the SINR difference between the paired sub-bands 
into the imbalance between the in-phase and quadrature 
components for both of the sub-bands, which enables the 
constellation rotation and rescaling to attain a better detection 
performance. Furthermore, with a fixed transmitter side 
design, this scheme is able to combat against varying fading 
values by updating the SINR estimation (rescaling factor) at 
the receiver. 

III. SYSTEM VERIFICATION  

A. Simulation verification 

We verified the effectiveness of sub-band pairwise coding 
in simulation using VPItransmissionMaker™. The simulation 
setup is shown in Fig. 4. The transmitted signal consisted of 
12 channels, each at 28-GHz symbol rate. The channel spacing 

was set between 25 GHz to 28.5 GHz to simulate different 
laser-drift induced ICI levels. ASE noise at a 0.1 nm 
resolution bandwidth was loaded to test the system sensitivity. 
We compared four different systems: (1) single sub-band 
PDM-QPSK per channel, with spectrum shaped by a 0.01 roll-
off root-raised-cosine (RRC) filter; (2) four sub-bands N-
WDM PDM-QPSK system, each sub-band with a 7-GHz 
symbol rate; (3) pairwise coded four sub-band system, with 
45° rotation angle; (4) four sub-bands system, using BPSK for 
the edge sub-bands and circular 8-QAM for the middle sub-
bands, with equal power allocation for all sub-bands. The 
entire superchannel spectrum at a 28.5-GHz channel spacing is 
shown in Inset (a) of Fig. 4. The zoom-in of two channel 
spectra with four and single sub-band(s) per channel are 
depicted in the Insets (b) and (c) of Fig. 4, respectively. After 
a 40-GHz optical band pass filter (OBPF) to select the desired 
channel, a standard coherent receiver was used to detect the 
signals for receiver digital signal processing. 

Figure 5 shows the required OSNR to achieve BER = 
3.8×10-3 for the different systems. Clearly the 4 sub-bands 
uncoded system is more sensitive to increasing ICI than the 
single sub-band system, and its BER fails to fall below 
3.8×10-3 when the channel spacing is less than 26.5 GHz. By 
applying sub-band pairwise coding, the ICI penalty can be 
largely mitigated for the 4 sub-band system, and less OSNR is 
required compared with the single sub-band system. This 
confirms the ICI advantage of sub-banding each channel and 

 

Fig. 6. Experimental setup for laser drift induced ICI mitigation, signal spectra are shown as the insets (a)-(e) (5dB/div vertical, 6GHz/div horizontal).  

Fig. 4: Simulation setup. (a): spectrum of the entire superchannel; b): two
channel spectrum with 4 sub-bands each channel; (c): two channel spectrum
with single sub-band per channel.   

 
Fig. 5: Simulation results for different systems. Channel bandwidth of 28-
GHz. 
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applying this pre-coding technique. For the BPSK-8-QAM 
system, a static transmitter design is employed with equal 
powers in all of the sub-bands. It requires similar OSNR 
values with different ICI levels, because 75% of the bits are 
carried by the middle sub-bands that have no ICI, and BPSK 
was used in the edge sub-bands, which has higher resilience 
against ICI. The BPSK-8-QAM system achieves best 
performance when channel spacing is narrower than 25 GHz; 
however, it requires the highest OSNR when the channel 
overlap is less than 1 GHz. Therefore, optimal power 
allocation is necessary for this scheme to work efficiently over 
the time-varying ICI effects, i.e. the transmitter pre-coding 
needs to change adaptively using some feedback information; 
while sub-band pairwise coding is able to achieve a 
performance gain consistently without modifying the 
transmitter’s rotation and interleaving process. 

B. Experimental demonstration 

Figure 6 shows the experimental setup of demonstrating 
sub-band pairwise coding against different laser-drift induced 
ICI levels. The transmitter comprised 8 external cavity lasers 
(ECLs), power-equalized by a Finisar Waveshaper (WS), and 
then modulated by electrical signals generated from an Agilent 
64 GSa/s arbitrary waveform generator. A 16-Gbaud N-WDM 
signal with 4 sub-bands was generated per channel (4-Gbaud 
per sub-band), normal QPSK format were used for uncoded 
signals; with pairwise pre-coding at θ = 45°, the constellation 
becomes a 9-QAM like signal at each sub-band, as shown in 
Fig. 6(g). An odd-and-even superchannel structure was 
achieved by power-splitting the 8 modulated channels into two 
arms, delaying one arm and frequency shifting before 
recombining with the through arm. The signal was frequency 

shifted to modify the odd- and even-channel overlap, and the 
laser carrier frequency spacing was set to twice the frequency 
shift, resulting in different levels of ICI. The insets (a)-(d) of 
Fig. 6 show the spectra (captured by an Agilent 83453B) of a 
single channel and its frequency shifted version for 16.1-GHz, 
15.5-GHz, 15-GHz and 14-GHz shifts, respectively. These 
shifts correspond to: a 100-MHz guard band, then 500-MHz, 
1-GHz and 2-GHz channel overlaps, respectively. The ICI 
doubles when all channels are present. The 3-dB high peaks 
correspond to the spectrally overlapped channels (marked 
‘ICI’). Polarization-division-multiplexing was emulated by 
splitting the signals into two equal arms, delaying one arm and 
then recombining using a polarization beam combiner (PBC). 
The signals then passed through a fiber recirculating loop, 
consisting of two acousto-optic modulators, four 80-km spans 
of standard single mode fiber (SSMF), a WS for gain 
flattening and five erbium doped fiber amplifiers (EDFAs). 
The signal spectrum after 3840-km transmission with 15.5-
GHz frequency shift is depicted as inset (e) of Fig. 6. The 
receiver consists of a WS for channel selection and a 25-GHz 
coherent receiver attached to a 40-GS/s real-time oscilloscope. 
ASE was added for back-to-back measurements. The offline 
DSP included front-end correction, resampling, frequency 
offset compensation, DFT operation, overlap-add band de-
multiplexing with dispersion compensation, and per sub-band 
signal recovery with MIMO adaptive equalizer and phase 
estimation. Extra decoding was needed for the pairwise coded 
signals. For QPSK modulation, the constant modulus 
algorithm (CMA) [21] and a modified constant modulus 
algorithm (M-CMA) [22] were employed for the adaptive 
equalization of the un-coded and coded signals, respectively. 
Maximum likelihood phase estimation was applied for phase 
correction [23]. 

For B2B transmission, the measured Q2-factor versus 
OSNR in 0.1-nm resolution is shown as Figs. 7(a)-(d) for 
different ICI cases. With a 16.1-GHz channel spacing, the 
coded and uncoded signals have similar performance, which 
illustrates that the pairwise coding does not introduce an extra 
penalty. When the spectral overlap is introduced and 
increased, the coded system shows much better performance 
than the uncoded system; with 15-dB OSNR, for 15.5/15/14 
GHz spacing, the Q2 penalty is 3.6/5.1/7.6 dB, while it reduces 
to 2/2.7/4.4 dB when pairwise coding is applied. Figure 7(e) 

Fig. 7: Experimental results, using 4-sub-band QPSK channels: (a)-(d): B2B 
OSNR measurements, (e): results after 3840-km fiber with 15.5 GHz channel
spacing.  
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coding for QPSK transmission. Overlap of 0.5-GHz between channels. 
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shows the performance of the 8th (centre) channel with 15.5-
GHz spacing after 3840-km; the coded signals have an 
advantage of 1.5-dB Q2 over the uncoded signals at the 
optimal launched power.  

Figures 8(a)-(d) show the constellation diagrams of the 
equalized un-coded signals for sub-bands 1-4, respectively. 
Here again, the channel overlap is 0.5-GHz. Clearly, the BER 
is dominated by the edge (1 & 4) sub-bands. Figures 8(e)-(h) 
show the equalized coded signals for sub-bands 1 and 2. For a 
similar reason to the un-coded case, sub-band 1 has poorer 
SINR performance. After rescaling and I/Q de-interleaving, 
similar BERs can be observed for both sub-bands, as shown in 
Figs. 8(g) and (h). In this experiment, the in-phase component 
of the decoded signals of both sub-bands suffered more 
interference than the quadrature components, therefore the 
imaginary axis of the decoded signals has been ‘stretched’ to 
allow the two clusters sit on the imaginary axis further from 
the ‘horizontal’ noise from the two clusters that sit on the real 
axis. 

We performed another experiment to test the effectiveness 
of proposed scheme with 16-QAM modulation format. All of 
the setup is the same as for QPSK, except that for the fiber 
link, every circulation loop consists of one span of 100-km 
fiber. The transmitter process was similar to QPSK; 45o-angle 
rotation was applied, leading to transmitted signal with 49 
constellations points (Fig. 6(g)). The receiver DSP employed a 
dual-mode algorithm for the adaptive equalizer to converge 
[24]. The frequency shift was set to 15.5 GHz. Figure 8(a) 
shows the B2B OSNR measurements. More than 1.5-dB Q2 
improvement can be observed at 20-dB OSNR. The 800-km 
transmission performance with different launched powers is 
shown in Fig. 9(b); more than 1-dB enhancement is achieved 
at the optimal launched power. The performance of all 
channels after 800-km transmission is shown in Fig. 9(c); the 
edge channels have better performance because only one edge 

channel suffers severe ICI.  
The recovered uncoded signals for Sub-bands 1 and 2 after 

800-km transmission with optimal launch power are shown in 
Fig. 10(a) and (b), respectively. Figures 8(c)-(f) show the 
signals before and after pairwise decoding. As expected, after 
I/Q de-interleaving, each sub-band achieves similar BER, 
which is much smaller than the average BER in the uncoded 
system. Therefore, these results confirm that the proposed sub-
band pairwise coding is able to operate with high-order QAM 
modulation formats. 

IV. CONCLUSION 

We have proposed employing sub-band pairwise coding for 
each wavelength channel, to improve the superchannel’s 
robustness against ICI. The pre-coding process rotates the 
original signal constellation and interleaves the real and 
imaginary components between edge and middle sub-bands. 
At the receiver, after I/Q de-interleaving, the ICI imposed onto 
the edge sub-band translates into an SINR imbalance between 
I and Q components of both the edge and middle sub-bands. 
Therefore the subsequent rescaling process reduces the 
detection errors. Sub-band pairwise coding works for a static 
pre-coding process with a fixed 45° rotation angle, which 
greatly simplifies the transmitter implementation. Using a 
low-complexity decoder, the simulation and experimental 
results show that the proposed technique is able to adaptively 
mitigate random fast-varying ICI effects, and because of its 
low complexity, is highly suitable for practical deployment in 
future superchannel transceivers. 
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