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Abstract
Information rates of up to 17.4 b/4D-symbol and 15.9 b/4D-symbol were achieved at 15 GBd and 30 GBd, with pilot overhead
of less than 5%. Information rates exceed previous results with 8-bit DACs while symbol rates were doubled.
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Introduction

15 GBd can be increased by 1.9 b/4D-symbol, up to 17.4 b/4Dsymbol.

Information rates in coherent optical communication systems
can be increased by employing higher-order quadrature amplitude modulation (QAM) formats, provided that the transmission system has sufficient signal-to-noise ratio (SNR) to do
so [1–3]. Often the received SNR is limited by the electrical
and optical noise of the transceiver subsystems and the achievable information rates (AIRs) are, thus, bound by the backto-back performance. The contribution of quantisation noise
and other electrical noise sources limits the effective number of bits (ENOB) of digital-to-analogue converters (DACs)
and analogue-to-digital converters (ADCs) [4–7]. In the optical
domain, laser phase noise restricts the effective received SNR
as it incurs errors in equalisation and carrier-phase recovery
[8–11]. Pilot-based digital-signal processing (DSP) allows the
implementation of high-order QAM in standard intradyne configurations [12, 13], in which digital pilot symbols are embedded within the data payload instead of using a separate optical
pilot tone. This approach avoids the requirement for modifications to the optical configuration while making it possible
to implement effective equalisation and carrier-phase recovery with a low computational complexity [14, 15]. Recently,
AIR upper bound values of 15.9 b/4D-symbol for uniform
1024 QAM and 16.8 b/4D-symbol for probabilistically-shaped
1024 QAM have been reported for back-to-back configurations
with 8-bit DACs, driven at 8 GBd [16].
In this paper, we present a pilot-based DSP chain for
achieving a further significant increase in AIR. We experimentally demonstrate 15 GBd and 30 GBd dual-polarisation
(DP) 64/256/1024 QAM transceivers in a standard coherent
intradyne configuration with 8-bit DACs and ADCs. We show
that by applying the proposed DSP chain to a geometricallyshaped (GS) DP-1024 QAM, the achievable information rate at
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Experimental Setup and Pilot-Based DSP

The experimental setup is shown in Fig. 1(a). Two external cavity lasers (ECLs) with a linewidth of <100 kHz and frequency
of 193.4 THz were used as the transmitter source and local
oscillator (LO). The signal was modulated by a DP-IQ modulator. The electrical signal was generated by DACs driven at
90 GSa/s for both 15 GBd and 30 GBd and supported by linear amplifiers. The modulated optical signal was followed by
an Er-doped fiber amplifier and a variable optical attenuator
(VOA) and combined with an amplified spontaneous emission
(ASE) source. The optical signal-to-noise ratio (OSNR) can
be swept up to 43 dB (noise bandwidth: 0.1 nm) by adjusting
VOAs. The receiver was configured with a polarisation-diverse
optical 90-degree hybrid, balanced detectors and oscilloscopes.
At a 15 GHz carrier frequency, the measured ENOB of the
DAC was 5 bits and the ENOB of the ADCs was 4.8 bits [6, 7].
In this work, we considered uniform 64/256/1024 QAM and
GS-1024 QAM. The GS constellation was designed using a
gradient descent algorithm to maximise generalised mutual
information (GMI) at an SNR of 28 dB (see Fig. 4) [17]. GMI
was chosen as the target metric as it provides an upper bound to
information rate under the assumption of a binary soft-decision
decoder [18]. Due to the size of the constellation, it was computationally infeasible to reassign the bit-to-symbol mapping
with each optimisation step [19], so the optimisation algorithm
was instead initialised with Gray-labelled uniform 1024 QAM,
which is known to be a good mapping at high SNRs. (The
optimised constellation is shown inset in Fig. 4.)
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symbols, where the last symbol of the pilot sequence is also
employed as a pilot symbol for CPE. Assuming Nc is sufficiently small compared to the temporal evolution of phase
noise, linear interpolation compensates for the majority of the
phase noise. However, the residual phase noise reduces the
potential SNR and induces instability for data estimation. To
mitigate this, we implemented residual phase estimation (RPE)
based on the maximum-likelihood (ML) algorithm as the second stage CPE [22]. Finally, after applying the Gram-Schmidt
orthogonalisation procedure (GSOP), the AIR was estimated
by deducting the pilot overhead (OH) from the GMI, where
OH can be defined as [Ns + (Nf − Ns )/Nc ]/Nf . Note that OH
depends on the frame length Nf and, in our experiment, was
limited by the memory size of the arbitrary waveform generators. In our setup, 85312 and 170624 were the maximum
symbol sequence lengths at 15 GBd and 30 GBd, respectively.
The frame length was fixed at Nf = 65536 for both symbol
rates in the optimisation process.

The signal was spectrally shaped with a root-raised cosine
filter (roll-off: 0.01) and nonlinear pre-emphasis [20]. In addition, QPSK modulated pilot symbols were embedded to construct a data frame as shown in Fig. 1(b). The set of pilot
symbols at the head of the data frame form a pilot sequence,
which is used for frame synchronisation and equalisation [14].
On the other hand, pilot symbols inserted at pilot rate Nc−1
within the payload are used for carrier-phase estimation (CPE).
Figure 1(c) displays the receiver side DSP chain. After resampling to 2 Sa/symbol and synchronisation, the equaliser is
trained on the pilot sequence, using two algorithms. Both algorithms use only the pilot sequence (Ns samples) for data aided
channel estimation. First, the recursive least squares (RLS)
algorithm is applied for its extremely fast convergence time
[21]. Then the pilot symbols are passed to the least mean
squares (LMS) algorithm with progressively smaller learning
parameters to reduce the final error of the inverse channel
estimate. The trained filter taps are applied for the rest of
the received samples, only tracking the channel with LMS
updates using the CPE-pilot symbols. Then the signals are
demultiplexed into the two polarisations. After frequency offset estimation/equalisation (FOE), a two-step CPE algorithm
is implemented. In the first step, the phase noise of the pilot
symbols is estimated and linearly interpolated between pilot

The required total OH is expected to be dependent on the
modulation format, symbol rate, received SNR, linewidth and
nonlinear impairments [22–24]. The parameters Ns and Nc can
be individually optimised to maximise AIR [14]. First, the pilot
sequence length Ns was swept at the maximum SNR while the
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Fig. 1. Experimental setup and pilot-based DSP chain.
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CPE block length and the frame length were fixed at Nc = 32
and Nf = 65536 (Fig. 2). All curves show similar trends. For
each modulation format, GMI was almost saturated, even when
Ns was only 64 symbols. By increasing Ns , GMI would be
completely saturated; however, AIRs were decreased due to
the larger OH. Secondly, the pilot rate Nc was swept to further
increase AIR at specific pilot sequence lengths (Fig. 3). The
AIRs were maximised at Ns = 64, 128, 256, 1024 for 64 QAM,
256 QAM, 1024 QAM and GS-1024 QAM, respectively. By
increasing Nc , CPE accuracy was degraded and residual phase
noise would reduce both the GMI and AIR. Due to the high
SNR, the GMI of 64 QAM was still saturated (>11.9 b/4Dsymbol) even if Nc = 2046 (total OH: 0.15%). The maximum
AIRs for 256 QAM and 1024 QAM were 15.5 b/4D-symbol
(total OH: 0.59%) and 16.7 b/4D-symbol (total OH: 0.78%)
at Nc = 256. As for GS-1024 QAM, the maximum AIR of
17.5 b/4D-symbol was observed at Nc = 128 (total OH: 2.3%).
The similar AIR was observed when Nc < 128. The realised
gain in AIR for 15-GBd DP-1024 QAM at Ns = 256 and
Nc = 256 (OH: 0.78%) is summarised in Table 1, compared to
a pilot-based DSP with a constant modulus algorithm (CMA)
for equalisation and linear interpolation only for CPE. The nonlinear pre-emphasis at the transmitter provided a large gain of
1.6 b/4D-symbol. At the receiver side, by introducing LMS, the
AIR was improved by 0.7 b/4D-symbol compared to a CMA
based equalisation. In addition, RLS gained 0.4 b/4D-symbol.
Furthermore, RPE can increase AIR by 0.1 b/4D-symbol compared to linear interpolation only. In total, AIR was increased
by 3.5 b/4D-symbol.
Figure 4 and 5 show measured AIR for a range of SNRs
at 15 GBd and 30 GBd, respectively. The pilot parameters
were fixed at Ns = 1024 and Nc = 32. The observed maximum SNRs of 1024 QAM at 15 GBd and 30 GBd were bound
at 29 dB and 26 dB, respectively. Although the QAM orders are
greatly different between 64 QAM and 1024 QAM, the difference in the maximum SNRs was 0.5 dB for both symbol rates.
For SNRs of >17 dB, the AIR of GS-1024 QAM became higher
than that of the other formats at both symbol rates. The linear
regime for each curve is along the line of 2 log2 (1 + SNR), as
expected [2] and indicates that the implementation penalty of
our DSP chain was low.
Finally, we confirmed that the AIRs of GS-1024 QAM with
the maximum frame lengths at 15 GBd and 30 GBd reached
17.4 b/4D-symbol and 15.9 b/4D-symbol, where Ns = 1024,
Nc = 32 for both symbol rates and pilot OH were 4.3% and
3.7%, respectively. As a result, we observed net throughputs of
261 Gb/s and 477 Gb/s at 15 GBd and 30 GBd, respectively.
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Conclusion

We have proposed a pilot-based digital signal processing
chain and investigated its performance for dual-polarisation
(DP) 64/256/1024 quadrature amplitude modulation (QAM)
and geometically-shaped (GS) DP-1024 QAM at 15 GBd
and 30 GBd in a back-to-back conventional intradyne configuration. We observed high signal-to-noise ratios of 29 dB
and 26 dB for 1024 QAM at 15 GBd and 30 GBd, respectively. The total gain in the achievable information rate (AIR)
was +3.5 b/4D-symbol and has been experimentally demonstrated by combining nonlinear preemphasis, RLS, LMS, RPE
and a GS constellation. Moreover, the required pilot overhead of less than 5% has been experimentally achieved for
each QAM format. We have determined new upper bounds on
AIRs of 17.4 b/4D-symbol and 15.9 b/4D-symbol at 15 GBd
and 30 GBd, respectively, which correspond to AIR exceeded
previous work [16] with 8-bit digital-to-analogue converters
while symbol rates were doubled or more. These result in the
throughput values of 261 Gb/s and 477 Gb/s for a single carrier
transmission at 15 GBd and 30 GBd, respectively.
Support for this work is from UK EPSRC TRANSNET Programme
Grant (EP/R035342/1) and by RAEng Research Fellowships (D. Lavery,
L. Galdino).
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